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FOREWORD

This booklet presents the collection of extended abstracts submitted to VIII’th Physical
Behavior of Materials Principal Investigators meeting. This virtual meeting is sponsored by
Division of Materials Sciences and Engineering (MSE) of Department of Energy, Office of Basic
Energy Sciences (BES), and is held on March 15-17, 2023.

The purpose of 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 share the latest exciting scientific knowledge and discoveries, facilitate exchange of ideas and
promote collaborations. 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 chart 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, to advance our knowledge of materials’ behavior. The primary scientific interests of the
program include electronic, electromagnetic, magnetic, and thermal behavior of materials,
including novel light-matter interactions and quantum-information science projects that are
relevant to BES mission. The program has a rich portfolio in many ground breaking, exciting, and
high-risk high-reward projects in both experimental and theoretical areas.

The 2023 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 100 scientists, and is organized to include 26 regular presentations,
40 virtual poster talks, and 16 new project introductions.

We appreciate the contributions of all Physical Behavior of Materials investigators for
sharing their exciting ideas and latest findings. We are also grateful to the outstanding support of
Tia Moua of the 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 2023
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Luisa Whittaker-Brooks, University of Utah
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Session V: Electronic Behavior of Materials, Moderator: Kenneth Burch

11:00-11:20  “Physical Mechanisms and Electric-Bias Control of Phase Transitions in
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Hui Zhao, University of Kansas
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Construction and Quantum States of Single and Yin-Yang Flat Bands
Feng Liu
University of Utah

Program Scope

This project, titled “Construction and Quantum States of Single and Yin-Yang Flat Bands”,
encompasses a comprehensive study of physical mechanisms that lead to formation of exotic
many-body quantum electronic states associated with topological flat bands (FBs) in lattice models
and FB materials. It consists of three correlated research topics: (1) Orbital design of 2D/3D single
and yin-yang flat bands and search of FB materials; (2) Complete population inversion between
yin-yang FBs; (3) Fractional excitonic insulator state. The common theme of the proposed research
is to improve our fundamental understanding of topological FBs, demonstrate novel and exotic
many-body quantum phases arising from single and yin-yang FBs, and discover new classes of
topological FB materials.

Our theoretical/computational project will employ a multiscale approach, combining several state-
of-the-art theoretical and computational techniques, ranging from single-particle first-principles
density-functional-theory (DFT) electronic structure calculations to tight-binding (TB) model
Hamiltonian calculations and analyses, and to calculations and solutions of many-body
Hamiltonian. Specifically, open-source package of DFT method combined with many-body GW
and Bethe-Salpeter equation (e.g. Berkley-GW) and our newly developed in-house package of
exact diagonalization (ED) method for solving many-body TB Hamiltonian will be used to study
various excitonic states arising from photoexcitation, including fractional excitations, between
yin-yang FBs. Topological properties of single-particle electronic states will be analyzed using
conventional methods of calculating (spin) Chern numbers, while topology and fractional statistics
of many-body quantum states will be analyzed using ED calculations of spectral flow, quasi-hole
excitation and particle-cut entanglement spectra.

Our studies will significantly improve our fundamental understanding of the nature and
underpinning of many-body quantum states in association with single and yin-yang FBs, in terms
of lattice symmetry and dimension, electron-electron Coulomb vs. exchange interaction and
screening, and fractional statistics of band population. Both the continuations and new initiatives
of the proposed research will significantly not only improve our fundamental understanding of the
construction of topological FBs and realization of FBs-enabled many-body quantum states, but
also expand the scope of topological FB materials and FB physics. They will provide useful
guidelines for future experimental efforts in synthesis and characterization of new 2D and 3D
topological FB 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.

Recent Progress

During the last two years, we have published 25 journal papers fully or partially supported by this
DOE grant, including 5 Physical Review Letters, 6 Nano Letters, and one invited review arttcle.
Three postdoctoral research associates and two graduate students have been fully or partially
supported by this DOE project. The PI gave 6 invited talks at national/international conferences,
and 5 departmental colloquium/seminar presentations. Below is a brief summary of four topics of
research achievements pertaining to this project.
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(1) Flat-Band-Enabled Triplet Excitonic Insulator in a Diatomic Kagome Lattice:' The
excitonic insulator (EI) state is a strongly correlated

many-body ground state, arising from an instability in
the band structure toward exciton formation. Recently,
we show that the flat valence and conduction bands of

Density Sf States

a semiconducting diatomic Kagome lattice, as El

exemplified in a superatomic (trianglene) graphene

lattice, can possibly conspire to enable an interesting /l\

triplet EI state, based on density-functional theory B2 D B Do iAo, 06
calculations combined with many-body GW and Triplet excitation energy (eV)

Bethe-Salpeter equation. Our results indicate that Fig 1. DOS for triplet excitons obtained by
massive carriers in flat bands with highly localized  solving Bethe-Salpeter equation of a
electron and hole wave functions significantly reduce  superatomic (trianglene) graphene lattice. It
the screening and enhance the exchange interaction, ~ clearly shows the presence of excitons with
leading to an unusually large triplet exciton binding negative formation energy (El), indicative of
spontaneous formation of excitons.
energy (~1.1 eV) exceeding the GW band gap by ~0.2
eV (Fig. 1) and a large singlet-triplet splitting of ~0.4
eV, which point to spontaneous formation of multiple triplet excitions. Our findings enrich once
again the intriguing physics of flat bands and extend the scope of EI materials. Excitingly, both
our proposal of the superatomic (trianglene) graphene lattice and our thereotical theoretical
predictions of spontaneously formation of excitons have been supported by the latest experiments.?
(2) Effective Model for Fractional
Topological Corner Modes in Quasicrystals:3
High-order topological insulators (HOTISs), as  eicorcdsestmes

Fractionally Charged CMs
e

’ S N %4 Dﬂaiarana CMs
2 2]

generalized from  topological  crystalline Q - e 5 2
insulators, are characterized with lower- o o, ¥
dimensional metallic boundary states protected -

by spatial symmetries of a crystal, whose Fig. 2. Schematic illustration of the Zeeman-field-
theoretical framework based on band inversionat ~ induced topological phase transitions in a 2D
special k points cannot be readily extended to  Pentagonal quasicrystal. Starting from a TI phase

. . . with helical edge states, the quasicrystal is driven to
quasicrystals  because quasicrystals contain a HOTI phase with five charged corner modes (CMs)
rotational symmetries that are not compatible by an in-plane Zeeman field. Furthermore, in
with crystals, and momentum is no longer a good  proximity with an s-wave superconductor, Majorana
quantum number. We have developed a low- CMs can .be genera?ed by tuning the Zeeman field
energy effective model underlying HOTI states ~ 2nd chemical potential.
in 2D quasicrystals for all possible rotational
symmetries (Fig. 2). By implementing a novel
Fourier transform developed recently for quasicrystals and approximating the long-wavelength
behavior by their large-scale average, we construct an effective k-p Hamiltonian to capture the
band inversion at the center of a pseudo-Brillouin zone. We show that an in-plane Zeeman field
can induce mass kinks at the intersection of adjacent edges of a 2D quasicrystal TIs and generate
corner modes (CMs) with fractional charge, protected by rotational symmetries. Our model
predictions are confirmed by numerical tight-binding calculations. Furthermore, when the
quasicrystal is proximitized by an s-wave superconductor, Majorana CMs can also be created by
tuning the field strength and chemical potential. Our work affords a generic approach to studying
the low-energy physics of quasicrystals, in association with topological excitations and fractional
statistics.
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(3) High-Temperature Fractional Quantum Hall State in Floquet-Kagome Flat Band:*

Fractional quantum Hall effect (FQHE) has been
predicted in Chern FB by single-particle band structure
combined with phenomenological theory or solution of
many-body lattice Hamiltonian with fuzzy parameters. A
long-standing roadblock towards realization of FB-
FQHE is lacking the many-body solution of specific
materials under realistic conditions. We have
demonstrated a combined study of single-particle Floquet
band theory with exact ED of many-body Hamiltonian.
We show that a time-periodic circularly polarized laser
inverts the sign of second-nearest-neighbor hopping in a
Kagome lattice and enhances spin-orbit coupling in one
spin channel, to produce a Floquet FB with a high flatness

Energy

Ky Ky

Fig. 3. Left: Schematics of Floquet-
Kagome lattice with a laser shining on a 2D
Kagome material. Right: Calculated
Floquet-Kagome band structure showing a
bottom FB with large flatness ratio
exhibiting high-temperature FQHE.

ratio of bandwidth over band gap (Fig. 3), as exemplified in metalorganic monolayer Pt3C36S12H12.
The ED of the resultant Floquet-Kagome lattice Hamiltonian gives a one-third-filling ground state
with a laser-dependent excitation gap of FQH state, up to an estimated temperature above 70 K.
Our findings pave the way to explore the alluding high-temperature FB-FQHE.

(4) Structural Amorphization-Induced Topological
Order:’ Electronic properties of crystals are inherently
pertained to crystalline symmetry, so that amorphization
that lowers and breaks symmetry is detrimental. One
important crystalline property is electron band topology
which is known to be weakened and destroyed by structural
disorder. We reported a counterintuitive theoretical
discovery that atomic structural disorder by amorphization
can in fact induce electronic order of topology in an
otherwise topologically trivial crystal (Fig. 4). The
resulting nontrivial topology is characterized by a nonzero
spin Bott index, developed by us in the last funding cycle
for defining electronic-state topology in real space,®’
associated with robust topological edge states and
quantized conductance. The underlying topological phase
transition (TPT) from a trivial crystal to a topological
amorphous is analyzed by mapping out a phase diagram in
the degree of structural disorder using an effective medium
theory. The atomic disorder is revealed to induce

Fig. 4. Amorphization induced
topological phase transition. (a) The
initial triangular lattice. (b) Gaussian
distribution of atomic displacements. (c)
The lattice after amorphization. (d)
Energy gap (blue) and spin Bott index
(red) as functions of atomic
displacement (o).

topological order by renormalizing the spectral gap toward nontriviality near the phase boundary.
As a concrete example, we further show such TPT in amorphous stanane by first-principles
calculations. Our findings point to possible observation of an electronic ordering transition

accompanied by a structural disorder transition.
Future Plans

We plan to expand our current studies in the following areas:

(a) Anomalous bilayer quantum Hall effect

(b) p-wave excitonic Bose-Einstein condensation

(c) High-order topological point states

(d) Ferroelectric topological superconductor

(e) Excitonic insulator state in hydrogen-bond organic framework
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Continuing the efforts of experimental collaborations
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Disorder in Topological Semimetals

Kirstin Alberi', Brian Fluegel!, Anthony Rice!, Stephan Lany', Mark van Schilfgaarde’,
Matt Beard' and Daniel Dessau?

INational 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, primarily in the prototypical Dirac Cd3;As: system. 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 Cd;As, material system are expected to set the stage for
utilizing disorder within topological semimetals to design them for specific applications.

Recent Progress

Although our basic understanding of topological semimetals suggests that electron
transport is less sensitive to defects than in conventional semiconductors due to topological
protection against backscattering, we still do not fully understand the extent to which defects and
impurities influence the Fermi level, electron mobility, and magnetoresistance. We have mainly
focused on a broad range of studies on this topic. This knowledge along with methods to control
defect populations will allow us to tailor these parameters in thin film topological semimetals for
device applications.
Evaluation of point defects in CdsAs>

To study the behavior of point defects in Cd3Asz, we have combined defect formation energy
calculations using density functional theory (DFT) with electronic structure calculations using
quasi-particle self-consistent GW (QWGW) methods. We find that that this combined approach
allows us to quantitatively model thermodynamic defect equilibria in light of the strong
dependence of the Fermi level on the density of states and the finite size effects of the formation
energies of defects in the bands [1]. We find that Vcq and Cd; principally control the electron
concentration in Cd3As;, while Vs defects are expected to occur in much lower concentrations
and act as localized electron scattering centers. These findings contradict previous assumptions
that Vs defects were responsible for electron doping as-grow CdsAs; crystals [2,3] and help to
guide our experimental investigation into the role of point defects on electron transport.
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Figure 1. Electron transport behavior in CdsAs; epilayers grown as a function of As/Cd flux ratio to manipulate

point defect populations (a) Experimental magnetoresistance (MR) values compared to values calculated by the
guiding center diffusion model (GCDM). (b) Disorder length scale and (c) disorder potential extracted from the

GCDM.

Understanding how defects influence electron transport

In the past two years, we have made significant
progress in experimentally probing the impact of point
and extended defects on electron transport in CdzAso.
Using independent control of cadmium and arsenic
fluxes during molecular beam epitaxy of CdsAs>
epilayers, we are able to alter the defect equilibria.
Nominally, we expect greater relative Cd; and V s defect
concentrations in epilayers grown under Cd-rich
conditions, while we expect greater relative Vcq defect
concentrations in epilayers grown under As-rich
conditions. We find that growth under As-rich
conditions results in a substantial increase in the
magnetoresistance (MR). Using the guiding center
diffusion model (GCDM), we quantitative evaluate the
disorder potentials and length scales. Our analysis
suggests that Vcg defects are primarily responsible for
influencing the MR behavior in Cd;As> and point to
methods for intentionally tuning MR magnitude in these
materials [4].

We have also been able to experimentally probe

b) .
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Figure 2. Transport behavior in (Zn.Cdi«)3As:
alloys. (a) Hall resistivity as a function of magnetic
field, showing that doping changes from n-type to p-
type with increasing Zn concentration, with a region
of multiple carrier types present at intermediate
concentrations. (b) Magnetoresistance vs magnetic
field. The samples with intermediate Zn
concentrations show a quadratic dependence
typically found in compensated semimetals.

MoH (T)

vacancy defects using positron annihilation spectroscopy. A combination of Doppler broadening
variable energy positron annihilation and coincidence Doppler broadening spectroscopies, along
with atomic superposition calculations, indicate that our CdzAs> epilayers also have a relatively
high concentration of di- or tri-vacancy defects [5]. Although the equilibrium concentrations of
these defects are expected to be low, we hypothesize that they are stabilized by extended defects

in our material.

Finally, we have gained additional insight into the influence of dislocations on electron
mobility. Growth of Cd;Asz on lattice-mismatched GaAs substrates leads to high dislocation
densities ~10® cm™. We have shown that growing thicker films leads to a 6x increase in electron
mobility as the dislocations annihilate. These results suggest that it is still critical to control
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dislocations and other extended defects that can act as small angle scattering centers in topological
semimetals, and we are currently quantitatively evaluating their impact on electron scattering
compared to point defects.

Influence of extrinsic doping and alloying

As-grown CdsAs; bulk crystals typically have high electron concentrations (~ 10'® cm™). Through
control of the As/Cd flux ratio during growth, we are able to reduce that concentration to ~ 10
cm. We have recently shown that we can dope CdsAs, with Te and Se to increase the electron
concentration without affecting the electron scattering behavior. This combined approach allows
us to intentionally tune the electron concentration to suit the needs of materials behavior studies
or technological applications [6]. As a next step, we are investigating the ability to p-type dope
CdsAs», which will provide full Fermi level control.

Isovalent Zn doping has been known to influence both the free carrier concentration and electronic
bandstructure of Cd3As:, inducing a phase transition to a p-type narrow bandgap semiconductor
with Zn concentrations ~ 20 atomic percent. Zn doping therefore offers an alternative way to tune
the Fermi level close to the Dirac point, but such an approach has been challenging because the
amount of Zn needed to induce a p-type transition roughly coincides with the topological phase
transition. Using our ability to reduce the electron concentration through the As/Cd flux ratio, we
find that we can readily reduce the free carrier concentration into the 10'> cm™ range in epilayers
doped with ~6-10 atomic percent Zn, before reaching the phase transition. Surprisingly, we find
at such low carrier concentrations the material acts as a compensated semimetal with co-existing
electron and hole populations. This result is unexpected in Dirac semimetals that do not have
separate electron and hole pockets. It also differs from other traditionally compensated semimetals
in the fact that the total carrier concentrations here are orders of magnitude lower. We are still
working to determine the origin of this behavior.

Doping with magnetic impurities, such as Mn, also offers the potential to tune the topological
phase of Cd3As> from a Dirac to a Weyl semimetal by breaking time reversal symmetry. Our
QSGW calculations indicate that only a few atomic percent Mn is needed to realize this transition.
We have now successfully incorporated Mn into Cd3As> within this composition range. We
currently have plans to evaluate how Mn influences the bandstructure through optical and angle
resolved photoemission spectroscopy (ARPES).

The study of defects in Weyl semimetals

We have studied how disorder influences electronic doping and transport behavior in TaAs
and NbAs epilayers grown on GaAs (001) substrates. All epilayers can be categorized as single
crystal-like, in which the macroscopic properties resemble a single crystal, but the microscopic
structure exhibits boundaries (spaced ~100-200 nm apart) across which stacking faults are not
aligned. The interiors of the films are highly p-type doped (~10%*° cm™) compared to n-type doping
in as-grown bulk crystals, but the surfaces appear to be n-type [7]. Understanding the origin of the
bulk p-type and surface n-type doping will be critical to tailoring transport behavior in these
epitaxial materials.

Future Plans

We plan to continue the doping and alloying studies outlined above as we examine the interplay
between composition, electronic structure, carrier concentration and electron transport behavior.
In particular, we will use the vacuum transfer techniques we have been developing over the past
two years to study the electronic structure of our alloyed materials with ARPES. The combined
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DFT and QSGW computational approach we have developed will also be critical to uncovering
the origins of the transport phenomena we observe in alloyed materials. We also plan to use the
interface preparation approaches we have developed through this program to begin studying
interface-related transport behavior [8].
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Emergent Properties of Magnons Coupled to Microwave Photons
M. Benjamin Jungfleisch, Department of Physics and Astronomy, University of
Delaware

Magnon, Magnon-Photon Coupling, Hybrid Magnonic Systems, Light-Matter Interaction

Research Scope
Unleashing the full potential of quantum

technologies requires the development of @ o - L e
quantum computation, memories, interconnects,
detectors, and transducers. Understanding the
coupling between disparate quantum systems is
particularly important. The emergent properties
of such hybrid systems promise to advance a
wide range of quantum  information
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and transduction. upconversion. Adapted from Ref [1].

This research program seeks to precisely control
light-matter interaction in hybrid magnonic systems and magnonic nanostructures, where the light
part is carried either by microwave or optical photons, and the matter component is carried by
magnons in engineered magnetic metamaterials. The underlying mechanisms of the interaction of
magnons with photons, magnons with phonons, and magnons with magnons are determined.
Controlling the collective properties of magnons is a transformative advance; its impact extends
beyond spintronics to the wider research arenas of quantum science.
Magnons efficiently couple with electromagnetic waves at microwave frequency through high-
quality resonators, forming magnon-photon polaritons [R1]. We recently succeeded in optically
detecting these magnonic hybrid excitations by Brillouin light scattering (BLS) [R2] in a system
comprising a split-ring resonator loaded with epitaxial yttrium iron garnet thin films [1], see Fig.
1. Our findings demonstrate a coherent conversion between microwave and optical frequencies by
magnon-induced BLS, which could serve as a crucial link between superconducting qubits
operating at microwave frequencies and long-distance communication at optical frequencies.
By coupling the generalized Landau-Lifshitz-Gilbert equation with RLC equation, we revealed the
coupling between magnon and photon modes under damping-like and field-like torques [2], see
Fig. 2. Our modeling shows that the magnitude of the level repulsion and, hence, the magnon-
photon coupling strength can efficiently be controlled by varying the magnitude and the direction
of the dc current density. Our results suggest that an on-demand manipulation of the magnon-
photon coupling strength can be achieved in yttrium iron garnet/Pt hybrid structures.
Furthermore, we studied the magnon dispersion in magnetic hybrid systems and revealed the
existence of nonlinear magnon-magnon scattering processes and their coherence in arrays of
nanostructures [3-10].
Recent Progress
Observation of thermally activated coherent magnon-magnon coupling in a magnonic hybrid
system: We recently observed strong magnon-magnon coupling by thermal spin excitations in
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the rapidly developing field of magnon hybrid
systems. Based on these coherently coupled magnon-
magnon studies, we have recently started exploring
tripartite coupling between the magnon modes in YIG, microwave photon mode in a 3D
microwave cavity, and the uniform magnon mode in NiFe.

Coupling micro-cavity microwave photons to magnons in magnetic microstructures: The detection
of ferromagnetic resonance (FMR) signal and magnon-photon coupling in finite elements of nano-
to micron-sized ferromagnetic samples using conventional cavities is challenging due to the small
ferromagnetic volume. To address this challenge, we developed R-type micro-resonators (Fig. 3),
which have much smaller effective volumes than 3D cavities and allow for better coupling
efficiency with magnetic dipoles [R1].

Caustic spin wave beams in an extended thin film excited by a nano-constriction: The ability to
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Fig. 3: (a) Schematic illustration of an R-type micro-resonator. The inset displays an optical microscope image
of the fabricated R-type resonator, with a ring diameter of 200 um and an array of NiFe stripes inside the ring.
(b) Magnitude of the RF field distribution, obtained through HFSS simulation of the resonator with the same
dimensions, demonstrating an almost uniform RF field distribution inside the ring. (c) Preliminary field
modulated FMR measurement results from the sample shown in (a).

control the directionality of magnons is important for magnonic logic and computing applications
and could be a powerful tool to modify magnon-photon coupling in an on-chip device. We recently
realized caustic-like spin-wave emission from a nano-constricted microwave waveguide in an
extended 200 nm thick YIG film, Fig. 4. Caustic-like spin waves exhibit an anisotropic nature of
the spin-wave dispersion, which occurs when the direction of the spin wave-group velocity and
spin-wave wavevector do not coincide. Using spatially resolved micro-focused Brillouin light
spectroscopy in both the backward volume and the Damon-Eshbach geometry, we reveal the
propagation of two directional spin-wave beams directly emitted from the nano-constriction.
These measurements lie the foundation for coupling directional magnons with microwave photons.
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Instrument development: In
order to improve the signal-to-
noise ratio of FMR and

microwave spectroscopy o 0 Ve N
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measurements, we developed a 3 . 1 15 = kf/ Hex
© I =S ® € —_— 1
field-modulated FMR £ 1 L ~10 3 P N

spectroscopy system that is now
in daily operation. We started
upgrading this system with in-
plane rotation, polar angle, and
temperature-dependent

capabilities. Furthermore, we
are in the process of setting up a
low-temperature BLS system
for the optical investigation of
magnon-photon coupled hybrid
systems when a smaller number
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Fig. 4: Spatially resolved BLS map of spin-wave caustic emission in a 200 nm
thick extended yttrium iron garnet film from a nano-constricted microwave
antenna. Externally applied field H,,; = 185 mT , excitation frequency f =
7.5 GHz. Corresponding iso-frequency curves with caustic wavevector k., and
spin-wave group velocity v, are depicted next to the 2D BLS maps. (a) Magnetic
field is applied perpendicular to RF magnetic field. (b) Magnetic field is applied
parallel to RF magnetic field.

of magnons is populated

(approaching kgT < Awgyg).

Future Plans

We will continue our efforts to understand the mechanisms of magnon interactions with other
quasi-excitations and the precise control of their collective properties. In particular, we will focus

on:

1.

Based on our previous results, we will determine the spatial distribution of the magnonic
hybrid excitation, extract critical length scales, and study their temporal characteristics.
Informed by our recent magnon-magnon coupling studies, we will continue investigating
the magnon-magnon coupled system’s emergent properties when strongly coupled to a
planar microwave antenna. In particular, we aim to understand the temporal dynamics of
the triple resonant excitation using time-resolved BLS.

A major research focus will be on low-temperature characterizations of magnon coupling
physics. For this purpose, we will complete setting up cryogenic measurement capabilities
at UD. Additional measurements will be conducted using the dilution refrigerator at
Argonne National Laboratory. We plan to utilize the unique properties of magnons, such
as non-reciprocity [see preliminary room temperature results, shown in Fig. 4(b)] and
quantization, to generate new types of hybrid systems based on magnetic micro- and
nanostructures and superconducting resonators.

We plan to electrical readout magnon-photon coupling using spin pumping and inverse
spin Hall effect in a planar geometry. These results will lay the foundation for
experimentally demonstrating control of magnon-photon coupling using spin torque (see
theoretical prediction [1], Fig. 2).
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Multiparticle Interactions in Plasmonic Platforms for Quantum Simulation
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Multiparticle systems, quantum statistics, quantum interference, quantum plasmonics, quantum
simulation.

Research Scope

One of the main goals of quantum physics is to exploit nonclassical interactions in nanoscale
systems to implement operations that cannot be performed on classical devices'. Remarkably, this
possibility depends on the preparation of robust and controllable quantum systems comprising
multiple interacting particles!”. These complex quantum systems can host many forms of
interference and scattering processes that are essential to simulate specific physical effects that are
intractable on classical systems'®. These complex quantum devices are known as quantum
simulators®. Recently, there has been an enormous interest in demonstrating quantum simulation
on diverse platforms that include trapped atoms, quantum dots, superconducting qubits, nitrogen-
vacancy centers in diamond, and photonic quantum systems>*. However, due to the remarkable
properties of photons to exhibit quantum properties at room temperature, large quantum photonic
systems constitute a promising platform for the development of quantum simulators'.

This research program aims to develop a novel family of nanoscale platforms in which tunable
plasmonic near fields enable deterministic manipulation of scattering and interference effects of
multiphoton systems®*. Furthermore, these interactions will be used to perform quantum
simulation of light transport in plasmonic networks. Specifically, the presence of controllable near
fields in our multiparticle platform will enable the simulation of light transport under different
conditions of noise and dynamic disorder’. These capabilities will enable the simulation of hyper-
transport of light. It is worth mentioning that the simulation of effects involving noise and dynamic
disorder remains challenging in existing quantum simulators. This due to the fragility of the
quantum coherence properties of multiparticle systems against noise and disorder'.

Recent Progress

The demonstration of a functional plasmonic platform for multiparticle quantum simulation
requires tunable multiphoton sources', robust control of multiphoton states*, and efficient
detection schemes for the characterization of multiparticle systems®. As discussed below, over the
last two years, we developed these enabling capabilities to demonstrate quantum simulation of
bosonic and fermionic interactions. In addition, we have conducted initial experimental
simulations of quantum transport’. Below we discussed recent progress made along these
directions.

Multiphoton systems: Engineering and characterization
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The demonstration of a robust platform for quantum simulation depends, to an important
extent, on scalable multiphoton systems with tunable properties of entanglement, photon
coherence, and quantum statistical fluctuations'™. As reported in Figure 1a, we have developed
highly indistinguishable sources of entangled multiphoton systems with up to twelve
indistinguishable particles. The indistinguishability of the multiphoton source was certified
through the highest
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implementation of photon- Figure 1. Engineering and characterization of multiphoton systems. We
number-resolving detection3. developed a bright source of entangled multiphoton systems with up to twelve
. : particles. The experimental setup together with the tomography of the photon-
As shown in Figure lec, we number-resolving (PNR) detectors are shown in a. In addition, as shown in b,
developed measurement- we demonstrated generation of sub-thermal, thermal, and super-thermal
efficient photon-number- multiphoton systems using computer-generated holography. These systems are
resolving (PNR) detectors and characterized by our measurement-efficient detectors and cameras for PNR
detection’. The results reported in ¢, indicate the potential of these techniques
to perform superresolving imaging of nanostructures’.
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cameras that enables
performing imaging beyond
the diffraction limit>. This is relevant to image plasmonic nanostructures and networks>*,
Quantum control of multiphoton systems in plasmonic platforms

The multiphoton sources and detection schemes discussed in Figure 1 enabled us to perform
the first kind of multiparticle experiments in plasmonic platforms>*. As reported in Figure 2a, we
demonstrated that the multiparticle dynamics that take place in plasmonic nanostructures can be
deterministically controlled through the strength of the optical near fields confined in their
vicinity*. This work was selected as a Feature Article in Nature Communications and highlighted
in Nature Physics News & Views*. The new physics uncovered in our article lies at the hearth of
our scheme for quantum simulation. In this work, we applied the quantum theory of coherence to
the scattering effect depicted in Figure 2a to demonstrate that electromagnetic near fields in
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plasmonic nanostructures can be used to modify the quantum statistical properties of multiparticle
systems. The physical realization is depicted in Figure 2b.

These ideas enabled us to demonstrate the attenuation of the quantum fluctuations of
multiphoton systems through plasmonic near fields?. Despite the enormous potential of plasmonic
interferometers for sensing,
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Figure 2. Control of the quantum statistics and fluctuations of multiphoton
systems in plasmonic platforms®*. The idea behind the control of multiparticle
bosonic and fermionic gcattering trough electromagnetic near fields is shown in a. This possibility
interactions in plasmonic was implemented through the plasmonic nanostructure shown in the right
nanostructures panel of a. The results in b report the deterministic modification of quantum
coherence of multiphoton systems as a function of the strength of the
plasmonic field*. As in indicated in ¢, this multiparticle dynamics enabled us
plasmons are formed from (o attenuate the quantum fluctuations of a multiparticle system in a plasmonic
bosons and fermions, it has interferometer”.

been

observed that this kind of near-field waves exhibits bosonic properties in the limit of many
electrons®*. Interestingly, plasmonic near fields have resulted essential for diverse purposes
ranging from the exploration of novel light-matter interactions to the development of novel sensing
platforms'2*. As shown in Figure 3a and b, we recently demonstrated that the quantum dynamics
that underlie the scattering among photons and plasmons can lead to the formation of either
bosonic or fermionic correlations. The quantum correlations reported in Figure 3b demonstrate the
coalescence and anti-coalescence of plasmonic multiparticle near fields. In our experiment, we
isolate specific multiparticle dynamics through the implementation of PNR detection®. These

Even  though  surface
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results uncover universal multiparticle properties of electromagnetic near fields with important
implications for diverse fields ranging from condensed matter to quantum information.

Finally, we performed
initial quantum transport
simulation with the goal of

identifying near-field
couplings that will ease the
design of plasmonic

nanostructures for the
remaining milestones of our
research program. More
specifically, we employed
electrical oscillators for the
simulation of single-
excitation quantum transport
phenomena®. This platform
was used to simulate
Anderson localization. This
tunable platform enabled us
to map the strength of static
disorder to couplings
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Figure 3. Quantum simulation of bosonic and fermionic interactions in
plasmonic nanostructures. The setup in a was used to simulate bosonic and
fermionic scattering in plasmonic nanostructures. The data in b shows this
possibility for a five-particle system. The results in ¢ show our quantum
simulation of Anderson localization using electrical oscillators.

between sites. In Figure 3¢, we show a comparison between the quantum model used to describe
Anderson localization and the experimental simulation implemented with our platform®.

Future Plans

These capabilities described above! will be used to a) demonstrate control of classical-to-
quantum transitions in plasmonic quantum networks, and b) to explore deterministic schemes to
simulate exotic forms of light transport attributed to dynamic disorder. These capabilities have
important implications for information processing and for the physics that define the performance
of technologies for light harvesting®.
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Enabling Reversible Hydrogen Storage and Transfer with Graphene-Based Carbon—
Boron-Nitrogen Materials
T. Autrey, M. Sushko, L. Liu, N. Washton, B. Ginovska, O. Gutierrez, Z. Dohnalek, P.
Rice, G. Lee, B. Schwartz
Pacific Northwest National Laboratory

Key terms: Long duration energy storage, hydrogen activation, two-dimensional materials

Research Scope
Two-dimensional graphene-like materials composed of carbon, nitrogen, and boron (CNBs) have
great potential as storage media for hydrogen. These CNB materials are: (i) lightweight, allowing
for use in mobile applications where a high ratio of hydrogen to material weight is critical; (ii)
durable, allowing for long-term storage applications where stability is required; and (iii1) scalable,
allowing for both high storage capacity, e.g., gigawatt hours, and chemical storage for
decarbonizing industrial sectors, e.g., hundreds of metric tons of hydrogen. However, the practical
use of graphene-based materials is hampered by the kinetic limitations of diffusion and
recombination on surfaces. We are using a combination of experimental and computational
techniques to gain insight into how boron and nitrogen atoms in graphene-like structures lowers
the barriers for hydrogen activation and transport. This project addresses key fundamental gaps
pertinent to efficient hydrogen activation and reversible hydrogen storage on CNBs as well as the
subsequent transfer of hydrogen from CNBs to liquid organic hydrogen carriers (LOHC).
Recent Progress

The peer-reviewed literature is settling on a consensus that the binding energy of physi-

Activation Transport Transfer
Diffusion

Scheme 1. Dopant-induced structural and electronic inhomogeneities in quasi-two-dmensional C-N-B
materials facilitate hydrogen binding, diffusion and transfer to and from liquid organic hydrogen carriers.

sorped hydrogen to N-doped! (or B-doped?) carbon is not significantly different than binding
energy to graphene. There are reports that suggest hydrogen chemi-sorbs, reversibly, to N-doped
carbons at moderate temperatures enabling activation of both molecular hydrogen and the C-H
and N-H bonds liquid organic hydrogen carriers.® Our studies are focused on understanding how
the initially physi-sorbed hydrogen is activated to chemi-sorbed hydrogen, and subsequently
transported and transferred on 2D materials between the gas and liquid phase by investigating both
supported and free standing N-doped 2D carbon materials.
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The free-standing materials are synthesized using pyrolysis

method.* Anticipating that defects sites are the most likely sites for

N-doping, we control the concentration by controlling the

concentration of defects in the precursor graphene oxide. The

structure of the synthesized N-doped graphite is characterized using

high-resolution transmission electron microscopy (HRTEM), X-

ray diffraction (XRD), and X-ray photoelectron spectroscopy

(XPS). The results indicate that the pyrolysis at 350 and 550 °C

produces N-doped graphite with N content of 5.1+£0.1%. Pyrolysis

at higher temperature (800 °C) causes partial release of N and

reduces the overall N content to 3.2%. The XPS analysis of the N

bonding in N-doped graphite revealed that about 70% N is pyridinic

(Figure 1). The results strongly suggest preferential doping at point
defect sites or the boundary. Associated density functional theory
(DFT) simulations identify the energetics of N-doping at defects and
terraces of graphite to predict the structure of N-doped materials and
its evolution at elevated temperatures. The preliminary data indicate
a clear energetic preference of N-doping at defect sites, which
produces pyridinic N at point defects (one missing C) and graphitic
N at one of the most stable 5-8-5 defects or terraces (Figure 1).

In parallel, we are using quantum chemical calculations to elucidate
how the underlying electronic structure of N-doped carbon materials
influence the hydrogen binding free energy (HBFE). For this
purpose, we have identified four well-defined carbon allotropes

Figure 1. Structure of N-doped
graphite. XPS spectra show
pyridinic and graphitic-N (top).
The energy-dispersive. X-ray
spectroscopy (EDS) analysis
(inset) shows even distribution of
carbon (green) and nitrogen
(orange) within the material. The
experimental data correlate with
theoretically predicted sites for
the most energetically favorable
N-doping (bottom).

(Figure 2) to build bridges between molecular and heterogeneous systems and to provide an ideal
framework for understanding the functional role that the carbon lattice has on the HBFE.

Increased
Curvature

Figure 2. Ball-and-stick representation of the carbon allotropes used for probing how the underlying local
electronic structure can influence the preferential nitrogen doping site and the binding of hydrogen.

Our approach is to first identify the relative stability of the N-doped graphitic compounds, then
develop descriptors to compare structure-function relationships between the HBFE’s of adsorbed
hydrogen. For Dsq-Ci20 structure there are 14 unique positions to add a single N atom, with
formation energies ranging over 0.75 eV. The most stable N-doped structure locates the N near
the end caps in the five membered rings (6 symetric sites represented) highlighted in blue. Adding
a hydrogen atom directly to the defect N results in a very weak N-H bond, HFBE ca. 0.75 eV.
From this lowest energy structure, the HBFE were calculated for the 61 unique hydrogen

adsorption sites spaning a range of ~1.7 eV.
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To analyze these sites further, we derive a general deformation parameter (k) for identifying

unique sites for hydrogen adsorption based on the ratio of bond angles (¢?°"%) and dihedral angles
(d) dihedral):

dihedral _
o C:e_u . Gra:ph _ |<¢ - (rad)) T[l
0.8 - M |<§0 (rad)) - T[l
05 | i‘_\ d id B Lower k value indicates a higher degree of
EE: N deformation/curvature. Here, we measure how
= 0. H . . .
S 00| N the bonding within the first and second
[ an i . . . . .
Boz| coordination sphere of an adsorption site deviates
@041 | from planarity. From Figure 3, we identify
0.6 H ) by o \ _ . .
sl | T P8 _2—Mes087¢V geveral regions based on the deformation
ap bt | Nitrogen parameter for Ds¢-Ci20 and find a correlation
1.50 1.75 2.00 225 250 .
Deformation Parameter Hoce = -0.55 eV between the degree of curvature and HDFE, with

Figure 3. Hydrogen binding free energy (HBFE) for 61 Site? at the f:apped enq of the nanotube
unique sites on Ds¢-Cia0 as a function of the deformation | having a higher affinity for hydrogen

parameter. For comparison, the value for a spherical Cgo adsorption. The hydrogens with the lower
molecule is indi.ca.ted. by the blue dotted line?, while deformation parameter, i.e., Kk = 1.75 +/-
planar graphene is indicated by the red dotted line. The 0.05. show a HFBE distributed within the
colored balls indicate unique regions on the Ds¢-Cio . . ..
molecule based on the curvature parameter. optimal range for reversible addition of

hydrogen, ca. 0.08-0.10 eV. Notably, the
hydrogens at positions with the larger
deformation parameter, i.e., K = 2.20 +/- 0.05, are less stable. These initial results are promising in
showing that the binding energies of hydrogen are in the range that can be expected to undergo
reversible addition. Our prepared N-doped graphene materials, described below, are expected to
have defects more closely aligned with defects consistent with the larger deformation parameters.
The carbons further from the defect do not appear to stabilize the addition of hydrogen but the
carbons closer to the N functionality are within the region expected to show reversible addition of
hydrogen. We will test these predictions by using pulsed isotope scrambling experiments in future
work.

Future Plans:

Free standing 2D materials. Guided by our modeling
studies we are preparing, and characterizing, a series of
layered N-doped graphene materials with modified ratios of
graphitic, pyrrolic, and pyridinic N-functionalities. Our DFT
results suggest that the HBFEs of a hydrogen atom to N-
doped carbon allotrope Dsq-Ci20, graphene model, spans a
range where we expect to observe the reversible addition of
hydrogen to carbons near a graphitic N-defect, providing a
source of weak chemi-sorption for the reversible addition of

hydrogen. Figure 4 illustrates a representation of the | Figure 4. Schematic of layered graphene
expected interactions for reversible addition of both | materials with H, activation in presence
molecular Ha and H transfer to and from the CH and NH | or absence of LOHC molecules.

bonds of a N-heterocyclic LOHC molecule. Isotope
scrambling experiments will provide insight into the kinetics of hydrogen adsorption where the N-
doped layered materials will be transiently exposed to inert gases, H» and D,.> The time
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dependence of HD formation as a function of temperature provides quantitative information on
the ability of the 2D N-doped materials to store and activate Ho.

Supported 2D materials. The detailed analysis of the dynamics of hydrogen adsorption and
diffusion at N-doped carbon surfaces requires spatially resolved analysis of the electronic
structure. Both periodic and cluster simulations will be performed to get insigths into the strain
effects on hydrogen adsorption, dissociation, and mobility. We are focusing on the controlled
synthesis of proximal configurations for our studies of H» activation on dopant-anchored single
metals and for H stability and diffusion studies on various types of sites and carbon networks. Such
studies will allow us to develop unique experimental signatures of different species and allow us
to pursue more complex precursor molecules that possess the desired configurations of multiple
dopants (e.g., melamine, borazine, BN-cyclohexane®). On selected metal substrates that can
dissolve carbon in the bulk (e.g., Ni(111)), we will utilize post-annealing to allow the growth of
graphene layer underneath the functionalized graphene. This will allow us to decouple the
functionalized 2D layers from direct contact with the metal. These studies will yield information
about hydrogen stability, its spatial distribution on the surface, diffusion mechanisms, and
recombinative desorption kinetics.
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Complex chalcogenides under pressure
Janice L. Musfeldt, University of Tennessee

Self-identify keywords to describe your project: van der Waals solids, chalcogenides,
pressure-driven phase transitions, phase diagrams, vibrational spectroscopies

Research Scope

Our research program focuses on the spectroscopic properties of complex chalcogenides and how
external stimuli such as pressure and chemical substitution control the development of new states
of matter and functionality. Building on prior advances, we combine synchrotron-based infrared
and Raman scattering spectroscopy with diamond anvil cell techniques to reveal charge-structure-
function relationships in intercalated chalcogenides, analyze metal-site substitution and the role of
local structure on symmetry breaking in magnetic systems, uncover energy transfer processes and
phase diagrams in superconducting chalcogenides, and explore the generality of these phenomena
and their underlying mechanisms in new settings - such as in chiral materials. What brings these
efforts together is our interest in light-matter interactions under extreme conditions and the
spectroscopic techniques with which we investigate the new states of matter that emerge from the
interplay between charge, orbits, structure, and magnetism. Findings from this comprehensive
experimental program will advance theoretical development and energy-related applications.

Recent Progress

Complex chalcogenides are exceptionally responsive to external stimuli. Under compression,
systems like CrSiTes, FePS3;, MnPSs, and CrGeTes host layer sliding, insulator-metal transitions,
magnetic dimensionality crossovers, piezochromism, the possibility of orbital-selective Mott and
polar metal states, and superconductivity. The 33 K ferromagnet CrSiTe3 has earned widespread
recognition for remarkable properties in both single crystal and monolayer form. The discovery of
pressure-induced superconductivity above 7.5 GPa and below 4.2 K is one of these exciting
developments [1]. Establishing the local lattice distortions and the precise relationship between
the structural and insulator-metal transitions is crucial to unraveling how superconductivity
develops and distinguishing between conventional vs. unconventional mechanisms in this class of
materials. At the same time, CrSiTes is a layered van der Waals material that has attracted
extraordinary attention for the demonstration of single-layer ferromagnetism and current-driven
control of the spin state. Whether superconductivity arises in the ultrathin limit is currently
unexplored, although the fact that the Curie temperature 7¢ rises with decreasing layer number as
well as under strain and pressure suggests that the superconducting transition temperature might
do so as well. Further developing the phase diagram and resolving the connection between the
structural and insulator-metal transitions as well as the intersection of competing phases is a
significant step toward evaluating such a relationship.
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In order to explore these themes in a complex chalcogenide, we combined synchrotron based
infrared spectroscopy and diamond anvil cell techniques to measure the far infrared response of
CrSiTes under extreme pressure-temperature conditions. Because closing an indirect gap screens
the phonons much less effectively than closing a direct gap, we can follow the evolution of the
phonons into the metallic state. The 2E, symmetry Si-Te stretching mode at 368 cm ™! - noteworthy
for engaging in spin-phonon coupling across the magnetic ordering transition - is particularly
informative in this regard. This vibrational mode hardens strongly on approach to the pressure-
driven structural transition, broadens and develops weak doublet character in the mixed-phase
region, and rides on top of a gradually increasing electronic background as the indirect gap begins
to close. In the end, the insulator metal transition is swift and sharp. What differentiates our work
from previous results is the finding that the first-order structural phase transition in CrSiTes is
triggered before (but in close proximity to) the insulator-metal transition. The latter is set in motion
almost immediately afterwards. With decreasing temperature, the two-phase region associated
with the structural transition broadens, and the insulator-metal transition shifts to slightly higher
pressure, indicative of a positive entropy change. Our findings run counter to previous results [1]
and completely revise the entire character of the temperature - pressure (7 - P) phase diagram for
this compound. These trends lead to a critical nexus of activity opening possibility that the
juxtaposition of events both hides a quantum critical point and lays the foundation for
superconductivity.

Future Plans

We initiated several exciting projects designed to reveal the properties of complex chalcogenides
under extreme conditions. These include (i) uncovering pressure-driven structural distortions and
metallicity in CrSBr, (ii) unraveling how compression impacts the exciton-polaritons in WS>
nanotubes as a function of size, (iii) exploring band gap closure and color changes in CdPS; and
CulnP;Ss under pressure, and (iv) developing structure-property relations in the FeisTaS,
Fei4TaS2, Cri13TaS,, and CrisNbS, family of intercalated chalcogenides. Three new PhD students
(Luther Langston, Brian Taylor, and Sambridhi Shah) have been identified to lead these projects.
They will be able to move ahead once the spring semester is finished. I also hired a postdoctoral
research associate Yanhong Gu to explore whether strain will be an effective tool to tune the
spectroscopic properties of these materials.
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Investigating Excitonic Properties through Photon Correlation in Quantum Optical
Materials

Moungi G. Bawendi — Massachusetts Institute of Technology

Keywords: quantum dot, nanocrystal, quantum emitter, perovskite, photon correlation
Research Scope
Exploring Perovskite Nanocrystals as Quantum Emitters

The spectroscopy of single nanocrystals (NCs) at cryogenic temperatures provides important
insights into their fundamental optical properties. Understanding their underlying optical physics
is crucial for the potential application of NCs as single-photon sources of spectrally coherent
emission. Diffraction-based single-emitter spectroscopy, the conventional method used for single-
emitter line shape investigations, is limited by the payoff between high spectral and temporal
resolution and thus cannot generally discern optical dephasing mechanisms occurring on sub-
millisecond timescales. Over the past decade, our group has developed a technique called Photon-
Correlated Fourier Spectroscopy (PCFS), which achieves both high spectral and high temporal
resolution for a single emitter, rendering it a uniquely suited technique for the investigations of
spectral diffusion and single emitter decoherence. This year, we utilized PCFS, as well as other
established correlation techniques such as Hong-Ou-Mandel quantum interference, to identify and
study new materials for the generation of quantum light.

Colloidal perovskite quantum dots (PQDs) have recently been identified as promising
candidates for quantum emitters. Cesium lead halide perovskite quantum dots (CsPbX3, X = Cl,
Br, I) combine the advantages of chemical synthesis in large batches and precise control over the
size and shape with the extensive compositional tunabilities and near-unity photoluminescence
quantum yields. Our lab recently identified CsPbBrs; PQDs as a potential source of
indistinguishable single-photons'.

Recent Progress

a) Elastic phonon scattering dominates
dephasing in weakly confined cesium
lead bromide nanocrystals at
cryogenic temperatures.
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dependent dephasing of the zero-phonon line (ZPL). Using PCFS, we obtain a lower bound to
the optical coherence times of single PQDs as a function of temperature (Fig. 1). Through these
measurements we demonstrate the dominant nature of phonon-induced pure dephasing at these
temperatures, which provides insight into the primary mechanisms of dephasing and line shape
broadening in PQDs.

b) Hong-Ou-Mandel (HOM) Quantum Interference in Perovskite Nanocrystals

Two-photon Hong-Ou-Mandel (HOM) interference is a hallmark experiment to showcase the
potential of PQDs as quantum emitters. By creating a delayed interference stage, we can overlap
two photons in time perfectly. If these photons are emitted from a single-photon source, the
interference is indicative of a quantum mechanical interaction between the photon wavefunctions.
This process is the primary driver behind many quantum computation schemes, most notably linear
optical quantum computing.

This year, we demonstrated HOM interference in CsPbBr3 nanocrystals, a first for any
colloidal material. This work signals a significant milestone in the characterization of perovskite
nanocrystals as quantum emitters. We conducted studies on weakly-confined 20 nm PQDs,
curating the emission suitable for studies on photon indistinguishability, including isolating
individual exciton states via polarization filtering and spectrally filtering multiexciton emission to
attain excellent single photon purity. We used an asymmetric Michelson interferometer to collide
pairs of single photons at a beam splitter, and the resulting interference from photon wavefunction
overlap is seen in the reduction of the center peak of the HOM interferogram (Fig. 2). This
interference, commonly referred to as HOM visibility, is measured to be around 0.3 — 0.5 in these
larger nanocrystals, without the use of any engineered optical structure, exceeding previous
estimates obtained through PCFS measurements. This hallmark experiment provides a measure of
photon indistinguishability and firmly establishes colloidal perovskite nanocrystals as a new class
of potential quantum emitters for various quantum optical applications.
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Figure 2. Left panel: Lifetime histogram of a ~20 nm perovskite nanocrystal, showing a fast,
mono-exponential lifetime from the exciton. Right panel: HOM interferograms for overlapping
(colored) and non-overlapping (grey) single photon pairs, showing a standard quintet structure,
with the center peak corresponding to colliding photons. The dip in coincidence counts of the
center peak for overlapping photon pairs (colored) relative to non-overlapping photon pairs
(grey) arises from HOM interference, its magnitude being the HOM visibility, which is a
measure of the degree of photon coalescence or indistinguishability.

c¢) Exploring the Excitonic Properties of Anisotropic Perovskite Nanocrystals
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While research on PQDs has largely concentrated on the three-dimensional cuboid-shaped
nanocrystals and their properties, PQDs of anisotropic dimensionalities have recently gathered
significant interest. The adjustment of the morphology of PQDs gives access to two-dimensional
nanoplatelets (NPLs) and one-dimensional nanorods (NRs), which exhibit striking differences in
their optical properties as a consequence of this morphological change, such as blue-shifted
absorption and emission features as a result of quantum confinement effects, accelerated
photoluminescence lifetimes, increased exciton binding energies, changes in fine structure
energies, and reduced dielectric screening.

i) Controlled Assembly of CsPbBrs; Nanoplatelets

We investigated 2 mono-layer (2 ML) thick CsPbBr; NPLs as a model system. We
demonstrated the controlled assembly of these nanostructures into face-down or edge-up
orientations, and reported the 13
anisotropy observed in the polarization — Pt (tsce-down)
and decay rate of their emission. The T P (edge-up)
evaporation rate of the dispersion
solvent determines the orientation of
the NPLs in the solid-state. Face-down
and edge-up configurations arise from
hexane and toluene solvents,
respectively. The ability to control
NPL orientation in this fashion
indicates that self-assembly of lead
halide perovskite NPLs is kinetically 20 25 e 40 180
driven. Fast evaporation of the solvent

Figure 3. a) Absorption (Abs) and PL spectra obtained for NPL
results in the kinetically trapped face- films. Included is an image of the deep blue thin film. Inset are
down orientation. Slow evaporation of

the PL lifetimes recorded for the face-down (blue trace) and
the solvent leads to the

edge-up (purple trace) films, showing a faster lifetime for the
thermodynamically favored edge-up edge-up configuration. b,c) Plot of the PL intensities obtained
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decreasing temperature, as well as dark

exciton emission at low temperatures: trends which differ from the behavior of less confined
nanocrystal structures. We explain these findings based on the exciton fine structure and the
structural evolution of the NPLs, the latter of which includes a rare negative thermal expansion
(NTE) effect.

i1) Engineering Enhanced Stability in Perovskite Nanorods

One-dimensional (1D) colloidal lead halide perovskites NRs have potential as quantum emitters.
Their study, however, has been hampered by their previous instability, leaving a gap in our
understanding of structure—property relationships in colloidal LHPs with anisotropic shapes. We
have studied stable, highly-confined 1D CsPbBr; nanorods (NRs) and demonstrated their

50



structural details and photoluminescence (PL) properties at both the ensemble and single particle
levels (Fig. 4)°.
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Figure 4. Characterization of CsPbBr3 short rods at the ensemble-averaged single particle level. (a)
Schematic demonstration of the measurement at the sample-averaged single particle level. (b) Room-
temperature solution g® measurements show that the ratio of biexciton to exciton events is 5%,
indicating a fast Auger recombination rate at room temperature. (c) PL lifetime measurements and fits
to a radiative lifetime of 3.9 ns. (d) sPCFS measurements shows similar spectral line width between
the ensemble and the sample-averaged single NR, indicating that the line width broadening originates

at the single particle level

Our pioneering technique, solution-PCFS (sPCFS), allows us to probe simultaneously the
ensemble and single particle line shapes through photon correlations. Our results reveal that the
ensemble and single-particle linewidths are near-identical, indicating that the broad PL spectrum
from NRs does not originate from ensemble-based heterogeneous broadening, but rather from
mechanisms that effect the single particle line shape (Fig. 4d).

Future Plans

We will continue investigating dephasing and HOM interference in a size series of PQDs,
altering the surface morphology to tune phonon coupling®. We will also investigate the potential
for polarization entanglement. We will continue to study the effect of anisotropic properties on the
biexciton lifetime and biexciton quantum yields at both room- and low-temperature. We will
investigate the origins of the room temperature broad NR PL spectrum.
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Nanoscale free-electron lasing
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Keywords: (Stimulated) Smith-Purcell radiation, free-electron lasing, electron-photon
interaction, nanoscale light-matter interaction.

Research scope High-energy, free-electron-laser facilities based on large-scale electron
accelerators and undulators provide access to high-brightness, tunable light from the microwave
to the x-ray regime. It has been shown that low-energy, high-charge-density, focused electron
beams produced in scanning or transmission electron microscopes can induce a coherent, super-
radiant buildup of terahertz radiation upon interaction with micron-scale gratings [1]. This
radiation is akin to that generated in a free-electron laser. However, the physical mechanisms
underlying this lasing process are not fully understood, and it is not known precisely how the
process scales to the infrared and visible spectral regions where there is increased frequency
dependence of the optical properties of materials.

In this research, we will use ~ 1 - 10 keV, high-density, free-electron bunches to investigate
coherent, super-radiant, near-infrared light emission from nanostructured periodic surfaces with
periods ranging from tens to hundreds of nanometers. We will study this nanoscale free-electron
lasing process in the stimulated regime, with particular attention given to the impact of the
nanostructured grating geometries and materials as well as the spatiotemporal electron-beam
properties on the nanoscale free-electron lasing process.

Recent progress In the first year of mpy
this new program, we have made ‘
significant progress in the
development of patterned grating
structures and the surrounding / : g
infrastructure and modeling needed (s 333 i putter ut
to systematically investigate super- ' 0N ‘ N
radiance and free-electron lasing at
the nanoscale. A major challenge
of this project is the large amount
of custom apparatus that is needed 5oL \ o ; 4
and that is unavailable : - r ’ =

. j L Fiber-Based Grating o
commercially, and thus be / === Fiber Output
constructed by hand (see Fig. 1

Figure 3: Experimental Testbed. Completed custom components are
which highlights our infrastructure  noted. These have been integrated into our 1-10 keV scanning electron
development to date). Below we microscope. Further discussion provided in the text.

summarize our infrastructure

developments over the first 1 year of this program, with an emphasis on (1) the electron
53



interaction zone, (2) the laser system and electron modulator, (3) the electron spectrometer, and
(4) the beam alignment and referencing. Various aspects of this work have been presented at the
WE-Heraeus-Seminar on Quantum Electron Optics in Israel, where it won Best Poster and was
upgraded to an oral presentation. Aspects of the apparatus will also be presented at EIPBN 2023.

Nanostructured Fiber Tips The core experiment revolves around a nanoscale grating pattern that
is fabricated directly on top of the tip of a fiber-optical cable. The nano-patterned fiber is used to
simplify light collection. Since the depth of focus of the beam is on the order of 10 um, the
nanostructure protrudes to allow close impact of the beam. These fibers were fabricated via a
customized process of hydrofluoric acid vapor etching, polishing a flat 10-pum plateau onto the tip,
gold evaporation, and ion beam milling of nanostructures on top. In Fig. 2a we show a micrograph
of a patterned fiber structure. The fiber is covered with a thin (~50-nm) gold layer that prevents
the build-up of electric charge on the otherwise electrically insulating fiber and acts to favor the
radiation of photons into the fiber rather than into free-space. We calculate up to 25-fold
improvements in the photon collection efficiency at targeted wavelengths compared to
conventional free-space approaches.
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Figure
4: Module Progress - (a) A nanofabricated fiber, with various pitch gold gratings shown
on top; 100-nm-period gratings are visible. (b) Photon counts vs. delay from photon
detection to electron detection event, demonstrating ultrafast triggering of our electron
source, as evidenced by varied delay times when propagating down the column. (c)
Phosphor image of the dispersion of our electron spectrometer for various beam energies.
The 10-V steps in beam voltage were easily detected, and sub-V changes in the beam
energy should be resolvable.

Laser Triggering and Electron Modulators for Controlled Beam Bunching Our experimental
configuration enables us to study spontaneous emission of Smith-Purcell radiation into the optical
fiber. In a more involved configuration, we will propagate the electron across a modulated electric

54



field before passing aloof to the fiber pattern. With this approach, as the electron bunch (or wave
function in the case of a single electron wavepacket) exits the modulation field, it obtains a spatial
probability distribution with local maxima that coincides with the period of the nanosized patterned
structure. The modulating electric field is generated by illuminating a metallic aperture grid (the
‘modulator’) with a pulsed laser. The addition of a modulator to the experimental configuration
enables us to study stimulated and super-radiant Smith-Purcell radiation into the fiber. So far we
have integrated the modulator grid (shown in Fig. 1) as well as demonstrated ultrafast electron
emission required for such a process (see Fig. 2b). Our next step is to check that we generate
modulated sidebands using the electron spectrometer, described below.

Low-Energy Electron Spectroscopy with Sub-eV Resolution We also have designed, constructed,
and tested an electron spectrometer to allow us to verify the generation of electron bunching, as
well as to characterize the electrons after superradiant emission. The spectrometer is integrated
into our SEM as shown in Fig. 1. Early results from the spectrometer are shown in Fig. 2¢c. Our
results indicate we can measure electrons with sub-eV energy rsolution, and nanosecond temporal
resolution. This time and energy resolution will allow us to directly observe single-photon
modulation once the phosphor is replaced by a scanned slit.

SE image of scan across edge detector Oscilloscope time trace of edge detector voltage

! Edge signal recovered
Timescale: 2 pus
—

Edge amplifier output (V)

Falling edge, transition signals electron beam exits edge

Figure 5: Electron Edge Synchronization - Micrograph of the electron beam going over the edge, with the fast
synchronization scan output shown. By repeatedly scanning over the edge and then aloofly exciting the fiber,
we can accurately calibrate the spatial position of the beam despite beam vibrations inherent in our system.

Edge-Detection for Nanometer-Scale Beam Alignment The intensity of the generated radiation
decreases exponentially as a function of the separation distance between the pattern and the passing
electron. This separation, referred to as the impact parameter, must be calibrated and controlled
in measurement with nanometer-scale accuracy for proper data interpretation, in order to ensure
superradiant light enhancement is not due to a varying impact parameter. Furthermore, beam
impact with the sample can lead to incoherent background radiation in the form of
cathodoluminescence which must be either avoided or accounted for properly during the
experiment or in post-analysis. To this end, we have developed a form of active scan
synchronization, in which a cleaved semiconducting edge is used to detect the presence of a
constantly scanned electron beam. By repeatedly scanning the beam over the edge of the sample
faster than vibrations and instabilities of the system, we can use the edge detector signal to calibrate
all of our output photon and electron signals to when we know the beam exited the edge. Sample
data of the edge and the reference signal are shown in Fig. 3. The setup is shown in the inset of
Fig. 1, showing the edge detector and fiber placed on nanostages for alignment.
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Modeling Efforts We have made significant progress on a fully numerical model of stimulated
Smith-Purcell radiation as well as on a novel, analytical approach to self-stimulated, superradiant
Smith-Purcell. Firstly, we developed a frequency-domain numerical model to analyze light
emission driven by free-space electrons in an arbitrary three-dimensional material and geometric
environment. This generalized Smith-Purcell simulator was benchmarked via basic Cherenkov
radiation simulations via the Frank-Tamm equation. Furthermore, this solver was adapted to
handle arbitrary electron phase space distributions; the solver can take in arbitrary temporal and
energetic distributions of electrons. This solver is currently being used to optimize preliminary
grating designs for our stimulated Smith-Purcell experiments. The solver is also being used to
develop initial expectations for the dependence of the emission on beam parameters. Beyond this
fully numerical solver, we have also made significant strides in developing an analytical approach
to understanding self-stimulated, superradiant Smith-Purcell. This analysis adapts core
assumptions of free-electron laser theory to low-energy electron beams. The analytical approach
takes the form of a coupled set of first-order equations similar in structure to the pendulum and
wave equations from free-electron laser theory. This analytical model will guide our efforts to
achieve superradiant Smith-Purcell and will orient our experimental investigations into the
ultrafast dynamics of this process.

Future plans Now that the bulk of the experimental apparatus is in place, we will begin
measurement work toward the scientific goals of this program. Our future experiments will include
(1) generating and characterizing attosecond electron bunches, (2) demonstrating energy
modulation via the inverse-Smith-Purcell effect from our fibers, (3) demonstrating standard Smith-
Purcell radiation into our fibers, (4) demonstrating enhanced light generation due to bunched
charges, and lastly (5) using electron spectroscopy and multiple modulation stages to understand
electron dynamics during this process. In parallel with this work, we will also seek to further
improve our modeling and understanding of seeded and self-amplified superradiant processes.
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Research Scope

The major research focus of this program is to utilize nitrogen-vacancy (NV) centers [1], optically
active spin defects in diamond, to realize nanoscale quantum sensing and imaging of topological
magnets, probing the fundamental physics underlying the interplay between band topology,
electron correlations, and magnetism in emergent quantum states of matter. Specifically, we will
visualize the exotic noncollinear spin textures of (anti)ferromagnetic Weyl semimetals [2] and
investigate magnetic phase transitions in topologically protected condensed matter systems. We
are also interested in using scanning NV microscope to perform concurrent imaging of local
magnetic structures and electric current flow patterns in intrinsic magnetic topological insulators,
uncovering the underlying mechanism behind the recently observed “high-temperature” quantum
anomalous Hall effect [3]. Our “stretch” goal is to develop hybrid quantum systems consisting of
quantum magnets and NV centers to establish controllable quantum entanglement between distant
spin qubits via energy dissipationless chiral edge states.

The proposed research will make important contributions to the burgeoning field of
quantum materials and promote the role of topological materials in the development of next-
generation, transformative quantum information sciences and technologies. By developing the
cutting-edge quantum sensing techniques and demonstrating their operations under broad
experimental conditions, we propose to provide a versatile NV-based quantum microscopy
platform, which could be extended naturally to a large family of untapped material systems and
benefit the material science community in the long run by expediting progress towards future
quantum technologies.

Recent Progress

After starting this early career program, the Du research group has been intensively working on
developing state-of-the-art cryogenic scanning NV microscope for the proposed research study.
The measurement system consists of a home-built confocal and a custom-designed atomic force
microscope operating in a cryostat. The variable temperature insert is placed inside the bore of a
three-dimensional superconducting vector magnet. The microscope head is positioned at the
bottom of the insert. A window on top of the cryostat provides an optical access for NV
measurements. A diamond cantilever is glued to a quartz tuning fork for force-feedback atomic
force microscopy operations. The NV-to-sample distance typically lies in the range from 20 nm to
100 nm. A sample holder with pre-designed coplanar waveguides is fixed onto a stack of piezo-
based positioners and scanners to perform engagement with the diamond cantilever and two-
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dimensional (2D) scanning measurements. The ., ;_j50« (b) T =200K
spatial resolution of the scanning NV microscope

can reach tens of nanometers with single-spin

sensitivity capable of resolving nanomagnetic

patterns of various condensed matter systems from

1.8 to 300 K.

Currently, the Du research team is using the = K
cryogenic scanning NV system to study local () 7=2s0k  (d) T=300K
magnetic properties of (anti)ferromagnetic Weyl ‘
semimetal Mn3Sn [2]. Figure 1 presents nanoscale
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Mn3Sn thin film. It is evident that Mn3Sn shows
vanishingly small magnetization in the low-
temperature spin glass phase, while robust . ) )

. . . Figure 1 (a)-(d) Our scanning NV images of local
magnetlc features emerge in .the.hlgh-temperature magnetic stray field emanating from a S0-nm-
regime with the characteristic inverse triangular i Mn,Sn thin film at 100 K, 200 K, 250 K. and
spin state. Our results bring the possibility of direct 300 K. Scale bar is 500 nm for all images.
visualization of local spin orders of non-collinear
antiferromagnets. Taking advantage of the unprecedented spatial resolution of a scanning NV
microscope, we are also working on developing hybrid quantum systems consisting of nanoscale
magnetic domains and spin qubits to realize electrical control and measurements of local NV spin
properties [4]. We have used the scanning NV magnetometry to image spin-orbit-torque (SOT)-
driven domain wall dynamics in Co-Ni-based magnetic multilayer heterostructures as shown in
Figs. 2(a)-2(c). By applying different electrical write currents to systematically control the SOT-
induced domain wall motions, the local field environment of a proximate NV center can be
precisely engineered, enabling electrical switching of NV spin properties between two (multiple)
different states. Electrical measurement of NV properties is achieved through the variation of
anomalous Hall voltages, which is intimately tied to nanoscale domain-wall-motions in the
magnetic channel of the magnetic device. Our work demonstrates the two-fold advantages of NV
centers in quantum sensing and quantum information science studies. The observed electrically
tunable coupling between

-2.5

NV centers and propagating (a) -
magnetic  domain  walls
further highlights the "

appreciable opportunity for
promoting the scalability,
quantum interconnection, VL —_ {
control of entanglement, and » Initial state Turwe = -24 MA Lurie = 28 mA

other tailored fun.ctionalities Figure 2. (a) Nanoscale stray field imaging of a magnetic domain wall
of NV-based hybrid quantum  formed in a Co-Ni multilayer device. (b)-(c) Application of a negative (—24

systems. mA) and a positive (28 mA) electrical write current pulse reversibly drives
domain wall forward propagation (b) and backward retraction (c) motions.
Future Plans Scale bar is 200 nm for all images.

We plan to investigate

temperature and field

dependent evolutions of chiral magnetic domains in Mn3Sn, providing a microscopic assessment
of magnetic phase transitions in topologically protected quantum magnets. We also suggest
probing local variations of chiral spin textures in response to the external stimuli such as external
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magnetic field, spin-orbit torque, and Joule heating, probing the underlying mechanism of
unconventional magnetization switching strategy in topological non-collinear antiferromagnets.

In parallel, we plan to use NV centers to image magnetic and electric-current patterns in
emergent quantum anomalous Hall insulators MnBi,Tes (Bi2Tes), (MBT) [3][5]. By studying the
quantum transport behaviors in different magnetic phases and correlate this information to
proposed scanning NV measurements, we propose to provide a new experimental platform to
probe the underlying mechanism of quantum anomalous Hall effect in the unconventional high-
temperature regime, shedding light on the fundamental correlations between microscopic spin
textures and quantized electron flows in intrinsic topological magnets.
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Mid-Infrared Colloidal Quantum Dots LEDs.
Philippe Guyot-Sionnest, James Franck Institute, The University of Chicago.

Research Scope

This project explores colloidal quantum dots as mid-infrared electroluminescent devices. The
objectives that will be pursued in parallel are (i) a determination of the main non-radiative
mechanisms affecting the mid-IR luminescence for interband and intraband colloidal quantum
dots, (ii) a solution-based synthesis of core/shells and of a material matrix that maximizes the
photoluminescence (iii) the invention of mid-IR LEDs based on such materials (iv) the exploration
of the performance limits and comparison with state-of-the-art solid state and thermal sources.
The research is motivated by the need for mid-

1007 ] woos infrared sources for molecular spectroscopy and
10] - E gwnrqméé’k“"‘” sensing, affording high .modulation rates, low
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Wavelength (m) or solar energy power. The solid-state dominant

Figure 1. Average power of infrared LEDs as a technology uses epitaxial materigls. based on
function of the wavelength output (from reference | quantum well and cascade emission. — The
1). performances achieved with these advanced
materials decays rapidly with increasing
wavelength as shown in Fig. 1.[1] Moreover, these epitaxial material performances seem to be
within reach of the simpler solution processed CQD mid-IR LEDs. Additionally, CQD LEDs
promise relatively unlimited production scalability, extreme cost reduction and fabrication in
extended pixelated format.

This project proposes a novel use of CQDs with novel modalities using either interband and
intraband chromophores. The II-VI materials first targeted have toxicity issues because of Hg or
Cd. The small amounts needed in the active layers should be within the RoHS (restriction on
hazardous substances) requirements, but the extension to less toxic material such as III-V is
explored. This project supports a graduate student full time over three years to cover the material
synthesis/ characterization and the LED device fabrication. The research is synergetic with a
decade of our prior work on infrared quantum dots and photodetector, and could lead to a demo
sensor with a high frequency CQDs LEDs and detectors in one single unit.

Recent Progress

Since the beginning of the grant, our yet unpublished results have demonstrated the first instance
of cascade emission with CQDs, the first instance of electrically driven intraband emission, a
record electron-photon quantum efficiency of 5% and power conversion efficiency of 0.1% for
emission at 5 microns, which are comparable to quantum well epitaxial devices, and 50 x
improved compared to our previous Mid-IR LED based on HgTe CQDs.[2] The figure 2 shows
a schematic device structure and the mid-IR emission as a function of drive current.
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Figure 2. (a) Schematic of the CQD mid-IR LED device. (b) mid-IR emission with increasing current.
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Future Plans

Prior results with mid-IR CQDs in solution led to a record 2% emission efficiency at 5 microns
and 300K, but we do not yet know if this is limited by the material interfaces, rather than by
multiphonon processes. We therefore explore the photoluminescence efficiency limits of
core/shell CQDs in inorganic matrix in the mid-infrared. The materials used in our recent LEDs
had a PL conversion efficiency of about 0.1% and any increase in emission efficiency will improve
the overall power efficiency, possibly surpassing the epitaxial quantum well structures. We will
also explore intraband CQDs of existing commercial core/shell materials, such as the InP/ZnS
currently applied for TV displays. Such materials might be more acceptable for commercial
applications.
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Research Scope

We focus on the dynamical response of random systems far from equilibrium. Historically
glassy materials, polymers, and gels fall into this category, and now there are social science
examples that exhibit similar properties. We use spin glasses in our research because their
dynamics are far from equilibrium, and because we can directly measure their properties via their
magnetic signature, a distinct advantage over other systems. We test the relevance of the basic
physical laws that have been derived under equilibrium conditions in non-equilibrium situations.
Remarkably, we find that many equilibrium properties are present under non-equilibrium
conditions, thus displaying the generality of response functions that were thought unconnected.
An example is temperature chaos which had been an equilibrium concept. We have found that
equilibrium scaling applies to a non-equilibrium state as well. Our future work (see below) will
continue this exploration.

An example of the reach of our research is our microscopic explanation for rejuvenation and
memory. Itis a common phenomenon in glassy materials, having been reported most recently
for structural glasses.! Our observation of temperature chaos in spin glasses has provided a
quantitative basis for rejuvenation.> Through the “lens” of time and temperature dependent
correlation lengths, we have derived a quantitative expression for memory.

We use a variety of measurement facilities to probe spin glass dynamics. These include a
commercial SQUID magnetometer at The University of Texas at Austin, a sensitive home-built
SQUID magnetometer at the Indiana University of Pennsylvania, an electrical resistance noise
system, a commercial dc/ac magnetometer, and a home-built ac susceptometer with
perpendicular capability at the University of Minnesota. An important additional strength is our
relationship with the numerical simulations and theory of the Janus II Collaboration, based in
Spain and Italy. We interact very closely with them, and have published joint papers (see
Publications below). Their insights derived from their numerical simulations for memory served
as guidance for our experimental extraction (and understanding) of this phenomenon.
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One example of this relationship was the derivation of a scaling law for the response of spin
glasses near the condensation temperature T,.* The use of the spin glass correlation length
obviated the need for an accurate knowledge of Ty, as required for all previous scaling
relationships. We have explored the non-linear properties of spin glasses, using these scaling
laws, and developed a microscopic description of the correlated region.

Recent Progress

At first sight, rejuvenation and memory seem contradictory concepts. Rejuvenation is the
observation that when a system is aged at a temperature T; for a time twi1, and then cooled to a
(sufficiently) lower temperature T, the system reverts to the same state it would have been had
the system been directly cooled to T>. The state at temperature T is independent of its having
approached equilibrium at T;. We have shown that this is caused by temperature chaos in the
case of spin glasses.? The conundrum arises when the system is warmed back to T and it
exhibits its aged behavior, hence memory. How is it possible to return from a state created by
chaos to its original aged state?

The experimental expression for rejuvenation and memory is pictured below for the imaginary
part of the susceptibility, x”, for a spin glass. The " data are for a single crystal of 7.92 at.% Mn
in Cu as measured by Ms. Jennifer Freedberg (School of Physics and Astronomy, The University
of Minnesota, Minneapolis, Minnesota 55455, USA).
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The dashed lines is the “reference” curve, with the spin glass continuously cooled to a low
temperature (here, 5 K) below the transition temperature (Tg = 41.6 K) and then heated above the
transition temperature. The spin glass is then cooled to T1 = 22.5 K and held at T; for a time tw1
(here, 1 hour). As seen in the figure, " is reduced when aged at Ti. After twi the spin glass is
then cooled to a lower temperature. As seen in the figure, x” returns to its reference curve value
after a sufficient temperature drop. This is termed “rejuvenation.” The spin glass is then cooled
to a temperature T», held for a time two (the effect of waiting at T» is not shown in the data), and
then heated back to above Ty. Remarkably, x” partially traces out its values that aging for tw1
created at T1. This is termed “memory.” But how can memory happen if the spin glass went
through a chaotic transition to achieve rejuvenation?

The solution of this conundrum was resolved by the Janus II Collaboration. When the spin glass
is cooled to T and aged for a time tw1, a correlation length is grown from nucleation (att =0
when the temperature reaches T1) to a value §(tw1,T1). When the spin glass is rapidly cooled to
T», the spins in this correlated state are “imprinted” on the system. Because the temperature
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difference, T1 — T», is sufficient for temperature chaos, a new correlation length grows from
nucleation at T> as a consequence of aging for tw2: §(tw2,T2). But this correlated state has nothing
to do with the initial spin correlations created at T after twi. Hence, as §(tw2,T2) grows, it
“destroys” the correlations of &(tw1,T1). If &(twz,T2) is sufficiently small (the correlation length
growth slows considerably as the temperature is lowered), then memory results. If one waits
until &(tw2,T2) = &(tw1,T1), memory is destroyed. A quantitative expression for memory derived
from this hypothesis is then,

M F(f’w‘ﬂ’j} (D—(8/2)]
‘f(t'UJJ- 3 T1 )

where D = 3 is the spatial dimension, and 0 is the replicon exponent, roughly equal to 0.34. The

ratio on the right is just the ratio of the volume of the regions subtended by &(tw2,T2) and

E(tw1,T1), respectively. The question is, is this true? Experiments of Jennifer Freedberg find,

which have the correct trend with memory increasing as tw1 increases, and memory decreasing as
tw2 Increases; a more quantitative analysis is in progress
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We have measured the 1/f electrical noise in thin CuMn thin films.> The probability distributions
for the free energy barriers at T = 0 as a function of thickness were extracted. The magnitude of
the barrier heights was found to be considerably larger than those extracted from conventional
dynamical measurements on thin film and in bulk samples. Our analysis suggests that this
difference derives from the different range dependences of the RKKY interaction between the
two measurements. The 1/felectrical noise range is limited by the electron mean free path, while
single crystals experience the full oscillatory range of the RKKY interaction.

Future Plans

The quantitative expression for memory requires knowledge of the correlation lengths at
temperature T1 with waiting time tw1, and at T> with tw2, namely &(tw1,T1) and &(tw2,T2) in the
expression for M above. We have used the growth law to estimate these quantities, but there are
unknown constants that obviate a direct comparison. Instead, we propose to measure §(twi, 1)
and &(tw2,T2) directly using the effect of a magnetic field on the spin glass response function.
While this is (now) standard procedure, it nevertheless requires some sophistication with respect
to the extraction of the signal from the noise. We shall measure these quantities at the same
temperatures and waiting times as those exhibited in the above figures. A side benefit will be the
establishment of the values for the constants in the growth laws for &(tw,T).

65



Using a sensitive home-built SQUID, we shall use the scaling law? to fit the non-linear behavior
for temperatures just below T,. This will extend our understanding of spin glass dynamics
controlled by the T = Ty fixed point. The correlation length is set by the critical fluctuations near
Te, the so-called “Josephson length™*, while previous experiments have only probed the growth
law correlation length controlled by the T = 0 fixed point. Our preliminary experiments have
shown a rapid reduction in the effective response time, t,°, as T — T, from below. That is, ty
~ ty in the limit that H — 0, but for ty = 10,000 sec, we are finding t+°"" =~ 100 sec. This implies
that the free energy barriers are tending toward zero as T — T, from below. We shall follow this

line of inquiry to establish the nature of spin glass dynamics in the immediate vicinity of T,.

eff

Previous measurements of electrical 1//noise on CuMn thin films have established the
probability distribution of the free energy barriers at T = 0 K. They were found to be larger than
those extracted from spin glass dynamics using the conventional method for their extraction from
measurements of t,*. This was thought to be a consequence of the differing length scales in the
two approaches: the electron mean-free path for 1/f noise measurements vs the full RKKY length
in single crystals for the extraction of t*. New measurements on AgMn thin films are
underway. The comparison between the two systems will be used to separate the effect of
scattering on the RKKY coupling in metallic spin glasses.

The use of a Heisenberg-like spin in CuMn and AgMn metallic alloys has been bedeviled by the
similarity of behavior to Ising-like spin glasses. This is thought to be a consequence of
Dzaloshinsky-Moriya anisotropy that results in a freezing of the longitudinal component of spin
at the condensation temperature T,. However, it has been predicted in mean field theory that the
conventional ac susceptometers that measure spin glass response in the direction of the magnetic
field, i.e. in the longitudinal direction. We shall search for transverse freezing in single crystals
of CuMn to test the predictions of mean field theory.
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Research scope

We have studied magneto-optical and spin responses of photocarriers and excitons in hybrid
organic inorganic perovskite semiconductors (HOIPs). During the last two years we have
investigated: (i) The photocarriers spin response in various 2D and 3D HOIPs using ps transient
quantum beatings in the time-dependent circular reflectivity; (ii)) The magneto-optic response of
these materials using the high magnetic field national laboratory (MaglLab) in Tallahassee Florida,
that included magneto-excitons and Landau levels of the continuum bands.

Recent Progress

(i) Picosecond transient spin response of photocarriers in 3D HOIPs
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Figure 1. Photoinduced quantum beatings (QB) in MAPbI; single crystal at various magnetic field strengths measured
at 4K with light incident along [100] and applied magnetic field along [001]. a-c Magnetic field (B) dependence of
the circularly polarized reflectivity (c-PPR(t)) response measured at 758.5 nm pump/probe beams at various field
strengths as denoted, and theirs corresponding FFT spectra, d-f. g The corresponding QB frequencies for the fast (red)
and slow (blue) beatings vs. B up to 700 mT and the Landé g-factors obtained from the two slopes, as indicated [2].

MAPDI3: Utilizing the spin degree of freedom of photoexcitations in hybrid organic inorganic
perovskites (HOIPs) for quantum information science applications has been recently proposed and
explored [1]. However, it is still unclear whether the stable photoexcitations in these compounds
correspond to excitons, free/trapped electron-hole pairs, or charged exciton complexes such as
trions. We have investigated quantum beating (QB) oscillations in the picosecond time-resolved
circularly polarized photoinduced reflection (c-PPR(t)) of single crystal methyl-ammonium tri-
iodine perovskite (MAPbI3) measured at cryogenic temperatures [2]. We observed two quantum
beating oscillations (fast and slow) whose frequencies increase linearly with the magnetic field, B
with slopes that depend on the crystal orientation with respect to the applied magnetic field (Fig.
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1). We assign the quantum beatings to positive and negative trions whose Landé¢ g-factors are
determined by those of the electron and hole, respectively or by the carriers left behind after trion

recombination. We obtained gf”ooﬂ =2.52 and gfﬁo]z 2.63 for electrons, whereas |g?001] | =0.28

and | g?ﬁo] | = 0.57 for holes. The measured g-values are in excellent agreement with an 8-band k.p

calculation for orthorhombic MAPbI3 [2]. Using the technique of resonant spin amplification of
the quantum beatings we measured a relatively long spin coherence time of ~11 (6) nanoseconds
for electrons (holes) at 4K. This work was published in Nature Communication [2].
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Figure 2. Temperature and magnetic field dependencies of the photocarriers’ spin relaxation rates in CsPbBr3
measured along <001> crystal orientation at B =10 mT. (a) Spin dephasing rate of electrons and holes as a function
of B measured at 4K. (b) Spin dephasing rate of electrons as a function of temperature up to 60K, which is fitted using

INo+To % (red curve); due to Elliot-Yafet mechanism dominated by a LO phonon.
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CsPbBr3: We have studied the magneto-optical properties of photoexcitations in CsPbBr;3 single
crystals using the technique of picosecond time-resolved quantum beatings (QBs) in the circularly
polarized photoinduced reflection, as well as steady state magneto-circular dichroism (MCD) in
CsPbBr3; film [3]. In the Voigt configuration at magnetic field strength B>0, we observed fast and
slow QB oscillations that we attribute to the Larmor precession frequency of electrons and holes,
respectively. From the linear frequency dependence on B, we extracted the carrier anisotropic
Landé g factors for applied B along [010] and [001]; for electrons |ge [001]] = 1.95 + 0.04 and |ge
[010]| = 1.82 £ 0.04, whereas for holes |gn [001]| = 0.69 £ 0.02 and |gn [010]| = 0.76 = 0.02. These
values are in excellent agreement with a k-p model calculation applied to CsPbBr3. Surprisingly,
we found that at B = 0 there is still electron QB oscillation of ~500 MHz that we interpreted as
due to the Overhauser field from the nuclei [3]. This field originates from the spin-aligned nuclei
caused by the Knight field related to the spin oriented photocarriers that produce dynamic nuclear
spin polarization [4]. From the measured MCD spectrum vs B, we obtained the g-factor of the
bright excitons gex = ge + gn = 2.18 showing that the g-value of holes in CsPbBr3 is positive. We
also measured the temperature and magnetic field dependencies of the electron and hole spin
dephasing times (Fig. 2) which support the Elliot-Yafet spin-relaxation mechanism based on LO
phonon. This work was recently published in Phys. Rev. B [3].

(ii) Dark exciton in 2D hybrid halide perovskite films revealed by magneto-
photoluminescence at high magnetic field

We have studied the exciton fine structure (EFS) in 2D-phenethylammonium lead iodide (2D-
PEPI) films using magnetic field induced circular and linear polarization of the photoluminescence
(PL) in both Faraday and Voigt configurations at fields up to 25 Tesla. The measurements were
performed at MagLab in Tallahassee Florida. We identified three exciton bands in the PL spectrum
associated with bound excitons, dark exciton and bright excitons, respectively. Under high
magnetic field in Faraday/Voigt configuration, large field-induced
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Figure 3. (A and B) The field induced circularly polarized PL (FICPO) spectra of 2D-PEPI measured at 4K in the
Faraday configuration at various B.. The bottom plot within each panel shows the PL deconvolution using three Voigt
functions as denoted. (A) Left circular polarization (o+), and (B) right circular polarization (c-). (C) The summation
of the magneto-photoluminescence (MPL) response of EXy, EXa1 (DEX or dark exciton) and EXa»> (BEX or bright
exciton), respectively at various B.. The lines through the data points for EXa; and EXa» are fits using Lorentzian
functions. (D) The degree of field induced circular polarization, P. (namely FICPO) of the three PL bands vs. B.. The
lines are fits from which we could extract the effective g-value.

circular or linear polarizations have been observed in the PL band related to the dark exciton, which
is magnetically activated. Furthermore, we found that the dark exciton has an anomalous field
induced circular polarization that cannot be explained by the classical Boltzmann distribution of
spin-polarized species. Our findings are well explained by an effective mass model that includes
exchange terms unique to the monoclinic symmetry as a perturbation of the EFS in the approximate
tetragonal symmetry. This work has been recently submitted to publication.

(iii) Anomalous Landau levels in 2D hybrid organic inorganic perovskites with strong
Rashba spin orbit coupling

The two-dimensional (2D) layered HOIPs self-assemble into multiple quantum well structures
having strong spin-orbit coupling (SOC), which in the presence of inversion symmetry breaking
may lead to giant Rashba splitting [5]. We used magnetic circular dichroism (MCD) spectroscopy
for studying the excitons and charge carriers in a prototype 2D-HOIP, namely CsHsCoH4NH3)2Pbly4
(2D-PEPI) at magnetic field, B up to 25 T at MagLab in Florida. The MCD spectra contain sharp
oscillations above the band edge that are caused by optical transitions from Landau levels (LL) in
the valence band to LL in the conduction band. The presence of the strong Rashba SOC in the
monoclinic crystal structure of 2D-PEPI causes giant LL energy spacing and mixed MCD polarity.
We also found that an external in-plane electric field causes substantive increase in the Rashba
SOC which increases the LL energy spacing.

Future Plans

During the 6th support year of our program we have worked on several projects that involve
circular dichroism, magneto-circular dichroism and field induced circularly polarized PL of 2D

70




and 3D HOIPs. We have preliminary results that show MCD of Landau Levels in 2D PEPI. Next
we plan to study the exciton fine structure and LL in PEPI films and crystals having 2 and 3 layers
of the inorganic component in the building blocks, using similar techniques. We also plan to use
these techniques for studying the excitons and continuum bands in chiral 2D HOIP.
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Charge, ions, and chirality in 2D metal halide perovskite quantum wells

Luisa Whittaker-Brooks, University of Utah, Department of Chemistry, 315 South 1400
East, Salt Lake City, Utah, 84112

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 pm). 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
Franz-Keldysh and Stark Effects in Two-Dimensional Metal Halide Perovskites
When the 2D limit (n = 1) is realized in MHPs, unique quantum and dielectric confinement effects
sum together to increase the exciton binding energy (£g). This enhancement of £ translates to
greater spectroscopic separation of the exciton, which we have investigated using
electroabsorption (EA) spectroscopy to answer long-standing questions regarding the effect of
chemical substitutions on Ep as well as the nature of lattice-exciton interactions. EA simulations
and measurements allow for a deepened understanding of the redshift of exciton energy, according
to the quadratic Stark effect, and the continuum wave function leaking, according to the Franz-
Keldysh effect.
Findings: The spectroscopic isolation of the 2D MHP’s exciton not only allows for accurate
determination of the exciton’s energy level, but also its transition dipole moment pg. and
polarizability age which are given by the EA line shape. As shown in Figure 1A, the EA spectrum
for a 2D phenethylammonium lead iodide (PEA2Pbly) thin film acquired at 30 K (red) follows the
absorption spectrum’s first-derivative (solid black), corresponding to a large polarizability that is
expected for a 2D Wannier exciton. Surprisingly, however, the EA line shape transitions primarily
to a second-derivative (dotted black) near room temperature, as shown in Figure 1B. Such drastic
temperature dependence in the EA line shape has never previously been observed for solid
materials and represents a significant puzzle. As depicted in Figures 1C-D, the first-to-second
derivative line shape transition is gradual with temperature —pgc increases by a factor of ~8, while
age decreases by a factor of ~3, moving from 30 K — 300 K. We believe this anomalous trend is
caused by a disorder-induced dipole moment. In MHPs, the thermal motion of the atomic
coordinates significantly perturbs the band-edge electron states, creating a so-called “dynamically-
disordered” energy landscape. Asymmetry in a charged particle’s energy landscape naturally shifts
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its charge density, resulting in a substantial dipole moment that gives rise to the observed second
A . derivative line shape at room temperature. These

y | findings demonstrate the magnitude of the MHP
lattice’s perturbation to band-edge electrons prior to
the lattice response. The inducing of a dipole moment
has been an overlooked component of the charge-
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Figure 1. (A) The EA spectrum for (MAPDI3) structure is tin replacing lead (Sn — Pb)
PEA,Pbl, in the exciton range (red) closely resulting in MASnl;. The effect of the Sn — Pb

matches the first derivative of the substitution on the exciton—polaron states (binding
absorption (solid black) at 30 K. In contrast, energy, polarizability, etc.) or charge-lattice
(B) the EA spectrum acquired at 295 K| jnieractions are still open for debate and have large
closely matches the second derivative of the . .. . .

absorption (dotted  black). ©) implication on the observed optoelectronic properties

Temperaturedependent EA spectrum from upon alloying or moving completely to Sn MHPs.
30-310 K. At each temperature, the EA Findings: The Sn and Pb 2D MHPs have different EA
spectrum is fit to a linear combination of |  ]ine shapes in the exciton region—we observe a
Sﬁritrsnmd tosz%(t’:ii tﬁzriii?&’sazﬁrgggﬁ predominantly first derivative line shape for
dri)pole moment pge and polarizability age. PEA-Pbl4 and BA,Pbly, i.e., the applied field redshifts
(D) pge and oge as a function of the exciton peak, whereas for PEA>Snlsand
temperature. The near 10-fold increase in BA>Snl4 the line shape is far more second-derivative-
Hee from 30 to 310 K infer the presence ofa | Jjke, i.e., the applied field broadens the exciton peak.
dynamic disorder induced dipole moment. The exciton's EA response is presented in Figure
2A for PEAoPbls and Figure 2B for PEA>Snls. The
derivative fits corroborate that the PEA2Snl4 EA spectrum is far more second-derivative-like. We
determine a first derivative (second derivative) percentage of 92% (8%) for PEA:;Pblsin
comparison to 33% (67%) for PEA>Snls. The first derivative response (redshift) observed in the
Pb-based MHPs is expected for a Wannier exciton while the second derivative (broadening)
observed in the Sn-based MHPs is far more anomalous. The difference in line shape originates
from a real difference in the exciton dipole moment () and polarizability (oge) between the Pb
and Sn 2D MHPs. For tightly bound excitons, it can be shown via a Taylor expansion of the EA
signal that the e and age determine the derivative-like EA line shapes. In accordance with the line
shape difference, we measure much larger pge (=75 vs 10 D) and much smaller oge (=7 x 10° vs 50
x 10° A3) for the Sn-based 2D MHPs. The excitons within the Sn-based MHP films are more
affected by disorder because they reside in a shallower potential well (smaller £g) and therefore
the charge density shifts more substantially in the presence of disorder. It is the sum of these two
effects, low Eg and high disorder, that produces the observed seven-fold increase in pge when
moving from Pb — Sn. The reduced exciton polarizability in the tin-based 2D MHPs indicates that
the excitons have smaller radii a « (er)®. This finding places excitons in Sn-based 2D MHPs on
the border between Frenkel and Wannier classifications, as depicted in Figure 2C, since the length
of the radius is roughly equivalent to one [Snls]* octahedral subunit, in contrast to roughly three
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[Pbls]™ octahedral subunits in the case of lead. The electron localization was correlated to the
elongation of specific tin-halide bonds and the formation of a tightly-bound small polaron. The

A B , trend was robust and observed for a wide range of
6 PERERl b\ T ABX;3 compositions. Thus, we believe a similar effect is
=4 5 ohs present here in the 2D case, namely, the dynamic disorder
g 2y %1 | of the polar lattice localizes exciton states in tin-based 2D
So p- MHPs via Anderson localization resulting in smaller
i i exciton radii. Considering that within the Frohlich

ol formalization the exciton—phonon coupling strength is

236 240 244 1.96 2.00 : : : ~
Energy (V) Energy (eV) proportional to the exciton radius, the factor of =3

> decrease in the exciton radius moving from Pb to Sn also

c [PoL] o mey explains the significantly reduced exciton—phonon
Q ZH: ;g‘?ozn; coup@ing. in th@ Sn-based MHPS. Electton and hole
r-18nm  localization typically results in the trapping of charge

(Snl.J? carriers which is detrimental to optoelec?ronic devipe

PR performance. However, for MHPs there is substantial

u-%0D . evidence that localization and polaron formation increases

r=05mm  carrier lifetime by decreasing electron-hole wavefunction

overlap. Indeed, by performing time resolved PL on single

Figure 2. The exciton's EA response
(blue) at low temperature fit to first and
second derivatives of the absorption
(dashed black) for A) PEA,;Pbl4 and B)
PEA>Snly. The downward pointing
arrows marks the exciton's absorption
peak. C) Cartoon representation of the 1s
exciton state. The excitons in tin-based
2D MHPs have smaller binding energies,
larger  dipole = moments, smaller
polarizabilities, and smaller radii than
their lead counterparts.

crystals we measure the exciton lifetime to be ~3x longer
for PEA>Snl, than PEA,PbL..
c. Strong Rashba-Dresselhaus Effect in Nonchiral 2D
Ruddlesden-Popper Perovskites

Chiral 2D MHPs have garnered attention from the
spintronic research community because they potentially
possess large Rashba-Dresselhaus effect that enables
them as promising materials for spin-logic devices, such
as spin transistors. Optically, the spintronic properties of
chiral 2D MHPs are wusually studied by two

complementary methods: circular dichroism (CD) and circularly polarized luminescence (CPL).
The CD process originates from thermally equilibrated electronic ground states within the
structure, while the CPL process originates from the vibrationally relaxed electronic excited states.
Chirality transfer from organic chiral molecules to lead halides is theorized as the origin of the
strong Rashba-Dresselhaus effect causing large circular dichroism (CD) and circularly polarized
luminescence (CPL) in MHPs. Although it is widely accepted and used to explain the CD and CPL
signatures in others chiral organic-inorganic system, e.g., chiral molecules-quantum dots, such as
thiol capping ligands L- and D-cysteines-cadmium selenide quantum dots, and chiral molecules-
colloidal perovskite nanoplatelets such as R- or S-phenylethylammonium-methylammonium lead
bromide perovskite nanoplatelets, “chirality transfer” is a new and vague concept. Moreover, CD
and CPL responses can be observed in several nonchiral materials. Therefore, whether “chirality
transfer” is the only reason for the large CD and CPL in MHPs has not been clearly answered. In
our work, nonchiral 2D MHPs exhibit extrinsic chiral behavior when interacting with light. The
circularly polarized dependent absorption is caused by the combined effect of strong Rashba-
Dresselhaus splitting in-plane symmetry breaking, and the effect of the exciton momentum on its
fine structure.
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Findings: we systematically studied the Rashba-

(A) 2D 3D Dresselhaus  effects in  nonchiral 2D  RPPs
bt bl -".f";";":-"' (BA):MA,-1Pbul3,+1 withn= 1, 2, 3 and 3D
WLl T S4ee CH;3NH;PbI; (MAPbI3) (1 =) by using CD and CPL
Feve [t ‘Sood . 999Y spectroscopies. Remarkably, we observe a giant CD =
. M &: hasad ‘ 100 mdeg at room temperature and a CPL response of

L n== ~4.8% at 10 K and =2.8% at 293 K from the 2D RPP n =

1 thin film in the absence of an applied magnetic field.
However, the measured CD and CPL signals are an order
of magnitude smaller in the 2D RPP n = 2 thin film and
i , ' [ ] are not detectable for the quantum well perovskite thin

32:___._% f*\,&_.,;_ i e, | 3 ﬁlms n= 3, and n = (Figqre 3). qu observation
£ o | 13 Ee=n | % ¢ indicates that there is a nontrivial mechanism other than
i I".,.!i (B): T Camenz Y (_(5) " “chirality transfer” that causes the giant CD and CPL
N s B | Ao VAL responses in these 2D MHPs. We hypothesize that the
Enerw ) ] =Ll z strong CD and CPL signatures observed are associated
ety _o (E) =  with the strong Rashba-Dresselhaus splitting in the 2D
H ﬂv\ ; £ Eg RPPs. Owing to strong lattice distortions at the
8 looms | L — .z organic/inorganic interface, the quantum well with more
) ~ <o ~ & interfaces leads to more distortions, thus larger Rashba-

U eyen T Dresselhaus splitting. This hypothesis is confirmed by
Figure 3. (A) 2D RPPs, (BA):MA,. density functional theory (DFT) calculations where the

1Pbulzne withn =1, 2, 3 and 3D MAPbI3
(n=). Circular dichroism (CD) and
derivative of absorption spectra (red and

interlayer distortions of the superlattices leads to the
major Rashba-Dresselhaus splitting. To quantify to
magnitude of the Rashba-Dresselhaus effect, we conduct

blue lines, respectively) of the 2D
Ruddlesden-Popper  (BA):MA,..1Pbnlsnti
quantum wells: (A)n=1, (B) n= 2, and
(C) n= 3. (D) Magnitude of CD of all the
2D RPPs and 3D MAPDI; with the Rashba
strength calculated wusing the second
harmonic generation.

magnetic circular measurement and estimate the
Rashba-Dresselhaus effective magnetic field in 2D
RPPn =1 to be =600 mT which is significant for an
organic metal halide material not having an organic
chiral molecule attached to the metal halide moiety.
iii) Future plans

Tailoring the symmetry and spin of 2D MHPs with strain: One of the greatest contributors
of strain in MHP thin films is substrate clamping, which is caused by the mismatch in the
coefficients for thermal expansion (CTE) between the HP and substrate and high annealing
temperatures used in HP thin film fabrication. Most MHPs possess a large and positive CTE, so
high annealing temperatures cause them to crystallize into an expanded unit cell. As the film is
cooled to room temperature, the MHP is only able to contract in-plane so much as the CTE of the
substrate allows, inducing a biaxial in-plane strain. Thus, maximizing the CTE mismatch and
annealing temperature will maximize this strain. Combining preferential orientation and substrate
clamping could allow for similar effects as that of epitaxial strain to be achieved without the need
for expensive epitaxial substrates and deposition. We hypothesize that strain-induced polar phases
of 2D MHPs may be accessed through combined strain and orientation engineering (CSOE).
Accessing the polar phase of these materials will induce unambiguous net polarization and
Rashba-Dresselhaus effects. We will further characterize the resulting strain, symmetry, and spin
properties achieved via CSOE to better understand fundamental spin and symmetry relationships
in MHPs.
v) Publications supported by this award

76



1. L. Flannery, K. R. Hansen, J. Ogle, D. Powell, K. Garden, L. Whittaker-Brooks. Voltage bias
stress effects and electronic stability of m-conjugated crosslinked tin halide perovskites. ACS Appl.
Energy. Mater., 2022, 5, 14720-14731.

2. K. R. Hansen and L. Whittaker-Brooks. Finding the FAIRness in perovskite photovoltaics
research. Matter, 2022, 5, 2561-2464.

3. K. R. Hansen, E. McClure, D. Powell, H.-C. Hsieh, L. Flannery, K. Garden, E. J. Miller, D.
King, J. Colton, L. Whittaker-Brooks. Low exciton binding energies and localized exciton-polaron
states in 2D tin halide perovskites. Adv. Opt. Mater., 2022, 2102698.

4. K. R. Hansen, C. E. McClure, J. S. Colton, L. Whittaker-Brooks. Franz-Keldysh and Stark
effects in two-dimensional metal halide perovskites. PRX Energy, 2022, 1, 013001.

5. E. Lafalce, E. Amerling, Y. Zhi-Gang, P. Sercel, L. Whittaker-Brooks, and V. Vardeny. Broken
inversion symmetry and Rashba splitting in organic-inorganic lead-halide perovskites revealed
through two-photon absorption spectroscopy. Nat. Commun., 2022, 13, 1-9.

6. D. Powell, K. Hansen, L. Flannery, and L. Whittaker-Brooks. Traversing charge dynamic
landscapes: Reduced dimensionality-inspired design of organic-metal halide semiconductors for
energy applications. Acc. Chem. Res., 2021, 54, 4371-4382.

7.J. Ogle, D. Powell, L. Flannery, and L. Whittaker-Brooks. Interplay between morphology and
electronic structure in emergent organic and n-d conjugated organometal thin film materials. /nd.
Eng. Chem. Res., 2021, 60, 15365- 15379.

8. E. Amerling, K. Hansen, and L. Whittaker-Brooks. Resolving buried optoelectronic features in
metal halide perovskites via modulation spectroscopy studies. J. Mater. Chem A., 2021, 9, 23746-
23764.

9. M. Pham, E. Amerling, H. M. Luong, A. T. Ngo, K. Hansen, H. T. Pham, T. N. Vu, H. D. Tran,
L. Whittaker-Brooks, T. D. Nguyen. Strong Rashba-Dresselhaus effect in nonchiral 2D
Ruddlesden-Popper perovskites. Adv. Opt. Mater., 2021, 2101232.

10. E. Amerling, Y. Zhai, B. W. Larson, Y. Yao, B. Fluegel, Z. Owczarczyk, H. Lu, L. Whittaker-
Brooks, V. Blum, and J. L. Blackburn. Charge transfer states and carrier generation in 1D
organolead iodide semiconductors. J. Mater. Chem. A., 2021, 9, 14977-14990.

77



Complex magnetism and emergent phenomena in correlated electron oxide materials

Principal Investigator: Prof. Hari Srikanth
University of South Florida, Department of Physics, ISA2019
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E-mail: sharihar@usf.edu

Co-Principal Investigator: Prof. Manh-Huong Phan
University of South Florida, Department of Physics, ISA2019
4202 East Fowler Ave, Tampa, FL 33620
E-mail: phanm@usf.edu

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),
magnetoresistance (MR), anomalous Hall effect (AHE), anomalous Nernst effect (ANE) 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, and
anisotropy on the exotic magnetic and spin transport properties in ferrimagnetic rare-earth iron
garnets (YIG, GdIG, TmIG), exchange-coupled bi-phase iron oxide nanoparticles (Fe3Oas/a-
Fe>03), Heusler type spin gapless semiconductors, bi-phase iron oxide thin films (Fe3O4/a-
Fe>03), spintronic heterostructures consisting of two dimensional material (graphene (Gr),
hexagonal Boron nitride (hBN), magnetic transition metal dichalcogenides (TMDs e.g., V-WS2,
V-WSe»), and ferrimagnets (Fe3Os, NiFe;04, CoFex0s).

Recent Progress:
1. Scaling of the thermally induced sign inversion of longitudinal spin Seebeck effect in a
compensated ferrimagnet: Role of magnetic anisotropy

Thermally induced spin currents based on the spin Seebeck effect (SSE), which was discovered
by Uchida et al. (Nature 2008, 455, 77; Nature Materials 2010, 9, 894), laid the foundation for a
new generation of spin-caloritronic devices. Analogous to the well-known charge Seebeck effect
in which an electric potential arises as a result of an applied temperature gradient across a
metallic/semiconducting material, the application of a magnetic field and a temperature gradient
in a ferromagnetic material (FM) generates a pure spin current. This spin current can then be
converted into a technologically useful voltage via the inverse spin Hall effect (ISHE) in a
nonmagnetic metal (NM) with strong spin-orbit coupling (e.g., Pt) in an NM/FM stacked system.
Unlike the conventional charge Seebeck effect, the SSE has been observed in a wide range of
magnetic materials ranging from metal (e.g., FeNi) to semiconductor (e.g., GaMnAs) and
insulator (e.g., Y3FesO12 or YIG). Owing to its insulating and low-damping nature, YIG has been
extensively exploited as the benchmark material to create a pure spin current.

The majority of research in spin-caloritronics is centered around boosting the spin current across
the Pt/YIG interface by either: (i) reducing the conductivity mismatch between the metallic NM
layer and the insulating FM layer and/or (i1) enhancing the so-called spin mixing conductance, as
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seen in latest studies by us (Materials Horizons 2020, 7, 1413) and others (Advanced Functional
Materials 2020, 30, 2003192). However, the origins of the observed SSEs remain unclear, as
contributions from bulk and surface magnetization to the spin-charge current conversion
efficiency were not disentangled, and the important role played by magnetic anisotropy of the
FM layer on the SSE was not investigated. The lack of such understanding imposes a
challenging task in the design of highly energy-efficient SSE-based nanodevices. To address
this, it is essential to examine whether there exists a universal behavior for the temperature
evolution of SSE in a NM/FM system.
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Figure 1: (a) Schematic illustration of sublattice magnetizations in GdIG, (b) XRD spectrum of GGG/GdIG(50nm),

(c) Temperature dependence of saturation magnetization of GGG/GdIG(50nm)/Pt, (d) schematic illustration of the

experimental configuration of our LSSE measurements, (e) magnetic field dependence of LSSE voltage for

GGG/GdIG(275nm)/Pt(5nm) at different temperatures, (f) 2D H-T phase diagrams of the LSSE voltage for the

GGG/GAIG(272nm)/Pt(5 nm), (g) —VLSSf‘fL'ZilPIS“t) vs. 8 curves for the G(S)GG/GdIG(t)/Pt heterostructures with t =
LSSE

272,221, 145, 89, 50, and 31 nm, respectively. Here 6 is the rescaled temperature.

In this context, we have selected a compensated ferrimagnetic insulator GdsFesO12 (GdIG) as a
model system to probe the temperature evolution of LSSE in the vicinity of its compensation
temperature (T¢omp) While varying thickness of GAIG (Fig. 1(a)-(c)). In particular, a systematic
investigation of SSE in a GGG/GAIG(t)/Pt(5nm) film series exhibiting an in-plane magnetic easy
axis with T¢y., that decreases from 270 to 220 K when decreasing GdIG film thickness from
272 to 31 nm, respectively, has been conducted. For all films investigated, we have found that
the LSSE signal flips its sign below T¢omy (Fig. 1(d)-(f)). Using a newly proposed rescaling
method, we have demonstrated for the first time that the thermospin voltage for the
GGG/GAIG(t)/Pt heterostructures with different thicknesses and hence, different Teom, fall onto
a single “master curve” in the vicinity of their respective Tgomp, Which highlights the universal
behavior of the LSSE in compensated ferrimagnets (Fig. 1(g)). Such universal behavior would
provide us with a unique opportunity to fabricate novel spincaloritronic devices wherein the
thermo-spin voltage can be switched by appropriately tailoring the operational temperature. Our
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findings also underscore a strong correlation between the LSSE signal and the magnetic
anisotropy in compensated ferrimagnets and opens a new door to exploit highly efficient
anisotropic and switchable spincaloritronic devices. These results have been published in
Advanced Functional Matererials 32,2109170 (2022) and /[EEE Transactions on Magnetics 58,
1500505 (2022).

2. Emergence of asymmetric skew-scattering dominated anomalous Nernst effect in spin gapless
semiconductors Co+.Fe;«CrGa

Over the past decade, fundamental studies on the magneto-thermoelectric effects have been of
great interest for the condensed matter and materials community for efficient energy harvesting
and other thermal management applications. The Anomalous Nernst effect (ANE) is of particular
interest for its larger heat to charge current conversion efficiency as compared to other sister
phenomena like the planar Nernst effect (PNE), the spin Nernst effect (SNE), and the spin
Seebeck effect (SSE). Recently, spin gapless semiconductors (SGSs) have been explored for
tunable thermal spintronics applications, owing to their intriguing electronic structure. While
they exhibit a finite band gap for one spin channel, the conduction and valence band edges touch
for the other spin channel. Because of such unique feature of their band structure, their transport
properties are extremely susceptible to external stimuli, e.g., temperature and magnetic field, as
well as chemical doping. Heusler alloys-based SGS materials appear to have more advantages
over the diluted magnetic semiconductors-based SGSs because of their high Curie temperature
(Tc) and large spin polarization. Although, ANE has been investigated in full Heusler
compounds e.g., the well-known topological Heusler alloy CooMnGa, Co2TiSn, CoMnSi,
Ni2MnGa, etc., ANE in SGS based materials has not been explored so far.

In this context, we have reported the first experimental observation of ANE in newly discovered
high-Tc (~650 K) quaternary Heusler alloys-based SGSs Coi+xFe1—xCrGa (Fig. 2(a)-(c)). We
found that the electron-electron elastic scattering and the weak localization effect play dominant
roles in electrical transport for all the samples at low temperatures and the contributions from
these scatterings increase considerably with x for x < 0.4, (in Coi+xFei—xCrGa) but has a drastic
increase for x = 0.5 when the system transforms from the SGS state to the completely half-
metallic state. On the other hand, the magnon-drag effect was found to dominate the longitudinal
thermoelectric transport in all the samples. We found that the ANE coefficient at room
temperature increases significantly from = 0.018 [1V. K™! for x = 0 to = 0.063 [1V. K'! for x =
0.5 (Fig. 2(d)-(f)), which is higher than that for Permalloy (Nis1Fe19) and compressively strained
SrRuOs films. Our findings underscore a strong correlation among transverse thermoelectric
coefficient (Sxy), longitudinal Seebeck coefficient (Syy) and the longitudinal resistivity (pyy) and
indicate that the observed ANE in these samples originates from the asymmetric skew-scattering
of charge carriers (Fig. 2(g)-(h)). Our systematic studies also emphasize that there are several
possibilities to enhance the conversion efficiency of heat into Nernst thermopower by tuning the
chemical composition of SGSs. These results have been published in Physical Review B 106,
134416 (2022).
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Figure 2: (a) Schematic illustration of ANE measurement on Co,,,Fe;_,CrGa samples. Magnetic field dependence
of the Nernst voltage, V;,, (H) hysteresis loops for (b) x = 0.0 and (c) x = 0.5 in Coi.Fe;CrGa at selected
temperatures for AT = +10 K. (d) Comparison of the magnetic field dependence of the transverse Seebeck

coefficient, Sy, (H) = V’OA’—(TH) X (i—z) for all Coj+.Fei.«CrGa samples at 7= 300 K for AT =+10 K. (e¢) Comparison
y

of the x-dependence of the background-corrected anomalous Nernst coefficient, Sy (oHsqr) =
Vane(oHsat) % (L

o7 L—Z) at =300, 200, and 150 K. (f) Normalized anomalous Nernst voltage, S,y X AT as a function
y

of /T showing linear //T-dependence. Temperature dependence of the anomalous Nernst coefficient Syyg(T) for
(g) x=0.0 and (h) x=0.2.

3. Influence of 2D interlayer on interfacial magnetism and spin transport in magnetic
insulator/semiconductor based spinterfaces

Magnetic insulators (MI) have been studied extensively recently due to their potential ability to
generate coherent and incoherent magnon excitations without heat dissipation effects due to
conduction electrons, which is important for high efficiency spintronic and spincaloritronic
applications (Physics Reports 885, 1-27, 2020). Commonly studied magnetic insulators include
garnets, ferrites etc., (ACS Applied Materials & Interfaces 13, 37500, 2021). Recently, it has
been shown that insertion of an intermediate layer in these MI based spintronic heterostructures
improve the so-called “spinterface”, through which spin excitations propagate (Advanced
Functional Materials 30, 2003192, 2020). Two-dimensional (2D) interlayers have been studied
as a means for improving the spinterface (ACS Applied Materials & Interfaces 13, 45097, 2021)
The local magnetic properties at the MI/2D interface determine the nature of the transport and
spin transport of the overall heterostructure. Though the induced magnetic properties in the 2D
layers have been studied, the corresponding effect of the 2D material on the interfacial properties
of the MI remains unresolved.
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Figure 3: (a) Schematic illustration of a heterostructure composed of a ferrimagnetic insulator (FMI), nickel ferrite
(NFO), and Gr or hBN. (b) M(H) loops for NFO/Gr and NFO/hBN heterostructures. (c) transverse susceptibility
measurements on these heterostructures. Temperature dependence of effective magnetic anisotropy fields for these
heterostructures for (d) in plane and (e) out of plane configurations. (f) ZFC and FC M(T) for Pt/BPIO and
Pt/WS,/BPIO heterostructures. (g) 2D surface plot of the Hall resistivity (py,) difference between Pt/BPIO and
Pt/WS,/BPIO.

To address these important issues, we have fabricated heterostructures of NFO/Gr and NFO/hBN
(Fig. 3(a)). Utilizing a control sample of NFO to assess NFO/Gr and NFO/hBN, the changes in
both their bulk and surface properties are analyzed. Surface sensitive measurements include X-
Ray diffraction, Raman spectroscopy, and thickness-dependent X-Ray photoelectron
spectroscopy (XPS). XPS measurements indicate an oxygen-rich surface, suggesting a layer of
adsorbed oxygen at the interface between NFO and Gr/hBN. Temperature dependent
magnetization versus field measurements suggest an increase in the saturation magnetization due
to the inclusion of Gr and hBN, by as much as 40% (for NFO/Gr) (Fig. 3(b)). To independently
confirm these results, tunnel diode oscillator based transverse susceptibility measurements over
the same temperature range were performed for both in-plane and out-of-plane configurations
(Fig. 3(c)). It is observed that the inclusion of Gr reduces the effective anisotropy field by as
much as 50%, whereas hBN has a more subtle effect, generally decreasing (Fig. 3(d)-(e)). To
further explore these unique results, spin-polarized density functional theory calculations were
performed. These results show that the surface termination at the interface between NFO and
Gr/hBN has a significant impact on the nature of the interfacial magnetism. Different surface
terminations are analyzed, and interestingly for the oxygen terminated interface, a large increase
in the magnetic moment per unit cell is confirmed by DFT, in agreement with both XPS and
magnetometry measurements. In the oxygen terminated system, interfacial charge transfer and
bonding induces changes in the super-exchange interactions deeper into the unit cell. These
results elucidate on previously unexplored aspects of the interfacial magnetism in FMI/2D
heterostructures. Furthermore, by understanding the surface sensitive properties in these systems,
novel physical phenomena may be leveraged to extend possible applications. A part of the
experimental findings has been published in AIP Advances (41P Advances 12, 035132 (2022)).
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The comprehensive experimental and theoretical results are being written for publication in ACS
Applied Materials and Interfaces.

Furthermore, the magnetic proximity effect (MPE) has recently been explored to manipulate
interfacial properties of 2D van der Waals material/ferromagnet heterostructures for use in
spintronics and valleytronics. However, a full understanding of the MPE and its temperature and
magnetic field evolution in these systems is lacking. In this study, the MPE has been probed in
Pt/WS2/BPIO (biphase iron oxide, Fe304 and a-Fe;O3) heterostructures through a comprehensive
investigation of their magnetic and transport properties using magnetometry, four-probe
resistivity, and anomalous Hall effect (AHE) measurements. We find that the presence of
monolayer WS, flakes reduces the magnetization of BPIO and hence the total magnetization of
Pt/WS>/BPIO at Ty > 120 K - the Verwey transition temperature of Fe;O4 (7). However, an
enhanced magnetization is achieved at 7 < Ty (Fig. 3(f)). In the latter case, a comparative
analysis of the transport properties of Pt/WS2/BPIO and Pt/BPIO from anomalous Hall effect
(AHE) measurements reveals ferromagnetic coupling at the WS,>/BPIO interface (Fig. 3(g)). Our
study forms the foundation for understanding MPE-mediated interfacial properties and paves a
new pathway for designing 2D van der Waals material/magnet heterostructures for applications
in spintronics, opto-spincaloritronics, and valleytronics. We have submitted a manuscript on
these important findings to Nanomaterials.

Future plans:

Noncollinear spin textures (MnSi, MnP), spin-caloritronic heterostructures Fe;O4/TMD/Pt,
CoFe>04/TMD/Pt, NiFe204/TMD/Pt, and YIG/TMD/Pt, YIG/graphene, YIG/h-BN, gate
controlled LSSE, gapless semiconductors, etc. will be explored (where TMD monolayers are V-
doped WSe2, MoS2, and MoSe»). 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, valleytronics, and quantum information.
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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
Self-identify keywords: charge density waves; quantum materials; two-dimensional materials;
strongly-correlated phenomena; collective currents

Research 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) the 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; (ii1) 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 the TMD group
is substantially different from and much less understood than their bulk counterparts with the
quasi-1D crystal structure. In addition to the above RT phase transitions, 1T-TaS; reveals such
intriguing properties as multiple step-like resistance changes and hysteresis and surprising
radiation hardness. Reports on the de-pinning and sliding of CDWs in 2D material systems are
scarce. The role of the electric field and local heating in 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, and
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
In the reported period, we achieved the electrical gating of the CDW phases and currents in h-
BN capped three-terminal 1T-TaS; heterostructure devices [1]. This is an important development
because the gating of the CDW quantum phases, particularly near RT, contributes to the
fundamental understanding of CDWs in 2D materials, and can enhance the functionality of the
CDW devices. Electrical gating is important for answering a fundamental science question: “Can
one achieve an electrical switching of CDW phase via the pure field effect, without any local
Joule heating involved?” The main difficulty of electrical gating of the CDW phases and currents
in 2D van der Waals materials was associated with the fact that different CDW phases in 2D
materials still have a rather high concentration of charge carriers. Below 550 K, 1T-TaS: is in the
metallic-like incommensurate CDW (IC-CDW) phase. The nearly commensurate phase (NC-
CDW) appears below 350 K and persists approximately until 180 K. Below this temperature, 1T-
TaS; enters the commensurate CDW (C-CDW) phase. The high concentration of charge carriers,
N, results in a small relative change of the carrier concentration, //N/N, due to the large N and
strong screening of the gate potential. Reducing the thickness of 1T-TaS; thin film for a stronger
gating effect is not necessarily a viable approach because at small thicknesses (below ~ 9 nm)

87



the CDW phases can be locked and some phase transitions disappear. We have successfully
demonstrated that the application of a gate bias in the h-BN/1T-TaS: device structure can shift
the source-drain current-voltage hysteresis associated with the transition between the nearly
commensurate and incommensurate CDW quantum condensate phases.
Figure 1: Switching the CDW phases
with the electrical gate. (a)
Ilustration of the IC-CDW and NC-
CDW phases. (b) Current as a
function of the source-drain voltage
at two fixed gate biases, measured at
T'=210 K. In this device the
transition from IC-CDW to NC-CDW
T=210K | phase, depicted with the red and blue
16 17 18 1o dots, occurs at the voltage close to Vy
c) d) Drain Voltage (V) =1.83 V. (c) Current as the function
of the gate bias at the fixed source-
A Sl drain voltage Vy=1.83 V. The
current change of 47/ ~ 3 mA, induced

by the gate, corresponds to the 1T-
asf TaS; channel switching between I1C-
CDW and NC-CDW phases. (d)
| ik Current switching by the gate within

VicHEIV [ v,=013v the same NC-CDW phase for small,
e A o4 T an D o T 2 20 2 the fixed bias of V;=0.13 V.
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The evolution of the hysteresis and the presence of abrupt spikes in the current while sweeping
the gate voltage indicated that the effect was electrical rather than self-heating. We attributed the
gating to an electric-field effect on the commensurate CDW domains in the atomic planes near
the gate dielectric. The transition between the nearly commensurate and incommensurate CDW
quantum phases can be induced by both the source-drain current and the electrostatic gate (see
Figure 1). Since the CDW phases are persistent in 1T-TaS; at RT, one can envision memory
applications of such devices when scaled down to the dimensions of individual commensurate
domains and few-atomic plane thicknesses.

During the reported period, we also succeeded in the demonstration of the CDW quantum phases
in the solution-processed 1T-TaS; thin films and printed CDW device structures [2]. This shows
that the CDW phases are robust and can be present in materials with high defect density. The
inks were prepared by liquid-phase exfoliation of CVT-grown 1T-TaS> crystals to produce fillers
with nm-scale thickness and [ /m-scale lateral dimensions. Exfoliated 1T-TaS; fillers were
dispersed in a mixture of isopropyl alcohol and ethylene glycol to allow fine-tuning of their
thermo-physical properties for inkjet printing. The temperature-dependent electrical and current
fluctuation measurements of printed thin films demonstrated that the CDW properties of 1T-
TaS; are preserved after processing (see Figure 2). The functionality of the thin-film devices was
defined by the nearly-commensurate to commensurate CDW phase transitions in the individual
exfoliated 1T-TaS: fillers rather than by electron-hopping transport between them. The low-
frequency noise spectroscopy was used for monitoring CDW phase transitions (see Figure 2).
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CDW depinning and sliding in 2D materials as a function of temperature. In this project, we

established that the depinning in 1T-TaS> does not result in a substantial current increase [3].

The CDW depinning in 1T-TaS: can be understood more like the CDW domain depinning, i.e.,

the C-CDW domains in the NC-CDW phase become softer, looser, start rotating and changing in

size at the depinning conditions [1, 3]. The latter contributes to the resistive fluctuations,
observed in the derivative current-voltage characteristics and low-frequency noise, and allows
for electrical gating of the CDW domains [1]. The reported depinning studies with electrical
means in 1T-TaS; have been limited to RT [3]. In order to understand the physics of CDW
transport in 2D materials it is important to study the depinning threshold field as a function of
temperature. The questions we will ask are: Does the threshold field in quasi-2D 1T-TaS>
increase with decreasing temperature? Is the dependence monotonic or there is a minimum? Is
there an abrupt change in the threshold field as the material enters the commensurate CDW
phase? The answers to these questions may have a profound effect on understanding the physics
of CDW phenomena in quasi-2D van der Waals materials and, at the same time, determine

possible device applications of such quantum materials [4-5].
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The synthesis 2D Janus vdW crystals and novel quantum phenomena arising from mirror-
symmetry breaking
Sefaattin Tongay, Arizona State University

Keywords: 2D materials, Janus, excitonics, synthesis, heterostructures

Research Scope

Named after the two-faced Roman god, Janus monolayers are the newest addition to the two-
dimensional (2D) quantum materials. These two-faced materials contain different atoms on each
face of the unit cell, hence breaking their mirror symmetry' (Fig.1a-c). Coupled with the broken
mirror symmetry, a two-faced atomic arrangement warrants a large charge exchange within a
unit cell and induces a colossal self-driven vertical dipole (Fig.1b). 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 in classical 2D materials.
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? Theoretical studies
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Fig. 1 Why 2D Janus vdW crystals and vdW lattices? a. Named after Roman god Janus 2D Janus layers are
new-class of 2D quantum materials b. exhibit broken mirror symmetry and colossal vertical dipole field. c.
Depiction of 2D Janus layers with different atomic arrangement on their top and the bottom sides. Their unique
properties allow [Top left] stabilization of new exciton complex, [Bottom left] new 2D polar magnets and
skyrmions, [Top left] new dipole architecture enabled behavior, and [Bottom right] Anderson-Blaunt metals.

have shown that this vertical dipole together with the broken mirror symmetry leads to new
skyrmionic magnetic phases and potential high T. ferromagnetic order in 2D magnets, giant
Rashba splitting, and induces exotic excitonic phases and novel polarization field driven
valleytronic physics. This is just the tip-of-the-iceberg and many exciting quantum effects are
waiting to be discovered in 2D Janus monolayers. Due to limitations in sample preparation and
quality, experimental studies remained rather limited.

As such, the overall objective of this research program is to discover and establish the electronic,
excitonic, and magnetic quantum phenomena that arise from the strong vertical dipole and
broken mirror-symmetry in 2D Janus monolayers as well as their superlattices with designer
polarization architectures. More specifically, this DOE project will (Obj 1) Further in-depth
understanding of excitons, establish discrete quantum emitters and defects library of Janus
excitonic layers, (Obj 2) and explore exotic exciton complexes (biexcitons, quadron, etc.) created
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by designer dipole architectures in Janus superlattices (Obj 3) Investigate the fundamental
properties of 2D Anderson and Blount polar metals and interface 2D polar metals to unleash new
quantum phenomena and create new magnetic phases and skyrmions in 2D Janus magnets owing
to colossal vertical dipole present and much-enhanced DM interaction strength.

Recent Progress

1. In-situ monitoring growth for 2D Janus, their heterostructures, and Moire lattices

With this DOE funding, our team has discovered a completely new Janus layer growth technique
named Selective Epitaxial Atomic Replacement process (SEAR) which has enabled our team to
convert CVD grown monolayers to Janus counterparts with different chalcogen atomic faces.
These results introduced a holistic 2D Janus synthesis technique that allows real-time monitoring
of the growth process as the classical 2D layers was converted to 2D Janus layers (Fig.2a). Our
prototype chamber integrates in-situ spectroscopy, offering fundamental insights into the
structural evolution and growth kinetics, that allow us to evaluate and optimize the quality of
Janus monolayers (Fig.2b). With the integrated in-situ optical spectroscopy, we were able to
monitor and optimize the SEAR growth (Fig.2¢c) to achieve quantum-quality Janus materials,
with extremely narrow exciton linewidths and fewer defects, by converting them from their
parent classical layers.

These studies and established in-situ SEAR process resulted in 2022 Advanced Materials
coverage image (Fig.3a) and the results enabled the first access to lateral and vertical
heterostructures of 2D Janus layers, Janus nanoscrolls (Fig.3b-d), and their moire lattices
(Fig.3f). Current excitonic and electronic studies are targeted to understand novel excitonic
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Figure 3 [Preliminary results] a. 2022 Advanced Materials cover image depicting our in-situ Janus growth
system. The system allows b-c. vertical and lateral Janus bilayers d. Janus vertical superlattices and nanoscrolls.
e. Automated 2D transfer station allows our team to create designer Janus stacks and f. Moire lattices.

phenomena arising from symmetry breaking and polarization architecture engineering as well as
establishing the fundamental excitonic properties of 2D Janus moire lattices, 2D Janus
nanoscrolls, and 2D heterojunctions.
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2. Further understanding of exciton complexes in Janus monolayers

With our established SEAR process, we were able to achieve high-quality 2D Janus layers as
evidenced by low-temperature PL. measuerements in Fig.4. This is currently enabling us to
establish valleytronics and excitonic lifetimes of excitonic grade Janus monolayers (SMoSe and
SWSe). In our recent work (Fig.4a-b), established and re-assigned neutral (X,), charged (X™"),
and (if present) bound (Xg) emission lines at 4K (Fig4c-d), and assigned their initial g-factors
(Fig.4e-f). Building on this work, we will carry out ultra-fast spectroscopy measurements at low
temperatures under different magnetic fields and electrical bias probe the lifetimes of different
excitonic species as well as thermalization pathways. An immediate step will be directly
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Figure 4 [Preliminary results] Excitonic properties of 2D Janus layers a-b. Illustration and optical image of
the device. Janus 1L-WSSe encapsulated in ML-hBN (blue) and electrically contacted by FLG (black) for
magnetic field and electrical field dependent low temperature PL and PR measurements. ¢. PL from the
encapsulated 1L-SWSe (red) compared to the PL from unencapsulated 1L-SWSe (blue) d. Reflectance contrast
(RC) from the encapsulated 1LWSSe compared to the PL spectrum at the same location. e. RC derivative at the
voltages at different voltages for identifying exciton complexes and f. magnetic field to determine g-factors.

measuring the vertical dipole moment of excitons in 1L-SWSe by applying an out-of-plane
electric field in a capacitor-like device structure (Fig.4a-b). The predicted permanent electric
dipole moment of 0.24 D for the Janus Xo, means that the resulting Stark shift of 5 meV at 1
V/nm would be resolved with our ~6 meV linewidths?. More studies will target identifying the
transitions that give rise to the as-yet unidentified PL peaks and extending excitonic physics
more towards the positively doped regime. Similar to our earlier work, we will excite 2D Janus
layers using circularly polarized light in resonance conditions to understand valley-contrasting
physics (valleytronics) under a certain bias when X excitons are clearly observable.

3. Establishing the defects library of 2D Janus layers

Our long-term goal is to establish the discreet emitters in 2D Janus TMDs and understand the
differences their properties compared to 2D classical layers. Thus, it will be critical to establish
the defects library and excitonic signatures in 1L-Janus. For this purpose, we are currently using
a one-of-a-kind capability to access excitons with unparalleled 4nm resolution using low-energy
electron energy loss spectroscopy (nano-EELS UltraSTEM™ 100 see Fig.5a) to produce EELS
spectra to identify neutral and bound excitons, SOC strength, and crystallographic properties of
point defects as shown for 1L-SWSe in Fig.5b. These samples prepared by polymer assisted
method (Fig.5b inset) and examined under STEM to determine the crystallographic properties of
intentionally or unintentionally introduced point defects, establish their bound exciton defect
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Flgure 5 a. STEM and nano-EELS setup enables us to b. measure excitons (labelled A and B), bound excitons
(green dashed circle), spin orbit coupling (SOC) and collect atomic resolution images (top image) c. Identified
point defects in 1L-SWSe layers with d. Vs:se, Vsise, and adatoms defects (STEM line intensity image) e.
Microscale defects observed in AFM scans and f. illustration of strain surface-anisotropy induced buckling.

signatures from nano-EELS (see Fig.5b) and create their statistical occurrence ensemble (Fig.5c-
d for 1L-SWSe). In parallel, we are carrying out these measurements on SMoSe, SWSe, and
SNbSe and running low-temperature PL. measurements to further correlate structural defects
(STEM) to bound exciton emission characteristics from EELS and low-T PL?. In parallel to
these studies, current efforts are focusing on how microscale defects (Fig.5e-f) influence the
global properties of 1L-Janus layers.

2D Anderson and Blount metals and superconductors in 2D Janus layers

Over 50 years ago, Anderson and Blount proposed that highly polar (ferroelectric-like) metals*
can be present despite the expected screening of the

a. b. . . . . e .
2H-NoSe, 1T-SeNbS Coulomb interactions that often drive polarity. Within this
oo > 9000 . .
00 X e Phase ransition © @@ @ @ project, our team was able to synthesize the world’s first

truly 2D Anderson and Blount metals SNbSe (Fig.6) and

these initial experimental studies have shown that 2D
SNbSe Janus layers can be experimentally realized by

stripping the top layer Se of 2H-phase NbSe; and

ol replacing with the S atoms using our in-situ growth
_ } e |5 2 %/Q\ process’. The studies have shown that 2H-NbSe»
; .‘ § e e undergoes a phase transition and becomes 1T-SeNbS
it \ s ZM (Fig.7a-d). Here, the next immediate step will be to better
% e understand the nature of this phase transition and
00 200 a0 a0 b MoK r| exploring the physical properties of 2D Janus Anderson

Raman Shift (cm™)

Figure 6 a-b. Depiction of 2H-> 1T phase Blaunt metals.
transition during NbSe, to SNbSe!® ¢. our | Future Plans

Raman  spectra matches well to our | Qur future studies will concentrate on understanding the
predicted - phonon dispersion d. DFT | o iy 5ic physics in 2D Janus Moire lattices, 2D higher
predicted metallic character for ; .
Anderson-Blount polar metals. order structures including 2D Janus nanoscrolls,
establishing the defects library of 2D Janus layers to
stabilize discreet emitters in these materials. Comparison between Janus and classical 2D layers
will enable us to establish the governing physics arising from symmetry breaking and colossal
polarization field within Janus layers. Additional measurements will target stabilizing exotic
excitonic complexes stabilized by polarization architecture engineering. Additional
measurements will stabilize new 2D Janus materials, establish the material physics of 2D
Anserson-Blaunt metals, and take innovative directions in skyrmionics within 2D Janus
magnetic material systems.

References

94



1 Cheng, Y. C., Zhu, Z. Y., Tahir, M. & Schwingenschlogl, U. Spin-orbit—induced spin
splittings in polar transition metal dichalcogenide monolayers. EPL (Europhysics Letters) 102,
57001, doi:10.1209/0295-5075/102/57001 (2013).

2 Li, F., Wei, W., Zhao, P., Huang, B. & Dai, Y. Electronic and Optical Properties of
Pristine and Vertical and Lateral Heterostructures of Janus MoSSe and WSSe. The Journal of
Physical Chemistry Letters 8, 5959-5965, doi:10.1021/acs.jpclett. 7602841 (2017).

3 Wu, K., Chen, B., Yang, S., Wang, G., Kong, W., Cai, H., Aoki, T., Soignard, E., Marie,
X., Yano, A., Suslu, A., Urbaszek, B. & Tongay, S. Domain Architectures and Grain Boundaries
in Chemical Vapor Deposited Highly Anisotropic ReS2 Monolayer Films. Nano Letters 16,
5888-5894, doi:10.1021/acs.nanolett.6b02766 (2016).

4 Laurita, N. J., Ron, A., Shan, J.-Y., Puggioni, D., Koocher, N. Z., Yamaura, K., Shi, Y.,
Rondinelli, J. M. & Hsieh, D. Evidence for the weakly coupled electron mechanism in an
Anderson-Blount polar metal. Nature Communications 10, 3217, doi:10.1038/s41467-019-
11172-2 (2019).

5 Qin, Y., Sayyad, M., Montblanch, A. R.-P., Feuer, M. S. G., Dey, D., Blei, M., Sailus, R.,
Kara, D. M., Shen, Y., Yang, S., Botana, A. S., Atature, M. & Tongay, S. Reaching the Excitonic
Limit in 2D Janus Monolayers by In Situ Deterministic Growth. Advanced Materials 34,
2106222, doi:https://doi.org/10.1002/adma.202106222 (2022).

Publications

The list of publications in the recent 2-years supported by DOE BES.

1 Qin, Y., Sayyad, M., Montblanch, A. R. P., Feuer, M. S. G., Dey, D., Blei, M., Sailus, R.,
Kara, D. M., Shen, Y., Yang, S., Botana, A. S., Atature, M. & Tongay, S. Reaching the Excitonic
Limit in 2D Janus Monolayers by In Situ Deterministic Growth. Advanced Materials 34,
doi:10.1002/adma.202106222 (2022).

2 Yagmurcukardes, M., Qin, Y., Ozen, S., Sayyad, M., Peeters, F. M., Tongay, S. & Sahin,
H. Quantum properties and applications of 2D Janus crystals and their superlattices. Applied
Physics Reviews 7, doi:10.1063/1.5135306 (2020).

3 Matthew S. G. Feuer, A. R.-P. M., Mohammed Sayyad, Carola M. Purser, Ying Qin,
Evgeny M. Alexeev, Alisson R. Cadore, Barbara L. T. Rosa, James Kerfoot, Elaheh Mostaani,
Radostaw Kaleba, Pranvera Kolari, Jan Kopaczek, Kenji Watanabe, Takashi Taniguchi, Andrea
C. Ferrari, Dhiren M. Kara, Mete Atatiiref, and Sefaattin Tongay7. Identification of exciton
complexes in a charge-tuneable Janus SWSe. Nature Materials (under review) (2022).

4 Trivedi, D. B., Turgut, G., Qin, Y., Sayyad, M. Y., Hajra, D., Howell, M., Liu, L., Yang,
S., Patoary, N. H., Li, H., Petri¢, M. M., Meyer, M., Kremser, M., Barbone, M., Soavi, G., Stier,
A. V., Miiller, K., Yang, S., Esqueda, I. S., Zhuang, H., Finley, J. J. & Tongay, S. Room-
Temperature Synthesis of 2D Janus Crystals and their Heterostructures. Advanced Materials 32,
2006320, doi:10.1002/adma.202006320 (2020).

5 Li, H., Qin, Y., Ko, B., Trivedi, D. B., Hajra, D., Sayyad, M. Y., Liu, L., Shim, S. H.,
Zhuang, H. & Tongay, S. Anomalous Behavior of 2D Janus Excitonic Layers under Extreme
Pressures. Advanced Materials 32, doi:10.1002/adma.202002401 (2020).

6 Hajra, D., Sailus, R., Blei, M., Yumigeta, K., Shen, Y. & Tongay, S. Epitaxial synthesis
of highly oriented 2D Janus rashba semiconductor BiTeCl and BiTeBr layers. ACS Nano 14,
15626-15632, doi:10.1021/acsnano.0c06434 (2020).

7 Petri¢, M. M., Kremser, M., Barbone, M., Qin, Y., Sayyad, Y., Shen, Y., Tongay, S.,
Finley, J. J., Botello-Méndez, A. R. & Miiller, K. Raman spectrum of Janus transition metal
dichalcogenide monolayers WSSe and MoSSe. Physical Review B 103, 035414,
doi:10.1103/PhysRevB.103.035414 (2021).

95


https://doi.org/10.1002/adma.202106222

8 Chen, D., Lian, Z., Huang, X., Su, Y., Rashetnia, M., Ma, L., Yan, L., Blei, M., Xiang,
L., Taniguchi, T., Watanabe, K., Tongay, S., Smirnov, D., Wang, Z., Zhang, C., Cui, Y. T. &
Shi, S. F. Excitonic insulator in a heterojunction moiré superlattice. Nature Physics 18, 1171-
1176, doi:10.1038/s41567-022-01703-y (2022).

9 Anton-Solanas, C., Waldherr, M., Klaas, M., Suchomel, H., Harder, T. H., Cai, H.,
Sedov, E., Klembt, S., Kavokin, A. V., Tongay, S., Watanabe, K., Taniguchi, T., Hofling, S. &
Schneider, C. Bosonic condensation of exciton—polaritons in an atomically thin crystal. Nature
Materials 20, 1233-1239, doi:10.1038/s41563-021-01000-8 (2021).

10 Naik, M. H., Regan, E. C., Zhang, Z., Chan, Y.-H., Li, Z., Wang, D., Yoon, Y., Ong, C.
S., Zhao, W., Zhao, S., Utama, M. L. B., Gao, B., Wei, X., Sayyad, M., Yumigeta, K., Watanabe,
K., Taniguchi, T., Tongay, S., da Jornada, F. H., Wang, F. & Louie, S. G. Intralayer charge-
transfer moiré excitons in van der Waals superlattices. Nature 609, 52-57, doi:10.1038/s41586-
022-04991-9 (2022).

96



Electron Transfer in Heterostructures based on Two-Dimensional Materials
Hui Zhao, University of Kansas, Lawrence, Kansas

Keywords: two-dimensional material, van der Waals heterostructure, charge transfer,
semiconductor, photocarrier dynamics
Research Scope
Two-dimensional (2D) materials provide a new route to fabricating van der Waals multilayer
heterostructures, which can potentially transform material discovery. One key issue in this
approach is to understand and control interlayer electron transfer, which is the fundamental
process to integrate the individual layers for harnessing emergent properties for various
electronic and optoelectronic applications. Riding on the recent progress on interlayer charge
transfer in heterobilayers, 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, the effect of electric field on electron transfer is
studied.
Recent Progress
In Thrust 1, we studied electron transfer in 2D materials with different crystalline structures.
Previous studies of electron transfer have mostly focused on the heterostructures formed by
materials of similar lattice structure, such as heterobilayers formed by two hexagonal transition
metal dichalcogenide (TMD) monolayers (1Ls). Time-resolved measurements, such as transient
absorption, photoemission, THz, and nonlinear spectroscopy, have revealed that charge transfer
in such heterostructures with
type-1I band alignments occurs (a) (b) (c)
on a time scale shorter than 100 FeZnPc MoS,  Gr
fs, regardless of the interlayer
twist angle, lattice temperature, ~ —2>40
and dielectric environment. To _u
expand the material library and )
probe the impacts of lattice S
structure on charge transfer, we
® ‘

performed steady-state — Gr é
spectroscopic and time-resolved In-Plane Diffusion

MoS,

pump-probe measurements on

. Fig. 1: (a) Band alignment of the heterostructure formed by FsZnPc,
electron transfer dynamics in

MoS, and graphene. (b) Schematics of in-plane carrier distributions in

heterobilayers formed by a strong binding regime, where the immobile holes in FsZnPc prevent
hexagonal TMD 1Ls and a non- free motion of electrons in graphene. (c) Significant in-plane diffusion
hexagonal 1L, such as Bi»02Se of electrons in graphene in weak binding regime with thicker MoS;

middle layer.

(tetragonal), PtSe; (trigonal

omega), MoTe: (orthorhombic),
and T1GaS; (monoclinic). Efficient charge transfer, with transfer times on the order of 100 fs,
has been achieved in such incommensurate heterobilayers. [1]
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In our next step, we studied electron transfer in organic-inorganic hybrid heterostructures, which
are fabricated by depositing a thin layer of organic semiconductor on a 1L TMD. We have
observed efficient charge transfer in heterostructures of FsZnPc/ReS,, PTCDA/MoS,,
PTCDI/MoS,, and FsZnPc/WS,. [2] Here we focus on our latest experiment to demonstrate the
versatility of such hybrid heterostructures on controlling photocarrier properties for
optoelectronic applications. We studied hybrid trilayers that are composed of graphene, few-
layer TMD, and FsZnPc. [3] As shown in Fig. 1(a), the electrons photoexcited in FsZnPc can
transfer to graphene due to the laddered conduction band alignment, while the holes are confined
in FsZnPc by the MoS: barrier. The interlayer exciton formation, shown in (b), prevents free in-
plane movement of the electrons in graphene, due to the low carrier mobility in FsZnPc. By
increasing the MoS; thickness, as shown in (c), we can reduce the Coulomb attraction and free
the electrons in graphene. Figure 2 shows the results of transient absorption measurements of 4
samples with 1L, 2L, 3L, and 4L MoS:> as the middle layers, respectively. The spatiotemporally
resolved differential reflectance (a-d) reveals the dynamics of the electrons in the graphene layer.

FgZnPc/1L-MoS,/Gr FzZnPc/2L-MoS,/Gr FgZnPc/3L-MoS,/Gr FgZnPc/4L-MoS.,/Gr
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By fitting the spatial profiles at various probe delays by Gaussian functions (e-h), we deduce the

Fig. 2: (a)-(d) Spatiotemporally resolved differential reflectance measured from FgZnPc/MoS,/graphene
heterostructure samples with different MoS, thickness as labeled. (e)-(h) Selected spatial profiles of differential
reflectance with probe delays of 5.5 (black), 20.4 (red), 35.3 (blue), 50.2 (pink), and 65.0 ps (green). Solid curves
are Gaussian fits. (i)-(1) Change of the variance of the spatial distributions as a function of probe delay. Lines are
linear fits that results in the electron diffusion coefficients as labeled in each panel.

variance of the spatial profiles as a function of probe delay (i-1) for each sample. Linear fits (red
lines) show that the diffusion coefficient of the electrons in graphene increases with the thickness
of the middle layer (that is, their distance from the holes). With 4L MoS, the diffusion
coefficient of 36 cm?/s is similar to carrier diffusion coefficient in CVD graphene, indicating
quasi-free movement of the electrons.
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In Thrust 2, we studied resonant hole tunneling between two MoSe; 1Ls separated by a 1L-WS»
barrier. We obtained a tunneling time constant of 20 ps, which is consistent with theory. We also
studied electron tunneling from MoTe> to MoS; through an energy barrier of 1L WSe> was also

studied for comparison.

Thrust 3 focused on control of charge transfer in van der Waals heterostructures by electric field.

In our first approach, we used
an optically induced electric
field by using a three-pulse
control-pump-probe
technique, where a control
pulse produces an electric
field due to charge transfer it
initiates. We found, by using
MoS2/MoSe; heterostructures
as an example, that the
control pulse can effectively
tune both the charge transfer
time and the lifetime of the
interlayer excitons. [4]

Sample HT1 Sample HT2 Sample HT3

S-W-Se S-W-S Se-W-S S-W-S Se-W-Se Se-W-S
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Here we focus on the second

Janus TMDs. A Janus TMD

1L is composed of a transition
metal atomic layer sandwiched
by two different chalcogen
atomic layers, such as S-Mo-Se
or S-W-Se. The asymmetric
layer structure results in a built-
in electric field pointing from
the Se to the S layers. Our goal
is to utilize this field to regulate
charge transfer. By combining
Janus (WSSe) and regular TMD
1Ls (WSz or WSe2), we
fabricated three heterostructure
samples with different atomic-
layer sequences: S-W-Se/S-W-S
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Fig. 3: Top row: Crystal model of the three heterostructure (HT) samples
studied. The magenta arrow indicates the built-in electric field (Janus field)
in Janus WSSe. Bottom row: The band alignment of the three samples
(solid black lines). The dotted lines represent the conduction band minima
and valence band maxima of WS, and WSe,, as labeled. The magenta lines
illustrate the change of the carrier potential energy across the Janus layer
due to the Janus field. The blue arrow of the present electrons and holes
indicates the flow direction of interlayer charge injection enabled by the
type-II band offset. Our transient absorption measurements show that the
Janus field only governs the charge flow within the Janus layer but cannot
restrict interlayer charge injection due to insufficient strength. The green
check mark indicates that the charge transfer is allowed and not blocked by
the Janus field. The red cross mark indicates that the Janus field will block
the charge injection flow.

(HT1), Se-W-S/S-W-S (HT2), and Se-W-Se/Se-W-S (HT3), as shown in Fig. 3 (top). Transient
absorption measurements of the three samples consistently reveal the following conclusions: [5]
First, the band-offset-allowed charge transfer from Janus to regular layers is directional: The
Janus field allows the transfer with the charge current direction along the field while blocks that
with opposite current direction. Second, the charge transfer from regular to Janus layers is
unaffected by the Janus field and are similar to regular TMD heterostructures. These conclusions
are schematically summarized by the green check and red cross signs in Fig. 3 (bottom). The
ultrafast and directional charge transfer between Janus and regular TMD layers introduces the
Janus structures as an important building block for 2D heterostructures with efficient and
directional charge transfer properties.
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Future Plans

In the final 5 months of this project, we will study factors affecting carrier tunneling in van der
Waals multilayer heterostructures, with emphasis on the effect of the electric field. We will
further study on-demand charge transfer pathways in sophisticated van der Waals
heterostructures, with the goals of utilizing the built-in electric field in Janus 1Ls to control
interlayer excitons and achieve free charge generation in graphene and other 2D materials.
Beyond that, we would like to continue this research direction. The studies on the interlayer
vertical transfer of the electrons provided a solid foundation to study and control their in-plane
transport properties. Since we have demonstrated the feasibility of constructing multilayer
heterostructures with sophisticated band alignment and novel electron transfer properties. A
natural next step is to utilize this capability of fine tuning the photocarrier properties in such
heterostructures. We will focus on a specific goal of controlling in-plane carrier transport
properties in targeted 2D semiconductors by combining them with other materials. The expanded
material library allows us to combine 2D materials with different and complimentary transport
properties to harness their emergent in-plane transport properties.
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Hexcitons and Oxcitons in WSe2 monolayers
Hanan Dery and Dinh Van Tuan
University of Rochester

Keywords: excitons, trions, transition-metal dichalcogenides, many-body interactions
Research Scope
Hydrogen-like bound states of photoexcited electron-hole pairs in semiconductors -- that is,
excitons -- have been a focus of considerable study for more than half a century. In undoped
direct-gap semiconductors, neutral excitons comprise the photogenerated electron and hole in the
conduction and valence bands (CB and VB), respectively, and typically manifest as discrete
optical resonances below the free-particle band-gap energy. More interesting states arise when
electron-hole (e-4) pairs are photoexcited into doped semiconductors containing a Fermi-sea of
mobile carriers.
In the archetypal monolayer semiconductor WSe», the distinct ordering of spin-polarized valleys
(low-energy pockets) in the CB allows for studies of not only simple neutral excitons and
charged excitons (i.e., trions), but also more complex many-body states that are predicted at
higher electron densities [1]. We discuss magneto-optical measurements of electron-rich WSe»
monolayers, as shown in Figure 1, and interpret the spectral lines that emerge at high electron
doping as optical transitions of 6-body exciton states (“hexcitons”, see Figure 2) and 8-body
exciton states (“oxcitons”, see Figure 3) [2]. These many-body states emerge when a
photoexcited electron-hole pair interacts simultaneously with multiple Fermi seas, each having
distinguishable spin and valley quantum numbers.
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Figure 1: (a) Helicity resolved optical transitions in ML-WSe,. Light excitation with right-handed (left-handed)
helicity corresponds to optical transitions at the K (-K) valley. Resident electrons occupy the bottommost valleys,
whereas photoexcited electrons belong in the top valleys. (b) Optical reflectance spectra at 4K as a function of gate
voltage and photon energy. (c) and (d) Helicity resolved magneto-optical reflectance spectra when the out-of-plane
magnetic field is 20T, shown in the spectral and voltage windows that are marked by the dotted box in (b).

(@) 40 — B . Figure 2: (a) Calculated inter-particle distances in
= E 0 ~The \% the hexciton as a function of the Fermi energy (Er ~
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® o = I'ht corresponds to the resonance X-* in Figure 1. Results
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2 i hexciton electron and VB hole (1), between the two CB
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0 Calculated binding energy of the satellite electron to
0 5 10 15 20 the hexciton. (b) and (c) Schemes of the hexciton in
Er (meV)

k-space and real-space, respectively. The trion at the
core of the hexciton binds to two CB holes and a
satellite electron.
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Figure 3: (a) Magneto-optical absorption spectra as a
function of magnetic field and photon energy in a
second device. The voltage level is at the threshold of
filling the top CB valley of K. The shaded boxes show
the regimes at which the top valley at K is filled. (b)
Spin- and valley-resolved LL diagrams in the CBs
within a single-electron picture. The solid black line
energy (eV) energy (eV) denotes the chemical potential of the Fermi sea. (c)

magnetic field (T)

(b) (c) oxciton The oxciton state, formed when the trion at its core
binds to three Fermi holes in the CB and two satellite
@ electrons. The hexciton-to-oxciton transition takes
g [ place when the top CB valley at K has one filled
® e Landau level, marked by the shaded regions in (a).
10 30 5 M
magnetic field (T) -K K

I will discuss composite excitonic states in cases that the exciton binding energy of the
semiconductor exceeds the Fermi energy. As shown in Figures 2 and 3, the composite state is
made of one or more electron-hole pairs, where the hole of at least one pair is from the VB.
Other electron-hole pairs are made of CB holes (missing electron in the Fermi-sea) and electrons
with distinct spin-valley configuration. The possible number of pairs in a composite excitonic
state is determined by the spin-valley space at the edge of the CB (or VB by reversing the
discussion to p-type doping).

Recent Progress

Most recently, we have studied the energy band structure of excitons in periodic potentials
produced by the short-range interaction between the exciton and electrons of Wigner lattices [3].
Treating the exciton as a point-like dipole that interacts with the periodic potential, we have
solved a simple one-body problem that provides valuable information on excitons in many-body
problem settings. Figure 4 shows results of this calculation for the case of trigonal Wigner
lattice. Using this approach, we have emulated the response of optically active exciton and trion
states to a change in electron density (through the change in the lattice constant), as shown in
Figure 5. We gain important insights on the relation between the electron order in a Wigner
crystal and the energy blueshift of the bright exciton. We have discussed the consequences of
this relation in the context of optical absorption experiments in monolayer semiconductors.
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Figure 4: (a) Illustration of the short-range potential profile experienced by an exciton in a triangular electron lattice.
The unit cell and basis vectors a1 > are highlighted, where the distance between two neighboring sites is 7 =| a1 2|
An electron-hole pair propagating in this lattice can form bound or unbound states with the lattice (X~ or X©),
corresponding to trion or exciton energy bands, respectively. (b) The first (white) and second (green) Brillouin
zones of the triangular lattice, along with the reciprocal-lattice basis vectors Gi, = 2n(1/\3 , +1)/rs and high-
symmetry points I', M, and K. (c) and (d) Exciton band structures along axes between high-symmetry points, shown
for lattice constants 75 = 15.2 and 6.8 nm, or equivalently, electron densities # = 5x10!! and 2.5x10'2 cm™2,
respectively. The energy bands in (d) are labeled with their I'-point irreducible representations [3]. (e) Square
amplitude colormaps of the I'-point wave functions in the unit cell, where (f) shows these results along the axis
marked by the dashed white line in (e).

Future Plans

In the near future, we plan on studying the energy shifts of trions and excitons in cases of
electrostatically-doped monolayer semiconductors whose electrons (or holes) are randomly
placed. The goal is to see how the energies of excitons and trions shift when the electron-order is
increased, starting from complete random positioning of the electrons, continuing with quasi-
random arrangements, and ending with trigonal Wigner lattice. One can then use temperature or
far-infrared spectroscopy as experimental knobs to look for the elusive Wigner crystal [3].
Ramifications of this study can be used to emulate various lattices in which excitons propagate in
the same manner that electrons propagate in atomic crystals or light in photonic crystals. Beyond
Wigner crystals, such lattices can emerge in Moire heterostructures or atom-decorated
monolayer semiconductors. In the latter case, advanced fabrication techniques can engineer
artificial lattices with various symmetries through controlled placement of atoms or molecules in
or adjacent to 2D semiconductors. Such fabricated lattices can be used as far-infrared light
detectors, as a means to enhance the functionality of polariton cavities, or as a platform to further
investigate excitonic band structures.
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Figure 5: (a) I'-point energies of the trion (X—), bright exciton (X0), and excited exciton state
with E1 symmetry as a function of electron density n (bottom x-axis) or Fermi energy EF =
h2n/4nme (top x-axis, where me = 0.4m0). The dashed line denotes the energy gap (EI'A) of the
nearly-free exciton model. (b) Energy band structure of the nearly-free exciton model when n =
2.5 x 1012 cm—2. (c¢) I'-point energies of the trion and exciton in three lattice structures:
triangular (green), square (orange), and honeycomb (magenta). The dashed lines are the

respective energy gaps of the nearly-free exciton model.
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Understanding and designing phosphide solar absorbers with high carrier lifetime
G. Hautier, J. Liu (Dartmouth), K. Kovnir (Iowa State), D. Fenning (UCSan Diego), Sage
Bauers, A. Zakutayev (NREL), I. Dabo (Penn State)

Self-identify keywords to describe your project: photovoltaics, photocatalysis, defects, first
principles, phosphides

Research Scope
Solar energy will be an important component of a carbon-free energy system. Solar energy can
be harnessed in many ways for instance using photovoltaic devices (i.e., transforming light into
electricity) or photoelectrochemical devices (i.e., transforming light into fuel, for instance
hydrogen gas). Both approaches rely on materials capable of absorbing light and forming
electron-hole pairs that are either collected by electrical contacts or used to split water into
hydrogen and oxygen for instance. These solar absorber materials need to have specific
properties to be efficient: a right band gap to absorb the solar spectra, good transport properties
(i.e., carrier mobility) to easily move the electrons and holes and, most importantly, low carrier
recombination rates. Recombination of electrons and holes is obviously detrimental as it leads to
losses and has been identified as the main factor affecting the quality of a solar absorber.
Recombination rates are controlled by the Shockley-Read-Hall (SRH) mechanism which
facilitates the recombination of carriers through defects. The recently emerging hybrid organic-
inorganic perovskite solar absorbers have shown very low SRH rates which has been related to
the lack of problematic defects, leading to the concept of “defect-tolerance”. These perovskite
materials have however shown stability issues in photovoltaic devices and are water-soluble,
which makes them inadequate for photoelectrochemistry. There is a major need for inorganic-
based, long-lasting and stable solar absorbers that would offer the type of defect-tolerance and
long carrier lifetime seen in hybrid organic-inorganic perovskites.
The goal of this project is to discover new phosphide materials with exceptional carrier lifetime
using a combination of first principles computations and experiments. Phosphides offer a quite
unexplored yet very promising space for solar absorbers as the band gap of many phosphides
range between 1 and 2 eV, perfectly aligned with the solar spectrum. First principles
computations within the Density Functional Theory (DFT) framework can be used to assess the
SRH recombination rate for each defect (e.g., vacancies, anti-sites, ...) in a material. We will
harness this predictive power to computationally screen in a high-throughput manner for
phosphides with favorable defects that will favor long lifetime. The computationally identified
materials will be synthesized and characterized extensively. A tight integration between theory
and experiment is central to the project and will advance our understanding of the fundamental
factors leading to defect tolerance. The experimental work will involve the synthesis of
phosphide powder and thin films and their lifetime measurement through photoluminescence
experiments. Photoelectrochemistry will also be used to not only test the potential for generating
solar fuels from light but also to provide a powerful way of characterizing the materials without
having to build devices. The question of water stability of these phosphides will be also
addressed.
Recent Progress
The project just started and the team is currently working (powder synthesis and
photoluminescence) on a ternary phosphide identified through high-throughput computations.
The computational efforts have also focused on known binary phosphides such as Zn3P; as
benchmark to our approach and the high-throughput infrastructure to screen for other phosphides
is being set in place.
Future Plans
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Our identified ternary phosphide will be further studied as thin films but also in water through
photoelectrochemistry. We will start the larger scale high-throughput computational screening.
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Data-Driven and Computationally Assisted Design of Near-Infrared Emissive Metal-
Organic Complexes with Earth-Abundant Cu(I) and In(IIT) Metal Centers.
Svetlana Kilina, North Dakota State University (Principal Investigator); Dmitri Kilin,
North Dakota State University (Co-Principal Investigator); Bakhtiyor Rasulev, North
Dakota State University (Co-Principal Investigator); Wenfang Sun, University of Alabama
(Co-Principal Investigator)

Keywords: photoexcited nonadiabatic dynamics, charge transfer optical transitions, photo-
luminescence quantum yield, infrared emitters, transition metal complexes.

Research Scope
Our research is focused on identifying the criteria for rational design of abundant metal

complexes (AMCs) by modifying the ligand types, the

substituents on the ligands, and the metal centers to increase g -
(1) the absorption energy shift to near infrared (NIR) E 1.0

regions, (ii) the emission quantum yields, and (iii) the -

radiative decay rates, while lowering the nonradiative decay |2 0-5

rates. For this, we develop the methodology that combines u% Bio

experimental data and quantum chemistry calculations with
machine learning and chem-informatics to elucidate
structural factors responsible for NIR emission and guide
the design of novel NIR-active complexes with earth-
abundant Cu and In metals.
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Recent Progress DIPY complexes (Ref. 3).

We have performed calculations based on density functional
(DFT) and linear response time dependent DFT (TDDFT) of hypothetical Cu(I) complexes
coordinated by dipyrrin and diimine analogues. Totally, up to 340 Cu(I) complexes have been
calculated with various modifications of their ligands holding different n-conjugated length and
substituting groups varying in electron-withdrawing (EW) and donating (ED) abilities. These
calculations were instrumental in the predictions of the following structure-property
relationships: (1) The considered Cu(l) complexes with diamine-based ligands exhibit the most
redshifted absorption at the range of 500-570 nm, with the lowest singlet transition holding a
strong metal-to ligand (MLCT) charge transfer character and being nearly optically inactive. The
triplet emission of these complexes is predicted at the range of 700-1000 nm, but likely not very
efficient due to mixing with optically inactive singlet states. Increasing the conjugation length
and using strong ED groups (-NH>) at substituents result in the largest redshift of the first
absorption band and the triplet emission. (2) All considered Cu(I) dipyrrin-based complexes
demonstrate a stronger redshift in absorption energies at the range of 730-1500 nm. However,
the complexes with the first absorption peak above 780 nm have optically inactive lowest-energy
transitions with strong MLCT and intra-ligand charge transfer (ILCT) character, suggesting not a
high fluorescence of these complexes. Our calculations evidence that m-extended dipyrrins
coordinated with Cu(I) result in redshifted absorption at 700-750 nm with optically active lowest
transitions having mixed n-n* and MLCT/ILCT character. Thus, these complexes are promising
as intensive emitters at the NIR range. (3) Trained on our DFT/TDDFT data for Cu(I)
complexes, an interpretative machine learning-based QSAR model has been developed using the
approach previously developed by our team for Ir(III) complexes.' The created QSAR model can
reliably predict the energy of the lowest absorption band of the Cu(I) complexes with thousands
variations in the ligands based on dipyrrin and diimine analogues.
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We also have modified and adapted the DFT-based non-adiabatic dynamics coupled to the
Redfield theory (NAMD/Redfield) for simulating photoexcited dynamics and
photoluminescence quantum yields (PLQY) in molecular complexes.>* In particular, these
calculations were performed for In(III) and Cu(I) metal centers coordinated with dipyrrin-based
(M-a-DIPY) ligands. For both metal centers, two modification schemes were considered for M-
a-DIPY ligands®: (i) substituting aryl with EW and ED groups and (ii) saturated or unsaturated
annulation of the dipyrrin ligand increasing its structural rigidity.

We found the following features in photoexcited dynamics of studied complexes: (1) For In(III)

complexes with neutral or ED groups, the lowest-energy optically active states exhibit primarily

n-n* character with a small admixture of ILCT character, while EW groups substantially

increase the ILCT character of optical transitions.>* (2) Also the EW groups in In(IIT) complexes

redshift luminescence to 820 nm, compared to 700-730 nm singlet emission of complexes with

ED groups.® (3) In(Ill) complexes with primarily m-m* character of their lowest transitions show

significantly enhanced PLQY (up to 80%) for unsaturated annulation, compared to the non-

annulated and saturated annulation complexes (Fig.1). However, for complexes with primarily

ILCT character (with EW groups), the PLQY decreases down to 10% for both annulation

schemes due to the interplay between decreased radiative and increased non-radiative

recombination rates.* (4) For the In(IIT) complex without annulation and with neutral

substituents, the calculated PLQY of 62% is comparable to the experimental value® of 67%,

which justifies the used methodology. (5) The Cu(I) complexes with M-a-DIPY ligands show the

same trends in their photoexcited dynamics with respect to the ligand modifications as related

In(II1)-M-a-DIPY complexes. However, the highest PLQY of 3% at 1300 nm wavelength is

observed for Cu(I)- M-a-DIPY complexes elucidating that they are not efficient emitters.

Overall, our calculations show that improvement of PLQY goes beyond a simple concept of

structural rigidity (annulation) that is expected to suppress torsional vibrational modes governing

non-radiative rates. In contrast, the charge transfer character of excitonic states is a key
parameter for engineering the photo-physical properties of dipyrrin-based complexes through
chemical functionalization schemes for enhanced performance in NIR optoelectronic
applications.

Future Plans

(1) Our experimental team is synthesizing Cu(I) complexes coordinated by dipyrrin and diimine
derivatives choosing the ligand modification according to our data-driven/computational
predictions on their best photophysical behavior. Then the complexes will be characterized
by means of optical spectroscopy to verify accuracy of our computational predictions.

(2) We will further modify our NAMD/Redfield method by incorporating a spin-polarized
approach and spin-orbit couplings (SOC) to generate radiative/nonradiative rates between the
states with different spin multiplicities, lifetimes of the triplet and singlet excited states, and
related phosphorescence quantum yields. This method will be applied to Cu(I) coordinated
with n-extended dipyrrins and diimines showing the optically bright lowest-energy singlet
transitions at 700-750 nm, as has been predicted by our TDDDFT calculations. Application
of spin-polarized NAMD/Redfield techniques to these complexes will get fundamental
insights on the dissipation pathways, including singlet-to-triplet intersystem crossing.

(3) We will generate a virtual library of thousands of hypothetical NIR-emitting Cu(I) complexes
using our derived QSAR model for candidate screening and rational design using
ML/cheminformatics methods. These efforts on calculations will be helpful in providing
navigations of synthetic effort in designing Cu(I) complexes with improved NIR emission.

References

111



. A. Karuth, G. Casanola-Martin, L. Lystrom, W. Sun, D. Kilin, S. Kilina, and B. Rasulev,

Combined Machine Learning, Computational and Experimental Analysis of the Iridium(I1I)
Complexes with Red to Near-IR Emission, ChemRxiv. Cambridge: Cambridge Open Engage
(2022) (DOI: 10.26434/chemrxiv-2022-d618v)

T. M. Inerbaev, Y. Han, T. B. Bekker, and D. S. Kilin, Mechanisms of Photoluminescence in
Copper-Containing Fluoride Borate Crystals, J. Phys. Chem. C 126, 6119-6128 (2022)
(DOLI: 10.1021/acs.jpcc.1¢10206)

A. Forde, L. Lystrom, W. Sun, D. Kilin, and S. Kilina, Improving Near-Infrared Emission of
Meso-Aryldipyrrin Indium(I1l) Complexes via Annulation Bridging: Excited-State Dynamics.
J. Phys. Chem. Lett. 13, 9210-9220 (2022) (DOI: 10.1021/acs.jpclett.2c02115)

L. Lystrom, M. Shukla, W. Sun, and S. Kilina, Extending Fluorescence of meso-Aryldipyrrin
Indium(11l) Complexes to Near-Infrared Regions via Electron Withdrawing or n-Expansive
Aryl Substituents; J. Phys. Chem. Lett. 12, 8009-8015 (2021) (DOI:
10.1021/acs.jpclett.1c02150)

A. Sumiyoshi, Y. Chiba, R. Matsuoka, T. Noda, and T. Nabeshima, Efficient Luminescent
Properties and Cation Recognition Ability of Heavy Group 13 Element Complexes of N202-
and N204-Type Dipyrrins, Dalton Trans. 48, 13169-13175 (2019), ( DOLI:
10.1039/C9DT02403D).

Publications

1.

A. Forde, L. Lystrom, W. Sun, D. Kilin, and S. Kilina, Improving Near-Infrared Emission of
Meso-Aryldipyrrin Indium(Ill) Complexes via Annulation Bridging: Excited-State Dynamics.
J. Phys. Chem. Lett. 13, 9210-9220 (2022) (DOI: 10.1021/acs.jpclett.2c02115)

S. Ghazanfari, Y. Han, W. Xia, and D. S. Kilin, First-Principles Study on Optoelectronic
Properties of Fe-Doped Montmorillonite Clay, J. Phys. Chem. Lett. 13, 42574262 (2022)
(DOLI: 10.1021/acs.jpclett.2c00697)

T. M. Inerbaev, Y. Han, T. B. Bekker, and D. S. Kilin, Mechanisms of Photoluminescence in
Copper-Containing Fluoride Borate Crystals, J. Phys. Chem. C 126, 6119—-6128 (2022)
(DOLI: 10.1021/acs.jpcc.1¢10206)

112



Optically controlled quantum phase transitions at van der Waals interfaces
Lian Li, West Virginia University

Keywords: van der Waals heterostructures, quantum phase transition, optical control, machine
learning

Research Scope
This project aims to control emerging quantum phases in van der Waals (VdW) materials
through an innovative design of epitaxial heterostructures, the implementation of novel optical
excitations, and atomic-scale lattice tracing using cutting-edge synchrotron tools. The project
will be carried out in close collaboration with two scientists at the Advanced Photon Source
(APS) of Argonne National Laboratory. The joint efforts of material scientists, data scientists,
and national laboratory partners will allow us to 1) elucidate light-induced quantum phase
transitions at FeSe/oxide interfaces and 2) develop interface-enhanced optical control of quantum
phases in other transition metal dichalcogenide (TMD)/oxide heterostructures.
Recent Progress

e Mechanism for the UV light enhanced superconductivity in single-layer FeSe/SrTiOs3

We reported earlier that the superconducting transition temperature (Tc) in single-layer FeSe
epitaxially grown on SrTiO3(001) (STO) can be manipulated optically by exposure to a cw UV
light with photon energy above the optical bandgap of STO [1]. In addition to raising the Tc by
25%, switching between the superconducting and normal state can be persistently driven using a
tailored sequence of UV light pulses and voltage pulses applied to the back of the STO substrate.
We have attributed this effect to the strong photocarrier-phonon coupling in the STO and the
resultant metastable lattice distortion at the FeSe/STO interface.

To quantitively measure the structural distortions at the interface, we have carried out in-situ
CTR/COBRA (crystal truncation rod/coherent Bragg rod analysis) measurements at APS.
Working closely with the beamline scientists, we built a multi-wavelength LED illumination
setup inside the cryostat at the X-ray beamline. This allowed us to optically excite the samples
during CTR X-ray surface diffraction measurements of UV light-enhanced superconductivity in
single-layer FeSe/STO from room temperature to 10-15 K.

Pronounced and persistent CTR signal changes are observed in all samples after the in-situ
excitation by UV light pulses at the base temperature of 10K, confirming our earlier theory of a
light-induced metastable interfacial structural distortion [1]. As shown in Figs. 1a&b, the UV
illumination triggers structural perturbations mainly at the interface between the 2™ TiO, layer
and the bottom Se layer of the Se-Fe-Se trilayer. The lattice distortion at the top of the double-
TiO> layer is subtle, showing a downward displacement of the Ti ions. The most substantial
disturbance is the bottom Se layer, resulting in a significant lattice displacement upward by 0.41
A along the vertical direction (Fig. 1b), a 28% reduction from the nominal anion height (h,) of
1.46 A between the Fe and Se for bulk FeSe [2]. As a result, a metastable structure is formed
after the UV light exposure, where the h, changes from 1.46 A for the up Fe-Se layer to 1.05 A
for the bottom Fe-Se layer (Fig. 1¢). Note that the anion height recovers the nominal value for
temperatures > 80 K. The formation of this metastable structure directly explains our discovery
of UV light-enhanced Tc in single-layer FeSe/STO [1]. Such enhancement is consistent with the
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trend in iron-based superconductors, where the Tc is strongly correlated with the anion height

[3]. A manuscript is under preparation to report these findings.

e Atomic-scale electronic inhomogeneity of single-layer iron chalcogenides alloys revealed by
machine learning of STM/S data

Chemical pressure can effectively tune the properties of quantum materials, particularly at the

single-layer limit. For example, for a single-layer FeSe/STO, we have recently shown that the ha,

thus Tc, can be controlled by chemical pressure applied with the isovalent substitution of S or Te

for Se [3]. Here, the local chemical composition is a critical parameter that can be obtained by

visually inspecting atomic resolution STM images. However, chemical disorders and electronic
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Figure 1 (a) COBRA electron-density map showing vertical atomic rumpling in the Fe and Se layers. (b) The
atomic positions determined from the COBRA electron-density maps before and after the UV exposure at the
temperature specified. (c) Ball-and-stick model of the UV light-induced metastable single-layer FeSe/STO.

inhomogeneities make such determinations challenging beyond the diluted limit. For example,
shown in Fig. 2(a) is an STM image of a single-layer FeSeTe film, where several types of
vacancy defects (circled) are evident. In addition, darker and brighter regions are also prevalent
on the surface due to interfacial inhomogeneity (e.g., oxygen vacancies in the STO substrate).
These make determining alloy composition challenging, if not impossible, through the
conventional visualization method.

To this end, we apply machine learning to discern Te and Se atoms on the surface. First, defect
locations are identified by analyzing the spatial-dependent dI/dV tunneling spectra using the K-
means method, which produces the map shown in the inset of Fig. 2(b), where the blue regions
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are identified as defects with V-
shaped spectra, and red areas are the
FeSe film exhibiting U-shaped
spectra. Excluding the detect regions
(Fig. 2(c)), the remaining dI/dV
spectra are further analyzed using the
singular value decomposition, where
the Te dopants are associated with
the feature at -280 meV, while the Se
atoms are associated with the peak at
-230 meV. For the image shown in
Fig. 2(a), the analysis yields a defect
population of ~16% and Se and Te
composition of 46% and 38%,
respectively. This method has been
applied to analyze the alloy
composition of various Te- and S-
substituted FeSe films. In addition to
providing an efficient and reliable
determination of local elemental
composition, the analysis further
reveals correlations of nanoscale
chemical inhomogeneity to
superconductivity in single-layer
iron chalcogenide films. Two
manuscripts have been submitted to
report these findings.

e A new dry-patterning fabrication
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Figure 2 (a) STM image of a single-layer FeSeTe/STO. (b) dI/dV
spectra taken at defect (V-shaped, blue) and defect-free locations
(U-shaped, red). The inset: a dI/dV map showing the defect spatial
distribution (blue regions). (c) dI/dV map at -260 meV taken in
the same area as in (a). (d) Tunneling spectra of the Se-rich vs Te-
rich regions. In the Se-rich region, the peak at -230 meV, and in
the Te-rich region, the peak shifted to ~-280 meV.

method for transport studies of quantum materials
Accurate, repeatable patterning of quantum materials is desirable for magneto transport
measurements. However, the most common method, photolithography, can degrade or even
damage chemically sensitive quantum materials during fabrication. In this part of the research,
we developed a new dry-patterning method for device fabrication with lateral etching resolution
down to ~30 um. In this approach, a tabletop computer numerical control (CNC) router machine
is utilized to gently etch patterns into thin films, leaving behind the desired devices on the
substrate. This approach is demonstrated in Fig. 3, where Hall bars (HBs) were made with
conductive channel widths of 30-120 um in a superconducting single-layer FeSe grown on STO
substrate and capped with 20 layers thick FeTe. Transport measurements show the same zero
resistance Tc of 9.5 K from Van der Pauw (vdP) geometry and Hall bar structures. However, the
onset temperature T* is the largest at 23 K for the vdP geometry and decreases with the width of
the Hall bar to 12 K for the 60 ['m devices. These results suggest that interfacial inhomogeneity
plays a critical role in the superconducting properties of single-layer FeSe/STO films. Our
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method provides a new time-saving, cost-effective, and chemical-free strategy for fabricating
devices from quantum materials. A manuscript is in preparation to report these findings.
Future Plans
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Figure 3 (a) Hall bars are designed, and a CNC router machine controls a drill bit to (b) etch the outlined path on
the surface of the sample. Resulting shapes (c, inset) can be reliably recreated for repeatable measurements.

1. Transport measurements on Fe(SeTeS)/STO heterostructures with different capping layers,
comparing their ground state electrical properties and STM/ARPES band structure data to shed
light on the unconventional superconducting pairing mechanism.

2. Investigating light-controlled quantum phases in other TMDs/STO vdW heterostructures.
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Quantum Transduction with Abundant Elements for Cleaner Energy
PI: Michael E. Flatté (U. Iowa); Co-Pls Denis R. Candido (U. Iowa), Durga Paudyal (Ames
National Laboratory)

Keywords: quantum transduction, noise, critical elements
Research Scope
Quantum remains a major goal for next-generation quantum technologies. Here we propose to
theoretically investigate the fundamental properties of erbium and ytterbium doped cerium
orthovanadate and cerium orthophosphate and assess their potential impact on quantum
transduction fidelity. This effort is a collaboration between Flatté (PI) and Candido (Co-PI) of
the University of lowa and Paudyal (national laboratory collaborator) of Ames Laboratory. The
effort proposed here will build on the theoretical advances at Ames Laboratory, e.g., “localized
density functional theory” [1] to obtain high-quality calculations of the 4f electronic states of
rare-earth (RE) materials and contribute to the broader dissemination and improvement of these
techniques. The team will perform ab initio calculations of the electronic structure of erbium-
doped cerium orthovanadate, including the properties of magnetic excitations, the optical
transitions, and the formation of various impurities and defects. We will use electronic structure
and atomistic models, with improved descriptions of on-site electron, spin-orbit, crystal field,
quadrupolar, hyperfine, and Zeeman interactions, to predict host-RE ion configurations in
CeVO4 and CePO4 to achieve desired properties (isolated or entangled spins, energy levels, long
quantum lifetimes). Then the team will analyze these material parameters for their relevance to
quantum transduction using this material, including the effects of charge and spin fluctuation
noise in the host. Further explorations of other rare-earth dopants for quantum information
science will be explored as time permits in subsequent years, along with ytterbium doping of the
host material for long coherence time “clock transitions” and quantum memories.
A major challenge for RE-doped materials for quantum transduction is the linewidth of the
optical transitions and the dependence of that linewidth on the concentration of these RE ions
and the presence of surrounding defects. At their most dilute conditions the RE linewidth will be
determined by the surrounding environment, including vacancies, other unintentional dopants,
any surfaces, any unrelaxed strain or crystal damage. As the concentration increases the states of
the ion will overlap with neighbors (mediated by d and p states with which the f electrons
hybridize) and the linewidth will reach a limit determined by the concentration. So a major
challenge is to determine how dense the RE ions can be doped before the linewidth increases
beyond that determined by the purity and perfection of the host crystal. As the quality of the host
improves the maximum concentration before linewidth broadening will decrease, so evaluating
these features will not only determine the current practical limits of RE-ion coupling but will
inform an evaluation of the maximum transduction efficiency that can be achieved for dense
doping of RE ions in a nonmagnetic host.

Ab-initio approaches face considerable challenges when used to evaluate the coupling between
dilute ions due to the length scales involved. Typical practical unit cells only accommodate
doping levels that are in excess of 1%, which may be too high for the narrow lines of RE ions.
As aresult a hybrid multiscale approach is desirable in which the single-ion properties are
accurately calculated and then used to construct effective propagators for electronic interaction
between spatially-separated ions. The ingredients of such a theory (e.g. Refs. 2 and 3 for
transition-metal dopants in semiconductors) include a high-quality electronic structure
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description of the host states, with elements obtained from experimental measurements of the
material properties (or ab-initio calculations if the experimental quantities are not known), along
with a good description of the single-ion hybridization with the host electronic structure, and
then an efficient method of calculating the properties of pairs, random distributions, or other
collections of RE dopants.
An important goal of this project is to include, develop and incorporate simulations of other
sources of noise, including hyperfine interactions from nuclear spin, phonons, defects, impurities
and contamination. Accordingly, to make progress on the understanding of the noise in crystal
containing rare-earth ions, we will adapt and advance the previously developed noise theory and
calculations for spin centers. This will require translating the noise theory for single spin centers
to dopants, in addition to also expand the theory to an ensemble of dopants, which contribute to
an average noise. We hypothesize that the presence of a surface is less important for rare-earth-
doped materials than it is for scanning sensor applications, but that the surface will remain
important to a measurable degree. As these materials are expected to be incorporated into
integrated photonic devices the evanescent optical waves are likely to extend a couple hundred
nanometers below the surface. Flatte” and Candido previously found that fluctuations in regions a
micron away from a spin center can be significant [4], and thus we hypothesize surface defects
may contribute to noise that is significant for quantum transduction and memories.

This project will establish a fundamental understanding of rare-earth hosts with abundant
elements (with cerium replacing rare elements) for quantum information science (QIS), and
identify whether the current advances in RE-solids for QIS can be translated to specific hosts
consisting entirely of abundant elements. This will provide clear targets for clean-energy rare-
earth quantum information materials. In addition to the advances for cerium-based hosts this
project will advance the theoretical understanding of RE-solids in general and assist in
translating novel RE materials physics to real-world QIS applications for quantum transduction
and memories.

Recent Progress

Ab initio electronic structure of host cerium 'g 8[ 0)1CePO, 4f>L|“"‘
orthovanadates and orthophosphates. The ab A Cets LL?
initio study of defect formation and 4f states ] 2 0dp) | P07

in RE materials has relied broadly on S gl oo \‘
electronic structure techniques that assume S i o é(eV ;'L "
4f electrons in the core level. Although they e ° g
describe chemical bonding relatively Fig. 1: Crystal structure (a) and density of states (b) of
accurately, they have bypassed the proper CePOs.

treatment of the 4f quantum states that are

crucial for magneto-quantum technologies, especially for the formation of coherent magnon
states. Density functional theory (DFT) incorrectly positions 4f states at the Fermi level,
especially those states which should clearly be the unoccupied states, giving an erroneous notion
of 4f electrons taking part in the chemical bonding. Our calculations in rare earth orthovanadates
and orthophosphates now show that the incorporation of electron correlation parameter in DFT
does correct the occupied and unoccupied 4f states (see Fig. 1 for CePOs). Further, the hybrid
functional, which incorporates a portion of exact exchange from Hartree—Fock theory with the
rest of the exchange—correlation energy from DFT, provides more accurate corrections to the
occupied and unoccupied states and help produce more accurate band gaps and the positionings
of 4f states.

Development of exchange interaction calculation method for dilute dopant-dopant interactions.
We have developed a method, which calculates exchange interactions employing total energies
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of different possible magnetic spin configurations and
implemented it. As a test case prior to applying to the RE-doped
materials that are the topic of this project we have applied the
technique to functionalized and doped Cr.C Mxenes (Fig. 2).

The dopant-dopant interactions are key to assess the fidelityand L . = 7 | 7

efficiency of the transduction when using hosts with high Fig.%;: E;Fch;ncgoe fnz;raztiznzc((}?
density of RE ions. This interaction will quantify the J>, and J;) of the bare and
hybridization between distinct RE ions, which is one of the functionalized Cr.C MXenes. The
factors dictating the RE linewidth. With the theory developed black, red, and green lines

: . ) ... t the tr f )
here, we will be able to obtain the maximum densities for RE represent the trend of.Ji, J2, and J3

ions, thus setting practical limits for dense doping of RE ions in

a nonmagnetic host.

Development of exchange-magnon Hamiltonians and frequency dispersion. We hypothesized
that use of magnon modes can enhance the quantum transduction from microwave to optical.
Accordingly, we first have developed a general theory characterizing magnon excitations. Again,
as a test case prior to applying to RE-doped materials, we have applied this theory to the bare
and functionalized Cr2C Mxenes, using the exchange interactions obtained above (see J;, J2 and
Js in Fig. 2). For the ferromagnetic case, the following Hamiltonian for the magnons was
obtained.

. [ Ja (1 - ’7(,211 - 71((2)) —ZlJﬂ;((l) ax
H=5) [ak k] 2z 7 (1 @ 7(2)) bic
- “k kK where Z1 (Z2) are the number

of nearest (next-nearest) neighbors, yx!”® are the structure factors dictating the dispersion, and
ax (bx) are the magnon operators associated to the A (B) sublattice. The magnon energies are
obtained

as: hof = 20018 + 2208 (1= = 4R 120718 o2

We have also started to develop the formalism to calculate the magnon energy dispersion for the
different anti-ferromagnetic phases found for the functionalized Cr.C Mxenes.

Future Plans

We plan to simulate the electronic structure of magnetic lanthanide doped cerium orthovanadate
and cerium orthophosphate for quantum transduction and evaluate the enhancement of
microwave to optical quantum transduction by using cerium orthovanadate magnon modes. We
shall then study magnon-mediated entanglement of magnetic lanthanide spin qubits to assess this
framework’s potential for entangling qubits and quantum memories and explore configurations
and compositions that improve quantum transduction and quantum memories by quenching and
or suppressing quantum noise. Despite the hypothesized enhancement of transduction via
magnons, we will also calculate the magnon-induced linewidth of the RE ions. This will allow us
to realistically assess the optimal situation that maximizes the transduction without substantially
increasing the induced linewidth.
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Optical Information Processing Through Jointly-Optimized Diffractive Surfaces and
Electronic Neural Networks
Aydogan Ozcan, Electrical & Computer Engineering, UCLA ozcan@ucla.edu

Keywords: Diffractive materials, Diffractive optical networks, Diffractive computing, Optical
information processing, Deep learning
Research Scope: In this project, we are broadly exploring the science at the intersection of
artificial intelligence, materials science and optics/photonics to harness the diffraction of light
through structured materials composed of trainable surfaces (forming a 3D structured volume)
that collectively execute a desired computational task, not achievable with standard optical
design principles. These diffractive systems form optical processors that are passive (no external
power), and operate at the speed of light, calculating the desired solution as the input light
propagates through the physical diffractive system trained for a specific task. Benefiting from the
scalability and parallelism of optics, diffractive processors and materials that are trained using
e.g., deep learning, would create task-specific computational imagers and machine vision
systems with various new capabilities. As part of our research, we will create the science and the
physical design principles that will lay the foundations of diffractive information processors that
are task-specific. As part of this research scope, we have been investigating the information
processing capacity of trainable diffractive surfaces, to inquire a deeper understanding of the
limits of their computational capabilities. Optical information processors created by trainable
diffractive surfaces that are used as the front-end or back-end of electronic neural networks form
hybrid information processing units. Our basic research aims a transformative advancement in
our physical understanding of optical computing and information processing through trainable
diffractive surfaces and materials that are jointly-optimized to work with electronic neural
networks. We are exploring fundamental aspects of diffractive surfaces to bring a deeper
physical understanding of their formulation for task-specific optical information processing
systems, also creating unique interdisciplinary training opportunities for our graduate students.
Recent Progress: High-resolution processing, projection, or transmission of visual information
over a large field-of-view (FOV) is hindered by the restricted space-bandwidth-product (SBP) of
wavefront modulators. Using jointly-optimized diffractive materials and electronic neural
networks, we explored the design space of a deep learning-enabled diffractive image processor
(Fig. 1) that synthesizes and projects super-resolved visual information using low-resolution
wavefront modulators [1]. The digital encoder, composed of a trained convolutional neural
network (CNN), rapidly pre-processes the high-resolution visual information of interest so that
their spatial information is encoded into low-resolution (LR) modulation patterns, projected via a
low space-bandwidth-product wavefront modulator. The diffractive decoder processes this LR-
encoded information using thin transmissive layers that are structured using deep learning to all-
optically synthesize and project super-resolved image information at its output FOV. Our results
demonstrated that this diffractive image processor design could achieve a super-resolution factor
of ~4, demonstrating a ~16-fold increase in space-bandwidth-product. We also experimentally
validated the success of this diffractive super-resolution visual processor using 3D-printed
diffractive decoders that operate at the THz spectrum (Fig. 2).[1] This diffractive image decoder
can be scaled to operate at visible and IR wavelengths and inspire the design of large space-
bandwidth-product visual information processors that are compact, low-power, and
computationally efficient.
This novel diffractive decoder designed by deep learning synthesizes and projects super-

resolved images at its output FOV by encoding each high-resolution visual information of
interest into low-resolution representations with a lower number of pixels per image. As a result,
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the all-optical decoding capability of the diffractive material not only improves the effective SBP
of the image processing system but also reduces the data transmission and storage needs since
low-resolution wavefront modulators are used. The decoder network is an all-optical diffractive
system composed of passive structured materials/surfaces and therefore does not consume
computing power except for the illumination light. Similarly, the all-optically synthesized and
processed images are computed at the speed of light propagation between the encoder plane and
the diffractive decoder output FOV, and therefore the only computational bottleneck for speed
and power consumption is at the inference of the front-end digital neural network encoder.
Unlike lens-based image processing systems that can, in general, be characterized
through a spatially-invariant point spread function, the optical forward operation of a diffractive
network is mathematically equivalent to the transformation of the complex-valued light field
emanating from the input through a complex-valued (learnable/trainable) matrix that is not
necessarily a Toeplitz matrix.[1-3] Stated differently, a diffractive decoder can implement any
arbitrary complex-valued linear transformation between its input and output fields-of-view,
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Figure 2: Experimental results of the diffractive PSR visual processor material with L=3 diffractive surfaces that
are jointly optimized with an electronic neural network (front-end), where the encoded phase-only representations
of the objects are obtained using the all-electronic encoder [1]. The all-optical diffractive decoder projects
resolution-enhanced visual information. For comparison, low resolution versions of the same images using the
same number of pixels as the corresponding wavefront modulator are illustrated at the bottom row of the figure.
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covering any desired set of spatially-variant point spread functions, which forms a super-set of
spatially invariant imaging systems. In fact, deep learning-trained diffractive networks were
shown to all-optically perform an arbitrary complex-valued linear transformation, including
space-variant operations such as permutation, with negligible error provided that the light
modulation surfaces/materials forming the diffractive network contain a sufficiently large
number of trainable diffractive features. In this sense, the presented diffractive PSR visual
information processor can be viewed as a hybrid (electronic-optical) network system that is
composed of an electronic encoder (front-end) followed by a complex-valued all-optical matrix
operator (the diffractive back-end) that decodes the input encoded fields in a way that the light
intensity distribution at the output plane approximates the high-resolution target image
information. Note that the complex-valued linear transformation that is all-optically implemented
by the diffractive decoder was not a priori known during the training phase since its
mathematical function co-evolves along with the optimization of the encoder front-end neural
network. In this joint optimization, the diffractive decoder evolves to implement the desired pixel
super-resolved image synthesis at the output FOV based on the optimization of its physical
features e.g., material thickness (Fig. 2), controlling the light phase at each diffractive feature,
collectively performing the learned/optimized linear transformation at its output, in collaboration
with the front-end electronic encoder.

Future Plans: We will continue our explorations and basic research on three distinct sets of
transformations performed by diffractive material systems that are integrated and jointly-
optimized with electronic neural networks: (1) space-to-space transformations, (2) space-to-time
transformations and (3) time-to-space transformations. These physical transformations achieved
through trained diffractive processors will form a powerful and mathematically rich symbiotic
relationship between the optical information processor and the digital electronic network
(jointly-trained) to achieve extreme advantages in terms of power-efficiency, frame-rate and
classification speed for a given inference task.
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Program Scope
The objective of this project is to advance the fundamental understanding of light-matter
interaction in nanoscale systems. We aim to capitalize on our gained understanding to identify
new opportunities for renewable energy applications. This objective will be accomplished by
combined theoretical and experimental efforts.
Below we review some of our major results [Refs. 1-10 in the publication list]
Recent Progress
Atomic-scale control of thermal emission. Controlling the spatial and temporal coherence of
thermal radiation plays an

important role in energy r’} A ~

R

harvesting and thermal = hEN AR
management. Conventional MaF,
approaches for thermal N=1 N=2 N=3

radiation control rely on
resonances in bulk thermal
emitters, which usually have
a large footprint and display
little tunability.

Here, in a collaborative
work between the
Brongersma and Fan groups
[Paper 5 in the Publication
List], we explore the control
of temporally coherent
thermal radiation at the
atomic scale with 2D

materials (Figure 1). We o oo 001 0 0oz om0 0.02 004

. Ribbon width, w (2m) Ribbon width, w (zm) Ribbon width, w {;:m)
focus on using hexagonal Figure 1. Thermal emitter with atomically thin hBN top layers. (a)-(f) Emissivity as a
boron nitride (hBN), which function of wavelength and ribbon width for different numbers of hBN atomic layers.
has a strong high— By tuning the number of layers and the width of the hBN ribbon, the emissivity of the

thermal emitter can be controlled.
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
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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.
Nighttime electric power generation via radiative cooling. A large fraction of the world's
population lacks access to the electric grid. Standard photovoltaic (PV) cells can provide a
renewable off-grid source of electricity but only produce power from daytime solar irradiance
and do not produce power at night. In many rural areas dependent on mini-grid or off-grid
systems, providing power during the nighttime often necessitates substantial additional battery
storage installation,
which adds significant
system complexities
| B ] and costs. Developing a
N R mean to extract energy
from existing PV cells
_ & A at night would alleviate
— : g the daytime limitation
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Figure 2. Nighttime power generation from radiative cooling of a photovoltaic (PV) cell.
(a) Schematic showing the device configuration and the energy balance of the PV cell and
the thermoelectric generator (TEG) unit. (b) Multi-day temperature and power
measurements. (Top) Temperature measurements. (Middle) PV power generation.
(Bottom) TEG power generation. Note the different scales used for daytime and

storage in electrical
power systems.

Here, we show that a
PV cell can be used to

nighttime. ..
’ generate electricity at

night. [Paper 8 in the

Publication List] The encapsulation layer of the PV cell is usually made of materials such as
glass that is strongly emissive in the thermal wavelength range. The sky-facing PV cell therefore
can undergo radiative cooling and reach a temperature below that of the ambient. We incorporate
a thermoelectric generator to harvests electricity from the temperature difference between the PV
cell and the ambient surrounding (Figure 2a). We achieve a power density of 50 mW/m? under a
clear night sky, with an open-circuit voltage of 100 mV (Figure 2b). Our demonstrated power
density is orders of magnitude higher as compared with previous demonstrations. During the
daytime, the thermoelectric generator also provides additional power on top of the electric power
generated directly from the PV cells. Our system can be used as a continuous renewable power
source for both daytime and nighttime in off-grid locations.
Approaching the ultimate limit of solar energy harvesting with non-reciprocal photovoltaic cells.
Understanding the fundamental limits of solar energy conversion and developing device
configurations to reach these limits have been of central importance in the study of solar cells.
When reciprocity is assumed, the solar energy conversion has an upper bound on its efficiency
Ny = 86.6%, known as the multi-color limit, assuming a solar temperature of Ty = 6000K and a
cell temperature of T, = 300K. With the use of non-reciprocal components, one can further
increase the efficiency beyond the multicolor limit to reach the Landsberg limit:

4T, 1 <TC 4

1ty —) = 93.3¢
n + T, %
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The Landsberg limit represents the ultimate efficiency limit of solar energy harvesting, as can be

proven LlSiIlg fundamental thermodynamic considerations.
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Figure 3. Configurations for reaching the Landsberg limit for the efficiency of solar energy harvesting. (a) A configuration

v 4 absorber
Carnot
- -
engine Q Q
proposed by Ries. (b) Our recently proposed non-reciprocal multiple junction cell. The cell consists of multiple
semiconductor layers with varying band gaps. Each layer operates as a non-reciprocal semitransparent absorber.
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The multicolor limit can be reached with use of a multi-junction solar cell, which consists of a
stack of multilayers of semiconductors with different band gaps. Compared with the
multijunction solar cells, however, the existing proposed configuration for reaching the
Landsberg limit are far more complicated. The first proposal consists of an array of circulators
and Carnot engines (Figure 3a). None of the proposed configurations has the conceptual
simplicity of the multijunction solar cell.

We have proposed a non-reciprocal multijunction solar cell that can reach the Landsberg limit
[Paper 7 in the Publication List]. In this configuration (Figure 3b), like the standard
multijunction solar cells, the layers are semiconductors with different band gaps, with the larger
band gap semiconductor placed closer to the front side of the cell facing the sun. Unlike the
standard multijunction solar cells, however, each layer has a non-reciprocal semitransparent
absorption/emission property. The absorber absorbs solely from one side but emits solely to the
other. We have shown that this configuration, in the ideal limit with infinite number of
semiconductor layers, can reach the Landsberg limit. We have also shown the nonreciprocal
multijunction cell outperforms its reciprocal counterparts for any number of layers greater than
one. We envision the study of non-reciprocal solar cells will open a new direction in the
theoretical understanding of fundamental issues associated with solar and thermal energy
harvesting.

Structural color from a coupled nanowire pair beyond the bonding and antibonding mode. The
discovery of new mechanisms to create color have always been at the heart of human society—
from colorful cave paintings in prehistoric times to advanced metasurfaces for solar cells,
thermal radiation management layers, and displays with a wide color gamut. Compared to
pigments, structural colors induced by optical resonances are chemically more stable and have
highly designable spectra as well as the potential for dynamic tuning. Photonic crystals are well
known to produce structural colors. However, a relatively large footprint is required to realize
efficient color filtering due to the coherent interaction of the unit cells in photonic crystal.
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Here, we demonstrate
both theoretically and
experimentally that
two identical
neighboring silicon

| | nanowires (NW) with
| z‘i*—m different spacings form
)

a new universal

(c) 7 (d [
- 6 3 5[ ee00 m building block for
. < =250 nm .
g 5 ~ 4 00 strqcttu.ra! color, while
2 2 maintaining a
o 4 S 3 d=400 nm g
o 3l d=200nm (= subwavelength
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£ 2} d=300 o g 2 footprint [Paper 6 in
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@ 1} geaoonm 5 the Publication List].
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Figure 4. (a) Experimental demonstration of structural color from Si nanowire (NW) pairs. Fabry—Pérot-like
(a) Cross-polarized reflection optical image of the fabricated Si NW pairs. All the NWs are modes where light is

50 um long and have the same 50 nm square size. (b) Top-view scanning electron
microscope images of fabricated Si NW pairs. The separation distance between the NWs repeatedly scattered
increases from 200 nm to 400 nm in steps of 50 nm. (c) Simulated scattering efficiency of between two NWs
the designed Si NW pairs on the sapphire substrate as a function of the incident (Figure 4)_ The
wavelength under normally incident, TM-polarized illumination. The dispersion and
absorption of Si are considered in the simulation. (d) Measured cross-polarized reflection
spectra for the different fabricated Si NW pairs. from these Fabry—
Pérot modes can be

tuned across the entire
visible frequency range by varying the distance between two NWs. Furthermore, the presented
optical system provides a way to generate optical resonances in coupled nanostructures and
expands the understanding of resonant coupling and the manipulation of light at the nanoscale.
Future Plans
We plan to focus on continued efforts towards understanding light-matter interaction in
nanophotonic structures in the context of energy applications. We will continue our efforts
towards enhancing radiative cooling based nighttime power harvesting schemes. We will also
further develop the concepts of non-reciprocal solar cells for harvesting of solar and thermal
radiation. The efforts include the use of non-reciprocal systems for thermophotovoltaic systems,
and in electroluminescent cooling. In addition, we will develop new mechanisms to control
thermal radiation using 2D quantum material engineering and space-time modulation. These
works will deepen our fundamental understanding of light-matter interaction in nanoscale
systems and open new opportunities for energy harvesting.
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Program Scope

The properties of semiconducting nanostructures are fundamentally defined by their
morphology, and this has translated to the innovative design of optoelectronic devices. The
controlled synthesis, advanced structural characterization, and theoretical modeling of the optical
and electronic properties of semiconductor nanostructures will thus allow us to inform the design
and control of nanoscale energy conversion and light-emitting systems with great precision.
Specifically, we focus on semiconducting nanowires (NWs) because they are an excellent
platform for studying emergent phenomena, such as structure-to-property relationships, phase
transitions, and carrier dynamics. By studying NWs across three size regimes: 1) mesoscale, 2)
nanoscale, and 3) molecularly thin, we will develop a holistic physical understanding of
semiconducting NWs and their potential applications.

Recent Progress

1. Mesoscale perovskite nanowires: Ferroelectric semiconductors, characterized by a unique
spontaneous polarization and visible light absorption, have emerged as an exciting class of
materials for designing functional photoferroelectrics, such as optical switches and
ferroelectric photovoltaics. Among these materials, our recently discovered two-dimensional
CsGeX; (X = Cl, Br, I) perovskite, is the only class of inorganic halide perovskites with a
noncentrosymmetric crystal structure that lead to ferroelectric properties!. Specifically, the
ferroelectricity of CsGeX3 arises from the lone pair stereochemical activity in Ge(II) that
promotes the atomic displacement of the metal cation, thus causing off-centering behavior
that breaks the centrosymmetry of the crystal structure and giving rise to spontaneous
polarization up to 10-20 uC cm™.! This behavior marks CsGeX3 as a next-generation
ferroelectric semiconductor, a rare class of materials that can make a significant impact in
solar-to-electrical energy conversion technologies. Single-crystalline CsGeBr; NWs can be
synthesized via chemical vapor transport (CVT) methods. We have recently expanded
approaches to grow these NWs on a library of substrates, including muscovite mica, Si,
sapphires, MgO (Figure 1). The ability to engineer NW growth on a variety of substrates
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allows us to tune both the NW growth orientation and the substrate interaction at the NW-
substrate interface. Both of these factors can potentially affect the structural distortion that
generates spontaneous polarization, which in turn impacts the ferroelectric behavior. Current
experiments involve further characterizing these NW-substrate interfaces with transmission
electron microscopy (TEM) and understanding the size-dependent, dimensionality-dependent
and substrate-dependent ferroelectric properties — such as the atomic-scale polarization
distribution and domain microstructures of these NWs — using polarization-resolved scanning
second harmonic generation microscopic imaging and piezo-response force microscopy.
Extensive studies to correlate structural properties with nanoscale ferroelectric behavior in
this scope will further our fundamental understanding of this new class of ferroelectric
semiconductor and pave the way for applications in ferroelectric photovoltaic devices.

Furthermore, preliminary measurements to determine the
electronic density of states and band structure in CsGeX3
nanostructures with angle-resolved photoemission
spectroscopy (nanoARPES) have been initiated at the
Advanced Light Source beamline 7.0.2. Both CsGeBr; NWs
and nanoplates have been directly grown on highly conductive
silicon substrates and possess low resistance values on those
substrates (generally below 1 kQ), thus enabling more
electrons to escape the material and be efficiently collected to
generate sufficient nanoARPES signal. These nanoARPES
measurement efforts will inform our understanding on probing
the ferroelectric phase transition properties of CsGeX3
nanostructures with tunable thicknesses from few nanometers
to tens of nanometers. XUV transient absorption
measurements on thin films of CsGels are in progress to
understand the kinetic behavior on few-femtosecond
timescales of the photo-generated electrons and holes. These
carriers are being studied at the iodine Ns.5s and Ge My s
absorption edges to provide mechanistic insight on the

evolution of the carrier cooling and thermalization.

5 i S N
Figure 1. Scanning electron
microscopy (SEM) images of (a)
horizontal CsGeBr; NWs grown on
muscovite mica (scale bar: 10 pm),
(b) a network of CsGeBr3; grown on
muscovite mica (scale bar: 100 pm),
(c) vertical CsGeBr; NWs grown on
silicon (scale bar: 10 um), and (d)
vertical CsGeBr; NWs grown on m-
plane sapphire substrates (scale bar:
2 um).

Additionally, the XUV as a core-level probe is sensitive to
lattice dynamics that may couple to the photo-generated carriers.

2. Nanoscale perovskite wires: The optoelectronic
properties of semiconductor nanostructures are
dominated by confinement when their thickness
is smaller than that of the exciton Bohr radius.
Consequently, a suite of structure-to-property
relationships have emerged among perovskite
materials, such as tunability of the bandgap, diameter.

Figure 2. Representative TEM images of
colloidal ultrathin CsPbBr; nanowires, ~2.2nm

photoluminescence (PL) quantum yield, and

recombination lifetimes, central to engineering optoelectronic devices. In this program, our
goal is to elucidate the photophysics of one-dimensional (1D) perovskite NWs, including
CsGeX3 and CsPbX3, as a function of their thickness (Figure 2). A new perspective is that
these NWs display greater diversity in their physical properties compared to their higher-
dimensional counterparts due to the ability to control the thickness of the NW. Their
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absorption and PL spectra each contain intense excitonic resonances at room temperature,
which redshift with increasing thickness. Such fine tuning of the optical bandgap with
nanometer wavelength resolution will enable the study of nanomaterials under unprecedented
levels of confinement, as well as the testing and revision of existing theoretical models that
break down when describing electronic behavior in the weakly confined regime. For
instance, the exciton-phonon and electron-phonon coupling may significantly impact the
optical behavior of ultrathin NWs, and more-so with decreasing thickness, as already shown
for two-dimensional CsPbBr3 nanosheets, thus necessitating a more sophisticated
understanding of photophysics in confined nanostructures and the contributions of long-range
translational order afforded by the ionic perovskite lattice. The understanding of exciton-
phonon coupling will be aided by the use of recently developed theoretical models that
describe the exciton-phonon coupling atomistically, allowing for understanding of the role of
specific deformations on the nanoscale®. Theoretical understanding of the carrier dynamics
will be aided by atomistic investigations of the nanowire electronic structure, including

trapping and exciton-phonon coupling, within a recently
expanded semi-empirical pseudopotential framework.
This work lays the foundations for a more detailed study
of the exciton-phonon and electron-phonon coupling in
1D nanostructures, which will help to inform the design
of optoelectronic devices, as well as highlight previously
unexplored structural degrees of freedom to engineer the
excited state dynamics of semiconductors.

Single unit cell perovskite nanowires: Single-unit-cell
ultrathin perovskite NWs are challenging to synthesize,
but their strong quantum confinement properties make
them a high-interest topic in semiconductor
optoelectronics research. A generalized bottom-up
solution-based supramolecular assembly methodology
was proposed to explore the synthesis and assembly of
these NWs. The use of crown ether@alkali metal
supramolecular cations was successful in stabilizing a
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Figure 3. (a) A generalized
supramolecular assembly strategy
from the solution-stabilized
(18C6@A):M(IV)Xs dumbbell
structural unit to a crystalline
structure. (b) A  hypothetical
alternating crown ether-octahedron
molecular wire structure.

unique charge-neutral (crown ether@A)>M(IV)Xs dumbbell structure in solution, with highly
tunable chemical composition. This lays the foundation for a new class of self-assembled
optical materials (Figure 3a)*. The success of this approach warrants further exploration into
the formation of 1D chain structures, such as an alternating crown ether-octahedra chain
stabilized by a bridging divalent cation crowned by the crown ether (Figure 3b). To directly
examine their electronic properties, we are exploring ways to stabilize such 1D molecular
chains in solution. Moreover, investigation of the mesoscopic assembly of molecular wires
via this supramolecular process may lead into interesting electronic coupling between these

molecular wires.
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In addition to the supramolecular assembly chemistry, encapsulation of halide perovskite into the
carbon nanotubes (CNTs) can also achieve molecular wires with well-defined dimensionality
down to the single-unit-cell level (Figure 4a & 4b)°. As known, halide perovskite materials are
highly susceptible to electron beam damage. Therefore, previous study of halide perovskite
transformation kinetics and mechanism were majorly probed by non-invasive imaging
techniques such as PL microscopy, cathodoluminescence microscopy, and high-pressure Raman




spectroscopy. With the protection of CNTs, the perovskite NWs can maintain their structural
integrity for longer times under the high-dose working conditions of TEM experiments. This
opens up unprecedented opportunities to achieve in situ visualization of 1D perovskite NW
structural transformations and dynamics down to few- or

single-unit-cell level. It further enhances the precision and -
control of 1D NW physical behaviors with high spatial @ D 1t RS
resolution and temporal resolution. With combined efforts on _
synthetic advancement of CNTs-confined 1D halide
perovskite NWs at single-unit-cell level, high-resolution
phase contrast electron microscopy with in sifu temperature
control, and molecular dynamics simulation as well as novel
atom tracing algorithms (Figure 4c), subsequent quantitative
study of NW structural transformation is under way, such as Figure 4. (a) Snapshot of the
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temperature-dependent phase transitions of these highly simulation of gerOVskite C?ain in
confined halide perovskite NWs inside CNTs. CNT where Pb™, T', and Cs atoms
are colored in red, orange, and blue,
respectively. (b) Low-does phase-
Future Plans contrast electron images of a CNT
We will continue to draw fundamental connections between | filled with halide perovskite lattice.

the structure and properties of the material systems (€) Real-time trajectories of cesium,
lead, and iodine atoms (time interval

showcased herein by leveraging our combined expertise in is 53 ms).
synthesis, characterization, and theory. We will continue the
synthesis of novel 1D semiconductors with sizes from the
meso- down to the molecular scale. Atomic resolution aberration-corrected TEM will be a
powerful tool to quantify the lattice dynamics, thickness, and phase transitions of NWs.
Furthermore, XUV and visible transient absorption spectroscopy will be used to probe the new
ferroelectric semiconductors and unexplored carrier dynamics of NWs, respectively. Advanced
computational methods are currently under development to handle the electronic structure
calculations of large nanostructures, even exceeding 20 unit cells, which will model the observed
excited state dynamics. The culmination of such work entails a comprehensive, physical
understanding of 1D semiconductors.
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Research Scope
To address near ubiquitous photosegregation in lead-based, mixed-halide perovskites, we
have developed a band gap-based thermodynamic model that rationalizes nearly all experimental
aspects of the phenomenon. At its most basic level, the model suggests that local band gap
differences between parent mixed-halide alloys and stochastically-generated or light-induced
iodine-rich regions provide a thermodynamic driving force to induce halide photosegregation.
Band gap sensitivities appear in excess photocarrier energies that enable anion hopping within
perovskite lattices. This, in turn, allows them to reduce their free energies by creating segregated
iodine- and bromine-rich domains. In the absence of above gap excitation, the original lattice
restores itself through entropically-driven, anion remixing. Spectroscopic studies have also been
conducted to probe halide ion migration in two-dimensional (2D) and bulk, three-dimensional
(3D) mixed halide perovskites with specific measurements conducted to modulate the extent of
ion migration using applied electrochemical bias.
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In tandem, we have studied the photostabilities of two-dimensional (2D) mixed-halide and
2D/three-dimensional (3D) perovskite heterostructures.® For the former, it has been proposed
that 2D Ruddlesden-Popper (RP) perovskites exhibit suppress halide ion mobilities and, by
extension, photosegregation tendencies. For the latter, passivating bulk 3D perovskite surfaces
with RP perovskites stabilizes them against thermal- and moisture-induced degradation. This
improves the stability of resulting (bulk) photovoltaic and light emitting devices.
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Studies now suggest growing concern about unstable 2D/3D interfaces. This stems from
cation or anion* migration under illumination, under thermal stress or even during specimen
aging. To address ion migration dynamics at 2D/3D perovskite interfaces, we have therefore
recently undertaken photophysical studies of these materials, described below.

A. Photoinduced phase segregation in BA>PbBr: D> films. When a BA>PbBr1; film is subjected to
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Figure 2. BA,PbBr;], phase segregation under steady
state irradiation. (A) Absorbance spectra, (B)
difference  absorbance  spectra, and (O
photoluminescence spectra recorded during steady
state irradiation with a 365 nm diode laser (/exc=15
mW cm?). (D) Absorbance change at 450 nm (black)
and growth of emission at 510 nm (red) during
photosegregation. Solid lines are monoexponential
kinetic fits.

visible light excitation (either white light or
continuous 400 nm diode laser), its 450 nm
excitonic absorption decreases. This is
accompanied by concurrent increases of
observed absorption at 450 and 475 nm (Figures
2A and B). These changes reflect the formation
of I- and Br-rich domains in BA;PbBr1> due to
photoinduced phase segregation. Upon stopping
photoirradiation, films recover, illustrating that
anion photosegregation is reversible.

Figure 2C shows corresponding changes to
the emission during irradiation. Observed
redshifting resembles that seen for bulk 3D
perovskites. Namely, a redshifted 510 nm
emission peak progressively grows as charge
carriers accumulate in photogenerated I-rich
domains. No absorption or emission changes are
observed with corresponding pure bromide or
pure iodide species. A monoexponential kinetic
fit of absorption and emission data yield
photosegregation rate constants of 2.2 x 107 57!

(absorption) and 2.4 x 10 s7! (emission). The similarity between these two kinetic rate constants
establishes the close relationship between absorption and emission changes in BA;PbBr:1> due to

photoinduced phase segregation.

B. I and Br™ expulsion from 2D perovskite films. When BA>PbBr: [ films are irradiated in
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Figure 3. (A) Absorbance and (B) difference spectra of BA,PbBrl, during
steady state irradiation in DCM using a 400 nm continuous wave laser (Excitation
fluence: 8 mJ cm). (C) Normalized absorbance changes at (a) 490 nm (iodide
peak), (b) 450 nm (mixed-halide peak), and (c) 405 nm (bromide peak) with time.
Solid lines are exponential fits to obtain pseudo first order rate constants.
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halide ions are expelled. At
early times, spectral
behavior akin to above
phase segregation is seen.
Continued irradiation,
however, leads to I
expulsion as observed via a
decrease of observed
absorption at 450 nm
(Figures 3A & B).
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Although bromide-related

absorption at 405 nm is retained initially, it ultimately succumbs to Br™ expulsion after prolonged
photoirradiation. Triiodide (I3”) formation in DCM confirms halide expulsion.

Despite Br™ and I existing in almost equal concentrations within BA2PbBr:Do, their expulsion
rates vary. Kinetic traces at 490 nm (iodide related), 450 nm (mixed-halide related), and 405 nm
(bromide-related) in Figure 3C reveal rate constants of k405=5.01x107 57!, k450=6.13x10 s7!, and
kaoo=1.57x107 57!, kaso is similar to ka9 and is rationalized by loss of mixed-halide absorption
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due to I" expulsion. Between k405 and k490, observed differences are attributed to different I

versus Br” mobilities. Specifically, charge accumulation in low bandgap I-rich domains,

accompanied by large I mobilities, leads to initial I" expulsion. Only when I/I' expulsion is

complete does charge accumulation in Br-rich domains result in eventual Br™ expulsion.

C. Electrochemical Modulation of lodine Migration and Expulsion. We have succeeded in

modulating photoinduced I" expulsion in mixed-halide perovskite films by applying
electrochemical bias (Figure

4). Our prior work has shown

(A) (B) R that hole accumulation in I-
ectrode Perovskite 4 . . . .
5 102 & ) rich domains of mixed-halide
1 suppresset .
8 e perovskites plays an
< . . . .
H important role in inducing I
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Figure 4. (A) Electrochemical bias-dependent I" expulsion from induce electron extraction.
MAPDBTr; sl1 5 deposited atop electrodes under photoirradiation. Employed What then results is hole
potentials range from 0.5 to -0.3 V vs. Ag/AgCl. (B) Schematic illustration
of electrochemical modulation of the perovskite Fermi level and its influence )
on photoinduced I" expulsion. Scanning electron microscopy images of biased which, we observe leads to I
and photoirradiated films to illustrate morphological changes induced on I" | migration in the perovskite.

expulsion. This is evident from apparent

accumulation in the film,

increases in I" expulsion rate

constants (kexputsion = 0.0030
s"'1). In contrast, under cathodic bias (-0.3 V vs. Ag/AgCl potential) electron-hole recombination
(as opposed to extraction) is facilitated within MAPbBr 51 5 films. Under these conditions, I
expulsion is suppressed by an order of magnitude, leading to dramatic reduction of I" expulsion
rate constants, i.e. kexpuision = 0.00018 s”!. Tuning the perovskite’s Fermi level (Erermi) through
external bias therefore modulates I" migration and expulsion.
Future Plans

Going forward, we will focus on understanding anion dynamics in the limit of high excitation
intensities. Here, it has been reported than an unusual photoremixing phenomenon exists wherein
simply increasing incident light intensities reverses anion photosegregation. Of note is that
photoremixing is not immediately predicted by any existing model of the phenomenon. In this
regard, all existing anion photosegregation measurements and theoretical studies implicitly work
in the limit of low carrier densities. Little is therefore known about metal halide perovskite anion
dynamics at high carrier densities.

Our current results simultaneously highlight how differences in Br and I mobility influence
the photostability of 2D and 3D perovskite films. Although incorporating 2D perovskites to
passivate the surfaces of bulk 3D perovskites improves the photostability of corresponding
perovskite solar cells, it remains to be seen how cation and anion instabilities influence the long
term stability of 2D/3D heterojunctions. Controlling halide ion mobility at 2D/3D interfaces thus
represents an ongoing challenge for stabilizing photoirradiated metal halide perovskites. Cation
dynamics at 2D/3D perovskite interfaces will be addressed using concerted chemical, optical,
photochemical, and electrochemical measurements. Specific cation imaging measurements will
be conducted using a widefield, superresolution infrared absorption microscopy established with
prior DOE support. Efforts entail high spatial resolution, hyperspectral imaging and spectroscopy
of cation migration at 2D/3D interfaces, following visible light irradiation and/or electrical bias.
This will be complemented with detailed photo- and electrochemical measurements.
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Research Scope
This work focuses on the discovery of goniopolar materials, electronic materials that
simultaneously have n-type conduction along specific crystallographic directions and p-type
conduction along others. When such materials are cut so that the current flows at an angle vis-a-
vis the principal crystallographic axes, the electrical resistivity, thermoelectric power, and
thermal conductivity tensors have non-zero off-diagonal elements, zero-field Hall-like, Nernst-
like and thermal-Hall-like effects. In such crystals, and also in the composites we will show,
charge and heat flow at an angle vis-a-vis the applied electric field or thermal gradient, enabling
applications in microwave and solid-state energy conversion devices. Hall plates can be used in
non-reciprocal microwave isolators and circulators; so can goniopolar materials with a zero-field
Hall effect. Similarly, like the Nernst effect enables transverse thermoelectric generators
(TTEGs) and Ettingshausen transverse thermoelectric coolers (TTECs), so can their zero-field
Nernst effect.
There are two mechanisms that lead to goniopolar behavior in single crystals, to which in this
reporting period, we add a third, composite material with non-zero Hall and Nernst effects in the
absence of external magnetic fields. The first mechanism, single-Fermi Surface goniopolarity,'
is found in degenerately doped semiconductors and metals (e.g. NaSn>As) that have a Fermi
surface (FS) that is not 1-simply-connected and consists of a convex and a concave Gaussian
curvature part. This type of Fermi surface occurs in electrically conducting solids in which the
orbital nature of the electron wavefunction varies with the momentum vector in ways that differ
along the different crystallographic directions. The second mechanism, multi-Fermi Surface
goniopolarity,® occurs in degenerate semiconductors and semimetals in which the FS comprises
an electron pocket and a hole pocket, (e.g. Re4Si7) with different anisotropic mobilities; intrinsic
semiconductors can also display this behavior, even though a FS is not developed. During this
reporting period, a third mechanism was discovered that leads to non-zero Hall and Nernst
effects in magnetic composite materials.® It leads to completely three-dimensional anisotropic
transport tensors with all off-diagonal terms non-zero at zero field.

140



Recent Progress

Re4Si7 was identified as being a multi-Fermi Surface goniopolar material during the previous
period. It was also proven to have excellent longitudinal and transverse thermoelectric
properties®. A parallelepiped of goniopolar material, when cut at an angle such that the heat
gradient is not along one of the principal axes along which the material is either n-type or p-type,
has a thermoelectric tensor with non-zero off-diagonal components. This gives rise to transverse
thermoelectric Nernst and Ettingshausen coefficients even in the absence of a magnetic field,
which can be used in TTEGs and TTECs. TTEGs have two major advantages over conventional
“longitudinal” thermoelectrics. First, they need electrical contacts only on the cold side of the
TTEG, obviating the need for a semiconductor/metal contact technology at the hot side that must
be robust to thermal degradation mechanisms. This property alone allows TTEGs to circumvent
the major obstacle that stopped thermoelectric generators from being widely used commercially
in spite of the large research effort that resulted in a tripling of the thermoelectric figure of merit
zT of materials*. Second, TTEGs do not need to be shaped like thermopiles with multiple
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Fig. 1 Properties of WSi>. (a) thermoelectric power along two different crystallographic . .
o e o . cycle. First, it
directions, [100] and [001] versus temperature, indicating that it is goniopolar. (b) and (c) lized th
give the anisotropy of the thermal conductivity and electrical resistivity. was rea 1z§ that
TTEG design
criteria differ

from those of
conventional longitudinal TEGs, in that the aspect ratio of the elements can result in a more
“isothermal” heat injection (i.e. where the isotherms are parallel to the face of the sample where
heat in injected/extracted) or a ore “adiabatic” heat injection (i.e. where one allows thermal Hall
effects to appear). New measurement protocols were developed to document this difference, and
the isothermal injection is proven more efficient. A review of the properties of all transverse
thermoelectric devices, whether based on classic al Nernst-Ettingshausen, on the spin-Seebeck
effect, or on goniopolarity is also published.*
Several new multi-Fermi Surface goniopolar goniopolar materials were discovered. The criteria
included avoiding materials, such as Re, that are not earth-abundant. Most promising is WSi»,
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see Fig. 1. The other new system is NaSnAs. The third one
is the elemental semimetal Bi, when it is p-type doped with
Sn (manuscript in preparation), but unfortunately that is only
goniopolar below 150 K.

Transverse thermoelectric devices have been constructed
from semiconductor/metal and semiconductor/semiconductor
multilayers cut at an angle®. We developed a new
quench/anneal technique to prepare aligned MnBi/Bi
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matrix

composites (Fig. 2a).> MnBi is a metallic high coercivity (b) Q.1 I
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Fig. 3 Electrical and thermoelectric transport in an aligned
Bi/MnBi (10%) composite. (a) resistivity p.. and Hall effects py, and
Pxz; (b) thermopower Sy, and Nernst effects Sy, and Sk..

angle vis-a-vis the direction of the
needles (Fig. 2b), this structure combines two transverse effects: (1) a “demagnetization Hall
effect” arising from the Lorentz force on the electrons in the Bi, and a “multilayer” effect from
the conductivity of the MnBi. With the current or temperature gradient applied along x (see Fig.
2b), the zero-field coefficient p.- measures the multilayer effect, while the zero-field coefficient
pPrymeasures the Hall effect due to the demagnetizing field. The measurement, shown in Fig 3a,
leads to the remarkable conclusion that the two Hall effects are of opposite polarity, making this
a true goniopolar sample. The transverse resistivity px is as large as the longitudinal p... The two
zero-field Nernst coefficients Sy, and S.: (shown in Fig. 3b) are of the same polarity, but
presumably the sign of S,, can be inverted by poling the MnBi in the opposite direction. This
results in a genuinely 3-dimensional transport tensor, in which all off-diagonal components are
non-zero even in the absence of an external field.

Future Plans
Applications require goniopolar materials that are earth-abundant, air stable, non-toxic, and have
a high resistivity and thermopower. The following ideas will be investigated.
1. A higher thermopower can be expected from single-Fermi Surface goniopolar
materials with nested FSs, such as Nowotny Chimney Ladder phases. We will
investigate. Mn4Si7, Mn11S119, Mni5Sizs, Mn2sSias and NbAlo.6Sii.4 which W. Windl
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(private communication) calculates have nested FSs of the correct topology, as well
as a higher thermopower.

2. Amongst the multi-Fermi Surface goniopolar materials, we first will investigate the
ResSi7 — WSi; system, which should form solid solutions. ResSi7 has much higher
thermopowers than WSi,. The alloy system is expected to maintain that while
decreasing the amount of Re needed.

3. Research will be expanded in the p-type-doped Bi system to p-type Bii«xSbx alloys,
which are semiconductors for 0.09 <x <0.22. They can be prepared to be intrinsic,
because bismuth and antimony are isoelectronic. The hope is to drive goniopolarity in
that system to room temperature.

4. The MnBi/Bi system will be investigated beyond the first data shown in Fig. 3.
Independent variables that will be explored are the MnBi concentration and the able
at which the composites are cut. An extension to the BiixSbyx alloy system will also
be tried.
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Research Scope

This project focuses on high-temperature ionically- and electronically-conducting oxide materials
that have applications in solid oxide fuel cells, electrolyzers, and oxygen membranes. These solid
oxide cells (SOCs) will play a crucial role in projected net-zero emissions pathways, especially H»
production by electrolysis and utilization with fuel cells. The present project focuses on
fundamental studies of a new class of SOC fuel electrode materials that was discovered under prior
DOE-BES funding — oxide materials that exsolve performance-enhancing metallic nanoparticles
during device operation. The research aims to: (1) determine the pathways of nanoparticle
exsolution and associated oxide phase transformations; (2) measure oxide electronic transport
properties; (3) ascertain how electrode electrochemical processes are affected by nanoparticle
exsolution and associated oxide phase changes; (4) explore of the stability of the exsolution
electrodes relative to electrolyte materials; and (5) explore the factors determining the long-term
performance stability.

Recent Progress

Dynamics of (Ni,Fe) exsolution from Sr(Ti,Fe,Ni)O3-0

High performance solid oxide fuel cell anodes have recently been achieved via the exsolution of
bimetallic (Ni,Fe) particles from a parent Sr(Ti,Fe,Ni)Os.; (STFN) matrix. We have been studying
the role of initial A-site deficiency and the effect of the change in perovskite stoichiometry during
exsolution. In this study, the dynamics of exsolution are explored via thermogravimetric analysis
(TGA), in-situ X-ray diffraction (XRD), and transmission electron microscopy (TEM). We have
recently emphasized in situ techniques, since ex situ analyses have an inherent uncertainty: is the
measured composition the same as that actually present in the electrode during operation at
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Figure 1. Real-time XRD observations during reduction of S;TFN. [Left] the principle perovskite peak (at 31.95°)
splits into those for the Ruddlesden-Popper structure within the first hour of reduction. [Right] the Ni-Fe peak (at
44.2°) emerges along the same timescale.

temperature, or do the rapid cooling and changes in gas atmosphere significantly change it? in situ

XRD studies are also being utilized to study intentional redox cycling, proposed as a method of

“resetting” electrodes in the event of, e.g., exsolved particle coarsening, phase change towards
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higher Fe, and/or coking (possible for electrode operation in a hydrocarbon fuel). The aim is to
elucidate the timescale and phases involved in the exsolution and redox cycling of STFN, and then
to link these to changes in electrochemical characteristics.

An example of in situ XRD observations during exsolution from SiTFN (at 700 C in humidified
hydrogen) is shown in Figure 1. The decomposition of the perovskite to the Ruddlesden-Popper
phase along with Ni-Fe alloy exsolution are linked and the process appears to have enough time
to reach an equilibrium under these conditions.

Stability of STF fuel electrodes

Sr(Ti1xFex)O35 (STF) with x = 0.7 has been demonstrated to be a compelling MIEC electrode
material both in oxygen and fuel environments. As an oxygen electrode, it can be constituted with
a small percentage of Co in order to create low polarization resistance for intermediate temperature
SOFCs. On the fuel electrode, percentages of both Ru and Ni have been substituted in order to
allow exsolution of the reducible cations into metallic active sites for hydrogen adsorption.

In recent work, STF with other x values has been explored as an oxygen electrode, with the x =
0.7 confirmed to provide the fastest overall oxygen transport. STF characteristics in fuel
environments (a variety of fuel-gas Ho/H>O compositions), including stability of the perovskite
phase, conductivity, and electrode polarization resistance.  Stability against Fe exsolution is
important to determine the range of fuel conditions that can be utilized in application. It is also of
special interest because it helps to determine the composition of exsolved particles when dopant
atoms such as Ni or Ru are added to STF. Conductivity is also of practical importance for electrode
applications.

ALD-based surface area measurement technigue

We have developed a novel method for measuring surface areas of materials with much higher
sensitivity compared to conventional BET surface area measurements. Surface area determination
is a characterization goal broadly needed, e.g., in catalysis, to compare area-specific activity.
However, for SOC materials, which are sintered complex ceramic oxides, typical specific surface
areas are on the order of 1-10 m?/g with typical weights of ~10 mg per sample, resulting in absolute
surface areas well below 1 m? a practical lower limit for conventional BET surface area
measurements.

The new method is conceptually similar to BET, which uses gas physisorption to extract surface
area, instead using self-limiting chemisorption of a chemical precursors used in atomic layer
deposition (ALD). That is, ALD allows deposition of a known surface coverage over all the
internal surfaces of a porous sample, and when the volume of the deposited species is ascertained
either gravimetrically or, more sensitively, by digesting the ALD overcoat in a solution for
measurement by plasma spectroscopy, an absolute surface area is obtained. Sensitivity is a factor
of ~ 100 times higher than BET.

Infiltrated PrOx surface area loss over time

The above ALD-based surface area determination method is sufficiently sensitive to characterize
nano-scale features present in state-of-the-art solid oxide cell electrodes. For example, electrodes
with nanoparticles introduced through infiltration or exsolution are susceptible to coarsening at
SOC operating temperatures. One infiltrated species in particular, PrOx, has emerged as a
compelling candidate for oxygen electrodes. lonic scaffolds as well as mixed ionic/electronic
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conducting (MIEC) scaffolds infiltrated with
PrOx have shown extremely competitive 336
polarization resistances at low-intermediate
temperatures (550°C). In a recent study,’
coarsening was assessed qualitatively using
STEM-EDS mapping. Here we have
quantified coarsening by analyzing PrOx
infiltration within lanthanum strontium
manganite (LSM)/Gd-doped Ce (GDC)
composite electrodes. Figure 2 shows the
measured electrode surface areas over a 1000
h life test. The PrOx surface area increase is
readily detected. Furthermore, the decrease

in surface area after 1040 h due to coarsening
is observed. Tt is otherwise difficult to Figure 2. Specific surface area of the pristine LSM/GDC and the

quanify such small changes in clctrode /01T S COCoLer e s ot o
surface area. The results also correlate well

with observed changes in electrochemical

characteristics observed during the life test.

Carbon Capture Fuel Cell Vehicles

Although battery electric and hydrogen fuel cell vehicles hold great promise for mitigating
CO; emissions, there are still unaddressed sectors for electrified transport, e.g., the heavy-duty and
long-range global shipping industry. We have examined the viability of CO»-neutral transportation
using hydrocarbon or alcohol fuels, in which the CO; product is captured on-board the vehicle.
This approach takes advantage of the unparalleled energy density of carbon-based fuels as needed
for these energy-intensive applications. A concept is developed considering the power
technologies, infrastructure, and fuels required. Storage volume and mass requirements are
calculated for a wide range of vehicle types and compared with those for other CO>-neutral
options, namely hydrogen fuel cell vehicles (H2FCVs) and battery electric vehicles (BEVs).
Efficiency is considerably improved over H2FCVs by avoiding the need to first convert such fuels
to hydrogen and then compress and transport. As illustrated in Figure 3, the CO; captured on
vehicles can be returned to a CO; distribution network where, after sequestration, the cycle is CO»-
neutral for fossil fuels and CO»-negative for biofuels. Another route, recycling the CO» back into
fuel via electrolytic processes, is also possible. This so-called Carbon Capture Fuel Cell Vehicle
(CCFCV) can function on a variety of fuels including hydrocarbons and alcohols. The key
advantage of the solid oxide fuel cell is that it combusts fuels with pure oxygen, resulting in a
CO2/H20-rich mixture that is nearly sequestration ready (The water is easily separated from the
COz upon cooling the exhaust.) The total volume for a given fuel and pressure can be reduced by
utilizing a single adjustable tank versus separate fuel and CO- tanks; moderate CO; pressurization
to 250 bar results in storage volumes that are not much larger than that of fuels such as ethanol
and diesel, and substantially lower compared to hydrogen or batteries.
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Figure 3. Schematic illustration of a Carbon Capture Fuel Cell Vehicle (CCFCV) and associated infrastructure. The
vehicle includes a solid oxide fuel cell (SOFC) for efficient electrical generation from hydrocarbon or alcohol fuels.
Fueling is with any of biofuels, fossil fuels, or electrolytic fuels produced using renewable electricity. The captured
CO; can be stored in a separate tank or in a unified tank with a movable partition, as shown, to minimize net storage
volume. After offloading, the CO, can either be used in electrolytic fuel production or sequestered. Different
infrastructure designs and fuel choices can yield an overall CO, impact ranging from mitigatory to net negative.
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Research 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 efforts have been focused on two main themes. Novel Light-Matter Interactions at
the Nanoscale for Next Generation Nonlinear Metasurfaces investigates the rich nonlinear optical
physics that can be obtained when the unique electromagnetic behaviors of metasurfaces are
combined with nonlinear materials.. Ultrafast Spatiotemporal Phenomena in Metamaterials
explores novel transient behavior such as modulation, beam steering, and frequency conversion
that can be achieved through ultrafast spatial and temporal
modulation of the meta-atom optical properties.

Recent Progress

1. Generation of Teraherty Waves using Nonlinear
Semiconductor Metasurfaces: Previously, we used novel
semiconductor  metasurfaces to  demonstrate  large
enhancements of second harmonic generation (SHG).! The
“zero”-frequency counterpart of this second-order non-
linearity is optical rectification, where either nonlinear
instantaneous material polarization or photocurrent is induced
within the metasurface.

optical rectification in bulk materials for three reasons: 1) a
metasurface can control the magnitude and orientation of the
electromagnetic field vector; 2) an ultrathin metasurface layer g, gure 1: Illustrations of THz pulse
can enhance light absorption; 3) the metasurface geometry can  generation in: (fop) nonlinear
modify the transport of photoexcited charge carriers. We  metasurfaces and (bottom) a
exploited both the metasurface photonic resonances and the nonlinear THz metalens that
resonant semiconductor material response (i.e. the interband ?mulmneouﬂy generates  and
.. . . ocuses THz pulses

transitions in semiconductors such as InAs and GaAs) to

control optical rectification and to maximize the nonlinear response.

Metasurfaces can overcome the fundamental limitations of

space

Narrow-bandgap InAs has different wavefunctions in the ground and the excited states; thus,
optical excitation induces instantaneous polarization in the crystal. When this effect, known as
shift currents, occurs on a sub-picosecond timescale, the currents lead to radiation of terahertz
(THz) pulses, which reflect the temporal dynamics of nonlinearities and enable a range of THz
applications. Typically, this effect is overshadowed by the photo-Dember effect; however, our
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investigations revealed that the nonlinear response caused by shift currents can become dominant
in an InAs metasurface, i.e. the metasurface design enables activation and suppression of selected
nonlinear processes through the metasurface geometry.” Consequently, the shift current
nonlinearity allowed us generate remarkable THz pulses in a 130 nm thick InAs metasurface,
exceeding the power produced by a 1 mm ZnTe crystal by 10 times.> Additionally, the activation
of different generation mechanisms and control of the induced polarization allowed us to structure
the THz beam; thus, our team became the first to generate reversed-polarity THz pulses using a
thin InAs metasurface. We use this concept to develop and demonstrate a binary-phase proof-of-
concept InAs metalens that simultaneously generates and focuses THz pulses.>

2. Giant Nonlinear Optical Response Using Intersubband Polaritonic Metasurfaces: Plasmonic
metasurfaces coupled to intersubband transitions (IST) where a resonant nonlinearity can be
engineered, offer a giant effective nonlinear response. However, plasmonic or metallic structures
x10° are traditionally not preferred for

T
@) s (CJ nonlinear optics because of their
"LL\ b 2 0sf/) = higher losses and lower damage
£ a .0, 12 thresholds.  Additionally, the
V & o1l wf 0.5 mwwe evanescent coupling mechanisms
e also significantly limit the ability to
Frequency (THz) Pump power squared(W?)  control the light-matter coupling

Figure 2: a) Schematic of an all-dielectric intersubband strength  because fields decay
metasurface fabricated on top of a sapphire substrate. b) Formation exponentially from the surface of the
of intersubband polaritons at ~ 70 THz in all-dielectric intersuband

metasurfaces. The different curves correspond to metasurfaces with photonic  structure. ~ Thus, — we

cylinders of different sizes. ¢) Experimentally measured SHG ~€xplored using Mie-type
efficiency at ~ 8 pm using an all-dielectric intersubband semiconductor  metasurfaces to
metasurface. realize intersubband  polaritonic

metasurfaces. Mie-type

semiconductor metasurfaces have lower loss and higher damage thresholds, and offer the ability
to support modes with a diverse spatial distribution of electromagnetic fields, polarization, and
field enhancements, making them extremely attractive for nonlinear optics, as they offer many
degrees of freedom for optimizing the nonlinear response.

To that end, we first developed Mie metasurfaces where the InGaAs/AllnAs quantum wells (QW)
that support quantum-engineered ISTs are embedded within individual semiconductor resonators
(Figure 2.a). Using this new type of semiconductor polaritonic metasurface, we achieved a first-
time demonstration of a strong-light matter interaction and the formation of intersubband
polaritons in a semiconductor metasurface, with tunable Rabi splitting as large as ~ 10% (Figure
2.b). We also demonstrated that the strength of light-matter coupling can be controlled, either
through the design of the semiconductor heterostructure or by optimizing the Mie resonator to
support Mie photonic modes with different spatial distributions of the out-of-plane polarized
electric fields.

Next, we utilized the novel semiconductor polaritonic metasurfaces to enhance nonlinear
generation efficiency by designing the heterostructure such that two asymmetric coupled QWs
support two ISTs at 4 um and 8 um (i.e. equally separated in energy) and utilized the metasurface
for SHG.? The asymmetric-coupled QW design helped us to break the inversion symmetry and
maximize the transition dipole moments to generate a gigantic second-order material nonlinearity
¥®~ 200 nm/V. Since the only non-zero component of the y'* tensor in these heterostructures is
Y222, we designed the semiconductor resonators to support a magnetic dipole (MD) mode that
induces relatively large field enhancement for the z component of the electric fields to increase the
coupling of pump light to the ISTs and maximize the SHG efficiency. Figure 2.c shows an
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experimentally measured SHG efficiency of ~ 0.5 mW/W? for the novel metasurface, orders of
magnitude higher than the previous state-of-the-art SHG efficiency for semiconductor
metasurfaces.’

3. Generation of quantum light via spontaneous parametric down-conversion (SPDC) using
nonlinear semiconductor
metasurfaces: In  conventional
nonlinear crystals and waveguides,
parametric down-conversion
processes require strict momentum
conservation for the involved
photons, which strongly limits the
versatility of the states that they
produce. However, our
subwavelength-thick metasurfaces
relax the momentum conservation o NMWMMM .
requirement. In  addition, our % ENC (ns')é" 3 Ry T T
photonic design of high-Q optical Weelengihi(pre}
resonances in metasurfaces

symmetry
breaking
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Figure 3: a) Conceptual diagram of multiplexed entangled photon
generation in a multiresonance semiconductor metasurface. b)
enhances the vacuum field Scanning electron micrograph of the metasurface. ¢) Structure of the
fluctuations at certain wavelengths, broken-symmetry resonators. d) two types of nondegenerate photon
with enhancements proportional to pairs, where signal photons are emitted at wavelengths A = 1359.4 nm
the Q of the resonance. In of the ED-gBIC resonance (orange vertical solid line) and A = 1429.4
metasurfaces, Q-factors can be nm of the MD-gBIC resonance (green vertical solid line). e) Typical
. > -~ distribution of the photon arrival time difference for two detectors,
especially high for bound states in demonstrating photon-pair generation.
the continuum (BIC) resonances,*

which are discrete-energy modes whose energy levels overlap with a continuous spectrum of
radiating modes. In symmetry-protected BIC metasurfaces, the outcoupling of radiation in the
normal direction is forbidden by symmetry.* Consequently, the quality factors of these modes can
be infinite and could, in theory, infinitely enhance the spontaneous emission of photons and photon
pairs. In practice, the enhancement is finite due to symmetry breaking (quasi-BICs) but can be still
as high as 10?-10*. Using our semiconductor nonlinear metasurfaces, we showed a spectacular
demonstration of these effects,” showing that quasi-BIC resonances enhance both degenerate
SPDC and non-degenerate SPDC (Fig. 3.a).

The semiconductor metasurfaces used in this demonstration® were based on our 2018 photonic
design,* which breaks the symmetry of cubic-resonators by adding a perturbation to the cubical
resonator (Fig. 3.b,c). Thus, this design creates quasi-BIC resonances that correspond to out-of-
plane electric and magnetic dipole modes. Every time this metasurface is pumped at '% of the quasi-
BIC resonance wavelength, the rate of photon-pair generation is enhanced by 3 orders of
magnitude compared to unpatterned films. More surprisingly, even when these metasurfaces are
pumped at a different wavelength, we still observe non-degenerate photon pairs with wavelengths
consistent with energy conservation (i.e. signal and idler) (Fig. 3d). Even detuning the pump by
tens of nanometers, the efficiency of non-degenerate SPDC remains quite constant. We attribute
this non-degenerate process to enhancements of the local density of optical states at either
idler/signal wavelengths (or potentially both). Wavelength-localized enhancement of the SPDC
photons can provide the basis for more complex quantum states > and this type of multiplexing
highlights the uniqueness of nonlinear metasurfaces for quantum applications, because the effect
has no equivalence in macroscopic nonlinear optics. These experimental results therefore open up
immense discovery territory for fundamental studies in the area of quantum optical metasurfaces.
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Future Plans

Our activities will proceed along the two main following directions:

1) Increasing efficiency of Spontaneous Parametric Down Conversion and enabling new degrees
of freedom with new types of quantum optical metasurfaces (QOM): We aim to increase the
efficiency and enable new functionality in quantum light by generating biphotons through
parametric down-conversion from metasurfaces. To do so, we will develop new material
approaches that will enable several orders of magnitude increase in photon pair generation rates
and serve as a foundation for creating QOMs with new functionalities. In parallel, we will also
leverage the capacity for metasurface resonances to control the polarization of far-field radiation
to create quantum light sources with additional degrees of freedom, such as orbital angular
momentum.

Theme 2: Tailoring metasurface-mediated light-matter interactions in sparse quantum dot
systems: Following preliminary work done by our team over the past year, we propose to expand
our research on embedding, with high spatial precision, local-droplet etched (LDE) quantum dots
into metasurfaces and topological cavities, which enhance and control the local density of states
(LDOS) at the emitters, enabling tailorable light-matter interactions. Moreover, this platform may
offer multiple pathways for entangling light emission from QDs, while providing high brightness.
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Program Scope

Metamaterials are artificial materials that enable the realization of novel optical properties
unattainable in nature. This project explores the fundamental theoretical understanding, analysis,
development, fabrication, and experimental characterization of metamaterials, and investigates
their feasibility for innovative applications. Our work targets current, fundamental problems and
opportunities in controlling light with matter and matter with light: We will enhance nanoscale
light-matter interactions and overcome dissipative loss by coupling to quantum gain, enabling
undamping of resonances, amplification, and coherent collective radiation, to devise novel lasers
and coherent dark near-field sources. We will control radiation damping, manipulate the radiative
electromagnetic vacuum seen by quantum emitters in metasurfaces to obtain fundamental
improvements to metasurface-based coherent THz sources and nonlinear photon energy-
conversion. We will overcome the inherent bandwidth limitations in resonant metasurfaces,
creating arbitrarily large phase and group delay and potentially replacing bulk optics with surfaces.
We investigate optical forces at the nanoscale for control of matter with light and create coherent
opto-mechanical coupling, exploiting macromolecular mechanical and electromagnetic states in
novel metallized DNA-templated meta-molecules. The proposed work will expand our physical
understanding of the interaction of light with both classical and quantum matter and will facilitate
further development of modern metamaterials. It aligns with the 2007 BES Grand Challenge as
well as the recent 2015 BESAC report on how to exploit coherence in light and matter, and
leverages major theoretical and experimental expertise within the FWP and interdisciplinary
collaboration between FWPs available at Ames Laboratory.

Recent Progress

Dark-state surface lasers: The quest for versatile subwavelength coherent light sources has
led to the exploration of dark-mode based metasurface lasers, which allow for independent
adjustment of the lasing state and its coherent radiation output. Here, lasing, i.e. stimulated
emission into a macroscopically populated dark electromagnetic surface state, constitutes a
dielectric analog of lasing into dark plasmon-polaritons and allows to design ultra-thin, large-
aperture lasing dielectric surfaces, with control over directionality and shape of the out-coupled
laser beam. We report a proof-of-concept dark-state metasurface laser fabrication, experimental
demonstration, and characterization with our external collaborators in Finland. Our recent
theoretical work suggests using direct lasing into dark surface states to construct surface-emitting
lasers that conceptually allow for independent implementation of the lasing state and its coherent
radiation output. We experimentally demonstrate lasing in dark resonant states of a metasurface
laser and controllable coherent out-coupling of radiation with the aid of a tightly coupled, weakly
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radiative metasurface. The laser is implemented
using a thin, low-loss dielectric film supporting
surface mode-like dark dielectric bound states and
the coupling metasurface is composed of small non-
resonant scatterers that controllably but weakly
perturb the dark mode and turn it partially bright.
We identify and demonstrate distinct far-field
signatures that are observed experimentally for both
dark and bright lasing. The scalability of our design,
here implemented for lasing in the near-infrared,
enables large-aperture ultra-thin coherent light
sources with controllable emission from the infrared
to the visible. [1]

Understanding  coherent  versus  incoherent

illumination in measurements of scattering
amplitudes in metamaterials: The characterization
of metamaterials relies on determination of
scattering parameters like transmittance and
reflectance. While, numerically, coherent plane
wave scattering amplitudes for infinite perfectly
periodic  samples are readily accessible,
experimental measurements necessarily involve
scattering of possibly incoherent optical probes with
finite-size illumination spots on finite sample
surfaces that need to serve as a proxy for the true
plane wave scattering amplitudes. In some
situations, but not always, this difference can lead
to substantially different observed scattering
spectra. We analyze the observable effects on the
measured scattering spectra originating from
coherent versus incoherent optical probes, finite

no scatterer with scatterer

emission angle (deg.)

emission angle (deg.)

dark-state lasing
outcoupling dominates

dark-state lasing
no outcoupling, only leakage

840 880 920 960 840 880 920 960
A (nm) A (nm)

Fig. 1: Experimental demonstration of
dark-mode metasurface laser. For low
pump (a,b) the luminescence footprint
marks the dark mode parabolic dispersion.
For strong pump (c,d) the excited states
collapse into a single lasing dark mode;
without the scatterer, for an infinite
system the lasing mode should be
completely dark, however due to leakage
from the edges of the finite-size
metasurface, dark mode lasing can be
identified in the far-field as a double lobe
pattern. With the scatterer present, the
dark mode is controllably turned into
bright, and lasing into the dark mode is
identified in the far-field as a single lobe
pattern due to intentional outcoupling.

illumination spot size, magnifying imaging systems, as well as beam shaping optical elements. We
show the relation to the wave vector content of the illumination and the sample’s spatial dispersion
properties, and demonstrate that this can result in qualitatively significant deviations of observed
scattering spectra from true plane wave scattering, which must be taken into account to understand

experiments and allow comparison with simulations. [2]
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Experimental achromatic multi-resonant metasurface
for broadband pulse delay: Resonant response in
metamaterials is desirable because it generates strong
light-matter interaction, and enables negative response
functions, required, e.g., for negative refractive index
materials, that are not possible in non-dispersive
materials. But, it also renders resonant metasurfaces
inherently narrow bandwidth, a strong limitation for
their usefulness with technologically relevant signals.
By implementing multiple sharp resonances on a single
metasurface, we can combine the strong delay of
constituent resonances along with the broad aggregate
bandwidth of the resonance ensemble, “tricking” the
delay-bandwidth limit. Ensuring a spectrally constant
group delay across the aggregate bandwidth, we can (in
principle) achieve arbitrary delay of arbitrarily
broadband pulses without distortion. We demonstrate
experimentally a proof-of-principle achromatic time
delay metasurface in reflection, fitting five resonant
meta-atoms in a subwavelength unit cell to create an
ultra-thin (A/19) implementation of a constant-group-
delay broadband metasurface reflector. This highlights
the practical potential of metasurfaces for applications
that rely on large and broadband phase delays. [3]

Future Plans

Nanoscale light-matter interactions at THz
wavelengths: We develop initial theory and
simulations for deeply sub-wavelength, nanometer-
resolution ~ THz SNOM-type Time-Domain
Spectroscopy imaging experiments using the THz
“nano-scope” instrument developed Jigang Wang’s

r——

Fig. 2: (top) Photograph and schematic
design of the fabricated multi-resonant
metasurface. (middle) Intercalated
trains of electric and magnetic
resonances in the effective sheet
conductivities of the metasurface that
enable broadband response and the 5n
linear phase delay not possible with a
single resonance. (bottom) The
delayed, undistorted reflected signal
pulse in time domain.

lab. It is particularly challenging to probe deep sub-wavelength electric field distribution (at length
scales of 10’s of nanometers) under electromagnetic wave coupling (100’s of um wavelength) at
individual nano-junctions and correlate them with structural imperfections from interface and
boundary, ubiquitous in Josephson junctions used in transmon qubits. Conventional microscopy
tools are incapable of measuring simultaneous at nanometer and terahertz, “nano-THz” scales,
which often associate with frequency-dependent charge scattering in nano-junctions. Our goal is a
comprehensive scattering and imaging theory that will allow a quantitative interpretation of these
experiments. We further develop approaches to manipulating deeply subwavelength THz light-
matter interaction, radiation damping, and local near-field with metasurfaces as a means to enhance
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nonlinearity and coupling to quantum processes in materials, enabling next-generation technology
for sensing and THz generation.

Breaking the bandwidth limit with multi-resonant metasurfaces: We extend our theory on
multi-resonant broadband metasurfaces to “beyond linear” phase modulation with broadband
chirped metasurfaces for group-delay dispersion control and compensation. We demonstrate how
ultra-thin metasurfaces with a specific multi-resonant response can enable simultaneously
arbitrarily-strong and arbitrarily-broadband dispersion compensation, pulse (de-)chirping, and
compression or broadening, overcoming the fundamental trade-off between conventional, non-
resonant (bulky) and modern, singly-resonant metasurface (narrowband) approaches to quadratic
phase manipulations of electromagnetic signals. We will further pursue broadband multi-resonant
metasurfaces as general spatio-temporal “meta”- boundaries, which enable mode shaping and
vacuum-matching in wave guiding applications, e.g., for phased arrays.

Functionalized output dark-state metasurface lasers: We further develop theory and dark-
state surface laser designs to enable emission non-trivial beams, such as focusses emission without
external lenses and direct coupling into surface modes, e.g., plasmons on graphene. In particular,
to understand & control the spatial phase response along a realistic patterned surface, we will
develop a simple theoretical model for co-scattering of dark surface modes and propagating
radiated fields in dark-surface-mode/radiating-metasurface sandwich structures.

Resonant meta-atoms from metallized DNA-templated meta-molecules: We continue to
understand metallized-DNA self-assembled meta-atoms; Characterization of orientational and
spatial distribution-based disorder in realistic bio-templated surface structures. We study optical
forces and opto-mechanical coupling in articulating metallized-DNA nano-resonators as non-
trivial optical forces at the nanoscale for control of matter with light; create and exploit coherent
opto-mechanical coupling mediated light-matter interaction. Understand non-periodic
metasurfaces and limitations & benefits arising from spatial and morphological disorder, taking
advantage of synergies with bio-inspired metamaterial fabrication.
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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

Keywords: nanophotonics, metamaterials, nonlinear optics, ultrafast optics, materials physics

Research 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 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 properties 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 3150 10p =
enhancement and localization, field 3200 (B ;064 Tf;
gradients and quality factors. By g 3250 g Fit

using optical spectroscopic methods & sa0 Zo0s .

we engineer and study § — g 3
fundamentally novel types of optical 400 §

interactions at the nanoscale.

Recent Progress

One approach for achieving
unprecedented control over the light-
matter interactions is centered on the
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interaction in the cavities are fluence values as in (c).

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 achieve
unprecendented control of the ultrafast optical properties of materials.

We used ultrafast pump-probe spectroscopy where the femtosecond laser pulse at above-
bandgap energies is used to modify the refractive index of the cavity by generating electron-hole
plasma via single photon absorption. In such experiments, the ultrafast metasurface platform
exhibits all-optical switching with a low activation power and high-contrast amplitude on
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femtosecond timescales, Fig .1a. The combination of such desirable characteristics in one optical
nanosystem has been elusive so far. We have demonstrated a relative change in transmittance of
AT/T = 1 with picosecond (down to T = 0.5 ps) free carrier relaxation rates, obtained with very
low pump fluences of 50 uJ cm 2 (Fig 1(c), 1(d)). These observations are attributed to efficient
free carrier promotion, affecting light transmittance via high quality-factor optical resonances,
followed by an increased electron—phonon scattering of free carriers due to the amorphous
crystal structure of Ge (Fig 1(b)).
Another interesting platform that was proposed by us to study the light confinement effects in the
current project period was metal-insulator-semiconductor (MIS) systems. We have used these
structures to explore nonlinear and ultrafast optical properties at the nanoscale. Interestingly,
such geometries give rise to bound states in the continuum (BIC) which exhibit unusually narrow
spectral quality factors. These tunable spectral features allow unprecedented control of light-
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application including

sectional electric field distribution of the MD BIC mode. Schematic and SEM
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Typically, Extracted Q factors from simulated and experimentally measured reflectance spectra.

(e) Fundamental wavelength-dependent THG spectra. (f) Million-fold enhancement

demonStratmg quasi- of THG from BIC metasurface

BIC resonances
requires fabrication
of sub-wavelength resonators with a broken spatial symmetry to allow radiation leakage. The
degree of asymmetry determines the coupling strength to free space enabling ultimate control
over the quality factors of the resonance. However, the accurate control of the degree of
asymmetry makes their fabrication very challenging. By employing MIS geometries we were
able to demonstrate the emergence of BIC modes in symmetric Si nanopillars, without the need
of inducing spatial symmetry breaking, Fig. 2 (a). The coupling of the magnetic dipole (MD) to
its image in the Au mirror induces cancellation of far field scattering resulting in a BIC
resonance. The evolution from ideal BICs to quasi BICs is controlled by metasurface-mirror
distance or the size of Si pillars (Fig. 2 (b-c)) which are easily controlled in conventional
fabrications, without need of the broken geometric symmetry. The resulting quality factors of the
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resonances are more than an order of magnitude larger that i

typically observed in metallic and dielectric nanophotonic ; 8t  L=50%
systems, Fig. 2 (d). The unique features of our photonic platform > | et
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3. top). Using GST-based asymmetric Fabry—Perot cavity we

have shown broadband-tunable third harmonic generation (THG). Figure 3. Tuning of the nonlinear

Similarly, by using GST-based hybrid metasurface featuring a signal in GST-based photonic
gap-surface plasmon resonance we have demonstrated switching systems. The dependence of the THG
of second harmonic generation (SHG) by actively controlling the on the crystallinity of GST in Fabry-

Perot cavities (top). The dependence
of SHG on the crystallinity of GST in
plasmonic metasurfaces (bottom)

crystalline phase of GST (Fig. 3. bottom). Importantly, such
approaches can be combined with ultrafast and compact heating
processes using indium tin oxide (ITO) Joule heaters, providing

electrical control of the optical properties of materials.
Future Plans

In our future research, we will explore novel type of optical absorption processes in the
presence of strong field confinement. On the example of intraband absorption in noble metals we
aim to demonstrate that strong field gradients induce large-momentum transitions resulting in
non-thermal hot electron distribution in metals. We will use nonlinear PL spectroscopy to study
this effect which serves as a sensitive probe for excited state carrier distribution. The origin of
the emission in plasmonic structures is typically attributed to energetic, or “hot”, electron
generation in metal conduction band leading to a radiative recombination process [1]. Thus, hot-
carrier PL. measurements serve as a sensitive tool for understanding the optical absorption
mechanisms at the nanoscale. For excitation above the interband transition threshold, down-
converted PL is known to result from recombination of sp conduction-band electrons with d-
band holes. When the incident photon energy is below the interband energy such as for NIR
excitation, direct single-photon interband absorption is impossible necessitating multi-photon
nonlinear absorption to observe PL. Indeed various studies on rough gold films have
demonstrated this effect however the power-law-exponent observed in these works have ranged
from 1 to 2, even including non-integer values [2-3]. This was attributed to enhanced plasmonic
absorption leading to the formation of transient hot electron distribution which leads to the
formation of equilibrated Fermi carrier distribution. However, no signatures of non-thermal
carrier distributions have been observed so far. Unlike rough films, isolated single nanostructures
can provide a better insight into the origins of physical mechanisms at the nanoscale by
removing any potential averaging effects. To this end, studies on the origin of broadband
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emission from single plasmonic structures such as nanoparticles have been indeed carried out,
however the universal origin for the observed emission has remained inconclusive. While the
dimensions of isolated colloidal particles can reach the limit needed to induce direct intraband
transitions leading to non-thermal carrier distribution, their geometric properties can still show
great variability masking the origin of the broadband PL emission. In our future research, we
plan to study the nonlinear PL emission in precisely fabricated metal-dielectric-metal nanogaps,
to controllably probe the degree and onset of the breakdown of dipole approximation leading to
the formation non-thermal hot electron distribution.
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Study of modified Planck’s law in both the near field and far field
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Program Scope

For a semiconductor diode, the emission and absorption of photons with energies exceeding
the bandgap energy are associated with the radiative recombination and photogeneration processes.
From a thermodynamics point of view, the Bose-Einstein statistics need to be modified to include
the photon chemical potential, which equals the difference between the quasi-Fermi levels of the
electrons and holes. Consequently, the traditional Planck’s law for spontaneous emission from a
blackbody must also be modified to describe the electroluminescent processes, which are
important for light-emitting diodes, thermoradiative (TR) cells, electroluminescent refrigeration,
and thermophotovoltaic (TPV) systems. This project aims to study various practical
semiconductor devices, including heterojunctions and degenerate semiconductors, for potentially
improved performance. A comprehensive examination of the radiative recombination processes
and “spontaneous” emission under nonequilibrium conditions (such as voltage biasing) will be
carried out to better understand the interactions between photons and semiconductors. The
proposed method will be used to study electroluminescent emission, for which only a few
experiments exist that support modified Planck’s law.

Recent Progress

Modeling radiative recombination is crucial to the analysis of radiative energy converters.
Here, we use fluctuational electrodynamics (FE) to connect the external luminescent emission to
a local radiative recombination coefficient. A thin-film InAs cell is modeled in free space as well
as in a TPV setup with or without a back gapped reflector (BGR). The doping effect on the local
radiative recombination coefficient of the cell is considered using an electroluminescence
coefficient, which enables the distinction between thermal and nonthermal radiation above the
bandgap energy. The effect of the electroluminescence coefficient on the performance of a TR cell
is quantitatively examined.

Consider a near-field radiative energy converter shown in Fig. 1. The cell or active region
receives incoming thermal radiation from both the upper and lower regions (denoted by A+ and
A—, respectively). It also gives out photons through thermal emission (B+ and B—) and luminescent
emission (C+ and C—). Depending on the temperature and voltage bias conditions, Fig. 1 could
represent a power generator or refrigerator [1]. FE establishes the relation between the resulting
electromagnetic field and the random fluctuation of charges at thermal equilibrium [2].
Considering a direct bandgap semiconductor, the emission may be divided into a nonthermal
portion due to interband transitions (ib) that is affected by the chemical potential and a thermal
portion due to other transitions, such as free-carrier transitions (fc) and lattice vibrations (la) [3]:

W(w,z')=¢p (@)Y (o,T, 1) I:S o)+ep (@ )]@(a),T) (1)
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Upper region

Fig. 1. Schematic of a thin-film radiative energy
d At B* C* Vacuum gap . . .
converter [3]. The cell or active region is on a
X, x' substrate and separated with the upper region by a
h Active region vacuum (or air) gap of distance d, which may be in

the near or far field. The processes A, B, and C
(along with the superscripts + and —) are explained
in the text.

A B C Lower region

In Eq. (1), &” = &}, + &}, + [, 1s the imaginary part of the dielectric function, where the subscripts

1

denote different contributions, @(a),T ) and ‘P(a), T ,,u) are the mean energy of Planck’s

oscillator and the modified expression considering a photon chemical potential .. Note that . is
nonzero only above the bandgap and the ratio g(w)=cl (w)/s"(w) 1s called the

electroluminescence coefficient, which is less than unity for heavily doped semiconductors.

A near-field TR cell is considered by reversing the previously studied TPV-BGR
configuration, as shown in the inset of Fig. 2(a). The emitter (consisting of the InAs film with a
BGR structure) is fixed at 600 K, and the heat sink (made of tungsten with an ITO coating) is fixed
at 300 K. The dielectric function of the cell is modeled using p-type InAs with a dopant
concentration equal to the effective density of states of the valence band (Ny) at 600 K. The
luminescent emission and thermal emission spectra for a bias voltage V"= [10.052 V are shown in
Fig. 2(a). The reverse bias voltage gives rise to a negative photon chemical potential:
u=eV =-0.052 eV, corresponds to the maximum power condition of this TR device. The ideal

assumption with ¢ = 1 treats all the above-bandgap absorption as due to interband transition and
overpredicts the luminescent emission. At a given frequency, thermal emission is scaled to

Efe (w)@(a),T ) . The difference between the ideal and acutal luminescent emission is scaled to

8§C‘P(a), T, ,u) , which is smaller than 8§C®(a),T ) when <0 as in this case. Therefore, the sum

of thermal and nonthermal emission with the actual ¢ exceeds the luminescent emission for ¢ =1
at certain frequencies. At the photon energy of 0.274 eV, corresponding to the bandgap energy at
600 K, thermal emission exceeds the electroluminescent emission. At the photon energy increases,
the fraction of thermal emission goes down rapidly. This quantitiatively distinguished the above-
bandgap thermal radiation from the luminescent emission. The total luminescent emission
calculated with the ideal ¢ assumption is 7.4 kW/m?, which is 11% higher than that with the actual
¢ determined by considering free-carrier contributions. A comparison of the power density and
efficiency at the operating point (based on maximum TR power output) are shown in Fig. 2(b).
The assumption of ¢ =1 would cause more than 10% overprediction of both the maximum power
density and the efficiency of the TR cell. Though the results are based on a structure that is not
optimized for a TR application and some simplifications have been made in the calculations, the
findings provide evidence of the effect of thermal emission with high dopant concentrations.
Hence, the geometric and doping effects must be considered for thin-film near-field radiative
energy converters [3].
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Fig. 2. (a) The net spectral heat flux due to thermal and nonthermal emission for a TR cell configuration (inset),
along with the net spectral heat flux with an ideal electroluminescence coefficient, and (b) Power density and
efficiency as functions of the bias voltage [3].

In another project, we proposed an InSb-hBN TR device with a nanoscale vacuum gap down
to 10 nm [4]. This device, as illustrated in the inset of Fig. 3, has the potential to achieve efficient
waste heat recovery using solid-state technologies. The analysis is based on fluctuational
electrodynamics considering photon chemical potential [5]. The spectral heat flux at the short-
circuit scenario is shown in Fig. 3. There are two peaks due to hyperbolic phonon polaritons in the
hBN film. The peak near 0.1 eV does not result in a significant heat flux. One the other hand, the
peak between 0.17 and 0.2 eV is much larger and broader. This peak is located above the InSb
bandgap energy of 0.11 eV at 550 K. Hence, it creates a strong coupling between the interband
transition in InSb and the hBN hyperbolic phonon polariton modes. The net heat flux is 18 folds
of that between two blackbodies at the same temperatures, and concentrated in a narrow band .

The performance of such a near-field ——— T

TR device is evaluated with or without 108? Wi 3
considering losses. For the ideal case without

nonradiative losses, as the negative bias being 10° | i 3
built up by thermally driven emission, the °
output power exhibits a maximum value of 107 L 850K < % .

0.77 W/cm? when V = —0.042 V, and the
corresponding efficiency reaches to 18.5%.
When the magnitude (absolute value) of the
voltage bias increases, the radiative
recombination is suppressed due to the low
concentrations of free carriers. Nevertheless,
the emitted power is also suppressed.
Therefore, the efficiency of the TR device
reaches its maximum value of 36% at V =
—0.124 V; this is almost 80% of the Carnot Fig. 3. Spectrql heat.ﬂux of the near-field TR device
. . . and two blackbodies with the same temperatures. The
efficiency. The corresponding output power is inset is the schematic of the TR device with an InSb
0.19 W/em®. The effects of nonradiative  emitter and hBN receiver [4].
losses were also considered in this study [4].
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Future Plans

Genetic algorithms and machine learning have also been extensively applied to design
materials and micro/nanostructures with engineered properties as well as to optimize devices. The
PI plans to use machine learning to design and optimize TPV and TR devices, along with
electroluminescent cooling devices in both the near-field and far-field regimes. We have recently
received a spectral radiometer that is transferred from another lab for measuring the directional
spectral irradiation in the wavelength region from 1 to 6 um, which is complimentary with our
current Fourier-transform infrared spectrometer system. We will develop a temperature controlled
stage to hold a semiconductor p-n junction and measure the emission spectrum as a function of
current or voltage bias. In order to measure the absolute luminescent spectrum, comparisons with
a high-temperature blackbody will be made and the emissometer facility. The blackbody spectra
will be taken at various temperatures to calibrate the responsivity of the FTIR or the spectral
radiometer. The absolute intensity emitted by the diode will be measured at each wavelength. For
an InGaAs diode, the emission peak is 1.55 pm wavelength. The spectral radiometer is mostly
suitable. For an InSb diode, the peak wavelength will be located around 10 um, which is covered
by the FTIR emissometer facility. Materials properties will be used to perform a comprehensive
modeling that considers multiple reflection, total internal reflection, etc.
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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

Collective behavior describes the rich physical phenomena that emerge in ensembles with large
numbers of interacting particles. Such behavior goes beyond the independent particle picture that
is commonly used to describe a vast majority of solid state physics 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.

The thermoelectric figure of merit of excitons (bosonic) have been predicted to exceed that of
electrons and holes (fermionic) due to the collective behavior of bosons. The formation of excitons
(i.e., bound electron-hole pairs) is pronounced in two-dimensional (2D) materials, such as
transition metal dichalcogenides (TMDCs), with exciton binding energies far exceeding kg7 at
room temperature. Recent theoretical calculations suggest that inter-layer exciton-driven
thermoelectric devices may have high thermoelectric figure of merits due to the spin degeneracy
and valley degeneracy, which result in an increased entropy per carrier.

In this DOE-funded project, we explore thermoelectric measurements to obtain unique insights
into the unusual collective energy transport behaviors of inter-layer excitons, which cannot be
captured by electronic transport measurements alone. In particular, our exploratory device is based
on the so-called “counterflow” measurement configuration illustrated in Figure 1b.

Figure 1. Schematic diagrams of (a) traditional pn-thermoelectric device and (b) counterflow interlayer exciton
thermoelectric device suggested by Wu et al. (Physical Review Applied, 2, 054013 (2014)).

RECENT PROGRESS

During the current funding period, we have fabricated and tested several sets of exciton
counterflow thermoelectric devices, as illustrated in Figure 2. This device fundamentally consists
of'a WSe»/BN/MoSe; stack with separate bottom contacts to both bilayer WSe» and bilayer MoSe»
as illustrated in Figures 2a and 2b. In a lateral temperate gradient applied by the heater, the bound
interlayer excitons diffuse from hot to cold producing an n-type thermoelectric voltage in the
MoSe: layer and a p-type thermoelectric voltage in the WSe» layer. By connecting these layers in
series, as illustrated in Figure 2a, these thermoelectric voltages sum additively in the so-called
“counterflow” geometry. The BN layer is necessary to prevent short circuiting between the two
layers and enable the two thermoelectric voltages to be summed additively. However, the thickness
of the BN layer is critical. That is, it needs to be thin enough to support stable interlayer exciton
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formation yet thick enough to prevent quantum mechanical tunneling between the bilayer MoSe»
and bilayer WSe. In addition to the WSe2/BN/MoSe; stack, the actual device has top and bottom
gates, i.e., graphene/BN/WSe2/BN/MoSe>/BN/metal, as illustrated in Figures 2b and 2c. These
gates provide independent control over the charge density and type in the MoSe; and WSe:> layers.
Overall, this device requires 4 precisely-aligned transfers of the constituent 2D materials and 4
electron beam lithography steps. In addition, the main difficulties that have limited the device yield
are associated with making low-resistance ohmic contacts to these 2D materials. In addition to
global top and bottom gates, we have patterned individual gates for each electrode in order to
improve the contact resistance.
(a)

1kQ

(b) (©)

Top electrodes
P P

o
"~ Bottom electrodes

Seebeck Voltage

Figure 2. (a,b) Diagrams and (c) optical microscope image illustrating the exciton counterfow thermoelectric device
structure.

With a heating current (/) applied to the heater line, the temperatures of the two resistance
thermometer lines are measured together with the thermoelectric voltage drop along the MoSe»
sample. The measured thermoelectric voltage increases linearly with the temperature drop, as
shown in Figure. 3c.
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Figure 3. Measured thermometer temperature rises [J7 (a) and thermoelectric voltage along the MoSe; layer (b) as a
function of the heater current. (¢) The measured thermoelectric voltage increases linearly with the temperature
difference between the two thermometer lines.

For electrical injection of electrons and holes as bound exciton pairs into the MoSe> and WSe»
layers, respectively, the chemical potentials of their respective metal contacts need to be aligned
with the exciton energy levels, as shown in Figure 4a. This optimum biasing condition is searched
in our experiments with the application of two voltage biases (7} and V%) of opposite polarities to
the WSe> and MoSe> layers, as illustrated in Figure 4b. In this configuration, the top gate and
bottom gate are grounded.
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Figure 4. (a) Energy band diagram and (b) biasing conditions of the top gate/BN/WSe,/BN/MoSe»/bottom gate
structure.

We use electrical transport measurements to understand the band alignments at different
biasing conditions. During this measurement, a floating electrical current is used to measure the
electrical conductance (//) of the MoSe; layer at different V), and V. potentials applied to the WSe>
and MoSe: layer, respectively, see Figure 5a. A small kink appears in the line plots of Fig. 5b at
Ve near -0.6 V, where the chemical potential ([¢) of the metal contact to MoSe: is expected to be
near the conduction band edge (£¢). In addition, the MoSe> conductance starts to depend on V,
applied to the WSe» layer at V; above about 0.6V, where the chemical potential (//,) of the metal
contact to the WSe» is expected to be near its valence band edge (E,) for hole injection.

As shown in Fig. 5c,d, the magnitude (-S) of the measured Seebeck coefficient (S) initially
increases approximately linearly as V% is increased from -0.8 V to -0.6 V, where an abrupt increase
in (-S) is observed when [, is lowered below E.. However, a peak amplitude is reached at V. near
-0.55V. For a semiconductor with approximately symmetric electron and hole bands, the S
magnitude reaches a peak value and starts to change sign when the chemical potential is close to
the midgap. Because the bandgap is well over 1 eV for MoSe; bilayer, it is unlikely that [I. is
already reduced from E. to the midgap when V. is varied from -0.6 V to -0.55 V. Instead, the
observed peak feature is attributed to the injection of electrons at states below E. of the MoSe>
layer. The peak magnitude increases as V is decreased toward 0.55 V to reduce hole injection into
the valence band of the WSe> bilayer. Detailed measurements and theoretical analysis are currently
employed to understand this observed feature and its relationship with excitonic transport.
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Figure 5. Measured electrical conductance (a,b) and Seebeck coefficient (c,d) of the MoSe; layer at different biases
Vi and V. applied respectively to the MoSe, and WSe; layers.

FUTURE PLANS

Having solved many of the difficulties associated with sample fabrication, we are now poised
to complete the measurement with full control over the top and bottom TMDC materials. This will
enable us to bias and gate the device under conditions that are favorable for excitons to dominate
the transport. During the next reporting period, we will continue this collaborative work to
complete thermoelectric transport measurements of MoSez/barrier/WSe> heterostructures. This
interlayer exciton structure enables us to evaluate Bosonic (i.e., excitons) thermoelectric transport
as distinctly different from Fermionic (i.e., free electrons) thermoelectric transport.
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Molecular Heterogeneous Multiferroics

Dr. Shenqiang Ren (University at Buffalo, The State University of New York), PI

Keywords: Magnetoelectrics, molecular crystals, magnet, two-dimensional materials

Research Scope

This project aims to explore a new class of molecular heterogeneous multiferroics towards room
temperature stimuli-responsive magnetoelectricity by untangling the complex interplay between
molecular magnets and molecular ferroelectrics. The hypothesis of this project is to test if the
rational design and molecular engineering of hydrogen-bonded molecular heterogeneous
multiferroics will enable rapid proton-transfer between molecular ferroelectric and magnetic
components to control its ferroelectricity, magnetism, and intramolecular spin and dipole
interactions, a promising pathway toward room temperature magnetoelectric coupling.

Recent Progress
1) Chemical-tuning Meets Two-Dimensional Molecular Magnets

Two-dimensional (2D) magnets that provoke a surge of interest in large anisotropy in reduced
dimensions, promise for next generation information technology where dynamically magnetic
tuning is essential. The 2D molecular hard magnets have been a long-standing missing member in
the 2D magnet family, which is promising for next generation information technology due to its
large anisotropy and saturation magnetization. Therefore, an intense effort has been explored in
2D molecule-based alternatives to conventional magnets. Until recently, the crucial metal-orgainc

magnet Cr(pyz)2-xLiCl-yTHF with
considerable high coercivity and high- a 2 b

temperature magnetic order opens up a new Cripy2),Cl, ke ey
platform to control magnetism in metal- . <M . .
organic materials at room temperature. A * 7| ec
We present the chemical tuning and - ‘?Zjoo o
exchange coupling to control room- %@Eﬁ%ﬂ R N
temperature magnetism in the 2D molecular Li
hybrid Cr(pyz)2-xLiCl-yTHF (LCPC) Electrochemial thiation

magnets.! Magnetic ordering temperature
above 510 K and high anisotropy in LCPC
magnet are resulted from the lithiation in the
2D  layered Cr(pyz):Cl>  redox-active
precursor materials, on which we report the in-
situ electrochemical lithiation to dynamically P P ero ,Ac#c/’ =9
control the degree of lithium coordination o el -

(Figure 1a). The lithiation control transforms Solvation/desolvaton oo e

H (kOe)
the octahedral coordination of Cr into Figure 1. 2D molecule-based Cr(pyz),-xLiCl-yTHF

coplanar ~Cr-pyrazine framework, which (LCPC) magnet. a) Schematic of electrochemical
forms the 2D layered structure with LiCl layer | lithiation of precursor Cr(pyz),Cla shows lithium cations
(Figure 1b). Besides, the movement of THF | penetrate into octahedral Cr** coordination framework in
molecule allows the tuning of LCPC lattice a two-electrode electrochemical cell. b) Lithiated LCPC

. . . magnet features 2D layered structure consisting of LiCl
during solvation and desolvation for further and Cr(pyz).. ¢) The shematic of the solvation/desolvation

optimization of magnetism (Figure Ic). The of THF molecule in LCPC lattice. d) LCPC magnet with
above room-temperature magnetism | strong magnetism is attracted by permanent magnet.

M (emu/g)
o
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originates from high lithiation level to reduce Cr** cations, while the desolvation of THF molecule
controls the interfacial exchange coupling. The control of lithiation and solvation in the
coordination networks enables LCPC magnet for a high coercivity (Hc) of 8500 Oe (Figure 1d),
and a high saturation magnetization of 28 emu/g.

Figure 2a illustrates the control of the coordination structure on the spin configuration of Cr
cation. The initial octahedral Cr** cation in Cr(pyz)>Cl, precursor is coordinated with two Cl atoms
and four N atoms from pyrazine molecules, presenting a magnetic order below. After lithiation,
Cr’** is reduced to Cr*" cation, leading to a coplanar framework with four pyrazine molecules and
the occupancy of four Cr 3d orbitals (dy,, dx,, dx*-*> and d,?). Due to the reduction from Cr** (t2¢°,
§=3/2)to Cr** (t2g’ey', S=2), the ferrimagnetic coupling between chromium and pyrazine is shown
to achieve room-temperature spin order and high coercivity/magnetization.>> The control of
magnetic performance is realized by tuning lithium stoichiometry through both electrochemical
and chemical lithiation reactions. The origin of room-temperature magnetism in LCPC magnets
lies on the reduction of Cr cation from Cr** to Cr*" during lithiation process which is evidenced
through X-ray photoelectron spectroscopy (Figure 2b-2¢) and cyclic voltammetry measurements.

The deconvolution of XPS curves [ . o J
. . Cripy2),Cl, Crlpyz),dliCl | o Cripyz).Cl, —$ 2 Cipyzdic
separates the contributions from Cr** and = =
Cr** in Cr 2p3/2 peaks of precursor and $o = B0 :
LCPC. From the fitting results, Cr** shows L P :
a larger proportion of 54.2% in LCPC than s + 4 ‘ ‘ . .
. . . . Octahedral Cr (S = 3/2) Coplanar CF* (S = 2) | 580 575 580 575
29.5% in the precursor, indicating the | e Binding Energy (<V) Binding Energy (21
reduction of Cr** into Cr*'. Figures 2dand | "*[ - T o1
2e present the magnetization as a | | ] ] Sl
. N 4 v/ - 1
dependence of magnetic field and | ¢ 2. J H i ;
. s J e =, | 5 8000 — .
temperature (M-H & M-T), respectively, : = oo

with an increasing the nominal ratio x of | = 5 o %% wow @ ow I

H (kOe) T (K) X ratio of Li/Cr)

lithium to chromium. The saturation
magnetization M is largely dependent on
the lithiation (x = 0.17, 0.90) from 0.42
emu/g to 5.8 emu/g, while H. is increased
from 527 Oe to 2638 Oe. The M-H loops
show a pronounced increase on both M
and H. at x = 1.46 and 2.92 (Figure 2d)
with 18 emu/g and 8500 Oe, while Tt is
increased to above 510 K (Figure 2¢). The
magnetic performance of H. and 7. are
summarized in Figure 2f by increasing
lithium stoichiometry x, confirming the
lithium stochiometric effect on magnetic
properties of LCPC magnet.

Figure 2. Lithium stoichiometric effect on magnetic properties
of Cr(pyz),xLiCl-yTHF (LCPC) magnet. a) The octahedral
Cr’* cation is reduced to coplanar Cr*" with spin configuration
transformed from (fs°, S = 3/2) to (t2°es', S =2). b-c) The
deconvolution of XPS curves were conducted to separate the
contributions from Cr*" and Cr*" in Cr 2p3/2 peak. d)
Magnetization versus magnetic field curves of LCPC magnets
exhibit the growing magnetic hysteresis loops as increasing
lithium nominal stoichiometry x (atomic ratio of lithium to
chromium) through electrochemical lithiation (x = 0.17 and
0.90) and chemical solvation (x = 1.46 and 2.92). e)
Temperature dependent magnetization presents transition
temperature is tunable up to over 510 K by an increasing
lithium stoichiometry. f) The coercivity and transition
temperature are summarized as the dependence of lithium
stoichiometry x, indicating high-temperature magnetism

2) Proton Switching Molecular Magnetoelectricity
A reversible 29% magnetization control at ferroelectric phase transition is observed in such

multiferroic heterogeneous macromolecule with a broad thermal hysteresis region of 160 K
(between 192 to 352 K).* More importantly, a room-temperature reversible magnetic modulation
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is realized at a low electric field
stimulus of 1kV/cm (Fig. 3a and inset of
Fig. 3a). Based on these unique
characteristics of  macromolecular
magnetic and ferroelectric building
blocks, a mnew proton mediated
magnetoelectric (ME) coupling
mechanism is proposed. As shown in
Fig. 3b, the electric dipole of molecular
ferroelectrics can be switched by
external electric field, which can
interact with protons in molecular
magnet electrostatically. This
electrostatic interaction together with
the coupling of proton with magnetism

Y
%

" Molecular magnet

% © O

Driving field (kV/cm)

(5\ + o+ o+ o+

1 @ This work (all molecular) Molecular ferroelectrics

300 600 900 1200 1500
Processing temperature (K) Molecular heterogeneous solid

Figure 3. Proton mediated multiferroic molecular
heterogeneous solid. a, Selected multiferroic composites.
Processing temperature is plotted against the driving field
(ferroelectric  coercivity), as technological important
parameters. The low driving field in this work results from the
primarily non-covalent bond (i.e. hydrogen bonding) in
molecular ferroelectrics which is weaker than the strong
ionic/covalent bonds in polymeric and inorganic ferroelectrics.
Inset shows the schematic figure for the free energies of
molecular, polymeric and inorganic ferroelectrics. b, Schematic

diagram for the proposed proton mediated ME coupling in

in molecular magnet enables the ME )
molecular heterogeneous solid.

coupling in molecular heterogeneous
multiferroics.

Temperature dependent magnetization and dielectric measurements (Fig. 4a) show the
coupling between the dielectric and magnetic order parameters in the IM-VH heterogeneous solids.
This is manifested as a distinct 29% decrease in the magnetization at the first-order structure
transition of molecular ferroelectric phase (232 K). In contrast to the sharp change in magnetization
during the cooling process, the magnetization of IM-VH shows a step-like transition with a broad
thermal hysteresis width of 160 K (from 192 K to 352 K). The transition is repeatable as shown in
the first and third cycle temperature dependent magnetization measurement results. Temperature
dependent dielectric measurement further suggests the role of protons on magneto-dielectric
coupling in IM-VH. As shown in Fig. 4b, the dielectric transition shifts to a higher temperature
with increasing magnetic field while decreasing the dielectric constant. To provide a mechanistic
understanding of magnetoelectricity in IM-VH heterogeneous solids, we further examine
temperature dependent Raman spectra on the C=N stretching modes (Fig. 4c), which are sensitive
to the bonding mode of the cyanide and to the valance state of the metallic ions coordinated to the
C=N bridge. We observe such mode shifts to a high frequency from 200 to 290 K. More
importantly, a significantly pronounced shift is observed at the dielectric and magnetic transition
region. The Raman spectra indicates that an interfacial interaction induced charge transfer effect
has occurred in the metallic ions coordinated C=N bridge. A proton mediated ligand-metal charge
transfer is proposed here to illustrate such an effect. The interfacial interaction between IM and
VH ensures that the surface electric field effect of IM could be effectively applied to the VH phase.
According to the literature, such surface electric field of ferroelectrics could reach up to 1V/nm®,
coupling the dipole of IM and protons of VH. The VH is surrounded by IM phase under
ferroelectric field effect (Fig. 4d). During the cooling process, the dipole order is disrupted in IM
at 232 K with a first-order phase transition which would induce the proton charge transfer and
structure distortion of VH, causing an abrupt magnetic transition. As shown in Fig. 4e, a metastable
weak magnetization state can be created. This state is not stable and can be reversed back through
thermal induced transition close to 7t (Fig. 4f). In addition, lithium-ion control of magnetism study
shows that the control of magnetism based on electrochemical redox reaction requires a long
switching time (over 1,000 s) as shown in Fig. 4g. The short switching time via proton compared
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with other ionic control could
result from its small-sized
proton. Proton mediated
coupling between dipole of IM
and protons of VH suggests the
possibility of electric field
control of magnetism at room
temperature. As shown in Fig.
4h, electric field tuning
coercivity of IV-VH through
proton transfer shows a strong
electric field dependence and
anisotropic characteristics. A
large coercivity change of
around -45% is obtained at a low
field of 4 kV/cm. The electric
field tunable coercivity suggests
electric field-controlled
magnetism at room temperature
(Fig. 41) in proton mediated IM-
VH heterogeneous solids.

Future Plans
The future plan focuses on
molecular multiferroic orders of
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Figure 4. Proton mediated ME coupling. a, Temperature dependence of
magnetization (M) at 10 Oe and dielectric constant (1kHz) for IM-VH.
b, Temperature dependence of dielectric constant (1kHz) at different
magnetic fields for IM-VH. The inset shows the measured pyroelectric
current during the cooling process. ¢, Temperature dependence of Raman
shift for IM-VH. The inset shows the Raman spectra for IM-VH at 200
and 240 K, the smooth lines are fitting results. d-f, Schematic diagrams
for proton mediated strong coupling between dipole of IM and

magnetism of VH. g, Lithium-ion battery control of magnetism of VH.

molecular heterogeneous h, Room-temperature angle dependence of coercivity change for IM-VH
materials, consisting of high | solid at different electric fields. 0° means that the applied electric field is
temperature molecular | parallel to the magnetic field. The x-axis shows the angle value between
ferroelectric and  magnetic the applied magnetic field and magnetic field direction. i, Room-

temperature electric field control of magnetism for IM-VH.

building blocks with the control
of their ionic tuning. The detailed experimental plan includes:

1) Molecular heterogeneous magnetoelectric material growth with the control of material
composition and structure;

2) Study chemical ion-controlled magnetism and polarization of molecular magnetoelectrics;

3) Mechanistic understanding of ion mediated magnetoelectric coupling properties in
molecular crystals.
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Understanding the Role of Defects to Accelerate Wadsley-Roth Niobates for Long-Duration
Energy Storage
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Christopher Sutton, University of South Carolina (Co-Investigator)
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Research Scope

We are developing systematic design guidelines for Wadsely-Roth (WR) niobates that connect
composition and disorder/defect tailoring to transport mechanisms and properties with the aim of
enabling extremely durable batteries. The Long Duration Storage Shot aims to decrease energy
storage costs by 90% in the next decade, where a 10x increase in battery lifetime enables this life-
time cost target. The classes of materials with the potential for extreme durability minimize strain
upon intercalation (C1), avoid first order phase transitions (C2), operate within the stability
window of typical carbonate electrolytes (C3), and exhibit excellent ionic and electronic transport
characteristics to minimize or eliminate the need for additives (C4). Many niobate intercalation
materials satisfy criteria C1-C3, specifically the rich diversity of XaNb,O. WR phases. WR
niobates are the ideal platform for understanding and tailoring ionic and electronic transport
mechanisms since each occurs within distinct intrinsic crystalline regions (ion transport along
blocks and electron transport along shear planes). For example, trial-and-error experiments
identified NbisWs0ss with remarkably high ionic and electronic conductivities (C4) that led to
state-of-the-art power and energy densities. Going beyond equilibrium phases, recent examples
show the potential of tailored disorder/defects to enable enhanced conductivities in WR niobates.
A clear knowledge gap is understanding the connections between composition, disorder, and
defects upon transport. The study of defects within WR phases, however, has been broadly limited
by the complexity of addressing disorder in both atomic structure characterizations and transport
modeling. Furthermore, there is a historic challenge of ambiguity in transport measurements due
to a lack of access to tailored porous architectures that can be examined one-variable at a time.
Our methodology includes two approaches for modifying transport: 1) prediction and discovery of
new equilibrium WR phases (X.NbpO: and X.YpNbcO4) and 2) non-equilibrium tailoring of
disorder/defect chemistries including grain boundaries, substitutions, and vacancies. This work
includes inverse design where machine learning (ML) accelerates experimental work by
identifying promising new WR compositions. Diverse synthetic methods are being used to realize
these phases with diverse defect structures that may enable novel transport mechanisms. The
inclusion of comprehensive atomic structure characterizations and systematic transport
measurements that deconvolve ionic and electronic constraints will enable multiscale transport
modeling that connects transport characteristics to the underlying disorder/defects chemistries.

Recent Progress

The present experimental work is focusing on understanding how disorder/defects (Misture) in
known WR phases (Nb1sWs0ss and TiNb2O7) affect transport properties (Stefik). Importantly,
tailored porous architectures are being synthesized to remove ambiguity when analyzing
convolved transport processes.!”> We have developed a synthetic route to achieve the NbisWsOss
composition with block polymer templates. Much recent experimental activity has focused on the
high temperature stability of these nanostructures during the crystallizing of WR phases which
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typically form between 800-1,100 °C. Whereas this porous oxide tends to collapse below 800°C,
we have found improved thermal stability after integrating carbon precursors which in situ form a
hard scaffold that supports the nanostructure at high temperatures. Several alternative routes to
support the oxide nanostructure during crystallization are currently being examined. Separately,
the synthesis of micron scale particles of these two niobates are being developed using a spray
drier with subsequent thermal crystallization. Since this synthetic route is not nanostructured, it is
not subjected to challenges of thermal collapse and is thus a generalized low-risk strategy for these
studies. To date, the spray drying efforts have yielded TiNb>O7 particles after crystallization with
XRD patterns consistent with this well-known WR phase. The spray dried particles are suitable
for initial studies of transport characteristics while the nanostructured analogs continue to be
refined.

Initial computational work is seeking to identify new WR compositions (Sutton) and
understand their transport characteristics (Hu). In our project, we are using computational high-
throughput screening (HTS) to quickly evaluate many new possible compounds for stability before
synthesis. Our starting point was a compilation of Nb-oxide based WR crystal structures reported
in the literature, resulting in a set of 9 compounds with different formulae. A large chemical space
was generated from these compounds by replacing the cation sites of the known compounds with
33 elements chosen for their likely oxidation states and coordination environments. This led to
2,326 new compounds that are currently being evaluated for stability using density functional
theory (DFT). Of these 2,326 new compounds, only 20 are tabulated in the Materials Project
database, 12 of which are stable within 100 meV of the convex hull. As likely new WR niobate
compounds are identified, they will be validated first by solid state synthesis (zur Loye) before
examining transport and defect characteristics later in detail. Our computational efforts are also
presently seeking to understand the transport characteristics of WR Nbi1sW50Oss for comparison to
previously reported transport studies.

Future Plans
The short term future plans for the rest of the first project year are as follows. Stefik is continuing
to develop diverse synthetic methodologies for NbisWs0Oss and TiNb,O7 to enable transport and
defect studies within the first project year. A 16 channel battery cycler was delivered in January
which will accelerated these upcoming electrochemical studies. Misture is applying for
synchrotron and neutron beam time at national facilities to support defect measurements for this
project in the coming months when his new postdoc becomes available. Zur Loye is testing the
solid state synthesis of a library of possible WR niobates that are continuously being identified by
Sutton. Zur Loye is then providing these compounds to Stefik for electrochemical screening to see
if they are suitable for further study. Sutton is continuing HTS of candidate WR compositions,
focusing on ternary (XNbO) compounds before elaborating to more complex quaternary
compounds. Hu is continuing to model lithium transport in NbigWsOss computationally as a
testbed before examining transport in the same phases with deliberate addition of defect structures
that mimic experimental conditions.
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Fermi Surface Tuning of MX2 Compounds for Hydrodynamic Transport
Fazel Tafti

Electron hydrodynamics, Electron-phonon coupling, Fermi surface, Transition-metal tatralides
Research Scope

The project's goal is to achieve a hydrodynamic regime of _

electron transport in solid-state materials. The fundamental hbsE OO@@
design principle is to grow crystalline materials in which

the momentum-conserving scattering rates (el-el and s OO@
phonon-drag) exceed the momentum-relaxing scattering

rates (defect scattering and umklapp phonon scattering).

Only then, could the hydrodynamic regime replace the NbG OO‘
: o . . . e2

conventional diffusive regime of electronic transport in

metals [1,2].

Hypothetically, the momentum-relaxing mean free path F wule( Fermi vwface of MX> wmpoundv

can be dramatically increased via an interplay of four WithM =Nb.Taand X =S5iGe.

factors: short metallic bonds, phonon-drag effect,

topological band structure, and correlations. Over the past six months, the PI has focused on the

short metallic bonds and phonon-drag effects in transition-metal tetralides (MX> compounds in

Fig. 1), where evidence of a strong electron-phonon coupling has been found by his group [3]. The

coupling between electrons and phonons can be modified by systematically tuning the electron

and phonon band structures, which is achieved in the MX; family, where M and X are transition-

metal and group IV (tetralide) elements. Transport experiments were performed both at the PI's

lab and at the National High Magnetic Field Laboratory (NHMFL). One student has been trained

on the project. She has calculated the Fermi surfaces of MX, systems shown in Fig. 1 and

performed the quantum oscillation measurements discussed in the next section.

Recent Progress

High-quality crystals of four MX> compounds (NbSi,

40

NbGe, TaSiz, and TaGez) were grown by the PI’s student | — oo ;’°:32°383 5;’;;”
and characterized at both BC and NHMFL. The in-lab _ NbG; ;)30=6,109 4Q cm

TaGe,; 0p=0.383 uQcm

resistivity data in Fig. 2 show extremely low residual
resistivities in all four samples indicating negligible
impurity scattering in the high-quality crystals.

These crystals were taken to the NHMFL at Tallahassee
for de Haas-van Alphen measurements of quantum g,
oscillations. A summary of the Fourier transform of |
quantum oscillations at different temperatures are of e ‘/
presented in Fig. 3a. These data were then used to (i) S50 100 150 360 250300
confirm the calculated Fermi surfaces (Fig. 1) from DFT, Figure 7: Extremely stlK]\ residual resistivity
and (i) extract the effective mass of electrons. Figure 3b i four MX; crysials grown by PI's group.
shows two different behaviors between the silicides and

germanides. In the silicide materials (NbSi> and TaSiz), The experimental effective masses are
comparable to the value computed by DFT and do not show any frequency dependence. In contrast,
the experimental effective masses in germanides (NbGe; and TaGey) are at least three times larger
than the calculated values and increase with increasing Fermi surface size (proportional to the
oscillation frequency). Since DFT calculations use a non-interacting single-particle model, the
enhanced effective masses are likely due to strong electron-phonon coupling in the germanide
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systems. Such a strong el-ph coupling has been proposed as a mechanism of electron
hydrodynamics [2].

The field dependence of quantum oscillations (not shown here) can be used to extract the quantum
lifetime of charge carriers in MX, compounds. We found this tunable system as an excellent
platform to modify both electron and phonon band structures, and enhance the momentum-
relaxing mean free path to achieve a hydrodynamic regime. A manuscript is currently under
preparation to summarize these effects and explain how tuning the Fermi surface alters the details
of el-ph coupling, effective mass, and quantum lifetime.

Future Plans

The next step is to go beyond the el-ph interactions and understand the effect of el-el interactions
on the transport properties of highly conducting metals. To this end, the PI has identified a

(a) 300 |

b) s 3.
NbSi, 400 NbGe, ( ) NbSi; Exp. ® NbGe; Exp.
3.0 NbSi; Theory 3.0 ¥ NbGe; Theory
250 |
300 | 2.5 2.5
200 | | | O o %o
| ‘ 2.0 2.0 .
150 200 | °
| 1.5 150 ©
200 . v
2 1.0 1.0
€50 wY
2 0.5 - 0.5pg YY" ..
S ol AR LN T -~ Ml Mireory = 168 [ MalMieory = 312
& 9 1000 2000 3000 4000 O 1000 2000 3000 4000 Eo 0.0
@ 3.5 3.5
° . | .
2 P TaSi; 250} | TaGe, € TaSi; Exp o TaGe, Exp.
EOO ‘ 3.0 Y TaSi; Theory 3.0 Y TaGe; Theory °
g 80 200 2.5 2.5 .
60 150 }‘ 2.0 2.0r®
i 1.5 15p,. o
40 100 Qe v
A 1.0 v 1.0 vy
20 soff) i v v v
| LA , TRl 0.5 05
ol 9% NUTVURIOV BN (L TR0 PO MMy = 154 o Mo My = 3.32
0 1000 2000 3000 4000 ) 0 1000 2000 3000 4000 0. 1000 2000 3000 a000 O 1000 2000 3000 40
F(T)

magnetically ordered material FeP, which has a Néel temperature of 120 K and residual
resistivities comparable to MX, compounds. Single crystals of FeP has been grown via chemical
vapor transport. A new student is being trained to look into details of transport measurements in
that system. Also, the PI is sending crystals of both MX> and FeP compounds to his collaborator,
Dr. Philip Moll at the Max-Planch Institute (Hamburg), for the fabrication of mesoscopic devices
which will then be characterized at BC.
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Figure 8: (a) Fourier transforms of the quantum oscillations in MX; systems. (b) Effective masses of carriers extracted from
a Lifshitz-Kosevich fit to the temperature dependence of quantum oscillation amplitudes as a function of temperature.



Probing the Distribution of Plasmonic Hot Carriers via Single Molecule Quantum Transport

Kun Wang, Department of Physics and Astronomy & Department of Chemistry,
Mississippi State University, Mississippi State, MS 39762, USA
Keywords: Plasmonics, Hot Carriers, Single-Molecule Junctions, Charge Transport

Research Scope
The efficient generation of non-equilibrium hot carriers in plasmonic nanostructures holds promise
for the development of a range of emerging energy-related applications, including catalysis, solar-
energy harvesting, and photodetection.!'*) Despite the rapidly growing interest in utilizing
plasmonic hot carriers for clean-energy applications, deep understanding about the formation of
these non-equilibrium hot carriers has been hampered due to technical difficulties in directly
characterizing their spatial and energy distributions at the nanoscale. The overarching goal of the
proposed research is to experimentally probe and understand the steady-state spatial and energy
distributions of plasmonic hot carriers generated in noble metal plasmonic nanostructures (PNs).
Our research is motivated by the hypothesis that single molecules with appropriate transmission
characteristics can act as efficient energy
filters (and sensors) to access plasmonic

b Ihot = bitum = Laart
Dark

hot carriers generated on the surface of a o ds

noble metal PN.I! Therefore, the steady- ev/2t T o2
state distributions of plasmonic hot '

carriers can be probed via measuring PNHT}jﬂp
charge transport through single molecules " lluminated

deposited on the PN surface (Fig. 1). We
aim to develop an experimental platform L s i
that combines scanning tunneling hotte| £
microscopy  (STM)-based  quantum
transport  through single molecule

junctions with nanOPlasmo.n 18 e.XCItatlon Figure 1. a) Schematic illustration of the STM-based single
method to SyStemath.aHy 1'nve'st1g:ate the molecule transport measurements for probing hot carrier
steady-state hot carrier distributions in | distributions on a PN surface. b) Energy profiles of the single
PNs. It is also important to understand the | molecule junction in a with (top) and without (bottom)

impact of PN material and geometry on | Plasmonic excitation.
the hot carrier distributions. In this
project, STM break junction technique!®®! will be employed to construct PN-molecule-tip tunnel
junctions and quantify electrical current contributed by hot carriers flowing through single
molecule junctions (Fig. 1b). This novel experimental platform will provide detailed insights into
the generation of hot carriers in a variety of plasmonic systems and further boost the development
of plasmonic hot carrier-based technologies for energy conversion and harvesting.

Recent Progress

As anew research lab founded amidst the COVID-19 pandemic in 2021, we have brought on board
two graduate students who have been heavily involved in our initial research outcomes. We have
made progress in three research thrusts despite the impacts due to COVID-19 on delay of
instrument delivery, visa processing, and hiring and training of personnel.

hot e’ LUMO ',

Laser
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The first thrust focus on developing an experimental platform for stable and repeatable
single molecule transport measurements on the noble metal surface (eventually the PN surface).
We developed and implemented a custom-built STM break junction (STMBJ) platform capable of
stably trapping single molecules between STM tip and the metal substrate for charge transport
measurements. We performed single-molecule conductance measurements on a variety of analyst
molecules, including alkanethiol molecular series, to verify the stability of the system. Single-
molecule junction stability was also tested with additional mechanical manipulation of the tip
position (compression and elongation). For all molecules tested, we observed excellent junction
stability (<1 angstrom drift for the period of 800ms) and that the tip location can be mechanically
controlled with angstrom-level precision, which is critical for subsequent measurements. The
junction length agreed well with the molecular length, indicating a robust characterization of
single-molecule transport. This platform will be the main working horse for this project.

The goal of the second thrust is to identify and characterize molecular candidates with
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Figure 2. a) Schematic of the STMBIJ setup. b) Structure of the open shell conjugated oligomer systems. The red
circles at the two terminals of the molecule are the chemical linkers for forming covalent bond between the
molecule and the gold electrode. ¢) 1D (left) and 2D (right) conductance histograms for the oligomers with n=3.
d) 1D (left) and 2D (right) conductance histograms for the oligomers with n=6. ¢) The conductance response of
single oligomer (n=6) showing 100-fold conductance enhancement upon mechanical compression.

suitable transmission characteristics for accessing hot electrons and hot holes. To serve as an
efficient energy filter, only molecules with a sharp transmission resonance close to the Fermi level
of the metal PNs are suitable for this research. We designed and characterized a group of open-
shell conjugated oligomers composed of donor-acceptor units in the monomer structure (Fig. 2b).
From our single-molecule measurements, unprecedentedly high conductance (~1E-1.5Go) was
observed over a wide range of molecular length. The observed high conductance is a good
indication that the molecules possess a transmission resonance close to the Fermi level of the gold
electrodes, making them suitable for this study. One crucial advantage of the molecular systems
reported here is that the charge transport has a rather weak dependence on the molecular length.
As shown in Fig. 2¢ and d, the conductance of such a molecular system has an ultra-efficient
charge transport across a molecular length of over 6nm, i.e., molecular conductance remains
unchanged with the increase of molecular length. Such unique transport properties are ideal for
probing plasmonic hot carriers as it allows one to decouple the potential plasmonic excitation on
the STM tip by performing the transport measurements when the STM tip is placed relatively far
(>5nm) from the PN surface. This helps to isolate the contribution of hot carriers generated on the
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PN substrate. The ability to further tune the transmission of the molecule is also important. As
shown in Fig. 2e, we further demonstrated that delicate mechanical perturbation (sub-nanometer
compression) of the molecular conformation could enhance the molecular conductance by almost
100-fold. This is attributed to the shift of molecular transmission resonance even closer to the gold
Fermi level. Such ability to fine tune the transport properties under low junction bias will help us
access hot carriers at different energy levels in the subsequent studies of this project.

The third thrust focuses on the fabrication of noble metal plasmonic nanostructures and
integrating them into the STM setup for single molecule transport studies. Given the limited
scanning area of a STM tip and the need for optical access, it is critical to fabricate samples with
desired noble metal plasmonic nanostructures covering a large area on a transparent conductive
substrate. In this regard, we started with gold nanostructures and fabricated gold nanotriangle
structures on ITO substrate using the nanosphere lithography method. The fabrication schematic
is shown in Fig. 3a. We were able to produce of gold nanotriangle arrays covering large area
(>20um x 20um) with controlled thickness on transparent ITO substrate. The fabrication processes
were verified at each step with SEM and AFM characterizations. The results will serve as the basis
for the planned studies of the single molecule quantum transport on various PN surfaces.

Future Plans

Building on the progress, we will continue pursuing the proposed activities. In Thrust 1,
we will measure single-molecule transport properties under plasmonic excitation using the
identified molecular
candidates. In Thrust 2,
combining theoretical bb‘
simulation and experimental
characterization, we  will R
continue . to optimize and @@Q%@Q 0@
characterize new molecular  f ¢  ( ( oo
systems suitable for the
proposed study. In Thrust 3,
we will continue to optimize
the fabrication of large area
gold plasmonic
nanostructures in different
geometries on ITO substrate.
This will allow us to initiate
Thrust 4 of the research which X e P i d
investigates the impact of PN ‘ : e : - Tom

geometrics. We will 1nteg.rate Figure 3. a) Schematic illustration of the nanosphere lithography
these  nanostructures 1nt'0 technique. b and c illustrate the assembly of polystyrene nanospheres on
STMBJ setup for systematic | 1TO surface characterized by SEM and AFM, respectively. d) AFM image
single molecule transport study | of gold nanotriangle arrays covering a large area of ITO substrate.

under dark and illuminated
conditions. We will adopt both the break junction and blink junction methods. Meanwhile, we
have started and will continue developing experimental approaches based on single-molecule
thermoelectric measurement to probe local heating effect caused by plasmonic excitation, which
is part of Thrust 5 of the project.

Nanusphere deposition and self-assembly
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Molecular Insights for Fine-Tuned Hydrogen Interaction Control: MXenes as a Model
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Research Scope

Greater insight into the variety of
surface characteristics, which promote
dissociation and recombination of
hydrogen on a material surface and the
behavior of subsurface hydrogen
species, is key to lower energy pathways
for the storage and release of hydrogen.
MXenes are a recently discovered class
of 2D  materials which have
demonstrated potential as a hydrogen
storage medium. The objective of this
research is to provide an in-depth
analysis of the interactions between
MXenes and hydrogen. By
systematically evaluating the influential
factors that are responsible for hydrogen
binding, dissociation, and
recombination in MXenes we can
provide a greater understanding of how
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these interactions can be controlled and manipulated. Utilizing a theory-guided experimental
approach, we are systematically evaluating the most promising candidate features of Ti-based
MXene materials to shed light on the nature and mechanistic behavior behind the interactions of
hydrogen with these materials. Herein, we present preliminary results highlighting the
theoretically predicted binding sites and spectroscopic signatures within Ti-based MXenes and the
experimentally evaluated influence of particle size on hydrogen uptake kinetics in Ti3CoTx.
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Recent Progress

Based on first-principles density functional theory (DFT) calculations, we have carried out a
systematic study on TizC; derivatives (e.g. bulk, monolayers, multilayers, surfaces) related to
hydrogen adsorption. To model TizCoTx MXenes (i.e. Tx represents surface terminations in
MXenes) which are closely aligned with experimentally synthesized materials, Ti3C,Tx which are
F, O, OH-terminated are considered in DFT simulation based on PBE functional with the DFT-
D3 Van der Waals energy correction description. Among the F, O, OH-terminated TizC»
monolayers, the O-terminated TizC> monolayer is found to be the most energetically favorable,
followed by F-terminated and OH-terminated. Our preliminary results predict hydrogen is likely
stored in Ti3C,Tx in two possible ways; 1) Kubas-type hydrogen molecules adsorbed on the
surfaces/edges and 2) intercalated hydrogen atoms within the Ti3C; lattices as shown in Figure 2.

From ab initio molecular dynamics (AIMD) simulation, the intercalation of hydrogen

The Signature of “Kubas”-type
hydrogen molecules
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Figure 10. Radial distribution function (RDF) results of Ti3C,Tx MXenes (left) and illustration of hydrogen
interactions with Ti3C,Tx MXenes (right) with various termination groups

atoms within the lattice was evaluated when Ti3Cz edges are partially O-, F-, Cl-, OH-terminated
and exposed to 1 atm H> gas at temperature range of 300 K — 500 K. In addition to lattice-
incorporated atomic hydrogen, AIMD simulations predict Kubas-bound hydrogen molecules at
terminated edges as illustrated in other work. [1] As shown in Figure 2, these Kubas-type hydrogen
molecules are generally present with an elongated H-H bond ~ 0.80 — 0.85 A, in contrast to non-
interacting or physiosorbed Ha molecules with a bond length of ~ 0.72 - 0.75 A. According to DFT-
PBE-D3 calculations, intercalated H> molecules in Ti3C lattices and interlayers are not favorable,
and only the intercalated atomic hydrogen atoms are energetically favorable. Based on DFT-PBE-
D3 phonons calculation, the presence of these intercalated hydrogen atoms can be identified
through the infrared (IR) spectra at frequency range ~ 1000 —1700 cm™, which is distinguishable
from pure Ti3C> lattice vibration modes that is below 800 cm™ as highlighted in Figure 3.
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IR Spectra (DFT Prediction) In parallel to these
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sparse adatoms on Sc,C show
stronger adsorption energies
and less preference on the
adsorption sites compare to those on Sc2CO2 monolayer. The electron density of states (e-DOS)
and band structures analysis indicates that the major contribution of electronic states around the
Fermi level are from the MXene layer for the Sc,C adsorption and the adatoms barely modify its
electronic structure. While for ScoCO; monolayer, it is more susceptible to the adatoms, and
significant changes and impurity states attributed to the presence of adatom around the Fermi level
can be found. This implies that single atom adatom could be a plausible route to manipulate surface
chemistry of MXene monolayer, especially for the oxygen-terminated functionalized surface, such
as Sc2COa.

Ti3C,Tx (where T is F, OH, or O) MXenes were produced with various particle size distributions.
Isothermal adsorption measurements were carried out of the various particle sizes of MXenes to
gain further insight into the diffusion pathways for hydrogen uptake (i.e. basal plane vs. edge

Figure 11. IR vibrational mode predictions in hydrogen incorporated Ti-C
MXenes
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Figure 12. Isothermal absorption of MXenes with different particle sizes at 30 °C at 60 bar H» (left) and the
particle size distributions of the MXenes evaluated (right)

preference). Preliminary data suggests a significant influence in uptake kinetics between MXene
flakes with an particle size distribution center around 1 pum versus MXenes which are smaller in
flake size as shown in Figure 4. These MXenes demonstrate a reasonably high gravimetric
hydrogen capacity of 2.0-2.5 wt. % at nearly room temperature (30 °C) and moderate pressures
(60 bar).
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Future Plans

Additional computational efforts will continue to focus on systematically evaluating hydrogen
sorption/diffusion in Ti3C2Tx monolayers and multilayers along the basal planes and edges and
elucidating the influence of termination groups on the nature of interactions with hydrogen. In
addition, the effects of Ti- and C-vacancies in the TizC,Tx system will be explored. These
computational efforts will be utilized to guide and confirm experimentally obtained results.

In-situ vibrational spectroscopy techniques will be leveraged to provide additional insight
into the nature of hydrogen bonding within the MXene materials. Additionally, in-situ powdered
x-ray diffraction will be used to provide supporting information related to bulk lattice changes
upon hydrogen incorporation. Scanning tunneling microscopy and atomic force microscopy will
be leveraged to visualize and identify defects and modification made to MXene materials.
Hydrogen isothermal absorption measurements and pressure composition isotherms will be
continued to provide valuable kinetic and thermodynamic information related to the hydrogen
interactions with the MXene materials of interest.
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Nanocrystal-based Dyads for Solar to Electric Energy Conversion
David H. Waldeck, Chemistry Department, University of Pittsburgh
David N. Beratan, Chemistry Department, Duke University,

Self-identify keywords to describe your project: chirality, spin-filtering, charge transfer

Research Scope

The project team at the University of Pittsburgh, Duke University, and the Weizmann Institute
of Science is designing, creating, and studying supramolecular nanomaterials that perform charge-
and spin-transfer. During the last funding period, our team explored the unusual electronic and
magnetic properties, including electron spin filtering and charge transfer, of chiral molecules and
nanostructures, which arise from a phenomenon that we call the chiral induced spin selectivity
(CISS) effect. Having demonstrated that CISS correlates with the chiro-optical response of chiral
molecules and materials, we have focused on developing a better understanding of the underlying
electronic interactions through which chiral molecules imprint a chiro-optical response on the
electronic structure of materials. Below we describe our recent findings along three interrelated
thrusts: the elucidation of mechanisms to imprint electronic chirality on semiconductor
nanoparticles, the use of chiral inorganic structures for spin-selective redox chemistry, and the
investigation of magneto-electronic effects in chiral molecular films and chiral metal-oxides.
Recent Progress
Chiral Imprinting in Nanoparticles. By combining circular dichroism (CD) and 'H NMR studies,
we showed that the CD response of methylammonium lead halide perovskite nanoplatelets (NPLs)
saturates at high coverage of chiral phenylethyl-ammonium (PEA) surface ligands as shown in
Figure 1C. Through density functional theory analysis and statistical modeling (Fig. 1D), we
showed that this behavior arises from the overlap of the chiral ligands’ electrostatic potential and

Figure 1 Panel A illustrates the methylammonium lead
halide perovskite NPL structure, with chiral S-
phenylethylamine (S-PEA) ligands and achiral
octylamine (OA) ligands. X— denotes Cl— or Br—
anions (red), methylammonium cations are teal, and
V the Pb?" cations are gray. Panel B shows circular
1ol dichroism (CD) spectra for X = Br NPLs synthesized
000 0 400 40 S0 with S-PEA:OA ratios between 0.05 (dark green) and

: 0.35 (light green). Panel C plots the CD strength at the

first exciton transition as a function of PEA:OA ligand
ratio for X = Br (green) and X = Cl (blue) NPLs, with
a fit by a Boltzmann function to guide the eye. Panel D
shows computational results for the dependence of
rotational strength on the PEA:OA ratio and the
R YRT  RrraryRey e 0 exciton edge length (dotted, 1.8 nm; dashed, 2.4 nm;

) 0.0 0.2 0.4 06 08 1.0 :
PEA:OA Ratio PEA-OA Rafio and solid, 3.0 nm).

AAJA x10*

Rotational Strength (a.u. x10™%)
w

the exciton size. In concert with the NPL studies, we developed a new methodology for doping
CsPbX3 nanoparticles and for studying how the circular dichroism (CD) intensity varies with
nanoparticle size (exciton size) for quantum confined sizes of CsPbBr3; perovskite nanoparticles
(NPs). We find that as the NP size increases and crosses the quantum confinement threshold, the
dominant mechanism of chirality transfer switches and becomes dominated by surface effects, as
found by others. See papers 1, 5, 8, and 9 in the publication list.

Chirality and Magnetoelectric Effects. Because mirror symmetry breaking in chiral matter
manifests in a magneto-electrical response, we have examined how chiral symmetry may be used
to manipulate magnetic properties on the nanoscale. For example, we used a Hall bar device to
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demonstrate that an applied electrical field acting on a chiral monolayer film generates a
magnetization in the molecular layer;! and correspondingly that an applied magnetic field on those
films changes the contact potential difference.? Kelvin-probe atomic force microscopy (KP-AFM)
studies show electrostatic potential differences as large as 100 mV, which is enantiospecific, i.e.,
they depend on the chiral molecules’ handedness. These responses are significantly greater than
kT at room temperature and underscore the promise of using chiral symmetry breaking for
applications. In related investigations, we collaborated with Professor Dali Sun’s group at NCSU
to study photogenerated magnetization at the interface of two-dimensional, chiral hybrid
organic—inorganic perovskites (chiral-HOIPs) and a permalloy substrate using magneto-optic Kerr
effect (MOKE) studies.> 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. That is, the incident light
generates an enantiospecific magnetization at the permalloy interface.

Current magnetic memory sizes are limited to 30—50 nm because the magnetization and
magnetic orientation become susceptible to thermal fluctuations and stray magnetic fields for
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Figure 2 The left column illustrates the device design, in which a Hall bar sensor is used to sample the
magnetization state generated by a film of chiral quantum dots (the QDs have first exciton transitions at 532
and 405 nm). The center panel shows a logic tree, in which the operational parameters control the
magnetization state of the device. The nine multilevel logic state Hall response for a D-cysteine QD coated
device is shown on the right. The numbers constitute the digital bit associated with the response level. A
positive (negative) signal response is represented by a positive (negative) integer. The individual numbers are
representative of the readout of the Hall device.

smaller size domains. In the last funding period, we showed how chiral quantum dots (QDs) could
be used to create a 9-state flash memory.* 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. Because
chiral QDs spin filter electrons, they generate a magnetization that is proportional to the current
density. This gives rise to four magnetization states, defined by the chirality (left versus right) of
the QD and the polarization of the light (clockwise versus counterclockwise). In addition, the
device shown in Fig. 2 uses two differently sized QDs, which allows for modulation of the
magnetization with light wavelength and gives rise to 8 different magnetization states (two
different excitation wavelengths times the four combinations from the chirality and light
polarization); the dark condition gives the 9" magnetization state. This study exemplifies how one
can reimagine the operation of spintronic memory by employing chiral materials.

Chirality Effects in Redox Chemistry. To examine the importance of chiral materials for
electrocatalysis, we studied how spin-selective chiral nanostructures might prove useful for
electrocatalysis of important energy-related chemical reactions. The oxygen evolution reaction
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(OER) is widely known to exhibit kinetic sluggishness (requires high overpotentials), and its
improvement promises to impact the efficiency of water electrolysis. We examined the
performance of chiral cobalt oxide electrocatalysts and showed that chirality reduces the reaction
overpotential by 65 mV at 10 mA/cm?, increases the oxygen yield by 1.4-fold at pH 10, and
decrease the production of hydrogen peroxide by 4.0-fold as compared to its achiral analogue.’
Moreover, we showed that paramagnetic chiral electrocatalysis, under an applied external
magnetic field, displays even superior performance. The oxygen reduction reaction, which is
important for clean energy technologies, should have similar spin constraints to that of OER— as
the reaction proceeds by converting triplet oxygen into singlet state products. We examined the
electron transfer efficiency of oxygen reduction at chiral electrodes and found that it is superior to
that at the analogous achiral electrodes; see publication 4.
Future Plans

The activities proposed for the next funding period aim to develop design principles to guide
the development of chiral nanomaterials and the transport of change and spin in these structures.
The proposed studies involve a rich interplay of theory and experiment. Major themes of that
effort will be
1. Probing spin transport through inhomogeneous homochiral nanoparticle (NP) networks We
will elucidate the differences between the transport of an electron’s spin and that of its charge by
quantifying the dependence of chirality induced spin filtering and the more traditional charge
transport on the properties of the NP (their shape, size, and band gap) and on the properties of the
networks, including distance and connectivity between NPs, chirality of NPs and their linkages,
energy disorder of the NPs, and spatial disorder of the NPs in the network. In parallel with these
experimental studies, we will develop a tunneling pathway model for electron transport in
nanoparticle assemblies and construct a network model for the spin and charge transport. Beratan
has previously built empirical models to describe electron tunneling through proteins and this
approach will provide a starting point to develop the required theoretical description. The
experimental and theoretical studies will proceed from well-ordered NP films to disordered
NP:polymer composites.
2. Chiroptical and chiromagnetic properties of doped NPs. The doping of semiconductor NPs with
transition metals and/or lanthanide ions is known to endow them with novel optical and magnetic
properties, yet systematic investigations into the benefits of such doping for chiral NPs are lacking.
We will explore the promise of coupling chiral symmetry with dopant effects along two lines:
chiroptical properties and chiromagnetic properties. We will extend our earlier theoretical and
experimental studies of chiral imprinting on the electron absorption properties of NPs to study
circularly polarized luminescence (CPL) of chiral NPs and chiral doped NPs. On a different tack,
we will investigate the magnetic properties of chiral NPs doped with paramagnetic (or
ferromagnetic) ions, with the goal of exploring how a chiral NP’s matrix impacts superexchange
couplings between ion dopants and affects the magnetic responses. This line of research will build
upon our recent investigations into Mn-doped chiral oxides and Cos.xFexO4 structures. The studies
will use magnetometry and MOKE methods to reveal effects of the lattice on the electron spin
population’s orientation.
3. Spin-filtered currents for coherent and correlated spin processes. The generation of spin-filtered
currents in chiral matter and the promise of spin transport over micron length scales is largely
uncharted, however the potential applications can be revolutionary. For example, the use of
electrodes that spin filter electrons are providing a wholly different approach to spin-selective
electrocatalysis. We will explore how chiral materials can be used to effect multi-electron
processes through the electrodeposition of metal films, in order to direct energy flow in
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multichromophore arrays, to construct ultrathin “spin wires” of length exceeding several
micrometers, and to manipulate spin coherence in “spin wires”.
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Research 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 Coulombically-bound
charge pair that serves as an intermediate state for both charge generation and recombination
processes. In organic semiconductors, the binding energy of the CT state is much larger than k;, T
and therefore must be overcome in order to produce a free electron and hole. While much has been
learned about the role of CT states in limiting open-circuit voltage, there remains a lack of
fundamental knowledge regarding what controls CT state energy, dissociation efficiency, and
recombination rate. The goal of this research program is 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.

Our team is addressing this challenge through the use of sensitive spectral response measurements,
impedance spectroscopy, X-ray scattering, and spectroscopic ellipsometry to probe the structure
and optical response of donor-acceptor heterostructures. Surface-sensitive techniques such as
ultraviolet photoelectron spectroscopy (UPS), inverse photoelectron spectroscopy (IPES), and X-
ray photoelectron spectroscopy (XPS) are used to measure energy levels. Finally, time-resolved
and steady-state photoluminescence (PL), electroluminescence (EL), electroabsorption, and
pump-probe spectroscopy measurements are used to probe CT state energetics and dynamics,
enabling us to link basic material properties to the CT-related energy loss that occurs in the

photovoltaic process. 16

2

Recent Progress » N T 158
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highly disordered donor-acceptor blends. We will present the 2%6 200 1% 110 8
framework that we have developed for extracting the disorder in the 7 ®

CT state DOS. Shown in Fig. 1 are examples of two different Figure 13.Trend of CT energy for two different

donor:acceptor systems, both of which have identical CT energies,

donor:acceptor systems, as a function of
temperature. The slope reflects the disorder

but very different disorder parameters. And because the disorder j,perent to each system, and the y-intercept at

impacts the CT DOS via the functional form of , it 1s necessary
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to perform temperature-dependent optoelectronic measurements (e.g. photocurrent spectra or
emission) to find the true CT or reorganization energy through extrapolation to high temperature.
This contrasts with most literature methods and practice up until this work where either room
temperature or low temperature measurements were utilized.

Building upon the disorder framework described above, we will present our recent work showing
how disorder influences the energy loss of organic solar cells.? Prior to this understanding, it was
always observed that energy loss was approximately 0.5-0.6 eV, but it turns out that this definition
did not account for how disorder can manipulate the definition

of CT state energy. In this work, we correct the issue, and show
unequivocally that disorder increases the energy loss in organic
solar cell operation. Furthermore, we show a quadratic 3§
dependence of energy loss on disorder (see Fig. 2). This work
implies that the best organic solar cells will feature either
completely ordered, crystalline systems (as our team has
demonstrated previously®) or completely disordered systems. & o.ss
Any heterogeneity (mixture of order and disorder) increases the
disorder parameter immensely, which has a negative impact on 025

energy loss.
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Figure 3. Modulation response of CT state
electroluminescence (EL), demonstrating that CT
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assumption ofquasi- approximately 0.3 eV, like what our

cquilibrium hich consortium has demonstrated for a
qu u which, crystalline rubrene-based organic

in essence, means photovoltaic.

that electrons and

holes relax within their respective DOS much faster
than all other charge transport and recombination
timescales. Quasi-equilibrium is assumed for nearly all
solar cells; however, we recently found that it breaks
down for organic solar cells. Specifically, we reported
the first experimental proof that the distribution of CT
states does not exist in quasi-equilibrium, and thus
cannot be described by a Boltzmann-like distribution.
This result, which is based on the modulation response

Another aspect that

of CT electroluminescence (Fig. 3), is all the more surprising because it is obtained for electrical
injection in the dark. It is significant because it challenges the widespread use of reciprocity-based
methods to determine basic CT state properties, and it implies that the distribution of CT states
under illumination (i.e. under normal conditions of solar cell operation) is even farther from quasi-

equilibrium than in the dark.
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One process that reduces open-circuit voltage is the process of nOn-  ponor  Donor*  Donor  Donor*
radiative recombination, and yet there is a lack of microscopic Hegepion Hcoepion
descriptions of non-radiative recombination mechanisms at organic
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interfaces. Recently, we reported on the discovery of a new | SR L
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intermolecular CT state resonantly transferring its energy to a
nearby charge carrier, or polaron (shown in Fig. 4). Basically,aCT - =---------—=
state is de-excited and a charge carrier is temporarily excited (the “’"l‘)r *“‘l”“""'

. . . . . ecay
hfetlme of an excited polaron is very shgrt). .Thls can be thought of 0o 4 schematic diagram of the
in loose analogy to Auger recombination in the monomolecular new nonradiative  recombination
limit (i.e. at high doping or carrier injection) where a collision of process discovered by the Pls during

. . . . . our last funding round, involvin
two carriers results in the creation of a temporarily hot carrier and funding g

. . energy transfer from an
a recombination event. intermolecular CT state to a short-
Future Plans lived polaron.

Our future work will explore the breakdown of quasi-equilibrium at
donor/acceptor interfaces to understand the implications for organic solar cell operation and
modeling, as well as to determine whether non-thermal CT state and free carrier distributions can
be exploited to improve performance. If successful, our future work will provide a scientific basis
for reducing voltage loss in organic solar cells.
Also, we will explore the generation mechanism that is a complement to the recombination
mechanism discovered recently and described above (cf. Fig. 4). In the field of semiconductor
physics, it is well established that recombination mechanisms have their counterpart in a
corresponding generation mechanism (e.g. radiative recombination and absorption, defect-
mediated (aka SRH) recombination/generation, and Auger recombination with impact ionization).
Given this precedent, we hypothesize that the new non-radiative recombination mechanism we
recently described will have its counterpart generation mechanism, and that this generation
mechanism is responsible for the reverse saturation current in organic diodes. We describe this
mechanism as a thermally excited polaron transferring energy to an intermolecular CT state,
generating an electron-hole pair in the process of charge separation (efficient under the reverse
bias conditions inherent to diode saturation current).
In addition to organic-organic heterojunctions, we will explore new CT state physics in hybrid
systems consisting of organic molecules paired with two-dimensional perovskite and transition
metal dichalcogenide semiconductors. These systems provide a unique platform to study the
factors that influence CT state binding energy by controlling the dimensionality and spatial extent
of the underlying electronic states, and may also enable new, hydrogenic intra-CT state transitions
that exhibit strong optical nonlinearity in the mid-infrared.
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Research Scope

To overcome limitations of cation-size based separations of critical rare earth elements (REEs),"
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,? via dynamic and element
specific photo-induced modifications of the chemical environment surrounding them. This concept
is built on computational chemistry calculations and multi-modal transient spectroscopy-guided
synthesis of ligands with the

desired chemical and physical [37% INREL Thrust1 Thrust 2 8

. . 3.4 . ning EN [ ..
mOtlfS (Flg 1 ) . These deSIgner Multi-modal Transient Spectroscopy m MINES
hgands Wlll ultlmately enable Ground- and Excited-state Theory

. . . Model Ligands and Coordination Complexes @ —> @@
demonstration of efficient solution- Lanthanide  Antenna Ligand

phase separations via control of Excited States - Excited States

Kers *
(i) large, dynamic excited-state — ﬁs E;:rtmgpr::::;ailr:S:L::;rr::z:;:'Ct':lli]nc;ft?:rt!esl:or;\aere
perturbations of the photophysical = = i Lii’éi’;ii’?é?éliréffﬁéﬁ;'ﬁ{;tﬂin'des'
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photo-chemical reactions. This hy hy |
work will expand our 4. %f,‘ . i @ @
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Understanding of chemical descriptors that§ inner coordination sphere rearrangement
lanthanide Complexes, to enable define ground-state electronic structure || for specific lanthanides, altering extraction

. and excited-state dynamics of the complex
control of lanthanide complex

solubility and separation, by: Fig. 1. Schematic illustrating the combined experimental-theoretical
. . approach that will yield fundamental understanding to enable novel
* Developing chemical photophysical and photochemical lanthanide separations.

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

e Evaluating changes in the strain and solubility within the coordination complexes
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Recent Progress

1. The Role of pKa and Ligand Dipole on Extraction Strength: We have synthesized several
asymmetric arylvinyl phosphonic acid (AVPA) mono 2-ethylhexyl esters (Fig. 2a) as prototypes
for target photoswitchable ligands to understand the potential steric and electronic impacts of
incorporating conjugated photoswitchable groups into the traditional dialkylphosphonic
phosphonic acid extractant platform.

. i (a) :I I T T T 1 1 T
Spectroscopic measurements of this class i 1 HEHEHP

of extractants suggest they form similar F
. . 4 F,Styryl
complexes with REEs as conventional Q:,

1F

dialkylphosphonic acids, but are much
stronger RE extractants (Fig. 2a). This 3 @\;WY'
B[ CF,Styryl

log(D,)

suggests similar steric contributions to
intra-RE selectivity. Much of the increase
in the extraction strength can be attributed
to the stronger acidity (decreasing pKa) of
the AVPA mono 2-ethylhexyl esters as
compared to dialkylphosphonic acids.
However, the extraction strengths of two of
the new phosphonic acids do not follow the
order expected purely from the pKa’s. The
t?xtraction §trength fqr rare earths should diporl‘:‘_ffla o dipé‘l’g‘f:‘gfi;o 5
increase with decreasing pKa because the

rare earth cations are increasingly Fig. 2. (a) Data illustrating that extraction strength for
competitive with protons for the europium increases with the magnitude of the ground state

. . .- . . dipole moment for several novel asymmetric AVPA
phosp h.0mc .a(.:ld binding  site Wlth extractants and (b) Schematic illustrating the photoinduced
increasing acidity. Instead, computations | change in the magnitude of the dipole moment (orange

suggest that the detailed order of extraction | arrow) for the spiropyran/merocyanine isomers.
strengths for the asymmetric AVPA mono
2-ethylhexyl esters track the order of the dipole moments of the extractants. This observation
points to potentially new chemical design principles for tuning the strength of rare earth separating
ligands, via control of the acidity and dipole moment. Furthermore, we are currently exploring
strategies aimed at light-induced dynamic control over these chemical properties, using
photoswitchable chromophores (Fig. 2b).

Increasing dipole

2. Ligand-Ligand Interactions in Rare Earth Complexes with AVPA Ligands: We subsequently
explored the photophysics in the extracted Eu-AVPA complexes using steady-state and transient
spectroscopy. Pairs of ligands functionalized with CF3 groups at the para position in the styryl
moiety pre-associate in the ground state according to calculated geometry optimizations (Fig. 3a,
compared to Fig. 3b) and steady-state absorption measurements (data not shown). Consequently,
the Eu-CF3Styryl complexes undergo faster and more efficient ligand excimer formation upon
electronic excitation of the ligand, characterized by the narrow and intense excited-state absorption
at ca. 525 nm in pump-probe experiments (Fig. 3c, compared to Fig. 3d). The emission intensity
from CF3Styryl-complexed Eu’* after energy transfer (ET) from the ligand depends on the degree
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of aggregate photoselection at the

o i i. excitation wavelength; weaker
1000 )} . . . . .

it ig 4 emission suggesting excimer formation
& 1“““;11‘% . jjt““zg hinders the typical ligand-RE ET
%: A /{,;--’ ‘.l\\ e -
3 | % 2 R L .
: ‘\L = A “g&@ pathway . '

. ST TR The excimer formation pathway

shows some dependence on the RE
identity. For example, Dy-based
complexes  show  predominately
excimers with styryl AVPA ligands, as
opposed to the excimer-dominated Eu-
CF5Styryl complexes described above.
The exact conditions that determine
this behavior need to be better
understood, but control of the

CF,Styryl Ead
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Fig. 3. Optimized ground-state geometry for (a) Eu-CF;Styryl throu%h . lig and. h d?;fl\gn and
complex and (b) Eu-Styryl complex (ethylhexyl groups and complexation WI.t d} erent RE
hydrogen atoms removed for clarity). Transient absorption elements may provide a simple route to

maps showing strong excimer feature for the (¢) Eu-CF3Styryl photodriven separation of critical
complex compared with the (d) Eu-Styryl complex. materials.

3. Triplet-mediated Photochemical Reactions Modulated by Rare Earth Excited States: Triplet
excited states that readily form on organic ligands in proximity to heavy metals have lifetimes that
depend on ligand-metal electronic coupling. This coupling can be modulated by geometric effects
or by energetic offsets tailored through ligand

. . . . PPhy o]
design 'and RE identity (Fig. 4a). We @ o Ao ":i\/ 0,
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that the ligand excited state lifetimes are
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the Dy complex through energy transfer to the
Dy 4f-electron manifold, which ultimately | Fig. 4. (a) Differences in the photophysical and
slows the OAT reaction. The measured rate | photochemical pathways for Y and Dy complexes of
differences between the open-shell Dy3+ and hfac and NMMO that result in dramatic differences in
closed-shell Y** complexes demonstrate that the (b) NMMO ligand excited state lifetimes and
. . p A ) (c) oxygen atom transfer reactivity.
using established principles of 4f-ion
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sensitization may deliver new, selective modalities for differentiating the REEs that do not depend
on cation size.

Future Plans

[2+2]

cycloaddition o

N] Light-driven change

in solubility &
l chemical separability

_fdl

010100101
110001001
110000011

Rare earth (RE
mixture

Fig. 5. Multi-disciplinary approach to produce novel multi-functional ligands systems designed to undergo
photochemical reactions mediated by the electronic structure of the target RE ions (here for a representative
coumarin-functionalized DO3A-macrocycle platform), allowing for light-driven dynamic chemical separability.

We plan to build upon our understanding of excited state interactions between these
multifunctional ligand systems and the RE ions through a multidisciplinary approach (Fig. 5). This
will involve not only tailored ligand synthesis, but development of advanced spectroscopic and
computational techniques to track excited state evolution and photochemistry from the moment of
photoexcitation through reaction completion. Our plans include:

(i) Mapping the excited state potential energy surfaces in RE coordination complexes
(i1) Developing in-situ spectroscopic tools to probe excited states in photoswitchable ligands
(ii1) Excited state-mediated ligand photochemistry
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Research 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. In these structures, rare earth ions are caged in organic complexes
whose electronic properties can be tuned by changing ligand design or by an external stimulus.
Atomic scale characterization of individual rare earth ions in the proposed structures are performed
with the most advanced instrumentation: The elemental, and chemical, 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, is used to develop theoretical frameworks to describe
accurately the electronic properties of the constituent 4f rare earth cations and rational blueprints
for the design and synthesis of new structures with improved functions.

Recent Progress

Atomically Precise Control of Rotational Dynamics in Charged Rare-Earth Complexes on a Metal
Surface!: Complexes containing rare-earth ions attract great attention for their technological
applications ranging from spintronic devices to quantum information science. While charged rare-
earth coordination complexes are ubiquitous in solution, they are challenging to form on materials
surfaces that would allow investigations for potential solid-state applications.
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a Here we form rare-earth complexes by
coordinating a positively charged europium (Eu)

8 . f - .E“'_T§: —(pcam); molecule with negatively charged
@ CF3SOs3 counterions on a Au(111) surface (Fig.
(Eulpcam).* S [Eulpcom) XF l1a). Electronic and structural properties of these

complexes are then investigated on a one complex
at-a-time basis using scanning tunneling
microscopy (STM) and tunneling spectroscopy
methods. Although they are composed of multiple
units held together by electrostatic interactions,
we show that an entire rare-earth complex can be
rotated like a single unit (Fig. 1b) when electrical
energy is supplied from a scanning tunneling
microscope tip> with precise control of their
rotational dynamics at the atomic scale (Fig. 1c to
le). Despite the hexagonal symmetry of the gold
surface, a counterion at the side of the complex
guides three-fold rotations, and 100% control of
their rotational directions is achieved using a
Fig.1. (a) STM image of a rotating Eu complex on negative electric field from the scanning probe tip.
Au(111). (b) Controlled rotations are performed by  This work demonstrates that counterions can be

supplying electrical energy from an STM tip. (¢), (d) g6 1o control dynamics of rare-earth complexes
Before and after rotation of a complex, respectively. .
on materials surfaces.

The dashed circle indicates the counterion.

Microcavity-Modified Emission from Rare-Earth Ton-Based Molecular Complexes®: Despite the

remarkable optical properties of rare-earth ion materials, their applications as light sources and in
quantum technologies are often hindered by their long lifetimes and weak emission. Leveraging
the natural compatibility of rare-earth ion
molecular complexes with photonic structures,
we modify their photoluminescence properties
by coupling them to a flexible open Fabry—Perot
{ cavity (Fig. 2). The in situ” tunability of the
oo T Fabry—Perot cavity enables fine control over its
cavity modes leading to achieve resonant

coupling between the rare-earth ion emission
and the cavity modes. This configuration allows
us to achieve further a maximum
photoluminescence enhancement factor of 30
: and the decay rate of up to two orders of
NENE e e magnitude on a Eu DPEPO-TTA complex (Fig.
In-plane Wavevector (um'") Energy (eV) 1b, ac, and 1d). Our pump-power-dependent
Fig. 2. (a) Eu complexes coupled to a microcavity —gpectroscopic studies of the emitter—cavity
exhibit stlnl.ulated emission. (b) Complex structure. system suggest that the cavity-modified

(c¢) Fourier image of the molecule-cavity system. (d) .. . . . .

emission is primarily caused by amplified

Cavity length-dependent emission intensity of the ]
molecule-cavity system. Spontaneous emission.

FF

Energy (eV)

)

These results further highlight that integrating rare-earth ion molecular complexes with photonic
structures could be a viable approach for the effective tuning of their optical properties. This
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natural compatibility, together with their versatile molecular structures and the resultant electronic
states, renders rare-earth ion complexes a potential alternative material platform for lighting and
quantum applications.

Characterization of Just One Atom using Synchrotron X-rays: Since the discovery of X-rays by
Roentgen in 1895, its utility has been ubiquitous from medical and environmental applications to
materials sciences. X-ray characterization requires a large number of atoms and reducing the
material quantity is a long-standing goal. To
date, attogram amount of sample can be
detected by X-rays however, it is still in the
range of >10* atoms or more and gaining access
to a much smaller sample is becoming
extremely arduous. Here, we show that X-rays
can be used to characterize the elemental and
chemical state of just one atom. Using a
specialized tip as a detector, X-ray excited
currents generated from an iron and a terbium
atom coordinated to organic ligands* are
detected. The fingerprints of a single atom, the
L>3and My 5 (Fig. 3) absorption edge signals for
iron and terbium respectively, are -clearly
. =< 7| R observed in the X-ray absorption spectra. The
Energy (V) Eneray (V) chemical states of these atoms are characterized
Fig. 3. (a) STM image of a single [Tb(pcam)s]. complex  via near edge X-ray absorption signals where
measured with the SX-STM set-up. (b) Corresponding ¥ _ray excited resonance tunnelling is dominant
model. (¢) STM-NEXAFS signal of Tb ion. (&) Ms ¢ e jron atom. The X-ray signal can be
absorption edge signal of a single Tb ion from (a). S y si1g .
sensed only when the tip is located directly
above the
atom in extreme proximity, which confirms atomically localized detection in the tunnelling
regime. Rare-earth metals have tantalizing electronic and magnetic properties for high
technological applications due to their well shielded 4f electrons. This is clearly observed in our
one-atom measurements where the 4f orbitals of the Tb ion are isolated and are not involved in
chemical bonding with the ligands (Fig. 3c) while the 3d orbitals of the Fe ion are heavily
hybridized with its surrounding environment. This work connects synchrotron X-rays with a
quantum tunnelling process and opens future X-rays experiments for simultaneous
characterizations of elemental, and chemical properties of materials at the ultimate single atom
limit.

c o

o

Tip Current (pA)
Tip Current (pA)

0o

Light and Chemical Doping Induced Magnetic Behavior of Eu Molecular Systems: Owing to its
narrow emission bands and high light purity, Eu is used as a red phosphorus (Eu*") in many solid-
state applications including upconversion and light emitting diodes, while high energy broad blue
emission of Eu®* is used for broad excitation in white light emitting diodes. Here, we explore
magnetic properties of different oxidation states of Eu complexes and assess their conversion from
non-magnetic to paramagnetic state as sensors of their redox environment. We find that while
Eu(III) chelating complexes are diamagnetic, simple chemical reduction results in the formation
of paramagnetic species. In agreement with the distorted D3, symmetry of Eu complexes studied
here, the electron paramagnetic resonance spectrum of reduced complexes shows axially signals.
[llumination of water-soluble complex Eu(dipic)s at 4K led to the ligand to metal charge transfer
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that resulted in the formation of Eu(Il) in a
rhombic environment. Existence of ligand to
metal charge transfer affects luminescence of
Eu(dipic)s, and pre-reduction of the complex to
Eu(Il)(dipic);  reversibly  reduces  red
luminescence with appearance of a weak blue
luminescence. Absence of carboxylate groups
in complex Eu(pcam); also prevents ligand to

‘2 A _EEEEEETW d metal charge transfer, and makes it stable upon
g "_‘/j' Jit :Euzmic_?u 5 illumination. Furthermore, encapsulation of a
Flagtt R ae 4 large portion of the dipic ligand with
E P Cucurbit[7]uril (CB7) (Fig. 4), a pumpkin-
x \/ /7 h shaped macrocycle, inhibited ligand to metal
‘” v charge transfer preventing formation of Eu(II)

332 336 340 ERERE R 3 upon illumination. This work not only
Field (mT) Voltage (V)

) _ ' demonstrates the ligand to metal charge transfer
Fig. 4. (a) A model of Eu(dpic)-CB7. (b) STM image of

Eu(dpic)-CB7, and (¢) EPR spectra of Eu(dpic)3. (@) 1 Eu compounds leading to turn on magnetic
dI/dV tunneling spectra of Bu(dpic)-CB7. behavior in the complexes, but also show a way

to prevent it if it is the desired outcome.

Future Plans

Following our success on one atom level characterizations of rare-earth ions and control of their
environment, we plan to extend our investigations on mixed rare-earth ions within molecular
complexes. Different rare-earth metals will be incorporated into our molecular complexes, and by
linking on materials substrates, we plan to form two dimensional networks of rare-earth
complexes. Our key interest is to understand behaviors of rare-earth ions in these complex
networks that would enable tailoring their properties for potential applications spanning from
emission, upconversion, energy harvesting, to separation, spint