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FOREWORD 

 

This booklet is a summary of projects presented at the seventh Physical Behavior of 

Materials Principal Investigators’ meeting. This meeting is sponsored by the Division of Materials 

Sciences and Engineering (MSE) of the Department of Energy, Office of Basic Energy Sciences 

(BES), and is held on March 10–12, 2021.  

 

The purpose of the Principal Investigators’ meeting is to bring together all the principal 

investigators and their co-PIs who are supported by the Physical Behavior of Materials program to 

facilitate the exchange of ideas, promote collaborations and share the latest exciting scientific 

knowledge and discoveries. For BES and the participating investigators, the meeting serves the 

purpose of providing an overview and assessment of the whole program, which helps BES to 

identify new research areas and future directions for the program. This meeting brings together 

leading experts in topical areas of research supported by our program and is designed to stimulate 

and inspire new ideas. 

 

The Physical Behavior of Materials program supports transformative and innovative 

research activities at the crossroads of materials science and condensed-matter physics. The 

primary mission of the program is to support both fundamental and use-inspired basic scientific 

research that promises to advance our knowledge of materials’ behavior. The primary scientific 

interests of the program include electronic, electromagnetic, magnetic, and thermal properties of 

materials, including novel light-matter interactions and quantum-information sciences that are 

relevant to the BES mission. The program has a rich portfolio in many groundbreaking, exciting, 

and high-risk high-reward projects in both experimental and theoretical areas. 

 

The 2021 Principal Investigators’ meeting is being held virtually. The meeting format has 

been modified to include shortened oral presentations, short “poster talks”, and special sessions to 

introduce “new projects” recently added to the Physical Behavior of Materials program. This 

meeting brings together over 85 scientists and is organized to include 25 regular presentations, 40 

virtual poster talks, and 17 new project introductions. The presentations are grouped in topics of 

similar research interests.  

 

We appreciate the contributions of all the attendees and thank all Physical Behavior of 

Materials investigators for sharing their exciting ideas and latest findings. We are also grateful to 

the outstanding support of Linda Severs of Oak Ridge Institute for Science and Education and 

Teresa Crockett of MSE. 

 

 

Refik Kortan, Ph.D. 

Athena S. Sefat, Ph.D. 

Program Managers, 

Physical Behavior of Materials Program 

Division of Materials Sciences and Engineering 

Office of Basic Energy Sciences 

Department of Energy 

March 2021 
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Quantum metamaterials 

 

Principal Investigator:  

David Awschalom – Argonne National Lab 

 

Co-Principal Investigators: 

Joseph Heremans – Argonne National Lab 

Stephan Hruszkeywycz – Argonne National Lab 

Support Staff: 

Gary Wolfowicz – Argonne National Lab 

 

Program Scope 

The quantum metamaterials effort at Argonne National Lab has continued to extend the 

fundamental understanding to defect-based solid-state quantum systems, while building up a 

toolbox of materials growth, characterization, and fabrication techniques.  Herein, we highlight 

some of our recent experimental progress focusing on several new defects in silicon carbide (SiC) 

including Chromium (Cr4+) [1] and Vanadium (V4+) [2], and on confirming predictions for how a 

local change in the SiC crystal stacking order (e.g. stacking fault) could enable intrinsic coherent 

defects with spin-contrast persisting to room temperature [3].  Additionally, we highlight a recent 

effort in creating a set of guidelines for designing new quantum defect-host systems for specific 

applications, discussing the important interplay of spin, optical, and charge defect properties and 

how they relate to the intrinsic and engineerable aspects of their host materials [4].  We also 

highlight opportunities for magnon- mediated long-range quantum entanglement using NV centers 

[5], as well as more broadly explore how spin qubit / magnon hybrid quantum systems can be used 

for controlling and mediating the transfer of quantum information [6].  Finally, we highlight some 

new work integrating these defects with nanoscale structures and combine diamond membranes 

with nanophotonics [7] and engineered nanoparticles for XRD characterization techniques [8].   

These diverse experiments provide key insights toward improving the defect coherence properties 

through fundamental materials studies, defect creation and integration, as well as the development 

of a materials characterization toolkit to advance our fundamental understanding of quantum 

defects by design. 
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Recent Progress  

Beyond our recent manuscripts, we continue to develop novel diamond chemical vapor deposition 

recipes for nitrogen (15N) delta-doped diamond, diamond (12C) membrane overgrowth, and  poly-

isotopic growth.  We are extending our capabilities by adding 13C isotopic growth and are 

expanding our dopant repertoire. This past autumn, we added annealing capabilities and a tri-acid 

(perchloric, nitric, and sulfuric acid) cleaning procedure along with the necessary safety 

infrastructure to allow for the surface treatment and sample preparation needed for coherent near 

surface defects.  Additionally, we are developing new methods to extend our delta-doped diamond 

techniques to integrate these defects into membrane structures only a few hundred nanometers 

thick. To date, we have grown more than 60 new samples using our tool as we continue to build 

expertise and expand our capabilities. 

Using insight developed and discussed in our recent review article on defect guidelines [4], we are 

exploring new defect host materials tailored to specific quantum applications.  Of particular 

interest, through collaborations with the Galli group and others, are oxide materials with known 

low nuclear spin concentrations that should theoretically serve as a host material with long spin 

coherence [9].  We have begun exploring these systems by gathering high quality materials from 

commercial vendors as well as collaborators, with initial spin resonance measurements to 

determine crystal quality and dopant impurities ongoing. 

Building on our experience with integrating spin qubits with other quantum systems using a hybrid 

quantum architecture approach, we continue to develop nanomechanical devices with integrated 

defects to improve the spin-phonon interaction, as well hybrid spin-magnon devices.  Our recently 

published theory of magnon-mediated NV-NV entanglement [5] and quantum magnonics review 

[6] highlight our recent efforts in this area.  In addition, we have been making progress towards 

integrating magnetic thin films with bulk and diamond nanoparticles, as well as developing a 

scanning microscopy system to study both spin-magnon interactions and to use these defects as 

quantum sensors for probing magnon transport physics. 

We have also continued our efforts in integrating high quality defects in engineered nanostructures.  

Related to this, we have had recent success in combining smart-cut membrane fabrication 

techniques with in-situ doped diamond overgrowth.  We are currently characterizing not only these 

defects’ remarkably long spin coherence but also exploring methods to control the local strain 

within these suspended membranes as a means for coherent control of the defect’s quantum state. 

We have also been adapting these thin membrane fabrication techniques, both using smart-cut 

method for diamond and a selective photo-electrochemical etch for suspended silicon carbide, to 

create engineered nanoparticles.  The aim is to create defect ensembles within these nanoparticles 

both for quantum sensing applications as well as fundamental study of defect creation processes 

using synchrotron x-ray imaging techniques.  These imaging techniques will explore embedded 

engineered nanoparticles using adapted Bragg Coherent Diffraction Imaging (BCDI) techniques 

at the Argonne Advanced Photon Source in collaboration with the Synchrotron Radiation Studies 
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(SRS) FWP in MSD, to image the full 3D strain profile of these nanoparticles as fabricated, after 

ion implantation and irradiation for defect creation, and during the subsequent annealing process.  

Personnel-wise we have integrated the new staff and post-doc hires over the last two years and 

have hired a joint post-doc with the SRS FWP who started in November 2019.  Additionally, we 

have the pleasure to be joined by a new Maria Goeppert Meyer Fellow (Katherine Harmon) who 

will work jointly in our group along with the SRS FWP starting in mid-February 2021 to study 

defects in heterostructures with engineered phonon dispersions. 

Future Plans 

 We present some of our future plans related to materials synthesis and defect creation, defect qubit 

search, and hybrid quantum systems. 

We will continue to develop advanced techniques based on growth and local vacancy 

creation/mobilization in an effort to improve the material quality, lengthen the defect’s spin 

coherence times, increase the defect creation efficiency and density, and improve localization of 

defects and nuclear spin baths.  We will extend our knowledge of NV center defect creation in 

diamond to other defects including SiV and GeV centers in diamond, and divacancy complexes in 

SiC. Continuing our collaborative work with the XRD scientists in the SRS FWP, we will study 

this defect creation process using in-situ novel techniques at the APS. 

We will also continue to characterize newly discovered transition metal defects (e.g. chromium, 

vanadium, etc.) in SiC and relevant oxide host materials as viable qubit candidates using optical 

spectroscopy and EPR techniques.  This includes taking experimental data to corroborate our 

recent simulations and theoretical calculations on the importance of nuclear spin density.  To aid 

in the defect qubit search, we are also expanding our broadband optical capabilities for fast sample 

characterization as well as implement a thermoelectrically cooled cryostat for studying near-room-

temperature defects.  

Finally, in collaboration with the Superconductivity and Magnetism (SM) FWP in MSD, we will 

fabricate magnonic waveguides to study NV centers coupled to spin waves in the context of 

quantum hybrid systems research.  We are working to develop a multimodal magnetometry 

sensing platform that incorporates both NV quantum sensing and micro-Brillouin light scattering 

spectroscopy (BLS), in collaboration with the SM FWP, to paint a complete picture of magnon-

single spin interactions over both submicron and millimeter length scales. Additionally, we 

continue to explore spin-phonon hybrid approaches with progress toward suspended fabricating 

nanomechanical devices coupled to chromium defects in SiC, where we expect a significantly 

larger spin-strain coupling strength, as compared to the divacancy defects.  
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Light-Matter Quantum Control: Coherence and Dynamics  

Principal investigator: Jigang Wang  

Co-investigators: Zhe Fei, Kai-Ming Ho, Liang, Luo, Joseph Shinar, Cai-Zhuang Wang, 

Yongxin Yao  

Materials Science and Engineering Division, Ames Laboratory, Ames, IA 50011  

e-mail: jwang@ameslab.gov 

Program Scope There is growing evidence that harnessing coherence and non-equilibrium 

dynamics may push initial charge transfer into simultaneously the multi-terahertz and multi-

nanometer regime. If so, this could overcome the grain boundaries required as the first step for 

efficient photoconversion systems. This also offers promise of realizing coherence-protected, 

robust current transport against impurity scattering for topological electronics and quantum 

computation.  Furthermore, understanding how to measure, manipulate, and harvest these coherent 

and non-equilibrium carriers before they dissipate and cool might help exceed the fundamental 

Shockley-Queisser limit in thermodynamic equilibrium for photoconversion efficiency. The 

proposed research aims to advance our understanding of the pathways of photoenergy conversion 

and robust photocurrent transport through the study of coherence- and dynamics-mediated charge 

transfer, especially against impurities, across grain boundaries and microstructures.  The work will 

characterize space, time, and energy evolution of electronic, vibrational, chiral states, with extreme 

but important resolutions (nanometer, femtosecond, and terahertz), in a variety of model systems 

such as photovoltaic materials and topologically protected states.  Special emphases are on 

dynamic stability and coherent switching enabled by light-matter quantum coherence and periodic 

driving of lattice motions. The work brings together a team of experimentalists, including experts 

in ultrabroadband, multi-modal spectroscopy and nano-imaging, from visible to terahertz, and 

advanced materials synthesis, with theorists skilled in out-of-equilibrium simulations. 

Recent Progress We will discuss some highlights of our program during past two years.  

1. Quantum beats unveils hidden Rashba effects in perovskite photovoltaics 

Figure 1: Quantum beats unveils hidden 

Rashba fine structure in perovskite 

photovoltaics. (a) Schematics for THz 

quantum beat spectroscopy for discovering 

vibronic (or coupled electron-phonon) 

coherence and demonstrating “Rashba 

engineering” in metal halide perovskites. (b) 

Representative exciton dynamics measured 

by differential reflectivity R/R at 760 nm 

after ETHz=938 kV/cm pumping and (c) a 2D 

false-color plot for quantum beat temporal 

oscillations. Squared THz pump field is 

plotted together in (b) (gray shade) [1]. 
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The presence of the momentum- and spin-dependent splitting of electronic bands, known as the 

Rashba effect in metal halide perovskites, has been an intensely debated mechanism. It underlies 

the entire field of spintronics, photovoltaics, light emitting diodes and lasers based on this category 

of revolutionary materials. Demonstrating the Rashba effect in bulk perovskites settles this debate. 

This is achieved by detecting “quantum beating” that relate to Rashba electronic bands, i.e., an 

interference pattern between multiple periodic back-and forth quantum motion of atoms and 

electrons of slightly different frequencies.  This was achieved by employing a single-cycle 

terahertz pump field which reveals vibronic quantum beats that modulate the dark and bright 

excitonic fine structure splitting. The long-lived quantum beats, exclusively from the dark Rashba 

states, are more than ten times longer than the bright Rashba states. The different coherence times 

arise from the selective modulation of the Rashba bands by lattice vibrations of two symmetries, 

i.e., infrared vs Raman. Some beating signals are shown to survive even at room temperature in 

the form of polarons. By steering quantum motions of atoms and electrons to manipulate the 

excitonic fine structure splitting, we also achieve “Rashba engineering” of Rashba-type bands. 

This is a significant leap for perovskite quantum control, and for spintronic and photovoltaic 

applications. 

Paper reference: Physical Review Letters. 124(15), art. no. 157401 2020). 

2. Light induced exceptional ballistic transport in a Dirac material ZrTe5 

   

Figure 2: Light induced Weyl semimetals with 

exceptional ballistic transport. (Left) Schematics of 

light-induced coherent phonons that break inversion 

symmetry and lead to the formation of Weyl points.  

(Right) Temperature-dependent scattering rate of 

photocurrent, which appears dissipationless towards 

low temperature. Berry curvature dominance below 

TBerry (black dashed line) marks the sharp suppression of 

impurity scattering due to chiral protection [2]. 

 

Wide-scale adoption of quantum computing and large scale data center requires building devices 

in which fragile quantum states are protected from their noisy environments and energy 

consumption is minimized. One approach is based on “symmetry-protected” topological 

quasiparticles that are theoretically immune to noise and enable spin and/or chirality switching by 

quantum coherent motion with minimum energy loss. A new light-induced symmetry switch, that 

works by twisting the crystal lattice of a Dirac material, coherently splits Dirac points to two pairs 

of Weyl points and photogenerates giant low dissipation current with an exceptional ballistic 

transport protected by induced Weyl band topology.  Such topological control principles are 

demonstrated using a few-cycle terahertz pulse to driven coherent infrared phonons and, in turn, 

induce a topological phase transition from Drrac to Weyl semimetal states ZrTe5. Experimental 
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results combined with first-principles modeling shows that indicate two pairs of Weyl points 

dynamically created by mode-selective phonon pumping of broken inversion symmetry. Such 

phononic terahertz control breaks ground for coherent manipulation of Weyl nodes and robust 

quantum transport without application of static electric or magnetic fields. The discovery holds 

great promise for spintronics, topological effect transistors, and quantum computing. 

Paper reference: Nature Materials, 10.1038/s41563-020-00882-4 (2021)  

3. Nano-imaging of plasmon spatial coherence in pentacene-graphene heterostructures 

Figure 3. (a) Illustration of the nano-imaging study of a 

pentacene/graphene heterostructure (HS). (b) The IR amplitude 

(s) image of the pentacene/graphene HS taken at E = 116 meV. 

Inset plots a zoom-in view that shows plasmon fringes at the 

sample edges. (c) Illustration of the graphene/pentacene HS 

(top) and the energy level alignment diagram (bottom). The 

energies values are ionization potentials (IP) and the blue arrows 

mark the direction of electron transfer. In all panels ‘WL’, ‘1L’ 

to ’4L’ represent wetting-layer, 1-layer to 4-layer pentacene on 

graphene. 

Advanced nanotechnology can allow us to play ‘Legos’ at the nanometer length scale using 

emerging two-dimensional (2D) semiconductors. For example, it is possible to stack atomic layers 

of 2D material together into a Wan der Waals (vdW) heterostructure. Interlayer interactions 

between these 2D materials lead to new properties and functionalities that are different from 

individual components. Recently, the Ames team performed a nano-plasmonic study of vdW 

heterostructures that consist of ordered molecular layers of pentacene on graphene [3]. We find 

through nano-infrared imaging that coherent charge transfer between graphene and pentacene 

affects dramatically the plasmonic responses of graphene. Further analysis and density functional 

theory calculations indicate that charge transfer is controlled by pentacene thickness and 

orientation. Our work unveils a new method for tailoring graphene plasmons by interlayer charge 

transfer. We are currently extending this to characterize coherence in an organic superlattice of 

donor/acceptor monolayer photovoltaic architectures. 

Paper reference: Nano Lett., 2019, 19, 9, 6058-6064 

4. Topological Quantum Switching via Light-Driven Raman Coherence  

A topological switching control principle is demonstrated using a few-cycle THz pulse to driven 

coherent Raman phonons and, in turn, induce a topological phase transition in a Dirac semimetal 

ZrTe5[4]. This is achieved by periodically driving using vibrational coherence of the lattice due 

to excitation of its lowest Raman-active mode.  Above a critical THz pump field threshold, there 

emerges a long-lived (~100 ps) metastable phase ~100 ps with unique Raman phonon-assisted 

topological switching dynamics, which is absent for optical pumping. This quantum control 

principle is achieved by a mode-selective Raman phonon coherent oscillations, i.e. light-induced 

atomic motions of Raman symmetry about the equilibrium position. Experimental results 

combined with first-principles modeling shows that the system transitions from strong to weak 

topological insulators with a Dirac semimetal phase in-between. The critical atomic 
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displacements are controlled by the phonon coherent pumping. This work opens a new arena of 

light-wave speed topological electronics and phase transitions controlled by quantum coherence. 

Paper reference: Physical Review X 10, 021013 (2020).  

Future Plans Supporting the overarching science goals discussed in the program scope are the 

following six projective-level objectives and plans during the next period.  

#1: Achieve coherent control of the Rashba splitting, polarons and optical conductivity in 

perovskite photovoltaics by tailoring multiple pulse excitation protocols to excite phonons of 

selective Raman and IR symmetries.  

#2: Generate charge, spin and mageneto-gyrotropic photocurrents and control their long range 

transport in perovskite absorbers and interfaces using control knobs such as THz “push” electric 

field pulses to improve power conversion efficiency.  

#3: Realize coherent control of quantum geometric and topological properties, such as Weyl, Dirac 

points and surface Fermi arcs, by tailoring multiple pulse excitation protocols to selectively excite 

phonons of different symmetry.  

#4: Photogenerate a giant, dissipationless chiral current with exceptionally robust quantum 

transport.  

#5: Non-equilibrium tuning of charge transport in 2D materials using phonon pumping of few-

layer graphene or using gate tuning of exciton polaritons in atomic layers of WSe2.  

#6: Understand the measured quantum and non-adiabatic dynamics by computing coherent time-

frequency spectra and underpinning key observables in them such as Raman/IR coherent peaks, 

phonon anharmonicity, pump-probe and wave-mixing and high harmonic generation peaks.   
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A Nonlinear Approach to Topological Semimetals 

Kenneth Stephen Burch (Boston College)  

Program Scope 

 The program is focused on exploration of the nonlinear and inelastic optical responses of 

topological semimetals (TSM), towards understanding their dynamics and unleashing their 

potential for plasmonics, nonreciprocal photothermoelectrics, high speed interconnects, efficient 

nonlinear optoelectronic elements, and magneto-resistive sensors. Topological semimetals possess 

an array of novel transport and nonlinear responses, including ultrahigh mobilities, chiral 

anomalies, extreme magneto-resistance, and nonlinear responses. These properties' origins remain 

controversial, such as whether the nontrivial topology is responsible for the ultrahigh mobility and 

enormous nonlinearities. Typically TSM are described by the HamiltonianH = χk⃗ ⋅ 𝜎 , where the 

nodes of opposite χ are degenerate for a Dirac semimetal (DSM). By applying a magnetic field 

(or breaking inversion), the Zeeman term will shift the �⃗�  position of the nodes, removing their 

degeneracy and producing a Weyl semimetal (WSM). These Weyl nodes are monopoles of spin in 

momentum space, and as such, have diverging Berry curvature (Ω(𝑘)). Thus, by changing the 

separation between the nodes, one tunes the quantum geometry and dispersion of the bands. 

Additionally, these bands create a large phase space for phonons to scattering into electrons. 

Simultaneously the heavy atoms limit the bandwidth of the acoustic modes and thus minimize 

phonon-phonon scattering. These, in combination, could lead to a novel regime where phonon-

electron scattering exceeds phonon-phonon, thus creating a high mobility phonon-electron fluid.  

The PI is using his unique combination of expertise in optical spectroscopy and device fabrication 

to uncover the mechanisms governing the dynamic and topological properties of Semimetals. This 

requires deciphering the intertwined roles of the band dispersion, symmetry, phonons, and 

quantum geometry. In particular, one must controllably tune one of these components and observe 

the effects on various physical responses.  

 Recent Progress  

 The PI investigated phonon-electron scattering in a series of ultrahigh mobility semimetals. 

His group was the first to demonstrate that phonon-electron scattering was far dominant over 

phonon-phonon scattering in TaAs and NbAs. Through high temperature and energy resolution 

Raman spectra, the phonon linewidth was found to rapidly grow and eventually saturate. This 

behavior is quite anomalous as optical modes typically decay into a pair of acoustic phonons, 
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leading to the linewidth being governed by Bose 

statistics and thus rising without saturation (Fig. 1). The 

dominance of phonon-electron scattering over phonon-

phonon could produce a non-equilibrium phonon-

electron fluid. Such a fluid would lead to large mobility 

since momentum of the electrons that was lost to 

phonons, would generally be returned. This strongly 

suggested it was the phonon-electron scattering that 

produced the large mobility of this particular WSM 

family. To test this hypothesis, the PI carefully 

investigated WP2, where previous experiments revealed 

an enormous low temperature mobility and evidence for 

electronic hydrodynamic behavior. While this material 

is a type-II Weyl semimetal, the Weyl node is ≈250 meV 

below the Fermi surface, suggesting topology is not 

relevant to the transport. In β -WP2 the rather low 

thermal conductivity and specific heat at low 

temperatures required careful optimization of the Raman 

measurements to avoid laser heating (as seen by others). 

Here the PI found Raman modes with similar energy but 

different symmetry, as well as modes with the same 

symmetry but different energies that all revealed 

different relative strength of the phonon-phonon versus 

phonon-electron scattering. Thus, he established the 

importance of symmetry and phase space in the 

dominance of phonon-electron scattering. Working 

closely with the Narang group (Harvard), they found 

excellent agreement between the first-principles 

calculations and experimental results. This work 

suggested the importance of phonon-electron scattering, 

and thus high mobility, results from nearly degenerate 

electronic bands and bunching of acoustic modes that 

reduces phonon-phonon scattering. 

The PI also established optics for probing topological materials, especially the quantum geometry 

of the electrons and spins. In TaAs, the PI provided the first observation of the colossal bulk 

photovoltaic effect (BPVE), and the first demonstration of BPVE in the mid-IR. As described in 

his article featured on the cover of  Nature Materials, these observations are closely tied to TaAs 

being a Weyl semimetal. The BPVE results from changes in Berry connection between the initial 

and final states. Thus the WSM states of TaAs enabled BPVE at low energies, with large 

enhancements expected close to the node. Crucial to this observation was his development of 

Figure 1 (a) β-WP2 Phonon linewidths. The 

A2(2) mode widens with temperature from 

phonon-phonon scattering (red line), and A1 

plateaus from phonon-electron scattering (blue 

lines). (b) Phonon-phonon scattering, governed 

by Bose statistics and the acoustic modes' phase 

space. (c) Phonon-electron scattering controlled 

by Fermi statistics and band structure. 
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WSM devices, photocurrent protocols for the spatial and symmetry analysis to remove extrinsic 

photothermal responses. These advances also allowed the PI to be first to reveal nonlinear 

photocurrent responses in a WSM at room temperature, confirmed by THz generation experiments. 

Still unclear are the roles of scattering, separation of Weyl nodes, specific band structure regions, 

trivial bands, and resonant enhancements close to the nodes. 

Studying  nonlinear photocurrent and phonon-electron coupling poses numerous challenges. Often 

the Fermi level is far from the Weyl node, the materials are air sensitive, unwanted thermal signals 

or poor temperature control from laser heating, and only bulk samples are available. This is 

especially challenging in Raman and nonlinear photocurrent studies where signals are small and 

lowered by poor surface quality. Additionally, for nonlinear studies inhomogeneity and poor 

contacts can produce spurious signals due to the photothermal and photovoltaic effects (built in 

electric fields). The PI solved these issues by developing a series of new approaches. This included 

techniques to freshly cleave/exfoliate and/or produce high quality contacts in inert atmosphere, 

then transfer materials from his ``cleanroom in a glovebox'' via a vacuum suitcase to the low-T 

Raman and photocurrent setups (Fig 2 a-b). In addition, it was crucial to optimize the Raman setup 

for high throughput, full symmetry analysis and minimal heating by the laser (checked with 

Stokes/Anti-Stokes ratios). These capabilities were crucial to a number of works in quantum 

materials. 

 

Working with P. Moll, the PI designed and optimized the FIB fabrication of devices from 

bulk crystals, the first use of this technology for nonlinear experiments (Fig. 2C). Here it was 

Figure 2 (a) Cleanroom in a glovebox with fabrication and characterization. Techniques and transfer via vacuum 

suitcase (b), in UHV, to/from low T optics/electronics and MBE(not shown) were developed with DOE support. (c) 

False-color TEM image of an FIB fabricated device made from a single slab of β-WP2. The hall bar enables 

photoinduced and standard Hall or longitudinal resistance measurements. The highly symmetric square reduces 

unwanted thermal signals along with accurate centering of the beam in the center of the device. 
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crucial to engineer the device to minimize accidental polarization and inhomogeneous photo-

thermal signals. Thus the PI devised means to produce a Hall bar alongside a square device, cut 

from the same lamela. This enables transport characterization and nonlinear measurements on the 

Hall bar, along with spatially symmetric photocurrent experiments along particular crystalographic 

axis. When combined with new symmetry analysis outlined in his Nature Material’s article, the 

PI unambiguously separated thermal from nonlinear responses. Lastly, in an attempt to tune the 

Fermi level, the PI investigated a number of organic materials that are highly charged interacting 

with Dirac systems. While this work to tune the Fermi level in WSM, it enabled a new ability to 

detect various pathogens rapidly and cheaply.  

Future Plans 

 It is highly desirable to expand nonlinear techniques to provide more detailed information 

about the quantum geometry from particular momentum regions of the band structure. To this end, 

the PI is developing and performing nonlinear photocurrent measurements in magnetic fields, 

along with new angular resolved, current-induced photocurrents. The scattering and role of 

phonons will be disentangled through Raman experiments, performed on a series of well-chosen 

materials, that tune either the Fermi level or phonon spectra. Lastly, these experiments are 

performed in a magnetic field to uncover what role, if any, the quantum geometry plays in the 

novel phonon-electron scattering. 

Publications 

1) G. B. Osterhoudt, et al., PRX 11, 011017 (2021) 

2) M. J. Gray, et al., Review of Scientific Instruments 91, 073909 (2020) 

3) Y. Wang, et al., Nano Letters (2020) 

4) Y. Wang, et al., npj Quantum Materials 5, 14 (2020) 

5) T. A. Tartaglia, et al., Science Advances 6 (2020) 

6) N. Kumar, et al., MEDICAL DEVICES & SENSORS, e10121 (2020) 

7) N. Kumar, et al., Biosensors and Bioelectronics p. 112123 (2020) 

8) G. B. Osterhoudt, et al., Nature Materials 18, 471 (2019) 

9) J. Coulter, et al., Phys. Rev. B 100, 220301 (2019) 

18



 
 

 

 

 

 

Session II 

 
 

 

19



 

20



Coherent control of strongly interacting spins in the solid-state 

PI: Jeff Thompson, Princeton University 

 

Program Scope 

 This proposal aims to study the coherent quantum behavior and dynamics of strongly 

interacting spin systems in the solid state. The central experimental tool is a technique that we have 

recently developed, which allows the spins of single Erbium (Er3+) ion impurities in a crystal host 

to be optically initialized and measured through a nanophotonic cavity [1,2]. Importantly, the 

addressing of individual ions is achieved in the frequency domain [3], instead of spatially, allowing 

for control of individual spins with sub-10 nm separation, and therefore strong interactions. 

 Using this platform, we plan to carry out fundamental investigations of strongly interacting 

spin systems in solids, studying the interplay of different interaction mechanisms and developing 

spectroscopy techniques to identify the governing Hamiltonian in a particular instance of the 

system with randomly positioned spins. Furthermore, we will develop quantum control techniques 

to generate arbitrary effective Hamiltonians. This will allow many-body quantum states to be 

protected from noise and unwanted interactions, and is important to explore the potential of 

strongly interacting spin systems for quantum information processing and quantum-enhanced 

metrology. 

 Recent Progress  

 After submission of this proposal, but before the 

funding started, we made a very significant advance in 

controlling and manipulating closely-spaced Er3+ ions. 

In particular, using frequency domain addressing inside 

a nanophotonic cavity, instead of spatial addressing, we 

were able to coherently manipulate and perform single-

shot readout on six individual Er3+ ions within a sub-

diffraction-limited volume [3]. Although these ions were 

still too far apart to interact strongly (~80 nm on 

average), this technique has no fundamental lower bound 

on the ion separation that can be resolved, and will form 

the foundation of our future studies of strongly 

interacting Er3+ ion clusters. 

 In recent months, with BES support, we have also 

begun to explore interacting systems comprised of one 

Er3+ spin and up to three nearby nuclear spins. We are 

Figure 1 - (a) Schematic depiction of frequency-

domain optical control of Er spins with small 

spacing (b) Simultaneous initialization and 

single-shot readout of four-ion spin states [3]. 
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able to perform single-shot readout of all three nuclear spins 

using electron-nuclear CNOT gates, and also use the nuclear 

spins as a highly coherent probe of environmental noise. 

Through careful measurement of the interaction strengths, we 

have also been able to localize the relative position of the 

electron and one particular nuclear spin with sub-Å3 accuracy 

(on top of a separation of more than 20 Å). We are currently 

preparing this work for publication, along with a companion 

theoretical paper describing novel approaches to electron-

nuclear spin gates with S=1/2 electrons, which are quite distinct 

from recent work with S=1 spin systems like the NV center in 

diamond. 

 Furthermore, we have made significant progress on a 

key milestone for years 1 and 2, which is developing new host 

material platforms that will enable creating ensembles of highly 

coherent Er3+ ions with controllable density. Our current host 

crystal, Y2SiO5 (YSO), is not ideal in this regard as it is very 

noisy (from 100% abundant 89Y nuclear spins) and has a 

>100ppb background of Er3+ impurities. However, Er can be 

implanted into a wide range of materials. 

 We have observed fluorescence and characterized the energy level structure of Er in nearly 

a dozen materials, including TiO2  [4], MgO, CaWO4 and related compounds, SrTiO3 and related 

compounds, ZnS and ZnO. In most of these materials, we have developed satisfactory theoretical 

models for the spectrum based on a crystal field Hamiltonian, which gives us insight into the nature 

of the eigenstates, selection rules and dipole moment orientations. We have also fabricated 

nanophotonic devices on many of these materials. Recently, we have observed strongly Purcell-

enhanced emission (P > 1000) from single implanted Er3+ ions in MgO, and have begun 

characterizing single ion spin properties and performing spin readout. Because of the low 

abundance of nuclear magnetic moments in this host compared to YSO, we anticipate longer spin 

coherence times. Equally importantly, we have found that we can implant Er ions at densities 

anywhere from 1015 cm-3 to 1019 cm-3 with similar properties (in particular, implantation yield and 

inhomogeneous optical linewidth). This is a promising starting point for creating strongly 

interacting spin clusters using patterned ion implantation. 

Future Plans 

 In the coming year, we believe we will be able to leverage our results on single ion 

addressing in the frequency domain, and ion implantation of controlled densities of Er into highly 

coherent materials, to realize strongly interacting Er spin clusters with single particle addressability 

and control. This will allow us to begin work on our Year 3-4 milestones of developing 

Figure 2 – (a) Schematic depiction of 

Er3+ interacting with three nuclear 

spins. (b) Sharp spectral signature of 

one of the nuclear spins, a 1H (proton) 

observed as electron spin echo 

envelope modulation (ESEEM) on the 

Er3+. 
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spectroscopy techniques to map out interactions in such an ensemble, which will also leverage our 

recent work on mapping out electron-nuclear spin interactions. 
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Emergent Properties of Magnons Coupled to Microwave Photons 

M. Benjamin Jungfleisch, Department of Physics and Astronomy, University of Delaware 

Program Scope 

 The goal of the proposed research is to achieve precise control of light-matter interaction 

in magnetic hybrid systems and nanostructures, where the light part is carried by microwave 

photons, and the matter component is carried by magnons in engineered magnetic metamaterials. 

This includes implementing new measurement techniques for systematic studies of new material 

systems for efficient control of magnon-photon coupling. The underlying mechanisms of the 

interaction of magnons with photons, magnons with phonons, and magnons with magnons are 

determined, as these interactions are essential for utilizing magnons as coherent information 

transduction platforms between carriers. This project explores the mechanism by which non-

uniform magnons interact with photons in the strong coupling regime, determines the spatial 

distribution of the hybrid excitations, and identifies how to dynamically and spatially control the 

interaction. Therefore, it is essential to broaden the range of material platforms and the 

measurement techniques that can be applied to understand magnon-photon coupling 

mechanisms. Controlling the collective properties of magnons is a transformative advance; as 

such, its impact extends beyond spintronics to the wider research arenas of quantum science. The 

gains are not limited to basic science - they might also help accelerate the development of 

applied engineering for quantum information applications. 

 Recent Progress  

 The development, optimization, 

and fabrication of high-quality 

microwave antenna structures are 

essential to achieve this objective, in 

particular planar antennas. Equally 

important is the optimization of the 

growth of low-damping magnetic 

materials, including insulators such as 

yttrium iron garnet (YIG) and metals such 

as NiFe, CoFe, and Heusler alloys. 

Recently, we studied angular-dependent spin dynamics in arrays of ferromagnetic 

nanodisks arranged on a honeycomb lattice using ferromagnetic resonance. We observed a rich 

spectrum of modes that is strongly affected by the microstate of the network. Comparing the 

experimental data with micromagnetic simulations revealed that different subsections of the 

lattice predominantly contribute to the high-frequency response of the array. This was confirmed 

by optical characterizations using micro-focused Brillouin light scattering (BLS). These findings 

Fig. 1: Characterization of bicomponent artificial spin 

ices. (a) Scanning electron microscopy images of 

studied square lattices for bi-component artificial spin 

ice, NiFe – blue, CoFe – red. (b) Corresponding 

ferromagnetic resonance spectrum. 
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bring up new perspectives for designing magnonic devices that combine geometric frustration in 

gyrotropic vortex crystals at low frequencies with magnonic crystals at high frequencies.  

Recent work showed evidence for strong magnon-magnon coupling in various hybrid 

systems [1-4], including nanocross arrays [4] and arrays of nanomagnets [5]. These works have 

solely relied on inductive and electric detection methods. However, to understand the spatial 

distribution of the coupling, an optical detection scheme is advantageous. We recently studied 

the dynamic properties of a square array of interacting NiFe nano-ellipses (artificial spin ice) by 

three complementary techniques: (1) angular-dependent ferromagnetic resonance spectroscopy, 

(2) micro-focused BLS, and (3) micromagnetic modeling. We observe a spin-wave mode 

splitting facilitated by the inter-element interactions that depends on both the in-plane field angle 

and magnitude. The two-dimensional micromagnetic modeling results reveal that the split modes 

observed in the experiment reside in different regions of a single ASI vertex, suggesting that it is 

possible to control which portion of the network oscillates. In addition to the observed mode 

splitting, we show that the thermal spin-wave spectrum is sufficiently strong to be detected by 

micro-focused BLS and that using this approach, we can detect modes inaccessible by other 

commonly used methods such as microwave spectroscopy.  

Moreover, we introduced a new kind of 

artificial spin ice based on two dissimilar ferromagnetic 

metals (NiFe and CoFe) arranged on complimentary 

lattice sites in a square lattice, Fig. 1. We show that the 

interaction between the lattice sites can be finely tuned 

and that ferromagnetic resonance spectroscopy is an 

effective tool to probe this interaction: We discover 

unique spectra attributed to each sublattice, and – even 

more importantly – the observation of intra- and inter-

lattice dynamics facilitated by the distinct static 

magnetization properties of the two materials, Fig. 1. 

This is also a critical tuning mechanism for magnon-

magnon coupling and could control hybridized 

magnonic states. The dynamics are systematically 

studied by angular-dependent broadband 

ferromagnetic resonance and confirmed by 

micromagnetic simulations. Our results demonstrate 

the ability to realize a novel type of two-dimensional 

magnonic crystals enabling new concepts in nano-

magnonics. The results will serve as the basis for the 

planned studies on the band structure engineering in 

hybrid solid-state-based systems based on magnonic 

crystals. 

Fig. 2: Hybridization of magnon mode with 

microwave photon mode. (a) Results of our 

HFSS modeling results for a split-ring 

resonator. (b) Experimentally observed 

frequency vs magnetic field map for a split-

ring resonator loaded with a 2.4 µm YIG 

film shows an avoided crossing. 
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Furthermore, we employed HFSS to design and model various types of antenna structures 

such as split-ring resonators and double split-resonators. We tested and benchmarked our 

modeling results by comparing them to the literature. Exemplarily, Fig. 2(a) shows the simulated 

resonance behavior of a split-ring resonator. We fabricated various planar antenna structures 

with different dimensions, quality factors, and resonance frequencies based on these simulations. 

Preliminary experimental results obtained for a split-ring resonator loaded with a 2.4 µm-thick 

YIG film is shown in Fig. 2(b). This data suggest that we can observe magnon-photon coupling 

using these antennas. 

Future Plans 

 We will continue the optimization and experimental realization of the planar antenna 

structures we have so far studied by HFSS modeling. The first inductive measurements of YIG 

thin films appear to be promising, see Fig. 2. The next step will be the characterization of the 

same samples by BLS spectroscopy: 

1. We aim to reproduce the inductive measurements by BLS and optically detect magnon-

photon coupling. 

2. We will determine the spatial distribution of the magnonic hybrid excitation. Using this 

approach, we expect to determine the critical length scales and relevant time scales for 

magnon-polariton interaction. 

3. We will identify the temporal characteristics of the hybridization by the recently 

implemented time-resolved measurement capabilities. 

Upon successfully observing magnon-photon coupling by BLS in thick YIG films, we will focus 

on thin YIG films. We have already started the fabrication of nanometer-thick YIG films by 

pulsed-laser deposition. However, the growth requires further optimization to achieve a smaller 

Gilbert damping.  

Furthermore, we plan to investigate magnon-magnon interaction in micropatterned 

YIG/NiFe bilayers by micro-focused BLS. Upon successfully demonstrating an avoided crossing 

between acoustic and optical modes in the bilayer system, we will explore the magnon-magnon 

coupled system's emergent properties when strongly coupled to a planar microwave antenna. In 

particular, we will seek to understand the temporal dynamics of the triple resonant excitation 

using time-resolved BLS. 
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Observation of the Modification of Quantum Statistics in Plasmonic Systems 

Omar S. Magana-Loaiza, Quantum Photonics Laboratory, Department of Physics & 

Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA 

Program Scope 

 This research program aims to develop hybrid photonic-plasmonic networks for quantum 

transport simulation.  This novel platform for quantum simulation relies on the exquisite control 

of multiphoton scattering through dissipative near fields induced by single surface plasmons [1]. 

The presence of dissipative near fields provides additional paths that increase the complexity of 

multiparticle interactions in the network [1]. These exotic dynamics will be exploited to speed-up 

the quantum simulation of light transport. This quantum technology has important implications for 

the development of new schemes for light harvesting [2, 3].  

Recent Progress  

 The first milestone of this four-year research program is devoted to identifying novel 

multiparticle quantum dynamics induced by dissipative near fields in hybrid photonic-plasmonic 

networks. In the past six months, the PI together with his postdoc and two students have made 

important progress towards the completion of the first milestone. For the first time, the team has 

demonstrated that multiparticle scattering mediated by dissipative near fields enables the 

modification of the quantum statistics of plasmonic systems. This possibility represents a paradigm 

shift in the understanding of the quantum properties of plasmonic systems [2, 3]. As described 

below, the team has solid experimental results and plans to complete the first milestone in the next 

few months. There is an additional set of measurements that will be collected. This material will 

be used to prepare a research article.  

For almost two decades, it has been believed that the quantum statistical properties of 

bosons are preserved in plasmonic systems [2, 3]. This idea has been stimulated by experimental 

work reporting the possibility of preserving nonclassical correlations in light-matter interactions 

mediated by scattering among photons and plasmons [2]. Furthermore, it has been assumed that 

similar dynamics underlies the conservation of the quantum fluctuations that define the nature of 

light sources [3]. We demonstrate that quantum statistics are not always preserved in plasmonic 

systems and report the first observation of their modification. We found that plasmonic near-field 

effects enable the manipulation of multiparticle scattering. This possibility leads to a modification 

of the statistical properties of hybrid photonic-plasmonic circuits. We quantify the change in the 

quantum statistical fluctuations through the degree of second-order coherence. The reported 

observations are validated through the quantum theory of optical coherence [4].  

The team initiated this study motivated by the idea that electromagnetic near fields can be 

used to control scattering among multiple interfering particles. This concept is illustrated in Fig. 

1a, this fundamental process enables the manipulation of the quantum statistical properties of 
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hybrid photonic-plasmonic systems. The team built the plasmonic structure in Fig. 1b to 

experimentally demonstrate this effect. The experimental setup is shown in Fig. 1c. 

The modification of the photon-number distribution induced by the system described in 

Fig. 1b can be described using the quantum theory of coherence as described by Glauber [4]. For 

this purpose, we first define the P-function associated to the field produced by the indistinguishable 

combination of the vertical components of the photonic modes of the two sources 

                                       𝑃𝑠(𝛼) = ∫ 𝑃𝑉1
(𝛼 − 𝛼′)𝑃𝑉2

(𝛼′)𝑑𝛼′.                                            (1) 

This expression enables one to obtain the following photon-number distribution for the combined 

sources 𝑝𝑠(𝑛) = [(1 + 𝜂)�̅�]𝑛/[1 + (1 + 𝜂)�̅�]𝑛+1 . In this case 𝜂  represents the number of 

vertically-polarized photons given the initial polarization angle 𝜃 of one of the sources, see Fig. 

1b. The mean photon number of the sources and the photon number are represented by �̅� and 𝑛, 

Figure 1. The possibility of controlling multiparticle scattering trough electromagnetic near fields is shown in a. This 

idea is implemented through the plasmonic nanostructure shown in b. The fabricated sample is illuminated by two 

thermal sources of light with specific polarizations. The strength of the plasmonic near-fields is controlled through 

the polarization of the multiphoton sources. The plasmonic near-field is always polarized in the horizontal plane. The 

experimental setup for the observation of the modification of quantum statistics in plasmonic systems is shown in c. 

We generate two independent thermal beams using a rotating ground glass (not shown). The polarization of these two 

thermal beams is individually controlled by a polarizer (Pol) and half-wave plate (HWP). Then, the two sources are 

injected into a beam splitter (BS) and then focused onto the gold sample through an oil-immersion objective. The 

refractive index of the immersion oil matches that of the glass substrate creating a symmetric index environment 

around the gold film. The transmitted photons are collected with another oil-immersion objective. We measure the 

photon statistics in the far field by performing photon-number-resolving detection using superconducting nanowire 

single-photon detectors (SNSPDs).  
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respectively. To account for the contributions from the horizontally polarized plasmonic fields 

𝑝𝑝𝑙(𝑚), we write the final photon-number distribution at the detector as 𝑝𝑓(𝑛) = ∑ 𝑝𝑠(𝑛 −𝑛
𝑚=0

𝑚)𝑝𝑝𝑙(𝑚). This expression permits one to obtain a final photon-number distribution 𝑝𝑓(𝑛) which 

is defined by the strength of the plasmonic near fields �̅�𝑝𝑙 

                                   𝑝𝑓(𝑛) = ∑
�̅�𝑠

𝑛−𝑚�̅�𝑝𝑙
𝑚

(�̅�𝑠+1)𝑛−𝑚+1(�̅�𝑝𝑙+1)𝑚+1
𝑛
𝑚=0 .                                                (2) 

This probability function indicates the possibility of modifying the degree of coherence of a hybrid 

photonic-plasmonic system. Remarkably, it is possible to use plasmonic near fields to induce 

coherence in the multiparticle system. As shown in Fig. 2, the PI and his team have performed 

experimental measurements that confirm the validity of the theory described above. The results in 

in Fig. 2 show for the first time the modification of quantum statistics in plasmonic systems.  

For more than two decades, the quantum plasmonics community has assumed that the 

quantum statistical properties of hybrid photonic-plasmonic systems are always preserved [2, 3]. 

The work reported by the PI in this document changes this paradigm and demonstrates the 

enormous potential of hybrid photonic-plasmonic platforms for applications in quantum 

information science. 

Figure 2. The possibility of modifying and controlling quantum statistics of plasmonic systems is shown in panel a. 

Here, the team plots experimental data together with a theoretical prediction for the degree of second-order coherence. 

The theoretical model is based on the photon-number distribution in Eq. 2.  As demonstrated in b, the photon-number 

distribution is thermal for the system in the absence of near-fields (𝜃 = 00). However, an anti-thermalization effect 

takes place as the strength of the plasmonic near fields is increased (𝜃 = 450), see c. Remarkably, as shown in d, the 

degree of second-order coherence of the hybrid photonic-plasmonic system is 1.5 when the plasmonic near fields are 

strong (𝜃 = 900).   
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Future Plans 

 The team will measure the spatial profile of photons after the plasmonic structure in Fig. 1 

b. This will be measured as a function of the strength of the plasmonic near fields. These properties 

will be used to study the single-mode nature of the interactions described above. This information 

will enable the team to finalize the preparation of a scientific article reporting these achievements. 

As planned in the proposal, the team expects to submit this paper for publication before the 

summer. 

 The completion of this first goal will place the PI and his team in a suitable position to 

successfully demonstrate the second trust which aims to implement multiparticle control of Hong-

Ou-Mandel interference in plasmonic networks. Both milestones are essential to demonstrate 

quantum transport simulation through the control electromagnetic near fields in hybrid photonic-

plasmonic networks. This will be demonstrated in the third and fourth years of the research 

program. 
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 In addition to the work reported in this document, postdoctoral researcher (Chenglong 

You), graduate student (Mingyuan Hong), and undergraduate student (Joshua Fabre), have 

published the following papers in the last six months. Funding from DOE is acknowledged in the 

following papers: 
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3.  O.S. Magana-Loaiza*, Physics Today 73, 10, 30 (2020).  
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In reference 2, the team demonstrated an analog device for quantum simulation using electrical 

oscillators. This information will be useful to complete the third and fourth milestones. The work 

reported in reference 4 will be valuable for the team to demonstrate the second milestone. 
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DNA-Controlled Dye Aggregation – A Path to Create Quantum Entanglement 

William B. Knowlton, Micron School of Materials Science and Engineering and Department 

of Electrical and Computer Engineering, Boise State University 

Program Scope 

The overarching research goal is to assemble dye aggregates via deoxyribonucleic acid (DNA) 

templating and to study how fundamental properties of molecular exciton delocalization and 

coherence can be controlled to enable quantum entanglement. Our research is motivated by the 

hypothesis that exciton delocalization and exciton-exciton interactions can be tuned through the 

controlled arrangement of dyes into aggregates of dyes to create and control exciton quantum 

entanglement that is at the center of the DOE’s quantum information science (QIS) initiative. The 

technical approach involves experiment, theory development, and computational modeling. These 

approaches are accomplished in an integrated and complementary manner across our now five 

research teams. Squaraine (SQ) and squaraine:rotaxane (SR) dyes assembled into dye aggregates 

by the deoxyribonucleic acid (DNA) self-assembly process by which a variety of DNA scaffolded 

architectures can be used to assemble dye aggregates; they are the primary materials system of 

interest. Dyes are functionalized to assess their structure-property relationships, the aggregates 

characterized via steady-state and transient ultrafast spectroscopy techniques, dye orientation 

precision assessed by single molecule microscopy approaches, and aggregate properties modeled 

through our in-house Kühn-Renger-May (KRM)1 model tool that uses spectral data to determine 

the spatial orientation and proximity of dyes within an aggregate. Our results to date have indicated 

that SQ and SR-templated dyes hold significant promise for use in creating, measuring, and 

controlling quantum entanglement. 

Recent Progress  

Our grant started on August 15, 2019. 

We hired several new professional staff 

early on and brought on board a number of 

graduate students, many of whom have 

been heavily involved in our initial 

research outcomes. The three projects 

briefly described here have been 

accomplished despite significant impacts 

due to COVID-19 on access to laboratory 

facilities, visa processing, and subsequent 

hiring of personnel.  

For the first project, we examined the 

ability of SQ dyes to undergo exciton 

delocalization when aggregated via a DNA 

Holliday junction (HJ) template.2 We chose 

a commercially available indolenine SQ 

dye for the study given its strong structural 

resemblance to Cy5, a commercially 

Right: Conceptual schematic of a DNA-templated SQ 

tetramer covalently tethered to and templated by a DNA HJ. 

Left: Absorbance spectra of two SR dimer aggregates and 

a tetramer aggregate relative to a SR monomer all 

templated by a HJ. J , the exciton hopping parameter, refers 

to the transition dipole-dipole coupling strength between 

the SR dyes in the aggregate and is responsible for exciton 

delocalization. Note that J is over 2 times greater than kT at 

room temperature.2 
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available cyanine dye previously shown to undergo 

exciton delocalization in DNA HJs.3, 4 Three types of 

DNA-dye aggregate configurations—transverse dimer, 

adjacent dimer, and tetramer—were investigated. 

Signatures of exciton delocalization were observed in all 

dye-DNA aggregates. In particular, we observed a strong 

blue shift and Davydov splitting in our steady-state 

absorption spectroscopy measurements, and exciton-

induced features also were evident in circular dichroism 

(CD) spectroscopy. Strongly suppressed fluorescence 

emission provided additional, indirect evidence for 

exciton delocalization in these DNA-templated dye 

aggregates. The excitonic hopping strength (J) within 

indolenine SQ dyes was comparable to that of the 

analogous Cy5 DNA-templated aggregate. The SQ 

aggregates adopted primarily an H-type (dyes oriented 

parallel to each other) spatial arrangement. 

The second project involved demonstrating that 

adding rotaxane rings to SQ dyes templated with DNA 

promotes a difficult to achieve oblique packing 

arrangement with highly desirable excitonic optical 

properties.5 Specifically, dimers of these SR dyes exhibit 

an absorption spectrum with near-equal intensity, 

excitonically split absorption bands. Theoretical analysis 

using our KRM model tool indicates that the transitions 

are mostly electronic in nature and only have similar 

intensities over a narrow range of packing angles. 

Compared with SQ dimers, SR dimers also exhibit 

extended excited-state lifetimes and less structural 

heterogeneity. The approach proposed here of adding a 

macrocycle to a dye to mitigate interactions of the dye 

with the bath (environment) may be generally useful for 

optimizing excitonic materials for a variety of 

applications ranging from solar energy conversion to 

quantum information science. 

To complement the two preceding experimental projects, a third project explored the role of 

substituent effects on the electronic and photophysical properties of SQ dyes from a theoretical 

perspective. To date, few studies of this nature have been accomplished. Ab initio theoretical 

methods were applied to determine the preceding effects for a series of nine different SQ dyes. In 

addition to electronic properties, solvation free energy was investigated as an insight into changes 

in hydrophobic behavior from substituents. The study considers the role of molecular symmetry 

on these properties via conformer and substituent placement. We expect submission of this work 

for publication soon.6 

 

Electronic structure of dimer aggregates, 

dye structures and schematics, and 

proposed packing arrangements for SQ 

and SR dimers templated in a DNA 

Holliday junction. a. Energy-level 

diagrams showing allowed transitions 

(blue and red arrows) for three 

predominant dimer orientations (green 

arrows depict transition dipole moments): 

H-dimer (transition dipoles faces-to-face). 

J-dimer (transition dipoles head-to-tail), 

and Oblique dimers (orthogonal dipole 

moments) b. Representative structures for 

an SQ dye, a rotaxane ring, and an SR 

composite molecule. c. Proposed packing 

for dimers of SQs and SRs templated using 

a four-armed DNA Holliday junction. 
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Future Plans 

Given our promising initial results, we plan to expand on the previous studies in several ways. 

In particular, we are well underway in designing custom-made SQ and SR dyes whose specific 

structures are informed by our ongoing theoretical modeling using density functional theory 

(DFT), time-dependent DFT, and molecular dynamics, as well as our experimental results. Using 

custom dyes of our own design enables us to fine-tune the dye structure-property relationships that 

allow us to optimize specific parameters of interest—such as J—that are important for 

entanglement. We are assessing a series of differentially functionalized SQ dyes and with the SR 

dyes also assessing different structural configurations of the rotaxane ring for the effect on dye 

aggregate behavior.  

At the same time, given our jurisdiction as a DOE EPSCoR state, we are leveraging DOE and 

other funding sources to build our capacity in dye synthesis, DNA construct design, ultrafast laser 

spectroscopy and single molecule microscopy instrumentation and techniques, and Frenkel exciton 

theory development as it relates to entanglement. Our recent move into the new Micron Center for 

Materials Research at Boise State University and its state-of-the-art laser labs will further enhance 

our measurement capabilities for determining the coherence of key parameters of interest that 

relate to entanglement. 
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Electron Transfer in Heterostructures based on Two-Dimensional Materials 

Hui Zhao, University of Kansas, Lawrence, Kansas 

 

Program Scope 

 The discovery of graphene has created an exponentially growing interest in 2D materials, 

which are attractive to both fundamental research and applications [1]. These materials provide a 

new route to fabricating van der Waals multilayers, which can potentially transform material 

discovery [2-4]. One key issue in van der Waals multilayers is the interlayer electron transfer, 

which is the fundamental process to integrate the individual layer for harnessing emergent 

properties for various electronic and optoelectronic applications [5]. Recently, efficient interlayer 

charge transfer has been generally demonstrated in hetero-bilayers formed by transition metal 

dichalcogenides [6,7], illustrating the feasibility of integrating multiple monolayers into a van der 

Waals stack. This program aims to provide experimental results for developing fundamental 

understanding on electron transfer, including charge and energy transfer, in van der Waals 

multilayer structures. The research goal is achieved through three thrusts. In Thrust 1, the material 

library to fabricate van der Waals heterostructures with novel electron transfer properties is 

expanded. Thrust 2 focuses on understanding electron transfer through thin barriers in van der 

Waals multilayers. In Thrust 3, effect of electric field on electron transfer is studied.  

Recent Progress  

In the first 6 months of this program, we have made progress in all three thrusts. 

Thrust 1: Electron transfer in crystallographically incommensurate heterostructures 

We performed steady-state spectroscopic and time-resolved pump-probe measurements on 

photocarrier dynamics of a number of 2D materials to evaluate their potential integration with 

other 2D materials with novel electron transfer properties. These materials include Bi2O2Se, MoO3, 

AsSbS3, GeS, TlGaS3, and PtSe2. For each material, we achieved transient absorption 

measurements of their photocarrier dynamics through either interband resonant absorption or 

Drude-like intraband absorption. Hot carrier dynamics and carrier lifetime were deduced. These 

materials bring new elements to several fronts of interlayer electron transfer. They can form type-

I, type-II, and type-III band alignments with the most commonly studied transition metal 

dichalcogenide (TMD) monolayers, allowing a comprehensive study on charge and energy transfer 

in different potential landscapes. We observed ultrafast charge transfer between bulk TlGaS3 and 

monolayer WS2 [8]. We obtained unpublished results on ultrafast charge transfer between 

monolayer Bi2O2Se and TMD monolayers, and between monolayer PtSe2 and TMD monolayers. 

Furthermore, we exfoliated MoO3 monolayers and are trying to make their heterostructures with 

TMD monolayers to form type-III band alignments. 
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Thrust 2: Carrier tunneling and energy transfer through thin barriers 

We time-resolved tunneling of holes between two MoSe2 monolayers through a 

monolayer barrier of WS2. In this unpublished work, we designed and fabricated a 4-layer 

heterostructure with a layer sequence of MoSe2/WS2/MoSe2/graphene, and with a band alignment 

as shown in Fig. 1(a). We used a 100-fs and 1.85-eV pump pulse to excite the two MoSe2 layers. 

Since the electrons are expected to transfer to WS2 within 100 fs [9] and the holes in the second 

MoSe2 layer can transfer to graphene on a sub-picosecond time scale [10], after these transient 

processes, the population of the electrons and holes among the four layers will reach the state 

illustrated in Fig. 1(a). The rest of the population decay is dominated by the tunneling of the holes 

from the first to the second MoSe2 layer, which is time-resolved by measuring differential 

reflectance of a 1.59-eV probe pulse that is tuned to the optical bandgap of MoSe2. 

Panel (b) of Fig. 1 

summarizes the key results of 

our measurements. Since the 

differential reflectance signal 

(ΔR/R0) is approximately 

proportional to the carrier 

density in MoSe2, its decay 

reflects the loss of hole 

population. To analyze the 

dynamics, each curve is fit by a 

multiple-exponential function 

(not shown). We found that in 

all heterostructures without the 

WS2 barrier, the majority of the 

signal decays on a 2-ps time scale, due to the fast electron and hole transfer in these 

heterostructures. However, the decay time constant of the four-layer sample is about 17 ps. Along 

with additional control experiments and analysis, we attributed the 17-ps process to the tunneling 

process of the holes from the first to the second MoSe2 layers across the WS2 barrier, followed by 

their rapid transfer to graphene. The tunneling rate deduced is also consistent with a simple 

tunneling model. 

In our next steps of this thrust, the barrier thickness will be used as an important 

parameter. As such, we studied how the interlayer electron transfer property evolves as the layer 

thickness is changed. By using electron transfer from MoSe2 to MoS2 as an example, we showed 

that the electron transfer time changes from sub-100-fs in 1L-MoSe2/1L-MoS2 and 1L-MoSe2/2L-

MoS2 to several picoseconds in 1L-MoSe2/3L-MoS2 [11]. The significant thickness dependence 

was hypothesized as an effect of the phonon-assisted charge transfer. This result has important 

implications for our future studies on tunneling through multilayer barriers. 

Figure 1: (a) Schematics of the four-layer heterostructure and hole 

tunneling. (b) Normalized differential reflectance signal measured from 

different samples as labeled. 
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Thrust 3: Effect of electric field on electron transfer 

We proposed two approaches to study the effect of electric fields on electron transfer in 

van der Waals multilayers, by using (i) optically generated fields and (ii) material built-in fields. 

In the first 6 months, we have made progress on both fronts. 

 

Figure 2: (a) and (b) Schematics of the three-pulse technique and charge transfer in the MoTe2/WSe2/MoS2 

trilayer heterostructure. (c) Differential reflectance signal with 1.59-eV control/pump and 1.86-eV probe pulses. 

The control fluence increases from top to bottom. The red curves are fits. The gray curve represents the 

instrumental response. (d) Peak differential reflectance signal as a function of the probe photon energy (the main 

panel) and the pump fluence (the inset). (e) Charge transfer time as a function of the control fluence. (f) Relative 

differential reflectance signal as a function of the control fluence. 

With the first approach, we used a three-pulse control-pump-probe technique to study 

charge transfer under the influence of photo-generated carriers and fields in three heterostructures, 

MoSe2/MoS2, MoSe2/WS2, and MoTe2/WSe2/MoS2. Here we use the last heterostructure as an 

example, as illustrated in Fig. 2(a). A 1.59-eV control pulse first excites the MoTe2 layer. As shown 

in Fig. 2(b), electrons are expected to transfer to MoS2, setting up layer-separated electron and 

hole populations in MoS2 and MoTe2 and an electric field pointing from MoTe2 to MoS2. Several 

picoseconds later, a 1.59-eV pump pulse excites electrons in MoTe2 again, and the electron transfer 

to MoS2 under the influence of the field is studied by monitoring the electron population in MoS2 

by a 1.86-eV probe. As shown in Fig. 2(c), as the fluence of the control pulse (and thus the photo-

generated electric field) is increased, the signal magnitude decreased and the signal rise is faser. 
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By fitting the rise of each curve with a charge transfer model, we found that the charge transfer 

time decreases with the control fluence, as summarized in Fig. 2(e). Furthermore, the reduction of 

the peak signal by the control pulse, as shown in Fig. 2(f), illustrates that the electric field pushes 

the electron wavefunction in MoS2 towards the van der Waals gap, and thus reduces the dipole 

moment of the interlayer excitons. 

On the second approach of utilizing material built-in field, we obtained Janus MoSSe 

and WSSe monolayers through a collaboration with ORNL. Janus TMDs were first synthesized in 

2017 [12,13]. These monolayer structures are composed of a transition metal layer sandwiched by 

two different chalcogen layers. The asymmetry in the vertical direction of the structure results in 

a built-in electric field. As our first step, we studied the optical properties and the excitonic 

dynamics in Janus MoSSe and WSSe monolayers and compare them with their pristine 

counterparts. We found that the exciton radiative recombination lifetimes in Janus structures are 

significantly longer than those in pristine TMDs due to the separation of the electron and hole 

wavefunctions. This result demonstrated the strong built-in field in such structures [14]. 

Future Plans 

 Building on the progress, we will continue pursuing the proposed research activities. In 

Thrust 1, we will study electron transfer in heterostructures involving the identified new 2D 

materials. In Thrust 2, we will design heterostructures and study carrier tunneling through 

barriers of TMDs, h-BN, and MoO3. In Thrust 3, we will study electron transfer formed by Janus 

and pristine TMDs to probe the effect of the built-in fields on electron transfer. With optically 

generated fields, we will study four- and five-layer heterostructures to separate the field and 

population regions, so that their effects on electron transfer can be independently studied.     
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Optically Controlled Quantum Phase Transitions at Van der Waals Interfaces  

Cheng Cen (PI), Lian Li (Co-PI), Xin Li (Co-PI), West Virginia University 

Program Scope 

 It is often said that “the interface is the device” 4. Nowhere is this more evident than in low 

dimensional Van der Waals (VdW) materials, whose properties can be most meaningfully 

discussed only when their interfaces are clearly defined. This effect is best demonstrated in 

monolayer (1uc) FeSe grown on SrTiO3 (STO) (001) substrate (Fig. 1a), where the 

superconducting TC is enhanced by more than one order of magnitude comparing to bulk FeSe5-8. 

The mechanism of superconductivity in 1uc-FeSe/STO, however, presents a conundrum. Due to 

charge doping from the substrate, its Fermi surface consists of only electron pockets centered at 

the Brillouin zone (BZ) corner (M), with the zone center (Γ) states pushed below the Fermi level5-

8. This poses a challenge for pairing theories that involve both pockets9, 10. More interestingly, we 

recently discovered that the superconducting transition in 1uc-FeSe/STO can be manipulated 

optically3. A brief exposure to a continuous wave (CW) ultraviolet (UV) light, with photon energy 

above the optical 

bandgap of STO, 

can raise the TC in 

1uc-FeSe/STO by 

25% (Fig. 1b). 

Using tailored 

sequence of UV 

light pulses and 

voltage pulses 

applied to the back 

of the STO 

substrate, the 

interface can be 

persistently driven 

between the 

superconducting 

state and its normal 

ground state (Fig. 

1d).  We attribute 

this effect to the 

strong photocarrier-

phonon coupling in 

STO and the resultant metastable polar lattice distortion occurred at the FeSe/STO interface. In the 

quantum paraelectric phase of STO11-14, photoexcited electrons can quadratically couple to the T1u 

soft mode 15-18 which, under the influence of the interface band bending19, 20, gives rise to a 

 
Figure 1 Light induced non-volatile switching of superconductivity in 1uc-FeSe/STO 

(a) UV excitation can cause persistent phonon softening SrTiO3 and polar structural 

distortion at the interface. These effects can be utilized to control the superconducting state 

in FeSe grown on top.  (b) Temperature dependent resistances measured in 1uc-FeSe/STO 

(capped by 10 uc FeTe) with and without UV illumination or external magnetic field. (c) 

A series of thermal cycles of 16 K  TH  16 K were performed after turning off the UV 

light. At the end of each thermal cycle, sample resistance at 16 K was measured and plotted 

as a function of the maximum temperature (TH) reached during sample heating. (d) Non-

volatile switching between normal and superconducting states at 17 K by sequence of UV 

light pulses and back bias voltage pulses.  (Ref 3) 

 

41



ferroelectric distortion with relative out-of-plane shifts between the Ti and O ions. As a result, it 

is viable that the Se-Fe-Se angle in the FeSe monolayer, a parameter sensitively modulates the 

electron correlation strength21, will be perturbed (Fig. 1a) and lead to an enhanced TC. 

While this proposed theory well explains our experimental observations, many open 

questions are still present. The most pressing task is to verify this theory by directly mapping the 

light-induced atomic displacements at the interface. Also, it is important to explore alternative 

heterostructures built from other 2D superconductors and substrate materials. These studies will 

allow us to extract more generalized interface design principles for realizing on-demand optical 

manipulation of quantum phases and enabling significant TC enhancements. The objective of this 

project is to understand and control the emerging quantum phases in Van der Waals (VdW) 

materials through the innovative design of epitaxial heterostructures, implementation of novel 

optical excitations, and atomic-scale lattice tracing using cutting edge synchrotron tools. 

Specifically, the research activities in this project will be organized toward two specific aims: 1. 

To elucidate the light-induced quantum phase transitions at FeSe/SrTiO3 interfaces; 2. To develop 

interface-aided optical quantum phase control capability in other analogous VdW heterostructures. 

Recent Progress  

 Light-induced atomic displacements at the buried VdW interface are beyond the reach of 

common atomic-scale imaging tools (e.g., STM, TEM) that are either only sensitive to the surface 

or require invasive 

sample preparations 

that can alter the 

optical responses. In 

comparison, in-situ 

Crystal Truncation 

Rod (CTR) 

measurements and 

Coherent Bragg Rod 

Analysis (COBRA) 

experiments 

performed using the 

synchrotron X-rays 

are much better 

suited for this task. 

With the help of our 

collaborator at the 

Advanced Photon 

Source (APS) of 

Argonne National 

Lab (ANL), 

 
Figure 2 Surface X-ray diffraction crystal truncation rod measurements of 1uc-

FeSe/STO samples (a) Preliminary CTR/COBRA measurements of 1uc-FeSe/STO 

heterostructure taken at APS 33ID-D beamline at room temperature. The surface 

amorphous Se or S capping layer does not affect the interface structural quality, therefore 

having negligible effect on CTR data quality. (b) Preliminary CTR/COBRA measurements 

of annealed SrTiO3 surface taken at 25 K before and after in-situ exposure to a UV light 

pulse. Signatures of a light induced surface lattice distortion can be clearly observed. 
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preliminary CTR/COBRA measurements were performed on   1uc-FeSe/SrTiO3, 1uc-FeS/SrTiO3, 

and TiO2-terminated bare SrTiO3 substrates (Fig.2).  In order to study the lattice responses to the 

light excitation directly, we built an in-situ illumination assembly by integrating multiple LEDs 

with different emission wavelengths inside the cryostat chamber on the X-ray beamline. This 

assembly allows us to programmably switch on the excitation light during CTR measurements and 

control the excitation wavelength, strength, duration flexibly. Fig. 2b shows the CTR data obtained 

on a TiO2-terminated bare SrTiO3 substrate at 25 K in its quantum paraelectric phase. Pronounced 

differences can be seen comparing  the CTR spectra taken before and after the sample is exposed 

to a short UV light pulse, supporting our theory of a light induced nonvolatile lattice distortion.    

In the meanwhile, we are also 

pursuing the development of alternative 

heterostructures with structural 

instabilities that can potentially be 

manipulated by light. One example is 

shown in Fig.3. While WSe2 normally 

crystallizes in the 1H structure at the single 

layer limit, by controlling the growth 

temperature, we are able to obtain single 

layer WSe2 in 1T’ phase. Due to small 

cohesive energy differences between the 

different polymorphic phases, metastable 

structural switching might be possible 

upon tailored external excitations. 

Future Plans 

While preliminary measurements as shown in Fig.2 has demonstrated the feasibility of 

producing significant and metastable surface lattice distortions using weak continuous-wave light, 

more systematic measurements on 1uc FeSe/SrTiO3 heterostructures at different temperatures and 

with different excitation energies are needed. Our newly submitted APS beamtime proposal has 

recently been approved, which allocates us adequate beamtime in the first quarter of 2021 to 

perform the above-mentioned CTR measurements. The structural results obtained from COBRA 

analysis will reveal how the interface lattice configuration changes as FeSe and STO undergo their 

own structural phase transitions and how the interface changes under different photon energies in 

different bulk structural phases. Comparing the obtained structural data to the electronic band 

structure and transport properties, we will be able to paint a much clearer picture of the interfacial 

material coupling. The result will also be compared to theory to help elucidate the origin of the 

optically tunable superconducting phase.  

Building upon the knowledges learned in FeSe/STO, different VdW interfaces built from 

epitaxial 2D quantum materials (e.g., FeSe, FeS, WSe2) and complex oxides (e.g. SrTiO3, SrNbO3, 

LaAlO3) will be designed to pursuit higher Tc, more effective optical tunability, and tailored active 

 
Figure 3 1T’ WTe2 films grown on different substrates (a-c) 

STS tunneling spectrum and STM images of WTe2 film grown 

on SrTiO3 substrate. (d-f) Similar data obtained on WTe2 film 

grown on epitaxial graphene/SiC substrate. 
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polymorph control. The topographic, electronic, transport and optical properties of these samples 

will be first characterized at WVU using scanning tunneling microscope (STM), atomic force 

microscope (AFM), angle-resolved photoemission spectroscopy (ARPES), magnetotransport, and 

linear/nonlinear optical spectroscopy measurements. Selected samples will be sent to APS for the 

interface structural characterizations by surface x-ray diffraction measurement, including 

CTR/COBRA and time-resolved X-ray diffraction. Tailored optical tuning recipes that have been 

tested in STM and transport measurements at WVU will also be passed to APS. Depending on the 

optical wavelength and power required, optical excitations in the synchrotron measurement setup 

will be produced by either the compact LED source or lasers coupled through an x-ray transparent 

optical window.  

Once the proposed research has been successfully carried out, well-understood 

methodology that uses light to manipulate the quantum phase transitions at the VdW interfaces 

will be established. We will also obtain a much clearer understanding of how high TC 

superconductivity and topological orders emerge from the VdW interfacial coupling. With this 

knowledge, it will become possible to deterministically tailor quantum interfaces with desired 

optical tunability, which can lead to unprecedented capability in designing and fabricating active 

quantum devices such as optically tunable superconducting qubits and ultrafast VdW electronics. 
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Phase-Sensitive Measurements of Triplet Superconductors  

 

C. L. Chien 

The Johns Hopkins University 

 

Program Scope 

Exploration of pure spin current phenomena in ferromagnetic metals, antiferromagnetic insulators, 

materials with strong spin orbit coupling, quantum materials, and topological triplet 

superconductors,  

 

Recent Progress  

In a superconductor (SC), electrons are paired into Cooper pairs, which undergo Bose-Einstein 

condensation at the transition temperature TC [1].  The Cooper pairs of two electrons can be either 

a spin singlet with spin 0 (s-wave and d-wave with even parity), or a spin triplet with spin 1 (p-

wave with odd parity).  To date, the known SCs are overwhelmingly singlet, mostly s-wave (e.g., 

Nb) and some d-wave (cuprates).  Triplet SCs, essential for Majorana physics [2] and quantum 

computing, are rare but must be identified   

For decades, thermodynamic properties (e.g., specific heat, upper critical field, etc.) have 

been used to identify possible triplet pairing in heavy fermions and Sr2RuO4, but without success 

[3,4].  Indeed, Sr2RuO4, has been a likely triplet p-wave SC for nearly three decades.  In 2019, the 

key evidence of NMR Knight Shift was deemed unreliable, ending its triplet prospect [5].  The 

only established triplet p-wave is He3, a superfluid [6]. 

It is important to note that the gap values of singlet SCs (s-wave and d-wave) and triplet 

SCs (p-wave) have opposite parity [1].  The gap value of the even-parity singlet SCs does not, 

whereas that of the odd-parity triplet SCs does, change sign upon inversion. This fundamental 

difference allows unequivocal identification of singlet and triplet SCs by phase-sensitive 

measurements of the symmetry of the gap.  We recently demonstrated -Bi2Pd as a triplet SC using 

flux quantization [7].  

Flux quantization is a unique feature of all SCs, where the magnetic flux enclosed by a SC 

ring can only change in units of Φo = hc/2e = 20.7 G-µm2, where h is the Planck constant, c the 

speed of light, and 2e the charge of the Cooper pair.  Because Φo = 20.7 G-µm2, µm-sized rings 

are the preferred sizes for measurements as shown in Fig. 1. For singlet SCs with even-parity gaps, 

the resistance minima of the ring device occur at Φ = nΦo, where n is an integer, as shown in Fig. 

1 for the case of singlet Nb. This is the integer flux quantization, first demonstrated in the Little-
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Parks experiments [8] and has been 

universally observed in numerous singlet 

SCs of s-wave (e.g., Nb) and d-wave (e.g., 

cuprates), in both polycrystalline and 

epitaxial rings [9,10].   

The situation is entirely different in 

the case of triplet SCs with an odd parity 

gap.  A grain boundary may separate two 

grains with gaps of opposite signs, 

introducing a phase of π.  In a 

polycrystalline triplet SC ring, when the 

total phase of all the grain boundaries adds 

up to an odd number of π, one observes 

half flux quantization of Φ=(n+1/2)Φo as 

first shown theoretically [11].  Thus, the 

observation of the half-integer flux 

quantization is an unequivocal evidence of triplet pairing, which we have observed in 

polycrystalline -Bi2Pd as shown in Fig. 1.   

More rigorously, since π phase shift occurs at the grain boundaries, one must observe both 

integer flux and half-integer flux of roughly equal proportion in polycrystalline triplet SC rings. 

Furthermore, one must observe only integer flux in epitaxial triplet SC rings without grain 

boundaries and sign change in gap value.  These stringent criteria have indeed been observed in 

-Bi2Pd rings.  In polycrystalline -Bi2Pd rings, we have observed both integer and half-integer 

flux.  Equally important, we have patterned 30 epitaxial -Bi2Pd rings, epitaxially grown on MgO 

substrates.  Not a single half-integer flux, and only integer flux, has been observed. These 

experiments conclusively demonstrate that -Bi2Pd is a triplet SC [7]. 

 

Future Plans 

We plan to explore some promising topological SCs to identify other triplet SCs.  Triplet SC ring 

exhibit half-flux in zero external field and can be exploited as flux qubits.  
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Spin-Dependent Quantum Phenomena in 2D Heterostructures 

Jing Shi, Department of Physics & Astronomy, University of California, Riverside 

 

Program Scope 

 The proposed program focuses on exploring interfacial spin interactions in all-2D van der 

Waals (vdW) heterostructures fabricated with exfoliated or epitaxially-grown monolayer and 

few-layer quantum materials. The goal of this research is to demonstrate and develop in-depth 

understanding of novel quantum phenomena in all-2D vdW heterostructures with enhanced spin 

interactions.  

 Recent Progress  

(a) vdW heterostructure nanodevice fabrication by 

exfoliation, pickup and transfer.  The 1T’-phase 

of monolayer WTe2 is known to be a 2D 

quantum spin Hall insulator with a sizable gap 

[1-3]. We are interested in studying induced 

ferromagnetism and induced magneto-transport 

properties in this interesting material. We have 

demonstrated fabrication of vdW heterostructure 

devices (Figure 1) consisting of monolayer WTe2 

and multilayer Cr2Ge2Te6 (CGT) using an 

automated transfer stage operated inside a 

glovebox. The exfoliation and subsequent 

pickup, transfer, and alignment have been 

carried out in this protected environment. The 

monolayer WTe2 flake (labeled in blue) is 

picked up by the CGT flake (labeled in yellow) 

which is vdW bound to the hexagonal boron 

nitride marked as “Top hBN”. This vdW heterostructure stack is then placed onto a set of 

pre-fabricated electrodes on a large sheet of hBN (labeled in red), under which there is a 

piece of few-layer graphene (FLG, labeled in black) serving as the back gate to control the 

Fermi level of the monolayer WTe2, the only conducting material in the stack. CGT is an 

insulating ferromagnet with Tc ~ 61 K, which is expected to induce proximity effects to break 

the time reversal symmetry in the monolayer WTe2. Furthermore, the induced effects will be 

studied as the gate voltage, temperature, and magnetic field are varied. In addition to 

electrical transport properties, we are also interested in studying the mechanism behind the 

recently reported non-reciprocal transport phenomena in similar heterostructures.  

Figure 1 Multilayered, backgated nanodevice 

containing heterostructure of monolayer WTe2 

and CGT. The side heater generates a controlled 

temperature gradient across the WTe2 flake. The 

color of dotted contours matches the color of the 

labels of the materials. 
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(b) Demonstration of induced ferromagnetism in monolayer WTe2. Proximity coupling between 

monolayer WTe2 and CGT (device shown in Figure 1) can lead to induced ferromagnetism in 

the former which has not been experimentally studied. Consequently, this induced exchange 

interaction combined with the strong spin-orbit coupling in monolayer WTe2, a quantum spin 

Hall insulator, can induce new quantum states. An interesting non-reciprocal second 

harmonic phenomenon was recently reported [4], but its physical origin remain unexplored. 

One possible cause is the induced anomalous Nernst effect in magnetized monolayer WTe2.  

In the device shown in Figure 1 with controlled temperature gradient, we obtained strong 

evidence in our preliminary data to support this scenario. The magnetization orientation 

dependence in our observed anomalous Nernst effect can give rise to non-reciprocity, and the 

effect itself is a temperature gradient-driven thermoelectric phenomenon; therefore can 

produce second harmonic responses to an ac current through the heater.   

Future Plans 

 We will further investigate the induced ferromagnetism and related quantum phenomena 

in the monolayer WTe2 quantum spin Hall insulator through systematic gate voltage, 

temperature, and magnetic field dependence measurements in combination with density 

functional theory calculations performed by our collaborators. From both electrical and 

thermoelectric transport, we will determine the proximity induced anomalous Hall effect and 

anomalous Nernst effect. Furthermore, we will identify contributions from the 2D bulk bands 

and edge states. Then, in similar vdW heterostructure devices fabricated with dual-gates, we plan 

to separately tune the Fermi level position and the strength of the electric field. The former 

enables us to access different regions of the band structure and the latter controls the topological 

phases.    
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Spin Functionality at Interfaces through Complex Oxide Heteroepitaxy 

PI: Yuri Suzuki  

Department of Applied Physics, Stanford University 

 

Program Scope 

 The main research objectives of the program are to develop new emergent ground states at 

complex oxide interfaces and to develop atomically precise complex oxide thin films and 

heterostructures for spin current generation, propagation and detection. In this program we have 

focused on generating ferromagnetism localized at the interface from materials that are not 

ferromagnetic in the bulk and demonstrating spin current generation, propagation and detection in 

newly developed low damping ferrite thin films. Atomically precise complex oxide thin films and 

heterostructures with spin functionality comprise a new class of oxide materials that will form the 

basis for the development of a more energy efficient spin-based electronics. 

 Our recent focus has been on the following categories of materials based on epitaxial films 

of transition metal oxide compounds: 

(i) low damping epitaxial oxide spinel ferrite thin films of Mg(Al,Fe)2O4 and Li0.5Fe2.5O4 

and associated heterostructures with strongly spin-orbit coupled complex oxides for spin 

current detection 

(ii) ultra-thin nickelate films of LaNiO3 in which octahedral rotations at the interfaces 

generate unexpected spin functionality not observed in the bulk 

(iii) atomically precise LaNiO3/CaMnO3 superlattices with (111) orientation in which strong 

interfacial ferromagnetism is observed  

Recent Progress 

 Highlights of recent work include (i) the discovery and synthesis of Mg(Al,Fe)2O4 and 

Li0.5Fe2.5O4 epitaxial thin films with extremely low damping, (ii) demonstration of emergent 

ferromagnetism in ultra-thin LaNiO3 films, and (iii) demonstration of strong interfacial 

ferromagnetism in (111) LaNiO3/CaMnO3 superlattices attributed to double exchange interactions 

and polar mismatch at the interface.  

New Low Loss Spinel Ferrite Thin Films. (Publication #2,3,4,5) Materials with spin functionality 

in the bulk and at interfaces have enormous potential in transforming future energy relevant 

technologies. The manipulation of electrons via their spin has been recognized as a potentially 

more energy efficient alternative to charge-based 

microelectronics. Spin transport via the generation and 

control of angular momentum flow in spin currents offer low 

power information processing.[1] Low loss ferromagnetic 

insulators are a class of materials that can sustain spin 

current without accompanying charge current and have been 

recognized as important for spin-wave spin current 

phenomena and electronics.  

 We have identified spinel ferrite thin films as 

excellent candidates for low damping ferromagnetic 

insulators.[2] We believe the key factors in minimizing 

damping to be: (i) the presence of only one magnetic species 

of Fe3+ (3d5) which has very low single ion anisotropy and 

L=0; (ii) minimal defects due to the close lattice match and 

isostructural film and substrate.  

Figure 1. Ferromagnetic resonance of a 

Li0.5Fe2.5O4 thin film at 22GHz gives 

rise to narrow linewidths on the order of 

1mT at room temperature.  
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 The most exciting result has been our stabilization of epitaxial Li0.5Fe2.5O4 films that can 

be grown as thin as 3nm with low damping comparable to the gold standard of Y3Fe5O12 films. [3] 

In terms of magnetic properties, these Li0.5Fe2.5O4 films exhibit bulk saturation magnetization 

values and are robustly ferromagnetic at room temperature. Figure 1 shows the narrow 

ferromagnetic linewidth of a typical sample. Moreover this and other oxide spinel films can be 

integrated with silicon whereas Y3Fe5O12 films can only exhibit low damping properties when 

grown on a single crystal garnet structure substrate.  

Wealso performed a compositional study of magnesium aluminum ferrite thin films by 

varying the relative Fe to Al composition and found that the x ~ 1.5 composition minimizes the 

room-temperature magnetic damping with a typical Gilbert damping parameter of  ~ 1.8 x 10-3. 

[4] Figure 1 shows a typical ferromagnetic resonance spectrum of a MgAl0.5Fe1.5O4 film. This 

minimized damping is governed by a competition between the more robust magnetic ordering with 

increased iron content, x, and the more defective structure due to larger film-substrate lattice 

mismatch with increased iron content. The temperature-dependent magnetization curves indicate 

that Tc is suppressed below room temperature for iron content x ~ 1.2 and eventually suppressed 

entirely for x ~ 0.8. X-ray magnetic circular dichroism results indicate that for all x the magnetic 

moment is dominated by Fe3+ cations distributed in a 60:40 ratio on the octahedral and tetrahedral 

sites, with minimal contribution from Fe2+ cations. A typical FMR spectrum for a x=1.5 sample is 

shown in Figure 2(a). Films with x ~ 1.4 – 1.6 are shown in Figure 2(b) with low Gilbert damping 

parameters (eff ~ 1 to 6 x 10-3) as deduced from the slope 

of the frequency dependence of the linewidths, making 

them ideal candidates for microwave and spintronic 

applications. 

 For the optimally doped MgAl0.5Fe1.5O4 films, we 

have found that there is an optimum thickness of 10-

15nm for lowest damping. [5] While defects due to strain 

relaxation in the bulk of the film contribute to increased 

damping for large film thickness, the damping increase in 

thinner films is attributed to the presence of a chemically 

disordered magnetic dead layer at the film/substrate 

interface. This interfacial dead layer arises from an Fe-

deficient MAFO layer. Notably, this layer is only about 

one-sixth the thickness of that found at the interface 

between yttrium iron garnet films and gadolinium gallium 

garnet substrates, making MAFO an ideal thin-film 

insulator for spin-torque applications. 

Emergent Ferromagnetism in Ultra-thin LaNiO3 Thin 

Films.(Publication #6)  LaNiO3 (LNO), a paramagnetic 

metal at all temperatures in the bulk, has elicited attention 

because theory predicts interesting topological phases in 

(111)-oriented LNO grown on LaAlO3 (LAO).[6-8] 

While a suppression of metallicity has been achieved in 

Figure 2. (a) Ferromagnetic resonance  

spectrum of a MgAl0.5Fe1.5O4 film and (b) 

frequency dependence of the linewidth as a 

function of Fe composition in MgAl2-

xFexO4 films from which damping is 

deduced.  
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(001)-oriented LNO films with thicknesses of 2-4 unit cells, no 

long range magnetic order has been observed. [9-12] We have 

recently discovered the emergence of ferromagnetism in LNO 

films grown on LAO(111) in a wide range of thicknesses (8-26 

unit cells thick) in both insulating and metallic films.[13] The 

emergent ferromagnetism in ultrathin LNO films grown on 

(111)  LaAlO3 (LAO) substrates can be correlated with transport 

and structure, indicating that NiO6 octahedral distortions 

stabilize a ferromagnetic insulating phase at the film/substrate 

interface. Away from this interface, the distortions relax and 

bulk-like conduction is regained, ultimately dominating 

transport in thicker films. 

 Detailed structural characterization, including 

synchrotron x-ray diffraction and dynamical x-ray diffraction 

simulations confirm a consistent out-of-plane expansion at the 

interface of all our films. This distorted region results in a 

thickness-dependent metal-insulator transition, seen via 

transport data to occur at t = 8 unit cells. X-ray absorption 

spectroscopy reveals that this distortion stabilizes an increased 

concentration of Ni2+ions at the LNO/LAO interface. The anomalous Hall effect (shown in Figure 

3) and hysteretic magnetoresistance indicate long-range magnetic order although the magnetic 

signal is too small to be detected via bulk SQUID magnetometry or X-ray magnetic circular 

dichroism. Together the structural changes at the LNO/LAO(111) interface and the increased 

concentration of Ni2+ ions in ultra--thin LNO films facilitate ferromagnetic superexchange 

interactions among Ni2+ and Ni3+ ions. The emergent ferromagnetism in ultrathin LNO(111) films 

therefore relies both on the growth constraints imposed by lattice mismatch in the (111) interface 

geometry and on the presence of Ni2+ ions. These results also suggest that the unique distortions 

present in (111)-oriented films allow us to access emergent functionalities in materials than are 

unavailable in bulk or (001)-oriented thin films and may lead to fundamentally new phases in 

correlated materials. 

Interfacial Ferromagnetism in (111) LaNiO3/CaMnO3 superlattices. (Publication #1) Emergent 

phenomena at the interface of two different materials have been attributed to electronic, magnetic 

or other types of reconstruction at the interface. We have focused on exploring emergent 

ferromagnetism at the interface of two materials which do not exhibit ferromagnetism in the bulk. 

[14-17] With our success in synthesizing atomically precise LaNiO3/CaMnO3 superlattices with 

(111) orientation by interval pulsed laser deposition, we have realized emergent ferromagnetism 

at the (111) LaNiO3/CaMnO3 interface gives rise to robust ferromagnetism with a Tc~200 K, which 

is much higher than the bulk antiferromagnetic CaMnO3 ordering temperature of 140 K. The 

significant saturated interfacial moment is attributed to double exchange interactions at the fully 

uncompensated (111) CaMnO3 surface.[18] This enhanced magnetization in (111) superlattices is 

much larger than the interfacial moment from compensated spin structures in (001) 

LaNiO3/CaMnO3. There is also an additional contribution to the interfacial magnetism from the 

Ni-Mn superexchange interactions associated with screening effects caused by polar mismatch.  

Future Plans 

 In order to generate, propagate and detect spin currents in our low loss epitaxial Li0.5Fe2.5O4 

films, we will incorporate these lithium ferrite films in spin-current heterostructures with spin-

Figure 3. Hall resistance of a 10 unit 

cell (111) LaNiO3 thin film indicates 

an anomalous Hall signal.  
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orbit coupled materials. We will perform experiments demonstrating magnetization switching of 

the ferrite via electrical current as well as spin torque ferromagnetic resonance.  We also plan to 

explore Al doping of the Li0.5Fe2.5O4 films to improve lattice match of the film and substrate, 

minimize defects and hence reduce damping further.  

 We will also explore possible topological phases and magnetic textures in our ultra-thin 

LNO thin films via transport measurements.  
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Tunable Excitons and Pseudospins in Transition Metal Dichalcogenide Homobilayers 

Xiaoqin Elaine Li, Physics Department at the University of Texas-Austin 

Report for DOE BES grant # DESC0019398, 02/15/2021 

Program Scope 

Transition metal dichalcogenides (TMDs) (MX2 with M=Mo, W and X=S, Se, and Te) are van der 

Waals (vdW) semiconductors which exhibit new and interesting optical properties. While a 

consistent understanding of exciton and valley pseudospin properties in monolayer TMDs has 

started to emerge in the last few years, many exciting opportunities to investigate topological 

exciton bands and quantum emitters in moire superlattices formed by two vertically stacked 

monolayers have yet to be explored experimentally. 

 

We aim to understand fundamental quantum dynamic properties and transport of tunable excitons 

and pseudospins in twisted TMD bilayers. In particular, we investigate 

·       New exciton resonances and their properties in the presence of a moiré potential 

·       Quantum dynamics of excitons and valley pseudospins in moire superlattices 

Questions of interest to us include the following. Will new exciton resonances emerge in the 

presence of moiré superlattice. How does twist angle influence exciton and valley lifetimes and 

decoherence time? Do valley pseudospins exhibit improved characteristics as information carriers?  

  

Recent Progress  

 Discovery of exciton diffusion is controllable by the twist angle of a moire superlattice 

Whether or not excitons are localized within each moiré supercell is an important fundamental 

question with great implications for applications. For example, a regular array of localized excitons 

may find exciting applications in quantum information science as quantum emitters with tunable 

chirality.1 While most previous experiments have suggested long diffusion length for excitons in 

Fig. 1: Energy and spatially resolved photoluminescence from interlayer excitons in three MoSe2/WSe2 

bilayers. (a) long diffusion is observed in a CVD grown bilayer without moiré potential. (b) excitons are 

localized by moire potential in a stacked bilayer with 1° twist angle. (c) exciton diffusion observed in a 

3° twisted bilayer. 
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TMD bilayers,2–4 excitons are likely localized within moiré supercell if the moiré potential is deep 

and the supercell size is 2-20 times of the exciton Bohr radius. If the supercells are too large, 

excitons essentially experience a 2D potential. If the supercell is too small, on the other hand, the 

picture of a bound electron-hole pair moving in a smooth potential breaks down.  

Recently, we compared interlayer exciton diffusion in several WSe2/MoSe2 bilayers using steady-

state PL mapping. A CVD-grown bilayer forms a commensurate structure, i.e., no moiré lattice is 

present. In this sample, a long exciton diffusion length of ~ 10 µm was observed (Fig. 1a). The 

interlayer exciton diffusion was truncated by the boundary of the heterostructure as evidenced by 

an abrupt drop in signal.  In a stacked bilayer with 1° twist angle ((Fig. 1b), no evidence of exciton 

diffusion beyond the optical diffraction limit was found at either low or high excitation density 

under the continuous-wave laser excitation. It is important to compare the PL spatial profile with 

the laser spot size at the same wavelengths with the exciton energy to correctly determine the 

optical diffraction limit. In the bilayer with ~ 3° twist angle, interlayer exciton diffusion became 

observable, especially at high excitation density (Fig. 1c). These experimental observation of twist-

angle dependent exciton diffusion is consistent with a recent theoretical study that calculates 

exciton dispersions in WSe2/MoSe2 bilayers. The flat exciton dispersion for a 1° twisted bilayer 

indicates spatial localization. In contrast, the calculated exciton dispersion have changed 

significantly for a 3° twisted bilayer, suggesting delocalized excitons. Our finding has been 

reported in a paper published in Science Advances in 2020.  

 Discovery of atomic reconstruction of moire superlattice in twisted MoS2 homobilayers 

We recently investigated a series 

of twist MoS2 homobilayers 

prepared by mechanical stacking 

and discovered that atomic-scale 

reconstructions occur over a 

surprisingly broad range of twist 

angles ( 0° <  𝜃 < 6° ). The 

atomic reconstruction of the 

moiré pattern is determined by 

twist-angle-dependent 

competition between intrinsic 

strain and interlayer coupling. We 

identify three regimes of the 

lattice reconstruction (Fig. 2). In 

the relaxed regime 0° <  𝜃 <
2.5° , substantial lattice relaxation 

leads to large triangular regions 

with the energetically favorable 

AB(BA) stacking (Fig. 2c). These 

regions are separated by sharp 

domain boundaries and 

topological defects with AA 

stacking. As the twist angle 

increases and real space supercell size decreases (Fig. 2d), the area occupied by the domain walls 

Fig 2: (a) First-principles calculation of moiré lattice 

reconstruction in three regimes. (b) low-frequency and (c) high-

frequency Raman spectra evolves with the twist angles. 

Accepted by Nature Materials. 
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that interpolate between them increases steadily across a transition regime (2.5° <  𝜃 < 6°). 

Finally, the TBL reaches the rigid regime at large twist angles 𝜃 > 6° where the layers behave 

largely decoupled (Fig. 2e). Remarkably, far-field Raman experiments can be used to identify 

these regimes as shown in Fig. 2a-b. Two types of low-frequency modes are identified: the 

interlayer shear (S) mode and layer-breathing (LB) mode,5 that correspond to the in-plane 

(tangential) and out-of-plane (normal) relative motions of the two monolayers, respectively. Their 

rapid evolution can be related to the interlayer coupling and coupling between different phonon 

modes (Fig. 2a). In the high frequency range, the A1g mode has remained almost the same for all 

twist angles. In contrast, the E2g mode evolves into a doublet in the transition regime (2° < 𝜃 <
6°) as shown in Fig. 2b. These results have been reported in a manuscript recently accepted by 

Nature Materials.  

 

 Phonon dephasing in MoS2 monolayers and bulk 

Considering exciton-phonon interaction may act as a dephasing process, we adapted a 

spectroscopy method to investigate phonon dephasing in TMD monolayers. This method can be 

readily extended to study phonons in moiré superlattices. Since this topics is not the focus of our 

proposed program, we briefly describe the finding. we directly measure intrinsic optical phonon 

decoherence in a monolayer and a bulk MoS2 by observing the temporal evolution of the spectral 

interference of Stokes photons generated by pairs of laser pulses. We find that a prominent optical 

phonon mode E2g exhibit room-temperature dephasing time of ~ 7 ps in both the monolayer and 

bulk. This dephasing time extends to ~ 20 ps in the bulk crystal at ~ 15 K, which is longer than 

previously thought possible. First-principles calculations suggest that optical phonons decay via 

two types of three-phonon processes, in which a pair of acoustic phonons with opposite momentum 

are generated. The result is recently published in Nano Letters.  

 

Future Plans 

A key component of our proposed program is to investigate exciton quantum coherence using a 

powerful spectroscopy method known as the two dimensional electronic coherent spectroscopy 

(2DECS). While our group has successfully applied this spectroscopy method to investigate 

exciton coherence in TMD monolayers using experiments performed in the so-called box 

geometry. We realize that this geometry has serious limitations in studying twisted bilayers. 

Starting in the second year of 

the program, we began 

building a new experimental 

set-up in the collinear 

geometry6 as illustrated in 

Fig. 3. Temporal modulation 

of the excitation pulses, 

paired with a co-propagating 

reference laser, allows not 

only the recovery of FWM 

signals from nanoscale 

objects with lock-in detection 

but also enables real-time 

Fig. 3. Representative schematic of the proposed collinear 2DCES 

experiment. Adapted from Ref 6. 
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compensation for signal phase fluctuations arising from mechanical vibrations in the setup, 

surpassing the signal to noise levels achievable with the active stabilization method used in our 

current 2DCES experiment.  Using this new collinear geometry, individual nanostructures such as 

single semiconductor quantum dots have been studied7,8, demonstrating unprecedented sensitivity 

in detecting weak nonlinear signals. Removing the need for active stabilization also simplifies data 

acquisition and shorten the measurement time by a factor ~ 10. We plan to study quantum 

coherence of excitons in natural bilayers and twisted bilayers using this set-up. We anticipate that 

phonon assisted inter-valley scattering would influence the quantum dynamics of TMD bilayers 

due to the emergence of other low energy valleys. These results will guide our future studies of 

moiré excitons in twisted bilayers.  
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Physical Behavior of Quantum Metamaterials 

Steven M. Anlage, Quantum Materials Center, Physics Department,                        

University of Maryland 

i) Program Scope 

 The goal is to investigate the physical properties of both natural and artificial quantum 

matter.  The natural quantum materials under investigation have unique topological properties and 

are being examined through quantitative and unique electromagnetic measurements. We have 

performed the first electromagnetic experimental investigations of proximity-coupled 

superconducting topological insulators, and investigated the electrodynamic response of a new 

topological superconductor with protected surface states.  The technical approach involves high-

resolution and broad bandwidth microwave resonator measurements, along with nonlinear 

Meissner effect imaging techniques,[1, 2] all at mK temperatures.  Our measurements give 

fundamental insights into the nature of superconductivity in topological materials.  The artificial 

quantum materials are being investigated through engineered structures that mimic natural atoms 

and create new electronic and electromagnetic behavior not observed in nature.  Our objective is 

to explore new quantum states of matter through creation of engineered quantum meta-atoms and 

their arrangement into structures that create qualitatively new types of quantum coherent behavior, 

especially in terms of their interaction with electromagnetic fields.  The technical approach 

involves assembly of superconducting quantum devices that are nominally identical and strongly 

interacting with each other, and with a bath of microwave photons, and measuring their emergent 

behavior through electromagnetic response.  The results will give fundamental insights into the 

nature of condensed matter and specific outcomes include investigation of proposed but un-

realized states of matter, emergent quantum phenomena, and controlled super-radiant behavior.  

The work builds on metamaterials consisting of macroscopic quantum radio frequency 

Superconducting Quantum Interference Devices (rf SQUIDs), which have proven to be a rich 

nonlinear medium for creating new collective properties of artificial matter. 

   

ii) Recent Progress  

 The grant commenced on 07/01/2018 and 2 graduate students were recruited to begin work.  

One of the students graduated in 2020, and a post-doc was hired in 2019 to accelerate the quantum 

metamaterials effort.  Two efforts have been undertaken - one building on our strengths in surface 

impedance of new superconducting materials and the other to investigate both macroscopic-

quantum and fully-quantum metamaterials.  The first project utilized our newly-developed 

dielectric resonator surface impedance and nonlinear Meissner effect imaging technique.[2]  We 

examined the electrodynamic properties of a unique superconductor / topological insulator 

proximity-coupled bilayer system (YB6/SmB6) down to mK temperatures.[3]  We found that 

superconductivity could be induced into the surface states of the topological insulator SmB6, and 

measured the Meissner screening length in that material for the first time.  We then went on to 

study the electrodynamic properties of the unique heavy Fermion material UTe2.  We measured 

the complex conductivity of this material down to mK temperatures (Tc = 1.6 K) and a broad range 

of microwave frequencies.[4]  We see clear evidence of chiral spin-triplet superconductivity with 

intrinsic surface states.  This material is believed to be the first definitive experimental example of 

a Weyl superconductor with topologically protected surface states.  Our findings suggest that UTe2 
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can be a new platform to study exotic (Majorana) topological excitations in higher dimension.  

These landmark results are under review in Nature Communications.[4] 

    
The first metamaterials project is to explore collective properties of metamaterials made 

up of radio frequency (rf) Superconducting Quantum Interference Devices (SQUIDs).  

Experiments were conducted to image the collective response of the metamaterial as a function of 

external rf and dc driving magnetic flux.[5]  These studies examine the fundamental properties of 

strongly-coupled nonlinear meta-atoms, and act as a surrogate for understanding the basic physics 

of condensed matter from the bottom up.  A remarkable transition from incoherent and disordered 

behavior at low rf flux amplitude to a strongly coherent and nearly uniform response at higher rf 

power can be attributed to activation of the Josephson nonlinearity in the SQUIDs.  A set of 

realistic fully-nonlinear simulations on an high-performance computing cluster reveals this 

transition arises from dramatic rearrangement of collective modes of the system.[5]    

We also developed the world’s first tunable Josephson electric metamaterial.  This is the first 

example of an electrically-active macroscopic quantum metamaterial that is tuned by the 

Josephson effect.  Superconducting wires decorated with Josephson junctions interact with 

electromagnetic waves, creating a tunable dielectric metamaterial.[6]  By current-biasing the 

Josephson junctions we can tune the plasma edge of the artificial medium.  This is also a highly 

nonlinear medium, both in terms of rf and dc responses. 

An important part of our project aims to transition the macroscopic quantum metamaterials 

work discussed above into the fully quantum regime by replacing the rf SQUIDs with 

superconducting Qubits having two dominant quantum states, and coupling the Qubits together 

through collective electromagnetic modes. The initial setting for the experiment is the Quantum 

Transmission Line (QTL) metamaterial shown in Fig. 2.  The objective is to create a discrete 

transmission line medium made up of quantum “meta-atoms” that are each endowed with a 

discrete energy level spectrum.  The post-doc and student have designed and fabricated rf flux 

qubits by e-beam lithography inside superconducting co-planar waveguide resonant device 

structures (see Fig. 2).  The co-planar waveguide (CPW) Aluminum (Al) transmission line 

resonators operate with high quality factors in the superconducting state at mK temperatures.  We 

have optimized their performance through a series of experiments at mK temperatures and over a 

broad frequency and magnetic flux range.  We have designed the flux Qubits to have strong 

Fig. 1 Microwave complex conductivity data on 

superconducting UTe2 single crystals made and 

measured at the University of Maryland Quantum 

Materials Center.  The lower left plot shows the 

superfluid density vs reduced temperature T/Tc of UTe2.  

The temperature dependence fits that of a spin-triplet 

axial p-wave superconductor with the vector potential 

aligned with the gap symmetry direction 𝐼  (shown 

above).  These results indicate that the nodal points lie in 

or near the ab-plane of the material.  The upper right plot 

shows the real part of the complex conductivity and its 

contrast with conventional s-wave and d-wave 

superconductors.  We believe that the enhanced 𝜎1(𝑇) 

below Tc is a sign of Majorana arc states in this Weyl 

superconductor.[4] 
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interactions with each other, and with the QTL, so that quantum collective effects will play a 

dominant role in their behavior.  Our first quantum meta-atom has been integrated into the CPW 

as shown in Fig. 2.  Our ability to fabricate and test these metamaterials has been severely 

compromised by the COVID-19 pandemic.  We have been granted a 1-year no-cost extension by 

DOE to complete this research. 

 

  

iii) Future Plans 

 Our rf SQUID macroscopic-quantum metamaterial work has spawned a small theoretical 

community dedicated to making predictions for new collective phenomena to observe in this 

unique nonlinear medium [7]-[9].  Predicted phenomena include Chimera states, which are 

spatially separated regions of coherent and incoherent response, and they can form spontaneously 

in an otherwise homogeneous nonlinear media like our SQUID metamaterials. Other possibilities 

include chaos, breathers (long-lived nonlinear excitations), and novel collective modes that require 

a strongly nonlinear medium for their existence.  A new round of samples to test these theories, 

and to discover new phenomena, have been designed and are now in fabrication.  We are also 

performing detailed measurements and modelling of the nonlinear response of our rf SQUID 

metamaterials, with much of the work being done by a UMD undergraduate in collaboration with 

members of our theoretical community.  

 The Quantum Transmission Line structures are now being produced in number since we 

have recently perfected the intricate Qubit device fabrication processes.  The immediate goal is to 

build QTLs with single qubits for basic characterization of vacuum Rabi splitting, Rabi 

oscillations, coherence time and de-phasing mechanisms.  The student and post-doc will perform 

quantum tomography of the meta-atoms to demonstrate coherent quantum control and utilize 

collective know-how at UMD to optimize the coherence time of the individual meta-atoms.  At 

the same time multiple-qubit QTLs will be fabricated on the same wafer and tested in the BlueFors 

dilution refrigerator, which can handle up to six samples on each cooldown. 

 

 

Qubit

Al center conductor

Al ground plane

CPW

Resonator

5 mm

Fig. 2  Quantum Transmission Line (QTL) 

hosting a superconducting Qubit made from 

Aluminum (Al) and Al-oxide Josephson 

junctions.  The flux qubit is created by 

electron-beam lithography and is designed to 

have a transition between the ground state and 

first excited state at 5 GHz, which lies between 

two resonant frequencies of the co-planar 

waveguide (CPW) resonator.  Photons are 

injected on the left in the upper figure and 

enter the CPW resonator.  These photons 

interact with the Qubit to prepare or evolve its 

quantum state, and to read-out the quantum 

state of the Qubit.  The quantum metamaterial 

will be created by placing multiple Qubits 

together surrounding the Al center conductor. 
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Non‐Equilibrium Quantum Dynamics of Multi‐Qubit Superconducting Circuits 

Hakan Türeci, Department of Electrical Engineering, Princeton University 

 

Program Scope 

 The overarching goal of this project is to develop computational techniques that are able 

to accurately capture the evolution of the quantum state of multiple Josephson junction (JJ) 

artificial atoms embedded in large‐scale complex planar circuitry or 3D cavities, and driven by 

microwave and RF signals. This effort will build on quantum electrodynamic modeling tools we 

developed for superconducting circuits in the previous performance period [1,2], and extend 

them further to address phenomena that are of current interest in the field of superconducting 

circuits. The major goals are: 

1. 3D Quantum Electrodynamic Modeling of Cavity QED systems: The Heisenberg‐

Langevin (HL) approach developed in the previous period for planar circuit 

electrodynamic systems will be extended to three‐dimensional solid state structures. 

2. Radiative corrections in solid state Cavity QED systems: Based on the formulation 

developed in 1. we will look into the calculation of radiative corrections of natural and 

artificial atoms in open resonators. 

3. Non‐equilibrium dynamics in multi‐qubit quantum circuits: A general method will be 

developed to derive and parametrize effective Quantum Master Equations for microwave‐

driven superconducting quantum circuits. 

4. Dynamics of qubits coupled to high‐impedance resonators: The phase‐diagram of 

driven‐dissipative high-impedance resonators with embedded superconducting qubits will 

be studied. 
 

 Recent Progress  

 Towards the major goals 2 and 4, we are completing an in-depth study of quantum 

electrodynamics of superconducting high-impedance cavity QED systems. Recent experiments 

show that the system of a Josephson atom coupled to a high impedance transmission line 

provides a tunable platform for realizing light-matter interactions across a wide range of 

coupling strength regimes [3,4]. These systems have also been considered as effective 

experimental platforms for quantum simulation of quantum impurity systems in novel regimes 

[5].   

In recent work, we show that the notion of radiative corrections to the properties of an atom (e.g. 

the Lamb shift, spontaneous emission rate) can become ill-defined in a high-impedance 

environment. The origin of this failure can be traced to the fact that the effective coupling of the 

atom to its electromagnetic environment can become so large in certain experimental realizations 

that the combined atom+cavity system finds itself in a non-perturbative regime of the associated 

1+1D effective field theory. What then becomes of concepts such as the spontaneous emission 
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rate that are based on perturbative notions? We answer this question using the HL formulation of 

circuit quantum electrodynamics [1,2] describing the open system (atom+high-imdedance cavity 

coupled to free space) in terms of the complex-valued poles of its hybridized resonances (see 

Fig.1). We find in particular that the atomic mode spectrally and spatially ‘melts’ into the modes 

of its environment and cannot be distinguished from other hybridized resonances (see Fig.1e). 

This picture is quantitatively provided through the access to the spatial structure of the quasi-

modes of the hybridized system (Fig.1 d, h), and is consistent with findings of recent 

experimental studies.  

The above findings underline the limitations of the perturbative approach to quantum 

electrodynamics. Perhaps more importantly, the theoretical approach employed to arrive at these 

findings indicate a new conceptual structure (QED in terms of complex-valued resonance poles 

of the open system) that retains its validity across all parametric regimes. The work concludes by 

explicitly showing how this new approach reproduces perturbative results in its proper regime of 

validity.  

Fig.1 (a) Lumped-element circuit model for an artificial atom [A] galvanically coupled [C] to a high-

impedance transmission line realized by a long array of JJs [JJA] capacitively coupled to an infinite 50Ω 

transmission line [W]. (b) Experimental implementation of a similar model (from Ref. [4]). We study the two 

cases of strong hybridization (SH) ((c)-(f)) and weak hybridization (WH) ((g)-(j)) between the atomic and the 

JJA modes realized by a tunable coupling element [C]. Coupling coefficients between the atomic and multiple 

array modes can be comparable to the bare excitation frequencies, in region I as indicated by the blue shaded 

area. (d,h) The variation of the atomic mode as a function of its bare plasma frequency. In the SH regime, for 

atomic frequency within the photonic band, the atomic mode is spatially delocalized over the entire array. We 

find a similar delocalization for the WH case when the atomic mode is only near-resonant with one of the 

array modes. (e, i) Tuning the atomic frequency via a SQUID loop, we note that in the SH regime it is not 

possible to spectrally distinguish the atomic mode. In the WH regime the atomic mode goes through a series 

of avoided crossings as it hybridizes with the array modes. (f, j) Movement of complex eigenfrequencies of 

the open atom+JJA system coupled to external waveguide as the coupling is switched on. 
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Future Plans 

 Our work in the next funding period will focus on (1) the non-equilibrium quantum 

dynamics of high-impedance cavity QED systems under continuous driving. Various non-linear 

optical dynamical instabilities are expected (as e.g. observed in our recent theory-experiment 

collaboration [6] on a different system) which in contrast to [6] can be induced already in the 

few-photon regime. This requires the development of a field theoretic description that is valid 

across the quantum-to-classical transition, (2) The development of a coarse-graining approach to 

the dynamics of driven dissipative superconducting oscillator systems.  
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Quantum Nanoplasmonics Theory 

Vadym Apalkov  
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E-mail: vapalkov@gsu.edu 

 

Program Scope 

Major goals of this Program is in theoretical research devoted to new phenomena in two 

dimensional (2D) materials and metal nanostructures subjected to strong ultrafast optical fields. 

We consider such novel and promising 2D systems as graphene (a 2D semimetal), transition metal 

dichalcogenides (2D semiconductors), and surfaces (2D boundaries) of three‐dimensional 

topological insulators. We focus on effects in the reciprocal space that are related to topological 

properties of the Bloch wave functions: Topological curvature, Berry phase, valley polarization, 

etc. These properties are protected by fundamental symmetries of nature: time reversal (T‐
symmetry) and spatial reflection (P‐symmetry), which are in the focus of this Proposal. 

  

 Recent Progress  

Topological resonance in Weyls semimetals: ultrafast electron dynamics:  

Three dimensional Weyl semimetals bring extra dimensionality into the problem of ultrafast 

electron dynamics in topological materials. Weyl semimetals can be considered as a combination 

of two dimensional gapped-graphene-like systems with variable bandgap and dispersion relation.   

We have theoretically studied the effect of topological resonance, which is an intrinsic property of 

ultrafast dynamics, in such three dimensional materials [1].   

The ultrafast electron dynamics in Weyl semimetals is controlled by competition between the 

dynamic and the topological phases, which occurs in the field of a circularly polarized femtosecond 

long optical pulse. When these two phases cancels each other the system exhibit the topological 

resonance, which manifests itself in large residual conduction band population. For Weyl 

semimetals, for the pulse propagating along, for example, z direction, the topological resonance 

results in predominant conduction band population of the region in the reciprocal space near one 

of the Weyl points, say 𝑊, for 𝑘𝑧 < 0 and the region near another Weyl point, 𝑊′ , for 𝑘𝑧 > 0. 

Exactly at 𝑘𝑧 = 0, the conduction bands at both Weyl points are equally populated. The reason for 

such behavior is that for each cross-section 𝑘𝑧 = 𝑐𝑜𝑛𝑠𝑡, the Weyl semimetal behaves as a two 

dimensional gapped graphene system with the bandgap that is proportional to 𝑘𝑧. 

Since the strength of the topological resonance in gapped graphene systems increases with the 

magnitude of the bandgap and manifests itself in the predominant population of one of the valleys, 

then the similar features of topological resonance is visible in three dimensional Weyl semimetals. 

Thus, the dynamics of Weyl semimetals in circularly polarized pulse provides an extra tool to 

study the properties of topological resonance, i.e., its dependence on the bandgap and energy 

dispersion of the material, and profile and intensity of the optical pulse.  
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Gapped graphene-like materials in ultrashort optical pulse: nonlinear absorption.  

Topological properties of graphene-like materials can be controlled by tuning their bandgap. One 

of the characteristics of the system is its response to ultrashort optical pulse, which can coherently 

probe the ultrafast electron dynamics. Such dynamics is highly irreversible and leave the system 

in highly excited residual state, which also determines the nonlinear ultrafast optical absorption. 

We have studied theoretically the nonlinear absorption of an ultrafast optical pulse by gapped 

graphene monolayer [2]. At low field amplitudes, the absorbance in pristine graphene is equal to 

the universal value of 2.3 %. Although, the ultrafast optical absorption for low field amplitudes is 

independent on polarization, linear or circular, of an applied optical pulse, for high field 

amplitudes, the absorption strongly depends on the pulse polarization. For a linearly polarized 

pulse, the optical absorbance is saturated at the value of ~ 1.4 % for the pulse's amplitude of > 0.4 

V/A, but no such saturation is observed for a circularly polarized pulse. For the gapped graphene 

systems, the absorption of a linearly polarized pulse has weak dependence on the bandgap, while 

for a circularly polarized pulse, the absorption is very sensitive to the bandgap. 

The ultrafast absorption of optical pulses in gapped graphene is determined by specific properties 

of ultrafast electron dynamics, both intraband and interband, in the field of the pulse. Such 

dynamics strongly depends on polarization of the optical pulse, whether it is linear or circular. The 

fundamental difference between these two types of polarization is that for a single oscillation pulse 

the electron trajectory in the reciprocal space passes twice though the region with large interband 

coupling for linear polarization and only once for circular polarization of the pulse. As a results 

the interference pattern with the dark and bright fringes is clearly visible in the conduction band 

population distribution for a linearly polarized pulse, but no such interference is observed at small 

field amplitudes for a circularly polarized pulse. Due to this effect the absorption of linearly and 

circularly polarized pulses is quite different. Such difference is well pronounced for relatively large 

field amplitudes, > 0.1 V/A. For small field amplitudes, the absorbance for both types of 

polarization behaves similarly. This is because for small field amplitudes the size of the electron 

displacement in the reciprocal space is less than or comparable to the size of the region with large 

interband coupling. In this case, during the whole trajectory, both for linearly and circularly 

polarized pulses, there is a strong interband coupling. Thus no interference pattern can be formed 

and no difference between the linear and circular polarizations can be observed.  
 

Topological nanospaser: topologically protecting spasing dynamics and spontaneous 

symmetry breaking 

Bringing topology into plasmonic systems opens unique topological control of the system, such 

topologically protected states of the systems and topologically nontrivial dynamics. In this relation, 

we combined topology and coherent generation of surface plasmons, and proposed two types of 

topological nanospaser: topological nanospaser of type I [3] and topological nanospaser of type II 

[4]. In the topological nanospaser of type I the topology is introduced in the plasmonic modes of 

spaser, while in the topological spaser of type II the gain medium has nontrivial topology.  

A topological spaser of type I consists of a honeycomb lattice of spherical metal nanoshells 

containing a gain medium [3]. The two sublattices, A and B, are built from two different types of 

nanoshells. A meta-atoms of such lattice is plasmonic metal nanoshell containing an achiral gain 

medium. The A and B sublattices differ in size and shape of the constituent nanoshells, so their 

individual spasers have different eigenfrequencies. Such a spaser generates one of two chiral 

plasmonic collective modes characterized by topological charge +1 or -1 whose local field rotate 

clockwise or counterclockwise, respectively. Which of these two modes is generated is determined 

by a spontaneous violation of symmetry as defined by the initial conditions. The chirality of the 

74



spasing mode is stable and topologically protected. The macroscopic fields of the spasing mode 

are localized along the edge of the lattice despite the absence of the edge states. The edge fields 

propagates clockwise (for topological charge +1) or counterclockwise (for topological charge −1). 

Due to a very high lattice momentum they are dark in contrast to the original lasing spaser. 

Nevertheless, they can be outcoupled by using a corresponding coupler, e.g., grating.  

A topological nanospaser of type II, proposed by us in Ref. [4] that consists of a plasmonic metal 

spheroid as the surface plasmon resonator and a nanoflake of a semiconductor TMDC as the gain 

medium. This spaser has two mutually-T-reserved dipole modes with identical frequencies but 

opposite chiralities (topological charges 𝑚 = 1 and 𝑚 = −1). Only one mode whose chirality 

matches that of the active (pumped) valley, i.e., 𝑚 = 1 for the K valley and 𝑚 = −1 for the K’ 

valley can be generated while the conjugated mode does not go into generation at any pumping 

level. The topological spaser is stable with respect to even large perturbations: the surface plasmon 

with mismatched topological charge injected into the system even in large numbers decay 

exponentially within a 100 fs time. This implies a strong topological protection. This protection is 

not trivial because the exact valley selection rule matching its chirality to that of the surface 

plasmons is strictly valid on the symmetry axis of the metal spheroid (in the center of the TMDC 

gain-medium flake). Off-axis, there is a coupling of the gain to the chirally-mismatched surface 

plasmons. However, the strong topological protection appears due to the fact that the spaser is a 

highly nonlinear, threshold phenomenon. In fact, it is the nonlinear saturation of the gain and the 

concurrent clamping of the inversion that cause the strong mode competition. The topologically 

matched mode (𝑚 = 1 for the K valley and 𝑚 = −1  for the K’ valley) reaches the threshold first 

and saturates the gain, thus, preventing the mismatched mode from generation under any pumping 

or any perturbations.  

The proposed topological nanospasers are promising for use in nanooptics and nanospectroscopy 

where strong rotating nano-localized fields are reguired. It may be especially useful in 

applications to biomolecules and biological objects, which are typically chiral.  

 

Future Plans 

The properties of topological nanospaser of type II, which consists of metal nanospheroid and 

TMDC nanoflake, strongly depend on the size of the gain medium, i.e., TMDC system. Our 

preliminary results show that in this case we should expect a special two-threshold regime, when 

the transition from generation of only one plasmonic mode to simultaneous generation of two 

modes occurs. It happens at large radius of TMDC nanopatch. We will study in details how the 

dynamics of topological nanospaser depends on the parameters of the system: size of TMDC 

nanoflake and also on initial condition, i.e., initial number of plasmons. Another problem, which 

will be addressed in this relation, is control of the stationary regime of nanospaser by ultrashort 

optical pulse. Such pulse can switch the system from one regime, when only one type of plasmons 

is generated, to another regime, which is characterized by multi plasmon generation.  
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Optical, Electrical and Magnetic Studies of Hybrid Organic-Inorganic Perovskite 

Semiconductors 

 

PI: Z. Valy Vardeny; Physics & Astronomy Department, University of Utah 

Program Scope 

Magneto-Optical and spin responses of carriers and excitons in organic inorganic perovskite 

semiconductors. During the last two years we have investigated: (i) The photocarriers spin 

response in various 2D and 3D hybrid organic-inorganic perovskite (HOIP) semiconductors using 

the circular-photogalvanic effect; (ii) The nonlinear optical response of these compounds;  (iii) 

The magneto-optic response of these materials using the high magnetic field national laboratory 

(NHMFL) in Tallahassee Florida.  

Recent Progress  

(i) Probing Rashba splitting in 2D-HOIP using the circular photogalvanic effect (CPGE) 

 

Figure 1: Rashba splitting in 2D hybrid organic-inorganic perovskite (2D-PEPI) crystal: A, Schematic 

of the 2D-PEPI structure with alternating (C6H5C2H4NH3
+) and [PbI6]4− layers, which form natural multiple 

quantum wells (MQW), where the inorganic layer is the potential ‘well’ and organic layer is the potential 

‘wall’. The crystal structure is monoclinic. B, Room temperature absorption (black line) spectrum of a thin 

film 2D-PEPI where the exciton (EX) and interband (IB) transitions are denoted. The inset shows the 

reflectivity spectrum of a single crystal (blue symbol), having two different spectra features. C, 

Experimental set-up for measuring the CPGE using /4 plate; the angles, , , and  are denoted. x’ 

indicates the current flow direction. D, Schematic diagram of the continuum bands (VB and CB) having 

Rashba spin splitting, and related optical transitions with circular polarized light. The electron group 

velocity (and current) change polarity when the light changes helicity. Ed is the direct energy difference 

between the CB and VB at the Dirac points. From Liu et al. [1] 

The two-dimensional (2D) Ruddlesden−Popper organic-inorganic halide perovskites such as (2D)-

phenylethyl ammonium lead iodide (2D-PEPI) have layered structure that resembles multiple 

quantum wells (MQW) [1]. The heavy atoms in 2D-PEPI contribute a large spin-orbit coupling 

(SOC) that influences the electronic band structure. Upon breaking the inversion symmetry, a spin 

splitting (‘Rashba splitting’) occurs in the electronic bands [2]. We have studied the spin splitting 

in 2D-HOIP single crystals using the circular photogalvanic effect (CPGE) [1]. We have confirmed 
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the existence of Rashba splitting at the electronic band extrema of 3510 meV, and identify the 

main inversion symmetry breaking direction perpendicular to the MQW planes. The CPGE action 

spectrum above the gap reveals spin-polarized photocurrent generated by ultrafast relaxation of 

hot photocarriers separated in momentum space. However the helicity dependent photocurrent 

with below-gap excitation is due to spin-galvanic effect of the ionized spin-polarized excitons, 

where spin polarization occurs in the spin-split bands due to asymmetric spin-flip.  

In the published work [1] we studied the CPGE using both cw and picosecond transient 

spectroscopies. For the cw studies we measured the CPGE action spectrum, from which we 

concluded that there are two different PGE effects in this compounds; the CPGE when excited 

carriers over the gap, and the spin PGE when excited directly the into the exciton level. For the 

transient CPGE we have used the ps transient THz spectroscopy where the hot photocarriers 

relaxation was measured by THz emission. We obtained CPGE THz emission when excited over 

the gap, but no THz emission when excited into the exciton level, which show that the latter PGE 

process occurs at longer times, which is determined by the exciton dissociation rate.       

(ii) Broken inversion symmetry and Rashba splitting in HOIP revealed through two-photon 

absorption spectroscopy 

 

Figure 2: Schematic illustration of the two-photon absorption pathways for semiconductors with and 

without Rashba splitting.  a. Two-photon pathways for transitions between initial, intermediate and final 

states limited to highest valence and lowest conduction bands in a typical semiconductor. b. Examples of 

additional two-photon pathways for transitions between initial, intermediate and final states available in a 

semiconductor that exhibits Rashba splitting. Under review in Nature Commun [3]. 

The Rashba effect describes the splitting of spin degeneracy in the band structure of solids due to 

the presence of spin-orbit coupling and lack of inversion symmetry [2]. The development of 

materials that support large Rashba splitting is rapidly growing, but the means of its experimental 

detection is substantially limited.  The Rashba-splitting in HOIP is particularly promising and yet 

controversial, due to questions surrounding the presence or absence of inversion symmetry.  We 

have utilized two-photon absorption (TPA) spectroscopy to study inversion symmetry breaking in 

different phases of these materials.  We have demonstrated this nonlinear optical technique as a 

new method to observe and quantify the Rashba effect [3].  In particular, we have measured two-

photon excitation spectra of the photoluminescence in HOIP crystals, and show that an additional 

band above, but close to the optical gap is the signature of new two-photon transition channels that 

originate from the Rashba splitting.  This provides an all-optical technique that is distinct as it 

probes the bulk of the materials.  

78



 
 

 

Figure 3 demonstrates the TPA spectrum of (PEA)2PbI4 (PEPI) measured at room temperature 

using the technique of two-photon photoluminescence (TP-PLE). It is seen that the exciton band 

contributes to the TP-PLE spectrum; this shows that the compound does not possess inversion 

symmetry. Since PEPI has strong SOC it thus indicates that there is Rashba splitting in the 

continuum bands, as shown in (i) above by the CPGE spectroscopy. Importantly there is a second 

peak in the TP-PLE at ~2.7 eV which is ~ 140 meV above the band gap in this material. From the 

analysis shown in Fig. 2, we thus conclude that the Rashba energy, ER is ~ 150/4= 35 meV, in 

agreement with other experiments [2].  

(iii) Magneto optic studies of 2D-HOIP at high field 

 

Figure 4: MCD spectroscopy of 2D-PEPI using Faraday configuration. a, Schematics of the MCD 

working principle. b, The absorption spectrum of the complex exciton structure in 2D-PEPI, which is fitted 

using five exciton bands as labeled. c, MCD spectra of 2D-PEPI measured at various magnetic field 

strengths and polarities, as labeled. d, Fit of a typical MCD spectrum in the range of the complex exciton 

structure. e, Magnetic field dependence of the obtained Zeeman splitting for the five excitons. The Landé 

g-factors determined from the linear fits are given for each exciton band. Under review. 

We have used magnetic circular dichroism (MCD) spectroscopy for studying the excitons and 

charge carriers in 2D-HOIP (namely C6H5C2H4NH3)2PbI4 or PEPI) at magnetic fields up to 25 T, 

Figure 3: Broken inversion symmetry and 

Rashba splitting in PEA2PbI4. Two-Photon 

Photoluminescence Excitation (TP-PLE) 

spectrum of (PEA)2PbI4 (blue circles); compared 

to the linear absorption spectrum of the 

corresponding thin film (dashed line).  The TP-

PLE spectrum is plotted vs. twice the excitation 

energy, 2ℏ𝜔, whereas the absorption is plotted 

vs. ℏ𝜔. The exciton region is indicated; also, the 

inter-band onset is designated. Under review in 

Nature Comunications [3]. 
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where Landau levels (LL) form.  The measurements were carried on at the national high field 

magnet laboratory (NHMFL) in Tallahassee Florida [4]. From the MCD spectra we have obtained 

the Landé gyromagnetic factors of the three main excitons and the band-edge electron-hole (e-h) 

pairs. These measurements have revealed that the exciton spectrum contain three different excitons 

of which origin is under discussion [5]. We also observed sharp oscillations in the MCD and EA 

spectra above the band edge that we believe are caused by optical transitions from LL of holes in 

the valence band (VB) to electrons LL in the conduction band (CB). In PEPI these transitions may 

not be equally spaced due to the large Rashba SOC. From the LL dispersion with the magnetic 

field, we may thus determine the Rashba coefficients of electrons and holes.  

Future Plans 

During the 5th support year of our program we work on several projects that involve circular 

dichroism (CD) and magneto-circular dichroism (MCD) of 2D and 3D organic/inorganic 

perovskites.  We have already preliminary data that show MCD of Landau Levels (LL) in 2D 

HOIP. We plan to study the interband LL transitions upon the application of an external electric 

field, F. Because the Rashba SOC is sensitive to the application of an electric field, it would be 

interesting to determine the change of the SOC coefficient with F.     
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Program Scope  
 

The focus of this program has been to address, in the context of organic semiconductors, the long-

term challenges set forward by the Department of Energy’s Basic Energy Sciences Advisory 

Committee, such as “How do we control materials processes at the level of electrons?”, “How do 

we characterize and control matter away - especially very far away - from equilibrium?” and “How 

do remarkable properties of matter emerge from complex correlations of the atomic or electronic 

constituents and how can we control these properties?”.  

Specifically, this program pursues the study of complex room-temperature magnetic quantum 

excitations (CoRMQE), which include higher-spin systems with s > ½ (excitons, exciton-polaron 

pairs or exciton pairs) [1] as well as resonantly induced collective charge-carrier spin pair 

ensembles that emerge under ultrastrong resonant driving fields B1 [2-4] for weakly spin-orbit 

coupled electronic states, as 

found in materials based on 

carbon, silicon, and other 

elements with low atomic 

order numbers. Central to how 

these phenomena affect spin-

dependent electronic 

transitions and, thus, physical 

materials behaviors such as 

electronic, optoelectronic and 

magneto-optoelectronic 

properties, are, therefore, the 

strengths of spin-hyperfine 

interactions (HFIs) as well as 

spin-orbit coupling (SOC) 
[2]. While HFIs are typically 

strong in organic materials 

due to the all-abundant 

hydrogen, SOC is generally 

weak, yet still not negligible 

for the behavior of 

paramagnetic charge carrier 

states. Thus, this project will 

focus in particular on the following questions: (i) What is the influence of spin-spin interactions, 

SOC, and the HFI on charge carriers and thus on the formation of CoRMQEs? Using recent 

demonstrations of differentiation between charge-carrier SOC and HFI with electrically detected 

magnetic resonance (EDMR) spectroscopy [5, 6], the influence of HFI and SOC on CoRMQEs is 

 
Figure. 1: Illustrations of multiquantum transitions of spin pairs in the 

singlet-triplet basis. (A) Floquet states controlling a spin-dependent recom-

bination current in a polymer layer under magnetic resonance are defined 

by the photon number n (wavy lines before and after the interaction) and the 

spin wavefunction (red, green, blue, purple). (B) The spin-½ resonance of 

the pair at an effective g-factor of g≈2 corresponds to a raising or lowering 

of n. (C), (D) Resonances also arise at g≈1 and g≈4 due to two-photon and 

half-field transitions. (E) Examples of diagrams of the two-photon 

transitions. The vortices indicate the creation or annihilation of a photon (•) 

or spin scattering not involving a photon (˟), e.g. due to hyperfine or dipolar 

coupling. An infinite number of higher-order loops exists. Magnetoresistance 

on resonance is calculated by summation over all transitions [10]. 
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studied. (ii) What is the nature of the dynamics of CoRMQEs? Previous pulsed EDMR 

measurements showed that spin-coherence times (T2) of paramagnetic charge carrier states in 

organic semiconductors are typically below 1µs [7], due to the random HFI, limiting their 

utilization for quantum applications. As CoRMQEs can form when B1 > HFI, it is conceivable that 

long T2 emerge under strong drive when coherence is protected by the strong driving fields. (iii) 

What is the quantum mechanics of resonantly induced collective charge-carrier spin 

ensembles? The study of charge-carrier spin collectivity has revealed an unexpected wealth of 

conductivity effects related to the formation of CoRMQEs, raising questions of whether multi-

photon transitions, avoided level crossings, examples of which are illustrated in Fig. 1 for the spin-

states of weakly spin-spin coupled electron-hole pairs, and spin-spin interactions can influence the 

way collectivity affects the macroscopic materials behavior.   
 

Recent Progress 
 

During the past 24 months, much progress [9,10] has been made on the exploration of multiphoton 

and fractional g-factor transitions of magnetic dipoles that are illustrated in Fig. 1. The illustration 

scheme follows a description of Cohen-Tannoudji [8], where an ensemble of n photons form 

Floquet states together with the spin-pair eigenstates of the charge-carrier pair exposed to this 

radiation (see Fig. 1A). When transitions with one or more photons occur (see Fig. 1B through D), 

the Floquet states change following transition probabilities depending on various contributions 

(see Fig. 1E for the example of one g  1 transition). By applying the known [11] hyperfine field 

Bhyp and spin-orbit coupling conditions under which pairs of charge-carrier spins with s = ½ occur 

in a fully deuterated form of the polymer semiconductor poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylenevinylene] (d-MEH-PPV), we have obtained predictions for how multiphoton magnetic 

dipole transitions affect changes to spin-dependent transition rates and, thus, to electric device 

currents, for any given applied combination of the static magnetic field B0 as well as the amplitude 

of B1. Figure 2A shows the results of these calculations for spin-dependent changes in charge-

carrier recombination current I in d-MEH-PPV. This plot shows a wealth of previously entirely 

 

 
Figure 2: Floquet spin states in OLED magnetoresistance. (A) Calculated change of spin-

dependent recombination current as a function of static field B0 and oscillating field B1 for a 

frequency of 85 MHz. (B) Term diagrams of integer and fractional g-factor multiphoton 

transitions. Adapted from [10]. 
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unexplored resonance signatures, which we were able to 

attribute to integer as well as fractional Landé-factors, 

i.e. one, two-, and three-photon transitions between 

s=1/2 as well as s=1 manifolds [10]. Figure 2B displays 

term diagrams illustrating which of the underlying spin 

transitions apply for the various predicted current 

changes shown in Fig. 2A. 

For the experimental verification and exploration of the 

nature of the two-photon transition with Landé factor 

g1, under strong magnetic resonant drive, an 

electrically detected magnetic resonance (EDMR) setup 

was built allowing the observation of spin-dependent 

currents when B1 > B0 > Bhyp. We implemented a newly 

developed lock-in detection protocol, which not only 

greatly improved the separation of the signal from the 

noise (usually the goal of lock-in detection), but also 

allowed to separate the contributions of non-magnetic 

resonance related radiation-induced effects on the 

measured sample conductivity from the studied spin-

dependent current. By using amplitude modulation of 

the magnetic resonance drive power at frequencies 

which match the dynamics, i.e. the transition times of 

the spin-dependent recombination processes, but not the 

much faster dynamics of the radiation-induced 

conductivity artifacts, signals resembling the subtle 

multiphoton transitions are captured by the out-of-phase 

component of the measured electric currents, while the 

radiation artifacts are separated into the in-phase 

component. Fig. 3 displays data of electric current 

changes in a “superyellow” (SY)-PPV polymer layer 

under electron and hole injection, using suitable injector 

materials that sandwich the active polymer layer [5]. 

Under forward bias, a constant current is established 

which changes very sensitively when spin-dependent electron–hole recombination rates change. 

As shown by the plots in panels (a) and (b), the high signal-to-noise ratios obtained in these 

experiments, even under application of high drive powers, allows for the study of the properties of 

these transitions, i.e. their dependencies on the driving field amplitude, B1.  

The experimental access to two-photon magnetic dipole transitions has allowed us to study their 

helicity dependence in order to compare their behavior with the single-photon magnetic dipole 

transitions at g  2. We carried out EDMR measurements under close to fully circularly polarized 

excitation shown in Fig. 4. From this data, we see that under strong drive, the ratio between the g 

 2 resonances changes significantly, even though, due to the spin-Dicke effect [9], the out-of-

cycle peak does not disappear entirely. However, within the given SNR, the g  1 resonances are 

reduced significantly, i.e. below the detection limit, compared to the case of linear excitation. This 

helicity dependence of the g  1 EDMR charge-carrier resonance suggests that it is caused by more 

complex CoRMQEs involving two-photon transitions within charge carrier spin states. 

(a) 

    
(b) 

     
Figure 3: Plots of quadrature lock-in 

detected EDMR spectra obtained 

from SY-PPV polymer devices with 

MoO3 hole injectors and Ca electron 

injectors for a variety of applied drive 

amplitudes with an excitation 

frequency of f = 100 MHz. The data in 

(a) represents waterfall plots of 

magnetic field slices taken out of the 

complete data set displayed in (b), 

plotted with an arbitrary offset. 
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Future Plans 
 

We are currently in the process of 

corroborating and further exploring the g 

 1 resonance shown in Figs. 3 and 4, as 

well as the other multi-photon transitions 

illustrated in Fig. 2. Goal of this work is 

to confirm the different Bloch-Siegert-

type resonance shifts under strong drive 

conditions that are expected from the 

calculations shown in Fig. 2 and that 

reflect an increasing light-matter 

hybridization. At the same time, we will 

continue to collaborate with theory 

groups in order to develop a better 

qualitative and quantitative under-

standing of these phenomena, especially 

the selection rules that determine the 

observed helicity dependencies. 

Remarkably, theoretical descriptions of 

two-photon magnetic dipole transitions 

are scarce in the literature, likely because 

their development was considered to be a 

futile effort for a long time due to the lack 

of experimental access to such 

phenomena with traditional magnetic 

resonance detection schemes. Through 

low magnetic field/frequency EDMR 

which we have pursued in the course of 

this project, we are now able to study 

these previously inaccessible drive-field 

domains and this makes the development 

of new theoretical descriptions 

meaningful. Experimentally, we will pursue in the coming year also, the time domain of the studied 

CoRMQEs. We are currently in the verification phase of a pulsed low magnetic field/frequency 

setup based on the use of digital signal processors for arbitrary waveform generation. Using this 

setup, room temperature coherent control of electron spin states in near complete absence of local 

magnetic fields will be possible. This setup will then be used for the measurements of CoRMQE 

spin quantum coherence times in order to scrutinize their currently hypothesized long T2 values. 
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Figure 4: (a) EDMR spectra for the g=2 and g=1 

resonances in SY-PPV. The spectra are measured 

using near-linearly polarized B1 fields at 125 MHz 

with three different powers. At high values of B1 

(high power), the g=1 resonance appears, 

indicating the two-photon transition depicted by the 

term diagram in the upper right corner. The middle 

inset is a plot of the intensity of the g=1 resonance 

peak as a function of B1 with linear and quadratic 

fits. (b) EDMR spectra using near-circularly 

polarized B1 with three different powers. Only the 

g=2 resonance appears regardless of B1 strength. 
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Program Scope 

During the last two years, this program was focused on two studies. The first one is our continuous 

effort to understand many-body interactions in monolayer transition-metal dichalcogenides (ML-

TMDs), manifested through the exciton spectrum. The second study focuses on the nature of 

optical transitions in ML-TMDs. While we have made progress in both fronts [see 2-year list of 

publications], I will focus on the latter in this short document. 

Recent Progress: optical properties of ML-WSe2 

To understand the optical properties of ML-WSe2, we should first note the unique structure of the 

conduction-band valleys, shown in Figs. 1(a)-(d), where the optically active electron in the exciton 

complex comes from the top spin-split valleys. The other electron of the negative trion comes from 

the bottommost valleys, which are also the valleys populated with electrons when a positive gate 

voltage is applied. As a result, there are two negative trion species depending on the quantum 

numbers of the two electrons in the complex: opposite spins but similar valley (singlet or 

intravalley trion) versus opposite valleys but similar spin (triplet or intervalley trion) [1].  
 

             

 

 

 

 

 

 

FIG. 1: The state composition of bright excitonic complexes in ML-WSe2, including (a) the neutral 

exciton X0, (b) the intervalley (triplet) negative trion X-,T, (c) the intravalley (singlet) negative trion X-

,S
 , and (d) the positive trion X+. (e) Low-temperature differential reflectivity of ML-WSe2 embedded in 

hexagonal boron nitride (hBN). The data is taken from Ref. [3]. In addition to the expected bright 

exciton complexes, the spectrum reveals a unique many-body feature that emerges when the monolayer 

is highly electron-doped. This feature, dubbed as X-', has not been documented in conventional 

quantum-well semiconductors. Our previous attempt to decipher its origin was based on the coupling 

between indirect and direct excitons through collective shortwave charge excitations (intervalley 

plasmons), as shown in (f) [2, 3, 4]. 

87



Figure 1(e) shows the differential reflectivity spectrum, where each 1V corresponds 

approximately to a charge density of 1012 cm-2. In addition to the detection of the four complexes 

in Figs. 1(a)-(d), we notice a new feature that emerges when the monolayer is heavily electron 

doped, dubbed as X-' in Fig. 1(e). The seemingly incidental change in the order of the conduction 

band valleys in ML-WSe2 compared with other cases, such as ML-MoSe2, gives rise to this exotic 

many-body feature. Unlike the other spectral features, this feature is a genuine new phenomenon 

not seen before in bulk or quantum-well semiconductor systems [2,3,4].  
 

Switching to the emission spectrum, Fig. 2(a) shows the unprecedentedly rich low-

temperature photoluminescence (PL) spectrum of high-quality ML-WSe2. The monolayer is 

excited with righthanded circularly polarized light where the photon energy is 1.775 eV. The PL 

is detected for left-handed circularly polarized emission (to prevent interference with Raman 

lines). Here, we focus on the regime where the monolayer is neutral or moderately doped with 

electrons or holes (gate voltage amplitude is smaller than 1V). The reason for the rich PL spectrum 

of ML-WSe2 compared with ML- MoSe2 is that its bright excitonic species, shown in Figs. 1(a)-

(d), are no longer the ground state complexes. The dark and indirect excitonic complexes in ML-

WSe2, shown in Fig. 2(b)-(d), have lower energies. As a result, photoexcited bright excitons and 

trions complexes can relax to these dark states prior to emitting light. The PL 
 

 

 
 

 

 

 

 

 

 

FIG. 2: (a) Low-temperature PL of high-quality ML-WSe2 [5,6]. The phonon replica of dark/indirect 

complexes are indicated by the horizontal lines, and the corresponding phonon energies are shown in the 

bottom-left legend. The spectral lines indicated by T around 1.66 eV and SeW around 1.62 eV are 

discussed in the text. (b)-(d) The state composition of non-bright exciton complexes in ML-WSe2, 

including (b) the indirect and dark excitons, I0 & D0, (c) negative trion D-, and (d) positive trion D+. The 

energy of these complexes is lower than that of bright ones in Figs. 1(a)-(d) because now the electrons 

are only from the bottommost conduction-band valleys. 
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spectrum in Fig. 2(a) reveals many features whose identification and interpretation was made 

possible as a result of prior work made by the PI group on selection rules and classification of dark 

exciton complexes in ML-TMDs [7, 8]. For example, we were able to identify the phonon replicas 

of dark trion optical transitions with dominant role played by the zone-center Γ5 and zone-edge K3 

phonon modes [5,7].  
 

          
 

 

 

 

 

 

 

 

 

Figure 3(a) shows the phonon energy dispersion in ML-WSe2, along with specification of 

the relevant phonons. As shown in Fig. 3(b), the coupling between opposite spin states in the 

conduction-band is governed by the long wavelength (intravalley) phonon mode Γ5. Its energy is 

~21 meV in ML-WSe2 and its atomic vibration is shown in Fig. 3(c), corresponding to out-of-

phase and in-plane motion of the two chalcogen atoms in the unit cell. In addition, Fig. 3(b) shows 

that spin-conserving intervalley selection rules are governed by the zone-edge phonon mode K3 

for electrons and K1 for holes. The energies of these phonons in ML-WSe2 are ~26 and ~18 meV, 

respectively, and their atomic vibrations involve circular motion of the atoms in the unit-cell as 

shown in Figs. 3(e) and (f). The PL spectrum in Fig. 2(a) also reveals a signature of the zone-edge 

phonon mode with lowest energy, K2 (~13 meV). The observation of a relatively strong replica 

from this mode is attributed to emission of dark exciton complexes next to shallow defects wherein 

crystal momentum selection rules are mitigated. Finally, we were able to identify the elusive 

indirect exciton in the charge neutral regime [5], indicated by the faint line I0 in Fig. 2(a), along 

with its two possible phonon replicas K1 and K3. 

 

FIG. 3: (a) The phonon dispersion of ML-WSe2 along the axis between the high-symmetry Γ and K points. 

Pertinent zone-center and zone-edge phonon modes are indicated. (b) Scheme of low-energy valleys in the 

conduction and valence bands. Spin-flip intravalley transitions in the conduction band are mediated by the 

phonon-mode Γ5, while spin-conserving intervalley transitions in the conduction (valence) bands are mediated 

by the phonon mode K3 (K1). Phonon-induced intervalley spin-flip scattering is relatively weak (the transition 

matrix element between time-reversed states vanishes). (c) Atomic displacement of the zone-center phonon 

mode Γ5. (d)-(f) Atomic motions of zone-edge phonon modes that are marked in (a). The curved arrows denote 

the in-plane circular motion of atoms around their equilibrium positions. 
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Finally, the PL spectrum in Fig. 2(a) reveals two more interesting features. The first feature 

is the salient spectral line, referred to as the T-peak, which emerges around 1.66 eV when the 

monolayer is electron doped. This peak does not emerge in the absorption spectrum and should 

not be confused with the many-body peak X-' that was discussed in the context of Fig. 1(e). The 

peak X-' first emerges around 1.685 eV when the electron charge density is of the order of a few 

times 1012 cm-2, whereas the T peak emerges only in the PL around 1.66 eV as soon as the 

monolayer becomes electron doped (charge density of ~1011 cm-2). Similar to the X-' peak, the 

origin of the T peak is still a mystery. The second interesting feature in Fig. 2(a) is the group of 

spectral lines between 1.58 and 1.62 eV. Using defect-controlled crystal synthesis and scanning 

tunneling microscopy measurements, these spectral lines are associated to excitonic emissions next 

to donor anti-sites, wherein Se atoms substitutes W ones [6]. 
 

In conclusions, many of the predictions we made in 2013 and 2015 [7, 8] have been 

confirmed experimentally [5,6,9]. The original predictions, which largely relied on symmetry 

arguments, are now being supported in experiment through (i) matching of the phonon energy with 

the energy difference between the optical transition of a dark/indirect species and its phonon 

replica, (ii) measuring the g-factor of these complexes finding distinct values for bright, dark and 

indirect species, and (iii) analyzing the emitted-light polarization (the theory correctly predicts 

when reversed polarization is expected compared to the laser polarization). Being able to check all 

of these checkboxes, our physical picture is becoming the accepted way to explain the optical 

transitions in charge neutral or moderately doped ML-WSe2. 
 

Future Plans 

1. We plan to perform a detailed study, showing how exciton complexes are formed, relax in 

energy, and recombine (either radiatively or non-radiatively). This study will include the 

aforementioned various species of trions and excitons (bright, dark and indirect). To test our 

results, we will use empirical data provided by our collaborators (the groups of Xavier Marie 

and Xiaodong Xu) for the emission spectrum dependence on charge density in gated devices, 

magnetic field, pump laser intensity and pump photon energy. 

2. We will continue investigating many-body interaction in ML-TMDs. First, we plan to study 

long-wavelength collective spin excitations that couple the spin-split conduction bands of the 

same valley (intravalley). The quantum of these excitations is the magnon, which can couple 

between the bright and dark exciton states through flipping of the electron spin. Second, we 

plan to study the behavior of correlated trion states, wherein the three-body bound states 

(trions) are coupled to anti-particles in the Fermi sea (also referred to as coulomb holes). In 

real space, the Coulomb hole comes from the lack of charge in the vicinity of an electron due 

to Pauli exclusion. The purpose of both studies is to examine how and if correlated trions can 

support the emergence of the many-body peak [X-' in Fig. 1(e)]. 
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Tunnel Magnetoresistance Detection of Skyrmions 

Sara A. Majetich, Physics Department, Carnegie Mellon University, Pittsburgh, PA 15213 

 

Program Scope 

 This research program has focused on development of conductive atomic force microscopy 

methods to detect nanoscale magnetization patterns. While the objective remains to do this 

experimentally, for the past year the work has had to proceed through simulations. The specific 

emphasis during the past year has been on modeling the detectability of skyrmions (Figure 1) 

through the time dependence of tunnel magnetoresistance. Skyrmions are stable non-collinear spin 

patterns that in 2013 were proposed for use as 1’s and 0’s in racetrack memory (Figure 2) [1]. For 

this to work, it must be possible to uniquely detect the passage of a skyrmion as well as features 

that could be used to represent 1’s and 0’s, such as the magnetization direction of the core or the 

chirality for a Bloch skyrmion. Bloch skyrmions are particularly interesting due to their topological 

protection. There are still many questions about the best way to detect them electronically. The most 

promising approaches so far have used the transverse voltage due to the skyrmion Hall effect, but the signal 

is still very weak [2, 3]. Here we use simulations to examine alternative vertical detection methods 

using magnetoresistance, which could be more compact and have a greater signal-to-noise ratio. 

Our results show that there are unique signatures for detection of the skyrmion core direction for 

Néel and Bloch skyrmions, as well as the chirality for Bloch skyrmions. 

                           

  

 

 

 

Fig. 1. Néel (top) and Bloch (bottom) skyrmions. 

Both have cores ~ 10 nm in diameter. Bloch 

skyrmions also have chirality and are topologically 

protected.  

Fig. 2. Schematic of proposed skyrmion racetrack 

memory with magnetoresistive reading and writing, 

which has not yet realized experimentally [4].  

92



 Recent Progress  

 A spin polarized current was used to simulate movement of a Néel skyrmion down a 

racetrack that contains a circular magnetic dot above it. When the dot is flush with the racetrack, 

exchange interactions dominate, while when it is separated by a 1 nm thick tunnel barrier, the 

interactions are mainly magnetostatic. The trajectory of the skyrmion over a period of ~ 4 ns is 

calculated using mumax3 micromagnetics simulation software. Results for different dot and 

skyrmion core magnetization directions are used as a guide to predict the magnetoresistance as a 

function of time, which would be used to detect individual skyrmions. 

 For these model studies, a saturation magnetization of 5.8 x 105 A/m, exchange stiffness 

1.5 x 10-12 J/m, anisotropy 8 x 105 J/m3, and damping parameter 0.1 were used for both the 

racetrack and 20 nm diameter detection dot. In addition, to stabilize 20 nm diameter skyrmions, 

the racetrack also had a Dzyaloshinskii-Moriya Interaction strength of 3 x 10-3 J/m2. A current 

density of 1 x 1012 A/m2 with spin polarization 0.4 was used to move the skyrmions.  

In all cases there was a transverse deflection due to the skyrmion Hall effect. When the dot 

is flush with the racetrack, exchange coupling to the skyrmion spin texture background can be 

treated as an effective magnetic field with an antiskyrmion texture [5]. When there is a 1 nm MgO 

tunnel barrier separating the dot and racetrack, magnetostatic effects dominate and the magnitude 

of the interaction field is much smaller. However, simulations show that the vertical tunnel current 

is dominated by the volume directly below the dot. There will be a transient change in the 

magnetoresistance as a skyrmion passes by the dot detector. 

With magnetostatic coupling both the trajectory and skyrmion size as a function of time 

differ, depending on whether the dot and skyrmion core magnetizations are parallel or antiparallel. 

When they are parallel (Figure 3), the skyrmion diameter grows slightly as it approaches the dot, 

since the dipolar field tends to orient misaligned spins. The spatial field gradient due to the dot 

causes a repulsive deflection around the dot. When the skyrmion core and dot magnetization are 

antiparallel (Figure 4), the skyrmion slightly shrinks in diameter as it approaches the dot, and there 

is an attractive interaction. The magnitudes of the deflection depend on the dot and skyrmion stack 

diameters and thicknesses, but as long as part of the skyrmion passes under the dot, it should also 

be possible to differentiate core up and core down skyrmions. For Figure 3 there would be a 

transient drop in resistance, and for Figure 4 a transient rise. If in-plane magnetization dot detectors 

were used, there would also be characteristic magnetoresistance transients that are sensitive to the 

in-plane component of the skyrmion spins. This could enable Néel and Bloch skyrmions to be 

differentiated, if magnetized along the racetrack axis, and chirality detection of Bloch skyrmions, 

if magnetized perpendicular to the racetrack axis. 

In order to quantitatively compare the effect of different detector dot thicknesses and 

diameters, as well as the influence of the skyrmionics material, the vertical tunnel 

magnetoresistance across the detector dot and the skyrmionic stack is calculated. Based on  
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previous simulations, the amount of current spreading is small, and the vast majority of the current 

is collected from the volume of the skyrmionic stack directly beneath the detection dot [6]. A grid 

size of (1 nm)2 was used to pixelate the detector dot, so that the magnetoresistance contributions 

could be treated like resistors in parallel. The electron polarization was assumed to be determined 

by the local magnetization orientation at the top of the skyrmionic stack, and the magnetoresistance 

for a given pixel was assumed to follow the empirical cos() relation found experimentally by 

Moodera and Kinder [7]. 

 

Future Plans 

For the immediate future, a manuscript based on the simulations alone will be submitted for 

publication. There will also be a presentation of this work at the virtual Intermag Conference April 

26-30, 2021. Experimental verification of the simulations is important, and this will proceed as 

soon as the student’s visa is approved and he can safely return to the US. Demonstration of Néel 

skyrmion core detection will be the first goal, since that can be done with multilayer film stacks 

that have skyrmion excitations at room temperature. Extention to Bloch skyrmion detection will 

require low temperature and focused ion beam sectioning of a B20 material. 

 

Fig. 3. 20 nm Néel skyrmion trajectory along a 200 

nm x 80 nm racetrack, passing by a 20 nm diameter 

dot separated by a 1 nm tunnel junction barrier. 

The skyrmion core and dot have parallel 

magnetizations. a) at beginning, b) repulsion near 

the dot, and c) at the end of the racetrack. 

Fig. 4. Trajectory for similar conditions to 

those of Figure 3, except that the dot 

magnetization direction has been reversed, 

so that it is antiparallel to that of the 

skyrmion core. Here the interaction near the 

dot is attractive. 
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Program Scope: 

The overall goal of our DOE funded project is to employ a unique approach that combines DC and 

AC magnetic susceptibility measurements, neutron diffraction, synchrotron X-ray diffraction with 

relatively unconventional RF transverse susceptibility (TS), magnetocaloric effect (MCE), and 

spin Seebeck effect (SSE) to yield new insights into the ground state magnetism in a wide variety 

of complex oxides and emerging magnetic systems. In particular, we have demonstrated the 

important impacts of phase coexistence, reduced dimensionality, magnetic proximity, strain, and 

anisotropy on the exotic magnetic properties in multicaloric double perovskites A2BB'O6 (A = Y, 

La; B = Co, Ni and B' = Mn), exchange-coupled core/shell nanoparticles (Fe3O4/CoxZn1−xFe2O4), 

and the discovery of the giant spin Seebeck effect in Y3Fe5O12 (YIG)/C60/Pt multilayers. Other 

research efforts include the exploration of exotic magnetism in strongly correlated systems that 

host topologically nontrivial states as well as the new discovery of robust, tunable room-

temperature ferromagnetism in semiconducting monolayers of V-doped WSe2 and WS2.  

 

Recent Progress:  

1. Complex magnetic phases in multifunctional double perovskite oxides A2BB'O6 (A = Y; B = Co, 

Ni and B' = Mn) 

Double perovskite (DP) oxides are a versatile class of materials showing exotic physical properties, 

arising from the interplay between spin, charge and orbital degrees of freedom. By exploiting DC 

and AC magnetometry, and neutron diffraction experiments, we have observed for the first time 

the presence of two distinct cluster-glass-like states at low temperatures in the long-range 

ferromagnetically ordered La2CoMnO6. (Phys. Rev. B 99, 104436 (2019)). Magnetism in both 

YCMO and YNMO is guided by the superexchange interaction between the transition metal ions, 

Mn4+-O2--Co2+ and Mn4+-O2--Ni2+, giving rise to the FM coupling. We synthesized the 

polycrystalline samples of Y2NixCo1-xMnO6 (YNCMO) for x= 0, 0.5 and 1.0 with space group 

P21/n using the sol-gel method. The collinear long-range FM ordering in YCMO down to 5 K was 

established by the neutron diffraction experiments (Fig. 1(a)). The presence of both FM and AFM 

orders results in an exchange bias effect at low temperatures. The co-existence of these two 

competing magnetic phases is further established by the temperature- and field-dependent 

magnetic entropy change. As a result, the comprehensive magnetic phase diagrams of Y2NixCo1-
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xMnO6 (for x = 0.0 0.5 and 1) are constructed for the first time (Fig. 1(b)-(d)). A part of this work 

has recently been published (J. Magn. Magn. Mater. 507,  166821 (2020)). 

 

 
Figure 1: (a) Neutron diffraction (ND) patterns for Y2CoMnO6 at low temperatures processed by the Rietveld method. 

The experimental points and calculated profiles are shown in the figure. The magnetic FM contributions are denoted 

by symbol “FM”. The most intense peaks of Al used as a sample cover and impurity of Y2O3 are marked by symbol 

Al and *, respectively. (b) The H-T phase diagram of Y2CoMnO6. The surface plot shows the magnetic entropy change 

(ΔSM) over a full range of temperatures for different magnetic field changes. T = TC (the dashed yellow line) marks 

the PM-FM phase transition corresponding to Co2+-O-Mn4+ 180° superexchange interactions. The critical fields for 

the dominant FM region are marked with the dashed black lines. The blue (HS1) and green (HS3) circles mark the 

peaks in the dΔSM/dH vs. H curves. (c) and (d) The H-T phase diagrams of Y2NiMnO6 and Y2Ni0.5Co0.5MnO6, 

respectively. It is evident that the AFM contribution arising from antiphase boundaries increases with Co2+ content.  

 

2. Shell-mediated control of surface chemistry of magnetite nanoparticles 

Iron oxide nanomaterials are being proposed for multiple applications ranging from 

biomedicine to spintronics. However, most nanomaterials contain variable amounts of Fe3O4 and 

γ-Fe2O3 due to the relatively easy oxidation of Fe2+ to Fe3+ under environmental conditions. Such 

a process, decreases both the overall magnetic moment and the magnetocrystalline anisotropy and 

leads to a decreased electrical conductivity. In addition, the chemical stability of Fe3O4 NPs is 

relevant in the biomedical field as Fe3O4 NPs can play an important role in cellular oxidative stress 

and toxicity. In addition to our discovery of the giant heating power in core/shell 

Fe3O4/CoxZn1−xFe2O4 nanoparticles synthesized in our labaoratory (ACS Applied Nano Materials 

3, 1755 (2020)), we have proposed a novel strategy to control the surface chemistry of 

monodisperse 12 nm magnetite nanoparticles by means of a 3 nm-thick Zn-ferrite epitaxial coating 

in core/shell nanostructures (Nanoscale 12, 13626 (2020)). We have carried out a combined 

Mössbauer spectroscopy, dc magnetometry, X-ray photoelectron spectroscopy and spatially 
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resolved electron energy loss spectroscopy study on iron oxide and Fe3O4/Zn0.6Fe2.4O4 core/shell 

nanoparticles under aging conditions. Our results reveal that while the aged iron oxide 

nanoparticles consist of a mixture of γ-Fe2O3 and Fe3O4, the Zn-ferrite-coating preserves a highly 

stoichiometric Fe3O4 core (Fig. 2).  

 

Figure 2: (a) Representative TEM image of Fe3O4/Zn0.6Fe2.4O4 core/shell NPs. (b) Fe and Zn EDS elemental mapping 

for the core/shell NPs. (c) Room temperature Mössbauer spectra for 6 month-aged iron oxide cores (lower spectrum) 

and core/shell Fe3O4/Zn0.6Fe2O4 NPs (upper spectrum). Lines indicate the fits associated with different sextets. Td_c, 

Oh_c, Td_s and Oh_s subspectra are associated with iron in tetrahedral (Td) and octahedral (Oh) sites in the core and 

shell, respectively. The bars indicate a relative transmission of 1%. (d) Zero-field cooled (ZFC, full symbols) and 

field-cooled (FC, open symbols) temperature dependence of the magnetization for 6 month aged core/shell NPs. The 

inset shows the derivative of the ZFC curve and the Verwey transition temperature. (e) M(H) hysteresis loops 

measured at 5 K for the bare aged cores and core/shell NPs. 

 

3. Organic semiconductor mediated giant spin Seebeck effect in ferromagnetic insulator/C60/heavy 

metal heterostructures 

Over the past few years, generation of pure spin polarized current by the longitudinal spin 

Seebeck effect (LSSE) has gained substantial attention of the spintronic community. LSSE refers 

to the injection of spin current from a ferromagnetic (FM) insulator to the adjacent normal metal 

(NM) with stron spin orbit coupling under the application of a temperature gradient across the 

NM/FM bilayer. The efficiency of spin current injection is sensitive to multiple factors, e.g., the 

spin coherence length of the NM layer, magnetic properties of the FM layer as well as the quality 

of the interface between the FM-NM bilayers which is primarily controlled by the spin mixing 

conductance (G) at the interface. Large conductivity mismatch between YIG and Pt hinders the 

efficient spin transport in YIG/Pt. Several efforts have been devoted towards enhancing the value 

of G and hence the LSSE voltage by inserting various thin intermediate layers, such as Cu, NiO, 

CoO, Fe70Cu30, NiFe between Y3Fe5O12 (YIG) and Pt. Despite the enhancement of LSSE reported 

in these systems, the underlying mechanism(s) associated with the role of the intermediate layer 

on the LSSE have remained an open question. An organic semiconductor such as C60 (buckminster 

fullerene) has a low spin–orbit coupling that essentially results in weak spin scattering and 

consequently a large spin diffusion length. These attractive properties of C60 led us to propose a 

new approach to enhance the injection of spin-polarized current across FM/NM bilayer structure 

such as YIG/Pt by inserting a thin intermediate layer of C60. 
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Figure 3: (a) Measurement geometry and spin transport through the Y3Fe5O12 (YIG)/C60/Pt layer; (b) Top panel: the 

Pt/C60/Fe heterostructure, where Pt and Fe atoms. Bottom panel: spin resolved density of states (DOS) for the Pt and 

Fe layers, with and without the C60 molecule; (c) Transverse susceptibly spectra taken at 200 K for YIG, YIG/Pt, and 

YIG/C60/Pt heterostructures. For YIG/C60/Pt, as the field was swept from positive to negative saturation, the first peak 

corresponds to the bulk magnetocrystalline anisotropy field (HK) and the second peak corresponds to the 

surface/interface magnetic anisotropy field (HKS) of the system; (d) temperature dependence of surface/interface 

perpendicular magnetic anisotropy field (HSK) for YIG, YIG/Pt, and YIG/C60/Pt structures; (e) The longitudinal spin 

Seebeck effect (LSSE) signal vs. magnetic field curves taken at 300 K; and (f) Temperature dependence of LSSE 

voltage for YIG/C60/Pt with different thicknesses of C60. 

We have demonstrated, for the first time, through the LSSE experiments and density 

functional theory calculations that the presence of C60 significantly reduces the conductivity 

mismatch between YIG and Pt and the surface perpendicular magnetic anisotropy of YIG, giving 

rise to an enhanced spin mixing conductance across YIG/C60/Pt interfaces (Fig. 3). We have 

observed a 600% increase in the SSE voltage in YIG/C60/Pt relative to YIG/Pt. Our study provides 

a new pathway for developing novel spincaloric devics (Materials Horizons 7, 1413 (2020)). 

Future plans: 

Multicaloric double perovskites (A2BBʹO6: A=La, Y, Pb; B=Co, Fe; B'=Mn, W),  noncollinear spin 

textures (MnSi, MnP), spin-caloritronic heterostructures CoFe2O4/TMD/Pt, NiFe2O4/TMD/Pt and 

YIG/TMD/Pt, YIG/graphene, YIG/h-BN, TmIG/graphene, gate controlled LSSE etc. will be 

explored (where monolayers of transition metal dichalcogenide (TMD) are V-doped WSe2, MoS2, 

and MoSe2). Our research efforts over the next few years will be targeted towards elucidating these 

emergent aspects of correlated magnetic systems that could have important impacts on quantum 

spintronics and science information. 
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Topological Phases in Aperiodic Systems and Flat-Band Material 

Feng Liu 

University of Utah 

 

Program Scope 

 This project, titled “Topological Phases in Aperiodic Systems and Flat-Band Materials”, 

encompasses a comprehensive study of physical mechanisms underlying the formation of exotic 

quantum phases of electronic states associated with topological order in quasicrystals and 

disordered systems and in materials hosting topological flat bands. It covers three correlated 

research topics: (1) topological phase in quasicrystal lattices and materials; (2) topological phase 

in disordered systems; (3) flat-band materials. The common theme of the proposed research is to 

understand topological phases in aperiodic systems without translational symmetry, the 

robustness of topological order in crystals against disorder, and a new class of topological 

materials hosting two-dimensional (2D) or 3D flat bands. 

Our theoretical/computational project will employ a multiscale approach, combining several 

state-of-the-art theoretical and computational techniques, ranging from first-principles density-

functional-theory (DFT) electronic structure calculations to semi-empirical tight-binding (TB) 

model Hamiltonian analyses and calculations and to non-equilibrium Green’s function transport 

calculations. Specifically, electronic band structure will be studied using both DFT and TB 

methods with the TB parameters fit to the DFT band structures, e.g., in supercells of ribbon 

geometry to represent an edge. Topological invariants of electronic states will be revealed by 

analyzing Bloch wavefunctions for crystalline lattices using conventional methods of calculating 

(spin) Chern numbers or single electron states for aperiodic lattices using our newly developed 

methods of calculating (spin) Bott indices. In addition, the topological surface (edge) states will 

be calculated using DFT/TB/Wannier function based methods, while the transport properties 

including surface/edge conductance will be investigated using the TB/Wannier function based 

non-equilibrium Green’s function methods. 

Our studies will significantly improve our fundamental understanding of physical origins of 

topological states in non-crystalline and disordered material systems, in terms of lattice geometry 

(or lack of), spin-orbit coupling, orbital composition and degree of disorder. Both the 

continuations and new initiatives of the proposed research will significantly improve our 

fundamental understanding of topological order and phase transition in 2D quasicrystal materials 

and crystals with disorder, and a new class of topological flat-band materials. They will provide 

useful guidelines for future experimental efforts in synthesis and characterization of new 2D and 

3D topological materials. They will also have direct technological impact on advancing quantum 

materials and devices for energy applications, to fulfill the mission of the Department of Energy. 
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Recent Progress  

 During the last two years, we have published 33 journal papers fully or partially 

supported by this DOE grant, including  2 Physical Review Letters, 3 Nano Letters, 1 Nature 

Communications, 1 ACS Nano, 1 Adv Materials, 1 Research; plus one invited review (published 

on Jan. 5, 2021). Two postdoctoral research associates and three graduate students have been 

fully or partially supported by this DOE project. The PI gave 9 invited talks at 

national/international conferences, and 12 departmental colloquium/seminar presentations.  

Below is a brief summary of four topics of research achievements pertaining to this project. 

(1) A Unified View of Topological Phase Transition in Band Theory:1 We develop a unified 

view of topological phase transitions (TPTs) in solids by revising the classical band theory with 

the inclusion of topology. Reevaluating the band evolution from an “atomic crystal” [a normal 

insulator (NI)] to a solid crystal, such as a semiconductor, we demonstrate that there exists 

ubiquitously an intermediate phase of topological 

insulator (TI), whose critical transition point displays 

a linear scaling between electron hopping potential 

and average bond length, underlined by deformation-

potential theory. The validity of the scaling relation 

is verified in various two-dimensional (2D) lattices 

regardless of lattice symmetry, periodicity, and form 

of electron hoppings, based on a generic tight-

binding model. Significantly, this linear scaling is 

shown to set an upper bound for the degree of 

structural disorder to destroy the topological order in 

a crystalline solid, as exemplified by formation of 

vacancies and thermal disorder. Our work formulates 

a simple framework for understanding the physical 

nature of TPTs with significant implications in 

practical applications of topological materials. 

   

(2) Realization of an Antiferromagnetic Superatomic 

Graphene: Dirac Mott Insulator and Circular 

Dichroism Hall Effect:2 Using first-principles 

calculations, we investigate the electronic and topological 

properties of an antiferromagnetic (AFM) superatomic 

graphene lattice superimposed on a bipartite honeycomb 

lattice governed by Lieb’s theorem of itinerant 

magnetism. It affords a concrete material realization of the 

AFM honeycomb model with a Dirac Mott insulating 

 

Fig. 1. Fig. 1. Schematic illustration of 

topological phase transition (TPT) in band 

evolution diagram. By decreasing average 

bond length L. The bandwidth increases 

gradually and a TPT occurs at Lc, which is 

inversely proportional to the electron hopping 

potential γ = dEg/dL, where Eg is band gap. 

 
Fig. 2. Schematic illustration of CD 

Hall effect of AFM superatomic 

graphene excited by left-handed 

circularly polarized light (𝜎+). 
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state, characterized by a gap opening at the Dirac point due to inversion symmetry breaking by 

long-range AFM order. The opposite Berry curvatures of the K and K’ valleys induce a circular 

dichroism (CD) Hall effect. Different from the valley Hall effect that activates only one valley, 

the CD Hall effect activates carriers from both K and K’ valleys, generating the opposite 

directions of transversal Hall currents for the left- and right-handed circularly polarized light, 

respectively. 

(3) A Lieb-Like Lattice in a Covalent-Organic-Framework and its Stoner 

Ferromagnetism:17  Lieb lattice has been extensively 

studied as a model system to realize ferromagnetism due 

to its exotic flat band. However, its material realization 

has remained elusive; so far only artificial Lieb lattices 

have been made experimentally. Recently, based on 

first-principles and tight-binding calculations, we 

discover that a recently synthesized two dimensional 

sp2 carbon-conjugated covalent-organic framework 

(sp2c-COF) represents a material realization of a Lieb-

like lattice. The experimentally observed 

ferromagnetism upon doping is shown to arise from a 

Dirac (valence) band in a non-ideal Lieb lattice with 

strong electronic inhomogeneity (EI) rather than the 

topological flat band in an ideal Lieb lattice. The EI, as 

characterized with a large on-site energy difference and 

a strong dimerization interaction between the corner and 

edge-center ligands, quenches the kinetic energy of the 

usual dispersive Dirac band, subjecting to an instability against spin polarization. Furthermore, 

we predict an even higher spin density for monolayer sp2c-COF to accommodate a higher 

doping concentration with reduced interlayer interaction.  

 

(4) Unidirectional Spin−Orbit Interaction Induced by 

the Line Defect in Monolayer Transition Metal 

Dichalcogenides for High-Performance Devices:18  

Spin−orbit (SO) interaction is an indispensable element in 

the field of spintronics for effectively manipulating the 

spin of carriers. However, in crystalline solids, the 

momentum-dependent SO effective magnetic field 

generally results in spin randomization by a process 

known as the Dyakonov−Perel spin relaxation, leading to 

the loss of spin information. To overcome this obstacle, 

the persistent spin helix (PSH) state with a unidirectional 

 

Fig. 3. Lattice structure of the sp2c-COF, 

illustrating first real material realization of 

a long-sought Lieb lattice. Spin 

distribution upon iodine doping is shown 

in green lubes. Top left corner shows the 

molecular orbital of the corner ligand. 

 

 

Fig. 4. Schematic diagrams of (upper 

panel) line defect in TMD with 

unidirectional spin texture (red and blue 

arrows), and (lower panel) the 

corresponding spin FET setup. 
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SO field was proposed but difficult to achieve in real materials. Here, on the basis of first-

principles calculations and tight-binding model analysis, we report for the first time a 

unidirectional SO field in monolayer transition metal dichalcogenides (TMDs, MX2, M = Mo, 

W; and X = S, Se) induced by two parallel chalcogen vacancy lines. By changing the relative 

positions of the two vacancy lines, the direction of the SO field can be tuned from x- to y-axis. 

Moreover, using k·p perturbation theory and group theory analysis, we demonstrate that the 

emerging unidirectional SO field is subject to both the structural symmetry and 1D nature of 

such defects engineered in 2D TMDs. In particular, through transport calculations, we confirm 

that the predicted SO states carry highly coherent spin current. Our findings shed new light on 

creating PSH states for high-performance spintronic devices. 

 

Future Plans 

 We plan to expand our current studies in the following areas: 

(a) Fractional quantum states, such as fractional quantum anomalous/spin Hall effect and 

fractional excitonic insulator state 

(b) Initiate a new research topic on pseudo-spin ice and quantum pseudo-spin glass 

(c) Flat-band-enabled excitonic insulator state 

(d) Amorphous topological materials 

(e) Topological flat band in line-graph lattices 

(f) Topological flat band in non-line-graph lattices 

(g) Non-Hermitian topology in line-graph lattices 

(h) Continue the efforts of experimental collaborations. 
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i) Program Scope  

Metal halide perovskite (MHP) multiple quantum wells which consist of multilayers of alternate 

organic and inorganic layers exhibit large exciton binding energies due to the dielectric 

confinement between the inorganic and organic layers. These naturally formed multiple quantum 

wells have strong spin-orbit coupling (SOC) due to the presence of heavy elements in their crystal 

structures. Although the fundamental properties of 2D MHPs are far from being entirely 

understood, it is widely accepted that their band edge absorption coefficient results from strong 

exciton interactions. However, studies demonstrating how different exciton interactions and 

doping effects influence electronic traps and disorder on the band edge absorption coefficient of 

2D MHPs have not been demonstrated. Understanding these interactions in MHPs will allow us to 

access low energy optical transitions for the fabrication of solution processable short-to-mid-

wavelength IR photodetectors (1 – 8 μm). Moreover, upon doping, it is possible to move the Fermi 

energy into the conduction band (CB) to favorably promote the transport of charges in a working 

device. Herein, we study the development of 2D MHPs having strong SOC, high carrier mobility, 

and tunable quantum well structures. Our studies shed light on the design and modulation of 

fundamental physical phenomena by carefully elucidating the role of dopants (n-type and p-type), 

exciton heterogeneity, orientation, structure, and bias stress effects on the performance of MHPs 

as potential IR photodetectors.  

ii) Recent progress 

a. Quantifying exciton heterogeneities in mixed-phase organometal halide multiple quantum 

wells via Stark spectroscopy 
2D MHP quantum wells naturally self-assemble through weak van der Waals forces. We 

investigate the structural and optoelectronic properties of 2D layered butylammonium (C4H9NH3
+, 

BA+) methylammonium (CH3NH3
+, MA) lead iodide, (BA)2(MA)n-1PbnI3n+1 quantum wells with 

varying n from 1 to 4. Through conventional structural characterization, (BA)2(MA)n-1PbnI3n+1 thin 

films showcase high-quality phase (n) purity. However, while investigating the optoelectronic 

properties, it is clear that these van der Waals heterostructures consist of multiple quantum well 

thicknesses coexisting within a single thin film. We utilized electroabsorption spectroscopy and 

Liptay theory to develop an analytical tool capable of deconvoluting the excitonic features that 

arise from different quantum well thicknesses (n) in (BA)2(MA)n-1PbnI3n+1 thin films. To obtain a 

quantitative assessment of exciton heterogeneities within a thin film comprising multiple quantum 

well structures, exciton resonances quantified by absorption spectroscopy were modeled as 

Gaussian features to yield various theory-generated electroabsorption spectra which were then fit 

to our experimental electroabsorption features. In addition to identifying the quantum well 

heterostructures present within a thin film, this novel analytical tool provides powerful insight into 

the exact exciton composition and can be utilized to analyze the optoelectronic properties of many 

other mixed-phase quantum well heterostructures beyond those formed by 2D MHPs. Our findings 

may help in designing more efficient and reproducible light emitting diodes based on 2D mixed-

phase metal-organic multiple quantum wells. 

Findings: Due to the convoluted optical composition of these mixed-phase (BA)2(MA)n-1PbnI3n+1 

quantum well thin films, we have utilized Stark spectroscopy, specifically electroabsorption (EA) 
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spectroscopy, in combination with absorption spectroscopy, to elucidate the true compositional 

phase distributions within thin films. We note that EA is a nonlinear optical spectroscopy method 

and as such it does not involve exciton funneling among the various quantum wells, in contrast to 

PL spectroscopy.  In the presence of 

an electric field, localized states 

(excitons) behave differently than 

delocalized states (band to band 

transitions); therefore, we can use this 

characteristic to our advantage when 

multiple spectroscopic features 

overlap in a multiple quantum well 

system. The EA spectra for 

(BA)2(MA)n-1PbnI3n+1 quantum well 

thin films (n = 1 – 4) are shown in 

Figure 1A. As shown in Figure 1B, 

all the exciton features found in the 

EA spectra for each thin film depend 

linearly with F2, confirming that 

these features are in fact localized 

excitons, and do not originate from 

delocalized continuum states 

associated with the bandgap. Figure 

1C displays an example of the fitting 

process for a BA2(MA)2Pb3I10 thin 

film. The Gaussian amplitudes 

represent the relative compositions of 

the quantum well present within a thin film and can be used to quantify sample heterogeneity. The 

percent distributions for all quantum well phases observed within a MHP thin film are summarized 

in Figure 1D. As we previously reported,1 (BA)2PbI4 undergoes a structural phase change at 250 

K. However, at temperatures below 250 K, we still observe remnants of the room-temperature 

phase indicating that (BA)2PbI4 undergoes a partial structural phase transition. From fitting all the 

excitonic features against the oscillator strength, we find that these films despite being structurally 

phase pure, they are very heterogeneous optically. As such, the realization of phase-pure 

(BA)2(MA)n-1PbnI3n+1 quantum well heterostructures is a convoluted process that involves a close 

interplay between the kinetic and thermodynamic stabilities inherent to the stoichiometry of the 

structures upon increasing the layer thicknesses (n) and often do not correlate to their optical 

properties. 

b. Dynamic structural disorder effects on the optical properties of 2D-MHPs  

Unlike GaAs-based multiple quantum wells, the EA spectra of 2D MHPs do not agree closely with 

theory and have led to contradictory interpretations of the optical properties of these materials.1-4 

Furthermore, there are unexplained optical spectral features which challenge our fundamental 

understanding of the ground and excited states participating in the optical transitions of 2D MHPs. 

Subsequent EA studies on MHPs have been oddly rare considering the interest in this class of 

materials and the open questions regarding the nature of their excited states. In an effort to 

reconcile these differences and determine which EA features are universal to 2D MHPs, we 

fabricated EA devices with 2D MHP spanning multiple compositions, namely 

Figure 1. (A) EA spectra of (BA)2(MA)n-1PbnI3n+1 thin films. 

Shaded boxes represent the exciton absorption of pure quantum 

well phases (LT = low temperature phase, HT = high temperature 

phase). (B) EA amplitude plotted against the applied field squared 

(F2) for various 2D-MHPs. (C) Example of fitting routine used for 

investigating exciton compositions. (D) Pure phase quantum well 

distribution within each (BA)2(MA)n-1PbnI3n+1 thin film derived 

from EA fitting parameters.  
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phenethylammonium lead iodide (PEA2PbI4), phenethylammonium tin iodide (PEA2SnI4), 

butylammonium lead iodide (BA2PbI4), and butylammonium tin iodide (BA2SnI4). We discovered 

an anomalous temperature-dependence in the EA line shape, moving from 1st derivative (linear 

Stark Shift) at room temperature to 2nd-derivative (quadradic Stark shift) at 50 K which 

significantly affect the excitonic properties of 2D MHPs. Furthermore, the temperature-

dependence in the EA line shape is highly sensitive to the morphology obtained for the 2D MHP 

thin films. These results contribute to the on-going conversation about dynamic disorder and local 

symmetry breaking that give rise to possible Rashba and polaronic effects in MHPs. While 

previous time-domain studies have made progress on 

this important puzzle by probing the lattice’s response 

to photoexciton, this study demonstrates EA is capable 

of probing the opposite side of the interaction by 

observing the lattice’s influence on the character of the 

excited state prior to any lattice response. 

Findings: In general, an external applied field can shift 

or broaden an exciton’s absorption peak causing the 

electroabsorption Δ𝐴 to resemble a 1st or 2nd derivative 

line shape, respectively. The proportion of each effect 

is determined by the ratio of first-order quadratic Stark 

shift 𝛥𝐸𝑄 and a second-order linear Stark shift Δ𝐸𝐿
2. We 

found that in each of the four 2D MHPs exciton’s EA 

signal resembles a 2nd-derivative line shape at 300 K 

but transitions to 1st derivative shape at 50 K. The 

dotted lines in Figure 2A-D mark the exciton 

resonance energies and the line shape transition is 

qualitatively evident by noting the line’s intersection 

point on the EA signal— it intersects a zero-crossing 

point (1st derivative) in the 50 K signal whereas for the 

300 K signal it intersects a negative peak (2nd 

derivative). This trend is supported by numerical 1st 

and 2nd-derivative fits with the unperturbed absorbance 

spectrum, and the transition is more pronounced in the 

thin film exhibiting higher morphological order 

(Figure 2C and 2D). We showed through theoretical 

calculations of the EA signal that ferroelectric polar nanodomains cannot explain the line shape 

transition. Rather, the ratio of 𝛥𝐸𝑄: Δ𝐸𝐿
2  must change demonstrating a real effect on the exciton’s 

properties as a function of temperature. We find that the anomalous line shape transition is due to 

a decrease in dipole moment 𝜇𝑔𝑒 by a factor of ~ ×0.5 between 300 K and 50 K for all tested 2D 

MHPs. Furthermore, we found significant sample-to-sample discrepancy (10 – 45 D) for  𝜇𝑔𝑒 at 

300 K which appears to be correlated to the morphological order of each thin film. Large 

discrepancies in 𝜇𝑔𝑒 have previously been observed in conductive polymer films and the atypically 

large values, e.g. 𝜇𝑔𝑒 = 48 D, have been assigned to disorder-induced dipole moments originating 

from static disorder, i.e. inhomogeneous polymer lengths and orientation. In effect, asymmetric 

energy landscape associated with disorder can shift an excited state’s charge density, resulting in 

a dipole moment relative to the symmetric case. To explore the extent to which this effect is present 

in our 2D MHPs, we simulated the charge density shift using a simple envelope wavefunction 

Figure 2.  Voltage-dependent EA spectra of 

morphologically disordered PEA2SnI4 thin film 

at (A) 300 K and (B) 50 K. Morphologically 

ordered thin film at (C) 300 K and (D) 50 K. 

(E) An envelope wavefunction representation 

of the 2D MHP exciton in a symmetric 

(undotted) and asymmetric (dotted) finite 

potential well associated with local disorder. 

(F) Magnitude of disorder-induced dipole 

moments for various reduced effective masses. 
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approximation. As shown in Figure 2E, the x-axis projection of the 2D envelope wavefunction is 

subjected to asymmetric boundary conditions where the barrier lengths are set to roughly twice the 

exciton’s diameter, 𝐿𝑥 = 𝐿𝑦 = 6 nm and the electron’s effective mass 𝑚𝑒 = 0.12 𝑚0 has been 

taken from band-structure calculations. A small reduction in two of the barriers from 100 to 80 

meV results in a surprisingly large permanent dipole of 19 D which is within the correct range to 

explain the observed sample-to-sample variations in 𝜇𝑔𝑒. Figure 2F shows how this effect can 

increase substantially for smaller effective masses, such as those in the tin-based 2D MHPs. Our 

dynamic disorder induced dipole model not only explains the reduction of 𝜇𝑔𝑒 with temperature, 

but also predicts an inverse relationship between Δ𝜇𝑔𝑒(300𝐾 − 50𝐾) and binding energy that is 

observed in all samples. As expected, the disordered film exhibits higher 𝜇𝑔𝑒 than its ordered 

counterpart and the overall morphological order correlates most strongly with 𝜇𝑔𝑒 at 50 K where 

dynamic disorder is suppressed due to the reduction of acoustic phonons, but the effects of 

morphological ‘static disorder’ are still present. Only in highly ordered films at low temperature 

are the influences of both static and dynamic disorder suppressed. These results extend the 

capabilities of EA as a technique to probe for exciton-phonon interactions, as this analysis 

represents the first link between dynamic disorder and EA spectra. We can conclude that (1) 

dipolar organic cation is not a necessary ingredient of dynamic disorder, (2) thermal fluctuations 

alone are large enough to double the exciton’s dipole moment and localize its wavefunction, and 

(3) tin-based MHPs are more affected by dynamic disorder due to lower effective masses and 

lower binding energies. 

iii) Future plans: Circularly polarized light detection through 1D metal halide perovskites   

Detection of circularly polarized light (CPL) can be used for object identification, quantum-based 

computing and information processing, and communication through polarized reflections. As well, 

materials sensitive to CPL can often have polarized emissive properties, making them excellent 

candidates for spin-polarized light-emitting diodes (LEDs). There is an enormous need for intrinsic 

CPL photodetectors. MHPs have the facile functionalization of small organic molecules but retain 

the high mobility of inorganic semiconductors, making them perfect candidates for CPL 

photodetection. As future work, we will be developing a series of MHPs with induced chirality 

that are based on µ-conjugated organic cations. We will use (R/S-) methylbenzylammonium (R/S-

MBA) within a tin iodide lattice to make (R/S-MBA)2SnI4 to investigate its CPL response. We 

believe the chirality in this material will be actually induced onto the Sn-I octahedra 

through the distortion of the bond angles of the SnI4 sheets. This transfer of chirality 

is quite unique and opens up many interesting fundamental questions about the 

optoelectronic properties of hybrid – chiral – MHPs. We will study the effect that 

adding a chiral center to NDIC2 has on the CPL response. The chirality can be added 

to the terminal ethylammonium groups (Figure 3); by adding here, the chiral center 

is close to the Pb2I6 wire and likely will induce a substantial degree of octahedra 

tilting. We will provide answers to the following questions: (1) Does the chiral center 

affect the molecular packing of the NDIC2 molecule? (2) Due to the strong conjugated 

nature of NDIC2, is the “chiral transfer” less pronounced than in the 

(R/S-MBA)2PbI4 example? (3) Is this MHP able to make successful 

photodetector devices (i.e. is the mobility and carrier diffusion length 

high enough for the realization of successful devices)?  

iv) References:(1) J. Phys. Chem. Lett. 2017, 8, 4557-4564; (2) Solid State Commun. 2002, 122, 

249-252; (3) Sci. Adv. 2017, 3, e1700704; (4) J. Phys. Chem. C 2018, 122, 26623-26634; (5) PSSA 

physica status solidi (a) 1973, 18, 347-359. 

Figure 3.  NDIC2 with 

highlighted locations for 

chiral center (red circles). 
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Program Scope 

 The overall goal of this project is to have a complete understanding of and control over 

Dirac plasmon polaritons in topological insulators (TIs). TIs are materials that exhibit a bulk 

bandgap crossed by surface states with linear dispersion and spin-momentum locking. Among 

other interesting properties, these surface states house exotic plasmonic excitations that are 

predicted to be two-dimensional, massless, and spin-polarized. The goal of this program is to 

explore the properties of Dirac plasmons in topological insulators (TIs), understand how these 

plasmons couple both to each other and to other excitations in the system, to investigate plasmons 

in topological insulator nanoparticles, and discover how this coupling in both single-layer and 

multi-layer systems modifies the photonic band structure of the TI system.  

 

 Recent Progress  

The first phase of the research program focused on the excitation of plasmon polaritons in 

TI thin films. We have successfully completed this phase by exciting Dirac plasmon polaritons in 

single Bi2Se3 TI layers and mapping their dispersion [1]. We have demonstrated that these 

polaritons are comprised of Dirac surface state electrons and shown strong coupling between the 

Dirac plasmon polaritons and the  and  phonons in the Bi2Se3 layer. These polaritons exhibit 

high effective mode indices and long plasmon lifetimes, comparable to graphene plasmons. In 

addition, we have determined that the excess electrons in our films can be attributed to the poor 

interface between the Bi2Se3 and the sapphire substrate [2]. We have mitigated this issue through 

the use of lattice-matched buffer layers, which reduce the carrier density (moving the Fermi energy 

closer to the Dirac point) while simultaneously increasing the electron mobility [3]. Since the 

previous meeting, the project has focused on two thrusts: improved synthesis of TI thin films, 

heterostructures, and nanoparticles; and investigation of plasmon coupling in multilayer structures. 

 

TI synthesis 

 One of the major hurdles impeding the progress of research into TIs is their persistent high 

unintentional doping density, their significant twinning, and the inability to use strain to modify 

the film properties due to the van der Waals (vdW) bonding between the TI layers. As noted above, 

we have significantly reduced the TI bulk doping through the use of lattice-matched buffer layers. 

Despite the vdW bonding between the film and the substrate, the film quality is still influenced by 

interactions with the substrate. The lattice-matched buffer layer improves the TI film quality and 
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can be used as the trivial band insulator (BI) component in a 

layered TI/BI superlattice. In addition to growth on sapphire 

substrates, we have also investigated TI growth on GaAs (001) 

substrates. Unlike sapphire, (001) GaAs has surface dangling 

bonds, a zincblende structure, and an anisotropic in-plane 

surface energy. These factors increase the interaction between 

the GaAs substrate and the Bi2Se3 TI film. By growing at very 

high substrate temperatures (close to the thermal degradation 

point of Bi2Se3) and using intermittent annealing cycles to 

increase adatom mobility, we have demonstrated the growth of 

(0015) oriented Bi2Se3 directly on GaAs, as shown in the top 

panel of Figure 1 [4]. This is the first demonstration of epitaxial 

Bi2Se3 on a substrate without prepatterning, demonstrating that 

vdW materials can exhibit traditional epitaxial growth under the 

correct conditions. We have also demonstrated the growth of 

self-assembled Bi2Se3 nano-columns on a BiInSe3 buffer layer 

on GaAs, shown in the bottom panel of Figure 1 [5]. Unlike 

traditional epitaxial systems, this self-assembly is not driven by 

strain. Instead, it is caused by very long adatom diffusion 

lengths coupled with a high selenium overpressure, similar to 

the growth of catalyst-free GaN nanowires. This new 

morphology is important for two reasons: first, it can be used to investigate the unusual plasmonic 

behavior predicted in TIs confined to nanoscale dimensions [6], and second, it shows that the 

morphology of TI films can be controlled by controlling the growth parameters. TI thin films 

normally show a terraced “wedding-cake” morphology with triangular domains and substantial 

twinning. This result shows that TI film morphology can be controlled, opening the door to the 

growth of smooth films with fewer grain boundaries in the future. 

TI plasmons 

The second phase of the project leverages our ability to grow periodic layered structures 

comprising TIs and trivial band insulators (BIs) by molecular beam epitaxy (MBE).  Plasmons are 

excited at each TI/BI interface and interact with each other through their evanescent electric fields. 

We first investigated five-layer films with the following structure: BI/TI/BI/TI/BI. In these 

structures, we have two TI layers resulting in four surface states that couple across the TI layers 

and the central BI layer [7]. We grew multiple films in which we varied the central BI layer 

thickness and the two TI layer thicknesses. Each film was fabricated into stripes to allow excitation 

of the localized plasmon polariton mode. For two films (A and B), multiple stripe widths were 

etched to map the polariton mode dispersion, shown in Figure 2. As we change the stripe width, 

the wavevector changes, and we can measure the extinction of the sample using Fourier transform 

infrared spectroscopy. In all spectra, we observe either two or three extinction peaks. One of these 

Figure 1. (top) Transmission 

electron micrograph of (0015) 

Bi2Se3 on (001) GaAs [4]. 

(bottom) Atomic force micrograph 

of self-assembled Bi2Se3 nano-

columns on (001) GaAs [5]. 
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peaks is identified as the epsilon 

near zero (ENZ) mode in the top 

BiInSe3 band insulator layer. This 

identification is made due to its flat 

dispersion, narrow bandwidth, and 

from transfer matrix modeling, 

described later. The other two 

modes correspond to the middle 

and upper polariton branches 

arising from the strong coupling 

among the Dirac plasmon polariton 

and the  and  phonons at ~2 and 

~4Thz, respectively, in the TI and 

BI layers. To clearly identify these 

modes, we built a transfer matrix 

modeling program. For successful 

modeling, we first had to determine 

the THz permittivity of the TI and 

BI layers. We did this by 

performing angle- and 

polarization-dependent FTIR 

transmission measurements on 

films of Bi2Se3 and BiInSe3. We 

fitted the data using the Drude-Lorentz model to extract the frequency-dependent permittivity for 

both materials. This permittivity was then used in the transfer matrix model along with the 

frequency-dependent conductivity of the topological surface states to model the extinction spectra 

of the entire structure as a function of wavevector and structural parameters. The T-matrix 

modeling for Series A and B is shown as the grayscale plots in Figure 2. It is clear that the T-

matrix modeling reproduces the experimental data, shown as filled symbols, extremely well. 

 In addition to fabricating stripes of varying width in series A and B to map out the polariton 

dispersion relationship, we also fabricated series C in which the center BI layer thickness was 

varied, and series D, in which the TI layer thickness was varied. These experiments were done to 

understand how the plasmons couple across both the BI and the TI. In both cases, we observe a 

discrepancy between T-matrix modeling and experimental data when the BI or the TI layer is thin 

(Figure 3). For the case of the narrow spacer, we attribute this disagreement to penetration of the 

surface state wavefunction into the BI layer. Wavefunction penetration can lead to quantum 

mechanical coupling between the surface states, adding complexity to the optical response that is 

not captured by the T-matrix modeling. For the case of the thin TI layers, we attribute the 

disagreement between the modeling and experiment to strong coupling among the surface states 

as well as a shift in the beta phonon frequency. Overall, this project has resulted in expressions for 

Figure 2. (a, d) Extinction spectra for Series A and B, respectively. 

Black solid curves are the three oscillator Fano resonance fitting of 

the experimental data (open symbols). Data multiplication (M) and 

offset (O) are used for better visualization. (b, e) Color plot: Transfer 

matrix model of Series A and B. The experimental upper polariton 

mode (yellow squares), middle polariton mode (blue circles), and BIS 

ENZ mode (green triangles) extracted from Fano resonance fitting 

are shown for comparison. Inset of (e) is a zoom-in at low 

wavevectors with adjusted color scale. Anti-crossing caused by 

plasmon phonon interaction is clearly seen. Figure adapted from [7]. 
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the permittivity of Bi2Se3 and BiInSe3 in the THz, a 

T-matrix modeling program for layered TI 

structures, and an understanding of how the plasmon 

polariton behaves in a TI multilayer stack as a 

function of TI thickness, BI thickness, and 

wavevector. We have observed hybridization among 

the TI surface states as well as between the plasmon 

polariton and the phonons in the structure. 

Future Plans 

 Future plans include investigating plasmon 

polaritons in structures with more than two TI layers 

to try to create a Dirac metamaterial. We plan to 

perform scanning near-field optical microscopy 

measurements to directly image the TI plasmon. We 

will measure the extinction spectra of TI 

nanoparticles to observe how the optical properties 

change in the quantum mechanical regime [6]. We 

will investigate in-plane coupling between TI 

plasmons in closely-spaced nanoribbons. Finally, we 

will investigate plasmons in TI films as the Fermi 

energy is moved through the Dirac point. At the end 

of the program, we anticipate having a complete 

understanding of the behavior of plasmon polaritons 

in TI thin films, superlattices, and nanostructures. 
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Electron Spin Polarization in Large Electric Fields 
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Program Scope 

 This research program investigates the effect of large accelerating electric fields on 

electron spin polarization in semiconductors.  The goals of this research are to understand the 

mechanisms that enable and limit the electrical generation of spin polarization in non-magnetic 

materials, the role of spin-orbit effects and spin scattering in a strongly driven regime, and to 

determine whether a high-electric field regime that preserves or even amplifies spin polarization 

that has been theoretically predicted can be realized experimentally.  The experimental approach 

uses ultrafast optical techniques to monitor the motion and dynamics of spin-polarized electrons 

with sub-micron and sub-picosecond resolution using spatial- and time-resolved pump-probe 

optical spectroscopy and electrical device design and measurement techniques to produce large 

electric fields while minimizing excessive electrical heating.  The expectation is that this research 

will improve our understanding of the fundamental processes that cause the electrical generation 

of spin polarization and contribute to spin dephasing.  This knowledge will contribute to the 

development of robust spin-based devices for information processing, storage, and 

communication. 

 Recent Progress  

 Qi, Yu and Flatté predicted a “spin Gunn effect” that could enable the creation of large 

spin polarization in gallium arsenide (GaAs) and indium phosphide (InP) at room temperature [1].  

The mechanism for this effect is amplification of spin polarization driven by a different mobility 

for spin-up and spin-down electrons, and this amplification occurs when a term proportional to the 

spatial derivative of the product of the charge density, electric field, and mobility exceeds the spin 

decay rate.  They showed that this could occur near a Gunn domain, which is a dipole layer which 

forms in GaAs and InP at high electric fields due to the lower mobility of electrons in the L valley 

and results in a negative differential resistance (NDR) characteristic.  The repeated process of 

Gunn domain nucleation at the cathode, transit through the device at the electron drift velocity, 

and domain annihilation at the anode causes current oscillations with a constant applied electric 

field, which is known as the Gunn effect.  The threshold for nucleating a Gunn domain in gallium 

arsenide is 3.2 kV/cm, which poses practical challenges, including sample heating and breakdown. 

 In order to limit sample heating effects, measurements are performed using voltage pulses 

from a high-voltage source.  The size and shape of the semiconductor channels can also be 

designed to reduce the dissipated power.  Since the electric field required to sustain a Gunn domain 

is lower than the electric field required to nucleate a Gunn domain, a tapered wedge-shaped 
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geometry near the cathode connected to a rectangular 

region should lower the threshold voltage required to 

observe the Gunn effect.  A schematic of the device 

geometry is shown in Fig. 1(a), and the expected 

electric field profile is shown in Fig. 1(b).  In order to 

test this, we fabricated and performed experiments on 

twelve devices with different device dimensions, 

determining the threshold voltage with I-V 

characteristics to determine when the negative 

differential resistance (NDR) characteristic is observed 

and with oscilloscope traces of Gunn oscillations.  We 

show that a wedge-shaped tapering results in a Gunn 

threshold voltage reduction when the wedge ratio is 

low enough in Ref. [P1]. 

 In order to demonstrate the spin Gunn effect, 

we plan to use optical pump-probe techniques to 

monitor how the Gunn domain profile affects the electron spin polarization, as these techniques 

provide sensitivity to small changes in electron spin polarization with sub-micron spatial and sub-

picosecond temporal resolution.  In addition, the spin Gunn effect produces an amplification of 

spin polarization, so an optical pump pulse can be used to generate the initial spin polarization.  In 

order to synchronize the spin polarization measurements with the Gunn effect, we are interested 

in whether optical pulses can be used to trigger the formation of Gunn domains. 

 In Ref. [P3], we illuminate a GaAs 

Gunn device and study the light-induced 

changes of Gunn oscillation properties.  We 

performed measurements as a function of 

laser wavelength and illumination power 

and with the laser both mode-locked, 

producing picosecond duration pulses at a 

repetition rate of 76 MHz, and in 

continuous-wave output mode.  We observe 

that illumination leads to the modulation of 

the Gunn threshold voltage, the Gunn 

oscillation magnitude, and the coherency of 

Gunn oscillation, with the nature of the 

modulation dependent on which part of the 

device was illuminated.  For example, Fig. 

2(a) shows that near-anode illumination 

increases the coherency of Gunn 

Figure 1. (a) Device schematic showing 

dimensions of the tapered region and channel. 

(b) Estimated electric field profile along the 

device.  The wedge ratio r is defined to be 

wA:wC.  Reproduced from Ref. [P1]. 
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FIG. 6. (a) Plotted oscilloscope trace taken when the device is illuminated near the anode at an applied voltage of 98 V. The laser operates in

the ML mode and thewavelength is tuned to 819 nm, with an illuminating power of 0.26 mW. The electrical signal isfiltered with a 100 MHz
high pass filter and a 1 GHz low pass filter before being sent into the oscilloscope. The oscillation magnitude nearly triples as compared to
that in the dark and the coherency of the oscillations increases. (b) FFT spectrum of the waveform shown in (a). (c) Plotted oscilloscope trace

taken when the device is illuminated near the cathode at an applied voltage of 98 V. The laser operates in the ML mode and the wavelength
is tuned to 819 nm, with an illuminating power of 0.26 mW. The electrical signal is filtered with a 100 MHz high pass filter and a 1 GHz low

pass filter before being sent into the oscilloscope. The oscillation magnitude becomes half as compared to that in the dark and the coherency
of the oscillations decreases. (d) FFT spectrum of the waveform shown in (c).

to fully understand the role of post-illumination carrier diffu-
sion in changing the electric field profilealong aGunn device
and the effects it has on the triggering of Gunn domains.

In conclusion, we have conducted experiments on an
illuminated Gunn device in order to study themanipulation of
Gunn threshold voltage and Gunn oscillation properties with
illumination. A general promotion (suppression) of Gunn
oscillations with near-anode (near-cathode) illumination is
observed and the insertion of an optical chopper leads to
a modulation of the effect at the chopper frequency. The
observed light-induced phenomena are related to the modula-
tion of carrier concentration, conductivity, and electric field
profile caused by the optical excitation of electrons across
the band gap, and finite element modeling is performed to
help with the understanding of the experimental findings. We
believe that the interactions of light with Gunn effect has
great potential in providing a new arena for future device
applications and advancements.
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Figure 2. (a) Voltage drop across load when the device is 

illuminated near the anode. (b) FFT of spectrum shown in (a). 

(c) Voltage drop across load when the device is illuminated 

near the cathode. (d) FFT of spectrum shown in (c). [P3] 
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oscillations and increases the oscillation magnitude by a factor of 3 compared to no illumination, 

whereas Fig. 2(c) shows a voltage trace for near-cathode illumination, in which we observe that 

the coherency of Gunn oscillations decreases and that the oscillation magnitude is decreased by a 

factor of 2 compared to no illumination.  We attribute these effects to the generation of optically-

excited carriers, which produces a change in the conductivity and the electric field profile along 

the device. 

 In materials with significant spin-orbit coupling strength, the momentum-dependent spin-

orbit field can be measured through its effects on electron spin precession and dephasing, and the 

in-plane carrier momentum can be changed with an in-plane electric field.  In addition, the out-of-

plane electric field can be changed with an applied gate voltage and affect the spatial inversion 

asymmetry and its corresponding spin-orbit field.  In Ref. [P2], time-resolved Kerr rotation 

measurements were used to measure electron spin precession and dephasing in a two-dimensional 

electron gas confined in a wide quantum well as a function of applied in-plane and gate voltages.  

For in-plane voltages applied along the [110] crystallographic direction, the electron spin lifetime 

was observed to decrease with increasing drift velocity but not change with applied gate voltage.  

However, for in-plane voltages applied along the [1-10] direction, the electron spin lifetime was 

longer and exhibited a gate voltage dependence. 

Future Plans 

 Our next steps are to utilize optical pump-probe techniques to monitor electron spin 

dynamics in the presence of Gunn domains to determine whether the predicted spin amplification 

produced by the spin Gunn effect is occurring and to determine the spin decay rate at high electric 

fields.  We will also continue to work on electrical device design and fabrication and 

characterization in order to produce the devices needed for the experiments. 
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Control of energy transfer and molecular transport via strong coupling 

Stephen Forrest; Department of Electrical Engineering and Computer Science and Physics, 

University of Michigan, Ann Arbor, and Vinod Menon; Department of Physics, City 

University of New York, NY, NY. (Collaborator: Matthew Sfeir, Brookhaven Natl. Labs) 

Program Scope 

Control of energy transport and molecular excited states play key roles in the development of 

energy efficient technologies geared towards a sustainable future. Our research team has pursued 

a radically new concept for materials engineering based on coherently combining particular 

material excitations with light specifically in the context of energy harvesting systems and light 

emitters. We exploit the half-light/half-matter quasiparticles known as polaritons formed by strong 

light-matter interactions to develop revolutionary methods for controlling energy transport and 

molecular excited states. The polaritons take on beneficial properties of both light and matter: they 

have low mass of charges enabled by mixing of electronic excitations with photons; long range 

transport enabled by their optical character; and strong interactions provided by their electronic 

character. Specific goals and outcomes include: 

 Demonstration of long-range transport of electronic excitations in disordered organic 

molecular systems through the formation of half-light/half-matter quasiparticles, 

 Demonstration of an analog of photosynthesis for energy harvesting using a combination 

of molecular antennas, strongly coupled polaritons for long-range transport, and organic 

heterojunctions acting as reaction centers, 

 Control of energetics of molecular systems through strong coupling resulting in modified 

light emission and absorption properties of solids, and 

 Achieving strong coupling to vibrations in molecules as a route for engineering electronic 

transitions and chemical reactions.  

The research program has a strong training component of postdoctoral researchers, graduate 

students and undergraduate students in the team laboratories, and is also a collaboration with The 

Center for Functional Nanomaterials at Brookhaven National Laboratories. 

Recent Progress  

 There has been considerable progress made in our program during its last two years. 

Specifically, we have found that very long polariton transport is supported in amorphous organic 

thin films, and have developed tools for measuring this transport that have correspondingly led to 

a deep understanding of why this is possible. Furthermore, we have begun to exploit this transport 

in unique antenna/reaction center devices, whereas polaritons formed by optical excitation, 

transport over extremely long distances through the film to a heterojunction “reaction center” that 

generates an electron-hole pair that is subsequently detected in an external circuit. This “artificial 

photosynthesis” device was one of the primary goals of our research.  

 Besides enhancing transport, another intriguing question that has emerged recently is the 

possibility of hybrid polariton states to modify molecular dynamics. In this context, we 

investigated the ultrafast dynamics of polariton states formed in an archetypical organic singlet 

fission molecular system. The goal of these studies was to elucidate the role of dark states that 

form in cavity polariton systems of N molecules on the overall dynamics. In other words, the 
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question was to understand if polariton formation alone modifies dynamics. Our work reported in 

ACS Photonics (2020) showed the role of the long-lived dark states that form in the limit of 

ensemble (many molecule) strong coupling on the overall dynamics. Furthermore, our work also  

showed how to overcome the role of these dark states by utilizing systems in the ultrastrong 

coupling regime. This is an important step towards modifying chemical kinetics and molecular 

dynamics through cavity strong coupling and could have applications in energy harvesting and 

catalysis.  

 Another area of much interest is to utilize strongly coupled systems for ultrafast optical 

modulation of signals. We demonstrated the ultrafast modulation of strong coupling via thermal 

modification of the reflectivity of the metal mirrors used in the cavity (APL Photonics 2021). Such 

ultrafast modulation especially if transition between strong and weak coupling can be achieved 

will lead to optical switching with large extinction and ultralow switching energies. 

In addition, using experimental methods developed in this program, we have examined 

polariton generation in 2D heterojunctions, and observed very large optical non-linearities. That 

is, in 2D van der Waals heterostructures, a tunable moiré lattice potential for electronic excitations 

may form, enabling the generation of correlated electron gases in the lattice potentials. Excitons 

confined in moiré lattices have also been reported, but no cooperative effects have been observed 

and interactions with light have remained perturbative. In our work, by integrating MoSe2–WS2 

heterobilayers in a microcavity, we establish cooperative coupling between moiré-lattice excitons 

and microcavity photons, thereby integrating versatile control of both matter and light into one 

platform. The density dependence of the moiré polaritons reveals strong nonlinearity due to 

exciton blockade, suppressed exciton energy shift and suppressed excitation-induced dephasing, 

consistent with the quantum confined nature of the moiré excitons. Such a moiré polariton system 

combines strong nonlinearity and microscopic-scale tuning of matter excitations using cavity 

engineering and long-range light coherence, providing a platform with which to study collective 

phenomena from tunable arrays of quantum emitters. In addition, we have also recently studied 

long range propagation of polaritons in 2D materials using the Bloch surface polaritons. 

Below we discuss two of the key results from the program: 
 

1. Ultralong range transport:  We demonstrated the use of ultrastrong coupling to achieve long 

range exciton transport in amorphous organic thin films. This is the result of the polariton lending 

significant photonic content to the excitonic state to which it is strongly coupled. We showed, for 

example, that Bloch surface waves (BSW) are excited at the interface between a distributed Bragg 

reflector (DBR) dielectric stack and an organic layer sitting on its surface using prism coupling. 

These ultrastrong coupled BSWs had Rabi splitting energies of >400 meV, making the polaritons 

propagating on the surface stable at room temperature, and immune to scattering or deexcitation 

at the many defects found in the vapor deposited organic thin films. Most importantly, however, 

was our observation of polariton propagation over distances of ~ 100 µm due to the very light, 

photon-like nature of the polaritonic state, even though the films are amorphous (see Fig. 1). That 

is, the photonic content of the polariton gives it a high propagation velocity, and at the same time 

it is stable when encountering defects in the film during transport. This brings up the intriguing 

prospect of employing polariton diffusion in solar energy harvesting. In this task, we investigated 

the prospects of using the concept of averaging of disorder via polariton formation for device 

applications. The idea is to mimic photosynthetic systems, whereby light is incident on the 

absorbing film within a microcavity over a wide collection area is transported efficiently to the 

reaction center as shown schematically in Fig. 1d.  
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The benefit to the photodetection process 

can be understood as follows. The 

polariton diffusion brings it to a small 

donor-acceptor (D-A) junction that 

converts the energy into an electron-hole 

pair at the Type II heterojunction. This 

allows for the use of a very small D-A 

junction (and hence small dark current) 

as a means for harvesting energy over a 

far wider area. The D-A junction serves 

as the equivalent of a photosynthetic 

reaction center, whereas the cavity 

region serves as the optically sensitive 

antenna for absorbing and directing 

energy toward the reaction center. A 

proof of concept of long-range 

propagation and detection using 

DBP/C70 light harvesting heterojunction 

was demonstrated by using a structure is 

similar to that used in Fig. 1d, where 

BSWs are excited via prism coupling to 

the pump beam into the DBP polariton 

propagation region. The polaritons 

propagate into 2π angles, so it is 

remarkable that the photoresponse of the 

reaction center decreases by little more 

than 10 X, even for pump excitations 

located 100 µm distant. This is indeed a promising initial demonstration of our detector concept. 

2. Role of dark states in the dynamics of strongly coupled molecular systems: Initial studies 

integrating organic materials into optical cavities have led to controversies about the effect of 

strong-coupling on kinetic processes, including interactions with nominally “dark” exciton states, 

lifetimes of the polaritons themselves, and the strength of coupling between exciton-polaritons and 

other excitations in the system. For example, two recent experiments examining the effect of cavity 

polaritons on the reverse intersystem crossing process (energetically allowed conversion from 

triplet to singlet excitons) reach dramatically different conclusions regarding the conversion 

kinetics of triplet excitons to cavity polaritons. A central issue in this controversy is the presence 

of a large reservoir of localized “dark” exciton-polariton states (of order N-1, where N is the 

number of molecules coupled to the cavity) that have poor spatial coupling to small number (2) 

delocalized polariton states. Furthermore, there exist a sub-ensemble of molecules that are 

uncoupled to the cavity due to misaligned transition dipoles which can affect the relaxation 

dynamics. 

Similarly, several recent reports have considered strong coupling using singlet exciton fission 

materials (SF), in which molecular singlet excitons rapidly convert into a triplet pair (biexciton) 

state followed by dephasing into two independent triplet excitons. However, before the energetics 

of a singlet fission microcavity system can be systematically controlled, fundamental scientific 

 

Fig. 1: (a) Real and k-space photoluminescence (PL) of long 

range polariton transport in DBP using ultrastrong coupled 

Bloch surface waves (BSWs) on a glass/distributed Bragg 

reflector grating. The “+” marks the laser excitation location. 

(b) Lower polariton (LP) branch dispersion at 17 µm from the 

excitation spot indicating the PL is due to polaritons, not 

excitons. (c) Plot of polariton PL intensity vs. distance and 

wavelength, indicating propagation decay of > 100 µm. (d) 

The proposed device concept based on long range propagation 

of polaritons mimicking the photosynthetic complexes. 

(c)

(d)
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questions need to be addressed, such as whether exciton-polaritons can directly decay to 

biexcitonic states, the role of reservoir states (including “dark” polaritons, excitons of higher spin 

multiplicity, and uncoupled molecules) in determining the relaxation dynamics, and the effect of 

excited state occupation on the strong coupling conditions. 

Under this program we investigated the interconversion of excitons polaritons, singlet excitons 

and triplet excitons in a singlet fission material strongly 

coupled to an optical microcavity using transient optical 

spectroscopy (Fig. 2a). Despite prominent transient 

spectral features observed near the polariton resonances, 

the overall carrier dynamics are nearly identical between 

the uncoupled and strongly coupled singlet fission system 

due to weak electronic interactions between exciton-

polaritons and reservoir states (Fig. 2b). Instead of 

indicating a polariton population, the prominent transient 

features near the cavity polariton resonances are attributed 

to changes in the population dynamics of the reservoir 

states, which in turn modify the exciton-photon coupling 

conditions. The transient absorption spectra of the full 

cavity system excited by 665nm pump (Figure 2b) shows 

several notable features, including a rise near the triplet 

fingerprint region wavelength (508 nm) and set of 

prominent dispersive spectral features corresponding to 

signatures of the cavity polaritons (620-680 nm) indicating 

strong coupling. The extracted rate constants from fits to 

these transient absorption data are nearly identical to those 

obtained for the control sample in the absence of cavity. 

In summary, we demonstrated the role of dark states in 

controlling the overall dynamics. Weak interactions 

between cavity polaritons and reservoir states requires a carefully considered approach to the 

design of polariton systems for modified molecular dynamics. First and foremost, this means that 

systems must identified in which extremely long-lived excited states are present (e.g., triplet 

excitons) or systems in which light-matter interactions can be further enhanced. 

Note: This work was done in collaboration with Sfeir group  - Brookhaven Natl. Labs (Now at 

CUNY Adv. Science Research center). 

Future Plans: This is the last year of the current program. 

  

  

Fig. 2: (A) k-space dispersion of the 

strongly coupled singlet fission 

molecules in cavity. Inset shows the 

molecular structure and the cavity. (B) 

Transient Absorption spectrum under 

excitation at the lower polariton (665 

nm) showing long-lived states (>103 ps). 
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Digital Synthesis: A pathway to create and control novel states of condensed matter 

Anand Bhattacharya, Dillon Fong, Sam Jiang (Materials Science Division, Argonne 

National Laboratory) 

Program Scope: ‘Digital Synthesis’ is a strategy for realizing novel states of condensed matter by 

creating materials in an atomic layer-by-layer fashion. With this approach, we are able to create 

artificial crystals, including cation-ordered and delta-doped analogs of known materials, and 

control charge transfer and band lineup in heterostructures. Thus, our program seeks to create new 

materials out of known ingredients to yield novel properties. We  manipulate these properties with 

external fields and currents, and to develop new insights about how we might realize these 

properties ‘by design’. Our program focuses on correlated materials, which are mostly complex 

oxides, and topological semimetals and insulators, that are mostly intermetallics. The areas that 

we will explore include (i) a new interfacial superconductor that we discovered at the (111) 

interface of KTaO3, (ii) a new class of superconductors in the nickelates, (iii) using the spin 

Seebeck effect to probe the magnetic excitations in novel quantum magnets and (iv) creating and 

exploring epitaxial films of non-magnetic topological semimetals and insulators.  

We synthesize our materials using molecular beam epitaxy (MBE), multi-target sputtering and 

pulsed laser deposition (PLD) techniques, and characterize them with tools that probe structural, 

electronic and magnetic degrees of freedom, including their spin and charge transport properties. 

Recent Progress  

In this  extended abstract, we describe progress and future plans related to objectives (i) and (ii) 

stated above,  regarding superconductivity in oxide interfaces and thin films. Here we highlight a 

few significant developments that motivate our work, and seed our future plans: 

(i) Discovery of Superconductivity in KTaO3 (Science 2021): In recent worki, we have discovered 

that a metallic electron gas formed at interfaces between (111) oriented KTaO3 (KTO) and 

polycrystalline EuO (Fig. 1b.)  or amorphous LaAlO3 capping layers becomes superconducting 

with a transition temperature Tc as high as 2.2 K (Fig. 1a.) — far in excess of the 2DEG formed at 

LaAlO3/SrTiO3 interfaces, where Tc is limited to ~ 200 mK. Surprisingly, interfacial states on the 

 

Fig.1 a. Superconducting transitions in EuO/KTO (111) interfaces. b. Scanning transmission electron microscopy 
image of a EuO/KTO (111) interface. c. Schematic of atomic layer by layer deposition of LaTiO3 in a sequence of 
TiO2-LaO-…/SrTiO3 showing how a TiO2 layer always floats to the top, as determined by in-situ x-ray scattering 
during MBE growth. Going forward, we will use this approach to tailor interfaces with KTO substrates. 
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(001) surface of KTaO3 at similar carrier densities remained normal down to 25 mK. The 

occurrence of superconductivity in the (111) orientation also occurs for an amorphous LaAlO3 

capping layer.  

The two-dimensionality of the superconductivity is verified in the out-of-plane and in-plane upper 

critical field, where the extracted values of the thickness of the superconducting layer  is smaller 

than the Ginzburg-Landau coherence length. Current-voltage measurements in the 

superconducting state are also found to be consistent with 2D superconductivity. We note that 

𝐵c∥(0)is substantially larger than the paramagnetic pair-breaking  field, which could be due to 

disorder but may also occur due to more intrinsic reasons, for example unconventional triplet 

pairing may be energetically stabilized in a magnetic field, as has been observed in bulk non-

centrosymmetric ii  superconductors. Furthermore, in samples prepared with lower carrier 

concentrations and higher mobility, we observe a strong in-plane anisotropy in resistance (“stripe” 

phase) that forms spontaneously at T ≤ 2.2 K. The behavior of the observed nematicity and its 

relation to superconductivity bears some similarity to those found in the cuprate and iron-based 

high-temperature superconductors and more recently in doped Bi2Se3.
iii The orientational selective 

superconductivity and tunable electronic phases on the KTO (111) surface therefore provide a new 

platform for investigating unconventional superconductivity, which has long been a central theme 

in condensed matter physics. We should note that several groups have now confirmed that the 

KTO (111) interfaces superconduct iv , and have found that the KTO (110) interface v  is also 

superconducting, though with a lower Tc 

(ii) Understanding layer by layer growth of interfaces on SrTiO3  (Sci. Adv. 2019): One of our 

goals is to tailor interfaces of KTaO3 and similar oxides to create interfacial electron gases. The 

states found at these interfaces depend critically upon the first few layers in the immediate vicinity 

of the interface. In this light, we present recent results on another well studied and related d0 oxide 

– SrTiO3.   

In traditional models of heteroepitaxy, the substrate serves mainly as a crystalline template for the 

thin-film lattice, dictating the initial roughness of the film and the degree of coherency strain.  The 

most common substrate used in the growth of complex oxide heterostructures is strontium titanate 

(SrTiO3) partly due to the ability to consistently produce an atomically smooth, TiO2-termined 

(001) surface. The atomic force microscopy image shows that the steps are approximate 0.4-nm-

high. Since this is the size of one unit cell, researchers assume that the SrO/TiO2 … stacking 

sequence continues to the surface. However, using the molecular beam epitaxy (MBE) growth 

chamber we helped construct at Advanced Photon Source (APS)vi, we find that the surface is not 

stoichiometric, regardless of how carefully the substrate is prepared. It instead exhibits excess TiO2 

such that the SrTiO3 surface is terminated by a TiO2 double layer. 

In recent workvii, we studied the implications of the TiO2 double layer on heteroepitaxial growth. 

We deposited LaTiO3 (LTO )on SrTiO3 (001) in a layer-by-layer fashion, i.e., alternating between 

one monolayer of LaO and one monolayer of TiO2 (Fig. 1 c.). We show that the traditional model 

of layer-by-layer growth on SrTiO3 should be replaced with a dynamic model in which the TiO2 

adlayer from the substrate continuously “floats” to the surface of the growing film much like a 

surfactant, so that while the perovskite stacking sequence is maintained at the heterointerface, the 

TiO2 adlayer is also maintained at the film surface. Aside from providing a better understanding 

of heteroepitaxial growth, our work shows that the ultrathin films are likely to be terminated by 

TiO2 regardless of the nature of the film. Similar studies are planned for growth of LTO on KTO. 

132



(iii) LaNiO3 is a quantum critical metal (Nat. Commun. 2020): The nature of the electronic and 

magnetic properties of LaNiO3 has been debated and studied for several decadesviii. It is the only 

member of the rare-earth perovskite nickelate ReNiO3 family that remains metallic, without 

developing long range magnetic order down to the lowest temperatures. We have discovered that 

LaNiO3 is a ‘strange’ metal at low temperatures, where the resistivity as a function of temperature 

does not agree with Fermi liquid theory, where we expect 𝜌(𝑇) =  𝜌𝑜 + 𝑎𝑇2 . We synthesized 

very high mobility epitaxial thin films of LaNiO3 using ozone assisted MBE, where the residual 

resistivity 𝜌𝑜  < 4 Ω-cm, by careful control of cation stoichiometry and mitigation of oxygen 

vacancy formation. Over nearly a decade of temperature below 1.2 K, we find that 𝜌(𝑇) =  𝜌𝑜 +
𝑏𝑇 . ix Upon application of magnetic fields, a quadratic dependence in 𝜌(𝑇) is recovered, and 

Fermi-liquid behavior is restored. These findings are a signature of a metal whose transport 

properties are governed by antiferromagnetic quantum critical fluctuations, which are suppressed 

by magnetic fields. Furthermore, we find that the introduction of a small concentration of magnetic 

impurities qualitatively changes the magnetotransport properties of LNO. The magnetoresistance 

as a function of temperature is found to scale in a manner strongly resembling some heavy-fermion 

Kondo lattice systems in the vicinity of an antiferromagnetic quantum critical point.  

(iv) Understanding layer-by-layer growth of  nickelates (APL Mater. 2020): Reflection High 

Energy Electron Diffraction (RHEED) is often used to monitor the growth process during 

molecular beam epitaxy, as the mimina / maxima indicate the completion of each monolayer. 

However, given the strong interaction between electrons and the surface, quantitative analysis with 

RHEED is difficult; furthermore, RHEED cannot be used to probe atomic-scale processes taking 

place below the surface. 

For this reason, we constructed a new MBE chamber at the APS that allows both RHEED and 

surface X-ray diffraction studies during epitaxial thin film growth. This allows us to relate the 

growth oscillations observed during RHEED with those observed from X-ray scattering. In recentx 

work, we studied the initial case of LaNiO3 layer-by-layer growth on 

(La0.18Sr0.0.82)(Al0.59Ta0.41)O3. We found that during the earliest stages of growth, the RHEED and 

X-ray signals are out-of-phase with each other before gradually becoming in-phase, demonstrating 

that while regular RHEED oscillations may imply high quality growth, the film-substrate interface 

can undergo significant changes during deposition due to the occurrence of interdiffusion at the 

growth temperature.  

Future Plans 

(i) Superconductivity and electronic nematicity at KTaO3 interfaces: There are several key 

questions and opportunities that arise in this area of research building upon our findings thus far. 

Our effort will fall broadly into two categories – the first being materials development and 

understanding how to control the properties of the interfacial electron gases at KTO interfaces, and 

to also find other materials where such states may be found. Thus, we seek to find other overlayers 

on KTO that may give rise to an interesting interfacial electron gas. As an example, LaTiO3 (LTO) 

is a Mott insulator and is known to give rise to an interfacial conductor on KTO (001) interfacesxi, 

and we have already grown LTO with MBE on STO (see Recent Progress). We would also like to 

find ways to pattern our samples into mesoscale structures. We are collaborating with Prof. Jeremy 

Levy at the University of Pittsburg to use his approach of writing nanoscale wires using a 

conducting AFM tipxii that has been very successful in the LaAlO3/SrTiO3 interface. Furthermore, 

we’d like to understand how vacancy formation and cation diffusion using in-situ x-rays during 

growth of overlayers such as EuO or LTO on KTO. Ultimately, we’d like to grow KTaO3 films 
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and dope them in a controlled manner. These and other aspects of materials development are being 

actively pursued 

The second aspect of this research is to elucidate the nature of superconductivity and also the 

electronic nematicity that we observe. We are currently carrying out an extensive study of electric 

field-effect gating of superconductivity at the KTO (111) interface. Along with magnetotransport 

measurements currently in progress, we hope to develop a comprehensive picture of the nematic 

state that will constrain future theories.  In all of these aspects we are collaborating with several 

theorists including Mike Norman, Peter Littlewood, and Ivar Martin at Argonne and Arun 

Paramekanti at Toronto. Two theory papers motivated by our work have appeared.xiii 

(ii) Superconductivity in nickelates: Superconductivity in nickelates was discovered in  2019, when 

a group at Stanford University reported that epitaxial thin films of the infinite layer ‘112’ 

compound Nd1-xSrxNiO2 (x = 0.2), with Ni(1+x)+ in square-planar coordination with O, is a 

superconductor with Tc values reported as 9-15 Kxiv. Several follow-up results have also been 

reported.xv.  The 112 phase is obtained from the perovskite (113) Nd1-xSrxNiO3 phase via topotactic 

reduction. The discovery of a such a closely related superconducting analog to the cuprates has 

aroused great interest in the quantum materials community.  

Our research will be pursued along two lines – our first goal is to reproduce these results using 

MBE grown films using an approach similar to the Stanford group. We will use in-situ x-ray 

scattering to understand the reduction process. We also seek alternative strategies to doping, 

including delta doping, interfacial charge-transfer and ionic-liquid gating. We also seek alternative 

pathways to realize square planar Ni-O coordination, in collaboration with our colleagues at 

Argonne (John Mitchell, Mike Norman) who are actively pursuing this direction of research.  We 

will use magnetotransport and thermogalvanic (Nernst effect) measurements to elucidate the 

nature of electronic states in these materials. 
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Program Scope 

LBNL’s Electronic Material Program (EMAT) discovers and creates semiconductors of novel 

composition and morphology for energy applications by removing chemical and physical 

constraints that limit materials performance and growth.  Emphasis is placed on exploration of 

single-crystalline semiconductors that are not epitaxially coupled with the underlying substrates, 

thus expanding the utility of semiconductors for new applications while enabling study of new 

material properties.  In the case of monolayer semiconductors, elimination of the difference 

between the surface and the bulk allows us to control defects (including fixing/creating them) via 

surface treatments. In parallel, we utilize a toolbox of physical and chemical approaches to 

implement extreme control of band structures in both low dimensional and 3D materials using 

surface/interface effects. Finally, by exploiting new insights into the process of templated liquid-

phase nucleation and growth, we synthesize high-quality single-crystal semiconductors on 

amorphous substrates.  

Recent Progress 

Discovery that chemical defect passivation of 2D semiconductor can produce near-unity 

photoluminescence quantum efficiency.   

While there has been intense research interest in the 

optical properties of monolayer transition metal 

dichalcogenides (TMDs) such as MoS2, their intrinsic 

optical properties had remained unknown. For example, 

the observed quantum efficiency for light emission for 

direct gap TMDs was low, on the order of 1% or less,1,2 

which would rule out their use in important energy-

related applications such as photovoltaics or light 

emitting diodes.3–5 This limitation has been essentially 

eliminated by our discovery that treatment of 

monolayers of MoS2 with an organic superacid 

eliminates all defect related non-radiative 

recombination, resulting in near unity quantum 

efficiency at low pump powers, as shown in Fig. 1.6 The 

treatment is air-stable and the monolayers remain 

essentially opto-electronically perfect for weeks. Our 

ability to obtain optoelectronic monolayers with near-

perfect properties opens the door for the development of 

highly efficient light-emitting diodes, lasers, and solar 

cells based on monolayer materials.   

 

Figure 1.  The photoluminescence from 

a monolayer of MoS2 is increased by 

orders of magnitude by treatment with 

an organic superacid.  The 

photoluminescence quantum efficiency 

is essentially 100% at low carrier 

generation rates.  From Amani et al., 

Science, 2015.6   
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Transistor with 1 nm gate length 

Scaling of silicon (Si) transistors is predicted to fail 

below 5 nm gate lengths because of severe short channel 

effects. As an alternative to Si, certain 2D layered 

semiconductors are attractive because of their atomically 

uniform thickness down to a monolayer, lower dielectric 

constants, larger band gaps, and heavier carrier effective 

mass. Here, we demonstrate molybdenum disulfide 

(MoS2) field effect transistors (FETs) with a 1-nm 

physical gate length using a 1D single-walled carbon 

nanotube (SWNT) as the gate electrode.7  The 1D2D 

FETs exhibit excellent switching characteristics with 

near ideal subthreshold swing of ~65 millivolts per 

decade and an On/Off current ratio of ~106 when the 

MoS2 approaches 1 nm in thickness.   

Grown of high-quality single-crystal III-V 

semiconductors on amorphous substrates.   

The program has focused on controlling phase 

transitions at the nanoscale with an eye towards 

developing processing routes that enable the growth of a 

broad range of materials. The scientific genesis of this 

work is our discovery that control of nucleation can 

allow III-V 

semiconductors to be grown with very large grain sizes 

on amorphous substrates.8 The key innovation is the use 

of a semi-permeable capping layer to control the flux of 

the group V in such a way as to control the nucleation 

rate. The growth mechanism can produce single 

crystalline materials if only a single nucleation site is 

allowed in a given volume. We have shown that 

templated liquid-phase crystal growth (TLPCG) is 

capable of growing high-quality (nominally) single 

crystalline III-V semiconductors on amorphous 

substrates.9 In the prototypical process we synthesized 

InP in (nominally) single-crystal form in a variety of 

shapes (Fig. 3). The approach has been demonstrated 

for GaP and InSb, and even extended to the synthesis of 

multilayers. 

Dopant-free heterojunction solar cells. 

A salient characteristic of solar cells is their ability to subject photo-generated electrons and 

holes to pathways of asymmetrical conductivity—“assisting” them towards their respective 

contacts. All commercially available crystalline silicon (c-Si) solar cells achieve this by making 

use of doping in either near-surface regions or overlaying silicon-based films. Despite being 

commonplace, this approach is hindered by several optoelectronic losses and technological 

 

 

Fig. 2 (top) Schematic of 1D2D-FET 

with a MoS2 channel and SWCNT 

gate. (bottom) For thin MoS2 channels 

the subthreshold swing (SS) is near-

ideal at ~65 mV per decade at room 

temperature  Adapted from Desai et 

al., Science, 2016.7  

 

Fig. 3.  Orientation image map of single 

crystal InP grown on an amorphous 

substrate (SiO2) using TLPCG.  Scale bar 

is 3 m.  Adapted from Chen et al., Nature 

Comm., 2016.9   
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limitations specific to doped silicon. EMAT made 

a major breakthrough in the discovery of 

alternative materials that can form “carrier-

selective” interfaces on c-Si.10 The work 

successfully interfaced both dopant-free electron 

and hole carrier-selective heterocontacts using 

alkali metal fluorides and metal oxides, 

respectively (Fig. 4). Cells fabricated with this 

approach had high open circuit voltages over 710 

mV, demonstrating the quality of the interfaces, 

and power conversion efficiencies approaching 

20%. The new interface approach allows for a 

simplification in architecture and for lower 

temperature processing, both of which will 

improved the cost-to-performance ratio of c-Si 

photovoltaics. 

Future Plans  

Our discovery 

that certain 

monolayer 

TMDs can be made to be optically “perfect,” with their 

luminescence dynamics appearing to be controlled only by 

intrinsic processes, allows us to use these materials as a 

starting point for incisive studies of intrinsic and extrinsic 

defects.6,11 The overall strategy will involve manipulation and 

chemical surface treatment of TMDs, controlled defect 

introduction, optical characterization, and electronic structure 

calculations.  Initial work in this area is promising.  We have 

discovered a method to retain the near-unity quantum 

efficiency of MoS2 monolayers while they undergo exposure 

to conditions typical of semiconductor processing such as 

solvent and vacuum treatments. 

In the next three years, we will employ a systematic and 

rational approach to engineer band structure of low-

dimensional materials by modulating their interactions with 

the environment, and by doing so, we will stabilize new 

phase, states and properties needed for applications in energy 

production, conversion and transport. Two general approaches 

will be employed: physical modulation and chemical 

modulation.  In an initial demonstration of the former 

approach, we have demonstrated strain engineering during the 

growth of WSe2, showing that strains on the order of 1% can 

be achieved even in the case of non-epitaxial growth.  For 

bilayer WSe2, the strain can be sufficient to drive the indirect 

 

Fig. 4. Light JV characteristic and schematic of 

the dopant-free asymmetric heterocontact 

(DASH) silicon solar cell that uses moly oxide 

and lithium fluoride as hole and electron-

selective contacts, respectively. TCO refers to a 

Transparent Conductive Oxide stack.  Adapted 

from Bullock et al., Nature Energy, 2016.10   

 

Fig. 5.  Growth of single crystal 

InAsxP1-x using TLPCG.  (a) SEM 

image of InAsxP1-x film. (b) 

Composition of the film as a 

function of growth conditions.  
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to direct phase transition which we had previously observed by the application of mechanical 

strain.12   

It is clear that a broad range of semiconductor technologies would be impacted by the ability to 

inexpensively grow one material upon any other. Therefore we are continuing our efforts to grow 

high quality, single crystal semiconductor films of any desired thickness upon any substrate.  At 

present, we have demonstrated non-epitaxial growth of high quality single crystal materials with 

lateral dimensions much larger than the film thickness.  Recently, we have shown that growth of 

ternary III-V single crystal material is possible using TLPCG (Fig. 5).  However, a remaining 

challenge is control of the orientation of the resultant single crystals grown via TLPCG. We are 

exploring a number of nucleation strategies to address this remaining challenge in non-epitaxial 

growth.   
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Uncovering and surmounting loss mechanisms in light emitters 

Principal Investigator: Chris G. Van de Walle, University of California, Santa Barbara 

Program Scope 

The aim of this project is twofold: to develop reliable first-principles methodologies for calculating 

loss mechanisms in optoelectronic devices, and to apply them to technologically important mate-

rials.  One focus is on nitride semiconductors, the key materials for solid-state lighting, but we 

have broadened our investigations to also include small-bandgap materials used in infrared appli-

cations, and halide perovskites that excel in photovoltaics and are being considered for light emit-

ting diodes (LEDs). 

Our approach for calculating radiative and nonradiative recombination is based on advanced first-

principles techniques, taking full account of accurate electronic structure and electron-phonon in-

teractions without any fitting to experiment.  We address Auger recombination as well as point-

defect-assisted Shockley-Read-Hall (SRH) recombination.  For Auger, we have drawn attention 

to the key role of phonon-assisted processes.  For SRH, we identify point defects that detrimentally 

impact efficiency.  Our overall goal is to generate the fundamental knowledge that is essential for 

improving efficiencies, and to provide guidelines for overcoming the limitations. 

Recent Progress 

Methodology 

We have continued our development of accurate methodology, based on density functional theory, 

for radiative [P13] and nonradiative [P1, P6, S1] recombination processes. 

The implementation of spin-orbit coupling in our methodology for Auger recombination has ena-

bled us to produce accurate results for materials such as InAs and PbSe.  These small-gap materials 

have important applications in infrared devices.  For InAs, we found that the direct Auger process 

is dominant and is enhanced by the presence of strong spin-orbit coupling [P1].  Surprisingly, our 

calculations showed that recombination in PbSe is dominated by the phonon-assisted indirect pro-

cess [P11], which goes against the conventional wisdom that direct Auger recombination domi-

nates in narrow-band-gap semiconductors.  Our results allowed us to explain the observed low 

Auger rate as well as its weak temperature dependence. These methodological developments were 

also crucial to our ability to study Auger processes in halide perovskites [P6]. 

For defect-assisted recombination, we have improved our approach for calculating nonradiative 

capture coefficients and made the code publicly available on a Github repository [S1]. 

We also developed advanced methodology in the area of polarization.  Electric fields induced by 

spontaneous and piezoelectric polarization strongly impact device efficiencies, but can sometimes 

be employed for heterostructures engineering [P10]; they also complicate first-principles modeling 
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of surfaces or nanostructures.  We have developed a novel approach for accurately accounting for 

polarization effects in slab calculations [S5]. 

Efficiency of nitride light emitters 

The active layer of nitride LEDs and lasers consists of InGaN; identifying centers that cause non-

radiative recombination in this alloy is thus of primary importance. We examined the charge-state 

transition levels of native point defects and impurities using explicit alloy calculations, and moni-

tored the dependence of defect levels on In content and distribution of In atoms.  We found that 

the relative shift of the charge-state transition levels of the different defects can be explained by 

the atomic character of the defect state and whether it is derived from valence-band or conduction-

band states of the host material.  We also found that defects on the nitrogen site lead to a larger 

spread in levels compared with defects on the cation site [P5].   

Transition-metal impurities are known to strongly 

impact semiconductor performance.  Iron is incor-

porated in group-III nitrides both intentionally (to 

produce semi-insulating buffer layers or to enable 

spintronics) and unintentionally as a trace impu-

rity.  We performed a comprehensive investigation 

of the role of iron in the electrical and optical prop-

erties of GaN, InN, and AlN [P2].  Substitutional 

Fe acts as a strong nonradiative recombination cen-

ter, involving carrier capture in an unusual mecha-

nism that involves excited states.  Carrier capture 

can also lead to current collapse in high-electron-mobility transistors.  Formation of complexes 

between Fe impurities and native defects, or hydrogen and oxygen impurities may occur as well 

(Figure 1). 

We have also extended our investigations to other nitride semiconductors that have recently at-

tracted attention, such as BGaN alloys [P3,P14] and II-IV-nitrides [P4,P10]. 

Loss mechanisms in halide perovskites 

Hybrid perovskites, such as methylammonium lead iodide (MAPbI3), have emerged as promising 

materials for highly efficient solar cells and light emitters.  Despite the remarkable success, the 

fundamental mechanisms that are responsible for the high efficiency are still vigorously debated.   

We previously identified Auger recombination as exceptionally strong in methylammonium-lead 

iodide (MAPbI3), the prototypical hybrid perovskite.  This could hamper the performance of solar 

cells, and is of particular concern for applications in light emitters.  We have proposed that alloying 

can suppress the Auger process (Figure 2).  

 

Figure 1. Peak energies for emission processes 

due to substitutional Fe and its complexes with hy-

drogen, oxygen, or nitrogen vacancies. The initial 

charge state for each optical transition is indicated.  
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In collaboration with experimental groups, we 

have investigated carrier dynamics and differ-

ences in recombination efficiency between sur-

face and bulk regions [S4], and clarified that the 

strong anisotropy in optical transitions observed 

in layered hybrid perovskites stems from the or-

bital character of the band edges [P7]. 

Crucially, we have made substantial progress in 

understanding and quantifying the role of point 

defects in halide perovskites.  In the literature, the 

notion of “defect tolerance” has often been in-

voked to explain the unexpectedly good perfor-

mance of halide perovskites in optoelectronic ap-

plications.  However, this concept has not been 

rigorously defined or assessed.  A common inter-

pretation is that none of the energetically favora-

ble intrinsic defects have deep levels in the band 

gap.  We have conclusively shown that this is not the case [P8].   Point defects with levels deep in 

the bandgap can definitely form, but they do not cause detrimental nonradiative recombination 

because strong anharmonicity causes their capture rate to be low. Conversely, point defects that 

have states closer to the band edges and that traditionally would have been regarded harmless can 

actually act as strong recombination centers.  In all cases, rigorous evaluation of capture coeffi-

cients based on configuration coordinate diagrams calculated with a hybrid functional is essential.   

This leaves the question as to which centers are actu-

ally responsible for the experimentally observed de-

fect-assisted nonradiative recombination rates. Em-

ploying our first-principles approaches to explicitly 

compute nonradiative recombination rates, we have 

quantitatively shown that the iodine interstitial is a 

dominant nonradiative recombination center in 

MAPbI3 [P9] (Figure 3). 

We have also addressed a hitherto overlooked type of 

defects, namely hydrogen vacancies, finding that they 

can have an extremely high carrier capture coefficient, 

three orders of magnitude larger than that of the iodine 

interstitial.  A comparative study of hydrogen vacan-

cies in MAPbI3 and FAPbI3 (FA: formamidinium) also 

reveals a fundamental difference: the hydrogen vacan-

cies are much more difficult to form in FAPbI3, and 

 

Figure 2. Relationship between the spin-orbit-cou-

pling (SOC) induced splitting in the conduction 

band and the bandgap for halide perovskites. Avoid-

ing the resonance suppresses Auger recombination. 

 

Figure 3. Local atomic structures of the io-

dine interstitial (Ii, dashed circles) in MAPbI3 

in the +, 0, and − charge states   Arrows show 

the relevant carrier capture processes. The 

subscript on the capture coefficients denotes 

the carrier being captured (n for electrons, p 

for holes) while the superscript denotes the 

charge state of the initial configuration.  
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they have substantially lower capture coefficients [S2]. To the best of our knowledge, this is the 

first time a rationale has been proposed as to why adding FA is essential for achieving high effi-

ciency (as is empirically well established).  

We have also emphasized the impact of impurities on recombination efficiencies, illustrated with 

the example of bismuth: Bi incorporates on Pb sites and introduces sub-bandgap states, but it is 

not an efficient recombination center [P12]. Instead, we found that Bi acts as a donor and pushes 

the Fermi level closer to the conduction band; this shift promotes the formation of iodine intersti-

tials, which are the actual nonradiative recombination centers. Our insights provide a physically 

sound explanation for the detrimental effect of Bi on the photovoltaic performance of perovskite 

solar cells.  These results focus attention on the detrimental role that unintentionally incorporated 

impurities can play, not necessarily by acting as nonradiative recombination centers themselves, 

but by shifting the Fermi level and thereby promoting the formation of efficiency-killing defects. 

The bottom line is that point defects are an equally big concern for halide perovskites as they are 

for conventional semiconductors, and controlling them is essential for obtaining high efficiencies.  

The halide perovskites are therefore not really “defect tolerant”; a more accurate statement is that 

they can be grown with surprisingly high quality using low-cost deposition techniques.  The in-

sights obtained in our studies will not only help to establish a correct understanding of the defect 

physics in halide perovskites, but will also serve as a guide for experimentalists to further suppress 

the formation of strong recombination centers during synthesis, thus enabling optimal performance 

in both photovoltaic and light-emitting applications. 

Future Plans 

In terms of methodology, we are developing a multidimensional formalism for computing nonra-

diative capture, as well as an approach for impurity Auger recombination. We are also studying 

the impact of polarization fields near surfaces. 

We will continue to explore efficiency-reducing defects, impurities, and complexes.  For nitride 

semiconductors, this is currently particularly important at shorter wavelengths in AlGaN-based 

UV emitters.  For halide perovskites, we will investigate chemical trends in the defect properties 

as a function of chemical composition of the host material.  
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Lateral Heterostructures of Organic Charge Transfer Complexes and Inorganic Two-

Dimensional Materials 

 

Pengpeng Zhang, Department of Physics and Astronomy, Michigan State University 

 

Program Scope  

In this program, we focus on exploring lateral heterostructures constructed of dissimilar 

inorganic two-dimensional materials or organic charge transfer complexes using bottom-up 

approach. Formation of heterostructures not only allows the integration of different functionalities 

for device applications, but also enables new physical properties and behaviors that are not 

accessible in the individual pristine counterparts. The two recent studies to be discussed below, 

despite carried out on completely different systems, highlight the unique advantages of lateral 

heterostructures. First, heterointerfaces that are typically buried in the bulk are directly exposed 

on surface in lateral heterostructures, which enables spatially resolved studies to establish a 

microscopic understanding of structure-property relationship. Second, lateral heterostructures and 

the associated charge transfer and/or strain at the heterojunction can be utilized to tailor the 

properties of each individual constituents or even trigger phase transition. 

 

Recent Progress 

Spatially resolved investigation of mixed valence and insulator-to-metal transition in organic salt.  

Charge transfer complex (CTC) molecular crystals with effective half-filled bands are 

correlated electron systems due to strong on-site Coulombic repulsion (U). When U is larger than 

bandwidth W, localization of electrons on respective molecules gives rise to Mott insulating state. 

These correlated CTC systems can undergo Mott insulator-to-metal transition (IMT) triggered by 

bandwidth-control via hydrostatic pressure or by electric/optical field. A very recent study further 

revealed a cooperative photoinduced hidden conducting phase, stable for over 400 days, in K-

TCNQ (tetracyanoquinodimethane), a quasi-one-dimensional CTC with segregated-stacked 

TCNQ anions and alkali K cations bounded by ionic interaction.1 In these systems, phase 

separation often occurs on macroscopic scale near the Mott transition, originating from the 

bistability of insulating Mott and correlated metal in free energy. Intriguingly, beyond phase 

separation, mixed valence of neutral TCNQ molecules (TCNQ0) and TCNQ radical anions 

(TCNQ-1) is also discovered in the high-conductance state of K-TCNQ. In inorganic Mott systems 

like oxides, it is known that such valence change involves the migration of oxygen vacancy or 

ions, resulting in local electronic inhomogeneity which plays a crucial role in IMT.2 Does mixed 

valence and chemical composition variation give rise to any local inhomogeneity in the electronic 

structure of K-TCNQ? Furthermore, how does this local inhomogeneity relate to the phase 

separation that occurs on a much larger length scale? To address these questions, imaging and 

spectroscopy studies with molecular resolution are imperative.  
In this work, we use the self-assembly bottom-up approach to create heterojunctions of 

mixed valence consisted of TCNQ (TCNQ0) and K-TCNQ (TCNQ-1) domains on the weakly 

interacting HOPG substrate (Fig. 1a). STM/STS is utilized to correlate the spatial distribution of 

electronic structures to the morphology of molecular heterojunction. Our results, as illustrated in 

Fig. 1b, show that pristine TCNQ and K-TCNQ assemblies are both insulating, while a continuum  

of density of states (DOS) across Fermi level arises in the TCNQ region near domain boundary 

(points 7-12 in Fig. 1c). Considering  that molecules within this region, ~ 1.5nm from the physical 

domain boundary, are as well packed as those in the deep interior of the TCNQ assembly, these 
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continuum states that emerge 

inside the molecular  band 

gap cannot be attributed to 

localized defects states 

associated with disorders in 

the TCNQ structure. As 

discussed in our recent work, 

adding a K+ vacancy in the 

bulk K-TCNQ unit cell 

introduces DOS within the 

bulk gap.1 Thus, the 

continuum DOS observed in 

our experiment most likely 

originates from the abrupt 

valence change at the 

boundary, the electrostatic 

effects of which spreads a 

couple of nanometers into 

the interior of TCNQ 

assembly. Local electric 

fields are created as these 

states reach equilibrium with the rest of the system including HOPG substrate via charge transfer. 

The strength of the electric fields can be estimated from the degree and width of the band bending 

(Fig. 1c), which amounts to the order of 107-108 V/m in both assemblies.  

Nonetheless, current-induced phase segregation in bulk K-TCNQ has been reported to be 

highly periodic with stripe-like patterns of alternating carrier-rich and carrier-poor domains,3 

whereas mixed valence, typically a consequence of electrochemical migration of metal ions in 

metal-TCNQ systems, represents a local phenomenon. Next, we discuss a possible scenario to 

associate these phenomena developed at different length scales. In macroscopic transport studies 

carried out in bulk K-TCNQ, the electrochemical migration of K+ is expected to generate a gradient 

of mixed valence between the two electrodes. Microscopically, as K+ ions migrate away from the 

positive terminal, leaving behind nano-puddles of K-TCNQ and TCNQ, local electric field will be 

built up in line with the STM/STS observation discussed above. IMT naturally starts from locations 

of the greatest local electric field and propagates towards the other electrode. Stripe-like alternating 

metallic and insulating domains are developed along this propagation direction, likely due to the 

Coulomb interaction between adjacent metallic domains which determines the overall periodicity 

of the pattern.  

To summarize, our STM/STS investigation provides the first microscopic understanding 

of the crucial physics occurring near domain boundaries of mixed valence in K-TCNQ. 

Additionally, our study demonstrates that the ability to construct organic heterojunctions using 

bottom-up approach is vital for identifying the key physical processes empowered by interface.  

B. Semiconductor to topological insulator transition in TMD core-shell lateral heterostructures.   

Polymorphic phase transition is an important route for engineering the properties of two-

dimensional materials. Heterostructure construction, on the other hand, not only allows the 

integration of different functionalities for device applications, but also enables the exploration of 

new physics arising from proximity coupling. Yet, implementing a design that incorporates the 

 Figure 1. Morphology and electronic structures of TCNQ:K-TCNQ 

heterostructure on HOPG. a) STM images with superimposed TCNQ 

molecules and K atoms (blue dots) near a well-packed segment (black 

dashed line) along the boundary. Image on the right is zoomed in from that 

on the left. b) Schematics of the band diagram derived from STS spectra, 

which illustrates the continuum density of states within TCNQ and band 

bending in both molecular assemblies near the boundary. c) Normalized 

dI/dV spectra collected on the K-TCNQ side, TCNQ side, and near the 

boundary of heterostructure, along the red trace in the STM image.  
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advantages of both remains underexplored. In light of integrating heterostructure formation and 

phase engineering in one step, we demonstrate a novel phase transition technique based on the 

construction of lateral (WSe2/SnSe2) core-shell architecture, which is distinct from any of the 

known phase transition protocols.  

WSe2/SnSe2 core-shell architectures are grown on HOPG via sequential molecular beam 

epitaxy (MBE) deposition of WSe2 and SnSe2. Thermodynamically stable H-phase of WSe2 is 

formed initially, as confirmed by the lattice measurements shown in the inset of Fig. 2a. Inset of 

Fig. 2b reveals atomically resolved 1T-SnSe2 that preferentially nucleates along the edges of 

existing WSe2 islands. Intriguingly, approaching the formation of enclosed architecture, 

characteristic stripe-like features emerge on WSe2 core (Fig. 2c-e). The striped phase with structure 

illustrated in the inset of Fig. 2e is commonly referred to as T′-phase, suggesting a H to T′ phase 

transition in WSe2 core. The observed phase transition is closely related to the degree of SnSe2 

coverage surrounding H-WSe2 islands, as depicted in the schematics in Fig. 2f-i. 

It is known that T′-phase of group VI transition metal dichalcogenides (TMDs) are 

metastable except for 1T′-WTe2.
4-6 Direct synthesis is typically carried out at conditions away 

from equilibrium, whereas phase transition triggered by mechanical stress or electron doping might 

introduce structural damage and/or additional source of contamination. We employ STM/STS and 

first-principles calculations to reveal the semiconductor to topological insulator (TI) transition 

associated with the polymorphic change of WSe2 core (Fig. 3) and exclude electron doping as the 

origin of phase transition. In addition to the observation of misfit dislocations which relax the 

epitaxial strain at heterojunctions, we propose a novel phase transition mechanism that involves  

the propagation of stress from shell to core mediated through the covalently bonded core-shell 

boundaries. Since the proposed mechanism only fundamentally requires a van der Waals 

interacting substrate and sufficient core-shell lattice mismatch, our approach could be potentially 

versatile towards other TMDs and chemical vapor deposition methods.  

Most importantly, realization of phase transition on the template of heterostructures allows 

the rational design and integration of TMD functionalities. In the WSe2/SnSe2 core-shell 

architecture, the topological edge state originating from 1T′-WSe2 remains intact and is robust to 

 
Figure 2. Phase transition in SnSe2-surrounded WSe2 islands. (a) STM image of H-WSe2 grown on HOPG. 

Inset: Atomically resolved image of 1H-WSe2. (b) SnSe2 preferentially nucleated along the edges of WSe2 island. 

Inset: Image of 1T-SnSe2. (c) Incomplete H to T′ phase transition when WSe2 island is not fully surrounded by 

SnSe2. (d-e) 1T′-WSe2 (core)/1T-SnSe2 (shell) heterostructures on: (d) HOPG and (e) 1H-WSe2/HOPG. Inset: 

Image of 1T′-WSe2. (f-i) Schematics of structural evolution with increasing shell coverage. Light grey depicts 

the shell merging front. Scale bars: 1nm for insets and 5nm for others.  
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periodic local perturbations at the core-shell boundary (Fig. 3e-f). Since SnSe2 becomes 

superconducting at low temperatures,7 WSe2/SnSe2 lateral heterostructure with the directly 

exposed boundary on surface provides a valuable platform for future investigations into 

spatial extension of superconducting proximity effect and induced topological superconductivity 

at the edge of 2D TI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Future Plans 

For the benefit of device miniaturization and scalability when integrating the functionality 

and versatility of CTCs with inorganic electronic materials, there is a strong incentive to turn to 

CTC thin films with thickness at the nanometer or even molecular scale. This raises an important 

question: can substrate provide a means to engineer functionalities of CTCs? It demands thorough 

understanding of substrate influence on CTC properties. Additionally, superconducting proximity 

effect on the edge state of 2D topological insulator will continue to be explored utilizing lateral   

heterostructures of 1T′-WSe2/1T-SnSe2.   
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Plasmon and Photon Excitations in Layered Heterostructures 

Harry A. Atwater, California Institute of Technology 

Program Scope 

 Two-dimensional and layered material structures have been the subject of widespread 

intensive scientific interest and investigation.  Light-matter interactions in layered and two-

dimensional materials represent a method to both achieve extreme optical confinement 

approaching the atomic scale, and a tool for observing and exploring new materials phenomena.  

Layered narrow bandgap and zero bandgap materials, such as black phosphorus and graphene, 

support unusual and intriguing quantum-confined electronic states in thin layers and surface 

electronic states.  The incomplete screening of applied electrostatic fields in ultrathin materials 

permits the exploration of light-matter interactions at high electric fields and carrier densities, 

enabling interrogation of materials properties over a wide range of Fermi level conditions in a 

single sample. This enables us to explore the relationship between the electrochemical potential 

and the optical and plasmonic properties of ultrathin and layered materials. Our research project 

seeks to understand the nature of optical interband and intraband plasmon excitations in narrow 

bandgap layered semiconductors such as graphene and black phosphorus, and how strong 

electrostatic fields alter the band occupancy and electronic structure of thin narrow bandgap 

semiconductors.  Gate control of the Fermi level in black phosphorus heterostructures may enable 

creation of materials with tunable birefringence at optical frequencies, and in-plane optical 

dispersion at infrared frequencies, including a tunable in-plane hyperbolic optical dispersion. 

 Recent Progress   

A short summary of recent progress on investigation of interband and intraband plasmon 

excitations in narrow bandgap layered materials (graphene and black phosphorus) is given here: 

 Realization of tunable ‘perfect’ (up to 97%) absorption in graphene plasmonic nanostructures. 

By variation of the graphene Fermi level, we were able to tune absorption in a patterned 

graphene layer with a coverage of 0.07 monolayers from 2.9% (the non-resonant interband 

absorption value) up to >95%.  This was achieved using careful analysis of the impedance 

matching between the nanostructured graphene surface and free space (Nano Letters).  

 Demonstration of mid-infrared phase modulation in resonant graphene/gold plasmonic antenna 

arrays; we observed phase modulation of up to 237° at an operating wavelength of 8.50 m 

(Nano Letters; Web of Science Highly Cited paper).  

 Demonstration of bright non-thermal mid-infrared emission, originating from spontaneous 

emission of non-equilibrium plasmons generated in graphene under ultrafast optical pumping.   

(in press, Nature Materials, 2021). 

 Observation in few-layer black phosphorus of interband transitions from the mid-infrared to 

the visible, revealing Pauli-blocking of intersubband optical transitions (the Burstein−Moss 

effect); the quantum-confined Stark effect; and the modification of quantum well selection 

rules by a symmetry-breaking, applied electric field. These effects generate near-unity tuning 

of the BP oscillator strength for some material thicknesses and photon energies, along a single 

in-plane crystal axis, transforming absorption from highly anisotropic to nearly isotropic. The 
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anisotropy of these electro-optical phenomena results in dynamic control of linear dichroism 

and birefringence, a promising concept for active control of the complex polarization state of 

light, and the propagation direction of surface waves (Nano Letters).  

 Modulation of the intraband optical conductivity of black phosphorus (5 to 15 m) by tuning 

the charge density in a two-dimensional electron gas, thereby modifying its free carrier–

dominated intraband response. With a moderate doping density, we were able to observe a 

polarization-dependent epsilon-near- zero behavior in the dielectric permittivity of BP. The 

intraband polarization sensitivity is intimately linked to the difference in effective fermionic 

masses along the two crystallographic directions, as confirmed by our measurements (Science 

Advances).  

1. Mid-Infrared Radiative Emission from Bright Hot Plasmons in Graphene 

  The decay dynamics of excited carriers in graphene have attracted wide scientific attention, 

and carrier relaxation occurs via several stages and decay channels. The promptly excited carriers 

with a non-Fermi distribution undergo carrier-carrier and carrier-plasmon scatterings on a 10-fs 

timescale, followed by Auger recombination and optical phonon emission. The excited carriers 

eventually reach a complete equilibrium with the lattice and environment through direct or 

disorder-assisted acoustic phonon emission processes, which occur on a picosecond timescale. 

These carrier relaxation processes in graphene upon optical pumping are depicted in Fig. 1a. 

Previous studies have predicted and revealed the strong interplay of plasmons and particle/hole 

excitations in graphene, which plays a significant role in reducing the lifetime of photoexcited 

charge carriers. Several theoretical studies report that plasmon emission rates are at least one order 

of magnitude larger than those of optical phonon emission. However, theorists had predicted that 
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Figure 1 | Carrier relaxation 

processes in graphene and 

experimental configuration. (a) 

Carrier relaxation processes in 

graphene under ultrafast optical 

excitation: (i) Sharply peaked 

distribution of photoexcited carriers 

upon optical pumping. (ii) Carriers 

with a non-Fermi-like distribution 

undergoing carrier-carrier scattering 

on a 10-fs timescale. (iii) Carriers in 

a quasi-equilibrium state. (iv) 

Carriers that have been thermalized 

under interband processes but are still 

hotter than the lattice. (v) Complete 

equilibrium between the carriers and 

the lattice. (b) Far-field infrared 

emission measurement setup. 
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a significant portion of 

the photoexcited 

carrier energy is 

released via a prompt 

flux of plasmon 

emission on a 100-fs 

timescale1.   

In 2020, we 

demonstrated Fermi-

level-dependent mid-

infrared emission in 

graphene originating 

from a previously 

unobserved decay 

channel: hot plasmon 

emission. Our 

observations of non-

thermal contributions 

of Fermi-level-

dependent radiation 

are first experimental 

demonstration of hot 

plasmon emission 

arising from a photo-inverted carrier distribution in graphene achieved via ultrafast optical 

excitation. Results are shown in Figs. 2 d, e and f.  Our calculations indicate that the reported 

plasmon emission process can be several orders of magnitude brighter than Planckian emission 

mechanisms in the mid-infrared spectral range. Evidence for bright hot plasmon emission is further 

supported by graphene decorated with gold nanodisks, which serve as out-coupling scatterers and 

promote localized plasmon excitation. These observations set a framework for exploration of 

ultrafast and ultrabright mid-infrared emission processes and light sources.  Our recent work 

constitutes the first experimental observation of plasmon emission directly arising from a photo-

inverted carrier distribution - the theoretically predicted but experimentally overlooked decay 

pathway in graphene - by measuring Fermi-level-dependent non-thermal emission contributions 

under ultrafast optical excitation.  

2. Intraband and Interband Photonics in Black Phosphorus Heterostructures 

The isolation of monolayer and ultrathin black phosphorus (BP) in recent years has opened 

scientific exploration of two-dimensional and layered materials with energy gaps between 

graphene and transition metal dichalcogenides, as black phosphorus is an emerging two-

dimensional semiconductor material with an infrared energy gap and typical carrier mobilities 

between those of graphene and transition metal dichalcogenides. One of the most unusual features 

of BP is its large in-plane structural anisotropy, which generates to a polarization-dependent 

optical response. This optical anisotropy corresponds to a large, broadband birefringence, wherein 

the distinct optical index of refraction along each axis leads to a phase delay between polarization 

 

Figure 2 | Graphene-Fermi-level-dependent emission spectra from 35 nm 

graphene nanoribbon arrays (a) SEM image of 35 nm graphene nanoribbon 

arrays. (b) Calculated graphene-Fermi-level-dependent changes in absorptivity with 

varying carrier temperatures in graphene. (c) Measured graphene-Fermi-level-

dependent changes in absorptivity at room temperature. (d) Measured gate-

dependent changes in emission with respect to emission at CNP under pulsed (solid 

lines) and CW (dotted lines) laser excitations. (e-f) Measured polarization-

dependent changes in emission with respect to emission at CNP under pulsed laser 

excitation at various graphene Fermi levels. 
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states of light. An 

additional constraint on 

optical absorption 

corresponds to the naturally 

occurring quantum well 

nature of the BP band 

structure, wherein optical 

transitions are only allowed 

between subbands of 

opposite parities, because 

photons carry parity -1. For 

low energy transitions, this 

corresponds to transitions 

between bands of equal 

quantum number (ie: v1 to 

c1, v2 to c2).  

Using field-effect 

device configurations like 

the ones depicted in Fig. 3, 

we can isolate and 

characterize three distinct, 

anisotropic electro-optic 

effects in BP: Pauli-

blocking of intersubband 

optical transitions, the 

quantum confined Stark 

effect; and modification of quantum well selection rules by a symmetry-breaking electric field.   

Future Plans 

We are investigating the nature of hybridized photonic states at the interfaces of black 

phosphorus twisted bilayer heterostructures and twisted layer heterostructures between black 

phosphorus and molybdenum ditelluride.  By creating heterostructures with small enough twist 

angle between layers whose constituent lattices are commensurate one expects atomic 

reconstruction; similarly, by forming superlattices between incommensurate systems one can 

develop highly strained Moiré potentials with strong pseudo-magnetic fields. These effects are 

expected to yield new optical properties associated with interband and intraband transitions and 

can be studied in BP/BP or bilayer-BP/MoTe2 twisted bilayer systems.  
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Figure 3. | Tunable visible interband transitions in BP. (a) Schematic figure 

of visible tuning device. Few-layer BP is mechanically exfoliated on 45 nm 

Al2O3/5 nm Ni on SrTiO3 and then coated with 45 nm Al2O3. A 5 nm thick 

semitransparent Ni top contact is used. (b) Optical image of fabricated sample 

with 20 nm thick BP. Dashed white line indicates the boundary of the top Ni 

contact. (c) Tuning of extinction with field applied to floating device, for light 

polarized along the AC axis. (d) Corresponding tuning for light polarized along 

the ZZ axis. (e) Calculated index of refraction for 20 nm thick BP for the 

measured energies. (f) Calculated imaginary index of refraction of several 

thicknesses of BP from the infrared to visible.  

 

157



  

Publications   

1. Tunable intraband optical conductivity and polarization-dependent epsilon-near-zero 

behavior in black phosphorus, Souvik Biswas1, William S. Whitney2, Meir Y. Grajower1, 

Kenji Watanabe3, Takashi Taniguchi3, Hans A. Bechtel4, George R. Rossman5, Harry A. 

Atwater1, Science Advances, 7: eabd4623 2021. 

2. Mid-Infrared Radiative Emission from Bright Hot Plasmons in Graphene, L. Kim, S. Kim, 

P.K. Jha, V.W. Brar, and H.A. Atwater, in press, Nature Materials 2021; also 

arXiv:2001.11052.  

3. “Experimental demonstration of tunable graphene-polaritonic hyperbolic metamaterial”, 

Jeremy Brouillet, G. T. Papadakis, and H.A. Atwater, Optics Express, 27 pp 30225-30232 

(2020). 

4. Phase Modulation with Electrically Tunable Vanadium Dioxide Phase-Change 

Metasurfaces Y. Kim, P.C. Wu, R. Sokhoyan, K. Mauser, R. Glaudell, G.K. Shirmanesh, 

Nano Letters 19, pp. 3961-3968 (2019). 

5. Probing the Band Structure of Topological Silicon Photonic Lattices in the Visible 

Spectrum, By: Peng, Siying; Schilder, Nick J.; Ni, Xiang; et al., Physical Review Letters  

122, Article Number: 117401(2019). 

6. Mimicking surface polaritons for unpolarized light with high permittivity materials 

Papadakis, Georgia T.; Davoyan, Artur; Yeh, Pochi; et al. Physical Review Materials  ,3   

Article Number: 015202 (2019). 

7. Anisotropic Quantum Well Electro-Optics in Few-Layer Black Phosphorus,  Sherrott, 

Michelle C.; Whitney, William S.; Jariwala, Deep; et al. Nano Letters, 19 269-276   (2019). 

8. Electronically Tunable Perfect Absorption in Graphene, Kim, Seyoon; Jang, Min Seok; 

Brar, Victor W.; et al. Nano Letters, 18, 971-979 (2018). 

9. Optical magnetism in planar metamaterial heterostructures Papadakis, Georgia T.; 

Fleischman, Dagny; Davoyan, Artur; et al. Nature Communications    9 Article Number: 

296 (2018). 

 

 

158



 
 

 

 

 

 

Session VI 

 
 

 

159



 

160



Physical Mechanisms and Electric-Bias Control of Phase Transitions in Quasi-2D Charge-

Density-Wave Quantum Materials 

Alexander A. Balandin, Department of Electrical and Computer Engineering, University of 

California, Riverside, California 92521 USA 

Program Scope 

This DOE project (08/15/2020 to 08/14/2023) aims at understanding the physical mechanisms and 

developing methods for electric-bias control of phase transitions in quasi-two-dimensional (2D) 

charge-density-wave (CDW) quantum materials. The investigation mostly focuses on thin films of 

transition metal dichalcogenides (TMD), which reveal phase transitions at room temperature (RT) 

and above. The specific objectives of the project include (i) development of innovative approaches 

for investigation and controlling CDW phases with external stimuli; (ii) understanding the physical 

mechanisms behind the phase transitions in quasi-2D van der Waals materials; (iii) investigating 

the “hidden phases” at temperatures below the transition to commensurate CDW phase; and (iv) 

separating the electric field CDW switching from Joule heating induced switching. The physics of 

CDW phases in quasi-2D materials of TMD group is substantially different from, and much less 

understood than their bulk counterparts with quasi-1D crystal structure. In addition to the above 

RT phase transitions, 1T-TaS2 reveals such intriguing properties as multiple step-like resistance 

changes and hysteresis, and surprising radiation hardness. The reports on de-pinning and sliding 

of CDWs in 2D material systems are scarce. The role of electric field and local heating on inducing 

the transitions in 2D CDW is not clear. The use of innovative characterization techniques such as 

low-frequency noise spectroscopy, Brillouin and Raman light scattering spectroscopy, nanoscale 

thermometry, ultra-fast current pulses are utilized to investigate and understand these phenomena. 

The physics insights gained on 2D van der Waals quantum materials’ properties will enable 

transformative changes in materials for electronics, potentially leading to new – DOE mission 

relevant – technologies for operation in high-radiation environments as well as in medical 

diagnostics. The CDW switching above RT can potentially be used in low-energy information 

processing. The strongly-correlated quantum 2D CDW materials are also relevant to developing 

quantum communication and computing technologies. 

Recent Progress  

During the first year of this project we worked to clarify the mechanism of the CDW phase 

transitions: electric field vs heat. The application of an electric field can trigger the CDW phase 

transition directly, by affecting the charged ions and electrons in the crystal. Alternatively, 

however, the electric current induced by the field is responsible for Joule heating, which, in turn, 

can also trigger CDW phase transitions [1-3]. The strength of the Joule heating should depend on 

details of the specific material, the device structure, and bias mode (DC vs. pulse) and duration. 

For these reasons, the mechanism of the different phase transitions that arise in different CDW 

devices or test structures is still the subject of intensive debate. Following the plan of this DOE 
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project, we investigated the RT switching of 1T-TaS2 thin-film CDW devices, using nanosecond-

duration electrical pulsing to construct their time-resolved current-voltage characteristics [4]. The 

switching action is based upon the nearly-commensurate to incommensurate CDW phase transition 

in this material, which has a characteristic temperature of 350 K near thermal equilibrium 

(measured at small bias). For sufficiently short pulses, with rise times in the nano-second range, 

self-heating of the devices is suppressed, and their current-voltage (I-V) characteristics are weakly 

non-linear and free of hysteresis. This changes as the pulse duration is increased to ~200 ns, where 

the current develops pronounced hysteresis that evolves non-monotonically with the pulse 

duration. To analyze the switching mechanism and estimate the speed of the switching, we 

developed a model for the time-dependent heat dissipation in the device by solving the transient 

heat-diffusion equation. Calculations were performed for the specific layered structure of the 

experimentally tested devices, using the finite-element method. For a quantitative comparison of 

the experimental and modeled trends, we define the width of the hysteresis (VC-VM) as the 

difference in the voltage values observed during the up and down ramps of the voltage at a constant 

current. This width is a meaningful parameter as it defines the operational range of voltages for 

CDW voltage-controlled oscillators and other types of switches [1].   

Combining the results of our experiments 

with a numerical analysis of transient heat 

diffusion in these CDW devices on Si 

substrate, we have established the thermal 

origin of the switching. It is evident that 

both the experiment and simulations 

exhibit a peak at some particular value of 

the pulse duration, which should be 

defined by the interplay of the time 

constants for the generation and escape of 

heat (see Figure 1).  The absolute values 

of the measured and simulated hysteresis 

windows are different due to the fact that 

not all experimental factors, e.g. the heat 

dissipated to environment, are accounted 

for in the simulation. The fine details of 

the position of the simulation data points, 

i.e. deviations from a smooth trend, are 

numerical due to the relatively coarse 

mesh used. What is interesting is that in 

spite of this thermal character, our 

modeling suggests that suitable reduction 

of the size of these devices and fine-tuning 

the thermal resistance of the device layered structure should allow their operation at GHz 

Figure 1: Experimental and simulated hysteresis window 

width (VC-VH) calculated at the constant current of 8 mA 

and as a function of pulse duration. The experimental and 

theoretical results both follow the same trend, exhibiting a 

peak at shorter pulse durations and approaching saturation 

at longer pulse times. The absolute values of the measured 

and simulated hysteresis windows are different due to the 

fact that not all experimental factors, e.g. actual thermal 

boundary resistance and heat dissipated to the environment, 

are accounted for in the simulation. The dash lines in the 

figure are guide for the eye. The data are after Ref. [4]. 
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frequencies. We have used our experimentally validated physics-based model to simulate the I-V 

curves of a device with channel length, width and thickness of 1 µm, 2 µm, and 10 nm, respectively 

(see Figure 2). In this case, the hysteresis appears at substantially shorter pulses than in the 

measurements with the larger devices. For a pulse duration of 20 ns, the calculated channel 

temperature reaches ~360 K, which is already above the NC to IC-CDW transition temperature. 

The hysteresis in fact begins to develop for pulses as short as ~1 ns, which corresponds to a CDW 

device speed of ~1 GHz. The conducted experiments and modeling lead to an interesting 

conclusion that even if the CDW switching is of thermally induced nature, the devices based on 

this phase transitions can be made extremely fast.  

Figure 2: Simulated pulsed measurement results for the projected device with smaller dimensions (the 

device length, width and thickness are 1 µm, 2 µm, and 10 nm respectively), at various pulse durations: 

(a) 2 ns, (b) 200 ns, and (c) 2,000 ns. (d) Calculated hysteresis width for the same device as a function of 

pulse duration at constant current of 0.34 mA. The trend is similar to the experimental and simulation 

results obtained for the larger device structures. However, in this case, the hysteresis window can be 

observed even at smaller pulse durations. The hysteresis width has decreased compared to the larger 

devices. This confirms that, despite the dominant self-heating effect, careful tuning of the dimensions can 

lead to a device that can operate at GHz frequencies. The dash line in the figure is guide for the eye. The 

data are after Ref. [4]. 
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Future Plans 

The project’s plan includes several approaches for distinguishing the pure electrical-field-driven 

phase changes from those resulting from local Joule heating by using the local thermometry, and 

ultra-fast current pulses. For this year, we plan to refine the model for simulating the CDW 

switching under ultra-fast pulses, and conduct the local thermometry study by measuring PL 

response of quantum dots placed in select locations on the device structure.  

The low-frequency noise measurements will be employed to study the phase transitions and CDW 

sliding in quasi-2D TMD materials. Presently, these measurements are continued for 1T-TaS2 

structures. In addition, to verify that the noise spectroscopy is sensitive to a wide range of various 

phase transitions, we will perform measurements with another quasi-2D van der Waals material - 

FePS3 – which is expected to have different type of phase transitions associated with the spin order.  

The PI’s team will use a combination of the Brillouin – Mandelstam and Raman spectroscopy for 

in situ observation of CDWs transitions in 2D materials under external electric and magnetic field 

stimuli. Getting Brillouin signal from opaque materials such as 1T-TaS2 is challenging. We will 

attempt to observe the surface acoustic phonon modes.  
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Singlet and Triplet Exciton Interaction and Dynamics in Molecular Crystals 

 

Ivan Biaggio, Lehigh University, Bethlehem, PA 18018 

 

Program Scope 

 We aim at fundamental investigations of excitonic effects in molecular crystals such as 

rubrene and related materials. Areas of focus are the triplet-pair state that is an intermediary to the 

fission process, how it is formed, how long the spin-correlation persists, and how and why it can 

efficiently separate into two independent triplet excitons. As part of this we seek to model and 

understand the diffusion process in the crystal lattice and the effects of its dimensionality on the 

fission process and the geminate fluorescence that can be emitted via triplet fusion. Other future 

aims are excitation spectroscopy of singlet fission, the investigation of how a triplet exciton created 

in a completed fission process diffuses, and its interaction with defects. 

 Recent Progress  

We are reporting on a new project that got started last year towards the end of the summer 

(July 2020) in the midst of the covid crisis, which lead to delays.  

However, it was still possible to work with data acquired very recently, in an effort that 

involved the PI and a senior undergraduate student who has now graduated. Here we will be 

reporting about those results. 

We addressed how the geminate annihilation of two triplet excitons created by singlet 

exciton fission is affected by the dimensionality of triplet exciton transport. This dimensionality is 

determined by the typically anisotropic triplet exciton mobilities in organic molecular crystals. As 

an example, in many crystals there is a significant mobility along a close stacking direction of the 

molecules, but only weak mobility in other directions. The work had both a theoretical and an 

experimental aspect. From the theoretical side, we analyzed the exciton diffusion process using a 

random-walk model. In this model,  the time-dynamics of the probability that two geminate triplet 

excitons meet again is a key factor determining the annihilation probability of the excitons. The 
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parameters that determine this probability are 

essentially only the average exciton hopping 

times along the crystallographic directions. 

On the experimental side, we have been 

able to apply this random walk model to the 

geminate fluorescence dynamics in rubrene. 

This worked well in this material because in 

rubrene the main channel for triplet-triplet 

annihilation is via triplet fusion and subsequent 

photon emission [1]. From the dynamics of the 

geminate fluorescence we were then able 

investigate the time-scales over which triplet 

exciton transport undergoes transitions from 

being one-dimensional just after fission, two-

dimensional a few nanoseconds later, and 

ultimately three-dimensional after micro-

seconds. 

The figure to the right shows some 

results of our modeling work, detailing the 

expected dynamics of the re-encounter 

probability, which determines the time-

dependence of the overall annihilation 

probability as exciton diffusion progresses. 

The annihilation probability density has clearly 

identifiable power-law regimes with transitions from one to the other as the dimensionality of the 

triplet exciton transport changes with time from 1D, to 2D, to 3D. 

Normally, the triplet excitons originating from fission will initially move in one dimension 

for a time determined by the average time it takes for an exciton to hop out of its original molecular 

column, and we show that the duration of the 1D regime is a key factor in determining fission 

efficiency (even if the annihilation probability for a single re-encounter–γ in the figure above–is 

low). This will be an important factor to consider for the development of materials with optimized 

exciton fission efficiency. 

Our experimental tests in rubrene single crystals have confirmed the essential features of 

the model presented above. We used 513 nm, 150 fs excitation pulses at a low repetition rate of  

5kHz to allow for a significant decay of the triplet exciton population between illumination pulses, 

and a low excitation density of the order of 1019 m−3. This was necessary in order to guarantee that 

the fluorescence signal we were detecting was exclusively due to triplet fusion events between 

geminate pairs. We used time-correlated single photon counting, processing on average one photon 

per cycle and accumulating data over a few hours. 

 

Monte Carlo simulations and analytical calculations of 

the re-encounter probability for a pair of geminate triplet 

excitons after fission. (Submitted to PRB Letters). The 

parameter γ is the probability that the two excitons 

annihilate upon a reencounter. 
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We found a sample-dependence 

that correlated to an alteration of the 

fluorescence spectrum of some samples, 

but it only existed in the initial time 

interval, up to 10-20 ns. At later times we 

observed a very consistent power law 

behavior where the exponent of the power 

law changed around 1 µs after excitation, 

which we have been able to assign to a 

change in the dimensionality of transport 

from 2D diffusion to 3D diffusion. This 

change occurs in coincidence to the 

average hopping time of a triplet exciton 

in the lowest probability direction in the 

crystal, which wan be determined from a 

theoretical fit to the data. One could argue 

that measuring the longest hopping time 

into the lowest mobility direction is 

somewhat academic, but the fact that it 

can be done demonstrates the viability of 

this method for characterizing triplet 

exciton transport in molecular crystals.  

Both our theoretical analysis and 

experimental data, and the fact that the 

predicted behaviors are reproduced over 

several decades of time and intensity, show that the measurement of fluorescence dynamics in this 

geminate-fusion limit can be a valuable method to obtain information on the behavior of the triplet 

excitons after fission. We believe that we gave now demonstrated that the photons emitted during 

geminate fusion can be effectively used as a probe of triplet exciton transport. While we 

demonstrated these ideas in rubrene, the sensitivity of single-photon counting means that the model 

and approach are applicable to any singlet-fission material in which triplet-triplet annihilation is 

accompanied by some probability of photon emission. 

Future Plans 

The work presented above opens the door to the general use of geminate-fusion 

fluorescence as an investigative tool to, e.g., disentangle the effect of variations in the fusion 

probability and of variations in the triplet transport that determine the probability of re-encounter. 

Therefore, we plan to extend the use of this type of experiment to lower temperatures, and to also 

investigate the effect of a magnetic field.  

 

Experimental data in rubrene. The data highlighted in 

blue that extends between 30 ns and 6 µs is consistently 

repeatable between different crystals and is an intrinsic 

behavior, which is highlighted in the inset. Earlier data 

can change depending on the existence of an alteration 

in the fluorescence spectrum, but one can obtain the 

intrinsic behavior again when detecting only the short-

wavelength part of the spectrum. (Submitted to PRB 

Letters). 
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But this project is in its early stages, and this is just one of the experimental tools that we 

plan to use. Future plans include continuing our excitation spectroscopy studies of singlet exciton 

fusion under different photoexcitation conditions. Our early results [2] have shown an unexpected 

dependence of fission time upon the photon energy used for photoexcitation. The observed change 

could be related either to the fact of exciting to higher vibrational levels, or to the presence of 

different triplet species, which could have affected our data because we were constrained in the 

choice of the wavelength used to probe the triplet population [2]. Our plan is now to change our 

detection scheme so that we can control both the excitation and the detection wavelength. We will 

do so in a transient grating configuration that allows for much flexibility in terms of being able to 

perform this singlet fission experiment in a low perturbation limit. 

Finally, we are planning further experiments on the fluorescence quantum beats that can 

be observed in rubrene [3], their long lifetime, and how this relates to how the geminate pair 

evolves in the crystal lattice because of diffusion and hopping transport. 
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Discovery of Goniopolar Metals with Zero-field Hall and Nernst Effects 

Joseph P. Heremans, Ohio State University 

Program Scope 

 This project is about discovering new 

goniopolar materials, a recently discovered 

[H19] genus of materials that simultaneously 

have p-type conduction along some 

crystallographic directions and n-type 

conduction along others (Fig. 1).  Two classes 

of uniform materials show this behavior, 

metals or degenerately-doped semiconductors 

with a Fermi surface of a particular topology; and semiconductors with conduction (CB) and 

valence bands (VB) that have strongly anisotropic effective masses, and in which that anisotropy 

is different in the CB and VB.  Besides uniform materials, layered composites can have similar 

behavior (labeled pxn) via an effective medium effect [G18]. In appropriately-cut goniopolar 

materials or layered composites, the electrical conductivity and thermopower tensors can have 

off-diagonal components.  This confers to the samples properties like zero-field Nernst-

Ettingshausen and Hall effects, relevant in many transport applications requiring the current in 

the sample to be at an angle vis-à-vis the applied electric field or thermal gradient. There are 

several examples of such applications. First, transverse thermoelectrics [G10] allow a complete 

thermoelectric (TE) generator or cooler to be fabricated from one material. This decreases the 

number of interfacial contacts in series with the TE material, and decreases the effects of contact 

resistances, bringing the device ZT much closer to the material zT.  Transverse thermoelectric 

generators (TEGs) also avoid the need to have electrical contacts at high temperatures, greatly 

simplifying the metallurgical demands on the contacts. Second, single-crystal gyrators [V14] can 

be made from Hall plates or goniopolar materials.  They are passive non-reciprocal circuit 

elements where the input current is connected to the output voltage and vice versa. The project is 

to analyze theoretically what material properties lead to goniopolarity, to synthesize, measure 

and optimize such materials for specific classes of applications, namely transverse thermoelectric 

devices (Nernst generators, Ettingshausen coolers) and gyrators. 

 Recent Progress  

 During this first seven-month period, we have obtained three new results. 

1. We demonstrated a zero-field Nernst effect in Re4Si7 that gives a transverse 

thermoelectric figure of merit zxyT0.7, the highest ever achieved to date.  We built a transverse 

TEG that demonstrates a thermal efficiency commensurate with the material zxyT measured. 

 

Figure 1 Goniopolar materials: Electron-like 

transport in-plane; hole-like transport cross-plane. 
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The principal challenges in current TEGs are the losses associated with contact resistances and 

the need for highly stable diffusion-resistant 

semiconductor/metal contacts at the hot end.  

Transverse TEGs, in which a thermal gradient in a 

single material with two cold end contacts induces a 

perpendicular voltage, promise to overcome both 

problems.  Transverse TEG’s are constructed from a 

single slab of material, and do not require multiple n 

and p elements connected in series electrically, each 

with its own electrical and thermal contact resistance 

at both hot and cold end; the parasitic losses are thus 

much reduced, bringing the device ZxyT much closer 

to the material zxyT.  Having the electrical contacts at 

the cold end also eliminates the need for high-

temperature stable contact metallurgy that are critical 

in conventional TEG’s.  However, the measured 

transverse thermoelectric efficiencies, zxyT, have 

until now been far too low for practical 

implementation. The results from this study period 

show that single crystals of Re4Si7, an air-stable, 

thermally robust, layered compound, have a zxyT of 

0.7±0.15 at 980 K, a value that is on par with existing 

commercial technologies today. Through a complete 

experimental investigation of the angle-dependent 

transport properties, we show that this excellent 

transverse thermoelectric performance is a 

consequence of the large, oppositely signed in-plane 

p-type and cross-plane n-type thermopowers.  A 

combination of measurements, density functional 

theory calculations, and analytical models establish 

that these large anisotropic thermopowers arise from 

the population of the highly anisotropic VB and 

isotropic CB.  We constructed a transverse TEG and 

tested its thermal efficiency on a load resistor (see 

Fig. 2 top).  The device ZxyT was calculated from the 

measured thermal efficiency, and found to be equal to the material zxyT (see Fig. 2 bottom), thus 

providing experimental proof for the statement made above about the role of contact resistance. 

Overall, this finding of an efficient, robust transverse thermoelectric single crystal will enable the 

exploration of unique devices for waste heat recovery and establishes how to identify other 

materials with this phenomenon.  A manuscript is submitted. 

 

 

Figure 2. (top) Transverse thermoelectric 

generator (TEG) made from a Re4Si7 single 

crystal cut so that the heat flux forms an angle 

of 520 in the plane defined by the in-plane and 

cross-plane crystallographic directions. 

Thermocouples (TC) and voltage wires are 

shown. The load resistor of 90 m is the 

constantan wire with red insulation. (bottom) 

Transverse figure of merit: the red lines are 

calculated from the materials parameter along 

the crystallographic axes; the blue dots are the 

material zxyT derived from the measured zero-

field Nernst voltage and the thermal and 

electrical conductivities.  The green star is the 

device ZxyT derived from the measured 

thermal efficiency of the TEG.  The 

agreement between ZxyT and zxyT is proof of 

the assertion that transverse TEGs have low 

parasitic losses due to contact resistances. 
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2. We have identified, synthesized and 

measured a new class of goniopolar materials, 

NaSnAs (publication accepted in Chemistry of 

Materials, 2021).  We calculated the layered 

semiconductor NaSnAs to have a lower electron m* 

in-plane than cross-plane, and a very high hole m* 

in-plane and low hole m* cross-plane. We 

established the growth of >3 mm-sized NaSnAs 

crystals via Sn flux, and confirmed the band gap to 

be 0.65 eV, in agreement with theory. NaSnAs 

exhibits p-type thermopowers cross-plane and n-

type thermopowers in-plane (Fig. 3), confirming 

that the large anisotropy in the effective mass at the 

band edges is an excellent indicator for axis-

dependent conduction polarity. Overall, this work 

shows that the discovery of semiconductors with 

such a phenomenon can be accelerated by 

computationally evaluating the anisotropic 

curvatures of the band edges, paving the way for 

their future discovery and application 

3. We developed a ferromagnet/semimetal 

MnBi/Bi composite in which the ferromagnet forms 

aligned needles in the Bi matrix (published in 

Nanomaterials).  This first publication on this 

material describes the new metallurgical process to 

obtain precipitates of the hard ferromagnet MnBi in 

a Bi matrix.  By performing an anneal in magnetic 

field, the MnBi forms needles that are aligned along the direction of the applied field (see photo 

Fig. 4). MnBi is a hexagonal crystal (NiAs structure).  The precipitates are single crystals with 

their c-axis oriented along the length of the needles, and the c-axis is the magnetic easy axis at 

room temperature.  The work further shows how the straight composite can be used to generate 

an extraordinarily large anomalous Nernst coefficient, by combining the spin-Seebeck effect due 

to the Bi/MnBi interfaces with the Nernst coefficient of Bi (see Fig. 5).  In future work, the 

transport properties of that composite, cut diagonally and magnetized, is expected to show very 

large zero-field Hall and Nernst effects, based on the same principle as multilayer pxn materials. 

Future Plans 

 Scientifically, the future plan mostly follows the plan in the proposal. The search of 

materials includes delafossites, starting with PdCoO2 and PtCoO2.and expanding to chromium-

containing compounds, e.g. PdCrO2. The work on layered intermetallics (e.g. NaSn2As2 [H19] 

 

Figure 3. (a) Cartoon illustrating the in-plane 

thermopower and resistivity measurement. (b) 

Photograph of in-plane measurement. (c) 

Cartoon illustrating the cross-plane 

thermopower and resistivity measurement. (d) 

Photograph of cross-plane measurement. (e−f)  

In-plane and cross-plane thermopowers and 

electrical resistivities for crystal 1 and 2. 

Crystal 1 is designated by triangles and crystal 

2 is designated by squares. Cross-plane 

measurements are orange, and in-plane 

measurements are blue. 
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and now NaSnAs) will continue, expanding to CaGaGe, Ti2PTe2, Zr2PTe2 and others.  Third, we 

will expand the work on transition metal di-silicides (e.g. Re4Si7) to materials that contain no 

expensive elements like Re. 

 New opportunities have opened.  First, we will 

investigate the theoretical possibility that by doping the 

semimetal bismuth p-type, one can obtain goniopolar 

behavior because the CB and VB of Bi have strong and 

different anisotropies.  If true, p-type Bi would be a good 

candidate material for transverse cryogenic thermoelectric 

coolers.  Higher figures of merit can probably be reached 

by alloying Sb in the Bi, lowering the lattice thermal 

conductivity and giving a field-induced Weyl band.  With 

NSF funding (DMR-2011876), we identified the thermal 

chiral anomaly in undoped Bi89Sb11 [V21]. P-type doping 

will lead the chemical potential away from the Weyl 

points, and populate the trivial VB maximum.  This will 

make the material goniopolar but with the CB a Weyl 

band in magnetic field, with hitherto unexplored effects. 

 The MnBi/Bi composites described above are also 

new. They combine a hard ferromagnet with the material, 

Bi, that has the highest spin-orbit coupling and an 

enormous Landé factor tensor (-75 along the trigonal 

direction).  Skew-cut composites are expected to have 

giant zero-field Hall, Nernst and thermal Hall signals. 
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Figure 4. (a) Representative 

backscatter electron image of a 

Bi/BiMn composite with 1% MnBi. 

(b) The enormous anomalous Nernst 

coefficient at 80K of a 50%MnBi / 

50% Bi composite, shown as 

function for field, is the sum of the 

spin-Seebeck effect at the Bi/MnBi 

interfaces and the Nernst coefficient 

of Bi. 
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Elucidating Chirality-induced Magnetism and Magnetoelectric Functionalities in Layered 

Chiral Hybrid Metal Halide Perovskites 

Dali Sun, North Carolina State University 

 

Program Scope 

2D layered Hybrid Metal Halides (2D-HMHs) are a new class of synthetic semiconductors 

prepared by low-temperature solution processing with a large chemical and structural ‘universe’ 

benefiting from their synthetic versatility. By implanting chiral organic cations into the HMH 

superstructure, the 2D-chiral-HMH would simultaneously exhibit ferromagnetic, ferroelectric, 

and magnetoelectric functionalities stemming from a Chirality-Induced Spin Selectivity (CISS) 

effect that may not be subject to thermal fluctuations. The goal of this program is to elucidate the 

fundamental origins of chirality-induced magnetism via the CISS effect and their electrical 

tunability in 2D layered Hybrid Metal Halides material systems. To date, we focused our efforts 

on developing two ultrasensitive detection themes based on spin-orbitronics and magneto-optics 

to probe the CISS-induced magnetism and magnetoelectric functionalities in this hybrid material. 

Specific research activities include preparation and structural characterization of the chiral 2D-

HMHs, development of the magneto-optical detection under light illumination, and theoretical 

modeling.  

Recent Progress  

Designing a novel magnetically ordered system at a low-dimensional limit beyond the current 

2D layered magnets would offer an alternative route for understanding the 2D magnonic 

excitation and their rich interactions between microwave photons, optical photons, and phonons. 

The CISS effect, the unique ‘spin filtering’ effect arising from the chirality of low-cost non-

magnetic organic materials and their assemblies that lack inversion symmetry, suggests a 

promising pathway to study the low-dimensional magnetism and their spin-wave excitation in a 

hybrid organic-inorganic quantum system.  

Preparation, structural, optical, and magnetic characterization of the chiral 2D-HMH films: To 

study the emergent chirality-induced magnetism in the 2D layered HMH structure, here we 

firstly focus on studying the CISS-induced magnetism in R-/S-Methylphenethylamine lead 

iodide, R/S-(MePEA)2PbI4, one of the prototypical layered chiral HMH materials. The synthesis 

of chiral-HOIPs was performed following previously published protocols [1]. The chiral-HOIP 

thin film was spin-coated onto pre-cleaned Indium Tin Oxide (ITO) or SiO2/Si substrates. An 

optimized thickness (~ 300nm) was chosen to maintain the homogeneity of the thin film which is 

crucial to enable forthcoming device characterizations. A top SiO2 capping layer (100nm) has 

been deposited to prevent the 2D-HMH film from degradation. The scheme in Figure 1a depicts 

the layered structure of the HOIP and illustrates how the chiral S- or R- phenylethylammonium 
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(S/R-MePEA) ligands separate the lead halide octahedral layers. The orientation of the prepared 

thin film was examined by XRD as shown in Figure 1(b), indicating the layered structure with 

the c axis normal to the film plane. The chirality of the chiral-HOIP films originates from the 

implanted chiral organic ligands inserted between the inorganic layers, validated by circular 

dichroism spectrums as shown in Figure 1(c). The circular dichroism spectra of the HOIPs using 

S- (red, (S-MePEA)2PbI4) and R- phenylethylammonium (black, (R-MePEA)2PbI4) films 

exhibit an approximate mirror image symmetry spanning the 250 nm -500 nm wavelength range. 

The magnetic properties of the prepared chiral-HMH thin films and their single crystals have 

been studied using SQUID magnetometer. Due to the lack of magnetic elements in the molecular 

structure, no clear evidence of ferromagnetic ordering has been observed except for a 

pronounced paramagnetic background. The absence of magnetic hysteresis loops at low 

temperatures confirms our hypothesis that the CISS-induced net magnetization would be only 

activated upon external stimuli, as demonstrated below.  

Sagnac magneto-optical detection of net magnetization induced by photocarriers in 2D chiral 

HMH/NiFe heterostructures: Collaborated with Prof. David Waldeck’s group (University of 

Pittsburgh), we have shown the experimental observation of the CISS-induced spin (magnetic) 

signals in the 2D-chiral-HMH/ferromagnet interface under photoexcitation using an 

ultrasensitive magneto-optical Kerr effect (MOKE) detection scheme called a Sagnac 

interferometer [2]. Compared to the conventional steady-state MOKE tool that has a Kerr 

rotation angle resolution of microRadians, a modified fiber Sagnac interferometer is employed 

based on the design conceived by J. Xia et al [2] with dramatically enhanced sensitivity. It is 

therefore reasonable that such a non-invasive spatially resolved Sagnac MOKE approach can 

locally probe the CISS-induced magnetic signals at the molecular level, providing a direct 

readout to monitor and convert light signals into a magnetic response. 

Figure 1. (a) Schematic molecular structures of 2D R(S)-(MePEA)2PbI4 in the current study. (b) and (c) show 

the measured XRD pattern and circular dichroism (CD) spectra in the prepared (R/S-MePEA)2PbI4 thin films. 

(d) and (e) show the obtained AFM images of these two films, respectively.    
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Under light illumination, photo-excited charge carriers become spin-polarized by the CISS effect 

as they propagate through the chiral cations in the structure [3]. The direction of spin polarization 

is determined by the chirality, resulting in a change of local magnetization at the 2D-

chiralHMH/ferromagnet interface [see Fig. 2(a), Ref. 3]. The sample area was illuminated 

through the transparent ITO substrate by 405 nm light from a diode laser. At this wavelength, the 

CD signal is most pronounced as shown in Figure 2(b), implying an efficient CISS process when 

the photocarriers transmit through the chiral molecules. The sample was illuminated at a low 

laser intensity (≤0.6 mW) to suppress laser-induced heating. Figure 2(c) shows the successful 

observation of light-driven CISS-induced magnetism in the 2D-chiralHMH/NiFe bilayer 

detected by Sagnac MOKE [3]. By applying a positive out-of-plane magnetic field (Bz: +210 

mT), the Kerr signal in the ITO/(S-PEA)2PbI4/NiFe sample shows a decrease in the order of 

microRadians (∆θKerr ≈ −0.8 µrad), supporting our statement that an ultrasensitive detection tool 

is required to probe this Kerr signal. In contrast, the R-chiral-HMH sample exhibits a surprising 

increase of the Kerr signal under the same illumination. By reversing the magnetic field, the sign 

of ∆θKerr is inverted depending on the chirality, mimicking the nature of magnetization in typical 

ferromagnets.  

DFT calculations and theory modeling: Collaborate with Prof. Feng Liu’s group (University of 

Utah), we have shown the electrical dipole moment of R(S)-PEA to be ~1.575 Debye, as 

indicated by the molecular electronic potential distribution, which provides one factor 

contributing to the spin-selective molecular adsorption, i.e., circular dichroism (CD) [3]. 

However, the HOMO-LUMO gaps of R- and S-PEA are 6.12 and 5.85 eV, respectively, which is 

much bigger than the laser energy used (405 nm). Therefore, the magnetic dipole moment that 

can only arise upon photoexcitation is absent, such that no CD effect is expected from the chiral 

molecules alone, nor the net contribution via the CISS effect. Thus, we hypothesize that the 

inorganic perovskite framework in combination with the chiral molecules is necessary to account 

for the observed photoinduced magnetism via the CISS effect. It is possible that the CISS effect 

in chiral-HOIPs not only generates spin-polarized current, but also forms ‘local’ magnetic states 

Figure 2. (a) Schematic illustration of the proposed photoinduced magnetism at the ferromagnet/chiral-HOIP 

interface. The generation of a net magnetization mediated by spin-dependent photocarriers via the CISS effect 

is formed in the chiral-HMH structure next to the NiFe layer under the light illumination. (b) Measured typical 

CD spectra for S-HOIP (green) and R-HOIP (purple) thin films. (c) Time trace of measured Kerr (t) signal 

upon the illumination in the S- and R-chiral-HMH/NiFe heterostructure, respectively. The red line is an 

adjacent average smoothing of the data. Taken from Ref. [3,4]. 
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which may be coupled or mediated by polarons or delocalized carriers that are formed in the 

metal−halogen framework under photoexcitation. We anticipate that the generation of 

carriers/polarons is crucial in determining the amplitude of the CISS effect, exchange couplings, 

and resulting interfacial magnetization, which requires further studies to understand sufficiently. 

Future Plans  

The goal of future work is to perform temperature and field orientation dependent 

magnetotransport and magneto-optical studies of the prepared 2D chiral HMH films interfaced 

with ferromagnet and nonmagnetic materials. We plan to conduct the Sagnac MOKE 

measurement in the ferromagnet/2D-HMH heterostructure as a function of laser wavelength to 

test whether the generated magnetization signal matches the change in the measured CD spectra. 

This will help to unravel rich synergistic effects from the junction of quantum chemistry, 

materials design, spintronics, and emergent chiral magnetism. We anticipate launching a 

promising testbed to encompass a variety of chiral-HMHs for multiferroic spintronic studies. 

These tools, and the HMH materials characterized within, are expected to impact other research 

areas where HMHs are being explored, such as spin-optoelectronics and Terahertz emission, etc. 
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The synthesis 2D Janus vdW crystals and novel quantum phenomena arising from mirror-

symmetry breaking 

Associate Prof. Dr. Sefaattin Tongay 

Materials Science and Engineering, Arizona State University, Tempe, AZ, USA 

Program Scope (Year 1) 

 Named after the two-faced Roman god, Janus crystals are a new class of two-dimensional 

(2D) quantum materials that contain different atoms on each face, breaking their mirror symmetry. 

It is well known that broken symmetry can change the 

physical behavior of 2D solids. To date, broken 

inversion symmetry has already led to the discovery of 

many novel quantum properties. Now the question 

arises, what new quantum phenomena could be 

realized when mirror symmetry, the last degree of 

freedom, is broken in these 2D Janus layers? This 

remains an unanswered question. Theory suggests that 

broken mirror symmetry induces a colossal intrinsic 

vertical polarization field and could show high Tc 

ferromagnetic order, giant Rashba splitting, and exotic 

excitonic phases and valleytronic physics. This is just 

the tip-of-the-iceberg and many exciting quantum 

effects are waiting to be discovered. However, due to 

limitations in sample preparation, there are no experimental studies to date. 

Considering these opportunities, the objective of this proposal is to discover, investigate, and 

establish a fundamental understanding of the electronic, excitonic, and magnetic phenomena 

arising from the strong polarization field and broken mirror-symmetry in 2D Janus transition metal 

dichalcogenides (TMDs) and their vdW junctions. This will be accomplished in three tasks, 

outlined below;  

Task 1: Synthesize a variety of new epitaxial grade 2D excitonic and magnetic Janus TMDs 

layers for the first time and establish their excitonic properties in the 2D limit. 

Task 2: Probe the excitonic interactions in 2D Janus vdW junctions under different polarization 

architecture, polarization strength, stacking order, and interlayer inaction strength (high pressure).  

Task 3: Shed the first light on polarization induced Rashba splitting, magnetism, and skyrmion 

formation mechanisms in 2D Janus layers. 

 

  

  

 

Fig. 1 Schematic of 2D Janus TMDs layers 

and the Roman god Janus 
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Recent Progress  

Within the first year of this DOE-BES project, we have mainly focused on Task 1 and Task 2 

activities. Within Task 1, we have successfully synthesized 2D Janus TMDs and introduced 

completely a new technique in the literature for the first time. We have focused on establishing 

their emergent excitonic behavior (excitonic series, exciton binding, dipolar-dipolar excitons, and 

lifetimes) in 2D Janus MoSSe and WSSe samples. These studies have resulted in 7 publications 

and 1 manuscript submission. 

World’s first large area synthesis of 2D Janus crystals 

Named after the two-faced Roman god, Janus crystals are a new class of two-dimensional (2D) materials 

that contain different atoms/composition on each side of their unit cell and thus break the mirror symmetry 

(Fig. 2 above) Due to the large electronegativity difference across their unit-cells, these materials are 

expected to host substantial vertical polarization fields. Considering the discoveries made by the effects of 

electric field and broken crystal symmetry in the past, there is significant scientific interest in these 

materials.  

 

Figure 2 a, Schematic demonstration of the selective epitaxial atomic replacement (SEAR) process through 

inductively coupled plasma. b, The crystal structure of WSe2 monolayer and WSSe Janus monolayer. c, Working 

scheme of room temperature SEAR process. d, Raman spectra comparison of WSe2, WSSe, and WS2 with 

FWHM of most prominent peaks being 5.5, 5.1 and 4.4 cm-1 respectively. e, Photoluminescence spectra of WSe2, 

WSSe, and WS2 with FWHM being 115, 92 and 80 meV respectively. f, AFM profile of WSe2 before and after 

the SEAR process. Inset: Raman mapping of peaks at 250 cm-1 (WSe2 A1’ mode) and 284 cm-1 (WSSe A1 

¬mode) respectively. 
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Despite these exciting theoretical predictions, there are limited experimental studies to date, mainly due to 

the challenges in 2D Janus synthesis, sample preparation, and limited material quality. The prime difficulty 

presented in the synthesis of these Janus materials is that they are thermodynamically unstable in their bulk 

form, except for the BiTeI family. While the creation of thermodynamically stable 2D alloys is easier,  

Janus layers, unlike their alloy counterparts, must be produced at unit cell level with atomic precision. 

In our project, we have accomplished the room temperature synthesis method of 2D Janus transition metal 

dichalcogenides (TMDs) and the vertical and lateral heterostructures of these 2D Janus TMDs by a 

Selective Epitaxy Atomic Replacement (SEAR) process. The growth starts with chemical vapor deposited 

(CVD) MSe2 (M = W, Mo), and the operation relies on the formation of selenium vacancies (VSe) by 

hydrogen radicals created through inductively coupled plasma (ICP), and substitution by sulfur atoms in 

the presence of low-energy reactive sulfur radicals. The present technique differs in that the replacement 

process is driven kinetically not thermally: the chalcogen vacancies are created and low energy chalcogen 

radicals are utilized to decorate different chalcogen atoms on the surface to form 2D Janus layers.  Some of 

our exciting datasets are listed below in figure 2.  

Work based on: Room‐Temperature Synthesis of 2D Janus Crystals and their Heterostructures 

Dipesh B Trivedi, Guven Turgut, Ying Qin, Mohammed Y Sayyad, Debarati Hajra, Madeleine Howell, 

Lei Liu, Sijie Yang, Naim Hossain Patoary, Han Li, Marko M Petrić, Moritz Meyer, Malte Kremser, 

Matteo Barbone, Giancarlo Soavi, Andreas V Stier, Kai Müller, Shize Yang, Ivan Sanchez Esqueda, 

Houlong Zhuang, Jonathan J Finley, Sefaattin Tongay;  

Advanced Materials, 2006320 (2020) In press 

Unusual excitonic behavior in 2D Janus layers under extreme pressures 

With our established growth techniques, we were able to collect the very first datasets on these 2D Janus 

systems. This includes high-pressure studies which offer a unique way to probe the material behavior when 

lattice constant is varied by the applied pressure in diamond anvil cell (DAC). While there are a few high-

pressure studies on bulk, few-layered, and monolayer thick classical TMDs, the behavior of 2D Janus layers 

under pressure is not established due to difficulties in sample preparation and integration with the DAC 

chamber.  

Based on our established knowledge on DAC technologies, we have marked the first high-pressure studies 

in 2D Janus S-Mo-Se and S-W-Se monolayers from 0 up to 15 GPa. In our studies, we find that the induced 

colossal field creates added difficulties in transferring 2D Janus layers into only 500 µm culet size DAC. 

Thus, it was imperative to adopt two-step fabrication techniques inspired by studies on classical TMDs. In 

this method, classical TMDs are synthesized and transferred onto 2D mica templates using dry-polymer 

assisted technique, next converted to 2D Janus monolayers, and lastly, 2D Janus/mica heterolayers were 

transferred into our DAC chamber. In-situ Raman and photoluminescence (PL) spectroscopy techniques 

were used to investigate their vibrational and optical properties under high pressures. Our experimental and 

theoretical findings revealed unique excitonic and vibrational responses from 2D Janus layers at high 

pressures and offer fundamental insights to these material systems. Some of the exciting datasets are below 

below 
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Figure 3 Description of our 2D Janus monolayer loading process to diamond anvil cell high pressure 

chambers for excitonic studies 

 

 

Figure 4. Optical properties and band renormalization of SWSe under high pressure. a. 

Photoluminescence (PL) spectra collected at different pressures for 2D Janus S-W-Se b. The variation 

of PL peak position and FWHM with respect to applied pressure c. Calculated band gap of 2D Janus S-

W-Se under ab basal plane and d. c out-of-plane compression  e. Calculated energy cost per single unit 

cell to reduce lattice constant f. Calculated orbital-resolved band structures of 2D Janus S-W-Se under 

ab basal plane compression. 
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Work based on: Anomalous Behavior of 2D Janus Excitonic Layers under Extreme Pressures 

Han Li  Ying Qin  Byeongkwan Ko  Dipesh B. Trivedi  Debarati Hajra  Mohammed Yasir Sayyad  Lei Liu  

Sang‐Heon Shim  Houlong Zhuang  Sefaattin Tongay 

Advanced Materials DOI:10.1002/adma.202002401 (2020) 

Future Plans 

Currently, the team is working towards the following goals;  

In-situ synthesis of CVD and exfoliated Janus dichalcogenide materials: My team is currently 

developing new in-situ Jansu conversion technique that allows us to collect spectroscopic data 

during the course of the growth process. This will allow us to yield excitonic quality Janus layers 

to take aggressive directions towards the excitonic physics of 2D Janus materials. In parallel, we 

will take steps towards converting exfoliated monolayers into Janus crystals to eliminate defects 

that are commonly found in CVD samples. This will also enable us to eliminate bound exciton 

emissions arising from point defects (vacancies) and probe the neutral excitons more clearly.  

Excitonic physics of 2D Janus layers. Once in-situ growth methods are established, the team will 

take steps to probe excitonic properties of 2D Janus dichalcogenides and make comparison to their 

classical counterparts. We will probe the exciton levels, exciton wavefunction size, exciton 

lifetime, and excitons valleytronic response in the presence of colossal Janus fields present in 2D 

Janus layers.  

2D Magnetic Janus layers and Skyrmionic physics. Our team is currently in the process to 

access 2D Janus layers if dihalides and triahlides. Once the growth strategy of these 2D magnet 

systems and 2D Janus magnetic layers are established, we will investigate the effect of colossal 

Janus field on the formation of Skyrmions, change in the Tc, and magnetic ordering. Our focus 

systems will be NiI2, NiBr2, and 2D Janus NiBrI systems. 

Resulting Publications 

1. Imaging moiré flat bands in three-dimensional reconstructed WSe 2/WS 2 superlattices 

Hongyuan Li, Shaowei Li, Mit H Naik, Jingxu Xie, Xinyu Li, Jiayin Wang, Emma Regan, Danqing 

Wang, Wenyu Zhao, Sihan Zhao, Salman Kahn, Kentaro Yumigeta, Mark Blei, Takashi Taniguchi, 

Kenji Watanabe, Sefaattin Tongay, Alex Zettl, Steven G Louie, Feng Wang, Michael F Crommie 

Nature Materials, 2021 https://doi.org/10.1038/s41563-021-00923-6 

2. Room‐Temperature Synthesis of 2D Janus Crystals and their Heterostructures 

Dipesh B Trivedi, Guven Turgut, Ying Qin, Mohammed Y Sayyad, Debarati Hajra, Madeleine 

Howell, Lei Liu, Sijie Yang, Naim Hossain Patoary, Han Li, Marko M Petrić, Moritz Meyer, Malte 

Kremser, Matteo Barbone, Giancarlo Soavi, Andreas V Stier, Kai Müller, Shize Yang, Ivan 

Sanchez Esqueda, Houlong Zhuang, Jonathan J Finley, Sefaattin Tongay; Advanced Materials, 

2006320 (2020) In press 
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3. Epitaxial Synthesis of Highly Oriented 2D Janus Rashba Semiconductor BiTeCl and BiTeBr 

Layers 

Debarati Hajra, Renee Sailus, Mark Blei, Kentaro Yumigeta, Yuxia Shen, Sefaattin Tongay 

ACS Nano DOI:10.1021/acsnano.0c06434 (2020) 

4. Anomalous Behavior of 2D Janus Excitonic Layers under Extreme Pressures 

Han Li  Ying Qin  Byeongkwan Ko  Dipesh B. Trivedi  Debarati Hajra  Mohammed Yasir Sayyad  

Lei Liu  Sang‐Heon Shim  Houlong Zhuang  Sefaattin Tongay 

Advanced Materials DOI:10.1002/adma.202002401 (2020) 

5. "Nanoscale Conductivity Imaging of Correlated Electronic States in WSe2/WS2 Moire 

Superlattices"; Zhaodong Chu, Emma C Regan, Xuejian Ma, Danqing Wang, Zifan Xu, M. Iqbal 

Bakti Utama, Kentaro Yumigeta, Mark Blei, Kenji Watanabe, Takashi Taniguchi, Sefaattin 

Tongay, Feng Wang, Keji Lai 

Phys. Rev. Lett. 125, 186803 (2020) 

6. "Harnessing biological applications of quantum materials: opportunities and precautions"; Mani 

Modayil Korah, Tejaswi Nori, Sefaattin Tongay, and  Matthew D. Green    

J. Mater. Chem. C, 2020,8, 10498-10525 (2020) 

7. "Anisotropic band structure of TiS3 nanoribbon revealed by polarized photocurrent spectroscopy"; 

Zhen Lian, Zeyu Jiang,  Tianmeng Wang, Mark Blei, Ying Qin, Morris Washington, Toh-Ming 

Lu, Sefaattin Tongay, Shengbai Zhang, and  Su-Fei Shi 

Appl. Phys. Lett. 117, 073101 (2020)  

8. "Manipulation of room-temperature valley-coherent exciton-polaritons in atomically thin crystals 

by real and artificial magnetic fields" Christoph Rupprecht, Evgeny Sedov, Martin Klaas, Heiko 

Knopf, Mark Blei, Nils Lundt, Sefaattin Tongay, Takashi Taniguchi, Kenji Watanabe, and Ulrike 

Schulz 

2D Materials 7 035025 (2020) 

9. The Raman Spectrum of Janus Transition Metal Dichalcogenide Monolayers WSSe and MoSSe 

Marko M. Petrić, Malte Kremser, Matteo Barbone, Ying Qin, Yasir Sayyad, Yuxia Shen, Sefaattin 

Tongay, Jonathan J. Finley, Andrés R. Botello-Méndez, Kai Müller 

Phys. Rev. B 103, 035414 (2021) 
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Physical Chemistry of Inorganic Nanostructures 

 

A. Paul Alivisatos, Department of Chemistry, UC Berkeley; Materials Sciences Division, 

Lawrence Berkeley National Laboratory 

  

Peidong Yang, Department of Chemistry, UC Berkeley; Materials Sciences Division, 

Lawrence Berkeley National Laboratory 

  

Stephen R. Leone, Department of Chemistry, UC Berkeley; Materials Sciences Division, 

Lawrence Berkeley National Laboratory 

  

Eran Rabani, Department of Chemistry, UC Berkeley; Materials Sciences Division, 

Lawrence Berkeley National Laboratory 

  

David T. Limmer, Department of Chemistry, UC Berkeley; Materials Sciences Division, 

Lawrence Berkeley National Laboratory 

 

Program Scope 

 

The properties of inorganic nanostructures depend critically on the structures of individual 

nanoscale building blocks as well as their assembled superstructures. The controlled synthesis, 

advanced structural characterization, and theoretical modeling of optical and electronic 

properties of inorganic semiconductor nanostructures will enable the design and control of 

nanoscale energy conversion systems with great precision. Herein, our program focuses on three 

interconnecting themes: 1) rationalized synthesis and assembly of colloidal nanoscale building 

blocks, 2) in situ observation of structural dynamics and transformations, and 3) excited state 

dynamics of inorganic nanostructures and the development of new spectroscopic methods. With 

the three efforts combined, we aim to develop a holistic understanding that both imparts 

fundamental knowledge of inorganic nanostructures and guides the design of their advanced 

applications.  

Recent Progress 

1. Rationalized Synthesis and Assembly of Nanoscale Building Blocks: Rationalized synthesis and 

assembly of nanoscale building blocks are key to tailoring nanomaterials for applications. High-

throughput synthesis offers a unique opportunity for understanding the reaction networks using a 

data-driven approach with the aim of achieving rationalized synthesis of nanocrystals. We 

explored the synthesis space of cesium lead bromide perovskite species using a robotic high-

throughput synthesis and characterization platform. Machine learning algorithm was deployed to 

de-convolute the absorption spectra of multiple lead-containing species and obtain their relative 

concentrations. This combined approach has allowed us to create a map of the cesium lead bromide 

perovskite synthesis space (Figure 1), which elucidates the interconversion between various 

distinct species.1 By parameterizing a chemical model to reproduce this map using machine-

learning algorithms, we can reveal the best routes for reaching synthesis targets.  
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In addition to the synthesis of building blocks, we aim to understand and engineer the 

interactions between nanoparticles and rationalize the design of nanocrystal assemblies. Using in 

situ TEM, we illuminated the annealing and defects removal pathways of assembled CdSe QDs.2 

Knowledge of such pathways has allowed us to design and synthesize atomically attached QD 

superlattices with precise control of crystallographic alignment and long-range translational order, 

opening the door to a new dimension of control in engineering the properties of nanoscale 

materials.3 The synthetic diversity and flexible assembly of perovskite building blocks have 

brought new opportunities and challenges on the nanoscale control and manipulation of colloidal 

nanocrystals. We have harnessed the synthetic control of CsPbBr3 to produce uniform size 

distribution of 0D QDs, 1D nanowires,4 and 2D nanoplates.5 Their self-assembly processes were 

probed in situ with optical spectroscopy and synchrotron small-angle x-ray scattering technique.  

 

 

 

 

 

 

 

2. In situ Observation of Nanoscale Structural Transformation: Observing the structural 

transformation and dynamics of semiconductors under different environmental conditions can 

greatly enhance our prediction and control of their physical behaviors. In this program, in situ 

techniques were utilized to tackle the structural transformation with not only high spatial resolution, 

but also high time resolution.  

    The halide perovskite materials with soft ionic lattices have a library of structural polymorphs. 

However, the transformation kinetics and mechanism among different species are difficult to probe 

directly by electron microscopy due to the fragility of perovskite under electron bombardment. 

Recently, direct, non-invasive imaging techniques such as photoluminescence (PL) microscopy,6 

cathodoluminescence (CL) microscopy, and high-pressure Raman spectroscopy were utilized to 

probe the structural transformation of halide perovskite nanostructures. In particular, through in 

situ dynamic CL imaging and multiscale modeling of the LT-CsPbIBr2 to HT-CsPbIBr2 structural 

phase transition, we have uncovered the mechanism in which liquid-like interface mediates 

structural transformation in cesium lead halides (Figure 2).7 The liquid-like dynamics arise from 

the low cohesive energy of their ionic bonds, in sharp contrast to traditional covalent 

semiconductors such as CdSe. The phase transition of charge-ordered halide perovskite 

Cs2In(I)In(III)Cl6 was another demonstration of the importance of the reconfigurable halide 

Figure 1. Example maps for the synthesis space of cesium lead bromide perovskite species. 
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perovskite nanostructures.8 This charge 

disproportioned material is a semiconductor at 

ambient condition, but behaves like metal under 

high pressure.  The In-based charge-ordered 

structure may provide a platform for future 

discovery of exotic electronic phenomena such as 

high-TC superconductivity in halide perovskite 

compounds. 

With the advancement of liquid-cell 

transmission electron microscopy (TEM) 

technique, we are probing the structural and 

chemical dynamics of colloidal nanocrystals with 

high spatial resolution. We have developed new 

methods to introduce user-defined chemical 

potentials in graphene liquid cells with redox 

additives. This approach has allowed us to regulate 

the etching dynamics of noble metals. Furthermore, 

we have recently crossed the threshold of investigating the etching dynamics of semiconductor 

colloidal nanocrystals such as PbSe and CdSe QDs. Preliminary results revealed that the etching 

trajectories depend on the faceting conditions of these nanocrystals. Extensive studies of structure-

property relationships in II-VI semiconducting nanostructures conducted within this program can 

inform the identification of the most suitable candidates for single particle in situ etching studies, 

which often yield valuable insights into the inverse process of growth. In addition to the graphene 

encapsulation, carbon nanotubes as a reaction tube were also utilized in TEM experiments to 

visualize the structural dynamics of halide perovskite with atomic spatial resolution and high 

temporal resolution. 

3. Excited State Dynamics of Inorganic 

Nanostructures: Thin film and 

nanoscale junctions have driven recent 

progress across the photovoltaic and 

photoelectrochemical fields. However, 

the transport in nanoscale junctions is 

still measured as a bulk-averaged 

quantity by measuring the transport or 

kinetics across an entire junction. In 

this program, we developed a transient 

extreme ultraviolet (XUV) technique 

for measuring the layer-specific carrier 

transport simultaneously in each layer 

of a junction. We first developed a 

theoretical model which extracts 

detailed carrier and lattice dynamics from the Si L2,3 edge.9 The carrier population and temperature, 

as well as the excited state lattice deformations (optical and acoustic phonons), are obtained in a 

single measurement, and their scattering processes are compared over time following excitation 

into different valleys in the Si band structure.10 The insight gained from these studies allowed us 

Figure 2.  Phase transition modulated by the liquid-

like interface between halide perovskite lattices. 

Figure 3.  The XUV ground state spectrum (black line) and the 

transient XUV spectrum (colormap) of the Si-TiO2-Ni junction, with 

the energy region of each elemental edge labeled. The transient 

spectrum is shown in a logarithmic time axis for visual clarity. 
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to address the debated case of how hole transport occurs in the amorphous oxide layer of a metal-

oxide-semiconductor junction (Figure 3).11 The photoexcited holes on Si are measured to tunnel 

rapidly through the TiO2 to the Ni while the photoexcited electrons on Si do not transport. Our 

findings represent the first element-specific, all-optical, ultrafast quantification of the hole 

dynamics in a multi-layer nanoscale junction, advancing the element-specific technique of XUV 

spectroscopy. 

    The excitonic and charge transfer dynamics of semiconductor nanostructures were also 

investigated using a combination of visible wavelength transient absorption (TA) spectroscopy, 

classical simulation and quantum dynamical theory. We have achieved the transfer of multiple 

holes (~3) from multi-excitonic II-VI QDs to customized molecular acceptors.12 A broad photo-

induced absorption feature, assigned based on atomistic modeling to surface trapped holes,13 

revealed stark differences between the surface trap states on native QDs and those on QDs 

modified with molecular acceptors. Modeling of the TA data shows that a reservoir of long-lived 

trapped holes on surface-modified QDs may continue to transfer to molecular acceptors over a 

timescale significantly beyond the Auger recombination lifetime, increasing the transfer efficiency. 

In a related study, TA was used to characterize the phonon dephasing process in Ruddlesden-

Popper layered lead halide perovskites, which couples strongly to excitonic dynamics and hence 

influences charge carrier lifetimes. It was found that the choice of organic cation to separate the 

lead halide sheets has a strong effect on dephasing rates: flexible alkyl-amines give faster 

dephasing than aryl amines, with a smaller temperature dependence. Atomistic classical 

simulations of the two materials suggest that dephasing is driven largely by anharmonic coupling 

of optical modes in the ligand and lead halide layers, particularly significant for flexible alkyl 

groups with high dynamic disorder. This work lays the foundations for a more detailed study of 

exciton-phonon coupling in Ruddlesden-Popper phases, leading ultimately to design principles for 

optoelectronic devices. The two studies above highlight the important impacts of molecular 

components on the excited state dynamics of inorganic semiconductor nanostructures. 

Future Plans 

In the future, we will continue to advance the rationalized synthesis of new colloidal nanoscale 

building blocks and their assemblies. Such efforts will leverage on the large datasets of automated 

synthesis and advanced machine learning methods. Furthermore, machine learning algorithms are 

being developed to enable new structural analysis methods using data such as electron microscopy 

images; this will accelerate the feedback loop to inform precise synthesis. Single particle optical 

microscopies as well as in situ electron microscopies will continue to be developed and applied to 

yield powerful insights on the structural transformation and reactivity of inorganic nanostructures. 

In addition, measurements of lead halide perovskite nanostructures using advanced time-resolved 

spectroscopic methods such as the XUV spectroscopy are underway, along with the development 

of theoretical tools for modeling the observed excited state dynamics. 
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Program Scope:  The overarching goal of this program is to explore the fundamental behavior of 

nanomachines that are engineered at the atomic scale and that can control energy and information 

through mechanical transduction processes.  We are following two paths toward this goal: first, we 

are exploring naturally occurring biomotors that take advantage of the molecular mechanisms 

provided by Nature and, second, we are purposefully designing new synthetic molecular machines 

in a molecule-by-molecule fashion.  This research helps to clarify the mechanisms by which 

nanomachines convert different forms of energy into directed mechanical activity as well as how 

these processes are affected by different environmental dissipation mechanisms. This program is 

aimed at creating new categories of functional nanomachines, such as bottom-up fabricated 

synthetic molecular machines that operate on surfaces, top-down fabricated carbon-based 

nanomachines that exploit the electromechanical properties of nanotubes and graphene, and hybrid 

nanomachines composed of integrated synthetic and biological components. This program has 

seven co-investigators whose expertise span physics, chemistry, and biology.  The experimental 

tools utilized by our collaboration range from synthetic 

chemistry, electron microscopy, and scanned probe 

techniques (Alivisatos, Fischer, and Crommie), to 

photolithography, wet biology, and laser tweezers (Zettl and 

Bustamante).  Cohen and Louie provide theoretical support 

through the use of ab initio density functional techniques and 

molecular dynamics calculations.   

Recent Progress:  Here we highlight our activities in the 

subtask entitled Imaging Molecular Actuation in 

Nanodevices.  We will highlight three thrusts within this 

subtask: (1) Gate-induced surface molecular control, (2) 

Current-induced molecular diffusion and electromigration, 

and (3) Charge-patterning in 1D molecular arrays. 

(1) Gate-induced surface molecular control: We 

have demonstrated reversible nanoscale control over the 

microscopic geometry of molecular surface ions by applying 

current and voltage signals to a graphene field-effect 

transistor (FET) in the absence of electrochemical solvents 

(Fig. 1). Reversible control over the surface concentration of 

charged F4TCNQ molecules was accomplished by 

simultaneously applying a source-drain current and an 

electrostatic back-gate voltage to graphene FET devices at 

cryogenic temperature. Under these conditions the primary 

effect of the source-drain current is to heat the graphene 

surface and promote molecular diffusion. When an 

electrostatic back-gate is simultaneously applied with the 

  
Fig. 1: Top: four STM images of the 

same patch of an F4TCNQ-covered 

graphene FET demonstrate control 

over molecular concentration by 

tuning gate-voltage.  Bottom: plot of 

molecular coverage vs. gate voltage 

compared to model calculation. 

 

196



source-drain current, the diffusing molecules adjust their inter-particle surface density in response 

to the gate voltage. Setting the source-drain current to zero causes the molecules to freeze in place 

so that their gate-adjusted density can be measured directly via STM imaging. This “freeze-frame” 

imaging technique allows us to directly visualize the effects of molecular motion in response to 

electrical signals applied to our devices (Fig. 1). We observe that the molecular surface density 

varies linearly with applied back-gate voltage, thus suggesting that the molecules contribute to the 

screening of the gate electric field. The graphene Fermi level is also observed to be pinned by the 

F4TCNQ lowest unoccupied molecular orbital (LUMO) energy level (EL) as the gate voltage is 

changed during the surface concentration manipulation process. This implies that the molecules on 

the FET surface are charged and dynamically change their concentration in order to suppress 

energetically unfavorable filling of graphene band states.  

We are able to quantitatively predict the concentration of molecules on the graphene 

surface for a given gate voltage by assuming that the lowest-energy electronic configuration 

(under diffusive conditions) occurs when the Fermi energy is pinned at EL. For a given gate 

voltage the total charge density on the molecule-decorated FET surface divides itself between 

charge carried by the molecules and charge carried by the graphene Dirac band.  Because EF is 

pinned at EL, the graphene band charge can be found by integrating charge density from the Dirac 

point (ED) up to EL, resulting in the following expression relating 

molecular density to back gate voltage:  

                                          𝑁𝑀 = 𝐶𝑉𝐺−𝑠𝑒𝑡 +
|𝐸𝐷−𝐸𝐿|

2

𝜋ℏ2𝑣𝐹
2   

As seen from the solid line in Fig. 1, this expression fits our data 

well for a value of |ED - EL| = 142 ± 23 meV which matches 

spectroscopic data obtained from completely different 

measurements. The connection established here between 

molecular electronic structure and molecular surface 

concentration provides a completely new technique for 

quantitatively determining molecular energy levels by simply 

counting the number of molecules on a surface. 

(2) Current-induced molecular diffusion and 

electromigration: We have succeeded in observing controlled 

electromigration of individual molecules at the surface of a 

graphene FET. This has enabled us to use scanning tunneling 

microscopy to disentangle the electromigration “wind” force 

(which arises from electron momentum transfer to a scattering 

defect) from the “direct” force (which is exerted directly on a 

charged defect by the background electric field) for individual 

charged molecules for the first time.  

 Electromigration was observed in the same 

adsorbate/graphene FET set-up described above. F4TCNQ 

molecules were deposited onto graphene FETs held at room 

temperature in UHV before transferring the device to the STM 

and cooling down to T = 4K for measurement. Electromigration 

was found to occur only for molecules in a neutral charge state 

and not for charged ions (this is quite different from the 

molecular concentration-control protocol described in the section 

above, which occurs only for molecules in a charged ionic state). 

  
Fig. 2: Top: demonstration of 

electromigration of F4TCNQ 

molecules at the surface of a 

graphene FET.  Before and after 

images are shown for current 

flowing in different directions 

(electromigrating molecules 

follow the direction of current 

flow).  Bottom:  time-series of 

images shows trajectory of 

electromigrating molecules. 
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To observe electromigration we first imposed a uniform molecular concentration across the 

surface using the control protocol described above. Current densities higher than 5 A/m were then 

passed through the sample for 30 second time increments, after which the current was stopped and 

the surface imaged in a “frozen state” via STM. Fig. 2 shows the results of this electromigration 

protocol for current flowing in opposite directions. The molecules are clearly seen to move in the 

direction of current flow (the “wind” direction). Electromigration is also seen to have a diffusive 

character, as shown by the time-lapse image at the bottom of Fig. 2 where the positions of 

different molecules are observed to exhibit biased diffusion under the influence of transport 

current. 

 In order to quantitatively analyze the observed electromigration behavior we had to 

determine the local electric field and the molecular surface diffusion barrier. The local electric 

field was determined from scanning tunneling potentiometry measurements, whereas the diffusion 

barrier was extracted from the temperature dependence of molecular diffusion characteristics. 

Application of a standard model of defect electromigration suggests that the electron wind force 

for our molecules is 200 times stronger than the direct force. One possible explanation for why 

charged molecules don’t undergo electromigration in our system is that the Coulomb potential is 

not “sharp” enough to induce high-momentum-transfer scattering, unlike the neutral molecule 

which exhibits higher multipole components in its scattering potential. 

(3) Charge-patterning in 1D molecular arrays:  The ability to tune the electronic properties of 

molecular arrays is important for developing new molecule-scale electromechanical devices. 

However, controlling internal device charge distributions 

within molecular arrays has proved challenging. We have 

succeeded in performing gate-tunable charge patterning 

of precise 1D molecular arrays on a graphene FET. 1D 

molecular arrays were fabricated using an edge-

templated self-assembly process that allows F4TCNQ 

molecules to be precisely positioned on graphene 

devices. The charge configuration of the molecular arrays 

were reversibly switched between different collective 

charge states by tuning the graphene EF via a back-gate 

electrode (Fig. 3a). Charge-pinning at the ends of the 

molecular arrays enabled the charge state of the entire 

array to be controlled by adding or removing an edge 

molecule and changing the total number of molecules 

between an odd and an even integer. Charge patterns 

altered in this way propagate down the array in a cascade, 

allowing the array to function as a charge-based 

molecular shift register. An extended multi-site 

theoretical Anderson impurity model was used to 

quantitatively explain this behavior.  

 At a gate-voltage of VG = 0 V the LUMO orbital of 

every F4TCNQ molecule in our 1D arrays was observed 

to lie above EF, indicating that the molecules are all 

charge-neutral (that is, the LUMO states are all empty). 

By contrast, when the gate voltage was raised to VG = 60 

V the LUMO orbitals all fell below EF and became filled 

with charge (one electron per LUMO). The most 

  
Fig. 3: (a) STM image of a 1D array of 

F4TCNQ molecules as well as a plot of 

the measured spatially alternating LUMO 

energy level at intermediate gate voltage.  

(b) Result of theoretical model simulating 

1D array behavior at the intermediate gate 

voltage in (a).  Excellent agreement is 

seen between the simulation in (b) and the 

data shown in (a). 

 

198



interesting doping regime, however, was the intermediate regime, VG = 30 V, which moved the 

LUMO energy level closer to EF. In this regime the LUMO states adopted an unusual electronic 

structure where their energies aligned alternately above and below EF for adjacent molecules 

within the array, thus exhibiting an alternating charge pattern with negatively charged molecules 

sitting adjacent to neutral molecules, as seen in Fig. 3a.  

 We can understand the gate-dependent charging behavior of close-packed F4TCNQ arrays 

using a modified Anderson impurity model where each molecule is described by an impurity state 

(i.e., the LUMO level) and a Hamiltonian that includes the molecular charging energy as well as 

electronic hopping to the graphene substrate. As shown in Fig. 3b, this model results in the LUMO 

states for all molecules being unoccupied for a Fermi level at EF = −0.16 eV, while they are all 

occupied by one electron each when the Fermi level is aligned to EF = +0.15 eV. At an 

intermediate Fermi level of EF = +0.07 eV, however, the model predicts that the LUMO 

occupancies spatially alternate along the molecular array, yielding a periodic charging pattern in 

Fig. 3b identical to what is seen experimentally in Fig. 3a. The observed charge alternation can be 

interpreted as a nearest-neighbor Coulomb blockade: if an electron occupies a molecule in the 

array then it is unfavorable for electrons to occupy the two adjacent molecules because the 

Coulomb potential raises their LUMO energies. The difference in energy between neighboring 

LUMO states thus provides a direct measure of the strength of the screened Coulomb interaction 

between molecules on graphene. Our calculation yields a value of 0.19 eV for this difference, 

which is in reasonable agreement with the measured value of 0.28 eV. 

Future Plans:  An important future direction for this project is to create more complex molecular 

structures whose internal degrees of freedom can be mechanically actuated remotely (i.e., by 

electrostatic gating or optical excitation) and imaged locally at the single-molecule level. This is a 

grand challenge that has not yet been accomplished and that would open significant new research 

avenues. We are pursuing this goal along three different fronts: (i) Development of electronically 

improved device substrates, (ii) Development of more effective molecular deposition techniques, 

and (iii) Development of new time-resolved local characterization techniques, as follows: 

(i) Substrates: Two key issues relevant for molecular actuation are gate-tunability and optical 

compatibility. In the past we used metal crystal substrates which were bad on both fronts. 

Currently we use graphene FETs, which have the advantage of providing gate-tunability. In the 

future we plan to use single-layer TMD FET substrates. TMDs (such as MoSe2, WSe2, etc.) have a 

2 eV bandgap and clean, inert surfaces. They are harder to work with than graphene, but could 

provide revolutionary new capabilities for gating and optically exciting new molecular systems. 

(ii) Molecular deposition: Up to now we have been limited to studying molecular structures that 

can be vacuum deposited onto surfaces and imaged either singly or after surface reaction. For the 

future we are developing new “matrix assisted deposition” techniques involving “direct contact 

transfer” that will allow us to cleanly deposit large molecular structures from solution phase onto a 

surface. This will be highly enabling since it will allow local probe characterization of new, 

complex solution-synthesized molecular structures. 

(iii) Time-resolved characterization: Currently we have no time resolution in our experiments 

beyond “before excitation” / “after excitation” measurement (where time resolution is on the order 

of seconds). We are currently developing new pump-probe STM techniques that should give us 

picosecond time resolution with atomic-scale spatial resolution. This capability will be extremely 

useful for better determining the dynamical properties of nanomachine systems. 
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Program Scope: 

The objective of our project is to provide a fundamental understanding of the structure-property 

relationships of a novel class of superatomic clusters mimicking the chemistry of atoms and to explore their 

potential for enabling unusual reactions as well as serving as building blocks of new materials. Working 

closely with experimental groups, our goal is not only to validate our theoretical predictions but also to 

guide experiments in focused discovery of energy and magnetic materials. 

The project exploits the unique size and composition-specific properties of isolated clusters and 

explores their potential as building blocks of functional materials. Using first-principles theory, our 

approach is an atom-by-atom rational design of a new class of superatomic clusters, such as superalkalis 

and superhalogens that not only mimic the chemistry of alkali and halogen atoms, respectively, but also are 

suitable for forming supersalts with unusual properties. The project deals with three interrelated thematic 

areas: (1) Superions as building blocks of energy materials: Realizing that hybrid solar cells and 

electrolytes in metal-ion batteries are salts composed of metal cations and anions, we study a wide range of 

superalkalis and superhalogens as building blocks of energy materials. These include perovskite solar cells 

and solid-state electrolytes in Na/K-ion batteries whose properties are tailored by choosing the size and 

composition of the superions. (2) Ligand assisted rational design of highly reactive clusters and their 

interaction with chemically inert species: Design and realization of stable, yet highly reactive agents, 

capable of converting saturated hydrocarbons and chemically inert waste into valuable products at room 

temperature have considerable economic and environmental importance and remain as one of the 

outstanding challenges in modern cluster science. We study the potential of a new class 

of superelectrophilic (supernucleophilic) custers based on closo-borate structures BnXn-1
- (BeBn-1Xn-1

2-) 

(n=6-12, X=CN, BO, SCN) that can bind noble gas atom Ar and activate inert molecules like N2 at room 

temperature (activate CO2). The uniqueness of these species is that the open B (Be) site, carrying a positive 

charge, is highly reactive, while being protected by the strong borate scaffold. (3) In search of realizable 

metastable phases of carbon and silicon: Knowing that metastable phases of matter may have properties 

far superior to those of their ground state (a case in point is diamond vs graphite), our focus is to develop a 

scheme for rational design of metastable phases of matter that can be experimentally realized by using 

molecular precursors. We apply this paradigm shift in materials synthesis to study new phases of carbon 

and silicon-based cage clusters and explore their potential for forming magnetic materials and synthesizing 

diamond under milder conditions. These studies not only complement recent experiments but also are aimed 

at guiding them in discovery of new materials.  

  
The complexity of the above systems necessitates the use of a multi-scale approach - from 

molecular orbital theory to supercell band structure theory and ab-initio molecular dynamics. Although 

most studies are carried out using density functional theory (DFT) with a variety of hybrid exchange-
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correlation functionals, post-Hartree-Fock methods are used, when needed, to validate the accuracy of the 

DFT-based results. Efficient search algorithms and methodology are developed for rational design of 

metastable phases of cluster-based matter. 
Exploration of new frontiers of superatomic clusters as building blocks of energy and magnetic 

materials can have the potential for advanced technologies. The project lies at the interface between physics, 

chemistry, and materials science and is ideal to train graduate and undergraduate students as well as 

postdoctoral fellows in multi-disciplinary research.  

 

 Recent Progress:  

Research over the past two years has resulted in 40 publications of which 32 papers are 

published and two papers are in press in peer-reviewed journals. Some of these papers are 

published in high-impact journals such as Angew. Chem. Int. Ed., Physical Review Letters, Nature 

Communication, Journal of Physical Chemistry Letters, Small, Journal of Materials Chemistry A, 

Nanoscale, etc. We have edited a book on Superatoms: Principles, Synthesis, and Applications” in 

which we authored five chapters. The book is expected to be published by Wiley in summer of 2021.  

 

The papers cover a wide range of topics dealing with structure-property relationships of 

zero-dimensional systems (clusters), one-dimensional systems (nano-tubes), two-dimensional 

systems (topological materials, van der Waals Ferroelectrics, transition-metal dichalcogenide 

monolayers, graphene, and penta-graphene), and three-dimensional materials with clusters as building 

blocks for Li- and Na-ion batteries, ferroelectric, fereroelastic, and tri-ferroic materials. The works 

on clusters involve superhalogens as building blocks of super Lewis acids, stable tetra- and penta-anions 

in the gas phase, design of stable di-anionic clusters mimicking the properties of chalcogens, ligand 

stabilization of negatively charged clusters in defiance of the 18-electron rule, record-high stability of 

multiply-charged clusters aided by selected terminal group, superatomic clusters as building blocks of 

materials, and design and synthesis of metal-chalcogenide nanoclusters through atom-by-atom substitution. 

We showed that N-doped peanut-shaped carbon nanotubes can be used for efficient CO2 electrocatalytic 

reduction. Potential of a number of nanostructured materials for electrolytes in Li-, Na-, and K-ion batteries 

were explored. These include: tetragonal C24 (a topological nodal-surface semimetal) as an anode material 

for Na-ion batteries, high-pressure induced stable phase of Li2MnSiO4 as high-performance poly-anion 

cathode material, hydrogenated C60 as high-capacity stable anode materials for Li-ion batteries, porous 

nodal-line semi metallic carbon for K-ion battery anode, yttrium-sodium halides as solid-state electrolytes 

for Na-ion battery, 3D porous honeycomb carbon as Na-ion battery anode material, Si2BN nanoribbons 

assembly in a 3D porous structure as a universal anode material for both Li- and Na-ion batteries, and 2D 

g-GeC monolayer as an anode material for Li/Na-ion batteries. Clusters when used as building blocks of 

materials were shown to render promising properties in superionic conductors and multi-ferroic materials. 

We also studied two-dimensional metal-free boron chalcogenides B2X3 (X=Se and Te) and MIL-

100(Fe)/TiO2 composites as photocatalysts. We also studied the magnetic properties of 2D penta-silicene, 

semiconducting CrI3, boronated holey graphene, and type-I multiferroic double-metal trihalides. Work on 

2D materials further included interfacial properties of penta-graphene-metal contact, twin orbital-order 

phases in ferromagnetic semiconducting VI3 monolayer, and penta-BCN (a new ternary pentagonal 

monolayer with intrinsic piezoelectricity).   

 

Five of the papers published are jointly with experimentalists [1-5]. Four of these papers [6-9] were 

featured on the cover of journals [Fig. 1]. Recently, an experiment [10] confirmed one of our important 

predictions dealing with the stability of a doubly charged negative ion [11]. We had shown that the second 

electron in B12(CN)12
2- cluster is bound by 5.3 eV, making it the most stable di-anion known in nature. 

Experimentally measured value of 5.5 eV for the second electron binding energy confirmed our prediction. 
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The discovery of this ultra-stable dianion has important implications for chemistry.  For example, the 

authors [10] showed that once one of the CN ligands is removed, the positive charge on the naked B-atom 

is protected by the extra electron in the B12(CN)11
- cluster. The strong electric field generated as a result is 

able to bind a noble gas atom Ar at room temperature! This opens a new field not only in noble gas chemistry 

but also the activation of inert molecules.  

 

 

     

             Ref. 6      Ref. 7   Ref. 8   Ref. 9 

Fig. 1. Cover images of papers published during 2019-2020. 

 

Future Plans: 

 Our future projects will include design of cluster-based materials for energy harvesting, 

conversion, and storage; design of highly stable multiply charged negative ions and their use in 

promoting unusual chemical reactions, developing new algorithm to search for metastable phases of 

materials based on carbon and silicon; and understanding the evolution of the structure and properties 

of clusters. We plan to work with experimentalists for focused discovery of new cluster-based materials 

for Li, Na-, and K-ion batteries and ligated transition metal clusters. We will also study the potential 

of cluster-based materials for a new generation of ferroelastic, ferroelectric, and multi-ferroic 

materials.  
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Stimuli-Responsive Mesostructured Hybrid Materials  

Ivan I. Smalyukh, University of Colorado at Boulder 

Program Scope.  

The main objective of this project is to explore self-organization of pre-engineered anisotropic 

functional units into colloidal composites with ordered mesoscopic structures that can be tuned 

and switched by weak external stimuli, such as light and low-voltage electric fields. Tunable 

composite materials with interesting physical behavior are designed through integrating unique 

properties of solid nanostructures with the facile responses of soft matter to weak external 

stimuli. The research focuses on understanding and control of self-assembly of metal and 

semiconductor nanoparticles, as well as on material behavior arising from their ordered self-

organization and alignment. The design and realization of desired physical properties in these 

composites are based on the following three strategies: (1) discovery of new condensed matter 

phases of hybrid molecular-colloidal systems enriched by diversity of colloidal particle’s 

geometric shapes, surface charging, boundary conditions for molecular alignment and chirality; 

(2) topology of continuous & singular field configurations in the molecular-colloidal systems; (3) 

effective medium behavior and plasmon-exciton interactions in colloidal assemblies formed by 

different types of nanoparticles co-assembled at the mesoscopic scales. The fundamental studies 

of interactions and ordering of nanoparticles reveal underpinning physical mechanisms that 

guide mesoscale morphology and ultimately determine material properties of the self-assembled 

composites. PI explores mesoscale self-assembly of anisotropic nanoparticles dispersed in 

responsive liquid crystalline host media that will enable new composites with properties 

controlled by applying fields, changing temperature, and using other external stimuli. The focus 

is on fundamental understanding and control of nanoscale self-assembly and alignment of metal 

and semiconductor nanoparticles that enable new material behavior arising from orientationally 

and positionally ordered self-organization of anisotropic molecules and nanoparticles into 

tunable long-range structures. Electrical realignment of the liquid crystal host, like that used in 

displays, allows for rearrangement and reorientation of anisotropic nanoparticles, leading to an 

unprecedented control over self-assembled nanostructures and to dramatic changes in the 

material emergent behavior and properties. The effective-medium optical properties are 

characterized and correlated with the hierarchical structure and composition of self-assembled 

configurations, as well as with plasmon-excition and other interactions separately studied at the 

level of individual nanoparticles. Experiments are conducted in parallel with analytical and 

numerical modeling of interactions and effective-medium optical properties, which provide 

important insights. PI explores how the ensuing novel composite materials can be used to control 

transmission and directional scattering of light, as needed for applications in smart windows, 

displays and electro-optic devices. This research transcends traditional disciplinary boundaries of 

physics, topology, chemistry, engineering, and materials science. The research in this project 

broadly advances our knowledge of the nanoscale self-organization phenomena and the ensuing 

physical behavior.  
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Recent Progress.  

The main recent progress in our research includes the discoveries of monoclinic nematics 

(Nature 2021) [1], elastic colloidal monopoles (Nature 2019) [2] and high-order multipoles (Nat. 

Comm. 2020) [3], magnetic and nematic skyrmion bags (Nat Phys 2019) [4], heliknotons and 

hopfions [5], electrostatically controlled anchoring [6] & interactions [7], & many other (see the 

2-year publication list). As an example, in [2] PI developed nematic colloids with strong elastic 

monopole moments and demonstrated switching of these colloidal atoms by unstructured light, 

which echoed the common ability of driving the conventional atoms between the ground and 

various excited states. PI also demonstrated out-of-equilibrium dynamic assembly of the 

colloidal particles, as well as explained this diverse and surprising behavior using a model that 

considers the balance of optical and elastic torques responsible for the excited-state elastic 

monopoles [2]. Below, PI briefly summarizes the recent research finding that just appeared in 

Nature and introduced a new mesomorphic state of matter that combines monoclinic 

orientational order and fluidity [1]. 

Deep relations are believed to exist between symmetries of building blocks and 

condensed matter phases they form. For example, constituent molecular and colloidal rods and 

discs impart their uniaxial symmetry onto nematic liquid crystals, like the ones used in displays. 

Low-symmetry organizations could hypothetically form in mixtures of rods and discs, but 

entropy tends to phase-separate them at molecular and colloidal scales whereas strong elasticity-

mediated interactions drive formation of chains and crystals in nematic colloids. To have a 

structure with few or no symmetry operations apart from the trivial ones has so far been 

demonstrated to be a property of solids alone, but not of their fully fluid condensed matter 

counterparts, even though such symmetries have been considered theoretically and observed in 

magnetic colloids. PI recently showed [1] that dispersing highly anisotropic charged colloidal 

discs in a nematic host composed of molecular rods provides a platform for observing many low-

symmetry mesomorphic phases. Depending on temperature, concentration and surface charge of 

the discs, researchers found nematic, smectic and columnar organizations with symmetries 

ranging from axisymmetric uniaxial to orthorhombic and monoclinic. With increasing 

temperature, PI and his team observe unusual transitions from less to more ordered states and re-

entrant phases. Most importantly, they demonstrate the presence of monoclinic colloidal nematic 

order as well as the possibility of thermal and magnetic control of low-symmetry self-assembly. 

These experimental findings are supported by theoretical and numerical modelling of the 

colloidal interactions between discs in the nematic host and may provide a route towards 

realizing myriads of new condensed matter phases in systems with dissimilar shapes and sizes of 

building blocks, as well as their technological applications. Since the works of Einstein and 

Perrin showed how particles in colloidal dispersions obey the same statistical thermodynamics as 

atoms and molecules, the colloidal atom paradigm has provided insights into physics of atomic 

and molecular systems through probing dynamics of colloidal crystals and glasses. This colloidal 

atom paradigm has inspired the development of colloidal self-assembly to reproduce the 

diversity of atomic systems, but this PI’s recent work [1] demonstrates monoclinic nematic 
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colloidal fluids that have not been demonstrated in molecular systems to date, potentially 

inspiring future discoveries of counterparts of these colloidal fluids in molecular, polymeric, 

micellar and other systems. Importantly, the phase behavior of this molecular-colloidal 

composite of molecular rods and colloidal discs is readily controlled by changing temperature, 

surface charging of discs and number density of discs within the molecular nematic host medium 

(Fig. 1). The structural organization can be further controlled by weak external fields; for 

example, magnetic fields of ~50-100mT readily reconfigure self-assembled colloidal structures.  

   
Fig. 1. Phase diagrams and characterisation of phases in a system of molecular rods and colloidal discs. 

Diagram shows the hybrid liquid crystal phases emerging upon variation of the number density , temperature T and 

effective colloidal surface charge Z*e. “Co-ex” refers to co-existence regions between neighbouring phases. Discs 

aggregate at Z*e<+10e when nemato-elastic attractions overpower electrostatic repulsions; Wigner-type crystals 

form at Z*e>+100e. Formation of colloidal columns within the uniaxial nematic at Z*e=+20e becomes progressively 

slower with decreasing , but dimers and short columns are found starting from 0.01µm-3 at room temperature. T 

is measured with an error of 0.1°C; relative errors of estimating  and Z*e are 5% and 1%, respectively. (b-d) 

Fourier analysis of pairwise colloidal positions in an orthorhombic nematic at =0.34µm-3, T=27.00.1°C (b), 

monoclinic nematic at =0.31µm-3, T=30.70.1°C (c), and monoclinic smectic at =0.29µm-3, T=31.70.1°C (d). 

The Fourier analysis is based on 3D imaging (based on photon-upconverting luminescence excited by infrared 

femtosecond laser light) and tracking of disc positions with an error <50nm. (e) Theoretical T versus dimensionless 

concentration c=ρD3π2/16 phase diagram for Z*e≈+80e, corresponding to its experimental counterpart in (a); D is 

the disk diameter. The diagram is obtained analytically by considering steric, screened electrostatic and weak elastic 

interactions between the colloidal disks. For more details, see Ref. [1].  
 

The newly discovered composite soft matter system exhibits orientational fluid order with the 

lowest monoclinic symmetry demonstrated so far, which emerges from the oblique mutual self-

alignment of uniaxial colloidal and molecular building blocks at the mesoscale. Monoclinic order 

is unambiguously revealed through the direct imaging of discs that exhibit a skewed orientational 
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distribution and by the oblique relative alignment of the molecular and colloidal directors. While 

many solid substances, like the common painkiller paracetamol, can inter-transform between 

monoclinic and orthorhombic states, our work demonstrates that the plurality of low symmetries 

of orientational order can also be achieved in colloidal LC fluids. Low-symmetry nematic, 

smectic and columnar states of LC colloids may find important uses in applications ranging from 

displays to biodetectors and studies of nonabelian topological defects near orthorhombic-

monoclinic nematic phase transitions. Being made of organic molecular soft matter medium and 

solid photon-upconverting discs, the system serves as an example of how the combination of soft 

and hard material systems at the mesoscale can result in emergent behaviour and highly tunable 

physical properties that can be controlled by weak thermal, magnetic, electric and other stimuli. 

 

Future Plans. PI will continue developing mesostructured stimuli-responsive materials that 

combine unique properties of solid nanostructures (quantum dots and plasmonic nanoparticles) 

and facile responses of soft matter, along with emergent new behavior enabled by various aspects 

of topology of order parameter fields. Using twist-bend nematics of CB7CB and its mixtures doped 

with magnetically monodomain colloidal platelets, PI will explore topological transformations 

between heliknotons & hopfions in response to low voltages & weak magnetic fields. In-depth 

studies will reveal how mesoscale self-organization, which can yield centimeter-large mono-

crystals of colloidal nanoparticles with tunable center-to-center separations, leads to new physical 

behavior and material properties arising from a combination of unique properties of nanoparticles 

and structural organization at nanometer to macroscopic scales. Co-dispersions of quantum wells 

and plasmonic nanoparticles will be developed. In these systems, the PI will probe how plasmon-

exciton interactions can lead to new physical behavior when the nanoparticle-scale interactions are 

combined with different forms of long-range orientational and positional ordering that can be tuned 

by weak external stimuli. Effective medium properties of these pre-engineered metamaterials will 

be studied. By exploiting unique properties of solid nanostructures, PI intends to develop a new 

breed of composites with novel physical behavior, pre-engineered properties, and facile response 

to external fields. For example, PI’s preliminary studies show that mesostructured composites 

made of perovskite quantum nanoparticles dispersed in thermotropic chiral nematics can exhibit 

ultra-strong responses to light and electric fields; PI will study how luminescence lifetime of these 

dispersed nanoparticles can be tuned with the help of gold nanorod co-located with them in a single 

nematic medium in various geometries controlled by boundary conditions on nanorod surfaces. 
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Program Scope  

The overall emphasis of the program is to develop a fundamental understanding of light-matter 

interaction at nanocale, in the context of renewable energy harvesting, including enhancing the 

efficiency of solar cells. Towards this goal, we are undertaking substantial efforts on developing 

novel thermal radiators based on two-dimensional materials, on exploring the implications of time-

dependent refractive index modulations in the control of thermal radiations, and on demonstrating 

various consequences of radiative cooling, including the radiative cooling of solar cells. 

Below we review some of the major progresses made in this report period. 

Recent Progress 

Atomic-Scale Control of Coherent Thermal Radiation. Originating from random charge 

fluctuations, thermal radiation is usually incoherent in both the spatial and temporal domains. 

However, the coherence of thermal radiation, especially the temporal coherence, can be 

significantly improved using judiciously patterned nanostructures. This can be utilized to improve 

the performance of energy harvesting and thermal management systems that harness thermal 

radiation for energy transport. The spectral and angular properties of thermal radiation are typically 

 
Figure 1 (a) Schematic of the considered thermal emitter with an atomically-thin hBN top layer. The middle 

layer (light blue) and the substrate (silvery) are MgF2 and Ag films, respectively. (b) Emissivity spectra in the 

normal direction for the thermal emitters with different number of hBN atomic layers (N). (c) Mode index of the 

phonon polaritons in thin hBN film with different numbers of atomic layers. (d) Mode index of the ribbon mode 

at the peak emissivity for emitters with different numbers of atomic layers. 

(a)

(b) (c) (d)
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controlled by bulk emitters with feature sizes comparable or somewhat smaller than the relevant 

thermal wavelengths, such as photonic crystals and multilayer structures. While such bulk thermal 

emitters provide plentiful bulk modes for thermal radiation control, low-dimension emitters such 

as these constructed with two-dimensional (2D) materials can often leverage a high modal density 

around strong materials resonances. They also offer new degrees of freedom to dynamically 

control thermal radiation, including the use of strain and electrical gating. 

In this collaborative work between the Brongersma and Fan groups, we explore the control of 

temporally coherent thermal radiation at the atomic scale with 2D materials (Figure 1). In 

particular, we focus on using hexagonal boron nitride (hBN), which has a strong high-temperature 

phonon-polaritonic response in the mid-infrared spectral range. We show that, despite its atomic-

scale thickness, thermal emitters made from single or a few atomic layers of hBN can generate a 

coherent emissivity spectrum with a peak emissivity comparable to bulk materials. The spectral 

emissivity peak of phononic 2D-material emitters exhibits a much higher quality factor compared 

to the emissivity peak from emitters based on plasmonic 2D materials like graphene. We show that 

the radiative properties of the considered hBN thermal emitters depend sensitively on the number 

of atomic layers. Thus this system provides a pathway to achieve atomic-scale control of thermal 

radiation. 

This work has been accepted for publication in ACS Photonics.  

Photonic refrigeration from time-modulated thermal emission. For a static structure maintained at 

a fixed thermodynamic temperature, its thermal radiation property is subject to a set of 

fundamental constraints, including the Stephan-Boltzmann law that constraints the emission power 

at every frequency, and the Kirchhoff law 

that requires the detailed balance between 

emission and absorption.  

In this project, we systematically explored 

the thermal emission properties of 

dynamically modulated structure. Our results 

indicated that both the Stephan-Boltzmann 

law, and the Kirchhoff’s law, can be 

overcome with a structure undergoes 

dynamic modulation.  

Our results also pointed to a new possibility 

for constructing a photon-based heat engine. 

Active photonic cooling is of significant 

importance with the potential to realize 

robust, compact, vibration-free, all-solid-

state refrigeration. To date, the proposed 

photonic cooling approaches, including laser 

cooling and electroluminescent cooling, are 

all based on luminescence and impose 

stringent requirements on luminescence efficiency. Recent advances in nanophotonic control of 

thermal emission have offered a promising approach to manipulate photon emission without the 

luminescence process. In this project, we proposed a photonic refrigeration technique based on 

time-modulation of thermal emission (Fig. 2). This technique results in a mechanism of 

 
Figure 2: A photonic heat engine. (a) Basic setup. The 

cold side consists of two modes undergoing refractive 

index modulation. Such a time modulated thermal 

radiator can be used as a cooling device. (b) The power 

density and (c) the Coefficient of performance (COP) 

as a function of frequency ratio between the two modes 

on the cold side, as the structure undergoes refractive 

index modulation. 
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refrigeration with a significantly higher performance than laser cooling of solids, while also 

overcoming the stringent quantum efficiency requirements of electroluminescent cooling. Our 

work opens exciting new avenues in active, time-modulated control of thermal emission for active 

cooling and energy harvesting applications. 

This work has been published in Physical Review Letters. The paper was featured in Physics, the 

news outlet associated with the Physical Review journals.  

Nighttime radiative cooling for water harvesting from solar panels. The sun is the most important 

and easily accessible thermodynamic resource for human beings. Photovoltaics nowadays has 

played a significant and increasingly important role in renewable energy. However, due to the lack 

of sun as a thermodynamic resource at night, photovoltaic systems, or in general any solar energy 

harvesting devices, which typically occupy large land areas, only work during the day and do not 

provide useful functionalities over a significant fraction of time.  

On the other hand, at night there 

does exist a ubiquitous 

thermodynamic resource that has 

been largely underexplored: the 

low temperature outer space at 3K. 

Remarkably, the cold outer space 

can indeed be accessed through a 

process known as radiative 

cooling: Any sky facing objects 

can emit a significant fraction of 

thermal radiation into outer space 

through the atmosphere 

transparent window in the mid-

infrared wavelength range. With recent advances in nanophotonics and materials innovation, 

radiative cooling has become a frontier of renewable energy research and with possible 

applications including enhancing efficiencies of air conditioning and solar energy systems, thermal 

management, and direct renewable power generation. Moreover, using radiative cooling to reach 

below the dew point for water harvesting from the air has also been demonstrated as a promising 

clean water generation approach. Due to its underlying mechanisms, radiative cooling works best 

in locations with good sky access. Interestingly, these coincide with locations where photovoltaic 

panels are typically installed. Therefore, it is of interest to explore the use of existing photovoltaic 

panels at night to perform radiative cooling. Such a process may enable a wide range of new 

functionalities for existing solar panels, which to date only work during the day. 

In this paper, we propose to extend the functionality of solar panels into nighttime to perform water 

harvesting, using nighttime radiative cooling (Fig. 3).  Such a process, if possible, could serve as 

a cost-effective, sustainable, and widely applicable approach for immediate applications including 

dust cleaning on solar panels for reducing photovoltaic power loss, agrophotovoltaic by a 

synergistic combination of both photovoltaics and agriculture using the same area, as well as 

evaporative cooling of solar panel during the day for reduced temperature and improved efficiency 

of solar panels. With theoretical analysis, we identified the suitable temperature and humidity 

range for nighttime water harvesting from solar panels, and outlined the water harvesting potential 

under various conditions. We further show that through photonic thermal emissivity engineering, 

both the amount of water production and the suitable temperature and humidity range can be 

 
Figure 3: Solar panel for nighttime water harvesting. (a), Typical 

solar panels only work in the daytime with photovoltaic power 

generation. (b), Proposal of using solar panels at night for water 

harvesting from the air using radiative cooling. 
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significantly improved. Our results point to new avenues to explore the nighttime utilization of a 

wide range of existing sky-facing solar energy harvesting systems, which were thought to work 

only during the day, and highlight the opportunities to use both the sun and the outer space as 

energy resources. 

This work has been published in ACS Photonics.  

Future Plans  

In the near future (the coming year) we plan to focus on continued efforts towards understanding 

light-matter interaction in nanophotonic structures in the context of energy applications. In 

particular, building upon the theoretical works as discussed above on atomic scale control of 

thermal radiation, Fan and Brongersma’s groups will collaborate towards experimental 

demonstration of such capability. We will also continue our efforts in the study of radiative 

cooling, focusing in particular on the improvement of nighttime power generation based on 

radiative cooling.      
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Program Scope 

 Metamaterials are novel artificial materials that enable the realization of innovative 

properties unattainable in naturally existing materials. We exploit coherence in light and matter 

and significantly advance the photonic technologies our modern societies so vitally rely on. This 

will be accomplished through fundamental theoretical understanding, analysis, development, 

fabrication, and experimental characterization of metamaterials and investigate their feasibility for 

various applications. Our work targets current, fundamental problems and opportunities in 

controlling light with matter and matter with light. We expand the control afforded by metasurfaces 

over the radiative vacuum and radiation damping of resonant nanoparticles and enable new, 

fundamental improvements to metasurface-based difference-frequency generations for coherent 

THz sources as well as photon energy-conversion. We demonstrate constructive ways to increase 

the operational bandwidth of metasurfaces, explore non-trivial optical forces and novel avenues 

for implementing opto-mechanical coupling and coherent manipulation of mechanical state of 

matter with light. 

 Recent Progress  

 Dark-state surface lasers: Incorporating gain in metamaterials can balance losses, but must 

be performed properly, as a reduced or even eliminated absorption does not guarantee loss 

compensation. We have studied the possible regimes of interaction of a gain material with a passive 

metamaterial and show that background amplification and loss compensation are two opposite 

extremal behaviors, and that both of which can lead to lasing [1a]. The quest for subwavelength 

coherent light sources has led to the exploration of dark-mode based surface lasers, which allow 

for independent adjustment of the lasing state and its coherent radiation output. We further 

developed our theory of novel dark dielectric surface-state based lasing meta-surfaces (SMASER). 

Here, lasing, i.e. stimulated emission into a macroscopically populated dark electromagnetic 

surface state, constitutes a dielectric analog of lasing into dark plasmon-polaritons (SPASER) and 

allows to design ultra-thin, large-aperture lasing dielectric surfaces, with control over directionality 

and shape of the out-coupled laser beam. We found that to understand the observed lasing 

emissions in preliminary experiments, it was necessary to consider and quantify finite-size effects. 

We developed a theory for experimentally relevant finite-size effects and finite emitting apertures, 

which does explain the interplay between lasing mode structure, intended out-coupling of radiation 

and edge leakage. Depending on the size of the system, distinct and even counterintuitive behavior 
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of the lasing state is possible, determined by a 

balanced competition between multiple loss 

channels, including dissipation, intentional out-

coupling of coherent radiation, and leakage from the 

edges of the finite system. Our results provide 

important guidance for ongoing experimental 

implementations and are crucial for the design of 

future experiments that will enable the realization of 

ultra-thin coherent light sources and [1b]. Building 

on the concept of dark-mode resonant metasurfaces 

weakly coupled to radiation, we also proposed and 

demonstrated a sub-wavelength dark-state-based 

metasurface, which enables configurable, 

simultaneous electric and magnetic responses with 

low loss [1c]. 

Radiation-controlled nonlinear metasurfaces for highly efficient THz generation: Optical, 

plasmonic metasurfaces offer new opportunities for developing high performance terahertz 

emitters and detectors beyond the limitations of conventional nonlinear bulk materials like ZnSe 

or LiNbO3. However, optical nano-structures suffer from radiative damping that can outweigh 

dissipative loss. Simple meta-atoms for second-order nonlinear conversion encounter a 

fundamental trade-off in the necessary local symmetry breaking and local-field enhancement due 

to radiation damping that is inherent to the operating resonant mode and cannot be controlled 

separately. We have developed a novel theoretical concept for the suppression of radiative 

damping that enables strongly enhanced nonlinear light-matter interaction. Dark resonant 

metasurfaces could all but eliminate linear scattering and, therefore, remove this restriction to the 

improvement of terahertz generation efficiency. This can be achieved by combining a resonant 

dark-state metasurface, which locally drives nonlinear nano-resonators in the near field, with a 

specific spatial symmetry that enables destructive interference of the radiating linear moments of 

the meta-atoms, and perfect absorption via simultaneous electric and magnetic critical coupling of 

the pump radiation to the dark mode. This allows eliminating linear radiation damping while 

maintaining constructive interference and effective radiation of the nonlinear components. We 

numerically demonstrate a giant second-order nonlinear susceptibility of about 10−11 m/V, a one 

order of magnitude improvement compared with previously reported split-ring-resonator 

metasurfaces, leading to two orders of magnitude higher terahertz output power. Our study offers  

a new paradigm of high-efficiency, tunable nonlinear meta-devices and enables more energy 

efficient terahertz technologies and optoelectronic nano-circuitry [2]. 

 

Fig. 1: We show that finite-size dark-state surface 

lasers can have distinct, counterintuitive lasing 

behavior, determined by competition between 

dissipation, coherent out-coupling, and leakage 

from the edges.  
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Metallized-DNA templated meta-atoms can be insensitive to morphological disorder:  Bottom-up 

fabrication of bio-templated nanostructures to form specific plasmonic nano-resonators that can 

implement meta-atoms holds promise as a means of achieving large-scale optical metamaterials. 

However, in contrast to top-down methods, the stochastic growth of these self-assembled meta-

atoms is prone to significant disorder and surface roughness, which raises concerns about the 

robustness of their resonant optical response. We performed extensive numerical studies to 

demonstrate the robustness of optical response for self-assembled plasmonic metamaterials with 

morphological disorder, and the corresponding surface roughness, to answer the question as to 

what extent the disorder in meta-atom morphology must be controlled experimentally. Using the 

common split-ring-resonator (SRR) motif as an example, we developed an aggregated-random-

spheres model that mimics the nucleated growth of metallized DNA origami templates to simulate 

realistic, experimentally observed levels of disorder and surface roughness of the self-assembled 

meta-atoms. We find that SRRs, even with significant level of roughness, show distinct and clean 

resonance features comparable to the ideal smooth SRR. Despite broadening line-shapes, the 

expected SRR resonances are observed even if dramatic disorder is introduced, demonstrating a 

high level of robustness of the optical responses of these deeply subwavelength meta-atoms. Only 

for extreme disorder, which causes drastic segmentation of the SRRs, does the resonant response 

disappear. Our results are very encouraging for the prospects of bottom-up fabrication towards 

functional metamaterials and meta-devices. [3].  

Theory of multi-resonant metasurfaces:  Metasurfaces 

derive their properties from the collective average 

response of typically resonant, sub-wavelength electric 

and/or magnetic scatterers. A major draw-back of these 

resonant meta-atoms is their inherently narrow 

operating bandwidth. Practical signals and applications 

almost always require a finite bandwidth of operation. 

Previously, we established a theory for multi-resonant 

meta-surfaces, which enable broad-band, arbitrarily 

large monotonic phase manipulation, solving a long-

standing problem of broadband response from narrow 

metasurface resonances, and enabling arbitrary time-

shift modulation of pulsed signals, with applications 

for broadband communication technology [4a]. We 

proposed practical designs suitable for future 

fabrication and experimental characterization in our 

lab. Our solution has consequences for the general 

spatial phase- and group-delay manipulations of 

radiation with metasurfaces, which promise to replace 

bulky prisms and lenses with 2D surfaces. We 

developed theoretical fundamentals of emulating bulk 

 

Fig. 2: We demonstrate that robust optical 

response is possible for metallized-DNA meta-

atoms with realistic morphological disorder 

and surface roughness.  
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optics with achromatic metasurfaces based on multi-resonant broadband metasurfaces, which 

allows emulating bulk optics elements like slabs, lenses, prisms, etc. in a sub-wavelength thickness 

metasurface [4b].    

 

Future Plans 

 Enhance nanoscale light-matter interactions at wavelengths orders of magnitude larger: 

Manipulating deeply subwavelength THz light-matter interaction, radiation damping, and local 

near-field with metasurfaces as a means to enhance nonlinearity and coupling to quantum 

processes in materials, enabling next-generation technology for sensing and THz generation.  

 Avoid or control radiation damping in resonant nanostructures, manipulate the 

electromagnetic vacuum seen by quantum emitters in metasurfaces: Develop dark-state surface 

lasers and active metasurfaces, understanding light-matter interaction in complex, dressed 

electromagnetic states coupled to quantum-gain to counter dissipative loss and enable novel 

functionalities in coherent optical radiation and near-field sources.  

 Breaking the bandwidth limit with multi-resonant metasurfaces: Implementing and 

demonstrating achromatic, multi-resonant metasurfaces to enable broadband group delay, 

refraction and lensing by a surface.  

 How can we take advantage of the tight integration of macromolecular mechanical and 

resonant electromagnetic states in metallized DNA-templated meta-molecules? Generate non-

trivial optical forces at the nanoscale for control of matter with light; create and exploit coherent 

opto-mechanical coupling mediated light-matter interaction. Explore non-periodic metasurfaces, 

understanding limitations and benefits arising from spatial and morphological disorder, taking 

advantage of synergies with bio-inspired metamaterial fabrication. 
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Program Scope 

Nanostructured materials offer new opportunities to rewrite the laws of light–matter interaction as 

they are customarily applied to bulk materials. This project focuses on such emergent behavior, 

with an emphasis on metamaterials coupled to semiconductors. Our hypothesis is that 

nanostructured “meta-atoms” that tailor electromagnetic fields for desired interactions with 

judiciously chosen materials can lead to metamaterials and metasurfaces with new types of optical 

behaviors or with improved behavior for optical emission, nonlinearities, or response to external 

stimuli.  Our long-term objective is to uncover new optical and material behaviors that will expand 

our fundamental understanding of nanoscale materials, and eventually lead to technologically 

relevant applications.  For the upcoming period of performance, we focus our efforts on two main 

topics. Novel Light-Matter Interactions at the Nanoscale for Next Generation Nonlinear 

Metasurfaces will investigate the rich nonlinear optical physics that can be obtained when the 

unique electromagnetic behaviors of metasurfaces are combined with nonlinear semiconductor 

materials, 2D materials, spintronic materials, or topological materials. Ultrafast Spatiotemporal 

Phenomena in Metamaterials will explore novel transient behavior such as non-reciprocity and 

frequency conversion that can be achieved through ultrafast spatial and temporal modulation of 

the meta-atom optical properties.  To achieve these goals, our program combines state-of-the-art 

capabilities in: III-V semiconductor growth; semiconductor physics; electromagnetic theory and 

simulation; micro- and nano-lithography; and spectroscopic and ultrafast characterization. 

Recent Progress  

1. Spatial Temporal Phenomena: Frequency Conversion in a Time-Variant Dielectric 

Metasurface 

Based on previous studies of the ultrafast optical behavior of 

semiconductor metasurfaces [1] along with our studies of high 

quality-factor (Q) metasurfaces [2], we explored all-optical tuning 

of the confined resonant modes through carrier induced refractive 

index modulation [3].  In this work, we demonstrated a spectral 

shift of 10 nm, at a pump fluence of 89 μJ cm−2. This represents 

more than a linewidth of spectral tuning which could be applied 

to optical switching or rapidly varying spectral filtering.  An 

absolute reflectance change of 0.31 is achieved using a pump 

fluence of 150 μJ cm−2, limited by the fabrication quality.   

Building on these encouraging results, we embarked on an 

investigation of a new type of temporal phenomena: optical 

frequency conversion in an optically pumped metasurface [4].  

While traditional methods of frequency conversion rely on 

nonlinear processes such as harmonic generation, our approach 

Figure 1:  Reflectance of a high-Q 

metasurface as a function of pump 

fluence measured at a probe delay of 1 

ps.  More than one linewidth of tuning 

is achieved for fluences less than 100 

uJ-cm-2. 
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exploits the modification of the frequency spectrum that occurs when an optical wave propagates 

through a medium with a rapidly varying refractive index.  Specifically, we utilized a GaAs-based, 

broken-symmetry metasurface design [2] that exhibits a high-Q (~500) confined optical mode at 

970 nm.  Photons are injected into the high-Q mode using an ultrafast probe pulse (see Fig. 2a).  

While the probe photons are circulating within the nanoresonator cavity, a pump pulse is used to 

rapidly create a large population of free carriers that cause a near instantaneous change of the 

resonator’s refractive index.  This, in turn, causes a spectral shift of the cavity mode, leading to a 

rapid variation of the instantaneous phase of the confined pulse, and a concomitant shift of its 

optical frequency [4].  Fig. 2b shows the measured reflectance spectra of the probe pulse as a 

function of the pump-probe delay, while Fig. 2c shows individual spectra of the reflectance from 

the metasurface at different values of pump probe delay.  The fringes observed in the experimental 

results are caused by optical interference between the frequency converted light and the portion of 

the probe that is not resonant with the cavity mode and are direct evidence of frequency conversion 

occurring in the time-variant metasurface.   

 
Figure 2: From reference 4.  a) A schematic showing the principle of frequency conversion in a time-variant 

resonator. b) Experimental transient reflectance spectra measured at a pump fluence of 740 μJ cm−2 c) Individual 

spectra of the reflectance from the metasurface at different values of pump probe delay. 

2. Nonlinear Phenomena: High Harmonic Generation using Epsilon-Near-Zero Media  

The epsilon-near-zero (ENZ) modes of nanoscale plasmonic films possess many beneficial 

attributes for the study of light-matter interactions, such as extremely large local field 

enhancements [5], and the ability to readily achieve perfect absorption in a simple geometry [6].  

To capitalize on these properties, we studied harmonic 

generation from a nanoscale CdO film [7].  Here, we anticipated 

that the large resonant enhancement of the driving laser field 

would greatly boost the harmonic output.  Utilizing 60 fs optical 

pulses centered at 2.08 m to pump the sample using the same 

perfect absorption configuration as in [8], we observe odd-order 

harmonics from the third to the ninth order, corresponding to a 

shortest harmonic wavelength of ~250 nm (see Fig. 3).  

Interestingly, we find that ENZ-assisted harmonics exhibit a 

pronounced spectral redshift as well as linewidth broadening, 

that we attribute to photo-induced electron heating and the 

consequent time-dependent ENZ wavelength of the material.  

Due to the resonant field enhancements of the ENZ mode, this 

high harmonic generation is observed at much lower input laser 

intensities than other dielectrics that don’t support ENZ modes such as zinc oxide and silicon [7]. 

Figure 3: From reference 6.  High-

harmonic spectrum of the CdO-based 

structure. For p-polarized illumination, 

the spectrum extends from the third to 

the ninth order (blue and red line). 
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3.  Second-Harmonic Generation from a Hybrid Dielectric Metasurface/Semiconductor 

Quantum-Well Structure 

Building on previous studies of second harmonic 

generation (SHG) in semiconductor metasurfaces, 

we designed and demonstrated a hybrid approach 

for realizing efficient SHG in an ultrathin 

nonlinear structure that combines the attributes of 

low losses, high damage thresholds, large 

bandwidths, wavelength scalability, monolithic 

integrability, and ease of fabrication [9].  The new 

design employs high-Q leaky mode resonances in 

germanium dielectric metasurfaces that are coupled 

to highly nonlinear quantum well intersubband 

transitions (see Fig 4).  Using this sample, we 

demonstrate SHG at pump wavelengths ranging 

from 8.5 to 11 μm, with a maximum second-harmonic nonlinear conversion factor of 1.1 mW/W-

2 and maximum second-harmonic conversion efficiency of 2.5 × 10−5 at modest pump intensities 

of 10 kW-cm-2. These results open a new direction for designing low loss, broadband, and efficient 

ultrathin nonlinear optical devices. 

 

3.  Dielectric Metasurfaces for THz applications 
Previously, we had demonstrated ultrafast optoelectronic 

switching with sub-picosecond switching times and extremely 

high ON/OFF conductivity contrast in all-dielectric 

photoconductive metasurfaces [10]. These studies opened 

possibilities for utilizing these metasurfaces for THz 

applications [11]. Our recent research on the metasurface design 

and the use of an alternative configuration of degenerate Mie 

modes expanded this new dimension in metasurface design, 

where not only optical but also electronic properties can be 

designed for non-linear effects and novel functionalities [12].  

An example of a perfectly-absorbing photoconductive 

metasurface based on two magnetic dipole modes is shown in 

Fig. 5. This metasurface is designed to support degenerate 

magnetic dipole modes with the dipole moment in and out of the 

metasurfaces plane. The degeneracy of the Mie modes of 

opposite symmetry allows us to achieve perfect absorption of 

incident light within an optically thin metasurface. By 

combining near-IR excitation of this metasurface with THz 

waves, we detect photocurrent within the metasurface 

proportional to the amplitude to the THz electric field, enabling 

detection of THz waves with high efficiency.  Our studies of 

photoconductive metasurfaces for detection of THz radiation 

opened doors to a wider range of investigations, where 

photoconductive metasurfaces can be explored also for non-

linear generation of THz waves.  

Figure 5: (a) Schematic diagram of a 

rectangular GaAs resonator supporting two 

magnetic dipole modes, Mx and Mz. (b) 

SEM of the photoconductive metasurface 

integrated with electrical contacts. (c) 

Schematic diagram showing the principle 

of THz wave detection where the NIR 

optical pulses are combined with a THz 

waves leading to photocurrent generation. 

(d) Example of THz pulse detection using 

a photoconductive metasurface [12]. 

Figure 4.  (left) A schematic cross-section of our 

SHG structure showing large field overlap between 

the germanium metasurface and the nonlinear 

quantum wells.  (right) SHG power versus input 

power showing a maximum conversion efficiency of 

1.1 mW-W-2 
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Future Plans 

Our activities will proceed along the following directions: 

i) Novel Light-Matter Interactions at the Nanoscale for Next Generation Nonlinear 

Metasurfaces: We will explore the “matter” aspect of nonlinear metasurfaces and study: 1) all-

dielectric metasurfaces that employ new types of nonlinear optical materials including III-Sb 

semiconductor heterostructures; and 2) the integration of dielectric metasurfaces with other 

exotic material systems such as two-dimensional materials and Weyl semimetals.  

ii) Non-Hermitian Physics and Exceptional Points of Coupled Nanoresonators: We will fabricate 

two-layer Fano metasurfaces and study the evolution of the non-Hermitian physics as the 

coupling coefficient between adjacent nanoresonators is varied.  Our initial efforts will be 

directed towards static metasurfaces and will be later followed by dynamic tuning of system 

through the exceptional points.  

iii) Topological Photonic Metasurfaces: We will collaborate with Alexander Cerjan, a recently 

hired theoretician at Sandia, to demonstrate semiconductor-based topological photonic 

structures exhibiting higher order topology such as corner states. 

iv) Ultrafast and Spatiotemporal Phenomena in Metamaterials: We will explore new 

semiconductor platforms such as InAs as well as new metasurface designs to maximize the 

refractive index modulation achievable using free carriers.  We will develop optical means for 

repetitively modulating the metasurfaces and combine them with spatially structured 

illumination to study new spatial temporal effects such as enhanced frequency conversion.   

v) Photoconductive metasurfaces THz wave generation:  we plan to explore all-dielectric 

perfectly absorbing ultrafast photoconductive metasurfaces for generation of THz waves.  
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Opening New Frontiers of Near‐Zero‐Index (NZI) Optics: from Photonic Time Crystals to 

Non‐Reciprocity and Novel Localization Regimes  

PI: Alexandra Boltasseva, Purdue University 

Program Scope 

Our goals are to explore new optical phenomena and applications enabled by photonic materials 

that support the so-called near-zero index (NZI) or epsilon-near-zero (ENZ) regime, as well as to 

predict and control fundamental physical properties of optical materials. Specifically, our 

objectives are to (i) explore NZI materials behavior for the realization of photonic time-crystals; 

(ii) conduct the foundational studies of disorder, localization effects, and non-reciprocity in the 

NZI regime; and (iii) demonstrate ultrafast control over parity-time (PT) symmetry states in NZI 

media. The near-zero optical response of homogeneous media proposed in this project can 

potentially transform the research fields of nonlinear optics, photonic crystals, optical 

metamaterials, on-chip waveguide circuitry, lasers, enhanced sensitivity sensors, advanced light 

modulators as well as emerging quantum photonics.  

Recent Progress  

In the first period of this effort, we pursued our goals in three parallel thrusts. Towards the 

realization of photonic time crystals, we investigated both the modulation depth and speed in 

emerging photonic materials, specifically, titanium nitride (TiN), zirconium nitride (ZrN), 

cadmium oxide (CdO), zinc oxide (ZnO), and aluminum-doped zinc oxide (AZO). We showed 

that TiN and ZrN show large modulations of 15% and 50% in their ENZ regimes[1], with sub-

picosecond electron-phonon response times and nanosecond lattice cooling times. Another 

candidate material, under interband pumping, zinc oxide showed a sub-picosecond rise time and 

a fall time of 20ps[2]. For cadmium oxide, the relaxation time was found to be around 100ps[3]. 

Importantly, for CdO the dynamic response can be controlled/varied by the doping levels. 

Among the studied materials, AZO with a sub-10-fs rise time and a 500fs fall time exhibits the 

most suitable dynamic response and was selected as the material of choice for this effort. The 

comprehensive analysis, development and characterization of these materials form the solid 

foundation for the next thrust of the proposed work, where we will employ the fast, time-varying 

permittivity modulation in the NZI medium to realize non-reciprocal optical devices, photonic 

time crystals[4] and other functionalities. 

Near-zero-index materials open up new frontiers for nonlinear optics. We explored the usage of 

the proposed NZI media for demonstrating enhanced nonlinear optical effects. We demonstrated 

optical time reversal, adiabatic frequency shifts[5], and broadband coherent absorption[6] in time-

varying ENZ media. We further showed that by strongly-coupled plasmonic antennae mounted 

on NZI media, nonlinear effects such as negative refraction[7] can be enhanced by several orders 

of magnitude. 

234



The realm of NZI materials and other media with unusual optical properties also includes 

metamaterials. Towards our second objective, we explored via simulation the thermal spin 

photonics in the near-field of nonreciprocal media and investigated polaritonic fluctuations in 

natural hyperbolic media. We also extended our exploration of different types of resonators and 

metasurfaces to augment optical switching, lasing, and quantum optics. We explored hybrid 

plasmonic resonators for ultrafast switching applications, and bound-states-in continuum 

structures for lasing applications[8]. With MXenes, an emerging plasmonic material, we have 

demonstrated dynamically controlled random lasing[9]. 

We further explored how machine learning can advance nanophotonic applications including the 

rapid classification of quantum emitters[10] and the rapid design of nanocomposites[11].  We 

demonstrated far-field, bright emission of single-photons from nitrogen vacancy centers coupled 

to plasmonic nano patch antennae[12]. We also demonstrated a chip-compatible plasmonic 

launcher[13], which provide an efficient way to couple single-photons into plasmonic devices on a 

chip. 

Future Plans 

Utilizing our discovery of the permittivity modulation limits, and the relaxation times in various 

oxides and nitrides, we plan on extending our efforts in the first demonstration of photonic time 

crystals. We also seek to employ our fast-acting NZI materials to demonstrate on-chip 

nonreciprocal devices for a wide array of optical device applications spanning optical switching, 

PT-symmetry studies, and lasing. 
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Metamaterials as a Platform for the Development of Novel Materials for Energy 

Applications 

 

Willie J. Padilla, Duke University 

 

Program Scope 

 We propose to explore the fundamental properties of metamaterials and metasurfaces and 

their potential for control of energy at the sub-wavelength scale in support of the mission of the 

Department of Energy and the office of Basic Energy Sciences. Electromagnetic metasurfaces 

fashioned from dielectrics provide a new platform 

for the discovery and design of materials with 

novel structures, functions, and properties. The 

assembled team proposes to advance the 

knowledge base of these materials through 

fundamental investigations of the experimental and 

theoretical properties of metamaterials for the 

discovery, prediction and design of new materials 

with novel structures, functions, and properties. 

The proposed research activities are synergistic, 

and emphasize a complete basic research program 

including the conceptual / computational design, 

machine learning, fabrication / synthesis of the 

materials, and the characterization and analysis of 

their electromagnetic properties. 

The proposed project uses machine learning to explore the fundamental properties of 

metamaterials / metasurfaces and their potential for energy applications. There are four main 

objectives: 1) Machine Learning the Interactions of Light and Matter, 2) Zero Rank and 

Coherent Perfect Absorbers, 3) Bound States in the Continuum, and 4) Spatial—Temporal 

Metasurfaces.  

The program implements a complete basic research program consisting of theory, machine 

learning, modeling, characterization, and analysis, in order to fully characterize metamaterials 

and metasurfaces, while minimizing iterations necessary to achieve the proposal goals.  

 Recent Progress  

 We have recently shown metasurfaces which may operate as both coherent perfect 

absorbers and perfect absorbers. [1,2] We used waveguide theory to analytically solve for the 

 
Depiction of an all-dielectric metasurface 

consisting of elliptical resonators. The 

metasurface geometry necessary to match its 

emission to that of the external quantum 

efficiency of GaSb was determined using an 

inverse method developed in the program, 

termed the neural adjoint. 

 

240



resonance frequency of electric and magnetic modes, as well as their dependence on geometrical 

parameters. [3] Coupled mode theory [4] was used to determine the scattering matrices of each 

state, and it was found that the perfect absorber realized a null scattering matrix, while the 

coherent perfect absorber state has nullity a matrix of rank 1. This means that the perfect 

absorber will absorb any state of incoming light, whereas the coherent perfect absorber needs 

incoming light of equal amplitude and a particular phase combination. None-the-less, the single 

metasurface system we present can realize both of these states with only a change in height of 

the resonator. The key results of this study were demonstration that any combination of opposite 

symmetry modes may be used to fashion a perfect absorber, and here we used an EH121 even 

mode and a HE111 mode. This was the first study, to our knowledge, which showed coherent 

perfect absorption in a system with significant loss, as well as the first study to show all-

dielectric metasurface absorbers using higher order modes for absorption. 

 All-dielectric low loss metasurfaces may support high quality factor (Q-factor) modes, 

termed bound-states-in-the-continuum (BIC). [5] Although there are many reasons why BICs 

may occur, we specifically have been studying BICs produced by symmetry breaking. We 

fashioned an all-dielectric metasurface (ADM) which consisted of cylindrical resonators in a 

square array. The sample was fashioned such that it had interconnect in-between unit-cells, such 

that it could be free standing, i.e. no substrate was necessary, and thus no additional loss. The 

symmetry in our ADM was broken by adding a flat to the perimeter of the cylinder, and we 

investigated the dependence of Q on the strength of the symmetry breaking. Ultimately, the Q-

factor is limited by the size of the array, and scales as Q∝N2, where N is the number of 

resonators in the sample, and material loss. [6] In order to avoid standing modes which may exist 

on our metasurface, we fabricated a free-standing ADM with 19 x 19 unit cells, i.e. a prime 

number to avoid any potential resonances between the size of the array and the unit-cell 

periodicity. We found a high-Q mode on the metasurface, and determined that its quality factor 

was limited not by the size of our array, but rather by material loss. Our results are currently 

being written up and will be submitted soon for publication in a referred journal. 

 We have completed three separate studies on deep learning the electromagnetic 

properties of metamaterials - two have been published and one has been accepted for publication. 

The first work was focused on development of a forward neural network that was capable of 

determining the underlying physics which described the scattering response of metasurfaces 

given only its geometry. Here we used a 2x2 array of all-dielectric metasurfaces and allowed the 

height and radius to vary independently. It is important to detail that the system here possessed 

an underlying complexity that made design of a specific scattering state impossible to find with 

the standard approach, i.e. numerical simulation and optimization. We were thus led to deep 

learning naturally to solve this challenging problem Our neural network was indeed able to solve 

for the function relating metasurface geometry to scattering. We also used our forward model to 

find every single possible permutation of geometry to build a database of possible scattering 
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states. This enabled us to perform a type of inverse method, where we drew by hand a desired 

scattering, and then searched our database to find the best possible solution. 

Another study was focused on inverse modelling and we developed a method which we termed 

neural adjoint (NA). The approach of NA is to first develop an accurate forward model, after 

which the weights and biases of the neural network (NN) are locked. Then, the NN is run 

“backwards” where a desired output (in one case this is a spectra) is put in and the NA varies the 

input in order to find a good solution. We compared our inverse method to five other well known 

state-of-the-art inverse approaches and demonstrated that our NA inverse method performed as 

well of better than all. Results were published in the premiere machine learning conference 

NeurIPS. 

In another study, we used NA to find the metasurface geometry necessary to give a desired 

scattering state. We took a specific example of looking for a metasurface that would yield a 

match to the external quantum efficiency of gallium antimonide (GaSb). Our NA inverse method 

is only as accurate as our forward model, and thus we performed 60,000 numerical simulations 

for a training dataset. Here our metasurface had over 1 trillion possible permutations of the 

geometry, but none-the-less, we were able to develop an accurate forward network which 

predicted the transmission with an accuracy of 1 x10-3. We then use NA to find inverse solutions 

to two problems, a well-posed and an ill-posed problem, and the NA performed well on both. We 

further developed an active learning approach where, for ill-posed inverse problems, we used 

Uniform Manifold Approximation and Projection (UMAP), [7] which is a type of dimensionality 

reduction method permitting us to visualize the direction to move in the geometry space for 

better solutions.  

 

Future Plans 

 All-dielectric metasurfaces which function as coherent perfect absorbers should be 

capable of determining the state of coherence of incoming light, since absorption in these 

structures is dependent on a balance of power on each side of the ADM, as well as the phase. We 

plan to fabricate a coherent perfect absorber operating at terahertz frequencies in order to study 

the extent to which ADMs can detect varying degrees of coherence. In one instance, we will use 

light which has the same phase that is incident on both sides of the CPA, which should yield a 

maximum absorption. The power ratio of the two beams will be varied as well as the phase, and 

we will investigate the sensitivity of detection.  

 We will use deep learning in order to “learn” the physics of metamaterials. For example, 

researchers have had good success in finding forward mappings which relate the geometry of 

metamaterials to spectra. However, it may be possible to use neural networks to determine the 

parameters of response functions from the metamaterial geometry, and from these determine the 

scattering state. Although this ultimately has the same result of determining the scattering, a 
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Lorentz oscillator response function, for example, can then indicate how many charges are 

involved in a particular resonance, and their effective masses, since the Lorentz oscillator model 

is causal. Thus we will use deep learning to understand more about the physics involved in the 

resonant modes which lead to specific scattering states.  

 We will continue to study BICs through symmetry breaking. At present it is unknown 

how the specific type of break (geometrical defect) that is used affects different modes supporte 

by the ADM. Further, the number of defects used, and their spatial dependence is unknown and 

will be investigated. It may be possible to form quasi-infinite systems of BICs through making 

ring type structures, where resonators form units on the ring. Thus the quality factor will be quite 

high, and only limited by the material loss, but not by array size.  
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Semiconductor excitonic nanoshells for energy conversion applications. 

 

Mikhail Zamkov  

The Center for Photochemical Sciences, Department of Physics, Bowling Green State 

University, Bowling Green, Ohio 43403. zamkovm@bgsu.edu 

 

Program Scope 

The project focuses on developing a novel class of colloidal inorganic nanocrystals that 

facilitate multi-exciton processes,1,2  by relaxing the quantum confinement of charges. Currently, 

this is achieved through two nanoscale geometries: (1) – nanoshell quantum dots (QDs), and (2) - 

quantum dots molecules. Nanoshell QDs are engineered to have a radial energy gradient, which 

promotes the two-dimensional, shell-localization of photoinduced charges (Fig. 1b). As a result, 

the 2D quantum confinement is achieved in the surface layer of a semiconductor colloid, for which 

all three dimensions exceed its corresponding exciton Bohr radius. A large exciton volume of a 

nanoshell (Fig. 1a) suppresses non-radiative decay of multiple excitons. 

  In the process of developing nanoshell quantum dots, we have discovered a novel strategy 

for building composite assemblies of inorganic nanocrystals, known as nanocrystal or quantum 

dot molecules. These composite nanomaterials consist of inorganically coupled domains, 

assembled from pre-fabricated colloidal nanocrystals. Such nanocrystal molecules allow several 

reaction steps to progress at the same site with minimal mass and energy transfer distances. Their 

multi-component architecture can also be used to render dual functionalities in composite 

nanostructures consisting of plasmonic, magnetic, light-emitting, or light-harvesting domains. 

 

 Recent Progress  

 Our research efforts in the last two years of the DOE project were focused on: (i) - the 

chemical synthesis and ultrafast spectroscopy of semiconductor colloids exhibiting the quantum 

confinement in the surface layer (nanoshell quantum dots); (ii) – building colloidal assemblies of 

inorganic nanoparticles, known as nanocrystal molecules. Coupling between different components 

in such nanoparticle assemblies was shown to foster unique collective properties that find 

application in photocatalysis, quantum computing (exciton qubits), and photovoltaics. 

Low-threshold Laser Medium Utilizing Nanoshell Quantum Dots. Nanoshell QDs comprising 

a CdSe quantum-well layer were found to be a promising nanoscale morphology for the 

development of lasing applications (publication #7). A unique combination of a large exciton 

volume and a smoothed potential gradient across interfaces of the reported CdSbulk/CdSe/CdSshell 

(core/shell/shell) nanoshell QDs causes the suppression of Auger processes (publication #3), 

which was manifested in our recent work though the observation of stable amplified stimulated 

emission (ASE) at low pump fluences. Overall, present findings demonstrate unique advantages 
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of the nanoshell QD architecture as a promising optical gain medium in solid-state lighting and 

lasing applications. 

Energy transport in CsPbX3 nanocrystals solids. Artificial solids of CsPbX3 perovskite 

nanocrystals (NCs) are well known for their promising charge transport characteristics. In our 

recent study (publication #10), we have shown that the same set of electronic properties allows 

CsPbBr3 NC solids to act as superior energy transport materials, which support a long-range 

diffusion of electrically neutral excitons. 

By performing time-resolved bulk 

quenching measurements on halide-

treated CsPbBr3 NC films, we observed 

average exciton diffusion lengths of 52 

nm and 71 nm for I- and Cl- treated solids, 

respectively. Steady-state fluorescence 

quenching studies have been employed 

to explain such a large diffusion length as 

due to a high defect tolerance and a low 

disorder of exciton energies in CsPbBr3 

NC solids. We expect that the 

demonstrated ability of halide-treated 

CsPbBr3 NC solids to support a long-

range exciton transport could be 

beneficial for applications in light energy 

concentration, as was demonstrated in 

this work through energy transfer 

measurements in assemblies of perovskite NC donors and CdSe quantum dot acceptors.    

Figure 1. A nanoshell 

geometry supresses the 

Auger decay of multiple 

excitons, which is critical to 

developing quantum dot 

lasers. (a). A large volume 

of the nanoshell QDs is 

responsible for long 

biexciton lifetimes in these 

nanomaterials (publication 

#3) (b). Amplified 

stimulated emission from 

nanoshell QD films is 

observed at a low pump 

fluence threshold 

(Publication #7). 

Figure 2. Long-range energy transport in solids of 

CsPbBr3 nanocrystals.  Our recent study 

(publication #10) shows that exciton diffusion in 

halide-treated CsPbBr3 NC solids is 50-70 nm, 

which exceeds that of chalcogenide nanocrystals by 

an order of magnitude. 
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Building Artificial Molecules from Colloidal Nanocrystals. Building artificial molecules from 

colloidal nanocrystals paves the way to unique multi-particle properties and interactions.  Our most 

recent study (publication #12) 

demonstrates a synthetic strategy for the 

assembly of colloidal nanocrystal 

molecules via the molten-surface adhesion 

of semiconductor nanocrystals at hybrid 

interfaces (Fig. 3). The present method 

was demonstrated by constructing both 

homogenous (e.g. CdS-CdS, PbS-PbS, 

CdSe-CdSe) and heterogeneous (e.g. PbS-

CdS, CdS-CdSe) nanocrystal assemblies 

featuring a well-defined number of 

domains coupled through charge- and 

energy-transfer interactions. The observed assembly process was explained within the viscoelastic 

interaction theory adapted for molten-surface colloids (Fig. 4). We hope that the present work will 

provide a synergy of synthetic and theoretical tools needed for building artificial molecules of 

many other inorganic nanocrystals. 

Figure 4. Illustration of the viscoelastic assembly approach. Formation of a molten layer in heated 

colloidal NCs enables bonding of nanoparticles at hybrid interfaces. The driving force for the 

assembly process is controlled by nanoparticle surfactants, while the degree of inter-particle 

fusion is tunable via the solvent temperature.   

Future Plans 

  The general direction for the future development of our research program will focus on 

(1) – expanding the nanoshell synthesis to other semiconductor combinations, and (2) – building 

artificial molecules from inorganic nanocrystals. Our recent discovery of molten surfaces in 

colloidal semiconductor nanocrystals (Fig. 4) is expected to advance both of these research 

directions (1 & 2).  

 

 

Figure 3. Assembly of nanocrystal molecules via 

molten layer adhesion. 
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Wavelength Conversion through Plasmon-Coupled Surface States 

Mona Jarrahi, University of California Los Angeles 

Program Scope 

 The scope of this research program is to conduct fundamental physical studies on 

interaction of optical waves with plasmonic photoconductive nanostructures for high power 

terahertz wave generation. Toward this goal, we have investigated physical characteristics of 

plasmon-coupled surface states for wavelength conversion. Surface states generally degrade 

semiconductor device performance by raising the charge injection barrier height, introducing 

localized trap states, inducing surface leakage current, and altering the electric potential. 

Therefore, there has been an endless effort to use various surface passivation treatments to 

suppress the undesirable impacts of the surface states. We show that the giant built-in electric 

field created by the surface states can be harnessed to enable passive wavelength conversion with 

unprecedented efficiencies without utilizing any nonlinear optical phenomena. Photo-excited 

surface plasmons are coupled to the surface states to generate an electron gas, which is routed to 

a nanoantenna array through the giant electric field created by the surface states. The induced 

current on the nanoantennas, which contains mixing product of different optical frequency 

components, generates radiation at the beat frequencies of the incident photons. We utilize the 

unprecedented functionalities of plasmon-coupled surface states to demonstrate passive 

wavelength conversion of nanojoule optical pulses at a 1550 nm center wavelength to terahertz 

regime with record-high efficiencies that exceed nonlinear optical methods by 4-orders of 

magnitude. The presented scheme can be used for optical wavelength conversion to different 

parts of the electromagnetic spectrum ranging from microwave to far-infrared regimes by using 

appropriate optical beat frequencies. 

 Recent Progress  

 When a semiconductor lattice is terminated on the surface, the periodicity of the lattice is 

broken since the surface atoms do not have sufficient number of atoms that they can bond to, 

leaving behind incomplete chemical bonds. These so called dangling bonds produce localized 

surface states with energy levels that are located within the bandgap of the semiconductor [1-4]. 

The Fermi energy level at the surface of a semiconductor is pinned to the energy level at which 

the surface state density peaks, while the Fermi energy level away from the semiconductor 

surface is determined by the semiconductor doping. Therefore, the presence of the surface states 

takes away a very important degree of freedom for engineering semiconductor devices by 

altering the electric potential profile and is generally a major source of degradation in 

semiconductor devices. Despite the endless efforts to suppress the surface semiconductor states, 

they have unique electrochemical properties that are not provided by bulk semiconductors and 

could enable unprecedented device functionalities. Figure 1a illustrates how the presence of 

surface states induces a giant built-in electric field at the surface of a p-doped InAs 
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semiconductor, which exceeds the breakdown field of bulk InAs. The energy level at which the 

surface state density of InAs peaks is located above its direct bandgap because there is a large 

difference between the direct and indirect bandgap energies of InAs [2, 3]. Since the electrons 

that occupy the surface states have an average total energy higher than the bulk InAs, they 

migrate from the surface states to the bulk InAs to reach equilibrium, leaving behind immobile 

charge of uncompensated donor ions, which produces a giant built-in electric field. Ideally, 

wavelength conversion can be achieved by accelerating photoabsorbed charges through this giant 

built-in electric field with very high mobility. However, efficient wavelength conversion was not 

possible before due to the very shallow band bending at the surface of the semiconductor, which 

severely limits the interaction between the giant built-in electric field and optical beam.  

 

Fig. 1. Energy band bending caused by the InAs surface states. a, Energy band diagram of a highly p-doped InAs 

substrate in contact with Ti/Au. The energy level at which the surface state density of InAs peaks is located above its 

direct bandgap because there is a large difference between the direct (0.36 eV) and indirect bandgap energies (1.21 

eV) of InAs. Electrons in these surface states recombine with the holes in the valence band and occupy a part of the 

conduction band to minimize their total energy. As a result, the Fermi energy level (EF) is pinned above the 

conduction band minimum (Ec). Free electrons in the conduction band then migrate to the p-doped InAs layer to 

minimize their energy further, resulting in a steep band bending and a giant built-in electric field induced at the InAs 

surface. b, Schematic of the InAs lattice in contact with a nanoantenna that couples photo-excited surface plasmons 

to the surface states. 

To effectively utilize this built-in electric field for optical wavelength conversion, optical 

photons excite a nanoantenna array to couple photo-excited surface plasmons to the surface 

states (Fig. 1b). Excitation of surface plasmons enhances the optical intensity and 

photoabsorption near the InAs surface, where the strength of the built-in electric field is 

maximized. The absorbed photons generate a tightly confined electron gas under the 

nanoantenna contacts with an electron concentration that resonates at the mixing product of 

different optical frequency components. This electron gas swiftly drifts to the nanoantennas 

through the built-in electric field. The induced current on the nanoantennas generates radiation at 

the beat frequencies of the optical photons. Figure 2a shows a nanoantenna array designed to 

couple photo-excited surface plasmons to the InAs surface states where a built-in electric field 

drifts the photo-induced electron gas to the nanoantennas to generate radiation at the optical beat 

frequencies. Unlike the bulky and complex nonlinear optical setups that require high-energy 

lasers, tight optical focus, and/or tilted beam to provide high optical pump intensity and phase 
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matching for efficient wavelength conversion, wavelength conversion through plasmon-coupled 

surface states does not require a complex optical setup and is not sensitive to optical focus and 

alignment. Figure 2b shows a fabricated nanoantenna array on InAs that is simply glued at the tip 

of an optical fiber without using any intermediate optical component and can be pumped by a 

compact fiber laser.   

 

 
Fig. 2. Wavelength conversion through plasmon-coupled surface states. a, Schematic of a nanoantenna array on an 

InAs semiconductor substrate, which is designed to couple photo-excited surface plasmons to the surface states 

where a built-in electric field drifts the photo-induced electron gas to the nanoantennas to generate radiation at the 

optical beat frequencies. The nanoantenna geometry and semiconductor structure are chosen to maximize the spatial 

overlap between the built-in electric field and photoabsorption profiles. b, Photograph, microscopy, and scanning 

electron microscopy images of a fabricated nanoantenna array on a substrate consisting of a 100-nm-thick undoped 

InAs layer grown on a 500-nm-thick InAs epilayer with a p-type doping of 1019 cm-3 grown on a semi-insulating 

GaAs substrate. c, Measured terahertz radiation (in blue) and noise (in red) spectra generated from the nanoantenna 

array when pumped by 3.68 nanojoule optical pulses at a 1550 nm center wavelength. The time-domain radiated 

terahertz pulse is shown in the inset. d, Measured terahertz pulse energy/power from the fabricated nanoantenna 

array as a function of the optical pulse energy/power (inset) in comparison with other passive optical-to-terahertz 

converters reported in the literature.   
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We experimentally demonstrate conversion of 3.68 nanojoule optical pulses with a 150 fs 

pulsewidth coupled to the fiber at a 1550 nm center wavelength to 1.78 picojoule terahertz pulses 

radiated from the nanoantenna array [5] with more than a 4 THz bandwidth and 105 dB dynamic 

range (Fig. 2c). Broader radiation bandwidths exceeding 6 THz and higher dynamic ranges 

exceeding 110 dB are achieved when using optical pulses with shorter pulsewidth and higher 

power. The measured terahertz pulse energy/power from the fabricated nanoantenna array as a 

function of the optical pulse energy/power (Fig. 2d inset) is compared with other passive optical-

to-terahertz converters reported in the literature, which utilize nonlinear optical processes, 

spintronics, and the photo-Dember effect. The comparison indicates record-high efficiency of the 

plasmon-coupled surface states in passive wavelength conversion of nanojoule optical pulses to 

terahertz regime with efficiencies that exceed nonlinear optical methods by 4-orders of 

magnitude (Fig. 2d). 

Future Plans 

 The presented wavelength conversion scheme via plasmon-coupled surface states can be 

used for optical wavelength conversion to different parts of the electromagnetic spectrum 

ranging from microwave to far-infrared regimes in both pulsed and continuous wave operation. 

We plan to explore enhancing the wavelength conversion efficiency by boosting the built-in 

electric field at the semiconductor surface and increasing the spatial overlap between the built-in 

electric field and photoabsorption profiles. Using alternative semiconductors with a larger 

number of surface states above the conduction band, introducing higher p-type doping levels, 

and incorporating a gradient composition semiconductor (In1-xGaxAs with x increasing as a 

function of depth in the substrate) would introduce a steeper band-bending at the semiconductor 

surface and, therefore, would further enhance the built-in electric field. In addition, by growing 

the semiconductor active layer on a distributed Bragg reflector and an appropriate choice of 

nanoantenna geometry, most of the excited surface plasmons would be trapped in the 

semiconductor active layer and, therefore, a much stronger spatial overlap between the built-in 

electric field and photoabsorption profiles can be achieved. 
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Defects in gallium oxide 

 

Matthew D. McCluskey, Washington State University (WSU), Pullman, WA 

Leah Bergman, University of Idaho (UI), Moscow, ID 

 

Program Scope 

 This project investigates fundamental defect properties of gallium oxide. Monoclinic β-

Ga2O3 is an excellent candidate for next-generation power electronics due to its large band gap, 

which results in a high breakdown field estimated at 8 MV/cm. β-Ga2O3 also benefits from being 

relatively cheap to produce and easy to grow in single crystals. Experimentally, there are basic 

questions about the microscopic origin of electrical breakdown in β-Ga2O3. Understanding the 

fundamental properties of dopants and defects in this material could enable significant 

improvements in device performance. 

Unintentional impurities and deliberately introduced dopants are characterized by IR, 

UV/visible, and photoluminescence (PL) spectroscopy. Spatially resolved PL measurements 

provide maps of optical properties over μm-to-mm length scales. The effect of dopants on 

electrical properties are studied by Hall-effect and current-voltage measurements. Our 

investigation of dopants and defects encompasses acceptors, hydrogen, and transition metals. 

Recent Progress    

Thin-film bandgap: To address the significant interest 

in using β-Ga2O3 for high-temperature device technologies, 

we have initiated a study on the temperature response of the 

optical bandgap of β-Ga2O3 films. The thin films were grown 

via the magnetron sputtering technique. Figure 1 presents a 

characteristic scanning electron microscope (SEM) image of 

the film showing its nano-crystalline morphology. 

 Figure 2 presents the transmission spectra as a 

function of temperature in the range of 77 to 622 K. The derivative of the transmission (not 

shown) is a good measure for analyzing optical gaps in semiconductors and was used to generate 

the plot on the right.  As can be seen in Fig. 2, the β-Ga2O3 bandgap exhibits a redshift with 

increasing temperature, a behavior that can be modeled in terms of the electron-phonon (e-p) 

interaction.  The Bose-Einstein type empirical model for the e-p interaction is used [1]: 

                                                𝐸(𝑇) = 𝐸(0) −  
2𝛼

exp(
𝛩

𝑇
)−1

                                         (1) 

Fig. 1. SEM image of β-Ga2O3 film 

showing nanocrystalline 

morphology. 
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where E(0) is the optical gap at absolute zero, ωp = kBΘ corresponds to the average phonon 

energy involved in the interaction, and α is the strength of the e-p coupling. As can be inferred 

from Fig. 2, the optical gap at 77 K is ~ 4.96 eV and that at 620 K is ~ 4.74 eV, which constitutes 

a redshift of ~ 220 meV. 

 

 

 

 

 

 

 

The bandgaps of single crystals were found previously to be systemically smaller than 

those of thin films [2 and references therein]. In that work, it was found that the bandgaps at 

room temperature of single crystals are in the range of 4.52 – 4.6 eV, while those of thin films 

are 4.75 – 5.0 eV. The different energy ranges for single crystals and films were discussed in 

terms of the band-structure of β-Ga2O3, where several allowed transition can occur due to the 

valence band ordering. For randomly oriented thin films and unpolarized transmission 

measurements, deeper transitions become preferred [2]. Our room-temperature value of the 

optical gap (4.86 eV) falls in the range expected from a thin film. 

The fit of Eq. (1) to the data in Fig. 2 resulted in E(0) = 4.96 eV, α = 80 meV, and ωp = 

29 meV. Previous studies on electronic transport properties of β-Ga2O3 found that low energy 

phonons were involved and dominate the electronic scattering at room temperature [3-5]. Polar 

optical phonons at 21 meV and 29 meV, and non-polar optical modes at 30 meV, were 

established to provide the main coupling mechanisms [3-5]. Our result of low energy phonons is 

consistent with those found from the transport studies. 

Thin film PL: A laser with a line in the deep-UV (5.1 eV, 244 nm) was used to generate 

bandgap excitation. Figure 3 shows a high-resolution PL spectrum of our film from 3 to 5 eV. 

The PL emission at 3.56 eV (Fig. 3) of our β-Ga2O3 is attributed to the self-trapped hole (STH) 

recombination mechanism. The basic mechanism of forming STH requires the creation of free 

electron-hole (e-h) pairs, which can be accomplished via laser excitation above the bandgap. 

Consequently, the holes in the valence band are trapped by the crystal distortion.   
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To confirm that the emission at 3.56 eV is indeed 

due to STH, a laser with energy below the bandgap was 

used that should not result in the creation of free e-h pairs. 

Figure 3 shows the PL of the film using the 3.81 eV laser. 

As can be seen in the figure, the 3.56 eV PL was totally 

diminished, as expected for sub-bandgap excitation. 

Additionally, an emission line in the range of ~ 3.14 eV is 

present in the spectrum, attributed to native defects in β-

Ga2O3 that result in donor-acceptor recombination. The 

other emission lines in Fig. 3, at 4.08 eV and 4.60 eV, are 

currently under investigation.  A key point is that the 

bandgap recombination emission at ~4.85 eV is very weak, as 

predicted theoretically [6].  Moreover, the Stokes shift, defined 

to be the energy difference between the STH emission and the 

optical gap, is ~ 1.29 eV. This is a large value which is 

characteristic of STH [6]. 

Localized emission centers: Optical and structural imaging methods revealed the 

presence of localized surface defects that emit in the near-UV (3.27 eV, 380 nm) when excited 

by sub-bandgap light. Figure 4 shows a PL map of a bulk, hydrogenated sample. The defect 

emission was observed everywhere, but especially bright regions were detected as well. Some 

emitters are so bright, low laser power (<0.6 mW delivered to the sample) and short integration 

times (10 ms) had to be used to avoid saturating the spectrometer. To obtain a useful benchmark 

comparison, we collected PL maps of hydrogenated Ga2O3 and hydrothermal bulk ZnO under the 

same experimental conditions. From this comparison, we found that the Ga2O3 emitters have an 

intensity 50 times that of ZnO. We are currently performing experiments to determine the 

identity of these very bright centers. 

Iridium electronic transitions: Bulk Mg-doped β-Ga2O3 samples show a strong IR 

absorption peak at 5148 cm-1 and a large number of smaller neighboring peaks from 5090-5190 

cm-1 (Fig. 5). The small peaks are attributed to IrMg pairs. Undoped β-Ga2O3 samples that have 

similar concentrations of iridium do not show evidence of these features, presumably because the 

iridium is in the form of Ir3+, which is not IR active. 

Magnesium accepts an electron from the iridium donor, creating the IR-active Ir4+. 

Further supporting this idea, the magnesium acceptors can be passivated to be neutral through 

hydrogen annealing.  The neutral complexes can no longer be compensated by iridium donors, 

and so the majority of iridium in the crystal has the form of Ir3+. As a result, hydrogen annealing 

Ga2O3:Mg greatly suppresses the Ir4+ peak (Fig. 5). 

Zn acceptors: A major problem in Ga2O3 research is producing semi-insulating substrates 

for device epilayer growth. We have investigated the Zn acceptor as a possible dopant for semi-
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insulating material. We find that high-quality Ga2O3:Zn crystals can be grown with high (>1018 

cm-3) densities of Zn, resulting in very large resistance (~1 TΩ). By comparing with Mg-doped 

samples, we verified that the sidebands in Fig. 5 are indeed due to iridium-acceptor pairs. 

Furthermore, Zn can be passivated by hydrogen, resulting in a characteristic O-H vibrational 

mode. 

 

 

 

 

 

 

 

Future Plans 

 Manuscripts describing the thin-film and Zn acceptor work are under preparation and will 

be submitted in 1-2 months. Spatially resolved PL experiments are being performed on Fe-doped 

samples and a manuscript will be submitted in the next year. 

References 

1. C. F. Li and Y.S. Huang, Phys. Rev. B 55, 9251 (1997). 

2. T. Onuma et al., Japanese Journal of Applied Physics 54, 112601 (2015). 

3. K. Ghosh and U. Singisetti, Appl. Phys. Lett. 109, 072102 (2016). 

4. K.A. Mengle and E. Kioupakis, AIP Advances 9, 015313 (2019). 

5. A. Parisini, and R. Fornari, Semicond. Sci. Technol. 31, 035023 (2016). 

6. J.B. Varley, A. Janotti, C. Franchini, and C.G. Van de Walle, Phys. Rev. B 85, 081109 

(2012). 

 

5100 5120 5140 5160 5180 5200

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Ga
2
O

3
:Mg H anneal

A
b

s
o

rb
a
n

c
c
e

Wavenumber (cm
-1
)

Ga
2
O

3
:Mg

x7

Fig. 4. Map of the PL intensity of bright 

emitters (3.27 eV) in hydrogenated Ga2O3. 

 

Fig. 5. IR spectra of Mg-doped gallium 

oxide, as-grown and hydrogen-annealed. 

The peak at 5148 cm-1 is due to Ir4+ while 

the smaller peaks arise from IrMg pairs. 

 

258



Publications 

 J. Huso, M.D. McCluskey, Y. Yu, Md. M. Islam, and F. Selim, “Localized UV emitters 

on the surface of Ga2O3,” Scientific Reports 10, 21022:1-7 (2020). 

 J.R. Ritter, M.J. Caldas, T.J. da Silva, A. Calzolari, and M.D. McCluskey, “Surface 

effects on pyrene luminescence excitation,” ACS Applied Electronic Materials 2, 2806-2812 

(2020). 

 J. Lapp, D. Thapa, J. Huso, A.J. Canul, M.G. Norton, M.D. McCluskey, and L. Bergman, 

“Enhancement of the ultraviolet photoluminescence of ZnO films: Coatings, annealing, and 

environmental exposure studies,” AIP Advances 10, 085217:1-8 (2020). 

 A. Canul, D. Thapa, J. Huso, L. Bergman, R.V. Williams, and R. Machleidt, “Mixed-

strategy approach to band-edge analysis and modeling in semiconductors,” Phys. Rev. B 101, 

195308:1-15 (2020). 

 M.D. McCluskey and A. Janotti, “Defects in semiconductors,” J. Appl. Phys. 127, 

190401:1-3 (2020). 

 M.D. McCluskey, “Point defects in Ga2O3,” J. Appl. Phys. 127, 101101:1-13 (2020). 

 J.R. Ritter, K.G. Lynn, and M.D. McCluskey, “Iridium-related complexes in Czochralski-

grown β-Ga2O3, J. Appl. Phys. 126, 225705:1-6 (2019). 

 J.R. Ritter, K.G. Lynn, and M.D. McCluskey, “Hydrogen passivation of calcium and 

magnesium doped β-Ga2O3,” Proc. SPIE 10919, 109190Z (2019); DOI: 10.1117/12.2507187. 

 J. Huso, J.R. Ritter, L. Bergman, and M.D. McCluskey, “High order oxygen local 

vibrational modes in ZnS1-xOx,” Phys. Stat. Solidi B 2019, 1800607:1-9 (2019). 

 J. Huso, L. Bergman, and M.D. McCluskey, “Bandgap of cubic ZnS1-xOx from optical 

transmission spectroscopy,” J. Appl. Phys. 125, 075704:1-5 (2019). 

 M.D. McCluskey, “Vibrational spectroscopy,” in Characterisation and Control of 

Defects in Semiconductors, ed. F. Tuomisto (IET, United Kingdom, 2019), Ch. 3. 

 

259



Establishing microscopic photophysics of local cation and anion phase segregation in 

hybrid perovskite solar cells 

 

Masaru Kuno, Prashant Kamat 

University of Notre Dame, Department of Chemistry and Biochemistry 

 

Program Scope  
     Alloyed lead halide perovskites have taken a dominant role in the quest to develop low cost, 

third generation solar cells. This is due to their optimal light harvesting properties, which can be 

tuned across the visible spectrum by mixing halide anions (i.e. Cl-, Br-, and I-) as well as A+ cations 

(i.e. FA+, MA+, and Cs+). Unfortunately, stability issues related to ion migration/photosegregation 

impede their large-scale commercialization. Uniformly-mixed halide perovskites [e.g. APb(I1-

xBrx)3] reversibly segregate into narrow bandgap I-rich and wide bandgap Br-rich domains during 

continuous, visible wavelength illumination. Produced I-rich inclusions reduce local open circuit 

voltages and decrease mixed halide perovskite solar cell power conversion efficiencies. For mixed 

cation systems, bias-induced cation migration/segregation similarly degrades perovskite solar cell 

performance and is likely the origin of their hysteretic behavior. A fundamental need therefore 

exists to better understand the origin of anion and cation instabilities in hybrid perovskites. 

     Our efforts have focused on conducting 

detailed measurements to elucidate and quantify 

limiting factors of hybrid perovskite solar cell 

performance that stem from local electronic 

disorder linked to cation/anion phase segregation. 

Fundamental studies have addressed the origin 

light-induced halide photosegregation in mixed 

halide perovskites where, in particular, we have 

developed a thermodynamic, bandgap-based 

model to explain anion photosegregation in 

MAPb(I1-xBrx)3.[1]  

     The model rationalizes observed emission 

(Figure 1a) and absorption (Figure 1b) redshifts 

in MAPb(I1-xBrx)3 upon prolonged, above bandgap 

excitation. It explains asymmetries in their 

response, as seen through dramatic redshifts in the 

emission accompanied by slow growth of a red tail 

in the absorption (Figures 1a, 1b). It further explains unusual excitation intensity (Iexc)-dependent 

photosegregation rates (Figure 1c), rate constants (Figure 1d), and the existence of an excitation 

intensity threshold for halide photosegregation (solid red line, Figure 1c). Most relevantly, the 

model invokes a thermodynamic, bandgap-based origin for halide segregation under illumination. 

     In tandem, we have begun addressing bias-induced cation migration.[2] This is a second, 

intrinsic instability of hybrid perovskites and is thought to be the origin of current-voltage 

hysteresis in perovskite solar cells. Even though this instability is now well recognized, few studies 

have probed or developed microscopic models of cation instabilities, let alone ones that jointly 

consider light-induced anion instabilities. Our program thus aims to conduct comprehensive 

investigations of hybrid perovskite anion and cation instabilities.      

 

 
Figure 1. (a) Emission redshift of MAPb(I0.5Br0.5)3 

under CW illumination. (b) Absorption changes of the 

same film. (c) Iexc-dependent emission-based forward 

photosegregation rate. (d) Iexc-dependent forward 

photosegregation rate constant.  
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Recent Progress  
     During the current funding period, we have successfully deployed a new superresolution 

infrared absorption technique, called infrared photothermal heterodyne imaging (IR-PHI) to 

visualize cation migration in mixed cation hybrid perovskites.[2] These IR-PHI studies reveal 

cation compositional heterogeneities in solution-processed mixed cation films such as FAxMA1-

xPbI3 and show bias-induced cation migration in FA1-xCsxPbI3, and FAxMAyCs1-x-yPbI3 films. The 

latter IR-PHI results have been independently validated using time-of-flight secondary ion mass 

spectrometry. 

     We have, in tandem, discovered that FAxMAyCs1–x–yPbI3 active layers with orthorhombic, post-

perovskite ()-phase inclusions exhibit improved stability against bias-induced cation segregation. 

This enhanced stability is rationalized as -phase inclusions within parent alloys acting as barriers 

to inhibit cation migration. This, in turn, raises prospects for applying compositional 

microstructuring of mixed cation/mixed anion perovskites to suppress their bias and possibly light-

induced cation/anion instabilities. 

 

Future Plans 

     We propose to continue probing the microscopic origin of anion and cation instabilities in 

hybrid perovskites. We identify three areas where more detailed investigations should be 

conducted to refine our understanding of APb(I1-xBrx)3 photosegregation -the end goal being to 

develop a universal, predictive model of anion and cation instabilities in hybrid perovskites. The 

first involves evaluating whether a thermodynamic or a polaron model holds more merit in 

explaining mixed halide perovskite photosegregation. This involves directly testing predictables 

from each model class and, more broadly, establishing how well they rationalize photosegregation 

in other mixed anion systems beyond MAPb(I1-xBrx)3. The second involves better understanding 

the high carrier density response of mixed halide perovskites and specifically how carrier density 

impacts halide photosegregation. Of note here is that most studies have probed APb(I1-xBrx)3 

photosegregation under relatively low excitation intensities. Our third area focuses on cation 

instabilities in hybrid perovskites and specifically cation migration under bias. This entails 

concerted experimental and theoretical studies to develop a microscopic picture of bias-induced 

cation migration/segregation. In this way, we propose to conceptually tie together hybrid 

perovskite cation and anion instabilities, which exist under normal solar cell operating conditions 

(i.e. built in bias and light).  
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Program Scope 

This project explores design features, at the molecular and nanoscales, that promote efficient 

charge and spin transfer in self-assembling, nanostructured materials. Chiral molecules and 

nanostructures can exhibit unusual electronic and magnetic properties, including electron spin 

filtering and vectorial charge transfer; a phenomenon referred to as the chiral induced spin 

selectivity (CISS) effect. These effects include the magnetization dependence of chiral molecule 

and chiral organic-inorganic material interactions with ferromagnetic surfaces. The underlying 

mechanism(s) giving rise to these properties are poorly understood; however, experiments imply 

that exchange interactions are important and indicate that the magnitude of the spin selectivity 

correlates with the chiro-optical response of the chiral molecules and materials.  A major theme of 

the team’s current effort is to reveal the underlying electronic interactions through which chiral 

molecules imprint a chiro-optical response on the electronic properties of materials, with the aim 

of revealing features of the CISS mechanism through its correlation with the chiro-optical 

responses.   The team is exploring the properties of chiral materials along three interrelated thrusts:  

elucidation of mechanisms to imprint electronic chirality on semiconductor nanoparticles, 

vectorial charge transfer in chiral structures, and spin transfer in chiral structures that select the 

electron’s spin orientation.  

 Recent Progress  

Recent work by the team has emphasized studies into the electrical and magnetic properties of 

interfaces between chiral molecules (and materials) and magnetic substrates (and nanoparticles). 

The four vignettes described below proceed from fundamental investigations into spin dependent 

tunneling at chiral molecule/ferromagnetic interfaces to the demonstration of chiral materials for 

applications, e.g., memory device structures and electrocatalysis. 

Spin dependent tunneling. We have used Kelvin-probe and Kelvin-probe microscopy 

measurements to study the extent of electron tunneling into chiral self-assembled monolayers films 

that coat a Co/Au substrate [1] We studied the response as a function of the magnetization strength, 

the magnetization direction, and the handedness and length of the chiral molecules. The data show 

that the electron penetration from the metal electrode into the chiral molecules depends on the 

ferromagnet’s magnetization direction; one spin orientation of electrons from the ferromagnet 
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penetrates more easily into a chiral molecule than does the other orientation. The measurements 

are performed at room temperature and generate electrostatic potential changes as high as 100 mV.  

See Figure 1. 

 We have examined the dependence of spin polarization in conduction and in electric field-

induced polarization on molecular length by using double-stranded DNA oligonucleotides and 

oligopeptides. Through a combination of different measurement methods we have shown that the 

CISS response of chiral molecules scales linearly with oligomer length (for lengths below 10 nm) 

and that the spin-currents, measured in magnetic conducting probe-AFM, depend nonlinearly on 

the applied potential.  These findings and the correlation of the CISS response with a molecule’s 

chiro-optical response suggests the importance of a molecule’s polarizability in CISS. 

Optically-generated magnetism: We have used the magneto-optic Kerr effect (MOKE) to study 

photogenerated magnetization at the interface of two-dimensional, chiral hybrid organic−inorganic 

perovskites (chiral-HOIPs) and a permalloy substrate [2]. These materials are analogous to 

traditional HOIPs, but they are endowed with chirality by the incorporation of phenylethylamine 

ligands which break the degeneracy of the electron spin in charge transport. Illumination of the 

chiral-HOIPs generates a Kerr signal (measured via a Sagnac interferometer) at the chiral-

HOIP/NiFe interface, which indicates an optical modulation of the magnetization. The MOKE 

signal shows a linear dependence of the response on the magnetic field and its sign is controlled 

by the chirality of the HOIPs; i.e., the incident light generates an enantiospecific magnetization at 

the permalloy interface. These results demonstrate one approach for using chiral semiconductor 

materials in opto-spintronic applications. 

10 nm Memory Architecture: We are investigating how chiral materials can address the demand 

for new magnetic memory architectures. Current magnetic memory sizes are limited to 30–50 nm, 

Figure 1. Kelvin probe microscopy 

measurements show how the surface 

electrostatic potential changes with an 

electrode’s magnetization (South (blue) to 

North (red)) and film chirality. For an 

achiral film the magnet does not change 

the surface electrostatic potential, but for 

chiral films it changes by tens of 

millivolts (case of a left-handed film is 

shown on the left and that for a right-

handed film is shown on the right).  
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because the magnetization and magnetic orientation become susceptible to thermal fluctuations 

and stray magnetic fields for smaller size domains. By creating assemblies of 10 nm 

superparamagnetic iron-oxide nanoparticles (SPIONS) on chiral films, we have demonstrated 10 

nm single domain ferromagnetism [3]. The asymmetric adsorption of chiral molecules on SPIONS 

causes them to exhibit an enantiospecific ferromagnetism with an average coercive field of ≈80 

Oe and stabilizes their magnetization direction at room temperature. More recently we showed 

how chiral quantum dots (QDs), manifesting the CISS effect, can be used to create a 9-state flash 

memory [4]. By assembling a double QD architecture on the active area of a Hall sensor we 

demonstrated an optical nine-state readout which arises from the modulation of the electron 

transfer rate by the QD chirality and the light polarization. These studies show how the use of 

chiral materials and chiral environments around active materials can be used to stabilize 

magnetization. 

Chiral Electrocatalysts:  We have developed a procedure for electrodepositing chiral cobalt oxide 

thin film electrocatalysts and shown that they display an improved performance in water 

electrolysis, as compared to their achiral analogues [5]. We showed that chiral cobalt oxide 

electrocatalysts reduce the reaction overpotential by 65 mV at 10 mA/cm2, increase the oxygen 

yield by 1.4-fold at a fixed current density at pH 10, and decrease the production of hydrogen 

peroxide by 4-fold. We attribute the improved performance of the chiral catalysts to an improved 

reaction selectivity that arises because the spin polarized current through the electrocatalyst 

generates spin-polarized intermediates on the electrode surface which facilitate the generation of 

triplet oxygen over competing singlet pathways. 

 

Future Plans 

Electron transfer in linked nanoparticles.  Because nanoparticle diameters can be large on the scale 

of chemical bonds, the tunneling mechanism involves a tunable mix of through-bond, through-

space, and through-solvent tunneling. We are using quantum mechanical modeling to examine 

how the combination of distance, nanoparticle (NP) 

diameters, and intervening medium structure influence the 

tunneling between NPs (see Fig. 2). For larger diameter NPs, 

solvent mediated tunneling dominates, while through-bond 

and through-solvent tunneling dominates for smaller QDs.  

Currently we are exploring how to predict the diameter at 

which the transition occurs between tunneling mechanisms 

for NPs.  These calculations are being performed with CdSe 

and CdTe parameters for comparisons with experiment, and 

future studies will include the treatment of chiral linkers. 

Chiral Imprinting on Perovskite NPs  Chiral ligands imprint chirality and induce circular dichroism 

(CD) on perovskite NPs and nanoplatelets (NPLs), and we are using a combined theoretical and 

experimental approach to examine how the electrostatic field of a chiral ligand (e.g., 

Figure 2 The orange spheres denote 

donor and acceptor NPs, the blue 

cylinder represents the bridge, and the 

gray region represents the solvent. 
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phenylethylamine) induces chirality onto the exciton transitions of a structurally achiral NP.  We 

have implemented a new synthetic strategy that promises to improve size focusing and lower the 

average CsPbBr3 NP diameter for NPs with a number of different chiral ligands. This new synthetic 

strategy allows us to perform chiral imprinting and study chiral symmetry constraints on electron 

transfer and energy transfer in the same systems.  We are developing assays to quantify the ligand 

coverage on the NP and NPL surfaces and quantify its impact on the CD signal strengths. We have 

computed the absorption spectra and CD spectra for perovskite clusters and are correlating the 

bisignate CD signals at 500 nm and 300 nm with those observed experimentally. Given that the 

spin-filtering in chiral materials correlates with the CD signal strengths, understanding the 

electronic origins of the CD signal strengths should help elucidate the mechanism underlying CISS. 

 

Chiral Metal Oxide Filters: Spin injection into solid state spintronics devices is generally achieved 

by using a fixed ferromagnetic material and another free ferromagnetic layer which can create 

significant engineering challenges in miniaturization. We are exploring the use of chiral metal-

oxide thin films as efficient spin filters and spin-valve functions.  Methods to create chiral metal 

oxide films by electrodeposition and by atomic layer deposition are being developed. Chiro-optical 

spectra of the chiral oxide films will be measured and compared with the film’s spin filtering 

properties. The realization of this new material platform promises to simplify the engineering 

challenges for spintronics devices and reduce costs. 

 

 References 

1. S. Ghosh, et al. J. Phys. Chem. Letters 11 (2020) 1550-1557. 

2. Z. Huang, et al. ACS Nano 14 (2020) 10370–10375. 

3. G. Koplovitz, et al. Small 15 (2019) 1804557. 

4. H. Al-Bustami, et al. Letters 20 (2020) 8675-8681. 

5. S. Ghosh, et al. J. Phys. Chem. C 124 (2020) 22610–22618. 

 

Publications 

X. Xu, Y. Guo, B. P. Bloom, J. J. Wei, H.Y. Li, H. L. Li, Y. K. Du, Z. Zeng, L.Q. Li, and D. H. Waldeck, 

Elemental Core Level Shift in High Entropy Alloy Nanoparticles via X-ray Photoelectron Spectroscopy 

Analysis and First-Principles Calculation ACS Nano 2020, 14, 17704-17712.  

 

R. Naaman, Y. Paltiel, and D. H. Waldeck Chiral Induced Spin Selectivity Gives a New Twist on Spin-

Control in Chemistry Accounts of Chemical Research 53 (2020) 2659-2667. 

 

H. Al-Bustami, B. P. Bloom, S. Goldring, S. Yochelis, R. Naaman, D. H. Waldeck, Y. Paltiel Optical 

Multilevel Spin Bit Device using Chiral Quantum Dots Nano Letters 20 (2020) 8675-8681. 

 

G. H. Debnath, P. Mukherjee, and D. H. Waldeck Optimizing the Key Variables to Generate Host Sensitized 

Lanthanide Doped Semiconductor Nanoparticle Luminophores   J. Phys. Chem. C 124 (2020) 26495-26517.   

266



S. Ghosh, B. P. Bloom, Y. Lu, D. Lamont, and D. H. Waldeck Increasing the Efficiency of Water Splitting 

through Spin Polarization using Cobalt Oxide Thin Film Catalysts J. Phys. Chem. C 124 (2020) 22610–

22618. 

 

Z. Huang, B. P. Bloom, X. Ni, Z. N. Georgieva, M. Marciesky, E. Vetter, F. Liu, D. H. Waldeck, and D. 

Sun Magneto-optical Detection of Photoinduced Magnetism via Chirality Induced Spin Selectivity in 2D 

Chiral Hybrid Organic-Inorganic Perovskites ACS Nano 14 (2020) 10370–10375. 

 

R. Naaman, Y. Paltiel, and D. H. Waldeck Chiral Molecules and the Spin Selectivity Effect J. Phys. Chem. 

Letters 11 (2020) 3660-3666. 

 

S. Ghosh, S. Mishra, E. Avigad, B. P. Bloom, L. T. Baczewski, S. Yochelis, Y. Paltiel, R. Naaman, 

D.H. Waldeck Effect of Chiral Molecules on the Electron’s Spin Wavefunction at Interfaces J. 

Phys. Chem. Letters 11 (2020) 1550-1557.  

 

J. M. Abendroth, D. M. Stemer, B.P. Bloom, P. Roy, R. Naaman, D. H. Waldeck, P. S. Weiss, and 

P. Chandra Mondal Spin Selectivity in Photoinduced Charge-Transfer Mediated by Chiral 

Molecules ACS Nano 13 (2019) 4928-4946. 
 

K. Michaeli, D. N. Beratan, D. H. Waldeck, and R. Naaman Voltage-induced long-range coherent electron 

transfer through organic molecules Proceedings of the National Academy of Sciences 116 (2019) 5931-

5936. 

 

R. Naaman, Y. Paltiel, and D. H. Waldeck Chiral Molecules and the Electron Spin Nature Reviews, 3 

(2019) 250-260.  

 

G. Koplovitz, G. Leitus, S. Ghosh, B. P. Bloom, S. Yochelis, D. Rotem, F. Vischio, M. Striccoli, E. Fanizza, 

R. Naaman, D. H. Waldeck, D. Porath and Y. Paltiel Single Domain 10 nm Ferromagnetism Imprinted on 

Superparamagnetic Nanoparticles Using Chiral Molecules Small 15 (2019) 1804557. 

 

267

http://www.nano.pitt.edu/dan-lamont


Exploring the impact of the local environment on charge transfer states at molecular 

donor-acceptor heterojunctions 

Barry P. Rand,1,2 Antoine Kahn,1 and Noel C. Giebink3 

1 Department of Electrical Engineering, Princeton University, Princeton, NJ 08544 
2 Andlinger Center for Energy and the Environment, Princeton University, Princeton, NJ 

08544 
3 Department of Electrical Engineering, The Pennsylvania State University, University 

Park, PA 16802 

 

Program Scope 

Charge transfer from a donor-type to an acceptor-type system forms the basis for the photovoltaic 

effect observed within excitonic systems. The charge transfer (CT) state is a bound geminate 

charge pair that defines an intermediate state in both charge generation and recombination 

processes. As such, the CT state possesses a binding energy (~10𝑘𝑏𝑇) that still needs to be 

overcome in order to produce a free charge pair. While some important realizations have been 

made concerning CT states recently regarding their role in limiting open-circuit voltage, there still 

remains a lack of fundamental knowledge regarding what controls CT state energy and the 

efficiency by which they may be dissociated, and whether or not Frenkel excitons become free 

charge via the formation of CT states. This research program sets out to comprehensively 

investigate the various nanoscale environmental factors that determine CT state behavior 

(dielectric, structural, dynamic, and energetic), as well as to quantify their spatial extent and 

density of states (DOS) energetic distribution.  

We will utilize sensitive spectral response measurements, impedance spectroscopy, X-ray 

scattering, and spectroscopic ellipsometry to probe the structure and optical response of thin films, 

as well as to extract dielectric properties. Surface-sensitive techniques such as ultraviolet 

photoelectron spectroscopy (UPS), inverse photoelectron spectroscopy (IPES), and X-ray 

photoelectron spectroscopy (XPS) will be utilized to probe energy levels. Finally, time-resolved 

and steady-state photoluminescence (PL), electroluminescence (EL), electroabsorption, and 

pump-probe spectroscopy measurements will be used to probe CT state energetics and dynamics. 

In this way, the PIs assembled in this collaborative proposal represent a complementary team 

uniquely suited with the ability to transform our understanding of CT states. 

Recent Progress  

Molecular doping of an organic semiconductor, whether molecular or polymer, involves a charge 

exchange between dopant and host. N-type doping implies reduction of the host upon electron 

transfer from the highest occupied molecular orbital (HOMO) of the dopant to the lowest 
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unoccupied molecular orbital (LUMO) of the host.  The relative magnitudes of the ionization 

energy (IE) of the dopant and the electron affinity (EA) of the host are therefore at play.  The 

host:dopant system studied here, i.e. the polymer poly[(9,9-dioctylfluorene-2,7-diyl)-alt-

(benzo[2,1,3]thiadiazol-4,7-diyl)] (F8BT) and the dopant (pentamethylcyclopentadienyl) (1,3,5-

trimethylbenzene)ruthenium dimer 

([RuCp*Mes]2), offers an opportunity to 

investigate a donor-to-acceptor CT state. The 

electron affinity of the acceptor, F8BT, measured 

via inverse photoemission spectroscopy is 2.8 eV, 

a value that reflects the difficulty of reducing this 

polymer. The thermodynamic reducing strength 

of the donor, the [RuCp*Mes]2 dimer, is 

insufficient for a direct reduction of F8BT and, 

without additional external stimulus, prevents the 

dopant-to-host electron transfer. This situation is 

reminiscent of that observed with the molecular 

host phenyldi(pyren-2-yl)phosphine oxide 

(POPy2), EA= 2.1 eV, for which a [RuCp*Mes]2-

to-POPy2 CT states was observed.[DOI: 

10.1038/nmat5027] EQE measurements on 

ITO/F8BT/bathocuproine(BCP)/Al stacks, 

where the polymer is either undoped or 15 wt% doped, are shown in Fig. 1. The undoped F8BT 

device shows two main features centered at 2.6 and 3.7 eV attributed to optical absorption by F8BT 

alone. However, the doped F8BT device exhibit a broad feature below the polymer optical gap 

(scans 1 and 2), attributed to CT states, presumably involving the F8BT LUMO (~ 2.8 eV below 

vacuum level) and the [RuCp*Mes]2 neutral dimer HOMO (nominally ~ 4.0 eV below vacuum 

level). The breadth of this feature owes to the highly disordered nature of the polymer and the 

broad distribution of polymer chain:dimer interface configurations. Scans 3-5, taken following 

device exposure to light of a solar simulator, show an order of magnitude reduction in the CT state 

signal attributed to a comparable reduction in the concentration of neutral dimers via cleavage 

upon photoactivation of the doping process: Excitation above the F8BT gap (solar simulator) 

enables a first electron transfer from the dimer HOMO to the singly occupied F8BT HOMO, 

followed by immediate cleavage of the dimer and release of the two highly reducing [RuCp*Mes] 

monomers.[DOI: 10.1038/nmat5027; 10.1002/adma.201103238] The CT state is eliminated. 

Confirmation of n-doping concomitant to the cleavage of the dimers and elimination of the CT 

states was obtained via current-voltage and EQE measurements on a green OLED (emitter 

TPBi:Ir(ppy)3) in which the doped F8BT served as electron injection layer (not shown here).     

Figure 1: EQE scans of the ITO/F8BT (undoped or 

doped)/BCP/Al device.  Scans 3-5 follow irradiation 

of the device to photoactivate doping. 
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In another work, we have identified six 

organic small molecules and polymer D-A 

systems with large frontier orbital energy 

offsets that display unprecedented, more 

than 2 eV broad, CT state features. Figure 

2(a) show the external quantum 

efficiencies (EQE) of these D-A systems. 

All donor molecules here have optical 

gaps greater than 3 eV, while the acceptor 

molecules have approximately 4 eV 

optical gap and large electron affinity. The 

energy gap between the highest occupied 

molecular orbital (HOMO) of the donor 

and lowest unoccupied molecular orbital 

(LUMO) of the acceptor is therefore 

significantly smaller than in typical high-

performing organic solar cells.  In-depth 

experimental and computational analysis 

on one of the systems, NPB-HAT-CN 

(NPB is N,N′ -di(1-naphthyl)-N,N′ -

diphenyl-(1,1′-biphenyl)-4,4′-diamine 

and HAT-CN is 1,4,5,8,9,11-

hexaazatriphenylenehexacarbonitrile), 

revealed that the broad feature is 

associated with multiple electronic CT 

states originating from intermolecular 

interactions between the frontier 

molecular orbitals. In this work, we 

established that internal conversion 

between electronic CT levels is not 

efficient and emission does not happen 

from the lowest possible electronic states 

(Figure 2(b) [top]), implying these states 

do not fully obey Kasha’s rule for electronically excited molecules. We were also able to show 

that dissociation efficiency of the NPB-HAT-CN CT-excitons are photon energy dependent and 

excitation to higher energy CT states is more likely to create photocurrent, revealing an example 

of non-constant internal conversion efficiency (Figure 2(b) [bottom]). An important consequence 

of this observation was that there are low energy states present in OPVs that are not revealed by 

the EQE measurement, which was later confirmed by our ultra-sensitive photothermal deflection 

spectroscopy measurement of the NPB-HAT-CN thin film (Figure 2(b) [bottom]). Although not 

Figure 2: (a) External quantum efficiency (EQE) spectra of 

organic bulk and planar heterojunction solar cells, exhibiting 

broad CT spectra extending to approximately 1.1 eV. (b) [top] 

PL spectrum of an NPB:HAT-CN(20:1) film excited at 3.31 

eV (green solid line). The purple and red dashed lines show 

two distinct peaks in the PL spectra, located at 1.55 eV and 

1.38 eV. [bottom] Absorptance of a 20:1 NPB:HAT-CN film 

measured via PDS (red). Estimated IQE (gold) and EQE 

spectra of an NPB:HAT-CN(20:1) device (blue). The IQE 

exhibits two order of magnitude drop from 2.0 to 1.1 eV. 
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contributing to the photocurrent, these hidden states can still influence key photophysical processes 

like recombination and transport, and thus deserve careful examination.  

Future Plans 

From our work on large frontier orbital offset heterojunction OPVs, we discovered that the low 

energy EQE tails of these devices have a common cut-off around 1.1 eV (Figure 2(a)), despite 

considerable variations in their CT energy gap. This unique phenomenon could potentially be 

explained in terms of the resonant energy transfer from the low-lying CT state to polaron (cation) 

states, which successfully neutralizes a CT exciton and creates an excited polaron, thus abruptly 

quenching EQE. Most small molecule donor materials considered in our work have low energy 

polaron transition at ~ 1 eV, which strengthens our hypothesis about the cut-off energy, which we 

will pursue in the next period. 

In terms of energy loss, Marcus theory of electron transfer, which only considers Franck-Condon 

vibrational broadening, cannot completely interpret the experimental CT state luminescence and 

absorption data, especially in the case of highly disordered donor-acceptor blends. Several 

attempts have been made to extract the effects of energetic disorder utilizing standard CT state 

characterization techniques. In the future, we plan to build on such an approach demonstrated by 

Burke et al. [Adv. Energy Mater., 5, 1500123, (2015)], where a Gaussian energetic distribution of 

CT states has been considered. As a starting point, we have extracted the CT state energetic 

distributions for several fullerene acceptor based archetypal planar and bulk heterojunction 

devices. As donors, we explored small molecule organic materials that form thin films with 

varying degrees of order. For example, the donors pentacene and zinc phthalocyanine exhibit broad 

CT energy distribution, owing to the coexistence of amorphous and nano-crystalline domains. On 

the other hand, amorphous donors such as rubrene show much narrower energetic distributions, 

owing to their ability to form completely amorphous, and thus homogeneous, films. In the future, 

we plan to estimate the energy losses and energetic disorders for a series of state-of-the-art high-

efficiency organic solar cells. Utilizing the enhanced understanding of the CT energetic 

distribution from this proposed work, we aim to redefine energy loss as the difference between the 

peak of the CT distribution and the room temperature open-circuit voltage, a general approach that 

allows to also incorporate the effect of disorder. 

Finally, our work will expand our exploration of hybrid charge transfer states to organic-2D 

transition metal dichalcogenide material systems, where preliminary data have shown very large 

CT oscillator strengths and correspondingly high second order nonlinear optical susceptibility. 

We also plan to investigate the efficiency of photocurrent generation in large offset donor-

acceptor systems where the donor HOMO and acceptor LUMO hybridize to form new optical 

excitations in the infrared spectral region. 
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Tuning Organic Semiconductor Packing and Morphology through Non-equilibrium 

Solution Processing 

Zhenan Bao, Stanford University  

Program Scope 

Electronic devices based on organic molecules provide remarkable opportunities for 

applications in organic field effect transistors (OFETs), electronic paper, RFID, photovoltaics 

(OPV), and sensors. Previously, little work has been devoted to the understanding of how the 

morphology and molecular packing are affected by the solution processing conditions. Our 

research group has developed the solution shearing (SS) method as a versatile method to prepare 

high performance OTFTs, especially from highly crystalline small molecule OSCs. We discovered 

for the first time that it was possible to reduce the π−π stacking distance between organic 

semiconductor molecules using the SS method [1]. We observed an order of magnitude increase 

in charge carrier mobility by simply changing the processing conditions. We subsequently were 

able to perform further investigations to understand the mechanism for trapping the metastable 

strained packing structures, by real time X-ray diffraction experiments or by engineering the fluid 

field during the OSC crystallization [2-3]. More importantly, SS provides us many ‘knobs’ to tune 

during processing to allow us to trap metastable non-equilibrium molecular assembly and 

morphology that are not easily accessible by typical film formation methods, such as spin coating.  

Understanding the effects of various solution processing conditions on molecular packing and 

morphology is essential for unprecedented charge transport and future large-scale production of 

organic electronics. Our long-term goal is to develop a systematic understanding of various 

important parameters that impact organic electronic material crystallization and morphology. 

Based on the obtained various structures achieved by non-equilibrium processing, we hope to 

correlate the charge transport with morphology. Non-equilibrium processing provides 

unprecedented access of a range of diverse morphologies that are not easily accessible by other 

methods. This will allow us to gain new fundamental understanding that may facilitate the 

development of novel organic materials that are currently unrealized or unexpected.  

The goal for this project is to understand factors impact polymer semiconductor alignment 

and morphology formation during solution coating. Polymer semiconductors are widely used in 

flexible and stretchable electronics and energy applications. Despite some recent studies, there is 

still a lack of detailed solution-state characterization of polymer semiconductors in terms of their 

conformation, degree of entanglement, shear stress-induced aggregation and chair relaxation 

dynamics under shear flow. These characteristics will directly impact the response of the polymer 

semiconductor solution to solution coating conditions and the resulting polymer alignment and 

morphology. Furthermore, the rigidity of the polymer structure and molecular weight will impact 

their solution-state properties. In this project, we investigate approaches to reduce entanglements 

in polymer semiconductor solutions in order to investigate their impact on the resulting thin film 

morphology and charge transport. On the other hand, we also study ways to control polymer 

semiconductor pre-aggregation in solution again to achieve desired morphology. These materials 

have been fully characterized using DOE-supported synchrotron X-ray scattering facilities in the 

Stanford Synchrotron Radiation Lightsource (SSRL) to determine the alignment and morphology.  
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Recent Progress  

1. Effects of pre-aggregates in solution. 

Efficient charge transport favors ordered structures across 

multiple length scales from the single chain conformation to the 

macroscale alignment. At the single-chain level, the intrachain 

transport can be improved by reducing kinks and bending, which 

can extend π-electron delocalization along the backbone. At the 

nano- to mesoscale, the interchain charge hopping through the 

overlapping of π-orbitals can be facilitated by forming short-range 

ordered polymer aggregates. At the macroscale, the overall charge 

transport across device channels can be boosted by further aligning 

polymer chains and aggregations throughout the entire film. To 

achieve multiscale morphological ordering in a semiconducting 

film, generating straight and strong flow field during solution 

deposition is primarily needed for achieving directional orientation 

of polymer chains in the printing solution. A coating blade with 

micro-trenches was designed to effectively generate an intensive 

unidirectional flow field to align and elongate polymer chains in the 

solution beneath the blade (Figures 1). However, it remains 

challenging to prevent chain relaxation from the extended 

conformation and aligned orientation during film drying.  

Here, we investigated a way to induce conjugated polymer 

nanofibril structure formation from conjugated polymer/elastomer 

phase separation that confines the conjugated polymer chains with 

an extended chain conformation. The relaxation of these larger 

aligned nanofibers in the elastomer matrix compared to that of a 

single polymer chain should be much slower kinetically at time 

scales relevant to drying. Indeed, we show that semiconducting 

polymer films with aligned nanoconfined morphology could be 

fabricated through the conjugated-polymer/elastomer phase-

separation–induced elasticity (termed CONPHINE) methodology, 

which achieves morphological ordering at multiple length scales in 

a single coating step.  

A high mobility semiconducting polymer poly-[2,5-bis(7-decylnonadecyl)pyrrolo[3,4-

c]pyrrole-1,4-(2H,5H)-dione-(E)-(1,2-bis(5-(thiophen-2-yl)selenophen-2-yl)ethene) (DPPDTSE) 

and a elastomer polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) were 

chosen as the two components in the CONPHINE film to demonstrate the concept. In order to 

maximize the macroscopic alignment in the CONPHINE films, it is crucial to use high shear stress 

to pre-align the polymer chains before drying and to minimize the drying time to “freeze in” the 

aligned orientation of the phase-separated nanofibrils. From AFM phase images, aligned 

nanofibers along the shearing direction were observed on the bottom interface of the SS-

CONPHINE film (Figure 1), while the SC-CONPHINE film exhibited a randomly oriented 

nanofiber network. The SS-CONPHINE films, the alignment of nanofibers reduce the 

morphological boundaries that are unfavorable for charge transport, leading to the lowest EA and 

Figure 1. Top: Calculated 3D 

and 2D velocity fields 

(stream-line representation) 

of the solution between the 

coating blade and the 

substrate. Bottom: AFM 

images showing aligned 

nanofibers coated by 

rationally designed blade vs. 

random orientation for spin-

caoted. 
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therefore the highest charge carrier mobility in the best aligned SS-CONPHINE film. As a result, 

we observed significant increase in charge carrier mobility by 5x for the aligned nanofiber film. 

2. Inducing molecular aggregation by modifying polymer molecular weight/rigidity. 

 Based on the above exciting initial findings, we further investigate the impact of molecular 

weight on molecular aggregation formation in solution state. Flory-Huggins solution theory 

describes the phenomenon of miscibility in multi-component polymer systems. Within this 

framework, free energy of mixing increases with molecular weight via entropic contributions, and 

the dependence of the free energy on molecular weight can be further elevated in systems where 

higher molecular weight polymers possess significantly lower solubility, as is generally the case 

for conjugated PSCs. Here, a secondary insulating component, SEBS, is blended with a conjugated 

diketopyrrolopyrrole (DPP)-based PSC (P2TDPP2TFT4) with number-averaged molecular 

weights of 50 (P-50k) and 97 kDa (P-97k). The high molecular weight PSC exhibited greater 

induced interchain aggregation of the PSC,  

 We used absorption spectroscopy and rheological measurement to characterize solution 

states of polymer aggregation.  We show for the first time that depending on the molecular weight 

of the semiconducting component, the matrix-PSC interactions can be used to improve charge 

transport. The high molecular weight PSC (P-97k) undergoes greater molecular ordering and 

becomes more edge-on in the film with SEBS elastomeric matrix, resulting in remarkable increases 

in charge carrier mobility. On the macroscopic scale, charge transport can be improved by aligning 

polymer chains or aggregates across the whole conductive channel. Moreover, an extensional 

flow-driven solution shearing (SS) method, which can induce polymer chain alignment and 

improve the charge carrier mobility of polymer blends, is used to guide P-97k/SEBS solution 

during film deposition. This work suggests blending polymer semiconductors with a suitable 

insulating matrix can overcome the previous reported issues with high molecular weight PSCs, in 

terms of lower crystallinity, lack of alignment, and significantly lower FET performance. The low 

(P-50k) and high (P-97k) molecular weight polymers both possess crystalline and amorphous 

structures, while the crystallinity of P-97k is lower than P-50k due to increased entanglements 

between polymer chains. By introducing the secondary SEBS matrix, the aggregation state of the 

semiconducting component will be modulated owing to the phase separation and confinement 

effect in nano-scale. Such a modification of polymer chain organization is expected to impact 

charge transport of P-50k and P-97k polymers, respectively.   

Future Plans 

We will perform studies to further understand how the solution-phase aggregate, which are 

likely differ in size and shape of molecular additives may affect PSC aggregation. Bulky molecules 

and nanoparticles are known to impact polymer dynamics, entanglement and free volume. 

However, such effects have been less investigated with conjugated polymers, especially on how 

these additives may be used in a synergistic way to allow tuning of crystallinity and alignment. 

We will investigate controlling solution state disentanglement using additives combined with 

extensional fluid flow generated using patterned blade and how they affect alignment and 

potentially the crystallinity and charge transport. 
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Exploring the design principles of low-dimensional organometal halide perovskites assisted 

by machine learning 

 

Yiying Wu, Department of Chemistry & Biochemistry, The Ohio State University  

 

Program Scope 

 The objectives of this project include (1) applying machine learning to understand how 

the structural features of small organic molecules influence the dimensionality and stability of 

organometal halide perovskites, (2) utilizing our newly installed near-ambient-pressure XPS to 

investigate the surface evolution of perovskite films under in operando conditions, and (3) 

controlling the perovskite/electrolyte interfaces for stable photoelectrochemistry. 

 Recent Progress  

(1) Exploring the design principles of low-dimensional organometal halide perovskites 

assisted by machine learning. 

Organic-inorganic halide perovskites have amazing structural tunability: the metal halide 

octahedra can be controlled to form zero- (0D), one- (1D), two- (2D), or three-dimensional (3D) 

inorganic frameworks by choosing appropriate organic amines to direct the dimensionality. The 

structure stability of the widely studied 3D perovskites can be predicted by the Goldschmidt 

tolerance factor. However, there is not a reliable model for predicting the structure-directing 

effect of amines on the low-dimensional cases. Recently, we have carried out a study that uses a 

machine learning-assisted strategy to predict the dimensionality of lead iodide-based perovskites.  

 

Figure 1: Classification of 76 amines based on the dimension of their resultant perovskites. 
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Literature survey has identified 76 amines reported to form low dimensional Pb-I based 

perovskites. Due to very limited number of 0D PbI3-based perovskites, we have combined 0D 

and 1D into one group named as “non-2D”, and thus classify the collection of amines into “2D” 

and “non-2D” (see Figure 1). Machining learning models were trained and tested based on the 

classification and the structural features of these amines. A testing accuracy of 85% was 

achieved by the fitted model to predict whether an amine can form a 2D perovskite or not. 

Coefficient analysis in the logistic regression model reveals heavy contributions from geometric 

and topological features such as steric effect and eccentricity. Importantly, a quantitative model 

is created to calculate the probability of forming 2D perovskite for a selected amine. This model 

has also been applied to several unreported amines to verify the prediction capability. This work 

demonstrates the application of machine learning for gaining the design principle for low 

dimensional hybrid halide perovskites. This work will be submitted soon. 

(2) Ambient Pressure XPS Investigation of Thermally Stable Halide Perovskite Solar 

Cells Post-treated with Small Molecules (ACS Appl. Mater. Interfaces 2020, 12 (39), 

43705–43713) 

Long-term thermal stability impedes the applications of perovskite solar cell and 

optoelectronics. Inspired by our prior results from machine learning (ACS Energy Letters, (2019) 

397-404.), we discover that coating a thin layer of 4,4’-dibromotriphenylamine (DBTPA) on top 

of a CH3NH3PbI3 (MAPbI3) thin film can improve the stability of the resultant perovskite solar 

cells. The passivated perovskite solar cells retained more than 98% of their initial power 

conversion efficiency over 800 h at 85 ℃ in N2 atmosphere without encapsulation. Near-ambient 

pressure x-ray photoelectron spectroscopy (NAP-XPS) was employed to investigate the 

evolution of composition and evaluate thermal and moisture stability by in-situ studies. A 

comparison between pristine MAPbI3 films and DBTPA-treated films shows the DBTPA 

treatment suppresses the escape of iodide and methylamine up to 150 oC under 5 mbar humidity. 

Furthermore, we have used ATR-FTIR and XPS to probe the interactions between DBTPA and 

MAPbI3 surface. The results prove that DBTPA coordinate with perovskite by Lewis acid-base 

and cation-π interaction. Compared with the 19.9% efficiency of pristine sample, the efficiency 

of passivated sample reaches 20.6%. Our results reveal DBTPA as a new post-treating molecule 

that not only leads to the improvement of photovoltaic efficiency but also thermal and moisture 

stability. This work has been written as a manuscript and will be submitted for publication soon. 

(3) Anthraquinone Redox Relay for Dye-Sensitized Photo-electrochemical H2O2 

Production (Angew. Chem. Int. Ed. 2020, 59, 10904 –10908) 

Solar-to-fuel conversion through semiconductor photoelectrochemistry (PEC) is regarded 

as a cost-effective way to make use of abundant solar energy. A PEC system for water splitting 

has been widely investigated but less attention has been paid to other worthwhile redox 

reactions, like HBr oxidation, H2O2 production, and N2 fixation, etc. Hydrogen peroxide (H2O2), 

is an important green oxidant in industry. A PEC system allows on-site production of H2O2 

which can be directly utilized on small scale without unsafe transportation and chemical 

contamination. 

In our work, anthraquinone (AQ) redox mediators are introduced to metal-free organic 

dye sensitized photo-electrochemical cells (DSPECs) for the generation of H2O2. Instead of 
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directly reducing O2 to produce H2O2, visible-light-driven AQ reduction occurs in the DSPEC 

and the following autooxidation with O2 allows H2O2 accumulation and AQ regeneration. In an 

aqueous electrolyte, under 1 sun conditions, a water-soluble AQ salt is employed with the 

highest photocurrent of up to 0.4 mAcm-2 and near-quantitative faradaic efficiency for producing 

H2O2. In a non-aqueous electrolyte, under 1 sun illumination, an organic-soluble AQ is applied 

and the photocurrent reaches 1.8 mAcm-2 with faradaic efficiency up to 95^% for H2O2 

production. This AQ-relay DSPEC exhibits the highest photocurrent so far in non-aqueous 

electrolytes for H2O2 production and excellent acid stability in aqueous electrolytes, thus 

providing a practical and efficient strategy for visible-light-driven H2O2 production. This work 

has been published in Angewandte Chemie International Edition 

(https://doi.org/10.1002/anie.202003745).  

In addition to the above proposed activities, this project is further expanded to probe the 

electrode/electrolyte interfacial reactions and stability in batteries, especially in the 

superoxide-based K-O2 battery that my lab invented in 2013. This invention used the 

reversible oxygen/superoxide redox chemistry to 

solve the challenges in metal-air batteries. 

Future Plans 

1. Apply localized high concentrated 

electrolyte (LHCE) concept to 

photoelectrochemistry system based on 

halide perovskite photocathode: Most of 

the halide perovskites (ex. MAPbI3 or 

CsPbI3) are not stable inside polar solvent 

while many photoelectrochemistry processes 

prefer polar environment. Consider the 

advantage of the LHCE in which there are 

almost no free solvent, we propose the usage 

of LHCE for halide perovskite-based 

photoelectrochemistry system. Start from 

ether (such as DME) as solvent, we plan to use high/per-fluorinated compound (such as 

1,1,2,2-tetrafluoro-1-(2,2,2-trifluoroethoxy) ethane) as diluent and the salt with the same 

cation in the perovskite as the electrolyte (such as CsMPSA for CsPbI3) which is supposed to 

further passivate the decomposition of the perovskite photocathode. The solvent can be 

changed to more polar compounds such as alcohols or even water if possible. The tolerance 

against trace/limited amount of water which can be a proton source inside the LHCE 

electrolyte is also a potential highlight for this project. 

2. Constructing low dimensional perovskite with functionalized ammonium: 2D 

perovskites have been widely used to improve the stability of 3D perovskites for solar cell 

application. The same concept may also be useful for photoelectrochemistry system. 

Therefore, we propose a 2D halide perovskite structure on the surface of traditional 3D 

perovskite (MAPbI3) with functionalized ammonium for photoelectrolysis. 1,6-

diaminohexane functionalized with an Anthraquinone group will be used to construct a 2D 

 

Figure 2: Illustration of the working principle of 

dye-sensitized photoelectrochemistry (DSPEC) for 

H2O2 production by using AQ redox mediators. 
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perovskite layer on the MAPbI3 cathode surface which can protect the 3D perovskite and at 

the same time, accept photoelectrons for electrolysis based on Anthraquinone. Furthermore, 

the high conjugated Anthraquinone molecule may improve the out-of-plane charge transport 

which may allow the use of only 2D perovskite for the photoelectrolysis. 

3. Synthesis of multi-ammoniums halide perovskites to understand the design principle 

for low dimensional perovskites: Quasi-2D perovskites have been synthesized and widely 

studied for solar cell and other photoelectronic application. The combination of 3D spacer 

(typically methylammonium) and 2D spacer (such as larger ammonium with long carbon 

chain) results in the formation of multilayered 3D structure separated by 2D ammoniums 

which has both the advantages of 2D and 3D perovskites. Therefore, we propose the 

synthesis of halide perovskites with multiple ammoniums. By combining both the 2D and 1D 

spacers as well as 1D and 0D spacers, we expected to see the formation of quasi-1D and 

quasi-0D structures respectively. Quasi-1D perovskites should contain separated 2D layers 

that provide ribbon-like structures while quasi-0D perovskites may have separated 1D chains 

which look like sticks. Properties like broad-band emission and ferro/piezoelectricity can be 

further studied and modified by tuning the types of ammoniums. 

 References 

 None. 
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Interfaces in Electronic and Structural Materials 

Yuri Mishin, PI 

Department of Physics and Astronomy Phone:  703-993-3984 

George Mason University, MSN 3F3  Fax:  703-993-1269 

4400 University Drive, Fairfax, VA Email: ymishin@gmu.edu  

 

Program Scope 

The Program pursues the following goals: (1) Conduct a systematic atomistic-scale simulation study 

of a large set of grain boundaries and other interfaces in structural and functional materials. (2) 

Determine the equilibrium structures of the interfaces as a function of bicrystallography, temperature 

and chemical composition. (3) Identify a set of interface phases, investigate their reversible phase 

transformations, and construct grain boundary phase diagrams. (4) Calculate the Kapitza resistance 

of the grain boundaries and establish relationships between the Kapitza resistance and the grain 

boundary crystallographic characteristics, atomic structure, temperature and chemical composition. 

(5) Develop a fundamental understanding of phonon scattering at grain boundaries. 

These goals will be achieved by atomistic computer simulations using molecular dynamics and a 

variety of Monte Carlo techniques. The Kapitza resistance of the grain boundaries will be calculated 

by non-equilibrium molecular dynamics, combined in some cases with the wave-packet method. To 

ensure the accuracy of the predictions, a new machine-learning (neural-network) interatomic potential 

will be constructed for the relevant systems by training the potential parameters on a massive database 

of first-principles energies. The project is expected to significantly impact the state of knowledge in 

interface science by improving the fundamental understanding of structure and thermal resistance of 

interfaces in metallic and semiconductor materials. It is relevant to the BES mission and is aligned 

with DOE's Grand Challenge of controlling matter away from equilibrium and the Basic Research 

Needs for solar energy utilization and electrical energy storage.  

 

Recent Progress 

1. We have constructed a new machine-learning interatomic potential has been constructed 

for Si using the recently proposed Physically-Informed Neural Network (PINN) format [1]. PINN is 

a new type of machine-learning potentials that drastically improves their transferability by informing 

them of the physical nature of interatomic bonding in the material. The integration with physics is 

achieved by combining a physics-based analytical bond-order potential (BOP) with a neural-network 

regression. The neural network adjusts the BOP parameters on the fly during the simulations 

according to the local environment of every individual atoms. This approach has recently been 

demonstrated by developing accurate and reliable general-purpose PINN potentials for Al [2] and Ta 

[3].  

 

To construct a PINN potential for Si, a massive DFT database has been generated. It includes 

supercells representing over a dozen crystal structures of Si, point defects such as vacancies and 

interstitials, surfaces with different crystallographic orientations and reconstructions, gamma-

surfaces representing generalized stacking faults on different fault planes, a set of clusters containing 

from two atoms (dimer) to about a hundred atoms, and single-layer and double-layer 2D structures 
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(silicenes). Each supercell was computed for a large set of volumes and various shape distortions. For 

most of the supercells, ab initio MD simulations were run at several different temperatures and 

densities. Multiple snapshots of such simulations were included in the training database, along with 

static structures. In total, the DFT database represents over 500,000 different atomic environments. 

The neural network parameters were optimized to achieve the root-mean-square deviation from the 

DFT data of about 3 meV/atom, which is essentially the DFT accuracy. The new potential has been 

tested against additional DFT data that were not included in the training set.  

 

The Si PINN potential obtained accurately reproduces a broad range of physical properties of Si on 

the DFT level, including the phonon dispersion relations, thermal expansion, phononic thermal 

conductivity, point and extended defect formation energies, all 2D structures, and the isolated 

clusters. The new potential enables DFT-level simulations of mechanical behavior and 

thermodynamic properties of Si. We believe that it will be extensively used for Si simulations by us 

and many other groups in the future. 

 

2. We have studied the Kapitza resistance of a series of [001] tilt GBs in Si has been studied 

using the new potential and the non-equilibrium MD method. The Kapitza conductance  K was found 

to decrease with the misorientation angle and slightly increase with temperature. For high-angle GBs, 

�K is much lower than the bulk conductivity at low temperatures but the two tend to converge at 

high temperatures. An interesting effect was found wherein �K suddenly decreases when the GB 

dislocations become disordered due to premelting. Structural phase transformations in GBs have a 

significant effect on their thermal conductivity. One of the fundamental issues in nano-scale thermal 

conductivity is the definition, or even existence, of the local temperature. This issue has been 

addressed in two previous publications under this project.   

 

   3. We have recently started a new direction within this project, which focuses on metal-ceramic 

interfaces. Metal-ceramic interfaces are critical elements of the microstructure of many technological 

materials, including metal-matrix composites. The creep resistance of many metal-matrix composites 

degrades at temperatures above 0.7 of the melting temperature of the matrix. The degradation effect 

is attributed to the loss of slip resistance of the metal-ceramic interfaces and to the fast diffusion of 

the metallic element along these interfaces. The microscopic mechanisms of the high-temperature 

interfacial creep and interface diffusion remain unknown. Our goal is to provide a fundamental 

understanding and develop new methods for computational prediction of the atomic structure, 

thermodynamics, kinetics, and mechanical responses of metal-ceramic interfaces at high 

temperatures. As a starting point, we have chosen Al-Si composites as a model system. Al-Si alloys 

possess prototypical properties of metal-matrix composites, with Al being ductile (matrix) and Si 

being hard and brittle (reinforcer).  

 

Figure 1 shows that the interface structure is significantly disordered and contains a mixture of Al 

and Si atoms within a ∼1 nm layer. Diffusion of both Al and Si atoms within this layer can be readily 

detected by the MD simulations, with Si atoms diffusing significantly slower than Al. To demonstrate 

the capability of the proposed methodology to study the interface slip process, we joined two crystals 

of Al and Si with a cube-on-cube orientation. The Si surface layer was fixed, while the Al surface 

layer was translated in the [100] direction parallel to the interface with a constant velocity (Fig. 2), 

imposing a constant shear rate on the system. The interface sliding process occurs partially inside the 
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∼1 nm interface layer and partially between this layer and the Al lattice. The process is accompanied 

by more extensive intermixing of the Al and Si atoms within the interface layer than due to the 

interface diffusion alone. The shear stress arising in the system plotted as a function time (and thus 

displacement) shows a saw-tooth behavior known from previous studies of grain boundary sliding 

and shear-coupled grain boundary motion. While the precise mechanism responsible for this stick-

slip behavior is yet to be understood, we hypothesize that the sliding occurs by nucleation-controlled 

shear transitions. Namely, at a critical value of the stress, a local shear island of a critical size nucleates 

and quickly spread along the entire interface.  

 

Further work is required to probe the dependence of this process on the interface cross-section, 

temperature, time, and most importantly, on the shear rate. The present simulations implemented a 

relatively high velocity of 0.1 m/s. In the future, it will be necessary to reduce this rate as much as 

possible within the computational capabilities of the MD method. These goals will be pursued by our 

group under a different support. 

 

Future Plans  

 No future plans as this program will not be continued past February 28, 2021. 
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Figure 1: Preliminary results: a is the initial 

state of the Al-Si system. b is a zoom into the 

white box after a 60 ns anneal at 650 K. Note the 

local disordering and mixing at the interface. c 

is the initial and d the final structures of the thin 

stripe shown in a. The dashed line marks the 

initial interface position. The zooms into the 

encircled interface region shown in e (Al atoms) 

and f (Si atoms) reveal the spreading of the 

atoms caused by interface diffusion. Note that Si 

diffuses slower than Al. 

 

Figure 2: Preliminary results: a is the 

initial state of the Al-Si system subject to 

applied shear by translating the Al crystal 

relative to Si at 650 K. The vertical stripe 

between the lines was selected to visualize 

the atomic motion in the interface. b is the 

stripe's initial state, c the final state, and d 

the top view of the final state. The dashed 

line marks the initial interface position. 

Note the intermixing of Al and Si atoms 

caused by the shearing. e is the shear stress 

as a function of the relative displacement of 

the Al and Si crystals. The serrated shape 

of the plot is a signature of stick-slip 

dynamics. 
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Excitons in Low-Dimensional Perovskites 

 

William A. Tisdale, Massachusetts Institute of Technology 

 

Program Scope 

The goal of this research effort is to obtain a deeper understanding of strongly bound excitonic 

states in low-dimensional halide perovskites. Experiments will address how excitons in these 

quantum-confined materials move, how they interact with the polar lattice, and how their behavior 

can be manipulated through chemical or structural modification. Specific research activities 

include synthesis and structural characterization of 2D perovskite quantum wells, direct imaging 

of exciton and charge carrier transport, and ultrafast electronic and vibrational spectroscopy. 

 

Recent Progress 

Carrier diffusion imaging in multi-cation perovskites. In pursuit of increasing the power 

conversion efficiency (PCE) of photovoltaic devices, perovskite materials have been optimized 

using mixed halide (Br, I) and multi-cation compositions of Cs, methylammonium (MA), and 

formamidinium (FA)—though the explicit role each component plays in increasing PCE remains 

unknown. To aid in this effort, we performed transient photoluminescence microscopy on a variety 

of perovskite compositions (MA, CsFA, and CsMAFA) in single crystal and polycrystalline thin 

film architectures (Fig. 1). 

Diffusivity values extracted via 

TPLM showed an invariance with 

material composition in single 

crystal perovskites. When cast into 

polycrystalline thin films, however, 

we observed a marked difference 

across the same material 

compositions. We reported a 

diffusivity of 0.047 cm2/s for MA-

based thin films—an order of 

magnitude higher than that found for 

MA-free CsFA films (0.005 cm2/s). 

Angle-dependent x-ray and depth-

profile ultraviolet photoemission 

spectroscopy revealed a gradient in 

the Br content of the mixed halide 

perovskites resulting in an energetic 

barrier at grain boundaries which 

 

Figure 1. Carrier diffusion imaging. (a) Setup with (b) normalized 

diffusion data and (c) modeling results.  Published work from this 

award (Saidaminov et al., Nature. Mater. (2020)).  
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hinders the diffusion of free charge carriers. This effect is exacerbated in the MA-free film. 

Introducing MA into the composition (CsMAFA) flattens the gradient observed and results in a 

significant increase of the thin film diffusivity (0.034 cm2/s). These findings open the possibility 

of removing MA while retaining the benefits to PCE through additives and solvent systems which 

uniformly crystalize the Br-containing components.  

 Exciton-phonon coupling in 2D perovskites. We investigated the extent to which the organic 

cation length influences the coupling between the tightly bound excitons and the phonons modes 

of the polar inorganic-organic lattice using resonant impulsive-stimulated Raman scattering and 

temperature-dependent photoluminescence with density functional theory (DFT). Using a series 

of structurally similar, 2D lead iodide perovskites (CxH2x+1NH3)2PbI4, with organic chain lengths 

ranging from four to nine carbons (x = 4 – 9, Fig. 2a), we observed that the dominant vibrational 

 

Figure 2. (a) Structure of 2D layered perovskites with increasing organic chain length. (b) Vibrational spectra 

from impulsive Raman. (c) Absorbance spectra showing shifting exciton binding energy with increasing dopant 

concentration. (d) Structure of 2D layered perovskite with increasing layer thickness. Published work from this 

award (Mauck et al., JPCC (2019); Mauck & Tisdale, Trends in Chem. (2019); Passarelli et al., Nature Chem. 

(2020)).  
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frequencies of the Raman spectra align with the phonon modes of the inorganic Pb-I cages 

calculated from DFT. The frequency of these modes also remains unchanged with increasing chain 

length as the coherence of the organic cation motion, driven by Coulombic interaction with heavy 

iodide ions and hydrogen bonding, does not extend beyond the fourth carbon in the cation chain. 

The lack of influence on the exciton-phonon coupling suggests that the exciton is highly confined 

to the 2D Pb-I layers and that the organic cations serve to function as a dielectric spacer between 

these layers.  

 Tunable exciton binding energy in 2D perovskites. The ability to tune the exciton binding 

energy (Eb), independent of the band gap (Eg), is highly desirable for these materials. In this effort, 

we were able to introduce a molecular dopant, tetrachloro-1,2 benzoquinone (TCBQ), into the 

organic sublayer of the layered crystal structure to continuously tune the binding energy of the 1s 

exciton by up to 200 meV, Fig. 2c. This represents a 50% reduction in the binding energy compared 

to the undoped perovskite. The interaction between the cationic organic donor and TCBQ acceptor 

cause an electrostatic screening of the exciton, through an increased polarizability of the organic 

sublattice, and a subsequent reduction in the binding energy. Temperature dependent absorption 

and photoluminescence measurements also showed the electronic bandgap, and thus the inorganic 

lattice, is minimally impacted by the incorporation of the dopant into the organic sublayer. 

 

Future Plans 

 Future plans include use of high-magnetic field spectroscopy for accurate determination of 

exciton mass, binding energy, and spatial extent and investigation of the spatiotemporal dynamics 

of excitons in perovskite nanocrystal assemblies. 
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Control of light-matter interactions in hybrid structured environments with novel 

nanomaterials of different dimensionalities (Project # DE-SC0010697) 

 

PI: A. V. Malko (UTD), co-PIs: Y. N. Gartstein (UTD), J. A. Robinson (Penn State University) 

Program Scope 

The rich photophysics of novel semiconductors like transition metal dichalcogenides (TMDs), lead 

halide perovskites (LHPs) as well as nanocrystal quantum dots (NQDs) can be gainfully exploited 

in integrated photonic structures alongside conventional semiconducting and dielectric materials. 

Realization of the prospects of such hybrid structures crucially depends on the ability to fabricate 

these “designer” assemblies while preserving and enhancing the optoelectronic properties of 

individual components. We study encapsulation and passivation methods together with relevant 

intrinsic photophysical properties of the materials in order to minimize energy losses and facilitate 

their judicious integration via control of energy flows and photon-exciton interconversions.  

Recent Progress  

Modified metal oxide deposition proves more versatile. Although atomic layer deposition 

(ALD) of metal oxides is 

well known as one of the 

common encapsulation 

methods, its application 

ordinarily results in severe 

losses of the emission 

efficiency. We, however, 

found earlier that a 

modified gas-phase 

technique with the room 

temperature co-deposition 

of both precursors 

trimethylaluminum (TMA) 

and water did not 

deteriorate the emission of 

traditional inorganic 

NQDs. We have now 

demonstrated that this 

approach can work well for 

various perovskite 

materials, including dramatic enhancement of the PL emission in zero-dimensional (0D) Cs4PbBr6 

and three-dimensional (3D) CsPbBr3 nanocrystals (PNCs) as well as single crystal perovskites 

achieved via alumina encapsulation. Our studies unveil the pivotal role of the PNC surface 

composition and treatment in the process of its interaction with metal oxide precursors to control 

the PL properties and stability of PNCs. XPS analysis of Cs4PbBr6 films reveals the deposition 

process to be accompanied by the elemental composition changes, particularly by the reduction of 

the excessive cesium content. Our experiments agree with DFT simulations showing 

decomposition of structural [PbBr6] octahedra in 0D perovskite lattice that would occur in the 

presence of excess Cs but which can be passivated by added hydroxyl groups.1, 2, 6, 9 Preservation 

and improvement of PNCs’ optical properties observed both on thin films and at the individual 

Figure 1: (a) Schematic of alumina encapsulation of PNCs by simultaneous 

exposure to TMA and D2O. (b) TEM cross-sectional image of alumina 

encapsulated 0D PNC film. AlOx layer thickness was ~ 20 nm for better 

visualization. PL intensity and lifetime of the high PLQY (c-d) and low PLQY 

(e-f) 0D Cs4PbBr6 PNCs thin film, respectively, before and after ALD. (g) DFT 

optimized crystal structures of small Cs4PbBr6 cluster cut-off from the bulk 

without (right, top) and with (right, bottom) surface OH- group modifications. 

(g)
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particle level make our modified ALD a promising approach to integrate fragile perovskite 

materials into hybrid optoelectronic and photonic structures. 

Excitons and their radiative transport in layered perovskites. Another type of highly emissive 

perovskites are recently developed 2D (layered) compounds. We explored the temperature T 

dependence of the photoexcitation dynamics in highly emissive layered perovskite 

(en)4Pb2Br9.3Br with the ethylene diammonium (en) as a spacer between the layers, Figure 2 (a-

c). While the PL kinetics has been found to be substantially T-dependent over the whole range of 

T ~ 77 - 350 K, the PL quantum yield remains remarkably nearly T-independent, decreasing only 

at higher temperatures, Figure 2(d). Numerical solutions of Onsager-Braun-type kinetic-diffusion 

equations show that our observations are consistent with the picture of a T-dependent dynamic 

interplay between tightly bound emissive excitons and larger-size, loosely bound, non-emissive 

geminate charge pairs arising already at earlier relaxation times, Figure 2(e). The geminate pairs 

play the role of “reservoir” states providing delayed feeding into the emitting excitons.4 We formed 

the samples with a microwire morphology to decisively demonstrate the phenomenon of photon 

recycling. We tracked the evolution of PL signals as a function of the lateral separation between 

excitation and collection spots, Figure 2(f). The delayed PL, representing photon recycling, was 

observed at distances >100 μm with characteristic distance-dependent rise time patterns. The 

experimental data was rationalized within a modeling framework accounting for recombination, 

emission and light propagation processes. Modeled intrinsic radiative efficiency of elementary 

recombination events ~ 50% agrees with the room-T PL data, rendering the material promising for 

light-emitting applications, including in structures exploiting photon management.7 

Photon emission from semiconductor nanocrystals at telecom wavelengths and in photonic 

microcavities. In collaboration with Dr. Hollingsworth at LANL, we studied PbS/CdS core/shell 

Figure 2: (a) Crystal structure of the MAen20 compound. (b) Optical microphotograph of the flakes. (c) Linear 

absorption and PL spectra of an individual MAen20 microwire. (d) PL dynamics taken in the temperature range 77-

335 K recorded at the maxima of PL spectra. Inset: Same traces plotted on the log scale. (e) Model schematics of 

the interconversion between excitons (emissive species) and geminate pairs (non-emissive species). (f) Photon 

recycling in 2D microwires, PL decay traces at different excitation/collection separation distances. Inset: Schematics 

of the two-objectives setup with variable distance s between PL excitation and collection spots. 

 

5mm

(b)

(a)

(d)

(e)
(f)
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NQDs as functional single-

photon emitters for room 

temperature, solid-state 

operation in the telecom O 

and S bands.3, 8 Two shell-

growth methods (cation 

exchange and successive 

ionic layer adsorption and 

reaction (SILAR)) were 

employed to prepare PbS-

core/CdS-shell NQD hetero-

structures with shells of 

2−16 monolayers. NQDs 

were bright and stable to 

resolve PL spectra 

representing both bands 

from single nanocrystals 

using standard detection 

methods, and for a NQD 

emitting in the O-band a second-order correlation function showed strong photon antibunching, 

important steps toward demonstrating the utility of lead chalcogenide QDs as single-photon 

emitters (SPEs), Figure 3(a-c). We demonstrated that shell engineering and the use of lower laser-

excitation powers can afford significantly suppressed blinking and photobleaching. Using dip-pen 

deposition technology, we presented a method for directly locating single free-standing NQD SPE 

with high spatial accuracy at the center of highly directional bullseye metal-dielectric 

nanoantennas. We employed non-blinking, high quantum yield CdSe/CdS NQDs for on-demand 

single-photon emission that is uncompromised by instabilities or non-radiative exciton 

recombination processes. Taken together this approach results in a record-high collection 

efficiency of 85% of the single photons into a low NA= 0.5, setting the stage for efficient coupling 

between on-chip, room temperature nanoantenna-emitter devices and a fiber or a remote free-space 

node without the need for additional optics.10 

Engineering defects and improving PL efficiency of two-dimensional TMD layers. 

Working with co-PI Robinson at Penn State University, we study defect formation in TMD 

monolayers. In order to investigate methods for controlling or creating optically active defects in 

TMDs, MoS2 and WS2 flakes are synthesized via scalable chemical vapor deposition (CVD) or 

powder vaporization (PV) processes, and subsequently annealed (either under H2S or vacuum) 

under a range of temperatures and chemical environments meant to induce/heal sulfur vacancies 

in the as-grown material. PL and X-ray photoelectron spectroscopy (XPS) are then used to examine 

the samples’ optical properties and films’ stoichiometries, Figure 4(a-d). PL studies of annealed 

MoS2 with and without H2S show drastic changes in position and intensity for the defect bound 

exciton peak and the free A-exciton peak, in addition to changes in overall intensity, Figure 4(e,f). 

Intensity for H2S-annealed samples increases by a factor of ~4X compared to as-grown MoS2, 

whereas intensity decreases ~5X in vacuum-annealed samples. The defect-bound exciton peak is 

 

Figure 3. (a) TEM image and shell structure of PbS/CdS NQD. (b,c) PL spectra 

and photon anibunching of an individual PbS/CdS NQD. (d) Sketch of the 

wavelength-size, metal-dielectric bullseye antenna structure. Inset: individual 

NQD placement by dip-pen technique. (e) Directionality of the emission from 

CdSe/CdS NQD placed in the bullseye nanoantennae. 

d e

a

c

b
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quenched after sulfur annealing, with an 

associated blue shift of the A-exciton peak, 

while the intensity of the defect-bound exciton 

peak increased when samples are annealed in 

the absence of H2S, along with a red shift of the 

A-exciton peak. Annealing the material in 

sulfur to heal defects also had varying degrees 

of effectiveness at the varied temperatures. The 

most vacancies are healed (leading to the 

highest PL intensity) at 400°C in the MOCVD 

samples, and 300°C in the PV samples, Figure 

4(e,f). Below these temperatures, it is assumed 

that not enough vacancies underwent the 

healing process. Above these temperatures, the 

competing effects of vacancy healing and 

vacancy generation by thermal dissociation are 

dominated by vacancy formation; in the 

extreme, this led to a higher number of 

vacancies (and lower PL intensity) in the 500°C 

H2S-annealed PV MoS2 than in its as-grown, 

unannealed counterpart. Investigation of film 

stoichiometry via XPS revealed that H2S 

anneals also increased the sulfur-to-

molybdenum content, providing further 

evidence of vacancy healing. In a similar trend 

to that seen for PL, the most sulfur-rich films 

are those annealed at more moderate 

temperatures, rather than the upper and lower 

bounds of the range tested. 

 

Future Plans 

Guided by our progress in ALD encapsulation of perovskites, we are planning to study blue-

emitting perovskite materials that are known to be especially unstable and in need of encapsulation. 

In parallel, we are developing lead-free, bismuth-based perovskite nanoparticles with enhanced 

stability via ALD encapsulation. We will continue to fabricate well-ordered perovskite 

nanocrystals solids and use conformal deposition strategy to passivate, protect and stabilize the 

layers. With LANL, we will continue synthesis and development of nanocrystals of different 

dimensionalities and spectral signatures, in particular gNQDs for the near-IR range. The progress 

described above enables us to make inroads towards building more involved hybrid and photonic 

structures that could take advantage of enhanced near-field interactions in waveguiding and 

microcavity configurations with the longer-term goal of achieving effective control of light-matter 

coupling in such systems. Our TMD studies will be expanded; we will continue to explore 

annealing/defect healing options and corresponding improvements of PL efficiency. We will 

incorporate nanoparticles and TMD materials into photonic structures and provide insights into 

methods to control photonic and excitonic conversions.  

 

Figure 4. (a) AFM micrograph of continuous monolayer 

MoS2 grown via MOCVD, (b) PL of the same, showing 

intensity difference between as-grown and defect-

induced samples, (c,d) XPS of as-grown and defect-

induced samples, respectively, including the S/Mo ratio 

for each, showing sub-stoichiometry in the defect-

induced sample. (e,f) PL of as-grown and H2S-annealed 

MoS2 samples grown via (e) MOCVD and (f) PV. 

(e) (f)
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Describing Light-Matter Interaction at the Nanoscale Through Coupled Simulation of 

Quantum Electronic Transport and Electrodynamics 

I. Knezevic, University of Wisconsin-Madison, iknezevic@wisc.edu 

Program Scope 

The control of light-matter interaction at the nanoscale is a grand challenge that cuts across 

modern photonics, plasmonics, and optoelectronics, and it requires predictive modeling to 

successfully tackle. The objective of this project is to develop and deploy a suite of simulation 

tools based on the density-matrix framework for quantum electronic transport which also 

incorporates light-matter interaction. We showcase the versatility of the density-matrix approach 

for this purpose, and present our recent advances in developing a fully self-consistent coupled 

quantum transport and electrodynamics simulation framework.  

Recent Progress  

 Density-Matrix Model for Photon-Driven Transport in Quantum Cascade Lasers [1]  

 

 
Quantum cascade lasers (QCLs) are unipolar sources of coherent radiation emitting in the 

terahertz and infrared portions of the electromagnetic spectrum, and also excellent model 

systems for far-from-equilibrium quantum transport in the presence of electromagnetic fields. 

The gain medium of a QCL is a periodic stack of compound-semiconductor heterostructures. The 

resulting multi-quantum-well electron band structure in the growth direction has discrete energy 

levels, and the associated wave functions are quasibound. While lasing stems from radiative 

electron transitions between specific states, nonradiative transitions mediated by various 

scattering mechanisms also play important roles in device operation. In particular, photon-

assisted (PA) transport in terahertz and midinfrared QCLs is significant at and above lasing 

threshold, and appears particularly prominent in devices with diagonal design. There is a need 

for a computationally efficient quantum-transport treatment of PA tunneling in QCLs that does 

 

Fig. 1. (Left) Conduction-band edge and probability densities for the eight eigenstates used in calculations 

(bold curves). The states that belong to neighboring periods are denoted by thin gray curves and the dashed 

box indicates a single stage, starting with the injection barrier. The bias electric field is 50 kV/cm. The states 

are numbered in the order of increasing energy, starting with the ground state. The radiative transition occurs 

from state 8 to state 7. (Middle) Calculated dc current density as a function of the applied bias electric field at 

300 K, with (open squares) and without (solid circles) the influence of photon-assisted tunneling. (Right) 

Measured and calculated output power as a function of the current density.  
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not require phenomenological parameters and that employs broadly adopted intuitive concepts. 

In this work, we present a quantum-mechanical model for photon-driven transport in 

QCLs that is computationally inexpensive, requires no phenomenological parameters, and is 

conducive to intuition building. The model stems from a rigorous theoretical framework with a 

positivity-preserving Markovian master equation of motion for the density matrix. The model is 

employed to characterize the steady-state and frequency response of a previously grown 

midinfrared QCL. Our results show that the inclusion of PA tunneling leads to substantial 

changes in electron transport around and above lasing threshold. Specifically, a significant 

increase in the current density is observed upon inclusion of PA tunneling, which allows for a 

significantly better agreement with experimental findings than the models that neglect this 

phenomenon. In particular, we show that, in quantum cascade lasers with diagonal design, 

photon resonances have a pronounced effect on electron dynamics around and above lasing 

threshold. This effect stems from a large spatial separation of the upper and lower lasing states. 

 Dielectric waveguides with embedded graphene nanoribbons for all-optical broadband 

modulation [2] 

 

 
All-optical processing offers low power consumption and fast operation speed and is a promising 

approach to high-bit-rate communication. Realization of all-optical integrated photonics requires 

core materials which strongly mediate photon–photon interaction. Recently, it was shown that, in 

the long-wavelength limit, graphene nanoribbons (GNRs) have a very strong Kerr optical 

nonlinearity at the telecom wavelength range (1. 3–1.6µm). We proposed a dielectric waveguide 

with embedded GNRs for all-optical self-amplitude-modulation applications. By implanting a van 

der Waals (vdW) heterostructure consisting of GNRs and hexagonal boron nitride into a rib silicon 

waveguide, we maximize the optical concentration near the GNRs and enhance nonlinear optical 

effects. Different-width GNRs incorporated in the vdW heterostructure provide strong self-

sustaining broadband modulation over the telecom frequency range, without a need for dynamical 

tuning. The compact footprint and self-sustaining, broad-bandwidth saturable absorption make the 

proposed device a suitable component for ultrafast nanophotonic applications. 

 

Fig. 2. (a) Schematic of a GBNH-embedded rib silicon waveguide. The zoomed-in heterostructure consists of 

graphene nanoribbons (gray) encased in hBN (pink). (b) The cross-section view of the waveguide. (c) 

EGBNH/Emax as a function of Si strip thickness, Ts. EGBNH denotes the electric field at the center of the EGBNH 

and Emax is the maximal electric field across the device. The closer the ratio is to 1, the more concentrated the 

optical field is near the GBNH. Ts ~ 45 nm yields optimal optical confinement. Insets show electric-field profile 

across waveguide for narrow (20 nm), optimal (45 nm), and thick (100 nm) Si strips at 950 meV. 
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 Tunable plasmon-enhanced second-order optical nonlinearity in transition-metal 

dichalcogenide nanotriangles [3]  

 

 

The development of nanomaterials with a large nonlinear susceptibility is essential for nonlinear 

nanophotonics. In this paper, we show that equilateral nanotriangles made of single-layer TMDs 

such as MoS2, WS2, and WSe2, whose growth has already been demonstrated, have a strong and 

electrically tunable second-order nonlinear optical response at midinfrared (mid-IR) to near-

infrared (near-IR) frequencies. We calculate the second-order nonlinear optical response of these 

systems within the density-matrix quantum-transport framework that accounts for dissipative 

processes and screening in detail (excitonic effects are not considered). We show that the 

second-order susceptibility χ(2)  peaks in the vicinity of both two-photon intersubband resonances 

(whose positions are fixed by the nanotriangle geometry) and plasmon resonances (dynamically 

tunable by the carrier density). By tuning the carrier density to bring the plasmon and two-photon 

resonances into alignment, χ(2)  can become as high as 10-6 m/V, orders of magnitude higher than 

the intrinsic SHG of single-layer TMDs (~10-9 m/V) or the χ(2)  of bulk LiNbO3 (~10-11 m/V) at 

near-IR frequencies. χ(2)  increases as the triangle size decreases. These findings underscore the 

suitability of single-layer TMD nanotriangles for nonlinear nanophotonics.  

Future Plans 

We have successfully integrated approximate electrodynamics into both vertical and lateral  

quantum transport of electrons described using the density matrix. Future plans involve full self-

consistent integration of electrodynamics solvers (classical and quantum) with quantum 

electronic transport, most immediately for classical electrodynamics. To that end, we have been 

developing and will soon publish our work on two new computational electrodynamics 

Fig. 3. (a) Schematic of an equilateral TMD nanotriangle with the side length L. TM-polarized incident light 

causes linear and second-order nonlinear optical response. (b) One-photon, two-photon, and plasmon 

resonances. One- and two-photon resonances are due to intersubband optical transitions, whereas plasmon 

resonances are due to collective oscillations of electrons. (c) Loss function and (d) second-order susceptibility in 

response to external field (solid) and total field (dashed) of a 5-nm TMD nanotriangle with sheet density 3x1012 

cm-2 for different values of the electron mobility. Arrow-marked peaks are two different plasmon resonances. 
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algorithms that calculate scalar electric and vector magnetic.  The first is the field-potential 

finite-difference time-domain (FiPo FDTD) algorithm, already implemented with efficient 

convolutional perfectly matched layer (CMPL) boundary conditions and in the Lorenz gauge. 

Preliminary data in Fig. 4 is for a differentiated Gaussian current source in the z-direction 

(normal to the screen) and with a bandwidth of 6 GHz. The source is at the center of each panel. 

 

 

In the second approach, we cast Maxwell’s equations in terms of dual potentials, where, in 

addition to the well-known vector magnetic and scalar electric potentials we also introduce their 

duals (vector electric and scalar magnetic potentials). This form of Maxwell’s equations is 

particularly useful when employed with the Coulomb gauge and offers exciting opportunities for 

the simulation of currents that carry angular momentum, such as electron beam vortices (Fig. 5). 
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Fig. 4. Snapshot of fields and potentials for FiPo FDTD at 0.32 ns (left) and 0.49 ns (right) for a differentiated 

Gaussian source. The latter shows the efficiency of the CMPL absorbing boundary conditions.  

 

(a)       (b)    (c)  

Fig. 5. (a) Top-down view of quiver plot showing current density in a vortex beam. The current density swirls 

around the propagation axis, which points into the page. The quiver plot is overlaid on a slice of |ψ|2. (b) and (c) 

Snapshot of the components Ax (b) and Ay (c) of the magnetic vector potential A in the Coulomb gauge for the 

current source being the electron vortex beam from the left panel, which carries nonzero angular momentum.  
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Hot Carrier Dynamics in Low-Dimensional Systems 

Ian R. Sellers, Department of Physics & Astronomy, University of Oklahoma 

Program Scope 

 This research is focused on the physics of hot carrier dynamics in confined semiconductor 

structures, more specifically: the role of polarons, carrier lifetime, and carrier-carrier interactions 

in the hot carrier dynamics of type-I and type-II quantum wells (QW) in III-V’s, as well as metal-

halide perovskites.  While these two systems are quite different in terms of structure, constituent 

materials, and synthesis, they share several unique but similar properties. These include evidence 

of inhibited carrier relaxation and robust hot carrier effects upon high energy photoexcitation, 

along with interesting carrier-phonon dynamics. Here, the role of crystal structure, chemical 

composition, carrier-phonon interactions in hot carrier generation is assessed in a range of metal-

halide perovskites using a suite of optical techniques. These include continuous wave (CW) 

photoluminescence and absorption, using resonant and non-resonant excitation, along with 

complementary transient absorption (TA) spectroscopy. Also investigated are InAs/AlAsSb 

quantum wells in which the type-II band structure allows for assessment of hot carrier relaxation 

in strongly confined heterostructures that has already demonstrated unusual hot carrier dynamics 

and phonon bottleneck effects. These systems also provide a potential III-V system for the 

demonstration of carrier multiplication (CM) and the ability to study Auger effects upon CM by 

design. Here, recent progress is presented along with results for the potential to inhibit carrier 

thermalization using multi-QW (MQW) and superlattices. 

Recent Progress 

Initial work on perovskite systems in this program was focused on the interaction of 

excitonic complexes and phonons (polarons) in 2D Ruddlesden-Popper films and compared to 

conventional bulk MAPbI3.
1 It is shown that the complex structure observed at low temperature is 

the product of a series of intrinsic and extrinsic excitons, within which carrier redistribution is 

evident with increasing temperature. At higher temperatures, two dominate excitons were evident 

whose origin are intrinsic to the perovskite structure. However, these excitons interacted quite 

differently with phonons: through processes mediated by the binding energy or in other words, the 

extension of the exciton wavelength within the lattice. The role of polarons in these systems along 

with their effect on carrier relaxation and the role of phonons in these materials have been 

investigated, along with several additional and complementary perovskite systems. Temperature 

dependent photoluminescence (PL) and transmission spectra have been used to analyze the 

effect of changing the components of various perovskite compounds, which is focused 
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here for brevity on four systems: FAMAPbSnI3, FAPbI3, FAMAPbI3, and FAPbBr3.
2 Low 

temperature measurements highlight subtle differences in the properties of these systems, 

which are screened at room temperature. Specifically, samples with the double cation 

FAMA display more complicated low temperature spectra than those synthesized with 

only FA, as the A-site organic cation. Figure 1 shows the temperature dependent Stokes 

shift extracted from PL and absorption spectra for the four materials under discussion. 

Insets to each figure show comparisons of the 4.2 K and 300 K absorption and PL spectra. 

The behavior of the three pure Pb-based perovskites show similar magnitude at room 

temperature. This work2 shows that this is governed on one hand, by the Fröhlich 

coupling parameter,  ionicity, and phonon energy (ELO) – the greater the interaction 

corresponds to larger Stokes shift; and on the other hand, the exciton binding energy of the 

specific system, which corresponds to fewer free carriers – therefore, lower carrier-phonon 

interaction which r e s u l t s  in  a  smaller Stokes shift, or delayed temperature response. 

T h e  behavior of the Sn-based (FAMA)PbSnI3 film is considerably different from that of the 

pure Pb-based systems, in all measurements made. Specifically, in the case of Figure 1, the mixed 

Sn-Pb system displays a marked absence of a Stokes shift between the absorption and 

photoluminescence. This is attributed to the role of a high background impurity 

concentration in (FAMA)PbSnI3, resulting in considerable broadening in the PL and 

significant sub bandgap free carrier absorption in these materials.  TA further supports the 

trends observed in CW measurements; the three Pb-based films all show the convolution of 

an excitonic feature within 20 meV of the bandgap as a contributing factor to the photo 

bleach along with a region of high energy photoinduced absorption (PIA). However, once 

again, the behavior for the Sn-based perovskite is notably different with an unusual low 

energy PIA and a lack of high energy PIA. The large unusual low energy PIA is further 

evidence of the role of the contribution of significant sub bandgap absorption as seen in the 

CW measurements. An initial rapid cooling of hot carriers in the first few picoseconds displayed 

in all the systems studied is attributed to efficient hot carrier-LO phonon coupling likely mediated 

by Klemens and more importantly, Ridley processes. In all cases, a longer-lived carrier relaxation 

 

Figure 1: (a) Comparison of the temperature dependence of the peak PL energy (black circles) and the energy from the 

transmission spectra (red circles) for FAPbBr3 (a), FAMAPbI3 (b), FAPbI3 (c), and FAMAPbSnI3 (d) from 4.2 K to 

300 K. Shaded regions correspond to the extent of FWHM. The insets show PL (black) and absorbance (red) spectra 

for 4.2 K (upper) and 295 K (lower). 
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regime is evident that is apparently ubiquitous to metal-halide perovskites. This longer-lived 

cooling of carriers is attributed to phonon bottlenecks associated not only with LO phonons but, 

the intrinsic low thermal conductivity of perovskites limiting the dissipation of acoustic phonons, 

something also proposed in earlier InAs structures.3 

In the second thrust of the program, deep InAs/AlAsSb quantum well structures are 

considered. These systems, which have a type-II band alignment, have been shown to produce hot 

carrier effects via inhibited hot carrier relaxation. The type-II InAs system displays a number of 

unusual properties such as low hot carrier thresholds, evidence of intervalley scattering, and the 

presence of a strong phononic band gap indicating a suppression of the Klemens mechanism in 

this system. As such, here the effects of electron phonon interaction and more specifically the LO-

phonon relaxation pathways are the focus: can losses be controlled or engineered using the large 

phononic mismatch of the superlattices under investigation. A series of 2.1 nm type-II 

InAs/AlAs0.16Sb0.84 quantum wells with 

increasing barrier thickness have been 

investigated. In this study, the carrier 

temperature is extracted through applying a PL 

ratio method, which considers the reference 

CW PL spectrum at thermal equilibrium with 

the lattice. Figure 2 shows the temperature 

difference (∆𝑇: difference between hot carriers 

and the lattice temperature) as a function of 

thermalized power (the excess kinetic energy of 

the electrons in the conduction band per time 

unit) at 300 K. It is observed that when the 

AlAs0.16Sb0.84 barrier thickness is increased 

from 2 nm - through 5 nm - to 10 nm the hot 

carrier temperature increases, while the 

thermalization coefficient (efficiency of hot 

carrier relaxation, not shown for brevity) 

decreases. This is attributed to the increasing 

role of phonon channels related to the AlAsSb barrier, which has a significantly larger phononic 

band gap than that of InAs. The consequence of this is to reduce Klemens relaxation pathways in 

the MQWs with larger AlAsSb barrier contributions.3 Monte Carol simulations support this 

hypothesis with a significant decrease in the density of available InAs phonon states in the system 

as the contribution of the AlAsSb based barrier increase to 90 %, decoupling the Klemens channel 

in the InAs and increasing the phonon scattering time in the system considerably.4    

 

 

Figure 2: Temperature difference (∆𝑇) as a function of 

thermalized power for the type-II InAs MQWs with 2 

nm (black), 5 nm (red), and 10 nm (green) barrier 

thickness at 300 K. The dashed lines indicate the 

results of linear fitting. 
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Future Plans 

 Hot carriers are currently being assessed in CsFAPbI3 based heterostructures, which are 

the most stable and structurally pure metal-halide perovskites systems we have investigated. This 

has enabled not only the assessment of hot carriers in transient absorption, but assessment of any 

evidence of “hot” photocurrent in electrical measurements. Simultaneous monochromatic-current-

voltage (excitation at 532 nm) and photoluminescence measurements are also underway on MQW 

and SL structures in the InAs/AlAsSb system to investigate the presence of hot carriers on the 

extracted photocurrent and voltage in these heterostructures. In addition, a new generation of 

optical structures with band gaps of ~ 0.5 eV have also been designed and grown by MBE in this 

(InAs/AlAsSb) system. These samples have ground state (InAs) absorption energy that is 

approximately three times smaller than the (AlAsSb) QW barriers. Thus, these samples are 

relevant for a major goal of this program – studying the effects of Auger processes carrier 

multiplication in III-V quantum wells.  
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Disorder in Topological Semimetals 

Kirstin Alberi1, Brian Fluegel1, Anthony Rice1, Stephan Lany1, Mark van Schilfgaarde1, 

Matt Beard1 and Daniel Dessau2 

1National Renewable Energy Laboratory, 2University of Colorado, Boulder 

Program Scope 

 Three dimensional (3D) topological semimetals offer exciting opportunities for controlling 

and exploiting exotic states of matter for the next generation of energy-relevant technologies. The 

topological phase and many of the unique properties these materials display are deeply connected 

to the underlying symmetry and disorder within the system, presenting opportunities to broadly 

tailor them. This project investigates the complex relationships between the properties of 

topological semimetals and disorder in the prototypical and technologically relevant 3D Dirac 

semimetal Cd3As2. We deliberately manipulate defects, impurities and interfaces in epitaxial layers 

to understand how they influence the optical and transport properties as well as the topological 

phase. The fundamental insights gained from the Cd3As2 material system are expected to set the 

stage for utilizing disorder within topological semimetals to design them for specific applications. 

 

Recent Progress  

Our ability to manipulate disorder in Cd3As2 is based on the degrees of freedom afforded 

by molecular beam epitaxy (MBE). We have the ability to control the crystallographic orientation, 

extended and point defects, and the composition and thickness of the Cd3As2 epilayers based on 

the choice of substrate, atomic flux ratios, growth temperature and growth time. We have 

previously developed the ability to grow Cd3As2 on GaAs substrates in the (001), (110) and (111) 

orientations by inserting a ZnxCd1-xTe buffer to control strain relaxation. We also use separate 

elemental arsenic and cadmium sources for growth, which allows us to manipulate point defect 

populations through selection of the arsenic overpressure. Our high-quality material (with room 

temperature electron mobilities as high as 18,700 cm2/V-s) provides a platform for targeted studies 

of specific types of disorder. 

Understanding the response of topological semimetals to impurities and defects 

Although the topological protection endowed by the inversion and time reversal 

symmetries in Cd3As2 prevent against carrier backscattering, point and extended defects can alter 

other material properties. One important example is the strong n-type doping of as-grown crystals 

through the incorporation of VAs defects [1,2]. High electron concentrations (~ 1018 cm-3) move 

the Fermi level 100-200 meV into the conduction band, obscuring measurements of electronic 

structure near the Dirac point and limiting the versatility of Cd3As2 for some applications [3]. We 

are currently investigating the extent to which control of the As/Cd flux ratio during molecular 

beam epitaxy can alter the VAs and free electron concentrations. Early results indicate that higher 
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As overpressures can be used to lower the electron 

concentration by an order of magnitude in epilayers 

grown in the (112) orientation (Fig. 1). Interestingly, 

we also find the choice of crystallographic growth 

direction affects the electron concentration. For 

example, growth in the (001) orientation results in 

lower overall electron concentrations and decreased 

dependence on the As/Cd flux ratio (Fig 1). We are 

currently investigating the mechanisms that lead to 

these different behaviors through a series of growth 

studies in combination with magneto-transport and 

positron annihilation spectroscopy measurements. In 

tandem, we are setting up supercell defect 

calculations for an inclusive set of potential dopant 

atoms and including lattice defects that can often form in response to doping. Based on this data 

we will predict the range of Fermi level positions achievable with doping under realistic growth 

conditions. The ability to lower the free electron concentration in as-grown material simply by 

altering the orientation of the growth surface presents exciting new opportunities to further study 

the material properties near the Dirac point and design epitaxial layers for device applications. 

Extended defects are also known to affect the electron mobilities of Cd3As2 [4,5]. 

Dislocations, stacking faults and twin defects all form in epitaxial layers grown on lattice-

mismatched substrates, and we use ZnxCd1-xTe buffer structures with varying lattice constants and 

miscuts to control their densities.  Raman measurements offer a sensitive probe of twin defects in 

samples grown in the (112) orientation. Minimally twinned samples show contrasting polarization 

between light oriented parallel and orthogonal to the c-axis projection, whereas spectra from fully 

twinned samples have contributions from a mixture of domains having the three (112) variants.  

Although Cd3As2 has previously been alloyed with Zn and P [1,6,7], we do not have a 

comprehensive view of how scalar potentials of isovalent impurities or charged centers influence 

its electronic, optical and transport properties. A goal of this project is to understand chemical 

trends in how different types of impurities influence Cd3As2, including the topological phase. We 

have started our investigation with Zn (isoelectronic) and Te (charged) impurities. Adding Zn at 

concentrations of just a few atomic percent causes a moderate drop in the electron mobility (Fig. 

2). It is also interesting to note that the electron concentration drops as well. By comparing 

epilayers grown under different As/Cd flux ratios, we have obtained hints that Zn may slightly aid 

the incorporation of As into the lattice, especially for low As overpressures, thereby driving down 

the free electron concentration in this doping range. Further investigation is needed to verify this 

mechanism. At higher Zn concentrations > 15%, an additional small reduction of the electron 

concentration is linked to the total shift toward a p-type trivial semiconductor in Zn-rich alloys (> 

25% Zn) [1,7]. However, the electron mobility continues to drop, commensurate with our 

 

Figure 1. Electron sheet concentration in 

Cd3As2 epilayers grown with varying As/Cd 

flux ratios in the (112) or (001) orientation. All 

epilayers have roughly the same thickness. 
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expectation that Zn acts as a small angle scattering center and facilitates the generation of extended 

defects [2]. Alloying Cd3As2 also influences the Raman modes, but to different degrees (Fig. 2). 

These results provide a starting point from which to evaluate how other isoelectronic impurities 

affect carrier concentrations, scattering and other structural and optical properties.  

Probing relationships between symmetry and topological phase 

The Cd3As2 lattice is derived from the fluorite (CaF2) lattice, where As occupies the 4a site 

(Ca) and Cd occupies the 8c (F) site, but with ¼ of sites being empty. In the ground state (GS), the 

empty sites are ordered, giving rise to a tetragonal space group symmetry (# 142) with 80 atoms 

in the primitive cell. Each As site is coordinated by eight 8c sites, and in the GS the arrangement 

of empty sites is such that each As site has 6 Cd neighbors and two empty sites. This observation 

suggested that short range order (SRO, i.e., exclusive As-Cd6 coordination) could play an 

important role. Recent research in ternary nitrides has identified cases where SRO is dominating 

the energetics of disorder [8]. Therefore, to better understand the role of ordering of the empty Cd 

sites, we performed DFT-SCAN supercell calculations with disordered configurations. Figure 3 

shows that SRO reduces to a certain extend the energy, but the energies remain comparable to 

those of random disorder. From this data, the ordered-to-random phase transition can be estimated 

to occur around 1300K, considerably higher than crystal growth temperatures and even higher than 

the stability range of Cd3As2. SRO does not reduce the energies enough to significantly reduce the 

disorder temperature. Thus, pure Cd3As2 can be viewed as an ordered vacancy compound [9], with 

a relatively strong ordering tendency. As a conclusion of these results, we will focus our near-term 

efforts on the ordered Cd3As2 structure. We will potentially revisit the role of empty-site disorder 

in the context of doping and alloy since the interaction between dopants and empty sites can induce 

disorder of the latter even when it is absent in the undoped material. 

 

Figure 2. Electron sheet concentration (left) and mobility (center) in (Zn,Cd)3As2 epilayers as a function of Zn 

concentration and As/Cd flux ratio. Behaviors are distinguished between low-doped (< 10%) and moderately 

doped (> 15%) regimes. All epilayers have roughly the same thickness. (right) Raman spectra as a function of Zn 

doping.  Scattering amplitude and frequency are affected to different degrees by the cation mass and binding, 

ranging from little dependence at the 54 cm-1 mode to a rapid frequency dependence at the 141 cm-1 mode. 
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 Manipulating Disorder at Interfaces 

 Epitaxially incorporating Cd3As2 and its 

alloys into heterostructures will ultimately 

support its use in a variety of applications. We 

have grown Cd3As2 epilayers directly on ZnxCd1-

xTe, Zn3As2 and GaAs surfaces. Band alignments 

determined through capacitance-voltage and x-

ray photoemission spectroscopy, in addition to 

transport measurements, provide information on 

which interfaces will act as Ohmic contacts or 

Schottky barriers. By altering the interface 

initiation growth conditions, we can further 

explore how disorder at the interface influences 

carrier transport across it in both instances. 

Future Plans 

 We intend to continue the studies outlined 

above to uncover the impact of disorder from defects and impurities as well as ways to control it. 

This includes the manipulation of VCd defects and the influence of impurities on the properties of 

the topological surface states. In addition to the transport and Raman measurements, we will also 

investigate how these various forms of disorder affect hot carrier cooling through optical-pump, 

THz-probe time-resolved spectroscopy methods. In the area of material computation, we plan to 

utilize the Quasiparticle Self-Consistent GW approximation to reliably model the bandstructure 

and gain further insight into transport and optical properties. Finally, we are in the process of 

building a portable ultra-high vacuum chamber for transporting samples from our MBE system at 

NREL to the angle-resolved photoemission spectroscopy (ARPES) instrument at the University of 

Colorado, Boulder. These measurement capabilities, combined with our ability to grow epilayers 

in various crystallographic orientations and thicknesses will allow us to probe the electronic 

structure of the bulk and surface states as a function of free carrier concentration and alloy 

composition. 
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Figure 3. Energetics of empty-site disorder in Cd3As2 

obtained from DFT supercell calculations. The energy 

is given per 8c site of the underlying fluorite lattice 

(insert), which is ¾ occupied with Cd. Data for short 

range ordered configurations in which As is 

exclusively coordinated by 6 Cd is shown in red. The 

energies of non-SRO structures (blue) approach the 

limit for a random distribution in the larger cells. 
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Overcoming Optical Selection Rules in Materials by Extreme Localization of Light 

 

Hayk Harutyunyan, Department of Physics, Emory University, Atlanta, GA 30322 

 

Program Scope 

The main scope of this program is to study the new physical phenomena in light matter-

interactions that arise due to the nanoscale confinement. Typically, the optical interactions in 

nanoscale materials are determined by the material composition of and the geometric properties 

nanostructures. In this conventional approach, the quantum transitions and carrier dynamics are 

governed by the electronic structure of the constituent materials. Nanoscale modification of the 

material structure and geometry can add a new way of controlling electronic transitions due to 

e.g. carrier confinement or carrier injection across heterogeneous interfaces. However, typically, 

the role of the specific properties of the optical modes are overlooked when studying the 

mechanisms of photo-assisted transitions. 

The goal of this program is to study the optical absorption adopting a different approach 

and try to control the light-matter interactions by manipulating the properties of the excitation 

light itself. To this end, we use nanostructured materials to design special interfaces and 

nanocavities with desired optical properties. These structures support optical modes with tunable 

spatial and temporal parameters such as field enhancement and localization, field gradients and 

quality factors. By using optical spectroscopic methods we engineer and study fundamentally 

novel types of optical interactions at the nanoscale.  

 

 Recent Progress  

Strong modification of light-matter interaction can be achieved in ultrathin metallic 

films. In such structures, the surface bound plasmonic modes feature very large field gradients 

that can dramatically modify the light absorption in the metal [1]. The main novel mechanism of 

such modified optical absorption is thought to be due to the resonantly enhanced Landau 

damping in metals, which leads to efficient free carrier absorption. The main obstacle for 

observing these new effects is the availability of high quality ultrathin (sub 10 nm) plasmonic 

continuous films. Typically, fabrication of such films is a challenge, because metal grows in the 

Volmer −Weber (three-dimensional) mode on common substrates such as fused-silica or silicon. 

In the initial stage of film growth, the deposited metal atoms cluster together and form isolated 

islands. As the deposition continues, these isolated islands increase in size, and eventually merge 
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to form a percolated conductive thin film. Such a three-

dimensional (3D) growth mode leads to a minimum thickness 

value, commonly referred to as the “percolation threshold”, 

below which the deposited plasmonic metal (Au, Ag) layer is 

discontinuous and exhibits a rough surface morphology. To 

reduce the percolation threshold of thin films and improve 

their surface morphology, a thin wetting layer of a different 

material is generally utilized before metal deposition, however 

this also introduces additional optical losses. 

Recently, we have demonstrated that wetting layer-free, 

ultrathin and plasmonic Au films can be fabricated by 

deposition directly on fused-silica substrates cooled to 

cryogenic temperatures. Cooling down the substrate 

decreases the diffusion rate of the metal atoms, thus, 

enabling the formation of stable metal nanoclusters of 

smaller sizes, thus lowering the percolation threshold. This 

suppresses the 3D clustering and favors the formation of 

percolated ultrathin metal films (Fig. 1). Using this approach, we showed wetting layer-free, 

plasmonic Au films down to the measured layer thickness of 3 nm. 

Another approach for achieving unprecedented control over 

the light-matter interactions is centered on the idea of time-varying 

metasurfaces [2]. In a recent work, we used amorphous Ge to 

fabricate semiconductor metasurfaces comprising of an array of sub-

wavelength resonators. These structures form cavities trapping the 

excitation light with a resonant peak in the mid-infrared spectral 

region at ~3.3 μm. Typically, the light matter interaction in the 

cavities are controlled by their geometric and material properties 

such the mode volume, cavity losses etc. However, using our 

approach of modifying the optical interaction by controlling the 

properties of the light itself, we introduce time-dependent losses in 

such cavities which drastically affect the nature of the light-matter 

interaction. We use a femtosecond laser pulse at above-bandgap 

energies to modify the refractive index of the cavity by generating 

electron-hole plasma via single photon absorption. This dramatically 

changes the quality factor of the resonator on an ultrafast time scale 

resulting in unusual and seemingly non-intuitive physical effects, such 

as negative extinction (Fig. 2). This is a direct result of the ultrafast 

Q-switching of the mode through time-dependent damping rate.  The temporal profile of the 

fields trapped in the cavity no longer resemble an exponential decay as in static resonators but 

Fig. 1. SEM of 5 nm thick Au films 

deposited at room temperature and 

cryogenic temperature (top panels). The 

imaginary part of the dielectric constant 

decreases as a function of substrate 

temperature indicating formation of 

continuous films (bottom panel).  

Fig. 2. a) Experimental 

extinction for different 

pump–probe delay times τ. 

(b) Extinction spectra for τ = 

0.32 ps (red), 0.52 ps (green), 

0.72 ps (blue), and 1.92 ps 

(black dashed) 
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rather show an abrupt disappearance. This leads to a 

redistribution of spectral components, which manifests itself in 

tunable bands of negative extinction. More intuitively, negative 

extinction originates from spectral broadening of the captured 

(resonant) photons caused by the dynamic Q-switching and their 

subsequent constructive interference with the non-resonant 

photons present in the broadband incident pulse. We believe 

that this time-varying metasurfaces will find use in novel light 

sources, pulse shaping schemes, amplifiers, and wavelength-

division multiplexing strategies. 

One important research direction pursued in this 

program is studying the effect of electromagnetic field localization of the nature of light-matter 

interaction. To this end, we have explored the interaction of magnons (quanta of spin waves in 

magnetic materials) with nano-confined light. Typically, micro-focus Brillouin light scattering 

is used for the spectroscopic and spatial characterization of these elementary excitations in 

materials [3]. However, the small momentum of light limits the accessible excitations to the 

center of the Brillouin zone. By utilizing a metallic nanoantenna fabricated on ferromagnetic 

materials, we explore Brillouin light scattering from large-wavevector, high-frequency spin wave 

excitations that are inaccessible with free-space light.  

Our results show that a nanoscale metallic antenna generate large-momentum 

components of optical field, and simultaneously increase its local intensity due to a combination 

of enhanced reflection and constructive interference. This leads to inelastic light scattering by 

spin-wave excitations with large wavevectors, inaccessible to free-space optical techniques due 

to momentum conservation (Fig.3). The spectral limitations 

associated with the small momentum of light, as well as the 

presented approach to large-momentum generation, are quite 

general. Thus, we expect that our approach can be extended to the 

optical studies of other types of excitations, such as phonons, 

excitons, and electronic transitions. The latter can facilitate more 

efficient optical detectors and photovoltaics based on indirect-

bandgap semiconductors, where large momentum of electron-hole 

pairs results in an optical absorption bottleneck. 

In the next research direction we explore the nonlinear 

optical interactions in strongly-coupled 2-dimensional 

semiconductors facilitated by the nanoscale confinement of light. 

In this case, the nano-confined optical modes give rise to strong 

coupling between the electromagnetic fields of the plasmonic 

nanoparticles and atomic layers of transition metal dichalcogenides. 

The coupling leads to the formation of polaritonic bands with 

Fig. 3. Maps of the μ-BLS 

spectra of thermal spin waves at 

295 K, as a function of the 

position of the probing laser spot 

along the biwire antenna. 

Fig. 4: Nonlinear Rabi 

splitting in a single Au 

nanocavity strongly coupled 

to a WSe2 monolayer. 
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characteristic Rabi splitting [4]. In this work we exploit nonlinear-optical response of the system 

in the non-perturbative regime. Typically, the nonlinear optical effects such as frequency 

conversion are treated as small perturbations to the linear optical effects. This is because the 

nonlinear optical susceptibilities are very small compared to their linear counterparts. However, 

the strongly coupled system opens up a regime of interaction where the nonlinear effects can be 

strongly enhanced. The platforms with nanoscale confinement of light used in our project are an 

ideal testbed for exploring these interactions. Our results show that second harmonic generation 

can be strongly enhanced at polaritonic resonances (Fig. 4). We believe that these efforts will lay 

the groundwork for practical, scalable, and compact nonlinear sources and entangled photons 

generation for integrated room temperature quantum platforms. 

Finally, we contributed to an invited review article on hot carrier dynamics in 

nanostructures. The PI has authored several seminal papers on this topic in the recent years. 

Typically, optical absorption in noble metals produces excited carriers near the Fermi level. 

However, the nanoscale confinement of fields leads to the breakdown of the dipole 

approximation resulting in resonant intraband absorption [5]. Hot carrier processes are of a great 

importance for various application in photocatalysis, photodetection, and photovoltaics. The 

article draws on the expertise and published research of our lab and reviews the recent literature 

on this topic.  

 

Future Plans 

In our future research, we will explore the light-induced ultrafast modulation of the optical 

properties of materials. We will study how trapping of light in semiconductor microresonators 

leads to the modification of their dielectric constant. In typical materials it is hard to achieve 

ultrafast modulation of the optical properties with large amplitudes at low excitation powers, 

which hampers viable application in photonics [6]. We aim develop metamaterials that can 

exhibit strong Kerr nonlinearities at modest switching powers based on the excitation of transient 

hot carriers.   
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Weyl Semimetals for High-Thermopower Transverse Thermoelectric Transport 

 

Sarah J. Watzman 

Department of Mechanical and Materials Engineering, University of Cincinnati 

 

Program Scope 

 Recently discovered Weyl semimetals (WSMs) have inspired considerable excitement due 

to their unique surface states and high-mobility charge carriers.1,2 These attributes make WSMs 

potentially transformative materials for thermoelectric energy conversion3,4,5 and viable candidates 

for transverse thermoelectric devices such as Nernst generators and Ettingshausen coolers. 

However, the unique transport mechanisms present in WSMs are not well understood. 

Determining which fundamental transport mechanisms contribute to and enhance thermoelectric 

transport in WSMs would enable focused materials development, paving the way toward 

dramatically more efficient solid-state energy conversion devices. 

 The long-term goal of this project is to determine, and be able to manipulate and enhance, 

the transport mechanisms present in WSMs, making these materials viable as solid-state energy 

conversion materials. This work seeks to determine the relationship between thermal transport, the 

tilting of a WSM’s Dirac bands (symmetric = Type I or asymmetric = Type II), and the type of 

broken symmetry (inversion symmetry or time-reversal symmetry). Single-crystalline materials in 

all four categories of Table 1 will be systematically evaluated by investigating coupled thermal, 

electrical, and magnetic transport 

measurements. The effects of grain 

size on transport in WSMs will also 

be determined by comparing 

thermoelectric transport 

coefficients in polycrystalline 

samples to that of single-

crystalline samples. Through this 

study, a foundational 

understanding of WSM transport 

will be gained, with the ultimate 

goal of transforming the field of thermoelectrics to viably include WSMs and the Nernst effect. 

 

Recent Progress 

 Our research efforts in the first 1.5 years of this project have focused on (i) implementing 

an experimental setup for measuring the Nernst effect and (ii) studying the grain-size dependence 

of transport in polycrystalline NbP. 

 

Experimental Setup for Measuring the Nernst Effect 

A Quantum Design DynaCool Physical Property Measurement System (PPMS) was installed in 

the PI’s lab prior to the beginning of this project. Although the PPMS comes equipped to measure 

longitudinal transport (Seebeck effect, electrical resistivity, thermal conductivity), it must be 

modified to measure the Nernst effect. We have built an electrical breakout box for the PPMS 

which allows us to control the PPMS chamber (and associated temperature and magnetic field) 

while using our own external electronics (nanovoltmeter and precision current source). LabVIEW 

  Type I 
(Symmetric Dirac 

Bands) 

Type II 
(Tilted Dirac 

Bands) 
Breaks Inversion 

Symmetry (Ta, Nb)(As, P) (Mo, W)(Te
2
, P

2
) 

Breaks Time-Reversal 
Symmetry HgCr

2
Se

4
 YbMnBi

2
 

Table 1: Classification of WSMs with examples of candidate materials 

listed. In this work, comparisons will be made across rows and along 

columns. 
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controls code has been developed for specialized measurements necessary in this project, including 

that of the Nernst effect. 

 

Grain-Size Dependence of Transport in NbP 

 We have 

obtained 

polycrystalline 

samples of NbP, 

synthesized in Prof. 

Dr. Claudia Felser’s 

group at the Max 

Planck Institute for 

Chemical Physics of 

Solids in Dresden, 

Germany, using 

methods similar to 

those in ref. [6]. In 

order to study the grain-size dependence of transport, samples have been annealed for varying 

amounts of time to promote grain growth, as indicated in Table 2. The average grain size of the 

samples has been determined from electron backscatter diffraction. Results from polycrystalline 

samples in this work (Samples 1-4) are compared to published data on polycrystalline NbP in ref. 

[6] and single-

crystalline 

NbP in ref. 

[7]. 

 Figure 

1a shows 

results of the 

Nernst 

thermopower 

as a function 

of magnetic 

field in 

Sample 1. The 

maximum 

Nernst 

thermopower is 

found to be 

43.4 V K-1 at 200.9 K at +9 T and -60.6V K-1 at 110.6 K at -9 T. The Nernst thermopower is 

unsaturated at |9 T| for all temperatures measured. The Nernst thermopower is an odd function of 

magnetic field, and the slight asymmetry in this result is currently being resolved. Although the 

Nernst thermopower for Sample 1 is substantially large, it is still significantly smaller than that of 

the single crystal from ref. [7], as shown in Figure 1b. Furthermore, for both Sample 1 and the 

polycrystalline sample of ref. [6], the temperature at which the maximum Nernst thermopower 

occurs is increased from that of the single crystal in ref. [7]. 

Sample Annealing Time, Temperature Avg. Grain Size 
Sample 1 n/a 2.1 micron 
Sample 2 1 week, 1000

o
C 3.17 micron 

Sample 3 2.5 weeks, 1100
o
C 4.55 micron 

Sample 4 5 weeks, 1100
o
C in progress 

Ref. [6] 

EES 11, 2813 (2018) 
n/a 2 micron 

Ref. [7] 

PRB 97, 161404(R) (2018) 
n/a 

n/a 
(single-crystalline) 

Table 2: NbP samples and their associated average grain sizes 

Figure 1: a. Nernst thermopower as a function of applied magnetic field in Sample 1. b. 

Comparison of Nernst thermopower as a function of applied magnetic field at ~110 K. 
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 The Nernst coefficient for Sample 1 has been 

analyzed over two magnetic field ranges – low field 

(|Happ||z| < 2 T) and high field (3 T < |Happ||z| < 9 T), 

similar to ref. [7]. The maximum Nernst coefficient 

in the low-field regime is found to be 8.68 V K-1 

T-1 at 85.23 K; the maximum Nernst coefficient in 

the high-field regime is found to be 4.71                   

V K-1 T-1 at 159.1 K. Although decreased in 

magnitude from that of the single crystal in ref. [7], 

this result is consistent in that the low-field Nernst 

coefficient is larger in magnitude and peaks at a 

lower temperature than the high-field Nernst 

coefficient. 

 Results of conventional longitudinal 

transport can be found in Figure 3. As expected, the 

resistivity (Figure 3b) decreases with increasing 

grain size, and the thermal conductivity (Figure 3c) 

increases with increasing grain size. Especially noteworthy is the order of magnitude decrease in 

thermal conductivity when moving from single-crystalline to polycrystalline NbP. Thermoelectric 

materials are characterized by the thermoelectric figure of merit, 𝑧𝑇 = (𝜎𝛼
2

𝜅⁄ ) 𝑇, where  is the 

electrical conductivity,  is the thermopower, and  is the thermal conductivity. A transverse 

thermoelectric figure of merit, 𝑧𝑇𝑥𝑦𝑧 = (
𝜎𝑦𝑦𝑧𝛼𝑥𝑦𝑧

2

𝜅𝑥𝑥𝑧
⁄ )𝑇, can also be defined using the Nernst 

thermopower, xyz. Although the decrease in grain size from single-crystalline to polycrystalline 

NbP sufficiently decreases the Nernst thermopower, the significant decrease in thermal 

conductivity offers potential for NbP exhibiting a promising zTxyz. Ongoing work in Samples 1 and 

2 is considering the magneto-resistivity, magneto-thermal conductivity, and Hall effect in order to 

determine the temperature dependence of zTxyz. Also noteworthy is the significant increase in 

thermopower (Figure 3a) in Samples 1 and 2. Single-crystalline NbP exhibits a maximum 

thermopower of -8 V K-1 at 90 K, while Sample 1 has a maximum of -43.25 V K-1 at 64.5 K 

and Sample 2 has a maximum of -67.14 V K-1 at 68.5 K. Underlying reasoning for this 

unexpected increase in thermopower with a decrease in grain size is currently ongoing. 

Additionally, chemical analysis of Samples 1-3 using ICP-OES is currently ongoing. 

Figure 2: Temperature dependence of the 

Nernst coefficients in Sample 1. 

Figure 3: Sample comparison of a. thermopower, b. electrical resistivity, and c. thermal conductivity. 

324



Future Plans 

 We will finish the full transport characterization of the polycrystalline samples of NbP, 

Samples 1-4, completing data sets such that both zT and zTxyz can be determined as functions of 

temperature. Results will be analyzed and compared to the published work. The overarching goal 

of this project is to determine a balance between a large thermopower/Nernst thermopower, 

typically associated with larger grain sizes, and a small thermal conductivity, typically associated 

with smaller grain sizes, such as to maximize zT and zTxyz. Single-crystalline WSMs are 

challenging to synthesize and small in size, while polycrystalline samples are significantly larger 

and therefore more reasonable for use in engineering applications. Determining this balance will 

help further the viability of WSMs for thermoelectric devices. We are also beginning a similar 

polycrystalline study in MoP, a triple point fermion material recently determined to have an 

extremely high electrical conductivity.8 

 We will next determine the effects of Dirac band tilting on transport in WSMs that break 

inversion symmetry by characterizing transport in WTe2, a Type II WSM. Previous work in NbP 

determined that its large Nernst effect could be attributed to Dirac band-dominated transport, with 

a maximum Nernst thermopower occurring at the temperature where the chemical potential 

reached the energy of the Weyl points;7 the density of states (DOS) is zero here in a Type I WSM, 

and the carriers are compensated due to the symmetry of the bands. This is not the case in a Type 

II WSM like WTe2, which could have a finite DOS at the energy of the Weyl points and is not 

compensated due to asymmetry in the Dirac bands. The main experimental conclusions will stem 

from the temperature dependence of thermopower and the magnetic field dependence of Nernst 

thermopower. We will start with bulk, single-crystalline WTe2 then move to polycrystalline WTe2. 

From here, we will continue following the proposed research plan. 

 

References 

1 M. Z. Hasan, S.-Y. Xu, I. Belopolski, S.-M. Huang. Discovery of Weyl fermion semimetals 

and topological Fermi arc states. Annu. Rev. Condens. Matter Phys. 8, 289-309 (2017). 
2 B. Yan, C. Felser. Topological materials: Weyl semimetals. Annu. Rev. Condens. Matter 

Phys. 8, 337-354 (2017). 
3 R. Lundgren, P. Laurell, G. A. Fiete. Thermoelectric properties of Weyl and Dirac 

semimetals. Phys. Rev. B 90, 165115 (2014). 
4 G. Sharma, P. Goswami, S. Tewari. Nernst and magnetothermal conductivity in a lattice 

model of Weyl fermions. Phys. Rev. B 93, 035116 (2016). 
5 J. Hu, S.-Y. Xu, N. Ni, Z. Mao. Transport of topological semimetals. Annu. Rev. Mater. 

Res. 49, 11.1-11.46 (2019). 
6 C. Fu, S. N. Guin, S. J. Watzman, et al. Large Nernst power factor over a broad temperature 

range in polycrystalline Weyl semimetal NbP. Energy Environ. Sci. 11, 2813-2820 (2018). 
7 S. J. Watzman, T. M. McCormick, et al. Dirac dispersion generates unusually large Nernst 

effect in Weyl semimetals. Phys. Rev. B 97, 161404 (2018). 
8  N. Kumar, Y. Sun, M. Nicklas, S. J. Watzman, et al. Extremely high conductivity observed 

in the triple point topological metal MoP. Nat. Commun. 10, 2475 (2019). 

 

Publications 

A. Saini, S. J. Watzman, J.-H. Bahk. Cost-performance trade-off in thermoelectric air conditioning 

system with graded and constant material properties. arXiv:2011.02585 (2020). 

325



Orienting Strained Interfaces designed to Direct Energy Flow 

Dongkyu Lee, University of South Carolina 

 

Program Scope 

 Achieving fast ion transport at reduced temperatures is a key requirement to develop 

advanced oxide-based energy applications. This research program aims to develop a new paradigm 

for oxide heterostructures with an exceptionally large number of strained interfaces that are 

designed to direct energy flow by controlling the orientation of interfaces for fast ion transport 

along the interfaces, and to explore the key role of interfacial strain in oxygen ion migration. On 

the synthesis side, pulsed laser deposition (PLD) of oxide multilayer films and vertical 

heteroepitaxial nanostructures will play an important role. In combination with electrochemical 

impedance spectroscopy (EIS) and electrical conductivity relaxation (ECR), real-time 

temperature-dependent high-resolution X-ray diffraction (HRXRD) and atom probe tomography 

(APT) will be utilized to understand the effect of interfacial strain on oxygen ion migration. The 

central challenge of this program is to create, understand, utilize self-assembled vertical 

heteroepitaxial nanostructures with the goal of obtaining and understanding fast ion transport 

properties by modulating interfacial strain. The specific objectives of this research program are: 

(1) to synthesize multilayer thin films and vertical heteroepitaxial nanostructures with fluorite Gd-

doped CeO2 (GDC) and bixbyite RE2O3 (RE = Y and Sm), (2) to evaluate the interfacial strain 

states under various temperature and ambient conditions, (3) to understand the effect of interfacial 

strain on ionic conductivity of the proposed nanostructures, (4) to understand the three-

dimensional (3D) atomic structure of the proposed material design and interface phenomena at the 

atomic scale. The success of this program will provide a foundation of essential data and 

understanding for fast ionic conducting materials design. Beyond understanding the interfacial 

phenomena on the strain-enhanced ion transport properties, this research will also help facilitate 

the implementation of oxide heterostructures for practical applications. 

Recent Progress  

 The grant commenced on 09/01/2020. One graduate student and one postdoctoral research 

associate have been fully supported by this DOE project. For the first part of our project, we have 

focused primarily on the effect of interfacial strain on the ionic conductivity of single-layer and 

multilayer thin films.  

Single-layer GDC and RE2O3 films  

A single-layer thin film can be considered as a heterostructure at the interface with the substrate, 

and indeed, the first evidence of interfacial effects on ionic conductivity of oxide electrolytes was 

derived from the study of ultra-thin films [1]. Furthermore, prior to the synthesis of multilayer thin 
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films, the growth of single-layer films is generally required for optimizing growth conditions for 

each layer. Therefore, single-layer GDC, Y2O3, and Sm2O3 thin films were grown by PLD on 

single crystalline Al2O3 substrates as Al2O3 can eliminate the contribution to the in-plane 

conductivity of the films. PLD was performed using a KrF excimer laser at λ = 248 nm, 10 Hz 

pulse rate, and 50 mJ pulse energy under an oxygen partial pressure, p(O2), of 50~100 mTorr at 

700 °C. After completing the film deposition, the samples were cooled down to room temperature 

in the PLD chamber for ~1 h under the same p(O2) as the film growth condition. As shown in 

Figure 1, all films were highly epitaxial and (111)-oriented. Off-normal phi-scan analysis 

confirmed that all films were the six-fold symmetry with respect to the [103] axis of the substrate 

(not shown here). The observation of six-fold symmetry may suggest the presence of twinned in-

plane alignments but further investigations are needed. In order to investigate the out-of-plane 

ionic conductivity of GDC, single-layer GDC, Y2O3, and Sm2O3 thin films were also deposited on 

(001) SrTiO3 (STO) substrates. All films were grown epitaxially along (001) direction. 

 

To evaluate the ionic conductivity of the samples, in-situ EIS was employed. To assess the ion 

transport property of the single-layer thin films, we fabricated electrochemical cells of Pt/single-

layer film/Nb:STO/Pt. The EIS measurements were conducted in the frequency range of 1 mHz to 

1 MHz with AC amplitude of 10 mV and zero DC bias at temperatures between RT and 700 °C, 

using the Frequency Response Analyzer module (FRA, Solartron 1260). The out-of-plane ionic 

conductivity for the single-layer thin films was extracted from the real impedance of the 

Figure 1. XRD 𝜃-2𝜃 patterns of (a) GDC, (b) Sm2O3, and (c) Y2O3 thin films on (0001) Al2O3 and (e) GDC, 

(f) Sm2O3, and (g) Y2O3 thin films on (001) Nb:STO substrates. The substrate peaks are indicated with *. 
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semicircles in the Nyquist plot, which can be 

modelled by an equivalent circuit with two serial 

elements each containing a resistor and a constant 

phase element. We confirmed that the conductivity 

of the single-layer thin films is independent of an 

oxygen partial pressure, indicating that the 

contribution of electronic conductivity to the total 

conductivity can be negligible under our 

experimental conditions. We also investigated the 

in-plane ion transport properties of the films. As 

expected, both RE2O3 films show extremely low 

ionic conductivity values, which indicates that 

RE2O3 can be used to avoid their contribution to 

the measured conductivity in multilayer thin films. 

At high temperatures, the out-of-plane ionic 

conductivity of the GDC film is similar to the in-

plane ionic conductivity. However, the activation energies for the out-of-plane and in-plane ionic 

conductivity were found to be different, which might be attributed to different growth orientations 

of the GDC films or different ion flow directions. 

Lateral GDC-RE2O3 multilayer films 

Careful materials selection must first be taken into 

account to deconvolute the strain contribution from 

multiple factors to the interfacial ionic conductivity in 

multilayer thin films. First of all, two materials should 

be composed of an ionic conductor with abundant 

oxygen vacancies and an insulator to exclude the space 

charge effect and the contribution to the ionic 

conductivity, respectively. In addition, to form the 

coherent interface the lattice mismatch between two 

materials should be in the range of ~± 2%. In this 

context, a combination of fluorite GDC and bixbyite 

RE2O3 (RE = Y and Sm) can be one of the best material combinations. As confirmed in Figure 2, 

Y2O3 and Sm2O3 can be considered as an insulator, which can prevent their contribution to the 

measured conductivity. Indeed, Y2O3 and Sm2O3 can theoretically introduce ~-2.1% compressive 

and ~1% tensile strain, respectively, into GDC [2,3], which is expected to create the coherent 

interfaces enabling the investigation of the sole effect of interfacial strain on ion conduction 

(Figure 3). As shown in Figure 4, we successfully synthesized lateral GDC-RE2O3 multilayer thin 

films by PLD. All films were highly epitaxial. As expected, GDC films were found to be tensile 

strained with Sm2O3 and compressively strained with Y2O3. Off-normal phi-scan analysis using 

Figure 2. Ionic conductivity of GDC, Y2O3, and 

Sm2O3 films obtained from EIS. 

(111) GDC on Al2O
3 (in-plane)

(001) GDC on Nb:STO (out-of-plane)

(001) Sm2O3 on Nb:STO (out-of-plane)

(001) Y
2O3 on Nb:STO (out-of-plane)

GDC
Sm2O3

GDC

Y2O3

Compressive strain Tensile strain

-2.1% 1%

Figure 3. Epitaxy and strain generation by 

lattice mismatch in GDC-Y2O3 and GDC-

Sm2O3. 
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(200) and (103) reflection confirmed that GDC and RE2O3 films were rotated by 30O with respect 

to the [103] Al2O3.   

 

Future Plans 

 The next step is to assess the interfacial strain 

and the in-plane ionic conductivity of GDC in the 

multilayer thin films. At the compressively strained 

interface between GDC and Y2O3, a decrease in the 

ionic conductivity of GDC is expected by increasing 

the vacancy formation energy and the vacancy 

migration barrier. In contrast to the compressively 

strained interfaces, the tensile strained interface 

between GDC and Sm2O3 is anticipated to enhance 

the ionic conductivity of GDC despite the relatively 

small tensile strain state. After the investigation of the multilayer thin films, we will move to the 

synthesis of vertical heteroepitaxial thin films (Figure 5).  
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Figure 4. XRD 𝜃-2𝜃 patterns of (a) GDC-Sm2O3 and (b) GDC-Y2O3 thin films on (0001) Al2O3 substrates. 

The substrate peaks are indicated with *. (c) In-plane phi scans of the (200), (400), and (103) reflection of 

GDC, Y2O3, and Al2O3, respectively. 
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Figure 5. A schematic of a self-assembled 

vertical heteroepitaxial nanostructure. 
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Tailoring Photophysical Energy Transfer for Selective Separations of Critical Lanthanides 

Andrew Ferguson, Christopher Chang, Mark Steger 

Materials, Chemical, and Computational Science Directorate, National Renewable Energy 

Laboratory 

Mark Jensen, Alan Sellinger, Thomas Mallos, Anastasia Kuvayskaya 

Chemistry Department, Colorado School of Mines 

Eric Schelter, Kevin Ruoff 

Department of Chemistry, University of Pennsylvania 

Program Scope 

To overcome limitations of cation-size based separations of critical lanthanide elements,1 

or rare earths (REs), we aim to develop a novel approach that exploits the unique and discontinuous 

electronic structures of well-shielded 4f orbitals of the individual lanthanide ions,2-3 via dynamic 

and element specific photo-induced 

modifications of the chemical 

environment surrounding the metal 

ions. This concept is built on 

synthesis of ligands with the 

desired chemical and physical 

motifs4-7 that will ultimately enable 

demonstration of efficient solution-

phase separations via control of (i) 

large, dynamic excited-state 

perturbations of the photophysical 

properties of the complexes or (ii) 

sensitization of ligand-centered 

photo-chemical reactions.8-9 This 

work will expand our 

understanding and control of 

excited-state energy flow in 

lanthanide complexes by: 

 Developing chemical descriptors of ground-state electronic structure & excited-state dynamics 

 Probing energy transfer between lanthanide ions and surrounding coordination ligands 

 Inducing lanthanide-selective photophysical/photochemical changes in the coordination 

sphere 

  

Fig. 1. Schematic illustrating the combined experimental-theoretical 

approach that will yield fundamental understanding to enable novel 

photophysical and photochemical lanthanide separations. 
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Recent Progress  

1. Development of Organophosphorous Ligands and Complexes 

The premise of our work is that direct or indirect photo-excitation of organophosphorous 

ligands in the complexes of REs can change the intraligand steric effects in those complexes 

thereby altering the solubility and separations behavior of particular rare earths. To accomplish 

this for mixtures of a range of rare earths, the intrinsic thermodynamic size selectivity of the current 

generation of the ground state organophosphorous ligands used for the separation needs to be 

minimized so sufficient selectivity for particular rare earths can be generated in those excited 

complexes. This is contrary to years of work focused on increasing the selectivity for adjacent rare 

earths across the series. 

We have begun this work by experimentally studying the intra-rare earth selectivity of 

organophosphonate ligands to understand how steric bulk and ground state dipole in the extracting 

ligands specifically creates selectivity for rare earths. Our hypothesis is that increased steric bulk 

will systematically quench rare earth size selectivity, while control of the ligand dipole will alter 

the acidity of the phosphonic acids5 and asymmetry between the two phosphonic acid substituents 

(phenyl-vinyl and OR groups in Fig. 2) will counter the effect of increased bulk. As we probe this 

hypothesis, the principles uncovered will be designed into photo-switchable ligands with variable 

interligand interactions. 

The Sellinger group at Colorado School of Mines has prepared selected phenyl-

vinylphosphonic acids with varying dipole extremes as shown in Figure 2. These reactions involve 

the palladium catalyzed Heck reaction of vinyl phosphonic acid with various bromo and iodo 

functionalized benzene derivatives. 

The phenyl-vinyl phosphonic acids 

have been purified and initial 

reactions to prepare the 

monoethylhexyl-acid target 

products are in progress (dashed 

arrows; Fig. 2). These initial mono-

alkylation reactions have been 

challenging to isolate the products 

of interest and we are looking at 

various synthetic pathways to 

achieve the desired products. 

2. Development of Oxygen-atom Transfer Ligands and Complexes 

For our initial efforts towards the goal of developing light-driven separations of rare earth 

elements, the Schelter group at University of Pennsylvania we have been pursuing air- and 

moisture-stable dysprosium (Dy) and (Y) and yttrium tris-hexafluoroacetylacetonate (hfac) 

complexes appended with nitroxide antenna ligands for sensitization (Fig. 3a). The complexes 

comprising the tert-butyl 2-pyridyl nitroxide (2pyNO) ligand,10 RE(hfac)3(2pyNO) RE = Y, Dy, 

Fig. 2. Synthetic scheme for target phenyl-vinylphosphonic acid 

ligands with tuned ground state dipoles. 
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have successfully been isolated as 

orange solids (Fig. 3b). They were 

characterized by 1H and 19F NMR 

spectroscopy and analyzed by 

UV/Vis/NIR absorption and 

luminescence spectroscopies. The 

spectra both display strong features 

in the UV region (250-350 nm) 

owing to absorption by the hfac 

ligands, with weaker transitions at 

ca. 500 nm and 700 nm due to the 

2pyNO ligand, and even weaker 

transitions due to the Dy(III) ion 

(Fig. 3c). The photoluminescence 

(PL) spectra, as expected, differ in 

the presence of characteristic f-f PL 

peaks for the Dy analogue around 

475 and 575 nm. 

We have begun computational studies on an oxygen atom transfer reaction in the model 

Dy(hfac)3(2pyNO) complex, and the Yttrium transition metal analog. The oxygen atom transfer to 

transform a nitroxide donor reactant to a pyridyl-N-oxide product complex is predicted to occur in 

the chemically reduced anionic form of these complexes. The anions serve as a convenient ground-

state ligand proxy for targeted MLCT lanthanide complex excited states. Preliminary DFT studies 

with relativistic core potentials show the anticipated difference in numerical behavior between the 

Y analog (with no d or f electrons and simple SCF convergence) and the Dy complex (with a 

partially filled f shell and difficult SCF convergence). In addition, a transition state structure for 

the Y complex has not been found, lending some support to the idea of a stepwise reaction 

mechanism. These preliminary studies illustrate the complexity that may be found once 

investigations move into the excited manifold of the target rare earth complexes. 

More recently we have been pursuing the synthesis of analogous RE complexes where the 

2pyNO ligand is replaced with tert-butyl 6-bipyridine nitroxide (6bpyNO). The precursor 

hydroxylamine, 6bpyNOH has been isolated as a mixture with the oxidized 6bpyNO and will be 

used to synthesize RE(hfac)3(6bpyNO) for follow-on characterization. In parallel, we have begun 

to investigate N-oxide ligands as singlet state alternatives to the doublet state nitroxides for similar 

purposes. This effort pursues an intermolecular rather than an intramolecular oxygen-atom transfer 

utilizing triphenylphosphine as the oxygen-atom acceptor, motivated by demonstrations that both 

4-methylmorpholine N-oxide (NMMO) and 2,2′-bipyridyl N-oxide (bpyO) react with 

triphenylphosphine thermally and photochemically (470 nm light) to undergo slow, intermolecular 

oxygen-atom transfer to form triphenylphosphine oxide (monitored by 31P NMR). 

 

Fig. 3. (a) Synthetic scheme for Dy(hfac)3(2pyNO) complex. (b) 

Digital photograph showing orange product. (c) Absorbance spectra 

highlighting the dominant ligand absorption bands. Inset shows the 

weak low-energy 2pyNO absorption bands and Dy(III) transitions. 

* indicates artifacts due to imperfect background subtraction. 
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Future Plans 

 Work is underway to provide baseline excited state spectroscopy (steady-state and transient 

photoluminescence and electronic and vibrational transient absorption measurements) of the 

complexes with the organophophorous (CSM) and nitroxide antenna ligands (UPenn). 

 Complete synthesis and characterization of oxygen atom transfer rates for: 

o RE(hfac)3(6bpyNO) and comparison with 2pyNO analogues. 

o Dy/Y(hfac)3(NMMO) and Dy/Y(hfac)3(bpyO) complexes. 

 Preliminary exploration of the photostability of Y(hfac)3(2pyNO) has been investigated by 

irradiation with 470 nm light. Noticeable changes were observed in the NMR spectra. The 

process of identifying the products by investigation of the NMR and ESI-MS spectra is 

ongoing. This will be expanded to all oxygen-atom transfer complexes. 

 Expand computational modeling of oxygen-atom transfer complexes 
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Project Title: Design, Synthesis, and Atomic Scale Characterization of Rare-Earth Based 

Supramolecular Nano-graphene and Nanoribbons  

 

Investigators: Saw Wai Hla1 (PI), Larry A. Curtiss2, Xuedan Ma1, Eric Masson3, Anh T. 

Ngo2,4, Volker Rose5, Tijana Rajh1, Sergio E. Ulloa6 

 

Affiliations:  
1 Nanoscience & Technology Division, Argonne National Laboratory, 9700 S. Cass Ave., 

Lemont, IL 60439 
2 Materials Science Division, Argonne National Laboratory, 9700 S. Cass Ave., Lemont, IL 

60439 
3Department of Chemistry and Biochemistry, Ohio University, Athens, OH 45701 
4Department of Chemical Engineering, University of Illinois at Chicago, Chicago, IL 60608 
5Advanced Photon Source, Argonne National Laboratory, 9700 S. Cass Ave., Lemont, IL 

60439 
6Department of Physics & Astronomy, Ohio University, Athens, OH 45701 

 

Program Scope 

This project seeks to advance fundamental understanding on the physics and chemistry of rare 

earths in well controlled environments and development of novel materials using molecular design 

and new synthetic approaches. We aim to develop novel two dimensional rare earth based 

supramolecular structures with well-defined sizes and shapes such as nano-graphene and 

nanoribbon structures for emission applications. In these structures, rare earth ions are caged in 

two dimensional networks containing organic linkers whose electronic properties can be tuned by 

an external stimulus. This electronic tuning should allow the emission of certain rare earth cations 

to be turned on or turned off, thereby effectively controlling the optical properties of the 

supramolecular structure as a whole. Atomic scale characterization of individual rare earth ions in 

the proposed structures are performed with the most advanced and one-of-a-kind instrumentation: 

The elemental, chemical, and magnetic properties of rare earth ions in the network are determined 

simultaneously using synchrotron X-ray scanning tunneling microscopy, while tunneling 

spectroscopy is used to measure the electronic structure of the caged rare earths on one ion-at-a-

time basis. Low temperature electron paramagnetic resonance methods are used to probe the spin 

structures of the 4f electrons while excitation and energy conversion studies are carried out using 

advanced magneto-optical spectroscopy techniques. Taken in concert, these experiments provide 

unparalleled atomic level information of the rare earth ion environment within these novel 

structures. This, in turn, will be used to develop theoretical frameworks to describe accurately the 

electronic properties of the constituent 4f rare earth cations and develop rational blueprints for the 

design and synthesis of new structures with improved functions.  
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Fig. 1. Project organization. 

Recent Progress  

This project has started in October 2020 and thus it is less than 5 months old at the time of this 

report preparation. Although the project has commenced under limited operation status due to 

COVID-19 pandemic, we have made a significant progress in synthesis, atomic level 

characterizations and theoretical frameworks. In particular, we have successfully synthesized rare 

earth (RE) based planar molecules suitable for the investigations on materials surfaces, as well as 

performed atomic level characterizations and theoretical simulations on these RE molecules.  

An important part of our project is to develop planar RE based supramolecular structures that can 

be deposited onto atomically clean materials surfaces intact under an ultrahigh vacuum (UHV) 

environment. Such molecular structures should allow atomic level investigations of individual RE 

ions caged inside the molecules on one-ion-at-a-time basis. The first step in this direction is to 

build basic molecular building blocks containing RE ions that can be linked to form larger 2D 

molecular structures on materials surfaces. For the initial part of the project, we have designed and 

synthesized a RE-bisamide molecular structure (Fig. 2). Here the RE atom is caged at the center 

of three equivalent molecular arms in a planar configuration (Fig. 2a, 2b). In this structure, the 

caged RE ion (RE = La, Eu, Lu) is well protected by the molecular ligands and the arms allow 

further extension of the structure into extended molecular networks by chemical design. Moreover, 

by changing the local chemical environment of the RE ion, its electronic and spintronic properties 

can be tuned to get desired outcomes.  
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Fig. 2. a) ball model of Eu-bisamide molecule. b) DFT calculated 

adsorption configuration of Eu-bisamide on Au(111). c) An STM image 

of Eu-bisamide. Here ‘I’ is an anion. d) dI/dV tunneling spectroscopy 

data of a single Eu ion caged inside the molecule. e) PL spectrum of Eu-

bisamide. f) TDDFT calculated spectrum shows agreement with (e). g) 

Excited state orbitals indicating transition for (f).     

The RE-bisamide molecules 

were deposited onto atomically 

clean Au(111) surface via 

thermal evaporation under UHV 

and their structural and 

electronic properties were 

investigated using low 

temperature scanning tunneling 

microscopy (STM) and 

tunneling spectroscopy (Fig. 2c, 

2d). STM images of RE-

bisamide clearly show the 

expected triangular shape of the 

molecules on Au(111) surface 

while  dI/dV-V tunneling 

spectroscopy measured on 

individual molecules reveal the 

electronic structural 

environment of the RE ions in 

the molecules. An example is 

shown in Fig. 2d, where the 

tunneling spectroscopy data 

recorded on individual Eu-

bisamide molecules provide the 

energetic locations of the 

highest occupied and lowest 

unoccupied molecular orbitals 

(HOMO and LUMO) as -1.5 eV  

and +1.3 eV, respectively. Thus, the HOMO-LUMO gap of Eu-bisamide is measured as 2.8 eV. 

The photoluminescence spectra of the Eu-bisamide (Fig. 2e) show a strong peak around 2.1 eV, 

which is in agreement with the time dependent DFT (TDDFT) calculated results (Fig. 2f, 2g).   
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Fig. 3. a) STM-

XAS spectrum 

of La-Bisamide. 

b) STM image 

of chiral La-

Bisamide 

clusters on 

Au(111). ‘M’ 

and ‘P’ indicate 

chiral clusters. 

c) A 3-D STM 

image of 4-

molecule 

cluster, d) a 

corresponding 

model. e) STM 

image of a 6-

molecule 

cluster, and f) a 

corresponding 

model.    

 

Although RE-bisamide molecules can be imaged on Au(111) surface, it is difficult to directly 

identify the existence of RE ions inside the molecules. In order to confirm that the RE atoms are 

intact in the molecules after thermal deposition we have performed elemental analysis using 

synchrotron X-ray scanning tunneling microscopy (SX-STM). In SX-STM, a synchrotron X-ray 

beam is incident to the STM tip-sample junction and X-ray excitations of core level electrons occur 

[1]. The resultant X-ray excited photo-electrons are then collected by an STM tip. This nascent 

technique enables detecting X-ray signals potentially down to the atomic limit [2]. The X-ray 

absorption spectroscopy (XAS) spectra of La-bisamide on Au(111) surface are acquired in the 

recently commissioned XTIP beamline at the sector 4-ID-E in Advanced Photon Source at 

Argonne National Laboratory [3]. The XAS spectra reveal the expected La M4 and M5 edges 

providing the first ever SX-STM measurement on the X-ray signals of individual RE ions.  

On Au(111) surface, La-bisamide forms stable clusters composed of 2, 4, or 6 molecules (Fig. 3c 

to 3f). Interestingly, a careful analysis unveils the chiral nature of the clusters (Fig. 3b). Therefore 

our finding opens an exciting research direction to explore the relationship between the cluster 

chirality and the electronic and magnetic properties of RE atoms on solid surfaces. 

Future Plans 

Following our initial success on synthesis of RE-bisamide molecules (RE = La, Eu, Lu), we plan 

to extend the molecular synthesis with other RE elements such as Tb, Er, Sm, and Cs. Then we 

will perform atomic level characterizations of molecules containing different RE ions to compare 

their electronic, and magnetic structures. Using atomic level information of the rare earth ions as 

input, we will explore theoretical frameworks to describe accurately their electronic and magnetic 

properties. Then by changing the ligand environment via computation guided chemical synthesis 

the properties of the RE ions in the molecules will be fine tuned. We are also designing and 

synthesizing 2D molecular networks reminiscent of the graphene to explore and to control their 

emission properties. 
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Understanding and Probing Phonon Transport in Emerging Quantum Materials 

 

Bolin Liao  

Department of Mechanical Engineering, University of California, Santa Barbara 

 

Program Scope 

 The overarching goal of this project is to understand how the phase coherence of phonons 

and the interaction of phonons with other microscopic degrees of freedom in emerging quantum 

materials, such as topological and 2D materials, can affect the energy transport properties and 

eventually lead to control of energy transport by manipulating phonon interference and phonon 

scatterings. On the theory and computation side, in the past two years, we have focused on 

understanding phonon properties and thermal transport in emerging topological materials. 

Combining first-principles simulation and theory, we demonstrated the existence of ultrasoft 

phonons in topological Dirac/Weyl semimetals and dynamic phonon softening near topological 

phase transitions. These findings suggest that topological materials can be a promising new class 

of materials for thermoelectric and solid-state thermal switching applications. On the experimental 

side, we continue to develop the scanning ultrafast electron microscopy (SUEM) to directly probe 

the coherent phonon transport and phonon-electron interaction processes in emerging quantum 

materials. In the past two years, we have made significant progress in the SUEM instrumentation, 

including realizing and characterizing photoemission from the field-emission gun and 

understanding the SUEM contrast resulting from the surface photovoltage (SPV) effect in doped 

semiconductors. Our program will not only provide new insights into the microscopic transport 

and interaction processes of fundamental energy carriers in emerging quantum materials, but also 

open new venue towards energy-relevant applications such as thermal switches and coherent 

energy harvesters.  

Recent Progress  

1. Ultrasoft Phonons in Topological Semimetals due to Singular Electron-phonon Interaction 

and Kohn Anomaly 

Emerging topological materials, including topological insulators and semimetals, have 

been one of the central themes of condensed matter physics and materials science in the past 

decade. Although their electrical and optical properties have been intensively studied, their phonon 

and thermal transport properties have remained less explored. One of our main focuses within the 

past two years is to identify and understand novel phonon physics in emerging topological 

semimetals. In particular, combining first-principles simulation and high-resolution Raman 

spectroscopy, we identified the existence of ultrasoft phonon modes in a class of topological Dirac 

343



semimetals1,2 (Cd3As2, Na3Bi and ZrTe5 under hydrostatic pressure) related to strong Kohn 

anomalies caused by their linear Dirac electronic bands. The Dirac nodes and the associated Kohn 

anomalies in Cd3As2 are shown in Figure 1. These soft phonon modes lead to strong phonon-

phonon scattering and abnormally low lattice thermal conductivity of these materials. This is a 

significant finding because this may help resolve the long-standing mystery of the connection 

between topological materials and good thermoelectric materials. Our result suggests that the 

linear or close-to-linear electronic bands in topological insulators and semimetals are directly 

responsible for the lattice instability and the low lattice thermal conductivity of these materials. 

More importantly, since the Fermi surface geometry of these Dirac band materials can be 

sensitively controlled by external fields, we envision that this finding can potentially enable 

efficient thermal switches that can be controlled by external electric fields. This hypothesis has 

been verified by our first-principles simulations of the evolution of phonon dispersions across 

topological phase transitions. We find that ZrTe5 undergoes a pressure-driven topological phase 

transition near 5 GPa, where significant phonon softening emerges in association with the 

topological phase transition2. Similar effect is also observed near a chemical-composition-driven 

topological phase transition in Hg1-xCdxTe2. We propose that this phonon softening effect near 

topological phase transitions can be used to realize sensitive solid-state thermal switches whose 

thermal conductivity can be controlled by external means. In the case of ZrTe5, we find that ~10% 

modulation of its thermal conductivity can be realized across the pressure-driven topological phase 

transition. We will continue searching 

for other topological materials where 

this effect can be more prominent. To 

continue along this direction, we have 

requested using the inelastic x-ray 

scattering facility at Argonne National 

Lab (Advanced Photon Source) and 

Brookhaven National Lab (NSLS-II) 

to directly map out the phonon 

dispersions of topological Dirac 

semimetals across topological phase 

transitions. In addition, we have also 

requested and received computing 

time allocation from NERSC to continue our first-principles simulations of topological materials. 

2. Continued Development of Scanning Ultrafast Electron Microscope 

A key step in developing time-resolved measurements with SUEM is to obtain pulsed 

electron beams by illuminating the electron gun tip (tungsten tip coated with zirconium oxide to 

reduce the work function to ~3.3 eV) with the pulsed UV laser beam (343 nm). The major 

challenge is the small size of the electron tip (~200 nm diameter at the apex) and the lack of 

feedback signal when attempting the alignment of the focus of the optical beam on the apex of the 

Figure 1 Phonon softening due to strong Kohn anomaly in 

topological Dirac semimetal Cd3As2. (a) Brillouin zone of 

Cd3As2 showing the Dirac nodes locations. (b) Ultrasoft phonons 

in Cd3As2 due to strong Kohn anomalies. 
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electron tip. To overcome this challenge, we developed a method of modulating the UV optical 

beam with a mechanical chopper (at 1 kHz) and using a lock-in amplifier to directly read the 

secondary-electron detector. When the UV optical beam is near the electron tip, we can detect a 

small increase of the secondary-electron emission signal from the lock-in detector and then we can 

further adjust the alignment until we maximize the signal. This lock-in detection scheme provides 

a feedback signal that can be conveniently used to steer the optical alignment step that mainly 

relied on trial and error previously.   

With this new alignment method, we managed to align the optical probe beam onto the 

electron gun tip, as shown in Fig. 2. 

Electrons emitted from the electron 

gun tip due to the illumination of the 

pulsed UV optical beam can be used to 

generate high-quality secondary 

electron images (Fig. 2), which can be  

instantaneously shut off by blocking 

the laser beam, confirming the 

photoemission nature (if the electrons 

are emitted due to thermal effect, then 

it takes a certain amount of delay time 

for the image to disappear before the tip cools down).  

After finding photoemission from the electron gun tip, we were able to fully characterize 

the photoemission characteristics of the electron gun. Using a Faraday cup and a picoammeter, we 

were able to measure the photoemission current and the photoemitted electron number per pulse 

as a function of the incident optical UV pulse energy, as shown in Fig. 3. At 5 MHz laser repetition 

rate, we can reliably 

generate a 

photoemission current 

~40 pA, 

corresponding to up to 

50 electrons per pulse. 

Our results compare 

well to previous 

reports, indicating the 

photoemission current 

we achieved is 

sufficient for time-

resolved SUEM 

measurements. To further enhance the photocurrent emitted from the electron gun, we tested using 

even shorter wavelength for the UV optical pulse (257 nm, 4th harmonic of the laser base 

frequency). We demonstrated that 4th harmonic (257 nm) optical excitation is much more efficient 

Figure 2. Secondary electron image generated by photoemitted 

electrons from the electron tip. 

Figure 3. Photoemission characterization. (a) Number of emitted photoelectrons as a 

function of optical pulse energy (343 nm) as compared to previous reports. (b) 

Comparison of photoemission using 4th harmonic (257 nm) and 3rd harmonic optical 

excitation (343 nm). 
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in producing photoelectrons compared to 3rd harmonic (343 nm), as shown in Fig. 3b. With the 

newly operational SUEM setup, we recently characterized the impact of the surface photovoltage 

(SPV) effect on the SEM contrast of surfaces of heavily-doped semiconductors3.  

Future Plans 

 We will continue to develop computational and experimental capabilities to probe and 

understand novel phonon physics in emerging quantum materials. On the computational side, we 

believe our recent discovery of phonon softening in topological semimetals is only a "tip of the 

iceberg". We will aim to establish a direct and systematic connection among chemical bonds, 

electronic band topology, and phonon/lattice properties, which will help with material design and 

search for energy harvesting and thermal switching applications. On the experimental side, with 

the SUEM now operational, we plan to directly image photocarrier dynamics on the surface of 

topological materials, particularly examining the contributions of the surface electronic and 

phononic states. We will first focus on topological semimetals, including Cd3As2 and TaP, aiming 

to directly image the photoresponse of their surface Fermi arc states.  

References 

1. Yue, S. et al. Soft phonons and ultralow lattice thermal conductivity in the Dirac semimetal 

Cd3As2. Phys. Rev. Research 1, 033101 (2019). 

2. Yue, S. et al. Phonon softening near topological phase transitions. Phys. Rev. B 102, 235428 

(2020). 

3. Li, Y., Choudhry, U., Ranasinghe, J., Ackerman, A. & Liao, B. Probing Surface Photovoltage 

Effect Using Photoassisted Secondary Electron Emission. J. Phys. Chem. A 124, 5246–5252 

(2020). 

 

Publications  

 Usama Choudhry, Sheng-Ying Yue and Bolin Liao, Origins of significant reduction of 

lattice thermal conductivity in graphene allotropes, Physical Review B, 100, 165401, 2019 

 Sheng-Ying Yue, Hamid T. Chorsi, Manik Goyal, Timo Schumann, Runqing Yang, Tashi 

Xu, Bowen Deng, Susanne Stemmer, Jon A. Schuller and Bolin Liao, Soft phonons and ultralow 

lattice thermal conductivity in the Dirac semimetal Cd3As2, Physical Review Research, 1, 033101, 

2019 

 Hamid T. Chorsi, Sheng-Ying Yue, Prasad P. Iyer, Manik Goyal, Timo Schumann, 

Susanne Stemmer, Bolin Liao and Jon A. Schuller, Widely tunable optical and thermal properties 

of Dirac semimetal Cd3As2, Advanced Optical Materials, 8, 1901192, 2020 

 Sheng-Ying Yue, Bowen Deng, Yanming Liu, Yujie Quan, Runqing Yang and Bolin Liao, 

Phonon softening near topological phase transitions, Physical Review B, 102, 235428, 2020 

346



 Ebrahim Najafi, Amir Jafari and Bolin Liao, Carrier density oscillation in the photoexcited 

semiconductor, Journal of Physics D: Applied Physics, 54, 125102, 2020 

347



Spin-Mediated Heat Conduction and Thermoelectric Effects in Novel Materials 

PI: Joshua L. Cohn, Department of Physics, University of Miami,  
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Contact: (305) 284-7123; jcohn@miami.edu 

Program Scope 

 This program involves experimental transport studies of spin-mediated heat transport and 

thermoelectric effects in novel materials (oxide conductors, magnetic insulators). Recent work 

focuses on magnon heat transport and spin-thermoelectric studies (Spin Seebeck, spin Peltier) of 

insulating helimagnets (CuOSeO3, ZnCr2Se4) at T ≤ 20 K. Prior work in this program revealed, 

for CuOSeO3 near T=5 K, the largest known magnon thermal conductivity for any ferromagnet.  

Recent Progress 

Low-temperature Spin Seebeck Effect in Cu2OSeO3 and New Test of Spin Current Theory 

[Phys. Rev. B 101, 100407 (2020), Rapid Commun.]  

 This recent study built on the work from our two prior papers on this compound [Phys. Rev. B 

99, 020403, Rapid Communications (2019); Phys. Rev. B 95, 224407 (2017) (Editor's 

Suggestion)]. Most significantly, we put existing spin current theory to stringent tests that were 

not possible previously: Cu2OSeO3 remains the only material for which the magnon thermal 

conductivity and spin Seebeck effect can be measured directly. 

 The measurements themselves deploy 10-nm thick Pt films deposited on the polished heater 

end face of mm-sized single-crystal specimens [inset, Fig. 1 (a)] and low-T thermometers attached 

along their length. The remainder of Fig. 1 shows the H-T phase diagram for Cu2OSeO3, spin 

Seebeck signal, 𝑉𝐿𝑆𝑆𝐸 =
[𝑉𝑃𝑡(𝐻)−𝑉𝑃𝑡(−𝐻)]

2
, and magnon thermal conductivity as functions of H, T.  

 Using Boltzmann theory expressions for 𝑆𝐿𝑆𝑆𝐸 and 𝜅𝑚 and spin wave dispersion from inelastic 

neutron scattering we were able to simultaneously fit the 𝑇-dependence of both coefficients using 

magnon scattering parameters from a simple continuum model employed in  our prior work [Fig. 

2 (a)] to model only the magnon thermal conductivity. A more fundamental test of the theory, 

independent of the model relaxation times – is its prediction that the two transport coefficients are 

directly related through their integral expressions. We identified a sublinear relationship between 

𝑆𝐿𝑆𝑆𝐸 and 𝜅𝑚 [Fig. 2 (b)] for all specimens when the spin Seebeck coefficients were re-scaled by 

the product of their Pt film resistance and spin-mixing conductance (parameters from the theory 

that set the scale of the spin-Seebeck signal). A power law relationship, (𝑆𝐿𝑆𝑆𝐸)
𝑛 ∝ 𝜅𝑚 with 𝑛 =

1.15 provides the best fit to experiment, in excellent agreement with 𝑛 = 1.17 predicted by theory. 

These confirmations of theory, heretofore inaccessible for any other material, highlight this 

compound as a model system for the study of magnon interactions and their role in the transport 

of spin and heat. 

Novel spin-wave dispersion and thermal conductivity in ZnCr2Se4 

[Phys. Rev. B 102, 184431 (2020).]  

 Neutron scattering studies 1 , 2  of our collaborator (Dmytro Inosov, TU Dresden) revealed 

unusual  pseudo-Goldstone  helimagnon  modes  in  the magnon spectrum of the insulating Heis-

enberg helimagnet ZnCr2Se4. This compound has an antiferromagnetic, helimagnetic phase tran- 
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sition at 𝑇𝑁 = 21 𝐾 [Fig. 3 (a)] that coincides with a cubic-tetragonal structural transition. The 

magnetic sublattice comprises frustrated 𝑆 =
3

2
 Cr2+ ions arranged on a pyrochlore lattice, a 

magnetic structure similar to that of Cu2OSeO3. The spin-wave spectrum has, in addition to the 

usual Goldstone mode propagating along the spin helix [defined by the direction of applied field, 

 

 Fig. 1 (a) From top to bottom: longitudinal Spin Seebeck effect (LSSE) voltage (for heater on and off), average 

temperature, and thermal conductivity vs. field at 𝑇𝑎𝑣𝑔 = 4.79 𝐾. Left inset: magnetic phase diagram, right inset: 

orientation of heat flow and fields, (b) LSSE voltage vs. Δ𝑇 at 6.67 𝐾, (c) zero-field 𝜅(𝑇), (d) LSSE coefficient 

and (e) magnon thermal conductivity vs. field for various temperatures. The shading in (a), (d), (e) distinguishes 

the conical (C) spin phase from helical (H) and fully polarized (FP) phases. 
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𝒒𝒉 ∥ �̂�𝑧 in Fig. 3 (b)-(i)], modes with small spin gap (∆𝑃𝐺~ .17 𝑚𝑒𝑉) propagating transverse to 

𝒒𝒉 [along �̂�𝑥and �̂�𝑦 in Fig. 3] that are attributed to quantum fluctuations.2  

 Such an unusual dispersion should have signatures in thermodynamic and transport properties.3 

Thermal conductivity (𝜅) offers an elegant means to potentially separate magnetic effects from 

those arising entirely from the phonon dispersion: the difference in 𝜅 measured with Δ𝑇 parallel 

(𝜅∥ ) and perpendicular (𝜅⊥ ) to 𝒒𝒉 . Our measurements [Fig. 3 (j), (k)] reveal anisotropy that 

emerges only below 𝑇∗ ≈ 1.9 𝐾  and has a nonmonotonic dependence on magnetic field. 

 

 Fig. 3 (a) Magnetic phase diagram of ZnCr2Se4 (from Ref. 1). (b)-(i) Three-dimensional magnon dispersions, shown 

in the 𝑘𝑥 − 𝑘𝑦 (left) and 𝑘𝑥 − 𝑘𝑧 (right) planes for four values of magnetic field. Wave numbers are in units of 

2𝜋/𝑎. The polar and azimuthal angles (𝜃, 𝜙) and pseudogap (Δ𝑃𝐺) are labeled in the plots for 𝐵 =  . (j) Thermal 

conductivity vs temperature at fixed magnetic fields perpendicular and parallel to the heat flow along [100], (k) 

Normalized anisotropy, (𝜅⊥ − 𝜅∥)/𝜅∥, vs. T at various applied fields demonstrating the onset of anisotropy at 𝑇 <
𝑇∗ ≈ 1.9 𝐾.   (l) Neutron scattering determinations of Δ𝑃𝐺  [at (𝑞ℎ ,  , )] vs. magnetic field. (m) Computed 𝜅𝐿(𝑇) 

(squares; 𝜅𝐿,⊥ = 𝜅𝐿,∥  to 1%) at various fields compared to the experimental 𝐵 =   data (filled circles). The 

magnetoelastic constant was set so that the computed 𝑇 = 5 𝐾 conductivities matched experimental data. Also 

shown is the computed thermal conductivity with only the boundary scattering term included (x’s). Inset: Computed 

𝜅𝐿/𝑇 for the boundary scattering and 𝐵 =  , 3-T curves from the main panel and corresponding experimental 3-T 

data (filled circles). (n), (o) calculated magnon conductivities as functions of 𝑇, 𝐵. 
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Separating magnonic (𝜅𝑚) and lattice (𝜅𝐿) contributions to the measured 𝜅 in this compound is 

challenging given its complex temperature and field dependencies. Note that Cu2OSeO3 [Fig. 1 

(c)] has 𝜅 ≈    − 4   W/mK at 5 K [while 𝜅𝐿 ≈ (5 − 1 )𝜅𝑚], three orders of magnitude larger 

than that of ZnCr2Se4. This dramatic difference is clearly related to the stronger coupling between 

the spin and lattice systems in ZnCr2Se4, as manifested in, e.g., giant magnetostriction.4,5  

 To better understand 𝜅(𝐵, 𝑇) for ZnCr2Se4, we calculated 𝜅𝐿 and 𝜅𝑚 using analytic forms of 

the three-dimensional magnon dispersion. We found that although the appearance of a plateau or 

shoulder in 𝜅𝐿(𝑇) and a maximum in 𝜅𝐿 𝑇⁄  [inset, Fig. 3 (m)] may be partially associated with 𝜅𝐿, 

the anisotropy and its nonmonotonic behavior with field at 𝑇 < 𝑇∗ are unlikely to be. On the other 

hand, the unusual magnon dispersion and its evolution with applied field suggest that magnon heat 

conduction is a plausible source for both the anisotropy and nonmonotonic field dependence of 

𝜅(𝐵, 𝑇). The calculated 𝜅𝑚(𝐵, 𝑇), assuming a constant scattering time 𝜏𝑚 = 1 −10𝑠 [Fig. 3 (n)], 

captures some of the key features in the data, including 𝜅𝑚,⊥ > 𝜅𝑚,∥ and nonmonotonic 𝜅𝑚(𝐵) at 

low 𝑇 . Not surprisingly, these features arise primarily from low-energy magnon states with 

momenta at small angles to 𝒒𝒉.  

Future Plans 

We hope to exploit the large magnon spin current of Cu2OSeO3 crystals for spin injection in 

interfacial superconductor films (e.g. Nb). Discrepancies between experiment and the calculated 

𝜅𝑚  for ZnCr2Se4 motivate a new hypothesis to be explored regarding the role of different 

chiralities of the spin helix within single magnetic domains and their possible manipulation with 

applied electric field.  
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chalcogenides 
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Program Scope 

The overarching goal of this research program is to develop a predictive, chemistry-driven 

understanding of the impact of strongly anisotropic bonding on the phonon behavior and thermal 

properties of bulk layered materials. At finite temperatures, atomic vibrations (phonons) strongly 

impact the thermodynamics, thermal and electrical transport, and phase-switching properties of 

functional materials.  In particular, soft phonon modes and strongly anharmonic potentials can 

have spectacular consequences, including structural phase transitions (for example in ferroelectrics 

and phase-change memory materials), metal-insulator transitions, and extreme thermal resistance 

preventing heat propagation.  

Bulk materials with highly-anisotropic bonding may provide unique strategies to induce soft-

phonon modes and lattice instabilities.  Recently, increasingly detailed investigations of the lattice 

dynamics in layered materials have been made possible by the advent of first-principles phonon 

calculations and advanced characterization techniques based on neutron and X-ray scattering.   

However, due to the lack of studies in which composition and bonding character are systematically 

varied, there are still fundamental questions regarding the impacts of anisotropic bonding and 

anharmonicity on lattice stability and thermal transport.  Coherently tuning bonding anisotropy 

and anharmonicity across a family of related compounds would address this gap and could reveal 

new strategies for exploiting structural anisotropy in quasi-1D and 2D bulk materials to obtain 

tailored functional properties. 

This project will systematically explore the lattice dynamics, phase stability, and transport 

properties in bulk layered and quasi-1D materials by using both composition and applied pressure 

to tune the degree of bonding anisotropy and anharmonicity.  To accomplish this work, we will 

combine i) single-crystal growth of key material systems with tunable anisotropy, ii) in-situ high-

temperature/high-pressure characterization of structure and phonons to probe bonding anisotropy 

and anharmonicity, including state-of-the-art inelastic X-ray scattering (IXS) and inelastic neutron 

scattering (INS), and iii) first-principles simulations leveraging large-scale computing to identify 

the fundamental origins of the observed effects, by relating atomic structure and dynamics to 

electronic orbital interactions.  Finally, we will model and verify the impact of the phonon behavior 

on thermal transport to identify new strategies for a-priori design of thermal conductivity. Our 

integrated collaborative approach will systematically unravel the effects of anisotropy and bonding 
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anharmonicity on phonon transport, thermodynamics, and thermal properties and will provide new 

fundamental understanding to control properties of complex anisotropic materials.  

Recent Progress  

Investigation of Mg3Pn2 at high-pressures: Alloys 

between Mg3Sb2 and Mg3Bi2 have recently been 

shown to be exceptional thermoelectric materials 

due in part to their anomalously low thermal 

conductivity. In the present study, in-situ high-

pressure synchrotron X-ray diffraction was used to 

investigate the structure and bonding in Mg3Sb2 and 

Mg3Bi2 at pressures up to 50 GPa. Our results 

confirm prior predictions of isotropic in-plane and 

out-of-plane compressibility, but reveal large 

disparities between the bond strength of the two 

distinct Mg sites. Using single crystal diffraction, 

we show that the octahedral Mg-Sb bonds are significantly more compressible than the tetrahedral 

Mg-Sb bonds in Mg3Sb2, which lends support to arguments that the weaker octahedral Mg bonds 

are responsible for the anomalous thermal properties of Mg3Sb2 and Mg3Bi2. Further, we reported 

the discovery of a displacive and reversible phase transition in both Mg3Sb2 and Mg3Bi2 above 7.8 

GPa and 4.0 GPa, respectively. The transition to the high-pressure structure involves a highly 

anisotropic volume collapse, in which the out-of-plane axis compresses significantly more than 

the in-plane axes. Single crystal diffraction at high pressure was used to solve the monoclinic high-

pressure structure (C2/m), which is a distorted variant of the ambient-pressure structure containing 

four unique Mg coordination environments.  This work was published in 2020 in Chemistry of 

Materials [1]. 

Phonons and origin of ultralow thermal conductivity in Mg3Pn2: Mg3Sb2 and Mg3Bi2 exhibit an 

anomalously low thermal conductivity, comparable to those of much heavier compounds PbTe or 

Bi2Te3. Contrary to common mass-trend expectations, replacing Mg with much heavier Ca or Yb 

yields a threefold increase in thermal conductivity in ternary 

CaMg2Sb2 and YbMg2Bi2. We performed a comprehensive 

analysis of phonons in the series AMg2X2 (A = Mg, Ca, Yb, X 

= Bi, Sb) based on inelastic neutron and x-ray scattering, 

complemented with first-principles simulations, and show for 

the first time that the anomalously low lattice thermal 

conductivity of Mg3X2 has an inherent phononic origin. We 

uncover a large phonon softening and flattening of low-energy 

transverse acoustic phonons in Mg3Bi2 and Mg3Sb2 compared 

to the ternary analogues (A = Ca, Yb). Our first-principles 

simulations reveal how this is traced to a weak Mg-X chemical 

Octahedral Mg–Sb bonds are significantly 

more compressible than the tetrahedral Mg–

Sb bonds in Mg3Sb2 

Low-energy phonon density of 

states of Mg3Bi2 and YbMg2Bi2 

measured with neutron scattering. 
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bond, which softens low-energy transverse acoustic phonons. While the suppression in group 

velocity reduces lat by a modest 20%, the soft anharmonic dispersion enables a threefold increase 

in phonon scattering primarily by enhancing the scattering phase-space. These findings rationalize 

the microscopic origins of the outstanding thermal properties of AMg2X2 compounds, and provide 

fundamental insights on means to control thermal transport properties, by manipulating phonon 

scattering without the traditional reliance on heavy elements or disorder. A manuscript was 

submitted (under review in Science Advances) [4].  

Anisotropic bonding, phonon anharmonicity 

and ultralow thermal conductivity in SnS: The 

lattice dynamics and high-temperature 

structural transition in SnS and SnSe were 

investigated via inelastic neutron scattering, 

high-resolution Raman spectroscopy and first-

principles simulations. The results revealed a 

spectacular, extreme softening and 

reconstruction of an entire manifold of low-

energy acoustic and optic branches across a 

structural transition, reflecting strong 

directionality in bonding strength and 

anharmonicity. Further, our results solve a prior 

controversy by revealing the soft-mode 

mechanism of the phase transition that impacts 

thermal transport and thermoelectric efficiency.  

Our simulations of anharmonic phonon 

renormalization capture these striking effects, 

showing that the large phonon shifts directly 

affect the thermal conductivity by altering both 

the phonon scattering phase space and the group 

velocities. These results provide a new level of 

microscopic understanding of phase stability and thermal transport in technologically important 

materials, providing further insights on ways to control phonon propagation in thermoelectrics, 

photovoltaics, and other materials requiring thermal management. The results were published in 

Nature Communications [5]. 

Anharmonic lattice dynamics and superionic transition in layered chalcogenide AgCrSe2: 

Unveiling the unusual atomic dynamics in superionic conductors is critical for the design of energy 

conversion and storage materials, for example to rationalize their thermal transport properties in 

thermoelectric applications or their fast ionic conductivity in solid-state electrolytes. Intrinsically 

low lattice thermal conductivity (lat ) in superionic conductors is of great interest for energy 

conversion applications in thermoelectrics. Yet, the complex atomic dynamics leading to 

Phonon dispersions of the Pnma low-temperature 

phase (a,b) and Cmcm high-temperature phase (c,d) of 

thermoelectric compound SnS. Panels (a,c) are first-

principles simulations, and (b,d) are inelastic neutron 

scattering data. A strong renormalization is seen, 

leading to flat, low-energy dispersions at high 

temperature, favoring low thermal conductivity. 
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superionicity and ultralow thermal 

conductivity have remained poorly 

understood. We performed a 

comprehensive study of the lattice 

dynamics and superionic diffusion in 

AgCrSe2 from energy- and 

momentum-resolved neutron and X-

ray scattering techniques, combined 

with first-principles calculations. 

Our results settle unresolved 

questions about the lattice dynamics 

and thermal conduction mechanism 

in AgCrSe2. We find that the heat-

carrying long-wavelength transverse 

acoustic (TA) phonons coexist with 

the ultrafast diffusion of Ag ions in 

the superionic phase, while the 

short-wavelength nondispersive TA 

phonons break down. Strong 

scattering of phonon quasiparticles 

by anharmonicity and Ag disorder 

are the origin of intrinsically low lat. 

The breakdown of short-wavelength TA phonons is directly related to the Ag diffusion, with the 

vibrational spectral weight associated to Ag oscillations evolving into stochastic decaying 

fluctuations. Furthermore, the origin of fast ionic diffusion is shown to arise from extended flat 

basins in the energy landscape and collective hopping behavior facilitated by strong repulsion 

between Ag ions. These results provide fundamental insights into the complex atomic dynamics 

of superionic conductors. The results were published in PNAS [6]. 

Future Plans 

Single crystals of GeTe-SnTe and GeTe- Sb2Te3 alloys have been grown using the Bridgman 

technique.  We plan to investigate the anisotropic electronic, thermal, and elastic transport 

properties of GeTe- Sb2Te3 crystals to determine the impact of the irregularly spaced van der Waal 

layers in this system.  INS experiments and transport measurements will be performed on GeTe-

SnTe crystals to investigate the effect of the rhombohedral to cubic phase transition on the phonons 

and thermal properties. We have performed preliminary measurements of phonons as a function 

of pressure in SnSe and we plan to finalize our measurements and first-principles modeling for 

publication. We plan to investigate anharmonic phonons and thermal transport in pseudo-binaries 

PbTe-PbSe and GeSe-AgBiSe2 to probe phonon disorder scattering. We will use a combination of 

INS, IXS and first-principles simulations. 

Phonon DOS from experiments and simulations. (A) INS powder 

measurements at the ARCS with Ei =20 and 80 meV to get fine 

resolution at the low-energy portion and the whole spectrum. Data 

are stitched together at 9 meV. Blue, green, orange, and red lines 

are measured at 300, 450, 520, and 650 K, respectively. (B) 

Calculated neutron-weighted DOS. Black dashed line is labeled as 

DFT, and AIMD at 300 and 600 K are blue and red dashed lines, 

respectively. (C and D) Site-projected DOS from DFT for the c-

axis polarized (C) and in-plane (D) motions in the a–b plane. Ag 

motions mainly contribute the strong peak around 3.5 meV for the 

in-plane vibration and a weaker peak near 10 meV for c-axis. 

polarizations. 
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Generating Metastable Magnetostructural Phases in Solid-State Caloric Systems   

Shane Stadler, Louisiana State University, Department of Physics and Astronomy 

Naushad Ali and Saikat Talapatra, Southern Illinois University, Department of Physics 

 

Program Scope 

The objective of this project is to discover and explore new solid-state caloric materials, and to 

understand the origins of their physical behaviors including magnetocaloric effects, barocaloric 

effects, and transport properties. Materials that exhibit extreme changes in magnetostructural and 

transport properties linked to magnetostructural phase transitions near room temperature are 

relatively rare, and often lead to multifunctional properties important for modern technologies. In 

this project, we explore new materials that exhibit magnetostructural transitions near room 

temperature that form as a result of doping, thermal quenching, or the application of pressure 

during synthesis, leading to metastable magnetostructural phases.  

Recent Progress  

One goal of this project is to induce coupled magnetostructural transitions near room temperature 

by creating metastable phases through thermal quenching or by applying pressure during synthesis. 

Such processes can permanently alter the behaviors of the phase transitions and physical properties 

of the materials. The application of hydrostatic pressure during measurement (i.e., not during 

synthesis), however, provides a method to alter the magnetocaloric and barocaloric properties after 

synthesis, and can also induce magnetostructural transformations. 

 Some MnTX-based (T = Co, Ni, Fe; X = Ge, Si) intermetallic compounds exhibit pressure- 

and field-induced magnetostructural transitions (MSTs) that lead to shape-memory phenomena, 

magnetocaloric effects (MCEs), and volume anomalies near room temperature.1-3 The 

isostructurally-substituted system, (MnNiSi)0.62(FeCoGe)0.38, has been shown to exhibit both large 

magnetocaloric and barocaloric effects near room temperature4, and has therefore been chosen for 

additional investigations focusing on the effects of quenching and pressure on the 

magnetostructural transitions, and on the magnetocaloric and barocaloric properties in this material 

system. The magnetization curves (H = 100 Oe) of the annealed samples are shown in Fig. 1 as a 

function of temperature, pressure, and the temperatures from which the samples were quenched 

(into ice water).5 The samples were annealed and quenched from temperatures that ranged from 

700 oC (AQ700 in Fig. 1) to 1050 oC (AQ1050). Two trends have been observed with increasing 

quenching temperature: first, the transition shifts to lower temperature and, second, the thermal 

hysteresis decreases until the transition becomes quasi-second-order for AQ1050. The former can 
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be explained as the metastable high-temperature 

structure being frozen in by quenching from high 

temperature. The latter may be a result of the structural 

transition approaching the Curie temperature of the low 

temperature phase as the quenching temperature 

increases, and subsequent conversion of the coupled 

transition to second order.  

 Magnetization measurements under applied 

hydrostatic pressure (i.e., during the magnetization 

measurements) were carried out using a CuBe pressure 

cell (by Quantum Design).  Pressure shifts the transitions 

to lower temperatures (dashed lines in Fig. 1), consistent 

with the previously reported behavior of this system.6 

However, for all but AQ700, the transition becomes 

second order for applied pressures on the order of ~1 

GPa (or less). The entropy changes remain relatively 

large from 35 J kg-1K-1 for AQ700 to ~22 J kg-1K-1 for 

AQ1050, despite the latter being nearly a second order 

transition.    

 The previous work on (MnNiSi)1-x(FeCoGe)x 

prompted the study of the effects of pressure and 

quenching on the related stochiometric MnTX system, 

MnCoGe. A series of samples were RF-melted and then 

subjected to various thermal treatments that included 

slow-cooling from 1100 oC (SC1100) and quenching 

from temperatures that ranged from 700 oC (AQ700) to 

1150 oC (AQ1150). The slow-cooled sample (SC1100) 

undergoes a structural transition at about 490 K (from 

DSC data) and a second-order magnetic transition at 

about 350 K (see Fig 2).8 Referring to the calorimetric 

(DSC) curves in the upper right of Figure 2, quenching 

at 700 oC (AQ700) shifts the structural transition by over 

50 K to lower temperature (relative to SC1100), however 

the magnetic transition remains unchanged. This 

indicates that, not only does quenching tend to stabilize 

the high-temperature phase, which is not unexpected, 

but also that quenching from higher temperatures might 

further shift the structural transition to lower temperature, and possibly couple the magnetic and 

structural transitions. This is precisely what occurs in the sample quenched at 800 oC (AQ800), 

 
Fig. 1. Magnetization of as a function of 

temperature, pressure, and quenching 

temperature of (MnNiSi)0.62(FeCoGe)0.38. 

Fig. 2 Magnetization (H = 100 Oe) and DSC 

(upper right) data of MnCoGe as a function 

of temperature, quenching temperature, and 

applied pressure. The dashed lines indicate 

magnetization data measured at the 

specified pressures. 
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and this sample exhibits a large magnetic entropy 

change SM = 34 J/kgK at the magnetostructural 

transition temperature (TM = 330 K).8  

 Referring to the top two curves of Figure 2, 

which explicitly show both the structural (DSC) and 

magnetic transitions separated, it is clear that the 

application of pressure (dashed lines in Fig. 2) shifts 

the structural transition to lower temperature and that 

the magnetic transition follows it, indicating that the 

coupled transition observed in AQ800 is dominated by 

the structural transition. In addition, the large pressure-

induced shift in AQ800 of nearly -10 K/kbar suggest 

that this material may exhibit large barocaloric effects. A 

phase diagram that relates the annealing/quenching 

temperatures of MnCoGe to the transition temperatures is 

shown in Figure 3.  

 As the quenching temperature exceeds 800 oC in 

Figure 2, the structural transition continues on to lower 

temperatures and decouples from the magnetic transition 

until the sample undergoes a single, second-order transition 

for AQ1150. It is interesting to note that, in samples AQ900 

through AQ1150, that the application of hydrostatic 

pressure increases the magnetic transition temperature, an 

observation that is currently unexplained. 

 In conclusion, it was shown that thermal quenching 

can be used to stabilize high-temperature structural phases 

at lower temperatures such that they couple with magnetic 

transitions to form magnetostructural transitions. This was 

shown for the specific case of MnCoGe, and the result was 

the generation of a new system that exhibits large 

magnetocaloric effects. In addition, due to its high 

sensitivity to applied hydrostatic pressure, this same system 

may also exhibit large barocaloric effects, making it a 

promising multicaloric material to be explored for potential 

applications in future multicaloric devices.  

 We have also explored the effects of pressure during the synthesis of magnetocaloric 

materials including Ni2Mn1-xCuxGa and MnNi1-xCoxGe since they both have known 

magnetostructural transitions. Shown in Figure 4 is the apparatus that was used to synthesize the 

Fig. 3. An annealing/quenching temperature 

phase diagram of MnCoGe at ambient 

pressure. 

Fig. 4. The press with multi-anvil 

components as described in the text. 
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samples made at high pressure (and temperature). It is a multi-

anvil (cubic) high-pressure furnace from Rockland Research 

Corporation that can apply pressures up to 10 GPa at 

temperatures up to 2000 oC. The materials were first RF 

melted, then ground, pressed into pellets, and inserted into a 

boron nitride crucible (Fig. 4B). The crucible was then loaded 

into a graphite sleeve, which serves as the furnace (current is 

passed through it during growth) and then placed inside a 

pyrophyllite cube, which acts as the pressure transmitting 

medium (Fig. 4C). Six symmetrically configured tungsten 

carbide anvils compress the cube inside a hardened-steel 

containment ring, resulting the extruded pyrophyllite and 

pressure-synthesized sample as shown, respectively, in Fig. 

4(D and E). 

 A MnNi0.92Co0.08Ge sample was first synthesized by 

RF melting and broken into pieces. One was annealed at 800 
oC and the other ground and synthesized in the high-pressure furnace at T = 800 oC and P = 5.5 

GPa. As seen in Fig. 5(A), the RF sample had a magnetostructural transition at T = 300 oC 

(indicated by arrow A in the figure).9 When subjected to a 11-kbar hydrostatic pressure during the 

measurement, this transition shifts 50 K to lower temperature (arrow B). Arrow A in Fig. 5(B) is 

the same transition in the RF sample, however, arrow B* indicates the shifted transition observed 

in the sample synthesized at high pressure. Note that the shift to B* is not due to pressure applied 

during the measurement as in Fig 5(A) but rather pressure during synthesis, effectively locking in 

the high-pressure phase and maintaining the large magnetocaloric effects (SM ~ 80 J/kgK) at this 

metastable transition. The physical origins of this effect are currently being explored.9  

 

Future Plans 

We are starting many new projects including: (1) synthesizing magnetic high-entropy alloys 

(HEAs) under high pressure and exploring their physical properties, (2) studying the 

magnetocaloric properties of Heusler-type Mn2-xFe1+xGe melt-spun ribbons, (3) investigating Ni-

Mn-Co/carbon nanotube composites, and (4) exploring the magneto- and barocaloric properties 

and metastable phases of new MnTX systems synthesized under high pressure.     
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pressure and (B) at high pressure (5.5 
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Phase Transitions in Mesoscopic Systems 

P.I. Raymond L. Orbach 
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Co-P.I. Gregory G. Kenning 

(Indiana University of Pennsylvania) 

 

Program Scope 

Our research focuses on developing an understanding of the correlated state in glassy systems 

using spin glasses as the model system; the goal is to establish a firm experimental and 

theoretical basis for their dynamics.  Our research is complimentary to that on glass forming 

liquids1 that have recently demonstrated correlated behavior using up to 5th order electrical 

dielectric susceptibilities.  The focus on magnetic spin glasses demonstrates both the correlated 

nature of the condensed glassy state, and its dynamical properties.   We have single crystals (a 

first) of the canonical metallic spin glass, CuMn, and have observed the consequences of large 

correlation lengths never before attained in polycrystalline materials.  This includes studies of 

their non-linear magnetization properties.  In polycrystalline films, we have explored their 

contributions to 1/f noise and have been able to determine the energy barrier distribution that 

determines many of the dynamical properties.   There remain properties of glassy systems 

associated with temperature chaos and memory effects that remain elusive.  Our current research 

focuses on the yet-to-be-understood dynamical processes underlying these phenomena.   

 

Importantly, our research is synergized by our collaboration with the Janus II group.2 They have 

constructed a special purpose computer that is able to simulate the dynamical properties of the 

3D Ising spin glass at time and length scales comparable to experiment.   The relationship 

between our research program and their simulations has created an extraordinary opportunity for 

scientific discovery not previously possible.  The interaction between experiment, simulation, 

and theory has produced new insights into the nature of the growth of the correlated state.  For 

example, we have discovered a new non-linear magnetization scaling law near the condensation 

temperature, Tg, far superior to previous relationships.  Concomitantly, we have also clarified the 

nature of the Zeeman interaction in spin glasses, settling a decades old controversy. 

 

The three laboratories involved in this DOE sponsored program collaborate in a complementary 

fashion.  The group at The University of Texas at Austin provides theoretical guidance and 

SQUID magnetization measurements over a large time scale; the Indiana University of 

Pennsylvania group utilizes an ultra-sensitive home-built SQUID magnetometer to measure 

dynamics and grows thin film multilayer structures; the University of Minnesota group performs 

1/f noise electrical resistance and very low frequency magnetic susceptibility measurements, and 

can also supply thin film multilayer structures.  A weekly ZOOM collaboration call coordinates 

the research programs of the three laboratories.  The combined group’s publications are a 

consequence of this close collaboration. 
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Recent Progress 

 

As an example of the fruits of the collaboration with the Janus II Collaboration, a new scaling 

law for the dynamical non-linear magnetization of spin glasses in the vicinity of the condensation 

temperature Tg has been proposed and evidenced through our combination of experiments and 

simulations.3 One can write the non-linear magnetization, M, for a spin glass at time t after aging 

the system for a time, tw, in a magnetic field, H, with the non-linear susceptibilities χ2n-1 as3 

  
Then, according to the proposed new scaling relationship, the non-linear susceptibilities, χ2n-1, 

above can be written in term of the spin glass correlation length ξ(t, tw; H) as,  

 
where the coefficients b2n(T) are assumed to be smooth functions of temperature T.  Here, ξ(tw) is 

the spin glass correlation length, having grown from nucleation to a length ξ(tw) during the aging 

time tw.  The dimensionality is D (here, D = 3), θ(x) is the replican exponent,4 and  

x = ℓJ (T)/ξ(tw) where ℓJ (T) is the Josephson length.5   

 

To test this relationship, the following protocol was followed using a commercial dc SQUID to 

measure the magnetization of a Cu94Mn6 single crystal (Tg = 31.5 K).  The sample was quenched 

from 40 K at 10 K/min to the measuring temperature Tm in zero magnetic field.  After the 

temperature was stabilized, the system was aged for a waiting time tw before a magnetic field H 

was turned on, and the magnetization, MZFC(t, tw; Tm) recorded as a function of time t. The 

chosen temperatures were 28.5 K, 28.75 K, and 29 K, selected to be ≥ 0.9 Tg.  The magnetic 

fields ranged from 16 to 59 Oe. 

 

In parallel with experiments, the simulations used the Ising-Edwards-Anderson (IEA) model 

with the Hamiltonian 

 
where sx is the spin at site x (with sx = ± 1) and Jxy  is the exchange coupling between spins  

(Jxy = ±1).  The sample is a cubic lattice of linear size L = 160 with random Jxy.  In these natural 

units, for H = 0, the IEA model undergoes a spin glass phase transition at the critical temperature  

Tg = 1.103.6 The non-equilibrium dynamics were simulated by means of a Metropolis algorithm 

using periodic boundary conditions.  The magnetic field H = 1 corresponds to 5 x 104 Oe.  The 

lowest magnetic field for which the simulations can be measured is H= 0.005, corresponding to a 

laboratory equivalent of approximately 250 Oe.   Although H in the simulations is considerably 

larger than experimental fields, two relationships were utilized to reach the laboratory values.3  

 

In order to mimic the experimental setup in the simulations, an initial random spin configuration 

is placed instantaneously at the temperature Tm and left to relax for a time tw with H = 0.  At time 

tw, the external magnetic field is turned on and the magnetization M(t, tw; H) and the correlation 

function are recorded. 

 

The dynamics are measured through the relaxation function S(t) = d(M/H)/d ln t.  Figure 1 below 

displays both the experimental and simulation data for S(t): 
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Fig. 1.  A representative set of relaxation curves S(t) = d(M/H)/d ln t for CuMn at T = 29 K and  

 tw = 104 s (top) and for the IEA model at T = 0.9 and tw = 222 lattice sweeps (bottom). 

  

The time t at which S(t) peaks, tpeak ≡ tw
eff describes the characteristic response time of the spin 

glass system, and is related to the excess free energy per spin in a magnetic field H.  By 

integrating the above expression for M(t, tw; H) with respect to H (values for the individual χ2n-1 

are extracted from a polynomial fit of  M(t, tw; H) to the experimental data): 

 
One can relate ΔF to the effective response time tw from the usual Arrhenius law,  

tH
eff/tH=0

eff
 = exp[NΔF/(kBT)] , where we have taken explicit recognition of the dependence of tw

eff 

on H by changing notation from tw
eff to tH

eff, so that tw becomes an implicit variable.  We extract 

the χ2n-1 from both the experimental measurements and simulations, and use ΔF and the 

associated Arrhenius law to determine tH
eff/tH=0

eff.  This is plotted against H2 in Fig 2. 

 

 
Fig. 2.  Experimental and numerical ln tw

eff from the maximum of the response function in Fig. 1.  

Top: data from the experiments with Exp 1: Tm=28.50 K, tw=10,000 s; Exp. 2: Tm=28.75 K, 

tw=10,000 s; Exp. 3: Tm=28.75 K, tw=20,000 s; Exp. 4: Tm=29.00, tw=10,000 s.  Lines are a fit to 

a polynomial in H2.  Bottom: numerical data for the Runs 1-3, Tm=0.9, tw=222, 226.5, 231.25, 

respectively; Runs 4-6, Tm=1.0, tw=223.75, 227.625, 233.75, respectively.  Lines are guides for the eye. 

 

This melding of experiment, theory, and simulations, as exhibited by Figs. 1 and 2, is a 

spectacular success of statistical mechanics. 
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Future Plans 

The above demonstrates that if the right questions are asked for glassy systems, a truly schematic 

model (here the Ising-Edwards-Anderson spin glass model) can be quantitatively compared to 

experiment (here the CuMn spin glass).  The crucial ingredients to uncover universal behavior 

are detailed measurements on single crystal spin glasses, combined with high-quality simulations 

carried out on a custom-built computer.  Careful experiments capable of addressing the relevant 

regime of very large correlation lengths close to the glass temperature are compared to a non-

equilibrium extension of classical equilibrium scaling theory. 

 

We are now able to determine responses, autocorrelation lengths, and energy barriers in three 

dimensional spin glasses quantitatively, both through experiment and numerical simulation.  This 

allows us to address more exotic phenomena such as rejuvenation (temperature chaos) and 

memory effects.  Moreover, because spin glasses are influential in so many other fields (such as 

economics, physics, biology, and optimization in computer science), our work shows that 

successful modelling of complex systems is feasible in finite dimensions. 

 

The elusive concepts of temperature chaos and memory in spin glasses remain to be understood.  

The theoretical basis has been developed under equilibrium conditions, while experiments are 

always performed under non-equilibrium conditions.  However, very recent theoretical and 

numerical investigations6 have shown that non-equilibrium dynamics exhibits temperature chaos.  

This theoretical foundation is being tested with experiments where the spin glass correlation 

length ξ(tw) is being used as a metric for temperature chaos and memory.  Experiments are 

underway using zero-field magnetization studies (UT Austin), ultra-sensitive thermoremanent 

magnetization studies at Indiana University of Pennsylvania, and ultra-low frequency magnetic 

susceptibility studies (U Minnesota).  The combination of these investigations, working with 

samples from the same CuMn single crystal boule, will test the dependence of both chaos and 

memory on ξ(tw).  The non-equilibrium theoretical investigation6 exhibits a profound dependence 

of temperature chaos on ξ(tw), consistent with preliminary work of our group.7  Will the same be 

true for memory?  If so, one may be able to construct a theory based on a length scale set by the 

correlation length as opposed to rather arbitrary length scales as previously suggested.8 
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Program Scope 

 The science of liquids and glasses is much less developed than that of crystalline materials, 

even though liquids and glasses are as important as crystalline materials in energy-related 

applications.  The main origin of this slow progress is the non-periodicity of their structures, which 

eluded the application of modern condensed-matter theories, many of which presume lattice 

periodicity.  The overarching goal of this program is to establish a fundamental understanding of 

atomistic mechanisms which control the structural and dynamic properties of liquids and glasses 

through combination of tightly coupled experiment, simulation and theory.  To achieve this 

overarching goal this project focuses on the following three specific aims: (1) advance the science 

of bulk metallic glasses to improve mechanical properties, (2) develop better understanding of a 

basic unanswered question on the nature of liquid and glass and the origin of the glass transition, 

and (3) extend the study of local dynamics to various functional liquids relevant to the DOE 

mission.  Owing to recent advances in experimental tools and computational power, we now have 

an excellent prospect of achieving substantial progress.  In particular, we examine the mechanism 

of rapid increase in viscosity of liquid upon cooling, using a new approach with inelastic neutron 

and x-ray scattering combined with simulation.  The outcome of this proposed work will guide us 

to the development of glasses and liquids with superior properties, and ultimately contribute to the 

DOE mission through the development of the general physics of liquids and glasses. 

Recent Progress  

1.  Correlated Atomic Dynamics in Liquid   

Liquid is a condensed matter with a physical density similar to that of a solid with the same 

composition.  Thus, atoms are not free to move in liquid, and their motions are highly correlated.  

However, it has been difficult to assess such correlations because effective experimental tools to 

observe them were not available.  Our breakthrough contribution is to develop a new technique, 

the Van Hove function (VHF) determined by inelastic x-ray or neutron scattering, to observe the 

correlated dynamics directly [1, P2, P24].  We measure the dynamic structure factor, S(Q, ), 

where Q and E = , are the momentum and energy transfer of scattering, by inelastic scattering 

over a wide range of Q and E, and double-Fourier-transform it to obtain the VHF, G(r, t) [2].  Even 

though the VHF has been known for a long time only with the recent advances in the inelastic 
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scattering facilities made it possible to carry out such a 

measurement.  Fig. 1 shows the VHF of water at T = 303K 

determined by inelastic x-ray scattering (IXS) [P6]. It shows 

that as time evolves the nearest neighbors at 2.8 Å move away 

and replaced by second neighbors at 4.5 Å which move in.  

This demonstrates that the atomic motions in liquid are 

correlated.  We found that such correlations result in the 

difference between the short-range diffusion and long-range 

diffusion in water [P19].  We also studied how addition of 

salt changes water-water and water-ion correlations [P5, P6] 

and affects the local dynamics.  The VHF was measured for 

liquid metallic alloys by inelastic neutron scattering 

(INS) using electrostatic levitation to eliminate the 

effect of sample container [P26].  Earlier, through 

simulation we explained the origin of liquid 

viscosity in terms of the lifetime of atomic bond, LC 

[3].  The decay of the VHF with time provides direct 

information on the bond cutting dynamics, and the 

result, shown in Fig. 2 [4], proves the prediction by 

simulation.  In addition, we developed a new 

approach of using x-ray photon correlation 

spectroscopy (XPCS) with split-and-delay optics 

using x-ray free-electron laser (XFEL) at SACLA, 

Japan (Fig. 3) [P25].  This method potentially 

extends the timescale of the measurement to 500 ps 

or more.  At the moment, however, heating of the 

sample by laser beam is limiting its application.  

 2.  Nature of Medium-Range Order in Liquid 

The structure of liquid is described usually by the atomic pair-distribution function (PDF), 

g(r), which shows the distribution of distances between atoms.  The PDF can be determined by 

diffraction experiments through the Fourier-transformation of the structure function, S(Q).  The 

Fig. 1   The Van Hove function of 

water at T = 303K [P6]. 

 

Fig. 2   The ratio, 𝑡𝑀 𝑡𝐿𝐶⁄ , where M is the 

Maxwell relaxation time (= /G), as a function 

of T/TA, predicted by simulation [3] and proven 

by the VHF determined by INS noted as 

experiment [4].  

 

 

Fig. 3 Experimental setting of XFEL-XPCS using split-and-delay optics at BL3, SACLA [P25]. 
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first peak of the PDF describes the short-

range order (SRO) in the near neighbors, whereas the peaks beyond the first depict the medium-

range order (MRO).   It is widely believed that the MRO is just a consequence of the SRO, but we 

found that they are quite distinct in nature.  Whereas the SRO depicts atomic bonds, the MRO 

describes correlation in coarse-grained density fluctuations, not the atomic-level structure [P16, 

P17, P20].  The MRO follows the Ornstein-Zernike form,    1 exp sg r r r   , as shown in 

Fig. 4, which shows    04 1G r r g r    [P7].  The structural coherence length, s, is 

proportional to the height of the first peak of S(Q), and characterizes the structural ideality [P17].  

We found that it plays a key role in liquid viscosity.  For instance, it is strongly correlated with the 

fragility, m, which characterizes the variation of viscosity, , with temperature as shown in Fig. 5 

[P23].  The activation energy of viscosity, 𝐸𝑎 = 𝑘𝑇𝑙𝑛( 


⁄ ), is proportional to the coherence 

volume, 
𝑠

3
, above Tg [P7, P20].  The structural coherence length, s, follows the Curie-Weiss law 

as a function of temperature [P7].  We developed a theory to account for the temperature 

dependence based upon the concept of the atomic-level pressure fluctuation [5]. 

Future Plans 

1.  Collective dynamics in liquid  

At high temperatures T > TA 𝑡𝑀 𝑡𝐿𝐶⁄ = 1, and the dynamics of cutting one bond determines 

viscosity [3].  Below TA the ratio, 𝑡𝑀 𝑡𝐿𝐶⁄ , increases with decreasing temperature as shown in Fig. 

2, suggesting that the atomic dynamics becomes correlated and cooperative.  We will determine 

the nature of such dynamic correlations through the simulation and the analysis of the VHF 

measured by INS just below TA.  Well below TA the timescale becomes longer, and we will use the 

neutron spin echo (NSE) method measured as a function of Q, for instance at the WASP 

spectrometer at the ILL.  Traditionally the atomic transport in liquid and glass has been discussed 

in terms of structural defects, as in crystalline solids.  However, defects cannot be uniquely defined 

in amorphous system which lack the well-defined ideal structure.  Our view is that it is determined 

 
Fig. 5   Correlation between fragility, m, and the structural 

coherence length, 
𝑠
(𝑇𝑔)/𝑎, for various liquids [P23]. 

 
Fig. 4   The PDF of PdNiCuP liquid [P7]. 
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by the collective bond-cutting dynamics determined by the MRO which is an equilibrium bulk 

property [P20].  We will extend the theory of the atomic-level pressure fluctuation [5] to explain 

the role of the MRO on atomic transport. 

2.  Topological excitation in glass 

 The action of cutting an atomic bond is a topological excitation in the atomic connectivity 

network.  Even though the MRO freezes at the glass transition these excitations persist in the glassy 

state, and are most likely responsible for the -relaxation.  We will study the nature of these 

excitations through simulation as well as the VHF measured by INS in the glassy state.  Recently, 

in collaboration with M. Chen at Johns Hopkins University we found that Au-Si metallic glass 

shows strong inverse spin Hall effect (ISHE) which is a measure of the strength of spin-charge 

coupling, and could be useful for spintronics.  The effect is dramatically decreased when it is 

crystallized.  We believe that the spin fluctuations induced by the topological excitations through 

spin-orbit coupling is responsible for the strong ISHE, and started the measurement of SHE by 

magneto-optical Kerr effect.   

3.  Universality of local dynamics in liquid 

 Various types of liquids and glasses (metallic, oxides, polymeric, molecular, and colloidal) 

share a number of salient features, such as the glass transition and relaxation, although they differ 

in temporal and spatial scales and some microscopic details.  We hypothesize that there are 

universal principles that govern behaviors of all liquids and glasses, which are yet to be discovered.  

We will investigate the dynamics of various groups of liquid relevant to the DOE mission, 

including molten salts for nuclear reactor, electrolytes for energy storage, and chalcogenides for 

phase change memory, through simulation and VHF measurement.  However, there are exceptions.  

For instance, water is quite unique because of hydrogen bond which is highly quantum-mechanical 

in nature.  Recently we detected a slow (8 ps) collective relaxation in the VHF of heavy water by 

INS.  We suspect this is responsible for the Debye relaxation used for heating water in microwave 

ovens [6].  We will pursue the study of such unique behaviors when they are relevant to useful 

properties.     
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Machine-Learned Structure-Property Relationship in Metallic Glass 

Michael L. Falk, Departments of Materials Science and Engineering, Mechanical 
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USA 

Formerly: Evan Ma, Department of Materials Science and Engineering, Johns Hopkins 

University, Baltimore, MD 21218 USA 

Program Scope 

This project is designed to add new capabilities to recent machine learning achievements in 

connecting structure with properties of amorphous solids. Our preliminary analyses have 

indicated the advantage of these data-centric methods over other structural metrics in that they 

provide a more generic indicator of local structure, and thus can be used to correlate with various 

properties, not limited to just the specific property used as supervisory signal. When the machine 

learned indicator is assessed over different MG compositions in a given alloy (such as CuxZr100-x) 

system as well as for systems prepared with different processing protocols they allowing 

explanation and prediction of the compositional and processing dependence of properties. The 

overarching goal is to forecast properties from purely structural information in terms of atomic 

coordinates (relative locations) of the atoms. Preliminary results also point to salient local 

structural features detectable in the single-atom pair distribution functions that control relevant 

materials properties of the amorphous alloy. 

These efforts in applying machine learning are aimed at improving our understanding of the 

unusual structural and mechanical heterogeneity inherent to a seemingly homogeneous 

amorphous solid. For engineering applications, our findings may facilitate the development of 

MGs, e.g., through judicious tuning of their internal structure based on what is learnt in our work 

as to how the composition and processing change the structural flexibility amongst other 

properties. As big data and machine learning are adding a new paradigm in the way we do 

materials science, the protocol and the understanding developed will be of broad interest to both 

experimentalists and modelers, and enrich materials science subjects, including structural, 

physical and mechanical behavior prediction.  

 Recent Progress  

 It has been a long-standing materials science challenge to establish structure-property 

relations in amorphous solids. In recent work we introduced a rotationally non-invariant local 

structure representation that enables different predictions for different loading orientations, 

which is found essential for high-fidelity prediction of the propensity for stress-driven shear 

transformations. This novel structure representation, when combined with a convolutional neural 

network (CNN), a powerful deep learning algorithm, leads to unprecedented accuracy for 

identifying atoms with high propensity for shear transformations (i.e., plastic susceptibility), 
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solely from the static structure in 

both two- and three-dimensional 

model glasses. The data-driven 

models trained on samples at one 

composition and a given processing 

history were found to be 

transferrable to glass samples with 

different processing histories or at 

different compositions in the same 

alloy system. Our analysis of the 

new structure representation also 

provides valuable insight into key 

atomic packing features that 

influence the local mechanical 

response and its anisotropy in 

glasses.      

 Our analysis via machine 

learning has permitted a number of 

advances over previous efforts to 

identify structural “defects” in 

amorphous solids, i.e., particles that are most prone to rearrangements, in particular shear 

transformations. First of all, a qualitative but crucial structural difference, in terms of a more 

non-uniform and asymmetric packing environment, was discovered for atoms with high plastic 

susceptibility relative to those with low plastic susceptibility. This insight may be tested by 

experiments if the orientational pair correlation functions can be mapped out in future such 

investigations. Second, we achieved unprecedented accuracy in predicting orientation-dependent 

local mechanical response over a wide range of shear strain, by designing a rotationally non-

invariant structure representation coupled with a powerful deep learning algorithm. Third, once 

the optimized CNN model is in hand, all that is needed to predict plastic response are the atomic 

positions, without relying on other knowledge such as interparticle interactions required by 

previous approaches using parameters based on physical properties. Fourth, we have 

demonstrated that the CNN models trained on a single glass (with a particular composition and 

processing history) can be generalized to samples with different processing histories or at 

different compositions in the same alloy system. This is important for probing into the effects of 

processing procedure or chemical composition on properties, enabling the comparison between 

different glasses. These four merits open new avenues to the understanding of the structure-

property relations in amorphous solids. Fifth and finally, we anticipate that our novel structure 

representation (SDM), in combination with the powerful CNN method, will find use in the 

studies of other forms of amorphous matter beyond metallic glasses, as well as in predicting 

rotation-variant properties of crystalline materials, via data augmentation. 

Atomic structure representation and model architecture for 

2D glasses. (a) Snapshot of a 2D model glass. Orange and silver 

circles represent small (S) and large (L) particles, respectively. (b) 

A close-up showing a local configuration around the red particle 

in (a). (c)  and (d) Corresponding spatial density map (SDM) of 

the S and L particles, respectively. (e) Architecture of the 

convolutional neural network (CNN) model used for 2D glasses, 

which contains 25 (5 in each blue box) 2D convolutional (conv.) 

layers. A 2D max-pooling layer is periodically inserted in-

between the successive convolutional layers. The last 

convolutional layer is followed by the output layer which is a 

sigmoid neuron. 
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Future Plans 

We are now completing atomistic simulation studies that indicate that the location of shear 

banding in a metallic glass (MG) can be ascertained with reasonably high accuracy solely from 

the undeformed static structure. Correlation is observed between the location of the initiation of 

shear bands in a simulated MG and the initial distribution of the density of fertile sites for stress-

driven shear transformations identified a priori based the above described deep learning model. 

This work validates that shear bands in MG arise from non-linear instabilities, and that the as-

quenched structure contains inhomogeneities that control these instabilities. Interestingly, the 

isotropic nature of the as-quenched glasses is observed in some instances to lead to equivalent 

shear banding probabilities along the two maximal shear planes. This also reveals an important 

subtlety regarding the non-deterministic nature of althermal quasistatic shear simulations.   

 

Publications 

1) Fan, Z., Ding, J., & Ma, E. (2020). Machine learning bridges local static structure with 

multiple properties in metallic glasses. Materials Today, 40, 48-62. 

2). Fan, Z., & Ma, E. (2021). Predicting orientation-dependent plastic susceptibility from static 

structure in amorphous solids via deep learning. Nature Communications, in press.   

3). Fan, Z.. Ma,  E. & Falk, M.L. (2021). Predicting shear band initiation in metallic glass 

simulations via deep learning. In preparation. 
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Email: a.karma@northeastern.edu  

 

Program Scope 

Nanostructured materials offer unique properties for a wide range of energy applications. Among 

various known processing methods, liquid metal dealloying (LMD)—the selective dissolution of 

a base alloy element into a metallic melt—has emerged as a powerful technique to produce a new 

class of nano-/meso-scale open porous and bicontinuous composite structures with ultra-high 

interfacial area. LMD has recently been complemented by the advent of vapor phase dealloying 

(VPD), a novel technique that exploits the selective evaporation of one element from a parent alloy 

containing elements with very different vapor pressures, thereby enabling to fabricate open 

nanoporous structures of various elements from less-noble metals to inorganic elements regardless 

of their chemical activity without requiring high LMD temperatures and chemical etching. 

Together LMD and VPD have greatly expanded the scope of dealloying techniques, limited by 

traditional electrochemical means to noble metals, and boosted the design of new functional and 

structural materials that combine a wide variety of elements. Topologically-connected open porous 

structures with ultra-high surface area allow mass transport within the structure while preserving 

structural integrity, enabling them to serve as catalysts, fuel cells, supercapacitors, or high-capacity 

battery materials. Bicontinuous composite structures in turn can display high strength and high 

ductility or superior radiation-damage resistance due to the ultra-high interface area between 

interpenetrating solid phases. This research program makes use of state-of-the-art computational 

methods to understand at a basic level the self-organizing dealloying process with main focus on 

dealloying kinetics and interfacial pattern formation at the dealloying front controlling initial 

structure size, topology, and phase compositions. Phase-field simulation studies of LMD focus on 

solid solutions, line compounds, and intermetallic systems that can form ternary composites by 

nucleation and growth of a new phase. Studies of VPD employ phase-field modeling and a hybrid 

method combining a kinetic Monte Carlo (KMC) model of evaporation and surface diffusion with 

molecular dynamics for vapor-phase transport inside nanopores. Simulations explore mechanisms 

of interface- and diffusion-controlled dealloying kinetics, both observed in VPD but not 

fundamentally understood. In addition, our newly developed multi-physics phase-field approach 

of large-volume-change phase transformations is being used to model novel 3D anode geometries 

based on dealloyed nanoporous structures including novel sandwiched graphene/Si/silica for high-

rate Li ion battery. Those studies are aimed at elucidating geometric design principles that improve 

mechanical stability. We expect this research to enhance the capability to tailor nano-/mesoscale 

structures for a wide range of energy-related materials applications and to yield further advances 

in computational methodologies that benefit a broad materials research community. 

 

Recent Progress 
Nano-/meso-scale bicontinuous structures formed by LMD and VPD. To produce 

topologically connected bicontinuous structures, LMD has traditionally required minimally a 

ternary system consisting of the two elements of the base alloy and a different third element of the 

liquid melt chosen so as to selectively dissolve one of the elements of the base alloy, as exemplified 
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by dealloying of TaTi alloys by a Cu melt, which has served as model system for fundamental 

experimental studies of LMD structures and kinetics.  However, a recent experimental study has 

shown that bicontinuous structures similar to those produced by LMD can be obtained by 

isothermal melting of a peritectic TiAg binary alloy [1]. Those observations raise the interesting 

question of whether the “topology-generating” interfacial pattern formation mechanism in a binary 

system differs fundamentally from the one previously elucidated for LMD in ternary systems [2]. 

In the latter, pattern formation involved both interfacial spinodal decomposition to form Ta-rich 

regions along the solid-liquid interface and two-phase coupled growth to propagate liquid channels 

inside the base alloy [2].  They also raise 

the broader question of which of those 

mechanisms underlies structure formation 

in more complex alloy systems forming 

intermetallic compounds (e.g. dealloying 

of SiC by a Ge melt through the reaction 

SiC → Si + C), which bear similarity to 

peritectic systems. To investigate the first 

question above, we used 2D and 3D 

simulations of a multiphase-field model of 

Lo et al. [3] previously developed in the 

PI’s group with model parameters adapted 

to model isothermal melting of a peritectic 

TiAg alloy. Melting decomposes the solid 

𝛽  phase of the base alloy of peritectic 

composition into a Ti-rich solid 𝛼  phase 

and a Ag-rich liquid phase. Our 2D and 3D 

simulations results (Fig. 1) reveal striking 

similarities but also important differences 

between pattern formation in LMD and 

peritectic melting. During LMD in ternary 

systems (solid solution dealloyed by a 

liquid melt), the formation of the solid 

phase that is rich in the non-dissolving 

element has been shown to be controlled 

by interfacial spinodal decomposition [2], 

which is absent in peritectic melting. In the 

latter, formation of the analogous 𝛼 phase 

is controlled by nucleation at the solid-

liquid interface (Fig. 1A showing 

structures with nucleation rate of 𝛼 at the 𝛽 −liquid interface decreasing from left to right with 

liquid: red, blue: 𝛼, light blue: 𝛽). At a high nucleation rate, repeated heterogeneous nucleation 

events at the solid-liquid interface alters the growth direction of liquid channels forcing them 

follow tortuous paths and gives rise to polycrystalline structures with a grain size comparable to 

the ligament size. In contrast, at low nucleation rate, re-nucleation is absent, thereby alloying liquid 

channels to grow straight into the base alloy. In 3D simulations (Fig. 1B), porous structure 

formation occurs consistent with experimental observations [1]. In Fig. 1B, red indicates 𝛼 phase, 

 
Fig. 1. Phase-field simulations of isothermal melting 

of a peritectic TiAg alloy showing the formation of 

bicontinuous composite structures. (A) Decreasing the 

nucleation rate in 2D simulations significantly affects 

the morphology. Snapshots of 3D simulations at 

successive times (B) showing that the growth of the 

dealloying front has a constant velocity (C), which can 

be increased by increasing the processing temperature. 

(D) Depenence of the ligament size on temperature. 

The 2D and 3D simulation sizes are 1638 nm × 1638 

nm and 614 nm × 614 nm × 610 nm, respectively. 
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brown the liquid- 𝛼  interface, and light blue the 𝛽 − liquid 

interface with the liquid and the 𝛽 phase at the top and bottom, 

respectively. To characterize the dealloying kinetics, we 

measured the dealloying front position as a function of time. The 

result shows that the dealloying depth increases linearly in time 

(Fig. 1C), in contrast to LMD where the depth increases ~𝑡1/2 

[2]. This difference stems from the fact that peritectic melting 

does not involve the long-range diffusive transport of the 

dissolving element from the dealloying front to the edge of the 

dealloyed layer that is responsible for the 𝑡1/2  behavior. 

However, like in LMD, dealloying involves the diffusive 

coupled growth of liquid channels and the nearby solid 𝛼 phase 

that controls the velocity of the front associated with lamellar 

growth in 2D (Fig. 1A) and worm-like growth in 3D (Fig. 2A). 

To study the effect of thermodynamic driving force, we carried 

out 3D simulations at higher superheating ∆𝑇 = 𝑇 − 𝑇𝑝, where 

𝑇  is the isothermal processing temperature and 𝑇𝑝  is the 

peritectic temperature. The results show that the dealloying 

velocity increases with ∆𝑇 (Fig. 1C), accompanied by a decrease 

of average ligament size (Fig. 1D). To gain further insight into 

the pattern formation process, we investigated the growth 

properties of individual liquid channels. The results show that, 

in both 2D and 3D, the channel width decreases as ~∆𝑇−2 (Fig. 

2B) and the growth velocity is inversely proportional to this 

width (Fig. 2C). The channel width at ∆𝑇 = 20 𝐾  and ∆𝑇 =
26 𝐾 are comparable to the ligament sizes in Fig. 1D, supporting 

the interpretation that worm-like growth of individual liquid 

channels is the dominant mechanism controlling the growth 

kinetics and ligament size of bicontinuous composite structures 

(Fig. 1B). Repeated nucleation events deflect the trajectories of 

liquid channels, promoting the formation of topologically connected structures in 3D, but do not 

alter significantly alter their growth velocity and width. In addition, we found that the growth 

velocity scales proportionally to the liquid diffusivity (green triangles in Fig. 2C), further 

supporting the theoretical expectation that coupled growth is diffusion-controlled. 

 
Large-volume-change transformations in lithium-ion battery materials. With approximately 

ten times greater charge capacity over conventional carbon-based anodes, silicon and germanium 

have emerged as attractive anode materials for lithium-ion batteries. The improved charge capacity 

is accompanied by nearly 300% volume change during lithiation, which can lead to mechanical 

failure — notably fracture — and prevent these materials from seeing their full potential. Hence, 

research into Si- or Ge-based anodes has predominantly focused on shape design, for example 

hollow tubes [4] and nanoporous architectures fabricated via liquid metal dealloying [5]. To 

explore the role of anode shape on mechanical behavior, we have developed a model which couples 

phase-transition kinetics with volumetric swelling and elastoplastic material deformation at large 

strains. This model was previously applied to study lithiation of two-dimensional circular and 

annular domains (which represent the cross sections of cylinders and tubes, respectively) [6] . In 

 
Fig. 2. Growth properties of 

individual liquid channels. 

(A) Example of worm-like 

morphology.  (B) Channel 

width versus superheating 

∆𝑇 = 𝑇 − 𝑇𝑝. (C) Growth 

velocity versus channel width.   
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these domains, it was shown that plastic localization caused 

the formation of V-shaped notches along the outer edge of 

the domain, which served as initiation points for potential 

fracture. In 3D, we studied how equivalent plastic strain 𝛼 

and the non-compressive elastic energy 𝑒+ are affected by 

the topology during isotropic lithiation. The latter is 

important in understanding where cracks may nucleate in the 

specimen; in phase-field models, cracks nucleate when 𝑒+ 

exceeds a critical threshold. Our first example was the 

comparison between a spherical particle and a nanoporous 

particle. The latter geometry was computed via simulation of 

liquid metal dealloying process and had approximately 50% 

porosity. We show the results for the two geometries in Fig. 

3. The distribution of plastic strain and energy density was 

symmetric in the spherical particle. Meanwhile, the 

nanoporous particle experienced preferential accumulation 

of plastic strains in areas with negative surface curvature; V-

shaped notches were absent. The same areas with plastic 

strain concentrations also experienced the highest energy 

densities; notably, these areas do not lie along the ligaments 

of the nanoporous geometry. Remarkably, the maximum 

energy density was comparable between the two geometries. 

The nanoporous geometry may be viewed as a collection of 

spheres connected by ligaments. To better understand the 

behavior of the ligaments, we considered two model 

geometries: the infinite cylinder and the torus. The 

nanoporous ligaments do not have uniform thickness; for the 

cylinder and torus, we also studied variations in the radii, 

shown in Fig. 4. The uniform cylinder (despite isotropic 

invasion) and torus experienced plastic strain concentrations 

along their length (in the case of the torus, along the inner 

wall), which can lead to V-shaped notches. Meanwhile, the 

non-uniform cylinder and torus did not see this behavior. 

Notably, the energy density pattern in the non-uniform torus 

resembled that in the nanoporous geometry. Based on the results for the cylinder and torus, the 

variable thickness of the ligaments in the nanoporous particle appear to prevent strong plastic 

localization (notably, V-shaped notches) along their lengths. Thus, the thick portions of the 

particle, which behave like spheres, experience the highest energy densities. However, in the 

nanoporous particle, the effective radii of the spheres are smaller, which make them more resistant 

to fracture than a single, larger spherical particle with equivalent volume.  

 

Future Plans 
We will build on our novel insights into bicomposite structure formation during melting of 

peritectic alloys to explore dealloying kinetics of line compounds (SiC by liquid Ge). In particular, 

we will test the hypothesis that structure formation in this case shares common features with both 

peritectic melting, where nucleation gives rise to polycrystalline structures, and LMD where 

 

 

 

 

 
Fig. 3: Equivalent plastic strain (𝛼, 

top) and non-compressive elastic 

energy density (𝑒+ , middle) in a 

fully-lithiated sphere and 

nanoporous particle. The sphere has 

been cut away to show the 

distribution through the cross 

section. (Bottom) Maximum energy 

density versus fraction of the anode 

which has been lithiated.  
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diffusive transport of one 

element in the melt gives rise to 

𝑡1/2  kinetics. For VPD, we will 

use our hybrid KMC/MD 

simulation framework to study 

the cross-over from interface to 

diffusion controlled kinetics in 

manganese-zinc alloys. We will 

test the hypothesis that this 

cross-over bridges ballistic 

evaporation at early times, to 

Knudsen diffusion of Zn vapor 

in developed pore channels at 

later time, where the Zn partial 

pressure at the dealloying front 

reaches the local equilibrium 

between the solid and vapor 

phases. In addition, we will use 

our computational framework 

for simulating lithiation-induced 

swelling and elastoplasticity to 

study the mechanical stability of 

a novel class of nanoporous architectures for next generation Li-ion battery anodes based on a 

sandwich structure of silicate, silicon, and graphene [7]. 
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Fig. 4: Equivalent plastic strain (𝛼 , left) and non-compressive 

elastic energy density (𝑒+, right) in fully-lithiated cylinders (top) 

and tori (bottom). Despite the isotropic lithiation, the uniform 

cylinder and torus experience localization which can cause V-

shaped notches which act to amplify the energy density. With non-

uniform thickness, sphere-like behavior is observed. 
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Program Scope 

Examples of critical energy technologies reliant on rare earths are abundant. Well-known are wind 

turbines, hybrid and electric vehicles, solid state lighting, mobile devices, lasers and optical fibers, 

all of which owe most or some of their core functions to 4f-electron compounds. Enabled through 

basic science, this progress is often built upon serendipitous discoveries, as can be exemplified by 

rare-earth permanent magnets. Recognized recently, extraordinary responsiveness of certain 

magnetic rare-earth compounds with p and d elements covers a range of intriguing physical 

behaviors rooted in strongly coupled crystal and magnetic lattices. Giant magnetocaloric, 

magnetoresistive and magnetostrictive effects, spontaneous thermoelectricity, unusual dynamic, 

training and acoustic effects, magnetic deflagration, phase-separated glass-like states, and 

exchange bias highlight the remarkable sensitivity of these materials to temperature, pressure, and 

magnetic field. It is clear that responsive materials that take full advantage of 4f electrons will 

continue to transformatively change our lives when basic understanding of energy-relevant physics 

is sufficiently developed. Hence, this research program focuses on the fundamentals of 4f element 

interactions at varying energy, spatial and time scales, on predictive science of the physics and 

chemistry of 4f intermetallic compounds, and on functionality of 4f-electron materials. 

Our overarching aspiration is to transform the field of responsive magnetic rare-earth compounds 

into predictive science. Our principal objective is to understand  chemistry, structure and properties 

of 4f materials, and control of their behaviors at the electronic, atomic, and microscopic scales, 

leading to a priori design of materials with desired functionalities. Our main hypothesis is that 

fundamentally novel physics can be brought to light by tailoring interactions that involve 4f 

elements in intermetallic and related compounds that adopt layered or conventional crystal 

structures. Using a number of diverse lanthanide-based model systems, which represent a range of 

discontinuous responses, this FWP seeks answers to the following fundamental questions: a) why 

do magnetoelastic transitions occur in some compounds but not in others, and why are the former 

scarce but the latter are common? b) how do we account for the intimately coupled lattice and 

electronic (spin and orbital) phenomena, spin and valence fluctuations, loss and gain of inversion 

symmetry, and crystalline and magnetic anisotropies in our interpretation of the phase stability and 

properties? c) how do we control and manipulate non-equilibrium magnetic and structural states 

in metallic materials? d) how do we model and consistently predict the response of a lattice to both 

strong, e.g., temperature and pressure, and weak, e.g., magnetic field, external stimuli? e) how do 

we apply the predictive power of the refined computational tools to guide experimental design of 

novel rare-earth compounds with desired responsive behavior and functionality? 

Recent Progress  

By making use of our expertise in synthesis, characterization, and modeling of rare-earth 

compounds, we revealed and controled metastability, sensitivity to a range of influences and, 

therefore, physical behaviors in a number of materials, where magnetism is governed by 4f 

electrons. A few of our recent achievements are highlighted below. 
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Anhysteretic first-order transformations in R2In compounds. 

Magnetoelastic isosymmetric first-order magnetic transitions 

(FOMTs) that show negligible hysteresis are rare, with only a 

handful of material families, almost exclusively transition 

metal-based, known to exhibit them. Of note is an 

extraordinarily sharp, first-order phase change that occurs in 

Eu2In [1]. What makes this transition remarkable, is that it is 

associated with a giant magnetic field-induced entropy change, 

|∆S| =  27 J/kg K, in response to a low field change of 20 kOe, 

yet with minute lattice discontinuities and negligible hysteresis. 

More recently we discovered that a similar anhysteretic FOMT 

also occurs in Pr2In, even though the compound crystallizes in a 

hexagonal Ni2In-type structure, which is different from the 

orthorhombic Co2Si type of Eu2In [2]. A combined 

experimental and theoretical study of Pr2In [2] demonstrates that 

despite phenomenological similarity between the discontinuous 

phase transitions in Pr2In and Eu2In, nearly identical Curie 

temperatures (respectively, 57 K and 55 K), and the anhysteretic nature of both FOMTs, the 

underlying mechanisms are different [1,2]. While Eu2In owes its unique physical behaviors to 

charge transfer from In 5p to Eu 5d bands, indium plays a minor role in the magnetism of Pr2In 

[1,2]. Here, Pr 4f bands are located near EF (Figure 1) and the resulting large electronic density of 

states (DOS) at EF underpins instabilities. This scientific advance paves the way toward future 

discoveries of novel functionalities by precisely manipulating the crystal and electronic structures 

of 4f compounds without significant itinerant magnetism. 

Enhancing responsiveness of competing 4f interactions with 3d electrons. We performed a 

comparative study of two systems, Er1-xDyxCo2 [3] and ErxDy1-xAl2 [4], one formed with magnetic 

3d-element, Co, and another with non-magnetic 3p-element, Al, to examine the role that both 4f 

and 3d electrons play in controlling lattice distortions. Individually, Dy leads to tetragonal, while 

Er underpins rhombohedral distortions in the magnetically ordered states of the binary parent 

compounds, independent of whether 3d electrons are present or not. These crystallographic 

distortions, occurring at the corresponding magnetic transition temperatures, become strongly 

suppressed in pseudobinary ErxDy1-xAl2 [4]. The distortions, albeit very minor, remain when x = 

0.45 and x = 0.9, yet when x = 0.67 the compound remains cubic down to 5 K. These experimental 

results agree with the mean-field theory model that confirms the easy magnetization axis (EMA) 

<100> for x = 0.45, <111> for x = 0.9, and the lack of a distinct EMA for x = 0.67. The behavior 

observed in ErxDy1-xAl2 is contrasting with that of earlier studied Er1-xDyxCo2, where clear and 

strong low-temperature lattice distortions are present. Combined, the results of two studies show 

that in these simple and common intermetallic structures, the presence of 3d-electrons and 

magnetocrystalline anisotropy leads to a rather strong responsiveness, but without them the 

responses are largely suppressed. 

Future Plans 

Focusing on model systems well-suited for anticipated breakthroughs in materials science, 

chemistry, and physics of rare-earth intermetallics, we will develop basic understanding of 

magneto-responsive behaviors that stem from complex interactions involving 4f electrons. 

Innovative science of intricate relationships among chemistry, crystallography, electronic, 

 

Fig. 1.   Anhysteretic first-order 

phase transition in Pr2In (top) and 

strongly enhanced 4f electron 

density of states at EF (bottom). 
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magnetic, and microscopic structures, and physical properties of rare-earth compounds that the 

program is expected to create in the next few years will: i) advance the knowledge about key 

electronic and crystallographic features that control strong magnetic responsiveness in 4f systems; 

ii) establish a useful paradigm for design of rare-earth materials with sharp first-order transitions, 

extraordinary responsiveness, and no thermomagnetic hysteresis; iii) reveal the mechanisms of 

exchange bias and unusual memory effects in layered crystal structures composed of two or more 

rare-earth elements, in particular, in the R’1-xR”xScT series of compounds; iv) explore the science 

of intra- and interlayer interactions and interfaces on the magnetic and transport properties of low-

dimensional rare-earth materials, that is, thin films and multilayers (a new direction for the 

program); v) learn how to harness responsiveness of rare-earth materials for generation and 

manipulation of spin currents in support of potential breakthroughs in dissipationless information 

transfer and thermoelectrics (a new direction for the program); and vi) establish fundametal rules 

for virtual heterostructuring – an innovative approach to discovery of rare-earth compounds with 

desired responsive properties informed by density functional theory (DFT). Below we describe 

several research directions, each pursuing specific basic science goals, which we believe are well 

suited to achieve our basic science objectives. 

Truly discontinuous magnetoelastic transitions. We will expand our study of the fundamentals of 

discontinuous phase transformations that occur without noticeable thermal and magnetic 

irreversibilities in R2In compounds [1,2]. Here, we focus on chemical substitutions and predictive 

tailoring of p-d charge transfer and 4f DOS instabilities near EF – two mechanisms known to 

underpin borderline first-order phase transformations in, respectively, Eu2In and Pr2In. The R2In 

compounds adopt Ni2In-type (Pr2In) and Co2Si-type (Eu2In) structures that are very common 

among both 3d and rare-earth intermetallics. The Ni2In-type  Co2Si-type phase transformations 

coupled with magnetic transitions are well-documented and have been connected to strong 

responsiveness of some purely itinerant electron systems [5], but not for rare-earth compounds. 

The R2In family will be used as model to verify a hypothesis whether Ni2In-type  Co2Si-type 

transitions can also be realized in 4f-5p compounds. This will be achieved by a combined 

experimental (crystallography, magnetic, thermal, and transport properties) and first-principles 

study of (R2−𝑥
′ R𝑥

′′)In compositions containing different lanthanides, such as a pseudobinary Pr2In 

– Eu2In system, where the end members adopt Ni2In-type and Co2Si-type structures. 

Layered structures containing two or more rare-earth elements. Distributing different lanthanides 

orderly or randomly in a crystal lattice, brings about 

perturbations in exchange interactions, competing 

crystalline electric fields, and induces instabilities. On top 

of that, having two or more lanthanides increases 

complexity of magnetic structure, raises the number of 

spin degrees of freedom and, consequently, increases the 

potential for emergence of phase transitions sensitive to 

external stimuli. Out recent work on Pr0.75Gd0.25ScGe [6] 

shows that when rare-earth atoms are confined to well-

defined atomic monolayers spaced apart, strong 

spontaneous and conventional exchange bias, common in 

artificial multilayers, and exotic magnetic memory effect 

(Figure 2) can emerge in a three-dimensional lattice. 

When the compound is cooled in a weak magnetic field, 

 
Figure 2.  Magnetization measured during 

heating in H = 100 Oe after cooling in 

different fields as marked; one unit cell of 

Pr0.75Gd0.25ScGe is shown on the right. 
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it “remembers” the orientation of the magnetic field vector even when exposed to a much stronger 

“read-out” field. Our working hypothesis is that such phenomena can be created in many bulk rare-

earth systems with layered crystallography when heavy and light lanthanides are randomly 

distributed in symmetrically identical monolayers.  To test this hypothesis we we will scrutinize 

pseudobinary (R𝑥
′ R1−𝑥

′′ )ScT compounds, where R′′ is a heavy lanthanide, such as Tb, Dy, Ho, and 

Er, and R′ is a light lanthanide, such as Pr and Nd. 

Harnessing predictive power of refined computational tools. Rare earths and rare-earth-containing 

compounds are often built from one- or two-dimensional combinations of structural fragments of 

simpler phases that exist within the same family. Hence, one can create models of intermetallic 

structures by way of what we call virtual heterostructuring, that is, by stacking structural elements 

found in nearby binary and/or ternary compounds, followed by rapid estimates of the models’ 

formation energies. Over the next few years we will demonstrate the predictive power of the virtual 

heterostructuring approach using a promising system of ternary borides Rm+nM5m+3nB2n (Figure 3), 

where m is a number of CeCu5-type blocks and n is a number of CeCo3B2-type blocks in the 

heterostructure, each block representing a single unit cell of the corresponding boride [7,8]. 

Formation energies, ranked against the RCo5 (RNi5) and RCo3B2 (RNi3B2) parents and known 

combinations in existing Rm+n(Co,Ni)5m+3nB2n compounds, will be evaluated using DFT and 

employed to guide subsequent syntheses, targeting the lowest-energy regions of the computed 

convex hull(s) to reveal thermodynamically stable compositions and structures experimentally. 

Physical behaviors of these compounds will be also derived from the calculated electronic 

structures and experimentally validated. 
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Figure 3. (a) Systematic variation 

of (m,n) in Gdm+nNi5m+3nB2n helps 

in stabilizing intermetallic com-

pounds by lowering the formation 

energy (Eform). DFT calculated 

trends suggest discovery of novel 

compounds is possible by virtual 

heterostructuring of geometrically 

compatible building blocks. (b,c) 

The partial densities of states for 

end points in (a), i.e., GdNi5 and 

GdNi4B. 
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Harnessing Order Parameter in Ternary II-IV-V2 Semiconductors 

Adele C. Tamboli, National Renewable Energy Lab 

Program Scope 

 In this program, we are developing a 

fundamental understanding of cation order and 

its impact on properties in II-IV-V2 

semiconductors. Our work on II-IV-V2 

materials builds on a foundation of work in III-

V ordering by exploring a set of materials with 

similar optoelectronic functionality to III-Vs 

but with wider tunability through chemical 

complexity. We study nitrides and phosphides, 

two structure types available in this class, 

shown in Fig. 1.P6 The underlying scientific 

questions this work addresses are:  

 How does cation disorder affect 

properties such as band gap?  

 What are the most important length 

scales for disorder, and how can we 

measure and simulate them? 

 Can we use an understanding of 

disorder to guide materials discovery? 

We aim to understand how a wide variety of physical properties are determined by site occupancy. 

Our materials of focus have strong technological relevance: II-IV-Vs can be integrated with III-V 

materials and silicon, enabling optoelectronic applications spanning the visible spectrum. 

Recent Progress  

Controlling site disorder in complex semiconductors offers the possibility of achieving properties 

not available in perfectly ordered materials. This type of property tuning opens opportunities for 

discovering new or improved energy-relevant materials for applications such as light-emitting 

diodes, photovoltaics, photocatalysts, batteries, and thermoelectrics.P6 We have focused on 

understanding the impact of disorder on properties using energy-relevant model systems and using 

this knowledge to design new materials. Key areas of investigation are how to characterize and 

model site disorder, how to measure its impact on optical properties, and understanding the 

intersection of material “quality” with site disorder.  

 
Fig. 1. II-IV-V2 materials enable band gap tuning using 

cation disorder. This enables an alternative route to 

property tuning compared to traditional alloying 

approaches. In this project, we investigate nitride 

(wurtzite-based) and phosphide (zincblende-based) 

model systems to understand this phenomenon. Image 

from publication P6. 
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Optical properties of ZnGeP2  

ZnGeP2 is a semiconductor of interest for 

Si-based tandem photovoltaics due to its 

lattice match with Si and its wider band 

gap of 2.1 eV. However, its band gap 

tunability with disorder had not been 

experimentally demonstrated or 

understood. We studied this material as a 

case example to understand the impact of 

site disorder on optical properties and the 

details of how to conceptualize site 

disorder from a structural perspective. 

The simple picture of fully random site 

disorder in Fig. 1 is not physically 

realistic because the energetic penalties 

for high levels of disorder are large.1,2 

Thus, we used two metrics to quantify the 

degree of disorder in ZnGeP2:  

1. A stretching parameter 

quantifying tetragonal distortion in the lattice: c/a, where c/a = 2 for fully random or 1.96 

for fully ordered material 

2. A long range order parameter S calculated using site occupancies, where S is the fraction 

of cations on the “correct” site, S=1 being fully ordered and S=0 being random disorder 

Both of these order parameters can be extracted from X-ray diffraction data as shown in Fig. 2 (a-

b). Described in P8, resonant and off-resonant X-ray energies must be compared to measure S 

since Zn and Ge have similar scattering factors. To correlate these structural metrics with optical 

properties, we measured the 

optical absorption of our 

ZnGeP2 films using 

ellipsometry, and saw that 

as expected, the band gap 

decreases with disorder. The 

stretching parameter did not 

correlate well to the long-

range order parameter S, but 

1 S. Lany, A.N. Fioretti, P.P. Zawadzki, L.T. Schelhas, E.S. Toberer, A. Zakutayev, and A.C. Tamboli, Phys. Rev. 

Materials 1, 035401 (2017). 
2 P.C. Quayle, E.W. Blanton, A. Punya, G.T. Junno, K. He, L. Han, H. Zhao, J. Shan, W.R.L. Lambrecht, and K. 

Kash, Physical Review B 91, 205207 (2015). 

(c)  

Fig. 2. Site disorder can be quantified accurately using 

resonant energy X-ray diffraction. (a) The superlattice peak is 

strongest on-resonance to enhance the difference in scattering 

factors between Zn and Ge. (b) Peak splitting which can be 

used to quantify stretching parameter. Optical absorption (c) 

changes with order parameter, verifying the predicted band 

gap tuning with cation disorder in ZnGeP2.P6,P8  

 
Fig. 3. Long range order parameter as a function of simulation temperature 

(left) and its correlation to local order parameter or “motif fraction” (right).P1 
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S better correlated to disorder-induced changes in optical properties. This study confirmed band 

gap tuning with site disorder, but also shows that metrics must accurately capture site occupancies, 

to characterize cation disorder. 

Theoretical investigation of configurational disorder in ZnGeN2 

The discrepancy in order parameters described above prompted a theoretical investigation into 

more realistic models for partially-ordered materials. We have previously reported such a study on 

ZnSnN2,
R1 but materials such as ZnGeP2 and ZnGeN2 undergo structural deformations creating 

long range interactions which complicate modeling. We used a cluster expansion-based Monte 

Carlo method to generate structures corresponding to different temperatures in order to understand 

different physically realistic degrees of disorder (described in ref. P1). This approach allowed us 

to compare S to short-range order observed in anion coordination, where N bonded to 2 Zn and 2 

Ge cations satisfies the local octet rule while other 

motif fractions create disorder. The long-range 

order parameter correlates well to local order 

parameter in highly ordered samples, but poorly in 

disordered samples (Fig. 3). Fully random disorder, 

as expected, was not found in our simulation due to 

it being energetically unfavorable. We also found 

that lattice parameter-based methods of 

characterizing disorder (e.g. stretching parameter) 

do not strongly correlate to site occupancy based 

metrics, in agreement with our experimental 

findings. We saw a steep “phase transition” 

between highly ordered and highly disordered 

samples, indicating that moderate disorder is 

unlikely to occur experimentally. This is visible in 

the gap between S~0.25 and S~0.90 in Fig. 3. 

Epitaxial, disordered ZnGeN2 on GaN 

Cation site disorder can be thought of as a nonequilibrium defect; thus, it was not clear whether 

“high quality” materials could exhibit site disorder. Understanding the interplay between growth 

and disorder is important for understanding whether disorder can be expected in epitaxial thin 

films suitable for device applications. ZnGeN2 is of interest for light-emitting diodes (LEDs), as 

its disordered structure may enable light emission in hard-to-reach areas of the visible spectrum 

such as green to amber, and it is lattice matched to GaN. We investigated this case example using 

molecular beam epitaxy (MBE) growth of ZnGeN2 on AlN and GaN and found that high 

crystalline quality material can be grown with cation site disorder (Fig. 4). Integrating disordered 

nitrides in epitaxial stacks enables the discovery of new materials for a wide variety of applications, 

including UV LEDs, power electronics, and solar absorbers.P2 Fig. 5 shows a map of known and 

 

  

Fig. 4. Epitaxial ZnGeN2/GaN films by MBE. 

Electron diffraction shows that these films are 

cation-disordered due to the lack of superlattice 

reflections (visible in the simulated pattern). 

Disorder coexists with high crystalline “quality.” 

Images from P7. 
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predicted ternary nitride materials that 

could be grown with hexagonal symmetry, 

along with known binaries. All the materials 

are shown with their predicted, ordered 

band gaps; disorder can be expected to 

decrease their band gaps by 1-2 eV. 

Combinatorial synthesis of MgSnN2 

The approach outlined in the previous 

section and Fig. 5 for the discovery of new 

ternary nitrides with disorder-based 

tunability motivated the exploration of 

MgSnN2, a previously unknown material 

that is expected to have a band gap of 2.4 eV 

in its ordered form. This material is 

promising for photoelectrochemical reduction of CO2 as well as solid state lighting applications. 

We used combinatorial methods to demonstrate the synthesis of MgSnN2, which also exhibits a 

disorder-driven band gap reduction, and the ability to grow oriented MgSnN2 films on GaN. 

Surprisingly, this material can also form in a rocksalt-derived crystal structure in addition to its 

wurtzite-derived ground state, and the rocksalt structure orients preferentially to GaN as well, with 

an even closer lattice match. These experiments, described in more detail in ref. P4, demonstrate 

both the promise of disorder-informed materials discovery and the need for experimental 

investigations to inform understanding of polymorphs. 

Future Plans 

Understanding local ordering in alloys 

We previously reported on theoretical predictions that novel emergent behavior would be observed 

in the ZnSnN2:ZnO alloy system, where at certain “magic” compositions, perfect short range order 

could coexist with long range disorder.P3 These compositions behave in some ways like line 

compounds, in that their energetics and predicted band gap are outliers from alloy trends, and they 

represent a new opportunity for materials by design as beneficial aspects of ordered systems (e.g. 

excellent carrier transport) may coexist with beneficial aspects of disordered alloys (e.g. 

tunability). We have now synthesized these ZnSnN2:ZnO alloys in a wide range of compositions 

using combinatorial techniques. Our current work probes local ordering by measuring the motif 

fraction directly using X-ray absorption. Preliminary results indicate that annealing may induce 

perfect short-range order at these “magic” compositions, and that optical properties can be tuned 

with local ordering. We plan to continue our analyses to understand both the possibilities and 

limitations of these measurements of local ordering and apply these methods to discovery of new 

line-compound-like alloys that may exhibit similar behavior.  

 

Fig. 5. A map of promising new ternary nitride materials 

that may be integrated with binaries such as GaN and 

ZnO. From ref. P2.  
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Effect of spatial variation of photon chemical potential on near-field thermophotovoltaics  
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Program Scope 

Nanoscale thermal radiation can significantly enhance the radiative heat flux and may have 

important applications in heat-to-electricity energy harvesting and electroluminescent 

refrigeration. This project aims at investigating near-field Radiative Thermoelectric Energy 

Converters (RTECs), such as thermoradiative energy generation and electroluminescent 

refrigeration devices. Additionally, radiation thermodynamics will be applied to examine the effect 

of luminescent emission on the performance in order to gain a deeper understanding of the 

fundamental processes. A recent study is presented in the following on an important aspect of the 

spatial profile of photon chemical potential and its impact on the near-field thermophotovoltaic 

(TPV) performance by solving the combined photon and charge transport equations. 

 

 

Recent Progress 

In most studies with moderate emitter temperatures and narrow gap cell materials [1,2], it is 

assumed that the photon chemical potential is uniform in the active region and equals the product 

of the bias voltage and fundamental charge: Vq  . With the recent experimental demonstrations 

of near-field TPVs and electroluminescent cooling devices [3-5], realistic modeling of the photon 

chemical potential profile becomes imperative for future research and development of near-field 

RTECs. This requires a full solution of the coupled photon exchange and charge transport 

equations. The PI’s group has initiated a collaborative effort to develop numerical solution 

methods and tools to fully address the coupled photon and charge transport problems [6,7]. The 

iterative method combines fluctuational electrodynamics with the full drift-diffusion model to 

solve the coupled charge and photon transport equations. The calculation results are used to assess 

the impact of the photon chemical potential on the performance of TPV systems. By comparison 

of the solution using the iterative method with that using the detailed balance analysis based on a 

constant (or zero) photon chemical potential, the errors caused by the assumption of a constant 

photon chemical potential across the TPV cell or by completely neglecting the luminescent effect 

(i.e.,  = 0) can be quantified for different TPV systems. 

A multilayer fluctuational electrodynamics (FE) formalism is applied to calculate photon 

exchange between any two layers in a 1D stratified medium. As an example, a thin InAs TPV cell 

(whose bandgap energy is Eg = 0.35 eV) with an Au film reflector is considered, and the emitter is 

made of tungsten covered by a thin ITO film. The charge transport equations for both majority and 

minority carriers are solved at steady state, using the photogeneration profile obtained from the near-

field FE based on the modified Bose-Einstein statistics with a presumed photon chemical potential 

profile. The solution of the charge transport equations considering both bulk and surface nonradiative 

recombinations yields the spatial distributions of electron and hole quasi-Fermi levels. The difference 

between the quasi-Fermi levels gives the profile of photon chemical potential, (z), where z is 

perpendicular to the surfaces/interfaces. The new values of the photon chemical potential are used to 

repeat the near-field photon exchange calculation, followed by the charge transport solution, until the 
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prescribed convergence criteria are satisfied [7]. The iterative method has also been used to improve 

the modeling of thermoradiative (TR) cells [6].  

The band diagram of an InAs TPV cell is shown in Fig. 1 for (a) V = 0 V (short-circuit case) 

and (b) V = 0.17 V (maximum-efficiency condition). The thicknesses of the p-region and n-region 

are both assumed to be 200 nm. The cell is at 300 K and the emitter is at 900 K, separated by a 

vacuum gap distance d = 10 nm. The difference between the quasi-Fermi levels, (z), is 

represented by the height of the shaded region. It can be seen that the depletion region is broadened 

and extended over the n-region, especially for the short-circuit case. Surface recombination can 

affect the band structure in the depletion region as manifested by the inflection of the curve. Note 

that a high-injection condition exists in the n-region with a donor concentration of 2×1016 cm3. 

As shown in Fig. 1(a), (z) is a strong function of z. High-quality surfaces with minimal defects 

for both holes and electrons are assumed here. Nevertheless, the surfaces can trap the free carriers 

inside the junction, giving rise to a nonzero quasi-Fermi level difference in the depletion region 

even with V = 0. When V = 0.17 V, as shown in Fig. 1(b), (z) is approximately a constant. 

However, the value of  is about 0.195 eV, which is almost 15% greater than the product Vq. The 

nonuniform splitting of quasi-Fermi levels was previously demonstrated by Blandre et al. [8]; 

however, their study used a radiative recombination model to treat the luminescence effect and did 

not consider the near-field effect on luminescent emission. 

 

 

Fig. 1. The energy band diagrams of the thin near-field InAs TPV cell under (a) short-circuit 

(V = 0 V) and (b) maximum-efficiency (V = 0.17 V) conditions [7]. 

 

The characteristics of the InAs TPV cell performance is shown in Fig. 2, which demonstrates 

the luminescence effect and the importance of considering the nonuniform profile of the photon 

chemical potential. Note that the curve with  = (z) is based on the iterative method, while the 

curves with  = Vq or 0 are based on the detailed balance analysis. As shown in Figs. 2(a) and (b), 

as V increases, the luminescence effect reduces both the photogeneration rate Gcell and absorbed 

energy rate Q as compared to the case with  = 0 (when the luminescence effect is completely 

neglected). Here, Gcell is calculated by integrating the local photogeneration rate over the active 

region of the cell. Since the iterative method yields a (z) that is always greater than Vq (based on 

the detailed balance analysis), the curve with  = (z) is always the lowest. The differences become 

larger as V increases to above 0.12 V. The maximum relative error in Gcell for  = Vq is 21% taking 

the iterative method as the reference, which occurs at V = 0.22 V. The iterative method predicts 

that the maximum efficiency occurs at V = 0.17 V, where the relative error in Gcell is 6.1% with  

= Vq and 9.7% with  = 0. The current density and efficiency are displayed in Figs. 2(c) and (d). 
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The detailed balance analysis overpredicts the current density in particular as V increases to beyond 

0.13 V. The difference between the current densities with  = Vq and  = 0 is purely due to the net 

photogeneration rate as the recombination rates are the same according to the detailed balance 

analysis. Since the recombination rate increases with V, the current density drops to zero as V 

increases to the open-circuit voltage Voc, which is slightly larger for  = Vq than for  = (z), but 

much larger with  = 0. The maximum efficiencies are 39.8% at V = 0.205 V with  = 0, 37.4% at 

V = 0.19 V with  = Vq, and 32.7% at V = 0.17 V with  = (z). These differences are due to the 

combined effects caused by the profile of  and the underlying charge transport modeling.  

 

 
Fig. 2. (a) Net absorbed energy density, (b) net photogeneration density, (c) current density, and 

(d) efficiency versus bias voltage for the InAs TPV cell. Here, (z) is obtained from the interative 

method,  = Vq is from detailed balance analysis, and  = 0 is from detailed balance analysis by 

ignoring luminescent emission [7].  

 

Comparisons of the major characteristics suggest that accurate modeling of the photon 

chemical potential and the charge transport are critical to predicting the performance of near-field 

TPV systems. These results show that the detailed balance approach by ignoring the luminescence 

effect ( = 0) or by using a constant photon chemical potential ( = Vq) cannot properly describe 

the characteristics of both the thin and thick TPV systems and could cause 10-30% error in 

efficiency and output power when compared to the iterative solutions. This study demonstrates 

that the photon chemical potential is an important parameter in near-field semiconductor radiative 

energy converters and need to be carefully considered when the emitter is at a moderate 

temperature. It should be noted that with even higher level of injection, the Boltzmann distribution 

used to approximate the Fermi-Dirac distribution of electron and hole systems may be 

questionable; hence, more comprehensive models that consider degenerate semiconductors may 

be necessary to accurately describe the band diagrams. 
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Future Plans 

The PI’s group recently demonstrated a near-field effect on the reverse saturation current due 

to radiative recombination. Work is in progress to develop the experimental characterization tools 

and measurements to demonstrate such near-field effect using a dielectric film as the gap rather 

than a vacuum gap. Because the measurements will be performed under “dark” conditions where 

the temperature of the cell and emitter is uniform, conduction heat transfer is excluded. This could 

offer a unique method for studying the near-field photon exchange. Furthermore, since the current 

project will end in June 2021, a renewal proposal has been submitted. The coupled photon and 

charge transport method will be extended to study various practical semiconductor devices, 

including heterojunction structures under degenerate conditions. The effect of an air gap that 

separates the TPV cell and the Au reflector will also be investigated. Furthermore, a 

comprehensive study will be performed on the radiative recombination processes and 

“spontaneous” emission under nonequilibrium conditions (such as illumination or voltage biasing) 

in order to better understand photon-semiconductor interactions under nonequilibrium conditions. 

In addition to the experimentally demonstration of the near-field effect on the dark current for 

selected photovoltaic cells, the PI’s group will perform far-field electroluminescent measurements 

with narrow bandgap semiconductor diodes to obtain further evidence of the modified Bose-

Einstein distribution. 
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Synthesis of Ta2S5 wires with steel-like strength and superconductivity in Ta2O5-xSx wires 
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Program Scope 

The synthesis pathways to form advanced materials are not always direct. In this presentation, 

we describe the synthesis of Ta2S5, a compound never before grown. It was grown via vapor 

transport as wires that are a few microns in diameter, and centimeters in length. The wires are as 

strong as steel. The Ta2S5 wires can be oxidized to form Ta2O5 wires, an insulator with many 

applications, albeit never formed previously in wire form. Ta2O5 can then be sulfurized to form 

Ta2O5−xSx wires, which are metallic and superconducting.  

 Recent Progress  

 Ta2S5 has only been reported as an unwanted nonmetallic inclusion in etched, pure Ta 

and as a byproduct in thin-film production [1-3]. Furthermore, there are no reports of the 

formation of binary tantalum chalcogenides with the ratio 2:5 (i.e. Ta2S5, Ta2Se5, Ta2Te5). In 

contrast, the oxide Ta2O5 is well-known and widely used in technology as a dielectric, 

antireflective coating, and in photocatalysis [4-9]. In our work, the first controlled synthesis of 

Ta2S5 was realized; it forms as wires. Oxidation of the Ta2S5 wires leads to Ta2O5 wires. These 

can be sulfurized to form wires of Ta2O5−xSx, a new superconductor. All wires are mesoscopic in 

thickness and macroscopic in length. The synthesis routes for these three compounds present an 

experimental pathway for growing long wires of other inorganic compounds. 

 For the synthesis of single-crystalline Ta2S5 wires, polycrystalline XTa2S5 (X = Sr or Ba) 

was first prepared [10,11]. This compound was placed in an evacuated, sealed, quartz tube with 2 

wt% of sulfur and TeCl4. The TeCl4 produces the vapor-transport agent chlorine when heated; Te 

and Cl were absent from the wires. The quartz tube was placed in a single-zone tube furnace with 

the contents at the tube end in the hottest region of the furnace, which was ramped to 900 °C in 

24 h. The other end of the tube, approximately 19 cm away, was 80 °C cooler. The furnace was 

cooled to 600 °C over 14 days. Finally, the quartz tube was cooled to room temperature in 24 h. 

This process yielded gray-colored Ta2S5 wires on the cool side of the tube (see Fig. 1).  

 
Figure 1. Top row: transformation route used to obtain Ta

2
O

5 and Ta
2
O

5−x
S

x 
wires from Ta

2
S

5 
wires. Middle row: 

optical images and electrical properties of Ta
2
S

5
, Ta

2
O

5
, and Ta

2
O

5−x
S

x
. Squares within optical images represent 1 

mm2 footprints. The indexed crystal structure and structure parameters are shown in the bottom row.  
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Attempts to form Ta2S5 by heating Ta2O5 powder in nitrogen gas laden with CS2 led only to bulk 

TaS2 powder, and attempts to form Ta2S5 wires from Ta2O5 powder, sulfur, and TeCl4 under 

similar conditions failed. Apparently, Sr or Ba are required to drive the reaction toward Ta2S5 for 

reasons that are unclear. 

The gray Ta2S5 wires are a few centimeters long and down to a few microns in diameter 

[12]. Remarkably, they possess a tensile strength comparable to steel at 1000 MPa (see Fig. 2). 

The electrical resistivity at 295 K was measured on a pelletized sample to be 1800 μΩ cm. The 

wires are semiconducting with an approximate band gap Eg = 110 meV (see Fig. 3d). Energy-

dispersive x-ray spectroscopy (EDS) reveals the ratio of tantalum to sulfur at 2:5 (±1%). Electron 

back-scattering diffraction (EBSD) patterns [12] reveal that the grown Ta2S5 wires are single 

crystalline with the same crystallographic orientation along lengths of more than a few microns. 

Ta2S5’s powder diffraction pattern can be indexed to a monoclinic primitive cell with space 

group P2/m and lattice parameters a = 9.91(7) Å, b = 3.82(5) Å, and c = 20.92(2) Å. The specific 

heat C/T at constant pressure (Fig. 3g) yielded the electron and phonon contributions to C as γ = 

0.0073(2) mJ/mol K2 and β = 0.0018(9) mJ/mol K4. The Debye temperature, ΘD = 97.0(5) K, is 

comparable to those of BaTa2S5 (ΘD = 94 K) and SrTa2S5 (ΘD = 89.4 K) [10,11]. 

 

 

Figure 2: (a) A Ta2S5 wire glued to a 

wooden stick and to the probe of a PASCO 

wireless force acceleration sensor for 

measuring the tensile strength. (b) Stress 

versus time during the measurement. 

Maximum observed tensile stress was 

1,075 MPa.  

 

Ta2O5 wires can easily be formed from Ta2S5 wires within 30 min by exposing them to 

air at 900 °C. The resulting wires are white in color; x-ray diffraction reveals that they possess 

the orthorhombic β-Ta2O5 structure. Thus, the Ta2S5 and Ta2O5 wires differ in color and crystal 

structure but retain the wire morphology (Fig. 1). EDS data for the Ta2O5 wires reveals that all 

sulfur is removed, within detection limits (Fig. 3a). After the synthesis of Ta2S5 and Ta2O5 wires, 

one might ask if the reaction is reversible. Exploring the idea further, the Ta2O5 wires were 

sulfurized in nitrogen gas laden with CS2 for 30 min. This led to Ta2O5−xSx wires that are black 

in color (Fig. 1). This process can be reversed by calcinating Ta2O5−xSx in air for 30 min to 

recreate Ta2O5 wires. EDS data on Ta2O5−xSx (Fig. 3a) reveals the sulfur content, x ∼3.6 (±0.2); 

approximately 75% of oxygen is replaced with sulfur. X-ray diffraction (Fig 3c) reveals 

Ta2O5−xSx wires to be crystalline, but further measurements are required to determine if they are 

single crystalline. Ta2O5−xSx was indexed to the same orthorhombic structure and lattice 

parameters as Ta2O5, within uncertainties (Figs. 1 and 3c). The formation of Ta2O5−xSx wires 

from Ta2O5 wires is quite surprising since TaS2 is the expected product after the reaction of 

Ta2O5 powder with CS2 or H2S [13]. Our results reveal that Ta2O5 in wire form seems to accept 

substitutions of sulfur for oxygen without undergoing a structural change to the 3R-TaS2 

rhombohedral structure, as one might expect. The physical properties of Ta2O5−xSx are equally 

S2 
 

 

Figure S1: Tensile strength measurement setup for Ta2S5 wires. (a) Image depicts a Ta2S5 wire attached to 

a wooden stick and to the end of a PASCO wireless force acceleration sensor with glue. (b) Plot of stress 

versus time collected on sample-4. Maximum tensile stress is 1,075 MPa. 

 

 

Table S 1: Tensile strength measurement results for Ta2S5 wires. Note: Ideal measurements require Ta2S5 

wires to break under tension, equidistant from two connecting points that are applying an expansive force. 

Samples 4 and 6 reflect data taken under ideal measurement conditions. Sample 2 frayed into two wires at 

one of the points of connection.  

sample-#.    width [mm]    thickness [mm]    tensile str.  [MPa]    broken connection? 

1                  0.04                    0.01                        1564                             yes 

2                  0.04                  0.0133                       317                              yes 

3                  0.02                  0.0133                      1095                             yes 

4                  0.04                    0.01                        1075                             no 

5                  0.04                    0.01                        1025                             yes 

6                  0.04                    0.01                        1110                             no 

7                  0.02                   0.013                       1738                             yes 

8                  0.04                    0.01                         508                              yes 
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Figure 3. (a) EDS data for Ta

2
O

5 and (b) Ta
2
O

5−x
S

x where x ∼ 3.6. (c) X-ray diffraction scans of Ta
2
S

5
, Ta

2
O

5
, 

Ta
2
O

5−x
S

x
, and TaS

2 (Cu Kα radiation); Ta
2
O

5 and Ta
2
O

5−x
S

x were indexed to orthorhombic β-Ta2O5. X-ray 

pattern for TaS
2
 indexed to rhombohedral 3R-TaS

2
, asterisks depict unreacted Ta

2
O

5
. (d) Electrical resistance of 

pelletized Ta
2
S

5
. The energy gap for 48 K ≤ T ≤ 87 K is Eg = 110 meV. (e) Electrical resistance of pelletized 

Ta
2
O

5−x
S

x within the superconducting region where Tc ∼ 3 K. The inset displays data at higher temperature. (f) 

Magnetic susceptibility χ of pelletized Ta
2
O

5−x
S

x
. χ data (open symbols) obtained after cooling the sample in zero 

magnetic field to 2.1 K, followed by application of the magnetic field H = 38 Oe and warming during the 

measurement; this is the shielding curve. The solid symbols are the Meissner curve, obtained by cooling from 6 K 

in H = 38 Oe. (g) Specific heat C/T vs T2 of pelletized Ta
2
S

5 below 10 K.  

surprising. Its electrical resistance is metallic (inset Fig. 3e), dropping to approximately 40% of 

the room-temperature value before the onset of superconductivity at Tc ∼ 3 K (Fig. 3e). Magnetic 

susceptibility measurements revealed Meissner and shielding volume fractions at T = 2.1 K, the 

low-temperature limit of our equipment, of 0.58% and 5.2%, respectively (Fig. 3f). Note that it is 

not uncommon to observe small Meissner fractions in sulfides despite bulk superconductivity 

[11,12]. Thus, a narrow band gap semiconductor (Ta2S5) is oxidized to form an insulator (Ta2O5) 

that is then sulfurized to form a metallic superconductor (Ta2O5−xSx), all while maintaining the 

wire morphology. 
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Superconductivity in oxysulfides is exceedingly rare [14]. Since the first reported bulk 

oxysulfide superconductor [15], Bi4O4S3
 [Tc = 4.4 K], only bismuth-based, BiS-layered 

oxysulfide compounds have been reported. These include [16,17] LaOBiS2 [Tc = 3.6 K] and 

La1.7Eu0.3O2Bi3Ag0.6Sn0.4S6 [Tc = 3.64 K], which have between four and seven elements. In 

comparison, Bi4O4S3 and Ta2O5−xSx are “simple oxysulfides,” composed of only a few elements. 

Thus, Ta2O5−xSx is one of the few known oxysulfide superconductors and the first simple 

transition-metal oxysulfide superconductor composed only of a transition metal, oxygen, and 

sulfur. Further work is needed to determine the nature of the superconductivity of Ta2O5−xSx.   

Future Plans 

 Our search for new advanced materials has led to investigations of transition metal 

sulfides. Most of this work has focused on metals, which in turn has led to the discovery of 

superconductivity in four compounds (BaNbS3, BaNb2S5, Ba2Nb3S8I, and Ta2O5−xSx). While all 

of these exhibit low Tc values (< 3 K), they possess interesting low-dimensional crystal structures 

and we have learned a great deal about the synthesis of sulfides. We plan to expand this work to 

develop methods for the growth of single-crystalline transition-metal sulfides and to search for 

interesting thermoelectric and magnetic transition-metal sulfides.      
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Properties, Electrochemical Activity, and Stability of Solid Oxide Cell Materials Under Extreme 

Conditions 

Scott A Barnett, Northwestern University 

Program Scope 

 This project focuses on reversible solid oxide cells (ReSOCs), a technology that can store 

electricity with high efficiency, reasonable cost, and high storage capacity, and can also be used 

for renewable (CO2-neutral) fuel production.  A key question is how to make ReSOC electrode 

materials that provide the requisite performance and efficiency, while at the same time keeping 

degradation rates very low. Although this is a practical engineering consideration, it motivates 

fundamental scientific questions about the properties and durability of electrode materials under 

extreme conditions.  Thus, this project aims to develop a comprehensive understanding and 

mechanistic modeling of ReSOC electrode characteristics and degradation mechanisms. Various 

effects that contribute to degradation during cell operation will be studied, including particle 

coarsening, surface segregation, and the extremely high effective oxygen pressures that are present 

during electrolysis operation.  The resulting in-depth understanding of electrode performance and 

degradation will provide a basis for developing improved materials, and for choosing cell 

operating conditions that yield desired efficiency and long-term durability.   

Recent Progress  

Novel Oxygen Electrode 

We previously reported on the desirable properties of Sr(Ti1–xFex)O3– (STF) with x = 0.7, 

and also with Co doping, for oxygen electrode applications in solid oxide cells (SOCs).  During 

the present reporting period, we have studied a range of compositions from x = 0.5 to 0.9. The 

polarization resistance of porous electrodes shows a minimum at x = 0.7, resulting from the 

interaction of two effects - the oxygen solid state diffusion coefficient increases with increasing x, 

but the electrode surface area and surface oxygen exchange rate decrease due to increased 

sinterability and Sr surface segregation for the Fe-rich compositions. 

 
Figure 1.  (a) Bulk oxygen diffusion coefficient D* and (b) oxygen surface exchange rate coefficient k* versus 
temperature for STF materials.  Note that STF-37 corresponds to the 30% Ti – 70% Fe composition, i.e., x = 0.7. 
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Detailed analysis of impedance spectroscopy data using the Adler–Lane–Steele model 

analysis was used to determine the oxygen solid state diffusion coefficients D* and the oxygen 

surface exchange coefficients k* for the different compositions.  The resulting D* and k* values 

are shown in Fig. 1. D* increases continuously with increasing Fe content, with the biggest 

increase between x = 0.5 and 0.6.  k* decreases slightly with increasing x from 0.5–0.7. The results 

in Figure 1 are the first indication of how D* varies with Fe content in STF, since prior thin-film 

studies did not yield D* values. The increase in D* with increasing Fe content can be explained 

by the increase in oxygen vacancy concentration implied by the increased oxygen non-

stoichiometry. The decrease of k* with increasing x may be related to increasing Sr surface 

segregation.  In addition, the basic properties of the different STF compositions, including 

electronic conductivity, thermal expansion coefficient, and oxygen non-stoichiometry, have been 

determined.   

Fuel Electrodes with Self-Assembled Nanoparticles 

In previous DOE-supported work, we reported on a new fuel electrode composition, 

Sr(Ti,Fe,Ni)O3, where the spontaneous formation (exsolution) of Ni-Fe alloy nanoparticles results 

in remarkably good electrochemical performance by promoting H2 dissociative adsorption.  In the 

most recent work, Sr(TiFe)O3−δ (STF) and the associated exsolution electrodes 

Sr0.95(Ti0.3Fe0.63Ru0.07)O3- (STFR) and Sr0.95(Ti0.3Fe0.63Ni0.07)O3− (STFN) were characterized and 

compared with the Ni-YSZ fuel electrodes that are widely used in solid oxide cells (SOCs). They 

provide improved tolerance to redox cycling and fuel impurities, and may allow direct operation 

with hydrocarbon fuels. However, such perovskite-oxide-based electrodes present processing 

challenges for co-sintering with thin electrolytes to make fuel electrode supported SOCs. Thus, 

they have been mostly limited to electrolyte-supported SOCs. Here, we report the first example of 

the application of perovskite oxide fuel electrodes in oxygen electrode supported SOCs with thin 

YSZ electrolytes, and demonstrate their excellent performance. The cells have La0.8Sr0.2MnO3−-

Zr0.92Y0.16O2−δ (LSM-YSZ) electrode-supports that are enhanced via infiltration of 

SrTi0.3Fe0.6Co0.1O3, with Ni-YSZ, STF, STFN, or STFR fuel electrodes. Figure 2 compares the 

electrolysis and fuel cell results.  Cell performance improves with changes in the fuel electrode in 

the order Ni-YSZ < STF < STFN < STFR, with the STFC electrode cells yielding 60 – 72% higher 

current density than the Ni-YSZ-based cells. The high performance of the STFN and STFR 

electrodes is due to exsolution of catalytic metal nanoparticles. Fuel cell power density as high as 

1.12 W cm-2 is obtained at 0.7 V with the STFR electrode, with electrolysis current density as high 

as -1.72 A cm-2 at 1.3 V.  

                  
Figure 2.  Electrolysis (left) and fuel cell (right) characteristic of cells with different fuel electrodes at 800 C. 
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The polarization resistance RP value of a porous mixed ionic/electronic conducting 

electrode can be related to the materials’ transport properties and the electrode microstructure 

using a transmission electrode model expression:1  

𝑅𝑃 = √
𝑅𝑠

𝜎𝑖𝑜𝑛𝑎
coth (𝐿√

𝑎

𝜎𝑖𝑜𝑛𝑅𝑠
)                     (1) 

where RS is the surface oxygen exchange resistance, L is the electrode thickness (12-15 m), a is 

the anode surface area (4.6 µm-1), and the STF effective ionic conductivity σion is given by the 

ionic conductivity times the anode solid fraction, 0.6-0.62, and divided by the solid-phase 

tortuosity, (1.24-1.26).  Since an ionic conductivity has been measured for STF at 650 °C,2 0.025 

S/cm, we carry out the calculation at this temperature (note that after exsolution the oxide matrix 

composition of STFN and STFR becomes approximately Sr(Ti0.3Fe0.7)O3,
3 so the same value can 

be used for STF, STFN, and STFR).   Although the electrodes are too thin to allow determination 

of oxygen diffusivities, values of RS for the oxide electrodes were obtained to good approximation 

directly from electrochemical impedance 

spectroscopy measurements and fitting with the 

transmission line model.  Figure 3 plots the 

resulting RS values versus temperature.  The 

only prior measurement of the surface oxygen 

exchange resistance of an oxide fuel electrode 

was for thin-film STF with the same 

composition, yielding RS values that range from 

25 cm2 at 650 oC to 6 cm2 at 800 oC. These 

values are somewhat higher than the values in 

Fig 3, probably due to the lower H2 and H2O 

partial pressures in the prior work. Fig. 3 

confirms that the exsolution electrodes have 

lower intrinsic oxygen surface exchange 

resistances than STF, especially at the higher 

steam content.2  This is the first such 

measurement for electrodes with exsolved 

nanoparticles.   

Cell Degradation Under Extreme Conditions 

The STFC-infiltrated LSM-YSZ electrodes noted above also have implications regarding 

cell degradation.  It is well known that conventional LSM-YSZ electrodes can fracture during solid 

oxide electrolysis due to the high oxygen pressure that is produced by the applied cell voltage.  In 

particular, previous work has shown that the pressure builds up exponentially with increasing 

electrode overpotential, and is higher for electrodes with higher polarization resistance RP.  The 

present results compare cells with STFC-infiltrated LSM-YSZ electrodes and conventional LSM-

YSZ electrodes, the former having a substantially lower RP. Figure 4 shows the results of life tests 

carried out at 700 oC and 0.5 A cm-2 DC current, conditions for which LSM-YSZ electrodes are 

known to delaminate.  For the LSM-YSZ electrode cell, both the ohmic resistance Rohm and Rp are 

observed to increase substantially during the test; the SEM image shows clear evidence of 

electrode/electrolyte delamination.  For the STFC infiltrated electrode, on the other hand, there 

was little cell resistance increase, and the electrode/electrolyte interface appears to be free of any 

delamination or fracture.  These results help validate the electrode pressurization theory.   

  
 Figure 3.  Surface oxygen exchange resistance RS 
versus inverse temperature for the oxide fuel 
electrodes. 
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Figure 4.  (left) Evolution of cell polarization resistance (Rp) versus at 750 °C with 0.5 A cm2 DC current for cells 
with LSM-YSZ and STFC-infiltrated LSM-YSZ electrodes. Fracture cross sectional SEM images of the 
electrode/electrolyte interface after the life tests of the cell with the un-infiltrated LSM-YSZ electrode (top right) and 
the STFC-infiltrated LSM-YSZ electrode (bottom right).   

The overpotential values during the life tests in Fig. 4 were estimated by assuming that the 

current-voltage follows a standard Butler-Volmer form and that the variation is similar for 

electrolysis and fuel cell modes. Given the initial RP value of 1.02  cm2 for the LSM-YSZ 

electrode, the estimated overpotential is ~ 0.22 V, comparable to the critical overpotential of 0.23 

V predicted to produce an oxygen pressure that can fracture the LSM/YSZ interface.  Given that 

the initial RP value of 0.3  cm2 for the STFC-infiltrated LSM-YSZ yields an overpotential of ~ 

0.115 V, it is reasonable that fracture is not observed in this case.  

Future Plans 

 The dynamics of exsolution processes from materials based on STFN will be further 

explored.  Phase development during reduction and subsequent oxidation will be explored utilizing 

real time x-ray diffraction. The possibility of regenerating the electrodes by first re-dissolving the 

nanoparticles into the oxide under oxidizing conditions, and then re-reducing, will be studied.  The 

role of perovskite stoichiometry changes and defect formation in determining electrochemical 

characteristics will be explored.  The use of these materials for solid oxide fuel cell operation in 

bio-fuels, important for CO2-neutral transportation application, will also be studied.   

References 

1 Fleig, J. R. Annu. Rev. Mater. Res. 33, 361–382 (2003). 

2 Nenning, A., Volgger, L., Miller, E., Mogni, L. V., Barnett, S. & Fleig, J. The 

Electrochemical Properties of Sr(Ti,Fe)O3-δfor Anodes in Solid Oxide Fuel Cells. J Electrochem 

Soc 164, F364-F371, doi:10.1149/2.1271704jes (2017). 

3 Zhu, T., Troiani, H., Mogni, L. V., Santaya, M., Han, M. & Barnett, S. A. Exsolution and 

electrochemistry in perovskite solid oxide fuel cell anodes: Role of stoichiometry in 

Sr(Ti,Fe,Ni)O3. J Power Sources 439, doi:10.1016/j.jpowsour.2019.227077 (2019). 

413



Publications  

1.  S. Zhang, H. Wang, T. Yang, M.Y. Lu, C. Li, C. Li and S. Barnett, "Advanced Oxygen-

Electrode-Supported Solid Oxide Electrochemical Cells with Sr(Ti,Fe)O3-δ-based Fuel Electrodes 

for Electricity Generation and Hydrogen Production," Journal of Materials Chemistry A 8 (2020) 

25867–25879   Main DoE support. 

2.  T. Zhu, H. Troiani, L.V. Mogni, M. Santaya, M. Han and S.A. Barnett, "Exsolution and 

electrochemistry in perovskite solid oxide fuel cell anodes: Role of stoichiometry in 

Sr(Ti,Fe,Ni)O3," Journal of Power Sources 439 (2019)   Full DoE support. 

3.  S.L. Zhang, H.Q. Wang, M.Y. Lu, C.X. Li, C.J. Li and S.A. Barnett, "Electrochemical 

performance and stability of SrTi0.3Fe0.6Co0.1O3-delta infiltrated La0.8Sr0.2MnO3-

Zr0.92Y0.16O2-delta oxygen electrodes for intermediate-temperature solid oxide electrochemical 

cells," Journal of Power Sources 426 (2019) 233-241  Main support by DoE 

4.  S.-L. Zhang, H. Wang, C.-X. Li, C.-J. Li and S.A. Barnett, "Effect of SrTi0.3Fe0.6Co0.1O3 

Infiltration on the Performance of LSM-YSZ Cathode Supported Solid Oxide Fuel Cells with 

Sr(Ti,Fe)O3 Anodes," ECS Transactions 91 (2019)   Main support by DoE 

5.  S.-L. Zhang, D. Cox, H. Yang, B.-K. Park, C.-X. Li, C.-J. Li and S.A. Barnett, "High stability 

SrTi1−xFexO3−δ electrodes for oxygen reduction and oxygen evolution reactions," Journal of 

Materials Chemistry A 7 (2019) 21447-21458   Main support by DoE 

6.  T.A. Schmauss, J.G. Railsback, M.Y. Lu, K.Y. Zhao and S.A. Barnett, "ZrO2 atomic layer 

deposition into Sr0.5Sm0.5CoO3−δ–Ce0.9Gd0.1O2−δ solid oxide fuel cell cathodes: mechanisms 

of stability enhancement," Journal of Materials Chemistry A 10.1039/c9ta09214e (2019)   Main 

support by DoE 

7.  S.L Zhang, H. Wang, T. Yang, M. Lu, and S.A Barnett, “Characteristics of Oxygen Electrode 

Supported Reversible Solid Oxide Cells,” submitted to Journal of Power Sources, Partial DOE 

support. 

8.  T.A. Schmauss and S.A. Barnett, “On the Viability of CO2-Neutral Vehicles Utilizing Carbon-

Based Fuels,” submitted to Joule, Partial support by DoE 

 

 

414



Collective Energy Transport of Excitons in Two-dimensional Materials  

Principal Investigator: Steve Cronin, University of Southern California 

Collaborator: Li Shi, University of Texas at Austin 

 

PROGRAM SCOPE 

The goal of this project is to explore collective behavior that exists in samples with large 

numbers of interacting particles. The behavior of these systems goes beyond the independent 

particle picture that is commonly used to describe a vast majority of solid-state phenomena, 

including the transport of quantized carriers of charge and heat in solids. While collective behavior 

gives rise to superconductivity at low temperatures, signatures of collective behaviors in both 

charge and heat transport appear at rather high temperatures in several recent studies of low‐

dimensional materials. One specific example of this collective behavior is the formation of 

excitons (i.e., bound electron‐hole pairs), which is pronounced in two‐dimensional (2D) materials 

such as transition metal dichalcogenides (TMDCs), with exciton binding energies exceeding the 

thermal energy at room temperature.  In this project, we pursue, optical, electronic, thermal, and 

thermoelectric measurements to obtain unique insights into the unusual collective energy transport 

behaviors of excitons in 2D materials and heterostructures. 
 

 

RECENT PROGRESS  

Enhanced Thermoelectric Performance of Highly Correlated Electrons in Charge Density 

Waves 

Charge density waves results from the collective behavior in materials due to strong electron-

electron interactions, which create a condensed ground state of electrons and a gap in the Fermi 

surface at low temperatures. We have explored the effect of charge density wave (CDW) 

transitions on the in-plane thermoelectric transport properties of (PbSe)1(VSe2)1 heterostructures, 

illustrated in Figure 1a. In this materials system, we observe an abrupt 86% increase in the Seebeck 

coefficient, 245% increase in the power factor, and a slight decrease in resistivity over the CDW 

transition. This behavior is not observed in (PbSe)1(VSe2)2 (i.e., 2 layers of VSe2 and 1 layer of 

PbSe per unit cell) and is rather unusual compared to the general trend observed in other materials. 

The abrupt transition causes a deviation from the Mott relationship (Eq. 1) through correlated 

electron states. Raman spectra of the (PbSe)1(VSe2)1 material show the emergence of additional 

peaks below the CDW transition temperature associated with VSe2 material. Temperature 

dependent in-plane X-ray diffraction (XRD) spectra show a change in the in-plane thermal 

expansion of VSe2 in (PbSe)1(VSe2)1 due to lattice distortion, consistent with the CDW transition. 

The increase in the power factor and decrease in the resistivity due to CDW suggest a potential 

mechanism for enhancing the thermoelectric performance at the low temperature region.  
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Figure 1. (a) Schematic diagram illustrating the (PbSe)1(VSe2)1 heterostructure material. (b) Power factor of 

(PbSe)1(VSe2)n films plotted as a function of temperature.  (c) S/T vs. 1/𝜎 of (PbSe)1(VSe2)1,2 heterostructure materials. 

The black lines represent linear fits of the (PbSe)1(VSe2)1 and (PbSe)1(VSe2)2 films, respectively. 
 

 

Figure 1b shows a comparison of the in-plane power factor (i.e., S2) plotted as function of 

temperature over the range 77-300K for both the (PbSe)1(VSe2)1 and (PbSe)1(VSe2)2 

heterostructures. For the (PbSe)1(VSe2)1 material, the power factor shows an abrupt increase from 

30μW/m∙K2 to 103μW/m∙K2 above and below the CDW transition, respectively. The power factor 

of (PbSe)1(VSe2)2 is 4.4 μW/m∙K2. The ratio of power factors between these two materials 

increases from 7 above to more than 23 below the CDW transition. At 80K, the ratio of the power 

factors has increased to 90 (the (PbSe)1(VSe2)2 film has a power factor 0.8 μW/m∙K2, while 

(PbSe)1(VSe2)1 has  a power factor of 72 μW/m∙K2). Figure 1c shows the Seebeck coefficient over 

temperature (i.e., S/T) plotted as a function of one over the conductivity (i.e., 1/𝜎 ) for the 

(PbSe)1(VSe2)1,2 heterostructures. Under the assumption of weak electron-electron interaction, the 

Mott relation (Eq. 1) is satisfied, where S is the Seebeck 

coefficient, 𝑘𝐵 is the Boltzmann constant, T is the absolute 

temperature, e is electron charge, and 𝜎  is electrical 

conductivity. Eq. 1 can be rewritten as Eq. 2, which can be 

directly related to our experimental data plotted in Figure 1c, 

which contains a plot of S/T vs. 1/𝜎 for both the 1:1 and 1:2 

heterostructure materials. In the (PbSe)1(VSe2)2, the S/T vs. 1/𝜎  relationship is linear over the 

entire measured temperature range (80-300K) as indicated by the black dotted line, indicating that 

the density of states and mobility are roughly constant over this range. That is, 𝑑𝜎/𝑑𝐸 can be 

written as (𝑑𝜎 𝑑𝑛)(𝑑𝑛 𝑑𝐸⁄ )⁄ = 𝑒𝜇(𝑑𝑛 𝑑𝐸⁄ ), where 𝑒 is electron charge, 𝜇 is the mobility, and 

𝑑𝑛/𝑑𝐸 is the density of states. For (PbSe)1(VSe2)1, however, the Mott relation is only satisfied 

above the CDW transition of ~140K. Below 140K, there is a distinct change in behavior as the 

structure undergoes a structural distortion.  The Mott relation is no longer valid below the CDW 

transition temperature because the conduction electron movements are highly correlated and no 

longer independent. The mechanism underlying these results may be used to provide a new 

approach for enhancing the thermoelectric performances of materials at low temperatures, where 

good thermoelectric materials are lacking.  

 

Modulation of Exciton Luminescence in MoS2 Nanoislands Formed via Plasma Treatment 

and Laser Exposure 

As mentioned above, excitons in TMDC materials represent collective behavior that is 

particularly pronounced by the strong charge carrier interactions. In this work, we demonstrate a 

method for controlling the nature of exciton photoluminescence emission in molybdenum 
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diselenide (MoS2) material using a plasma-based treatment of the material followed by laser 

exposure. Here, the plasma and laser treatments result in an indirect-to-direct band gap transition, 

which fundamentally changes the nature of the exciton that is primarily responsible for light 

emission in this system. The oxygen plasma creates a slight decoupling of the layers and converts 

some of the MoS2 to MoO3. Subsequent laser irradiation further oxidizes the MoS2 to MoO3, as 

confirmed via X-ray photoelectron spectroscopy (XPS), and results in localized regions of brightly 

luminescent MoS2 monolayer triangular islands as seen in high-resolution transmission electron 

microscopy images. The photoluminescence lifetimes are found to decrease from 494 to 190ps 

after plasma and laser treatment, reflecting the smaller size of the MoS2 grains/regions. Atomic 

force microscopic imaging shows a 2 nm increase in thickness of the laser-irradiated regions, 

which provides further evidence of the MoS2 being converted to MoO3. 

Figure 2a shows a transmission electron microscopy (TEM) image of a suspended MoS2 

bilayer, which is treated by oxygen plasma only. In this TEM image, we are able to clearly see the 

atomic lattice structure, which is almost the same as an untreated bilayer MoS2 flake. Figure 2b 

shows a TEM image of a suspended MoS2 bilayer after plasma and laser treatment, showing the 

formation of triangular and trapezoidal nano-islands, which is indicated by the different contrast 

(i.e., the difference of energy loss of the electron beam) in the TEM images. Here, the nano-islands 

of monolayer material are embedded within the bilayer MoS2, indicating the partial conversion of 

one of the MoS2 layers to MoO3, consistent with the XPS data. It is also apparent from these images 

that the light-induced oxidation of the MoS2 material follows the axes of the crystal, forming 

triangular patterns. These resulting monolayer nano-islands of MoS2 are more than one order of 

magnitude more luminescent than the original bilayer material. 

 
 

 
Figure 2. Transmission electron microscope (TEM) images of MoS2: (a) oxygen plasma treated only and (b) oxygen 

plasma treated and laser exposed. (c) Photoluminescence spectra for a bilayer MoS2 flake taken before treatment, after 

oxygen plasma treatment only, and after oxygen plasma treatment and laser exposure. 

 

Figure 2c shows the photoluminescence (PL) spectra of bilayer MoS2 (indicated by the 

position of the indirect band gap emission) taken before and after plasma and laser exposure. Here, 

we see a 7.2-fold increase in the peak PL intensity after the treatment with a 22% linewidth 

narrowing and complete suppression of the indirect band gap transition. This Figure shows the PL 

spectra taken before treatment, after a 3 minute oxygen plasma exposure only, and after a 3 minute 

oxygen plasma and a 3 minute laser exposure. Here, the effect of the laser exposure is to increase 

the energy (i.e., 40 meV blueshift from 1.83 eV to 1.87 eV) of direct band gap emission while the 

PL intensity remains unchanged. The laser exposure also produces a narrower distribution (98.5 

meV to 65.5 meV) as well as a decreased lifetime of the ground-state exciton. As a control 
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experiment, two few-layer MoS2 flakes were thermally annealed at 500 °C in argon after the 

plasma treatment step instead of laser exposure. This showed a significant worsening of the PL 

emission rather than enhancement.   

 

FUTURE PLANS  
During the next reporting period, we will continue to work in collaboration with Prof. Shi to 

complete thermoelectric transport measurements of MoSe2/barrier/WSe2 heterostructures, as 

illustrated in Figure 3. In this the counterflow Seebeck measurement device configuration, holes 

flow from hot to cold in the WSe2 layer while electrons flow from hot to cold in the MoSe2 layer. 

With the two layers wired in series, this transport occurs as a bound exciton. This interlayer exciton 

enables us to evaluate Bosonic (i.e., excitons) thermoelectric transport as distinctly different from 

Fermionic (i.e., free electrons) thermoelectric transport. The device includes a top graphene gate 

layer and a bottom silicon gate, which enable independent tuning of the Fermi levels in both WSe2 

and MoSe2 layers. Figure 3c shows the calculated interlayer exciton binding energy in the 

MoSe2/BN/WSe2 heterostructures as a function of BN thickness. The device shown in Figure 3a 

required 5 aligned transfers of 2D materials and 6 electron-beam lithography steps. Both the 

fabrication and measurement of these devices are significantly challenging and have faced delays 

due to the COVID 19 shutdown.   

 
 

 
Figure 3. (a) Optical image and (b) schematic diagram of the counterflow Seebeck measurement of a MoSe2/BN/WSe2 

heterostructure and (c) corresponding interlayer exciton binding energies plotted as a function of BN thickness. 
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Organic Multiferroics 

Dr. Shenqiang Ren (University at Buffalo, The State University of New York), PI  
 

Program Scope 

The research objective of this project is to explore the unusual multiferroic properties of molecular 

electronic crystal materials, comprised of two chemically and electronically distinct donor and 

acceptor molecules, which combine two or more ferroic properties in the same crystal lattice in a 

manner that is difficult or impossible to achieve in continuous inorganic crystalline solids. 
 

Recent Progress  

1) Emerging Magnetic Interactions in van der Waals Heterostructures 

Vertical van der Waals (vdWs) heterostructures based on layered materials are attracting 

interest as a new class of quantum materials, where interfacial charge-transfer coupling can give 

rise to fascinating strongly correlated phenomena. Transition metal chalcogenides are a 

particularly exciting material family, including ferromagnetic semiconductors, multiferroics, and 

superconductors. We describe an organic-inorganic heterostructure by intercalating molecular 

electron donating bis(ethylenedithio)tetrathiafulvalene into (Li,Fe)OHFeSe (LFS), a layered 

material in which the superconducting ground state results from the intercalation of hydroxide 

layer. Molecular intercalation in this heterostructure induces a transformation from a paramagnetic 

to spin-glass-like state that is sensitive to the stoichiometry of molecular donor and an applied 

magnetic field. Besides, electron donating molecules reduce the electrical resistivity in the 

heterostructure and modify its response to laser illumination. This hybrid heterostructure provides 

a promising platform to study emerging magnetic and electronic behaviors in strongly correlated 

layered materials. 

The vdWs forces and hydrogen bonds play a vital role in the structural engineering of FeSe-

based layered materials where organic and inorganic molecules can be intercalated into the layers 

to tune its electronic and spin properties.1,2 The structure of FeSe consists of stacked and layered 

sheets stabilized by vdWs forces (Figure 1a). Besides, LFS shows a larger spacing between 

adjacent FeSe layers which are connected via hydrogen bonds with (Li,Fe)OH layers (Figure 1b).3 

Inspired by the formation of LFS heterostructure, we select electron donor ET molecule that often 

presents intermolecular interactions and hydrogen bonds, to explore the spin-dependent and 

charge-transfer behavior in LFS system. Based on the intercalated FeSe structures,2,4 a LFSzET 

heterostructure is schematically shown in Figure 1c. The host material LFS for molecular 

interaction is superconducting, 

suggested from its diamagnetism and 

microwave spectroscopy. Figure 2a 

illustrates the diamagnetic transition at 

40 K of the LFS powder under an 

applied magnetic field of 50 Oe while 

zero-field-cooled (ZFC) and field-

cooled (FC). The inset of Figure 2a 

shows the ZFC diamagnetic transition 

near Tc = 40 K. The existence of 

superconductivity in the LFS powder 

sample is further investigated using 

temperature-dependent magnetic field 

modulated microwave spectroscopy 

 
Figure 1. Crystal structures, morphologies and magnetic 

susceptibilities of FeSe and its derived heterostructures. (a-c) 

The layered crystal structures of FeSe (FS), (Li,Fe)OHFeSe 

(LFS) and (Li,Fe)OHFeSezBEDT-TTF (LFS-ET) illustrate the 

FeSe-based heterostructures engineered with LiOH and the 

BEDT-TTF molecule at the layer scale. The derived 

heterostructures inherit the layered nature of FS and are 

governed by van der Waals forces and hydrogen bonds.  
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(MFMMS). The MFMMS signals 

(Figure 2b) at 50 Oe (ZFC and FC) show 

the sharp upturns at 35 K which suggests 

superconductivity and corroborates the 

diamagnetic transition at 40 K as a 

superconducting transition.5 The 

relatively small difference in 

temperature of 5 K between the onset of 

superconductivity in the magnetization 

(Tc = 40 K) and MFMMS (Tc = 35 K) 

measurements is not entirely understood 

but is possibly due to differences in 

thermometry.  

The magnetic state in LFSzET 

heterostructures is further studied as the 

spin-glass-like behavior and 

antiferromagnetic interactions. The 

inverse magnetic susceptibilities of 

LFSzET samples exhibit negative 

intercepts (), suggesting its 

antiferromagnetic interactions (Figure 

3a). Besides, the ZFC and FC magnetic 

susceptibility of LFSzET 

heterostructure (z=0.0065) shows an 

irreversibility that is often observed in a 

spin glass6 (Figure 3b). Temperature-

dependent AC magnetic susceptibility 

for LFSzET sample (z=0.0065) at 

frequencies from 10 to 10 kHz further 

confirms its spin-glass behavior (Figure 

3c). The inset shows the transition 

temperature Ts shifts to a higher 

temperature when the frequency is 

increased, which is the representative characteristic of a spin-glass state. The Ab initio calculations 

also reveal antiferromagnetic interaction in LFSET is more energetically stable than 

ferromagnetic interaction. All the ab initio calculations indicate the disordered or frustrated spin 

in LFSzET which can be regarded as spin glass. Previous study on LFS system also revealed a 

spin-glass state at 12 K in its parent phase,  non-superconducting and some superconducting 

samples7, even though it was claimed as a canted antiferromagnet3. The ET molecule in LFSzET 

heterostructures seems to promote the spin-glass transition temperature, through spin interaction 

with (Li,Fe)OH and FeSe layers. 

2) Cooperative transition in molecular electronic crystal 

We select potassium-7,7,8,8-tetracyanoquinodimethane (K-TCNQ) as the model system to 

study the cooperative behavior in molecular electronic crystal. In K-TCNQ, the localized π 

electron on the TCNQ site forms an anion radical (TCNQ-) and the system undergoes spin-Peierls 

transition below critical temperature (Tc, ~395 K) with the formation of a diamagnetic insulating 

 
Figure 2. Superconducting properties of the LFS host material. 

(a) Zero field cooled (ZFC) and field cooled (FC) diamagnetic 

transition at 40 K of LFS suggests a superconducting transition 

under an applied field at 50 Oe. (b) At the same magnetic field 

of 50 Oe, magnetic field modulated microwave spectroscopy 

confirms the onset of a superconducting transition at 35 K.  

 

 
Figure 3. Spin-glass behavior with antiferromagnetic 

interactions in LFSzET. (a) Inverse magnetic susceptibilities of 

LFSzET samples exhibit negative intercepts (), suggesting 

antiferromagnetic interactions. (b) Zero-field-cooled (ZFC) and 

field-cooled (FC) magnetic susceptibility of LFSzET (z= 

0.0065) at a magnetic field of 0.1 T. (c) Temperature dependent 

real part of AC magnetic susceptibility for LFSzET sample (z= 

0.0065) at frequencies of 10, 100, 1,000, 3,000, 5,000, and 

10,000 Hz. The inset shows the transition temperature shifts to 

higher temperature when the frequency is increased from 10 Hz 

to 10,000 Hz, confirming a spin-glass state.  
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singlet ground state. The packing 

motif of K-TCNQ perpendicular 

to the stacking a axis (b-c plane) 

can be visualized in the scanning 

tunneling microscopy (STM) 

images, where K atoms occupy 

the center sites of TCNQ mesh 

(Fig. 4a). Here, we found that 

delicately tuning the pulsed laser 

irradiation above certain 

threshold excitation could 

modify the degree of electronic 

ordering in K-TCNQ. The strong 

cooperativity among electronic 

and lattice degrees leads the 

system towards an equilibrium 

hidden state (Fig. 4b), which 

exhibits distinct electronic and 

magnetic properties that remain 

stable for over 400 days, 

significantly extending the 

lifetime of photoinduced 

transient state. Electric field 

from pulsed electromagnetic 

irradiation melts the electronic 

ordering in the spin-Peierls state 

(Fig. 4c-d) in K-TCNQ at room 

temperature, while the 

shockwave pressure further 

drives the system towards an 

electronic disordered phase 

(electronic glass), which is 

supported by the noise and 

vibration spectroscopy and 

scanning tunneling microscopy 

(STM) studies. The in-situ and 

atomic-scale mechanistic studies 

further suggest the pressure and 

electrical field effects on such 

cooperative phase transition, at 

which a switchable magneto-

electronic bistability is achieved 

from 2 to 360 K.   

The interplay of charge, spin, 

orbital and lattice degrees of 

freedom in K-TCNQ play a 

 
Fig. 4 | a, STM image of a striped phase of K-TCNQ with the 

stoichiometry ratio of 1:1. b, Schematic figure for applying laser on the 

K-TCNQ single crystal. c-d, Schematic figure and energy diagram for a 

laser-driven electronic phase transition. L1 (15 MW/cm2, 10Hz) can 

induce the melting of the singlet and form a disordered electron phase. 

The achieved phase can break and recover the singlet phase through 

irradiation with a different laser pulse, L2 (50 MW/cm2, 1Hz).  

 

 
Fig. 5 | a, Temperature dependence of electrical resistivity of K-TCNQ 

single crystals before (green color) and after (yellow color) L1 treatment. 

Inset shows schematic for two stable-insulating (State 1) and conducting 

(State 2) states.  b, Temperature dependence of magnetic susceptibility 

(χ) for state 1 and state 2. The laser induced magnetization was 

maintained from 2 K to 360K.  Inset shows the ESR signals at room 

temperature (290 K) and liquid nitrogen temperature (77 K) from state 1 

and state 2. c, few selected switchable molecular crystals showing 

magnetic or magneto-electronic bistability. 
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crucial role in laser-driven phase transition and cooperativity. As shown in Fig. 5a, laser driven 

electronic bistability in K-TCNQ is shown from 2 to 360 K. The conducting phase is paramagnetic 

from its electron spin resonance (ESR, Fig. 5b), suggesting the conducting paramagnetic phase 

switched from the insulating diamagnetic singlet phase due to the strong coupling of charge, spin 

and lattice degrees. The magnetic state can also be maintained over the same temperature regime 

(2- 360 K) (Fig. 5b). It should be mentioned that the pristine K-TCNQ exhibits insulating behavior 

over the entire temperature regime below and above Tc without showing bistability. Thus, the 

achieved bistability is hidden from a dimerized phase, as the dimerization is thought to be the bane 

for developing conducting or magnetic molecular solids. The laser-induced phase transition in K-

TCNQ simultaneously activates its magneto-electronic bistability from 2 to 360 K, a broad 

bistability temperature range among the reported molecular crystals (Fig. 5c).   

 

Future Plans 

The current program ends on April 2021, and the future plan focuses on the multiferroic orders 

of molecular ferroelectric-magnetic heterogeneous materials, consisting of high temperature 

molecular ferroelectric and magnetic building blocks with the control of their internal interfaces. 

The detailed experimental plan includes:  

1) Molecular heterogeneous magnetoelectric material growth with the control of material 

composition and structure; 

2) Study electric field-controlled magnetism and magnetic field-controlled polarization of 

molecular magnetoelectric materials;  

3) Mechanistic understanding of charge mediated magnetoelectric coupling properties in 

molecular crystals; 

4) Growth of high temperature molecular magnets and its strongly correlated behaviors.  
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Project Title: Collective Energy Transport of Excitons in Two-dimensional Materials  

Principal Investigator: Li Shi, University of Texas at Austin  

Collaborator: Steve Cronin, University of Southern California 

Program Scope 

The goal of this project is to explore collective behavior that exists in samples with large numbers 

of interacting particles. The behavior of these systems goes beyond the independent particle picture 

that is commonly used to describe a vast majority of solid-state phenomena, including the transport 

of quantized carriers of charge and heat in solids. While collective behavior gives rise to 

superconductivity at low temperatures, signatures of collective behaviors in both charge and heat 

transport appear at rather high temperatures in several recent studies of low‐dimensional materials. 

One specific example of this collective behavior is the formation of excitons (i.e., bound electron‐

hole pairs), which is pronounced in two‐dimensional (2D) materials such as transition metal 

dichalcogenides (TMDCs), with exciton binding energies exceeding the thermal energy at room 

temperature. In this project, we pursue optical, electronic, thermal, and thermoelectric 

measurements to obtain unique insights into the unusual collective energy transport behaviors of 

excitons in 2D materials and heterostructures. 

Recent Progress  

Phonon Interaction with Ripples and Defects in Thin Layered Molybdenum Disulfide 

Due to thermal fluctuations, structural rippling is ubiquitous in monolayer and few-layer 2D 

materials, including both supported and suspended structures, such as molybdenum disulfide 

(MoS2) and graphene. This rippling creates inhomogeneous strain fields due to the changed crystal 

structure that strongly affect electronic and lattice vibrational behaviors. For example, severe 

rippling in graphene was shown to generate a long-range scattering potential for electrons and 

strongly suppress their weak localization. In addition, the effects of ripples and kinks on thermal 

conductivity () in 2D materials has been considered in several theoretical studies, including 

unique strain effects, 

which can influence the 

performance and 

thermomechanical 

reliability of emerging 2D 

devices. Contrary to bulk 

materials for which 

compressive and tensile 

strains generally increase 

and decrease , 

respectively, molecular 

dynamics studies have 

suggested that both tensile 

and compressive strains 

reduce the thermal 

conductivities of graphene 

and MoS2. In particular, 

compressive strain in 2D 

 

Fig. 1. (a) Raman spectra of two representative MoS2 samples along with the 

phonon density of states from first principles calculations. The black dashed 

rectangles indicate the phonon frequency range where the Raman background 

intensities were integrated. (b) Measured peak thermal conductivity normalized 

by the calculated theoretical defect-free peak value for each sample thickness as 

a function of the integrated Raman spectra intensity in the frequency range 

between 245.5 to 288.75 cm-1.  
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layers tends to drive the formation of buckling and rippling of the structure to relax the induced 

strain. Although a few theoretical studies have proposed that buckling or rippling due to 

compressive strains can increase phonon scattering rates, and thus reduce the thermal conductivity 

of 2D layers, it has also been suggested that the basal plane thermal conductivity of 2D layers is 

rather robust against rippling. Thus, the conditions and criteria for the importance of compression-

induced ripple effects on thermal transport in 2D materials have remained unclear.  

We have carried out four-probe thermal transport measurements of the intrinsic basal plane thermal 

conductivities of both rippled and flat multilayer MoS2 samples, which are representative of 2D 

layered materials. Our experiments demonstrate that the basal plane thermal conductivity is robust 

against compression-induced ripples and kinks with radius of curvatures on the micrometer scale, 

but sensitive to phonon-defect scattering. A clear correlation is drawn between the peak thermal 

conductivity and the integrated Raman intensity caused by defects in the frequency range of the 

phonon band gap in MoS2 (Fig. 1). In conjunction with experiments, first principles calculations 

of temperature, thickness, strain, and point defect concentration dependent provide physical 

insights into phonon-defect interactions and thermal resistance, and thus clarify the conditions for 

which ripples become an important mechanism for thermal conductivity suppression.  

Electron-Phonon Interactions in Graphene encased in Hexagonal Boron Nitride   

The highly tunable Dirac fermions in 2D graphene sheets have hosted an unprecedented variety of 

correlated electron behaviors including superconductivity, Bose-Einstein condensation of 

excitons, and electron hydrodynamics. These collective behaviors are closely associated with the 

elusive electron-phonon interaction behaviors in graphene. For common metals, measurements of 

the electronic thermal conductivity (e) have provided unique insight into electron-phonon 

interaction. However, prior e measurements of graphene have been limited to the low temperature 

(T) range in order to neglect electron-phonon scattering for analyzing the measurement data. Over 

the past several years, we have pursued a different method for e measurement of graphene in a 

wide temperature range with a focus on the regime where electron-phonon scattering is dominant. 

During the past year, we have made further process in this pursue and are able to fabricate and 

measure the e of clean edge-contacted graphene sample encased in hexagonal boron nitride (h-

BN). The insets of Figure 2 show the optical photographs of a bottom-contacted graphene sample 

and our edge-contacted sample 29. This figure shows the measured Lorenz number, L≡e/T with 

 being the electric conductivity, normalized by the Sommerfeld value (L0),  as a function of the 

charge carrier concentration (n).    

When the Fermi level is near the Dirac point, bi-polar contribution increases the measured L of 

intrinsic graphene well above L0. In the degenerately doped regime, L is suppressed below L0 at T 

higher than 120 K. This feature shows the dominance of inelastic scattering of electrons by high-

energy optical and acoustic phonons, which decreases L/L0 to only 0.3 as the temperature is 

decreased from 300 K to 120 K. This behavior is somewhat similar to the behavior of common 

metals. For common metals, L approaches L0 both in the low temperature limit due to dominant 

elastic electron-defect scattering and at temperatures above the Debye temperature because of 

quasi-elastic scattering of electrons with much higher thermal energy than phonons. Meanwhile, 

inelastic electron-phonon scattering suppresses L of common metals below L0 at an intermediate 

temperature below the Debye temperature. For doped graphene close to about 30 K, in comparison, 

L is suppressed below L0 instead of approaching L0. The behavior at 30 K has been observed by 
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prior e measurements of graphene and 

attributed to dominant electron-electron 

interaction that conserves the charge 

current but not the heat current in doped 

graphene. However,  the measured L at an 

temperature close to 60 K approaches L0. 

Absent in common metals, this feature 

reveals the appearance of an elastic or 

quasi-elastic scattering mechanism that 

dominates inelastic electron-electron and 

electron-optical phonon scattering.  

This peculiar feature at 60 K is observed 

in both the prior bottom-contacted sample 

and the recent edge-contacted sample 29, 

where the large L/L0 peak near the Dirac 

point at 60 K reveals suppressed electron-

hole puddle density compared to the prior 

bottom-contacted sample. Based on this 

experimental finding, we have proposed 

that quasi-elastic electron scattering by 

low-energy flexural phonons becomes 

dominant at temperatures 60 K. Based on 

prior theoretical studies, however, the 

reflection symmetry in suspended 

graphene leads to a stringent selection rule 

for electron scattering by flexural 

phonons. According to this selection rule, 

a pair of flexural phonons are required for 

electron-flexural phonon scattering. Due 

to this stringent selection rule, electron-

flexural phonon scattering has been 

thought to be negligible in suspended 

graphene. In supported graphene, 

meanwhile, it has been suggested that the 

interaction with the support opens an 

energy gap in the flexural mode, making 

electron-flexural phonon scattering 

inelastic.  

To better understand electron-phonon interaction in graphene, we have collaborated with Prof. 

Feliciano Giustino’s group at UT Austin. Their first principles calculation have provided 

theoretical support to our proposed electron-phonon scattering mechanism. In graphene supported 

on h-BN, their results revealed the presence of both gapped and gapless flexural modes, which are 

caused by the out-of-phase and in-phase atomic vibration of the two adjacent layers, respectively. 

Furthermore, a weak breaking of the reflection symmetry in graphene/h-BN heterostructure 

relaxes the selection rule and considerably increases the electron-flexural phonon scattering rate.  

Fig. 2. The measured L/L0 as a function of the charge carrier 

concentration (n) for a bottom contacted (BC) sample (upper 

optical graph) and edge-contacted sample 29 (lower optical 

graph) at ambient temperatures of 300 K, 210 K, 120 K, 60 

K, and 30 K. Positive and negative n values are for hole- and 

electron- doped regimes, respectively. 

 

428



This combined experimental and theoretical study has advanced the understanding of electron-

phonon interaction processes in graphene/h-BN heterostructures, which are now explored as 

emerging electronic, optoelectronic, magnetic, and superconducting materials. The work has 

established a powerful method for measuring the electronic thermal conductivity of 2D materials. 

The method is being extended for probing the excitonic thermal conductivity in this project.   

Counterflow Thermoelectric Transport Measurements of Interlayer Excitons  

We have collaborated with Prof. Cronin’s group to fabricate MoSe2/h-BN/WSe2 heterostructures, 

as illustrated in Figure 3(a,b), for thermoelectric probing of collective energy transport of inter-

layer exciton. With the two layers wired in series, the temperature gradient drive the transport of 

electrons and holes as bound excitons toward the same direction. Specifically, holes flow from hot 

to cold in the WSe2 layer while electrons flow from hot to cold in the MoSe2 layer in this 

counterflow Seebeck measurement. This exciton measurement is designed to evaluate Bosonic 

features that are distinctly different from Fermionic thermoelectric transport. The measurement 

device includes a top graphene gate layer and a bottom silicon gate, which enable independent 

tuning of the Fermi levels in both WSe2 and MoSe2 layers. Figure 3c shows the calculated 

interlayer exciton binding energy in the MoSe2/h-BN/WSe2 heterostructures as a function of the 

h-BN thickness. The device shown in Figure 3a required five aligned transfers of 2D materials and 

six electron-beam lithography (EBL) steps. The fabrication of these devices is as challenging as 

for the e measurement devices shown in Fig. 2.  Nevertheless, we have been able to fabricate the 

first sample shown in Fig. 3a and obtained preliminary measurement results. We are currently 

completing the last EBL step of  the second sample, the design of which has been optimized based 

on the preliminary measurement results obtained for the first sample.  

Future Plans 

We plan to complete the counter flow thermoelectric measurements of inter-layer excitons, and 

pursue excitonic thermal conductivity measurements in the coming year. 
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Defects in Thin Layered Molybdenum Disulfide,” Applied Physics Letters 114, 221902 (2019) 

 

Figure 3. (a) Optical image and (b) schematic diagram of the counterflow Seebeck measurement of a MoSe2/BN/WSe2 

heterostructure and (c) corresponding interlayer exciton binding energies plotted as a function of h-BN thickness. 
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The principal objective of the project is to investigate multi-species transport in predominantly 

ionic conductors which have applications in fuel cells, electrolyzers, oxygen separators, 

hydrogen separators, and in sodium and lithium batteries. This includes all solid-state batteries. 

The work also includes proton exchange membrane (PEM) fuel cells. The literature is primarily 

focused on transport properties (e.g. conductivities) of such materials or charge transfer at 

electrode/electrolyte interfaces. In predominantly ionic conductors, the focus has been on ionic 

conductivity, the effects of which are measureable – e.g. current flowing through a device or 

electrocatalytic activity of electrodes. Local thermodynamic equilibrium (even when a system is 

away from thermodynamic equilibrium), however, determines stability [1-3]. Our work is on the 

measurement of electrode polarizations and their effects on both performance and stability of 

electrochemical devices and systems. Stability is governed by chemical potentials of electrically 

neutral species [4-6]. Thus, to investigate multi-species transport, electronic transport must be 

included in the general equations of transport [5-8]. It is equally important to include the role of 

electrode polarizations in the transport equations. To date electrode polarizations have been 

measured by electrochemical impedance spectroscopy (EIS). However, it is not possible to 

uniquely de-convolute EIS spectra. Also, EIS is AC technique but actual devices operate in a DC 

mode. The focus of the current effort is on measuring polarizations at the two electrodes 

separately by both EIS and DC methods. This approach allows one to separately determine 

polarizations for reduction reaction (1/2O2 + 2e’  O2-) and oxidation reaction (O2-  1/2O2 + 

2e’). Additionally, we have been developing methods to measure electrode polarizations using a 

fully DC method. This is important since EIS is an AC method, but electrochemical devices 

operate in a DC mode. The overall transport equations must include Onsager coupling. The 

Onsager coefficients of the electrochemical device include transport properties of the electrolyte 

as well as electrode polarizations and interface electron/hole transport parameters. Our prior 

work has examined the effect of electrolytic and galvanic operations on stability. [6-9]. The fuel 

cell mode (or the battery discharge) is the galvanic mode. The electrolysis mode (or the battery 

charging mode) is the electrolytic mode. The electrochemical devices exhibit greater tendency to 

degradation in the electrolytic mode. Experimental evidence [10,11] of this behavior has been 

reported in the literature which confirms our theoretical predictions [5-8]. The origin of this 

result lies in non-equilibrium thermodynamics and Onsager coupling. The focus of our work is 

on predominantly oxygen ion conductors, proton conductors, and monovalent cation conductors 

and their behavior when removed from thermodynamic equilibrium. 
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Figure 1 

 

 
Figure 2(a)                                         Figure 2(b) 

 

 

 

Recent Progress 

 

Recent work has been on the following topics: (1) Measurement of Electrode Polarizations in 

PEM Fuel Cells by Embedded Electrodes: PEM fuel cells with one and two embedded Ag-

reference electrodes were synthesized. EIS spectra were obtained across the entire cell, as well as 

between the reference electrodes and anode/cathode and also across the reference electrodes 

(membrane with two reference electrodes). A paper based on this work was published in J. 

Electrochem. Soc. (2019) (2) Measurement of Electrode Polarization Resistance of LSM + YSZ 

electrodes by DC and EIS methods: A cylinder of YSZ was made by powder pressing and 

sintering. Four Pt strip electrodes were applied at equal distances along the cylinder. Polarization 

measurements were made in a DC mode under various loads. From these studies, electrode 

polarization measurements were made. A paper based on this work was published in SOFC-XVI, 

Kyoto, Japan (2019).  (3) Garnet type LLZTO (Li-La-Zr-Ta-oxide) ceramic oxide is a promising 

solid-state electrolyte for use in Li-ion batteries because it has good stability, adequate 

mechanical strength. However, the ambiguity of lithium dendrite growth in electrolyte still needs 

to be studied. The opacity of the solid electrolyte hinders the in-situ investigation of dendrite 

growth. A wet ceramic processing method, pressure filtration, was developed to make dense 

LLZTO solid-state electrolyte with high ionic conductivity (1.47×10-4 S/cm) and adequate 

transmittance (17 –23% to visible light from 500 to 800 nm) to observe and monitor dendrite 

growth.(4) A solid cylinder of 8YSZ of diameter ~1 cm and length ~5 cm was made by powder 

pressing followed by sintering. LSM + YSZ electrodes were applied on the two end surfaces of 

the cylinder, upon which gold mesh was placed. Four Pt probes were painted along the 

Figure 1: A schematic of YSZ sample with 

identical LSCF electrodes and surface 

probes. Polarization measurements made 

by DC and AC methods for reduction and 

oxidation measurements. 

Figure 2: EIS of between EL-P, P-ER and 

EL-ER.  

 

By probes, EIS was 

measured under applied 

DC bias by changing 

polarities. In one case at 

left electrode, oxygen 

reduction reaction 

occurs. By changing 

polarities, oxidation 

reaction occurs at the 

left electrode. It is 

observed that 

polarization resistance 

for the reduction 

reaction is higher than 

for the oxidation 

reaction. This shows that 

identical electrodes 

exhibit different kinetics 

for the reduction and 

oxidation reactions. 
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circumference at approximately 1.2 cm apart. Point by point additions of the electrode-1/probe 2 

and probe 2/electrode-2 spectra matched electrode-1/electrode-2 spectra. There was good 

agreement between the DC and the EIS measurements. A paper was presented at SOFC-XVI in 

Kyoto, Japan (2019). (5) Polarization measurements by EIS were conducted on a porous LSCF/dense 

YSZ/porous LSCF and on porous LSCF/dense/LSCF/porous LSCF. On porous LSCF/dense YSZ/porous 

LSCF, clear impedance was observed, attributed to ohmic and electrode reaction. However, on porous 

LSCF/dense LSCF/porous LSCF, no capacitive impedance was observed; only ohmic. This conclusively 

shows that it is not possible to determine Warburg (diffusive) impedance with mixed ionic electronic 

conducting (MIEC) electrodes, due to electronic short. This conclusively shows that observed spectra in 

solid state electrochemistry cannot be attributed to gas diffusion or Warburg, unlike in aqueous 

electrochemistry. This shows that numerous papers which have used Warburg impedance are not 

accurate. (6) Two collaborative papers published with Prof. H-T. Lim of Chongwon University, South 

Korea. One is on the use of embedded probes fuel cells made proton conductors, with a bi-layer 

electrolyte. Results show that n-type conductivity in the electrolyte substantially increases stability. Cells 

with low electronic conductivity show degradation in reverse bias. Another paper is on YSZ electrolyte 

with and without n-type dopant. Here also n-type conductivity increases stability.  
 

Future Plans 

 
1) To synthesize and characterize ion conducting materials far removed from global thermodynamic 

equilibrium. Main emphasis in oxygen ion conductors in which large internal pressure can be 

developed internally. 

2) To investigate the applicability of Gerischer impedance in solid state electrochemistry.  
3) To synthesize lithium ion conductors and investigate dendritic growth, which limits potential use 

as solid electrolyte in solid state batteries.  
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