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FOREWORD

This booklet is a collection of extended abstracts submitted to 9" Physical Behavior of
Materials Principal Investigators meeting. This meeting is sponsored by Division of Materials
Sciences and Engineering (MSE) of the Department of Energy, Office of Basic Energy Sciences
(BES), and is held on May 21-23, 2025.

The Principal Investigators meeting brings together all the principal investigators who are
supported by the Physical Behavior of Materials program to share their latest exciting scientific
discoveries, facilitate exchange of ideas and promote new 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 future
directions for the program. The 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. This
program supports both fundamental and use-inspired basic scientific research, to advance our
knowledge of electronic, electromagnetic, magnetic, and thermal behavior of materials, including
light-matter interactions 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 meeting format includes oral presentations and 2 poster sessions. This meeting brings
together over 100 scientists and is organized to include 25 regular presentations and 53 poster
presentations. BES appreciates the contributions of all Physical Behavior of Materials
investigators by presenting their latest findings. We are also grateful to the outstanding support of
the Oak Ridge Institute for Science and Education, and Teresa Crockett of MSE.

Shawn Chen, 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

May 2025
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Quantum Transduction with Abundant Elements for Cleaner Energy

M. E. Flatté (PI), D. R. Candido (Co-I), D. Paudyal (Co-I)

Keywords: quantum transduction, oxides, phosphates, abundant rare earth elements
Research Scope

The current leaders in solid-state microwave to optical quantum transduction are electro-optic
approaches (i.e. lithium niobate) and rare-earth ion approaches (e.g. erbium-doped yttrium
orthovanadate). The main challenges with rare-earth quantum transduction are the coupling
strength, the optical loss (due to impurities in the materials), and the cost/accessibility of the
required materials (especially yttrium — the erbium is used in very small quantities (ppm) by
comparison). The scope of this project is to calculate the properties of materials with abundant
rare-earth elements such as cerium orthovanadate, including ground-state magnetism, low-
temperature ferromagnetic resonance, magnetic excitations and optical properties. Cerium is an
abundant element. We hypothesize that these calculations and advances in theories simulating
these materials will identify rare-earth materials with abundant elements as providing (1)
comparable or superior fidelity and efficiency of microwave-optical quantum transduction, and
(2) comparable or superior quantum memory density with comparable or longer coherence times
to current materials that contain yttrium. Transduction will be emphasized as the coherence times
required are shorter and the vanadium spin bath may limit these times. This project will establish
a fundamental understanding of rare-earth hosts with abundant elements.

Recent Progress

We have developed an effective ab initio method[1]
to calculate the crystal field coefficients of an erbium | Fig. 1. (a)-(d) Two-dimensional views of the
ion experiencing different local site symmetries in | crystal field potential and the same potential
several wide-band-gap oxides, and then evaluated multipled by the 4f electron probability density

o0 3t s . of Er (upper diagonal, in eV/cubic Angstrom).
the crystal field splittings of these Er’" ions for their | (¢).(h) show the crystal structure surrounding

the doped Er ion and the probability density of
the 4f electrons at 1.58 eV/cubic Angstrom
(yellow isocontour). (i)-(1) illustrate the
probability density by plotting at 102 (left) and
10 (right) eV/cubic Angstrom isocontours,
omitting the crystal.

10° 10! 02 (ev/AY)

Er:MgO

ground and excited states. The optical
transitions between the ground state (Z) and
excited state (Y) manifolds of the
environmentally shielded 4f states of these
erbium ions have wavelengths ~ 1.5um and
thus have potential applications to quantum
communications and quantum memories.
These results are in excellent agreement
with recent low-temperature measurements,
provided the inadequate calculation of the
4f shell screening is adjusted by reducing
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the radial extent of the 4f wavefunctions by approximately a factor of 2.

The ab initio density functional theory (DFT) calculations were performed using the Vienna Ab-
initio simulation package (VASP). Augmented plan wave pseudopotentials and Perdew-Burke-
Ernzerhof functionals were used. A sufficient plane wave cut off energy (500 eV) and I" centered
k-mesh (maximum of 10x10x10) were used for the Brillouin zone sampling. The 4f electrons were
frozen in the core and the 6s, 5Sp and 5d electrons were considered in the valence shell. From non-
spin-polarized calculations the self-consistent charge densities and local potentials were generated
to produce the crystal field parameters considering the local potentials as crystal fields.

To study the crystal field splittings we focused on the oxides MgO, ZnO, TiO2, CaWOs and
PbWOs4, with variable point group symmetry. MgO, ZnO and TiO: have cubic, hexagonal, and
rutile (tetragonal) crystal structures. Once the crystal field coefficients are obtained the lanthanide
ion energy spectrum was calculated using the glanth code[2], which includes terms representing
the following interactions and relativistic corrections: spin-orbit, electrostatic repulsion, spin-spin,
crystal field and spin-other-orbit as described in Ref. 3. gqlanth now reproduces the crystal field
parameters of Ref. 4 with an agreement better than 30 cm™! throughout all lanthanides.

We have further developed the theory of microwave to | Fig. 2 (a) Crossing between the magnon
optical quantum transduction using the enhancement of | excitationand the erbium spin flip versus Bz. (b)

. . .o Full energy-level diagram, including the erbium
a magnetic material[4]. This is a new method for excited state, and the transitions due to the

cpnverting single microwave phOtfmS to .singlq QPtiC?I couplings to an optical cavity, to an optical
sideband photons based on spinful impurities in | pump, to a magnon via spin exchange, and to a
magnetic materials. This hybrid system is advantageous | magnon via the microwave cavity. Detunings

over previous proposals [5] because (i) the | @€ indicated by 6’s and A. (¢) frequencies of the
optical cavity resonance, microwave resonator,

(b) 13) © and optical pump.
Al |;\,_) 41'134f2 W
implementation allows much higher
€ T ha, transduction rates (1000 times faster at
ha, the same optical pump Rabi frequency)
/l\‘ 12) than state-of-the-art devices, (ii) high-
51 I\\T ) Nsp T efficiency transduction is found to

device parameters (in particular, over 1
GHz microwave detuning), and (iii) it
does not require mode volume matching
between optical and microwave resonators. We identified the needed magnetic interactions as well
as potential materials systems to enable this speed-up using erbium dopants for telecom
compatibility. This is an important step towards realizing high-fidelity entangling operations
between remote qubits and will provide additional control of the transduction through perturbation
of the magnet.

In addition to these two key results a number of additional studies have been completed, including
ab initio treatments of the stoichiometric cerium containing vanadates and phosphates, and erbium-
doped gallium oxide. We have also shown that the two different sites for Er in yttrium oxide have

happen in a significantly larger space of
& hay,
@
=
51}
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different formation energies, suggesting that careful control during the synthesis process may
allow for preferential occupancy of the site with or without inversion symmetry.

These results establish the foundation of quantum studies of rare earth materials based on abundant
elements, such as cerium.

Future Plans

This project opens up new opportunities for exploring the coupling of erbium spins to optical and
microwave fields for quantum transduction and communication. The establishment of this
theoretical foundation also connects with additional work on energy transfer within rare earth
shells, which is important for efficient light emission at room temperature. We anticipate
continuing to explore the fundamental connection between the properties of these lanthanides and
nonlinear optical properties, for both quantum and classical applications. We have identified a key
limiting feature of ab initio simulations — the poor reproduction of the screening of the 4f shell.
This provides a key focus for future work to try to further establish the properties of crystal field
parameters of rare earths on a fundamental ab initio basis. Preliminary work with local orbital
codes indicates that perhaps those codes describe the screening better. This will be explored in the
future.
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Electron Hydrodynamics in 3D Quantum Materials

Fazel Tafti (Boston College)

Keywords: Hydrodynamics, electron-phonon interactions, crystal growth, semimetal, electrical
transport

Research Scope

Improving the electrical conductivity of metals is an essential research direction in materials
science, with important applications in improving energy efficiency of circuits and devices. An
emerging field in condensed matter physics is electron hydrodynamics, where the conductivity of
a metal is improved to such an extent that nearly eliminates impurity scattering, allowing electrons
to scatter only from each other or from phonons. The goal of this project is to achieve such a limit,
not by prost-processing a good metal and make it better, but by design 3D quantum materials with
exceptional conductivity.

To achieve such a high conductivity, the project uses four material design principles: (i) short
metallic bonds, (ii) large coordination ratios, (iii) strong electron-phonon interactions, and (iv)
small Fermi surface. The short metallic bonds are known to drive electron hydrodynamics in
graphene, a 2D system which is by far the best candidate for electron hydrodynamics [1]. Large
coordination numbers lead to a phonon bunching effect that minimizes anhamonic phonon-phonon
decays [2]. Strong el-ph interactions ensure a transfer of momentum between electron and phonon
reservoirs, conserving total el-ph momentum and leading to an el-ph hydrodynamic fluid [3].
Finally, a small Fermi surface helps minimizing impurity scattering and mobility per carrier. These
principles are derived from observations in PdCoO2 and WPz, two 3D semimetals with near-
hydrodynamic transport properties [4,5].

The project’s objectives are (i) growing crystals of candidate materials that satisfy the above four
design criteria, (ii) characterizing their electrical transport properties in the lab and at the National
High Magnetic Field Lab (NHMFL), and (iii) testing the signature predictions of a hydrodynamic
electron fluid such as size dependence of electrical resistivity. The last objectives will require
fabrication of mesoscopic devices in collaboration with the group of Dr. Moll at the Max Planck
Institute for Structure and Dynamics (MPSD).

Recent Progress

We grew crystals of four compounds with chemical formula MX>, where M = Nb or Ta and X =
Si or Ge. These materials are semimetals with small Fermi surfaces according to quantum
oscillation experiments performed at NHMFL [6]. We found that the germanides (NbGe2 and
TaGez) have a much higher transport mobility than quantum mobility (Fig. 1a). The transport
mobility is determined by resistivity and Hall measurements while quantum mobility is determined
by quantum oscillations. In contrast, the silicides (NbSi2 and TaSi2) have comparable transport
and quantum oscillations (Fig. 1a). We also found an enhanced effective mass of electrons in the
germanides compared to silicides (Fig. 1b). The findings indicate that the higher transport mobility
of germanides is related to some form of interactions that enhance the effective mass of electrons.
Since MX2 compounds are non-magnetic and devoid of f-electrons, the most likely suspect would
be el-ph interactions.
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Figure 1: (a) Transport mobility (blue) and quantum mobility (red) are compared between the germanides (NbGe; and
TaGe;) and silicides (NbSi, and TaSi,). (b) The effective mass of NbGe; is enhanced by a factor of 3.12 over the
calculated mass from DFT, whereas the experimental and theoretical effective masses are comparable in NbSi,. (¢)
Temperature dependence of the phonon peak width follows a Fermi function in NbGe; but a Bose function in NbSi,.

The above hypothesis was confirmed by Raman scattering measurements shown in Fig.
Ic. We found that the temperature dependence of phonon peak widths in germanides, measured
by Raman scattering, follows a Fermi function, whereas that of silicides follows a Bose function
(Fig. Ic). This observation shows that electron-phonon interactions are strong in the germanides
and weak in silicides. This behavior is also referred to as phonon drag.

These results were published in the journal of Advanced Materials. This work shows that
enhanced electron-phonon interactions and phonon drag processes could enhance electrical
conductivity and help achieving a hydrodynamic regime in 3D materials [6]. In other works, we
showed a similar high conductivity in the magnetic system HoBi [7], found signatures of Majorana
fermions in an oxide material [8], discovered colossal magnetoresistance is correlated semimetals
[9,10], studied structural transitions under pressure in a metastable compound [11], and found
enhanced magnetism in a 2D system due to excitons [12].

Future Plans

Moving forward, we are going to
extend the realm of phonon-assisted
electron hydrodynamics by growing
crystals of new candidate materials,
including OsGe:2 YS, and TaSes. These
materials were identified based on the
four chemical design principles
mentioned earlier. They are all
semimetals with small Fermi surfaces
and considerable el-ph interactions. We
will also attempt the growth of large
crystals of the silicides and germanides
for neutron scattering investigation of

Figure 2: (a) Picture of the 4-lamp optical floating zone furnace.
(b) Infra-red image of the melting zone during crystal growth. (c)
A large crystal of CoTiOs3 grown in the PI’s lab.
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phonons. Such large crystals will be grown using a floating-zone optical furnace recently installed
in the Tafti Lab (Figs. 2a,b). A picture of a large oxide crystal grown by this technique is shown
in Fig. 2c.

Additionally, the PI started student exchanges
with the MPSD for the fabrication of mesoscopic
devices using the focused ion beam (FIB)
technique. Using this method, we will fabricate
micron-scale transport devices that enables us to
measure the size dependence of electrical
resistivity. An important applicable property of | =
hydrodynamic materials is the enhancement of ||
conductivity by reducing their sizes. Figure 3
shows a mesoscopic device fabricated by the PI’s
student at MPSD in the summer of 2024. This
particular device has 10 contact terminals, which | Figure 3: A mesoscopic device with 10 contact
enable  measuring  non-local  transport | terminals ideal for measuring non-local electrical
phenomena — another applicable phenomenon | transport.

found in the hydrodynamic regime.
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Polaronic Electron Crystals in 2D Moiré Materials
Xiaoyang Zhu, Columbia University, New York, NY 10027
Keywords: quantum phases, moiré superlattice, two dimensional semiconductors, dynamics

Research Scope

This project aims to quantitative probe and understand many-body interactions responsible for
electron ordering in emerging two-dimensional (2D) moiré materials. A focus is on electron-
phonon coupling and polaron formation. While moiré materials have rapidly evolved, little is
known about the many-body potential landscape responsible for correlated electron states. In their
atomic counterparts, collective oscillations, i.e. phonons, are quantitatively related to inter-atomic
force constant matrices. In the PI’s approach, a correlated electron phase in a moiré interface is
perturbed by a pump pulse to launch coherent oscillations via Raman mechanisms, the result is
monitored by a probe pulse from oscillations in optical responses. At high excitation power, the
experiment probes dynamics of melting and recrystallization of the electron crystals. These
experiments will provide quantitative insight into the nature of correlated electrons, the potential
energy landscape for ordering, and their interactions with phonons. There are three major goals:
1) Determine the melting and recrystallization dynamics of ordered electron states in transition
metal dichalcogenide (TMDC) moir¢ bilayers; 2) Probe two collective oscillations, the amplitude
(Higgs) mode and the phase (Nambu-Goldstone) mode of the ordered electrons; and 3) Extending
the dynamic probes to the ordered exciton phases in TMDC moiré structures.

Recent Progress

We made advances in establishing the polaronic nature of %]
Mott states in the WS2/WSe2 moiré system [1], in 41 =l
meghanisticglly distinguishi‘ng different Mott staFes based on 73 Hy}\f\ﬁ E: 1183f32"r:;evv :
distinct melting and reordering rates [2], in revealing a general = g
mechanism of acoustic phonon modulation of moiré states [3], | * 2]
and in discovering a zoo of correlated states in the twisted 1
MoTe2 bilayer moir¢ system [4]. o] AE, ~ 16 meV
Two-dimensional moiré mater.ia.ls have emerged as the 0 40 80 120 160
most versatile platform for realizing quantum phases of Temperature (K)

electrons. Here, we explore the stability origins of correlated Fig. 1. Thermally activated melting
states in WSe2/WS2 moiré superlattices. We find that ultrafast | of the v =-1 and v= -2 hole-doped
electronic excitation leads to partial melting of the Mott states | Mott states at the WS»/WSe> moiré
on time scales five times longer than predictions from the | interface, withthe shown activation

. . . energies. DFT calculation confirms
charge hopp}ng 1ntegrals jand‘ that the? melting rates are | .. polaronic nature of the Mott
thermally activated, with activation energies of 18+3 and 1342 | state. with polaron binding energy
meV for the one- and two-hole Mott states, respectively, | of 16 meV. Phys. Rev. Lett. 132,

suggesting  significant electron-phonon coupling. DFT | 126501 (2024).

calculation of the one-hole Mott state confirms polaron
formation and yields a hole-polaron binding energy of 16 meV. These findings reveal a close
interplay of electron-electron and electron-phonon interactions in stabilizing the polaronic Mott
insulators at transition metal dichalcogenide moiré interfaces.

Despite the central importance of Mott states in moiré¢ physics, little is known about their
underlying nature. Here, we use pump-probe spectroscopy to show distinct time-domain
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signatures of correlated insulators at fillings of one (v =-1) and two (v = -2) holes per moir¢é unit
cell in the angle-aligned WSe2/WS:2 system. Following photo-doping, we find that the disordering
time of the v= -1 state is independent of excitation density (nex), as expected from the
characteristic phonon response time associated with a polaronic state. In contrast, the disordering
time of the v = -2 state scales with nex"-0.5 in agreement with plasmonic screening from free
holons and doublons. These states display disparate reordering behavior dominated either by first
order (v =-1) or second order (v = -2) recombination, suggesting the presence of Hubbard excitons
and free carrier-like holons/doublons, respectively. Our work delineates the roles of electron-
phonon (e-ph) versus electron-electron (e-e) interactions in correlated insulators on the moiré
landscape and establishes non-equilibrium responses as mechanistic signatures for distinguishing
and discovering quantum phases.

Van der Waals (vdW) structures host a broad range of physical phenomena. New opportunities
arise if different functional layers may be remotely modulated or coupled in a device structure.
Here we demonstrate the in-situ coherent modulation of moiré excitons and correlated Mott
insulators in transition metal dichalcogenide (TMD) moirés with on-chip terahertz (THz) waves.
Using common dual-gated device structures of a TMD moiré bilayer sandwiched between two
few-layer graphene (fI-Gr) gates with hexagonal boron nitride (h-BN) spacers, we launch coherent
phonon wavepackets at ~0.4-1 THz from the fl-Gr gates by femtosecond laser excitation. The
waves travel through h-BN spacer, arrive at the TMD bilayer with precise timing, and coherently
modulate the moiré excitons or Mott states. These results demonstrate that the fl-Gr gates, often
used for electrical control, can serve as on-chip opto-elastic transducers to generate THz waves
for coherent control and vibrational entanglement of functional layers in moiré¢ devices.

The fractional quantum
anomalous Hall (FQAH) effect was
recently discovered in twisted
MoTe: bilayers (tMoTe2).
Experiments to date have revealed
Chern insulators from hole doping -
atv= -1, -2/3, -3/5, and -4/7 (per ' ' Filling factor (v)
moiré unit cell). In para]]e], theories | Fig. 2. Pump-probe spectroscopic sensing of correlated quantum phases in
predict that, between v = -1 and -3, twisted MoTez bilayer. This provides hitherto the most sensitive

there exist exotic quantum phases technique in detecting a range of quantum phases in moiré systems.
! p ) > | Nature, https://doi.org/10.1038/s41586-025-08954-8 (2025).
such as the coveted fractional

Energy (eV)

topological  insulators  (FTI),

fractional quantum spin Hall (FQSH) states, and non-abelian fractional states. Here we employ
transient optical spectroscopy on tMoTez to reveal nearly 20 hidden states at fractional fillings that
are absent in static optical sensing or transport measurements. A pump pulse selectively excites
charge across the correlated or pseudo gaps, leading to the disordering (melting) of correlated
states. A probe pulse detects the subsequent melting and recovery dynamics via exciton and trion
sensing. Besides the known states, we observe additional fractional fillings between v =0 and -1
and a large number of states on the electron doping side (n > 0). Most importantly, we observe
new states at fractional fillings of the Chern bands at v =-4/3, -3/2, -5/3, -7/3, -5/2, and -8/3. These
states are potential candidates for the predicted exotic topological phases. Moreover, we show that
melting of correlated states occurs on two distinct time scales, 2-4 ps and 180-270 ps, attributed
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to electronic and phonon mechanisms, respectively. We discuss the differing dynamics of the
electron and hole doped states from the distinct moiré conduction and valence bands.
Future Plans

During the next funding period, the PI and team will continue time-domain studies of moiré

quantum matter, including 1) the exploration of magnetic ordering and topological states in MoTe2
using circularly polarized light; 2) the direct time domain view of trion formation from ultrafast
charge injection into WSe2 monolayer and bilayers.
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Research Scope

Semiconductors are central to opto-

electronic and energy applications. They are ) 40,000 known materials
the building blocks of many devices. Finding }ET{H % i & 5°

new semiconductors with favorable opto- ;gi 7ﬂ o \ici . :9\\#
electronic properties would have important ﬁ */ %

implications for technologies such as light-
emitting diodes (LEDs), solar cells and
photoelectrochemical devices. In the field of
photovoltaics (PV), the search for new
semiconductors acting as solar absorbers is -—

still ongoing. While silicon-based solar cells —
dominate today’s PV market, alternative 9_
materials used in thin-film solar cells could -

have remarkable prospects because their i N Newisolsrsbusiber
manufacturing involves less embedded ﬁg@% candidates

energy. Thin-film solar cells can also offer
excellent band gap tunability and
compatibility with flexible substrates,
enabling tandem devices in combination
with silicon and building-integrated PV systems. A few materials have been well-studied for use
as absorber layers in thin-film solar cells, including CdTe, Cu(In,Ga)Se2 (CIGS), Cu2ZnSn(S,Se)4
(CZTS) and lead halide perovskites. Among them, CdTe and CIGS have enabled >23% efficient
solar cells and have been commercialized. Unfortunately, both CdTe and CIGS rely on critical
elements (Te, In and Ga), raising concerns for terawatt-scale deployment. Over the last decade,
the research focus of thin-film PV has been largely directed towards emerging technologies based
on the earth-abundant materials CZTS, and, in particular, lead halide perovskites. However, CZTS
significantly lags behind CdTe and CIGS in power conversion efficiency due to intrinsic defects
that are very difficult (or impossible) to mitigate, while halide perovskites offer exceptional
properties but continue to suffer from important stability issues.

The properties of interest for high performance opto-electronic semiconductor are well known and
computable with modern first principles techniques. The band gap sets the absorption/emission
wavelength, carrier transport is controlled by effective masses and phonon/defect scattering, and
very importantly, the non-radiative lifetime is controlled by defects which can act as
recombination center through the Shockley-Read-Hall (SRH) process. The importance of carrier
capture by defects has been recently highlighted by the high performance of halide perovskites

Figure 1: Computational materials screening approach
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which has been linked to their intrinsic “defect-tolerance”. Armed with these developments in first
principles computations, our program targets the development of a computationally-driven search
for new semiconductors especially for thin film PV applications. It combines high-throughput
computational screening to identify promising materials (see Figure 1) followed-up by
experimental realization and characterization as thin films, powders and both single- and colloidal
crystals. One of the unique components of our approach is that we take into account intrinsic
defects and focus our search on materials that are likely to be “defect-tolerant”.
Recent Progress
We have used our computational
screening approach to search
among 40,000 inorganic
materials from the Inorganic
Crystal  Structure = Database
(ICSD). We have identified a B
series of materials combining
promising absorption in the ©
visible, carrier transport and long c
carrier lifetime. By also taking
into account criteria on earth-
abundance, cost and air stability,
we singled-out BaCd:P2, a
compound known for over 40 2555
years but long-since “forgotten.”
Our  deeper  computational | pigyre 2: BaCd,P; as a promising solar absorber with adequate band
analysis  shows  that the | structure (a), favorable defects without deep defects low-lying in
computed nonradiative | formation energy (b). The synthesis (c) and photoluminescence (d) of
recombination lifetime in | this promising material are provided as well.
BaCd:P> is longer than or
comparable to  those in
established high-efficiency absorbers such as perovskites. Experimentally, we have synthesized
BaCd2P2 powder samples, showing that this material exhibits bright photoluminescence (PL) on
par with semiconductor-grade GaAs and has a carrier lifetime of up to 30 ns measured by Time-
Resolved Microwave Conductivity (TRMC) (see Figure 2). Very recent photoconductivity studies
on BaCd:P: single crystals further demonstrated a carrier lifetime >500 ns. This carrier lifetime is
already longer or in par with well-established solar absorbers such as CdTe, as well as single
crystalline GaAs. Very importantly, BaCd2P2 is extremely air- and moisture-stable and will not
have the air sensitivity issues of perovskites. To our knowledge, this is the first time computational
screening has been used to successfully identify a promising solar absorber with attractive carrier
lifetime. Notably, BaCd2P2 can be described as a Zintl compound with chemistry and structure
quite dissimilar to known high-performance solar absorbers stressing the power of high-
throughput screening in searching out-of-the-box.

The discovery of BaCd:P2 unveils a broad class of AM2X> (A=Ca, Sr, Ba, M=Zn, Cd, Mg
X=N, P, As, Sb, Bi) Zintl absorbers. Using first principles computations, we have shown that
across these chemistries the BaCd2P2 P-3m1 crystal structure is often thermodynamically stable
and that a large range of band gaps from 0 to 2.6 eV can be obtained through chemical tuning. We
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have synthesized a large set of these materials as powders and performed PL measurements. Some
of these materials have been grown as single crystal as well. Reaching higher band gap (e.g., 1.8
eV) would be of interest for tandem cells and we have
shown that mixing Mg on the Cd or Zn site would be Energy (V)

effective in increasing the band gap. Additionally, we _ increasing fluence
have predicted the existence of not-yet-made quaternary \
versions of the P-3ml structure that we confirmed
experimentally via synthesis, structure and optical

characterization. o7 L] Froon caznap i
Solar absorber materials can be used in thin film o % @ om0
PV devices but also in photoelectrochemical devices. Y L L

t,=83ns
oigr =10.5ns

Absorbed light is used then to enable chemical reactions
such as water splitting into hydrogen and oxygen. The

Zintl AM2P> could be of interest here in view of their PAR . S
promising  opto-electronic  properties. We have |- 7uwem?
performed extensive (photo-)electrochemical MY A
characterization of CaCd2P2. We found that CaCd2P2 is a Tuelis)

stable photoelectrode for water oxidation under AM1.5g | Figure 3: (up) TRMC measurements for
solar simulation, without any extrinsic photocorrosion | CaZmP: thin film (down) TR-PL on
barrier layer, unlike traditional III-Vs, Si, CdTe, or | BaCd:P>nanoparticles.
perovskites. These Zintl phases could break the long
standing paradigm that a photoelectrode is either stable or a high-performing semiconductor.
Ultimately both characterization needs and
possible devices call for growing these Zintl
phosphides in thin film form. We have successfully
synthesized CaZn2P2 and SrZnzP> thin films using
reactive sputtering. The dense crystalline films are of
good quality and importantly application-wise they are
obtained at very moderate growth temperatures
(200°C). TMRC indicates encouraging carrier lifetime
on par with the BaCd2P2 powder around the 10’s of ns
(see Figure 3). Additionally, halide perovskites are
often synthesized from solution processes as
nanocrystals, but phosphides have also a good track-
record in this field. Our team synthesized BaCd:P> | Figure 4: computed carrier lifetime from first
quantum dots, the first of any Zintl phase. We principles for known phosphides versus their
demonstrated nanoconfinement shifting the band gap computed band  gap (HSE). The color
. ) indicates stability in air.
to higher values up to 1.8 eV for 3 nm particles,
potentially a promising candidate for tandem cells on
Si. We also performed time-resolved
photoluminescence (TRPL) and photoluminescence quantum yield (PLQY) experiments (see
Figure 3). The TRPL confirms again attractive long carrier lifetime (83 ns in average) and the
PLQY indicates a 21% efficiency on par with early results in halide perovskites. This confirms the
exceptional non-radiative properties of the AM2P2 Zintl phases across different chemistries (Zn vs
Cd) or growth method (nanoparticles or thin films).
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Building on our successful computationally-driven identification of the AM:X> Zintl
family, we have improved our computational screening approach by using a recently developed
single-shot HSE approach which significantly improves the modeling of the charge transition
levels of defects. We have built an updated database of known phosphides and their defects
including more than 4,000 charged defect computations (see Figure 4). We have identified a series
of new phosphides of interest and followed-up with further computations. These materials have
been selected because of their expected stability and ease of synthesis (ZnP2, SrIn2P2, MgP4,
RbZn4Ps3, ...). Our team synthesized these phases and we are characterizing these materials by PL
and TRMC. We are also using this data to identify what drives defect-tolerance in phosphides.
Future Plans
On the short-term, there are still significant opportunities in better understanding the AM2P2 Zintl
family and the reason for their exceptional properties. With the high synthesis control we have
achieved on Cd and Zn-based powders and single-crystals, we will compare the different ACd2P2
and AZn;P; materials and rationalizing their difference in PL and TRMC including using first
principles computations. Additionally, while many new phosphides have been synthesized, their
full characterization is still ongoing and will help us compare with theoretical results both at the
screening (single-shot HSE) and full HSE level.

On the longer-term, the development of a successful workflow for the computationally-
driven detection of new semiconductor opens many avenues. The improvement of the
computational methods (e.g., including carrier capture proxies at the screening level) and the
acceleration of the synthesis and characterization steps are promising directions as well as the
extension of our targeted chemical landscape to yet-to-be-made phosphides (e.g., relying on
emerging databases of predicted materials) or other chemistries (e.g., arsenides, sulfides).
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Nanoscale Quantum Sensing and Imaging of Topological Magnets

Chunhui (Rita) Du, Georgia Institute of Technology

Keywords: Topological materials, quantum sensing, scanning single-spin quantum
magnetometry, quantum magnetism, hybrid quantum systems.

Research Scope

The major research focus of this program is to utilize optically active solid-state spin defects [1,
2, 3] to achieve nanoscale quantum sensing and imaging of two-dimensional (2D) magnetism,
probing the fundamental physics underlying the interplay between spin, charge, and twist lattice
engineering in emergent quantum states of matter. Specifically, we propose to utilize scanning
nitrogen-vacancy (NV) microscopy to visualize stacking engineered spatially dependent magnetic
phase transitions within moiré supercells of twisted van der Waals (vdW) magnets [2]. We are
also interested in using hexagonal boron nitride (hBN)-based wide-field quantum microscopy to
image field-free deterministic magnetic switching of room-temperature 2D magnet in an all-vdW
spin-orbit torque (SOT) system [3]. Our “stretch” goal is to develop hybrid quantum systems
consisting of quantum magnets and solid-state spin defects to realize novel quantum entanglement
between distant spin qubits.

The proposed research will make important contributions to the burgeoning field of
quantum materials and promote the role of topological materials in designing next-generation,
transformative quantum information sciences and technologies. By developing the cutting-edge
quantum sensing techniques using 3D and 2D spin defects and demonstrating their operations
under a broad range of experimental conditions, we propose to provide versatile solid-state
quantum sensing platforms, 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 technological innovations.

Recent Progress

Over the past years, Dr. Du and colleagues have been intensively working on developing state-of-
the-art cryogenic scanning NV quantum microscopy for the proposed research [2]. Our
measurement system consists of a home-built confocal and a custom-designed atomic force
microscope operating in a cryostat as shown in Fig. 1. The variable temperature insert is placed
inside the bore of a three-axis superconducting vector magnet. The microscope head is positioned
at the bottom of the insert. A window on top of the cryostat provides optical access for NV
measurements. A diamond cantilever is glued to a quartz tuning fork for force-feedback atomic
force microscopy operations [1, 2]. A sample holder with imprinted coplanar waveguides is fixed
onto a stack of piezo-based positioners and scanners to perform engagement with the diamond
cantilever and scanning measurements. The ultimate spatial resolution of scanning NV microscopy
with single-spin sensitivity is mainly determined by the NV-to-sample distance, which can reach
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tens of nanometers capable of resolving
nanomagnetism  in  cutting-edge
condensed matter systems.

We have demonstrated
scanning NV quantum sensing of moiré
magnetism  hosted by  twisted
chromium triiodide Crl3 [2]. For the
first time, we observed spatial and
thermodynamic phase separations of
the co-existing ferromagnetic (FM)-
antiferromagnetic (AFM) states within
and across individual moiré cells of
small-angle twisted Crls (Fig. 1). By
measuring temperature dependent spin
fluctuations at the coexisting FM-AFM
regions in twisted Crls, we explicitly
show that the Curie temperature of the
FM state is higher than the Néel
temperature of the AFM one by ~10 K.
Our mean-field calculations attribute
such a spatial and thermodynamic
phase separation to stacking order
modulated  interlayer  exchange
coupling at the twisted interface of
moiré superlattices. The presented
results highlight twist engineering as
a promising tuning knob to realize on-
demand control of not only the
nanoscale spin order of moiré
quantum matter but also its dynamic
magnetic responses, which may find
applications in developing
transformative vdW electronic and
magnetic devices.

We also introduce spin
ensembles embedded in 2D hBN
crystals to achieve wide-field
quantum imaging of field-free
deterministic magnetic switching of
room-temperature  two-dimensional

diamond cantilever
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Figure 1. Scanning NV imaging of moiré magnetism. (a) The
cryogenic scanning NV microscope in Du lab. (b) Schematic
illustration of scanning NV measurements of twisted Crls. (c)
Nanoscale scanning NV imaging of magnetic stray fields
emanating from a surveyed sample area of twisted double
trilayer Crl; device. (d)-(e) Reconstructed magnetization and
normalized autocorrelation (AC) maps of the stray field pattern.
Scale bar is 200 nm. Presented results were recently published
by Dr. Du in Nat. Commun. 15, 5712 (2024) [2].
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Figure 2. hBN-based wide-field quantum imaging. (a).
Schematic of the WTe,/FesGaTe,/hBN vdW heterostructure for
quantum imaging and electrical SOT switching measurements. (b)
Optical microscopy image of a prepared WTe,/FesGaTe,/hBN
device. The scale bar is 10 pm. (¢) Cross-sectional HAADF-
STEM image of a prepared device viewed along the b-axis of
WTe,. (d) Generation of out-of-plane and in-plane polarized spin
currents when an electrical charge current J flows along the low-
symmetry crystallographic axis of WTe,. (e) Normalized
anomalous Hall resistance of Fe;GaTe, measured as a function of
electrical write current pulse /, applied along the a-axis of WTe.
(f) Variations of measured Fe;GaTe, anomalous Hall loops in
response to positive and negative electric current pulses (/, = 6.5
mA) applied along the a-axis of WTe,.
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magnet FesGaTez (Fig. 2) [3]. Out-of-plane TSP T @ Ils
polarized spin currents are generated by the spin ’f"\"_‘n : iL_. - ‘_11 i
source material WTe2 with reduced f\.r‘:ﬁ N . P | e
crystallographic symmetry, which exerts | >~ O N\ I

unconventional ~ SOTs  on  proximal .
perpendicular Fe3GaTe: magnetization. We (@ __ s @ o l“
show that robust deterministic magnetic M- | s g, |,
switching can be realized in few-layer thick iy : | ";\“—’ (,,:‘ g

i
S
~

vdW magnet FesGaTe> without the assistance —
of an external magnetic field. Nanoscale
magnetic imaging was achieved by utilizing P @ _—
optically active spin defects in the hBN /. O ’,;“u_‘ y .. .
encapsulation layer. Using wide-field quantum ",\‘ (.j,i‘ i :?' { ";\ e
magnetometry  techniques, we directly | -7 R —_— L
visualized the micrgscopic Fe3GqTez Str%y ﬁ,eld Figure 3. Visualizing field-free deterministic
profile as a function of electrical switching  magnetic switching of Fe;GaTes. (a)-(h) hBN-based
currents (Fig. 3), revealing how the observed  quantum imaging of microscopic evolutions of
magnetic switching evolves from deterministic = FesGaTe, magnetic domains during the field-free
to indeterministic behavior due to the interplay deterministic mag'netic switching process..The scale
between out-of-plane spins, in-plane spins, and l;ar is 4 pm. (i) Anomalous Hall resistance of
. . e3GaTe; measured as a function of electrical write
Joule heating. Our study enriches the current ¢ ren pulse I, in absence of an external magnetic
understanding of SOT-induced magnetization  field.
dynamics in vdW heterostructures, providing
valuable information for future design of
energy-efficient 2D spin memory devices.
Considering the extensive usage of hBN in preparing vdW nano-electronics, we share the
optimism that the demonstrated vdW quantum sensing platform could be extended readily to a
broad family of 2D stacking systems, opening new avenues for investigating nanoscale
electromagnetic behaviors in 2D quantum matter.

Future Plans

We will continue our efforts on using cutting-edge quantum sensing techniques to
investigate nanoscale electromagnetic behaviors of emergent quantum materials. The material
systems we are interested in include chiral antiferromagnet Mn3Sn [1], intrinsic topological
magnets MnBi2Tes (Bi2Tes)n [4] and moiré quantum matter [2]. We will utilize cryogenic scanning
NV microscopy to perform quantum sensing of microscopic magnetic, electrical and thermal
behaviors in the proposed materials, exploring the interplay between electronic correlations,
topology, and unconventional magnetism in topological materials. Taking advantage of out-of-
plane polarized spin currents generated from the low crystal-symmetry spin source material WTez
[3], we propose to experimentally realize field-free deterministic magnetic switching in
noncollinear antiferromagnet Mn3Sn.

In parallel, we also plan to study the nontrivial topological states of even-layer MnBi2Tea,
which is predicted to be an axion insulator candidate with the antiferromagnetic ground state. So
far, direct experimental evidence of axion insulators remains elusive because its vanishingly small
Hall response is technically challenging to be distinguished from the counterpart in trivial normal
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insulators. We plan to apply a vertical electric field to generate finite, quantized magnetization in
even-layer MnBi2Tes and use scanning NV magnetometry to image the topological
magnetoelectric effect induced magnetic moment, providing the smoking gun evidence of the
axion insulating state in MnBi2Tes.
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Research Scope
This project focuses on discovering novel platforms to enhance the generally weak interaction of
light and matter by exploring novel interaction regimes. Specifically, we explore epsilon-near-zero
(ENZ) materials whose real part of the dielectric permittivity approaches zero, taking a holistic
approach to understanding and controlling ENZ properties in transparent conducting oxides
(TCOs) and transition metal nitrides (TMNs). We study the enhancement of nonlinear optics in
ENZ regime and preform optical characterization of ENZ materials focusing on ultrafast and
extreme modulation of optical parameters. We also study the control of various emission processes
in the presence of homogeneous and structured ENZ media. Our major results can be broadly
categorized into two divisions i) investigation of material properties for ENZ applications and ii)
the dynamic control and tunability of light using ENZ.
Recent Progress
Epsilon-near-zero materials host a plethora of exciting phenomena including field enhancement,
wavelength expansion, and the slow-light effect. An important ENZ material platform are
transparent conduction oxides that have static and dynamically tunable ENZ properties. This past
period, we have focused partly on ENZ phenomena in dynamically pumped TCOs. We studied
the role of losses in ENZ dynamics and demonstrated the spatial and spectral fission of light in
optically-pumped thin film TCOs. We also discovered a new mechanism of third-harmonic
generation in pumped TCOs which exhibits quadratic scaling instead of the standard cubic scaling.
Next, we examined the role of dispersion in photonic time crystals — a new state of matter — in a
TCO platform showing a significant reduction in stringent experimental requirements. Further, we
experimentally demonstrated that the apparent dimensionality of an interacting ensemble of
emitters could be modified using a resonant nanophotonic structure.
Spatio-spectral optical fission in time varying subwavelength layers
Transparent conducting oxides are highly-doped semiconductors that exhibit favorable
characteristics when compared to metals, including reduced material losses, tunable electronic and
optical properties, and enhanced damage thresholds. Here, we report the spatio-spectral fission of
an ultra-fast pulse trespassing a thin film of aluminum-doped zinc oxide with a non-stationary
refractive index. We experimentally demonstrate and develop a model that by applying phase
conservation to this time-varying layer accounts for both space and time refraction leading to a
fission both the spectrum and the energy. Our findings represent an example of extreme nonlinear
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Figure 1. Full spatio-spectral information of transmitted probe pulse as the pump-probe delay is tuned. The
probe transmitted beam profiles (with the x-axis recalibrated in deflection angle A) together with the associated
spatial spectral distribution for different values of the pump-to-probe time delay (At).

phenomena on subwavelength propagation distances and shed light on the nature of several
nonlinear effects recently reported not accounting for the full optical field distribution. Our work
provides important insights into transparent conducting oxides’ transient optical properties, which
are critical for applications such as photonic time crystals, on-chip generation of nonclassical states
of light, integrated optical neural networks as well as ultra-fast beam steering and frequency
division multiplexing.

Nonlinear Loss Engineering in Near-Zero-Index Bulk Materials
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Figure 2. AZO’s complex refractive index for various optical pump intensities. The index is retrieved via
reflectance and transmittance measurements at various wavelengths and pump powers, while the pump and
probe are overlapped temporally. The top panels display the real and imaginary components of index, while
the bottom panels display the real and imaginary components of permittivity. Yellow, green, and red dashed
lines represent pump intensities of 435 GW cm 2, 869 GW cm 2, and 1304 GW cm 2, respectively.

Here we studied the nonlinear optical absorption properties of aluminum-doped zinc oxide (AZO)
thin films in their near-zero-index (NZI) spectral window. We found that the imaginary part of the
refractive index is reduced under optical excitation such that the field penetration depth more than
doubles (/). An optically induced shift of the NZI bandwidth of =120nm for a pump intensity of
1.3 TW cm? is also demonstrated. Looking into the optically induced spectral redistribution of
the probe signal, local net gain is recorded, which is ascribed to a nonlinear adiabatic energy
transfer. Our study unveils the role of loss in these non-stationary systems building our

39



understanding of processes such as parametric amplification and its viability for loss
compensation.
Third Harmonic Enhancement Harnessing Photoexcitation Unveils Nonlinearities in Zinc Oxide
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Figure 3. Third harmonic measurement setup b. Power dependence (log-scale) of third harmonic generation
without pump and c. with pump.

Nonlinear optical phenomena are at the heart of various technological domains such as high-speed
data transfer, optical logic applications, and emerging fields such as non-reciprocal optics and
photonic time crystal design (2). However, conventional nonlinear materials exhibit inherent
limitations in the post-fabrication tailoring of their nonlinear optical properties. Achieving real-
time control over optical nonlinearities remains a challenge. We demonstrated (3) a novel method
to switch third harmonic generation (THG), a commonly occurring nonlinear optical response.
Third harmonic generation enhancements up to 50 times are demonstrated in zinc oxide films via
the photoexcited state generation and tunable electric field enhancement. The enhanced THG
follows a quadratic scaling with incident power, as opposed to the conventional cubic scaling,
which demonstrates a previously unreported mechanism of THG. The THG can also be suppressed
by modulating the optical losses in the film. We demonstrated that the photoexcitation of states
can not only enhance nonlinearities, but can create new processes for THG. Importantly, our
method enables real-time manipulation of the nonlinear response of a medium.

Reducing Effective System Dimensionality with Long-Range Collective Dipole-Dipole
Interactions

We experimentally demonstrated (4) that the apparent dimensionality of an interacting ensemble
of emitters is modified by employing a resonant nanophotonic structure. The dimensionality is
encoded in the temporal fluorescence decay dynamics. The exponent £ that relates to the apparent
dimensionality of the interacting system is observed to be a non-integer value. The value of
apparent dimensionality on a resonant plasmonic lattice shows a stark contrast value of d ~ 2.20,
in comparison to d ~ 3.0 obtained on glass, an off-resonant TiO2 dielectric lattice, and an off-
resonant plasmonic lattice. Further, we extract the underlying distribution of energy transfer rates
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1.

2.

for the interacting emitters’ ensemble. The rates indicate a similar dimensionality modification.
Our work paves the way for engineering interacting systems with apparent lower dimensionality.

Future Plans
Our future work will branch out from the funded effort in interconnected directions. First, we
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Figure 4. Measured fluorescence lifetime decay when the interacting emitters are in different electromagnetic
environments: (a) glass substrate (a homogeneous environment), (b) TiO, dielectric lattice (an off-resonant
inhomogeneous environment), and (c) a plasmonic lattice (a resonant inhomogeneous environment). The value
of B ~ 0.5 in both inhomogeneous and off-resonant inhomogeneous environments. This is commensurate with a
3D system. In contrast, the faster-than-exponential decay dynamics on a resonant silver (Ag) plasmonic lattice
reveals an exponent value of ~0.37. This is commensurate to an effective lower dimension d ~ 2.20.

investigate the non-stationary aspects of ENZ behavior. As our recent work suggests, the standard
models for nonlinear optics do not hold in a time varying media, for example our observation of
quadratic scaling of THG. Additionally, since ENZ materials are an ideal platforms to explore
photonic time-crystals in dispersive surface modes, we will explore in more detail thin-film modes
such as the Berreman and the ENZ mode, in non-stationary cases. Further, we will explore the
localization of the spin and orbital degrees of freedom of light in disordered ENZ media.
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1. Program Scope

Major goals of this Program is in theoretical research devoted to new phenomena in two
dimensional (2D) materials and metal nanostructures subjected to strong ultrafast optical fields.
We consider such novel and promising 2D systems as graphene (a 2D semimetal), transition metal
dichalcogenides (2D semiconductors), and surfaces (2D boundaries) of three-dimensional
topological insulators. We focus on effects in the reciprocal space that are related to topological
properties of the Bloch wave functions: Topological curvature, Berry phase, valley polarization,
etc. These properties are protected by fundamental symmetries of nature: time reversal (T-
symmetry) and spatial reflection (P-symmetry), which are in the focus of this Proposal.

2. Recent Progress and Publications

The recent progress covers the period of 2023-2025 and is illustrated by publications [1-9].
2.1 High harmonic generation in graphene quantum dots: elliptically polarized pulse [6]

The nonlinear optical response of low dimensional systems, such as quantum dots (QDs), can be
also controlled by tuning the polarization of an optical pulse. The most general polarization is the
elliptical one. In this case, for an elliptically polarized pulse, the ellipticity of the pulse can be
used as a tuning parameter to change the generation of high-order harmonics in QD system. We
considered two general types of graphene QDs: hexagonal and triangular QDs, which have Den
and Dsn symmetries, respectively [6]. The QDs were described within the tight-binding model.
The radiation spectra of such QDs show strong sensitivity to the ellipticity of an optical pulse when
ellipticity is close to one, which corresponds to a circularly polarized pulse. Such sensitivity is
observed as a suppression of some high-order harmonics in the radiation spectra. The orders that
are suppressed are determined by the symmetry of the QD; for triangular QDs, every third
harmonic, while for hexagonal QDs, every sixth harmonic is suppressed.

While for small field amplitudes, the suppression of the corresponding harmonics is realized
mainly for a circularly polarized pulse, for large field amplitude, the suppression occurs also for
an elliptically polarized pulse with ellipticities that are in some range close to a circularly one.
Also, for a hexagonal QD, which has an inversion symmetry, all even-order harmonics are
suppressed for all ellipticities of an optical pulse, not only for a circularly polarized pulse.

Interaction of an elliptically polarized pulse with graphene QDs also generates elliptically
polarized radiation. The ellipticities of the corresponding high-order harmonics depend on the
parameters of the incident pulse, and in some cases, for large enough harmonic orders or for large
intensities of the incident pulse, the corresponding polarization ellipse of high-order harmonics is
effectively rotated by 90° compared to the incident pulse's polarization ellipse.

To address the problem of nonlinear optical response in large-size graphene QDs, we considered
disk-shaped QDs within an effective low energy model [7]. The radius of such QDs is up to 20
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nm. Our results show nontrivial dependence of both the intensity of high harmonics and their
ellipticity on the parameters of an incident elliptically polarized pulse. As a function of the
ellipticity of the incident pulse, the maximum intensities of high harmonics are realized at
intermediate values of ellipticity around 0.2, where zero ellipticity corresponds to a linearly
polarized pulse while the ellipticity of one described a circular polarization. The emission of high
harmonics for a disk-shaped QDs is also strongly suppressed for a circularly polarized pulse, which
is expected for the system with a continuous rotational symmetry.

2.2 High harmonic generation in graphene quantum dots with vacancy defects [9]

Nonlinear optical properties of QDs can be controlled by varying their size and shape. Quantum
dots, or artificial atoms, have another unique property. Namely, due to their finite size, the energy
spectra of QDs have size-dependent bandgaps. In this case, for graphene QDs, we can realize the
situation when the system can be probed with the optical pulse the frequency of which is below
the bandgap, which eliminates the resonant transitions within the system. In this case the nonlinear
response is mainly determined by the intensity of an optical pulse and the structure of a QD. One
of the ways of controlling the nonlinear response of graphene QDs is to introduce additional
defects, such as vacancy defects. The vacancy defects can be of two types: a monovacancy or a
divacancy. We studied theoretically the generation of high-order harmonics in hexagonal and
triangular graphene QDs with vacancy defects.

For graphene QDs, the effect of the defects on radiation spectra depends on the geometry of a QD,
its symmetry, and the type of the edges. The main types of graphene QDs are hexagonal QDs with
zigzag edges, triangular QDs with zigzag edges, and triangular QDs with armchair edges.

For an intrinsic hexagonal QD, the system has an inversion symmetry, which results in strong
suppression of even-order high harmonics. Introducing one vacancy into the system breaks the
inversion symmetry and generates strong even harmonics for both linearly and circularly polarized
incident pulses. The second vacancy can be added into the system in such a way that it can restore
the system's inversion symmetry, which results in suppression of even-order harmonics that is
similar to the intrinsic case. For a circularly polarized pulse, another effect can be also observed.
Namely, due to Den symmetry of a hexagonal QD, the harmonics of orders 3m, where m is an
integer, are suppressed in the field of a circularly polarized pulse. In this case, both mono- and di-
vacancies break the De¢h symmetry, resulting in strong enhancement of 3m-order harmonics.
Similar breaking of QD Dsn symmetry for triangular QDs by mono- and di-vacancies results in
the enhancement of 3m-order high harmonics in such QDs placed in the field of a circularly
polarized pulse. Such an effect is visible for triangular QDs with both zigzag and armchair edges.
For triangular QDs with armchair edges, there is another symmetry-related effect. Namely, such
QDs have a local inversion symmetry, which is similar to the symmetry present in the bulk of
QDs. Such local symmetry suppresses generation of even-order harmonics in intrinsic QDs and,
similar to hexagonal QDs, when one vacancy is added to the system, the local inversion symmetry
becomes broken and the generation of even harmonics is strongly enhanced. Also, when the
second vacancy is added to the QD, which restores the local inversion symmetry, then the even-
order harmonics become suppressed again.

Thus, the defects in graphene QDs can break the symmetry of the system, which can strongly
enhance the generation of some high-order harmonics that are symmetry-forbidden in the intrinsic
systems. Such an effect is visible even if a single vacancy is added to the graphene system.

2.3 Ultrafast field-driven valley polarization of transition metal dichalcogenide QDs [5].
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Another type of graphene-like QD systems are based on transition-metal dichalcogenide (TMDC)
monolayers. We considered large size TMDC QDs of a disk shape. The high harmonics generation
can be tuned by changing either the size of such QDs or the parameters of a pulse, i.e., its
amplitude, frequency, and polarization. The strongest high harmonics are generated for a linearly
polarized pulse, while for a circularly polarized pulse, the high-order harmonics are strongly
suppressed. Such a suppression, observable as a function of ellipticity of an incident pulse, shows
a very sharp dependence near the ellipticity of 1 (a circularly polarized pulse) for the third-order
harmonics, while for the higher order harmonics, i.e., the fifth and the higher, the intensities of the
corresponding harmonics smoothly decrease with the ellipticity of the incident pulse. Also, an
elliptically polarized pulse generates elliptically polarized high harmonics with the ellipticities that
are usually less than the ellipticity of the incident pulse.

The radiation spectra of TMDC QDs also depend on a QD size. The strongest dependence is
realized for the frequency of the pulse that is less than the QD bandgap. In this case, the optical
response is determined by the properties, e.g., the density of states, of the valence band and the
conduction band states near their edges. The number of such states strongly depends on the QD
size, which results in strong dependence of the radiation spectra on a QD radius.

With increasing the QD size, both the intensity of high harmonics and the cutoff frequency
increase, which is due to a larger number of QD levels that contribute to the generation of high
order harmonics. When the frequency of the pulse is above the bandgap of the corresponding QD,
the cutoff frequency as a function of the QD radius shows the saturated behavior for the radius
close to 15 nm. No such saturated behavior is observed for the frequency of the pulse that is below
the bandgap.

The radiation spectra also depend on the material of a QD. Out of three TMDC materials studied,
WSz and WSe2 QDs generate the strongest high harmonics, while the corresponding intensities of
MoS:2 QDs are a few orders of magnitude smaller. At the same time, the cutoff frequencies of
radiation spectra have a weak dependence on the QD material.

3. Future Plans

Our future research will be related to studying the nonlinear optical response of bilayer graphene
quantum dots of a large size and small quantum dots of two-dimensional topological materials
such as graphene and Weyl semimetals. For bilayer graphene QDs, we will study the sensitivity
of optical response to the twist angle between the layers. Such an angle can be used as a parameter
to control the nonlinear optical response, for example, the high harmonic generation. For small-
size QDs of two-dimensional topological materials, we will study the effects of inter-electron
interactions on their nonlinear optical properties. We will include the inter-electron interactions
through the interaction Hamiltonian, which will be diagonalized numerically within a single
particle basis. Then the nonlinear optical response of such a QD placed in the field of an optical
pulse will be studied. The main characteristics that will be calculated are the high harmonic
generation, and the sensitivity of high frequency radiation to the parameters of an incident pulse,
such as its frequency and polarization, for example, dependence on the ellipticity of the incident
pulse.

4. Peer-Reviewed Publications Resulting from this Project (2023-2025)

[1] S Gnawali, V Apalkov, “High harmonic generation governed by edge states in triangular
graphene quantum dots”, Physical Review B 108 (11), 115434 (2023).
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Ionic Heat of Transport of Liquid and Solid Electrolytes

David G. Cahill and Paul V. Braun, Department of Materials Science and Engineering,
Materials Research Laboratory, University of Illinois Urbana-Champaign
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Research Scope

The primary goal of our research is to advance scientific understanding of the heat of transport of
Li ions—and in the longer term other single and multivalent ions—in liquid and solid electrolytes
to the level that ionic thermoelectric effects can be used as a tool for greater general understanding
of ionic transport in electrolytes that are important in energy technologies. Coupled transport of
charge, heat, and mass will provide unique information on the thermodynamics and kinetics of
ionic transport that is complementary to what can be learned from conventional methods of
electrochemistry. The outcomes of the research will facilitate the development of electrolytes with
high conductivity and improved performance at low temperatures and has the potential of
providing a powerful approach for monitoring degradation of electrolytes during extended cycling.

Recent Progress
We carried out systematic measurements of Peltier coefficients of Li salts in a variety of solvents
as a function of salt concentration and solvent composition. We related the Peltier coefficient to
the entropy of solvation of the Li ion and used the entropy of fusion of the solvent as a baseline
for making comparisons between solvents. The entropy of fusion of the solvent and the entropy of
solvation are strongly correlated.

We observed a transient in the Peltier heat, i.e., a difference between the Peltier heat at short and
long times, that provides a quantitative measurement of the heat transport of the Li salt (Figure 1).
The decay-time of this transient signal
can also be used to determine the mass
diffusivity of the salt. The heat of A
transport is an order of magnitude
smaller than the Peltier heat, 2-5
kJ/mol.

We measured the thermal conductivity
of a variety of solvents and solvent
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Figure 1. Example of a transient heat current generated by the
heat of transport of the salt component of the electrolyte. The
magnitude of the transient is determined by the product of the
transference number of the anion and the heat of transport of the
salt.
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mixtures, see Figure 2, and measured several
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electrochemical cells while operating under a
controlled pressure. This is a novel design of a heat flux meter and calorimeter that incorporates
two Peltier devices and temperature-controlled liquid heat exchanger on each side of the solid-
state cell. For measurements of thermal conductance and Seebeck coefficient, one of Peltier device
is operated as a heat source and the second Peltier devices measures the heat flux that pass through
the cell. For calorimetry measurements of both reversible and irreversible heats, both Peltier
devices are used as heat flux sensors. The noise floor of the heat flux measurements is currently
on the order of 10 uW but we believe that there is opportunity for making significant
improvements through reductions in the temperature fluctuations of the heat sinks.
Future Plans
We started moving the focus of our work from liquid electrolytes to solid electrolytes in February
2025. Solid-state electrochemical cells typical require the application of a significant pressure (>1
MPa) to maintain good contact between electrodes and electrolytes during cycling. This required
a radical change in our approach. While our studies of liquid electrolytes used what is essentially
an adiabatic boundary condition, because of the need for an applied pressure, we are instead
shifting to an approach that uses boundary conditions where we control heat flux. We have
constructed an apparatus that includes a conventional Peltier module on each side of the
electrochemical cell that we can use to drive and measure heat fluxes and then measurements of
the open-circuit voltage to determine the Seebeck, and equivalently, the Peltier coefficient. Our
initial data on the solid electrolyte LPSC (LisPSsCl) shows that the Peltier coefficient of a
symmetric LPSC cell has the opposite sign and is an order of magnitude smaller than a typical
liquid electrolyte. Measurements of the Seebeck and Peltier coefficients of solid electrolytes, and
changes in the coefficients with long-term cycling, will be the emphasis of our work during the
third year of the project.
Publications
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Research Scope

This program aims to reduce costs for energy storage by developing novel battery materials
with the properties needed for extreme durability. We are investigating Wadsley-Roth (WR)
niobates, a family of complex crystal structures with excellent ion and electron transport that each
occur along distinct crystalline regions and which have set new charge storage performance
records. Recent examples have shown the potential of controlled defects to further enhance
transport in this class of materials. There is, however, a knowledge gap in understanding the
connections between composition, disorder, and defects upon these transport mechanisms. This
program addresses the challenges of improving transport characteristics two ways: first the
discovery of new equilibrium WR phases and second studying how non-equilibrium defects can
enhance transport.

Our multifaceted and integrative team includes the use of machine learning to accelerate
experimental work with an inverse design strategy that identifies promising new WR compositions
with the potential for enhanced transport characteristics. Diverse synthetic methods including solid
state and sol-gel routes are used to realize these predicted phases with the possibility of including
diverse defect structures that may enable novel transport mechanisms. The inclusion of
comprehensive atomic scale and nanoscale structure characterizations as well as systematic
transport measurements connect experimental transport characteristics to the underlying defect
chemistries. From this information, key chemical and structural descriptors will be identified,
modeled, and further investigated. The outcome will be the foundational knowledge required to
develop new intercalation materials that display exceptional conductivities to enable more durable
and energy efficient batteries. This class of materials also promises remarkably high energy
densities with fast charge capabilities and have potential to impact major battery applications
spanning from grid-level to portable electronics and electric vehicles.

Recent Progress

Our program has established and explained new structure-property relationships with WR
materials. Both (1) defect-tailoring studies' and (2) isostructural comparisons® were published with
detailed structural comparisons to explain property differences. These initial studies revealed the
need to (3) develop and disseminate a figure-of-merit approach® for even-handed comparison of
transport metrics for intercalation materials exhibiting second-order phase transitions. The
computational effort has grown capability to address lithium ordering where our subsequent
submitted (4) isostructural comparison* study connected lithium ordering to lithiation-dependent
diffusion trends in addition to structure-property relationships. While longevity experiments are
ongoing our (5) first published trials showed that extreme durability’ is possible with such
niobates, exhibiting minimal capacity fade with up to 0.25M cycles. Each of these studies is
elaborated individually in the following sections.
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(1) TiNb207 (TNO) is a promising WR anode material for durable, fast-charging lithium-
ion batteries that combine fast lithium diffusion with minimal lithiation strain. Battery
performance generally depends on a convolution of defect-sensitive material properties (lithium
diffusivity and electrical resistivity) in conjunction with the architecture (feature size, porosity,
and charge-transfer surface). All of these attributes connect to synthetic conditions where there is
opportunity to improve performance by understanding the interplay of changes during
crystallization. Nanostructured TNO was prepared via spray drying, where variable crystallization
temperature simultaneously influenced crystal structure/defects while coarsening the architecture.
Comprehensive X-ray analysis (WAXS, SAXS, and XRD) and microscopy (SEM) characterized
the crystallization and coarsening progress. The galvanostatic lithiation capacities(700—1100°C)
were similar at 0.1C (~300mAh/g); however, sample TNO-800 exhibited the highest capacity at
5C (260 + 3 mAh/g). Intermittent current interruption (ICI) analysis revealed increasing diffusivity
with calcination temperature and a nonmonotonic trend in cell resistance, minimized for TNO-
800. Detailed X-ray near-edge structure (XANES), extended X-ray absorption fine structure
(EXAFS), and Rietveld analyses identified that crystallization led to progressive point/extended
defect elimination and increasing octahedral distortion. With cell resistance including both
electrical resistance and charge-transfer resistance, this overall trend reflects competition of
generally improving electronic properties with calcination temperature against the coarsening
architecture that progressively increases the charge-transfer resistance. The optimal TNO-800
condition exhibited are remarkable 10C capacity of 233+1 mAh/g, which compares favorably with
leading TNO precedents. This study highlights the complex convolution of atomic structure and
architecture changes that occur during crystallization, which may advance other known battery
materials.

(2) Improved understandings of structure—property relationships enable the realization of
higher-performance materials. We reported the first single-crystal structures of Nbi2MoOs3 and
Ta12MoQs33 that are consistent with other (3 x 4 x c0) WR phases. The lithiation of Tai2MoQO33 was
reported for the first time and enables an isostructural comparison with Nbi2MoOs3. These two
compounds have similar unit cell volumes and atomic radii, where the Tai12MoQO33 unit cell is 0.2
vol % smaller. Despite the similarities in structure, the lithiation capacities, voltage windows, C
rate-dependent capacities, and ionic diffusivities are distinctly different. These experimental trends
align well with density functional theory calculations showing (a) a lower activation energy for Li
transport within Ta12MoO33 consistent with its measured 1.5—4.9-fold higher diffusion coefficients
(lithiation) and (b) an ~25% greater measured lithiation stoichiometry for Nbi2MoO33, which was
attributed to the calculated smaller octahedral distortions (compared to Tai2MoQs3). These
findings reveal that smaller channels in Tai2MoO33 stabilize the transition state with 5-fold
coordination, which both decreases the activation energy for diffusion and limits the overall extent
of lithiation. Such structure—property trends help in the search for next-generation battery
materials.

(3) Reliable, community-accepted figures of merit are essential for identifying next-generation
battery materials with improved transport performance. However, typical measurements yield
widely varying voltage-dependent diffusivities and reporting practices are diverse. Some materials
(e.g. first-order phase change) have most redox occur at a specific voltage and may be sufficiently
represented by singular transport metrics. In contrast, many rapid intercalation materials rather
exhibit second-order phase transitions with redox occurring over a broad voltage range. How
should such materials be compared to each other? The use of capacity-weighted average values is
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suggested where voltage-dependent metrics are consolidated into representative descriptors as
figures-of-merit. Examples are elaborated where differential capacity (dQ/dV) is used to derive a
weighting function to calculate a diffusion figure-of-merit (Dqav). Furthermore, it is shown that
galvanostatic techniques can provide transport values with even capacity-weighting such that their
mean value (Drav) 1s naturally capacity-weighted. Though equivalent conceptually, the latter
approach avoids derivative noise and subjective curve smoothing. Computational diffusion values
can similarly include capacity-weighted figures-of-merit. Lastly, diffusivity uncertainty is
addressed which is dominated by surface area error due to the second-power dependence. Best-
practices can reduce the diffusivity error from~40% to~2% using appropriate BET sorbents or
SAXS with thickness measurements. These perspectives improve the comparison of battery
materials with a diffusivity figure-of-merit that supports performance-ranking with attention to
uncertainty.

(4) The first lithiation of VTasO2s was reported which enabled a direct isostructural comparison
with the better-known VNboO2s. These WR materials have similar unit cell volumes and atomic
radii yet exhibit different voltage windows, C-rate dependent capacities, and transport metrics.
Time-dependent overpotential analysis revealed ionic diffusion as the primary bottleneck to high
rate-performance in both cases, however, the corresponding lithium diffusivity for VNbyO2s was
an order of magnitude faster than that for VTa¢Ozs. These experimental trends aligned well with
density functional theory calculations combined with molecular dynamics that show a factor of
six faster diffusion in VNbyOz2s as compared with VTaoOzs. Nudged elastic band calculations of
the probable hopping pathways indicate that VNboOzs consistently exhibits a lower activation
barrier for lithium diffusion as compared to VTasO2s. Bader charge analysis reveals a larger net
charge on Li in VNbeO2s compared to VTaoO2s which was attributed to the lower polarizability of
Nb which stabilizes the transition state and lowers the activation energy for diffusion. This
stabilization arises from the stronger coulombic interaction between Li and its coordinated oxygen
environment. Furthermore, the parabolic experimental diffusivity trends with increasing lithiation
extent were related to trends in lithium ordering that included crowding effects.

(5) The long-term cycling stability of rapid intercalation materials remains understudied despite
the relevance to their lifetime cost and market feasibility. Orthorhombic niobium oxide (T-Nb2Os)
is a rapid ion intercalation material with a theoretical capacity of 201.7 mAh g (Li2Nb20s) and
good cycling stability due to the minimal unit cell strain during (de)intercalation. Prior reports of
T-Nb20s cycling between 1.3-3.1 V vs. Li/Li" noted a 50% loss in capacity after 10k cycles,
stemming from a convolved effect of amorphization, dissolution, and/or delamination. Here, cyclic
voltammetry (CV) was used to identify the role of the voltage window, state of charge (SOC), and
potentiostatic holds on the cycling stability of mesoporous T-Nb20Os thin films. Films cycled
between 1.2-3.0 V vs. Li/Li" without voltage holds (kinetically limited SOC of Lii.iINb20s)
exhibited extreme cycling stability with 90.8% + 2.1% capacity retention after a quarter million
cycles without detectable morphological/crystallographic changes. In contrast, inclusion of 60 s
voltage holds (SOC Li2.18Nb20s) led to rapid capacity loss with 61.6% + 2.0% retention after 10k
cycles with corresponding x-ray diffraction evidence of amorphization. Cycling with other limited
voltage windows identified that most crystallographic degradation occurred at higher extents of
lithiation (<1.4 V vs Li/Li"). These results reveal remarkable stability over specific conditions and
suggest that amorphization was associated with high extents of lithiation.
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Future Plans

The next phase of this program will (1) complete our analysis of recently discovered WR
compounds (including isostructural comparisons of different compounds to develop a deeper
understanding of structure—property relationships) and (2) examine the roles of vacancies,
transition metal configurational disorder, and stacking faults upon the lithium configuration and
the resulting transport metrics. Furthermore, (3) the next series of computational predictions will
examine composition spaces intended to increase the extent of transition metal configurational
disorder to enable experiments that connect these structures to their resulting properties. Notably
out computational team currently has a database of 3K compounds that have been examined as
potential WR phases where ~1300 were predicted to be stable. These predicted compounds are
being pursued by multiple synthetic approaches within our group. We have ongoing STEM
measurements at multiple locations as well as operando and ex situ X-ray measurements including
EXAFS and XANES to identify detailed changes in atomic structures.
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Research Scope

Reduced dimensionality electronic materials, as exemplified by semiconductor superlattices, have

been of interest for more than 50 years. The discovery of direct bandgaps at the monolayer limit

for 2D transition metal dichalcogenides (TMDCs) has greatly increased the scope of electronic

materials with reduced dimensionality. Importantly, these types of 2D semiconductors, and related

semiconductors with 1D ordering such as Te, have degrees of freedom (DOFs) not available in

semiconductors grown with traditional epitaxial methods. Illustrative examples (Fig. 1) are

formation of moiré patterns in bilayers of 2D materials, out of plane bending/rippling for 2D

materials, and chirality/helicity in materials with 1D order. These DOFs can interact with (and are

sometimes caused by) applied strain. Distortions like these have a remarkable potential for altering

the electronic and thermal properties of the materials as each of these distortions increases the size

of the real space unit cell and thereby reduces the size of the Brillouin zone. The resulting band

folding enables previously

Degrees of freedom for reduced dimensionality electronic materials Symmetr}"forbidden miXing of

el budiiine Sl electronic states allowing the

/ emergence of correlated electron
' “%&Q behavior.

Helicity In the Electronic Materials

7 P a— Program (EMAT), we are

e motivated by knowledge gaps
graphene bilayer suspended graphene Te molecular wires regarding the interaction of these

DOFs with optical (Thrust 1),
Fig. 1. Degrees of freedom (DOFs) available in reduced electrical ~ (Thrust 2), and
dimensionality electronic materials: (a) twist DOF in graphene thermophysical (Thrust 3)

bilayers. Nature, 2018. (b) Out of plane rippl?ng'in sqspendce'd properties of electronic materials
graphene. Nat. Nanotechnol., 2009. (c) Chirality/helicity in

crystalline tellurium. Adv. Mat., 2021. near room  temperature Wwhere

practical devices operate. We
accomplish this through a highly integrated discovery approach, combining materials theory,
advanced characterization, synthesis and processing, and even demonstrations of proof of concept.
The three research thrusts are linked by the fundamental microstructure-property-performance
relationship governed by electron and phonon physics of electronic materials, as well as the tools
(e.g., in-situ twist and strain MEMs apparatus), theories (e.g., strain design) and materials (e.g.,
2D semiconductors and Te molecular wires) common to all three thrusts. All thrusts have a similar
overall strategy which includes development of atomistic models that both explain observed
behaviors and predict new ones to the exploration of properties in new materials explained by first-
principles calculations.
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Recent Progress

Over the past two performance periods, EMAT has developed a comprehensive understanding of
room temperature radiative and non-radiative recombination processes in 2D monolayers,
resulting in the first demonstration of near unity quantum yields in MoS2 monolayers (Science,
2019; Science, 2021). This knowledge has been extended to other excitonic (and free carrier)
material systems across the wavelength spectrum. We discovered an anomalous thickness
dependence of PLQY in black phosphorus (BP) (Nature Nanotechnology, 2013). As the thickness
decreases from bulk to ~4 nm, a drop in the photoluminescence quantum yield is initially observed
due to enhanced surface carrier recombination, followed by an unexpectedly sharp increase in
photoluminescence quantum yield with further thickness scaling, which is attributed to a free-
carrier to excitonic transition. Furthermore, the surface carrier recombination velocity of black
phosphorus is very low; this is due to the presence of self-terminated surface bonds in black
phosphorus. By utilizing bulk BP, whose bandgap is ~0.3 eV, we demonstrated highly efficient
mid-IR emitters (Nature Comm, 2023; Nano Letters, 2022). Notably, BP-MoS2 based LED
achieved external quantum efficiency (EQE) of 4.4%, surpassing conventional III-V and II-VI
semiconductors with similar bandgap (EQE = 0.1-1%). Although LED operation requires high
current injection that pronounces oxidation in air, device stability can be dramatically improved
by Al203 passivation and nitrogen sealing. We developed a packaging technology to prevent
oxidation of BP-based LEDs in air,

resulting in the extrapolated a b
. . . size control alloying
operating lifetime at room Mid-IR bPC B A bPASA
Emissi i N n ~
temperature  of 15,000 hours R oheotor g RERER NESRCC, G
o
(Nature Comm, 2023). '/ , L N ¢ no
’ ; . g E Cop co :
We demonstrated bright mid-IR L JC o = N2 .
. . . ommercia 2
emitters using BP ink as a Red-LED 0 r 20,
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Wavelength (um)

phosphor coated on a red LED,
Fig. 2a. In this device structure,
visible light is converted into mid-
IR emission, whose EQE is 0.3%
(Science Advances, 2023). We
demonstrated color tunability of
the BP-based ink from mid-IR to
near-IR, via size control and
alloying, Fig. 2b.

Fig. 2. (a) Color conversion from visible to mid-IR
emission using BP ink phosphor coated on red LED. Sci.
Advances 2023. (b) Multicolor BP-based inks by using
quantum confinement and alloying. Adv. Mat. 2024.
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We demonstrated a highly multicolored
light-emitting array with 49 different, RS

—PFO

. e . . ! - s 10F iun
individually addressable colors on a single T NV
chip, Fig 3 (Science Advances, 2023). The = . e Eos |\ |
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generate electroluminescence from micro VSR

dispensed materials spanning a diverse
range of colors and spectral shapes,
enabling facile generation of arbitrary light
spectra across a broad wavelength range
(400 to 1400 nm). When combined with
compressive reconstruction algorithms,
these arrays can be used to perform
spectroscopic measurements in a compact
manner without diffractive optics.

In parallel, we advanced the science of large-area processing of the low dimensional materials
discussed above. A weak van der Waals (vdW) force in layered materials enables their isolation
into thin flakes through mechanical exfoliation while sustaining their intrinsic electronic and
optical properties. We introduced a universal roll printing method capable of producing vdW
multilayer films on wafer-to-meter scale (Science Advances, 2024). This process uses sequential
exfoliation and transfer of layered materials from the powder sources to target substrates through
a repeated rolling of a cylindrical metal drum. Uniformly coated films were achieved with a library
of vdW powders on various mechanically rigid and flexible substrates. We demonstrated a
printable, emissivity-adaptive and albedo-optimized covering (PEAC) based on tungsten-doped
VO2 (WiV1x02) particles and inexpensive recyclable materials (Joule, 2023). A PEAC
automatically switches its sky-window emissivity from 0.25 to 0.85 when the surface temperature
exceeds a pre-set transition temperature, delivering an albedo optimized for maximal year-round
energy saving or thermal comfort.

Future Plans

In our investigation of photophysical properties, we focus on the interplay of twist and strain in
excitonic materials, including 2D semiconductors. We use our unique in-situ measurement
capabilities, combining MEMS, 4D-STEM, nano-ARPES, and PL, to perform precise
measurement of the moiré patterns and evaluate exciton dynamics and recombination pathways at
room temperature. In our materials discovery efforts, we will focus on two different wavelength
regimes, near-IR/visible and mid-IR, where different non-radiative processes often dominate. By
tuning the electronic structure by confinement and strain, we aim to suppress non-radiative
recombination channel and create new material systems for mid-IR light emission.

The chirality, atomic chain alignment, strain and buckling DOFs of 1D and 2D materials will be
used to control electronic transport properties. We are developing new deterministic synthesis
methods to control the alignment of Te molecular chains, thus enabling a new class of quantum
structures. We also aim to understand and experimentally realize the controlled out of plane
rippling of 2D monolayers and Te molecular wires by the use of our MEMs device.

In our investigation of thermophysical properties, we will examine the thermal transport behavior
of the same group of 2D and 1D materials as in the other thrusts. Specifically, we aim at

Fig. 3. Optical image of a fabricated 7 x 7 array
of devices with a different emitter dispensed on
each pixel of the array. Scale bar, 400 pm.
Electroluminescence spectra from several
materials emitting across the blue to near-infrared
range, with emission at all wavelengths in
between. Sci. Advances 2023.
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theoretically understanding and experimentally characterizing the thermal conduction and
thermopower of van der Waals materials mediated by twisted stacking (2D materials), screw
dislocations and other chiral structures (1D), their dependence on temperature, microstructure,
orientation, uniaxial strain, as well as their interplay with electronic, excitonic and photophysical
degrees of freedom.
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Research Scope

Improving the efficiency of power devices such as solar-cell inverters is a major component of
energy conservation. The physical behavior of materials used in these devices and the link between
defects and performance are important considerations for improving reliability [1]. Monoclinic -
Ga203 is an excellent candidate for next-generation power electronics due to its ultra-wide
bandgap of 4.5-4.8 eV, which results in a high breakdown field estimated at 8 MV/cm. Pushing
the bandgap higher by alloying with Al could yield even higher breakdown fields. B-Ga203 also
benefits from being relatively cheap to produce and easy to grow in single crystals.

This project investigates the physical behavior of B-Ga203 and related alloys in response
to hydrostatic pressure, nonhydrostatic stress, and temperature. Specific physical properties to be
investigated include band structure, vibrational spectra, and defect levels. The pressure response
of other materials was also studied. The results of this fundamental work will improve device
modeling by providing quantitative insight into how B-Gax03 behaves under different physical
conditions. The research is aligned with the DOE Physical Behavior of Materials program, which
supports basic research on the behavior of materials in response to external stimuli.

Recent Progress

Gax0s under pressure: The effects of pressure on single crystals of Cr-doped gallium oxide
(B-Ga203:Cr*") and aluminum-gallium oxide [(Alo.1Gao.9)203] were examined by measuring the
wavelength shift in the spectral R lines. Photoluminescence (PL) spectra of these materials were
collected from samples in diamond anvil cells at pressures up to 9 GPa (Fig. 1). The p-Ga203:Cr**
R lines were found to shift linearly under hydrostatic pressure. The (Alo.1Ga.9)203 R lines also
show a linear shift but the R1 line shifted less than for B-Ga203:Cr’*. The ratio of Ra to R1 peak
areas versus pressure is dominated by nonradiative recombination. Synchrotron x-ray diffraction
measurements of (Alo.1Gao.9)203 performed at the Advanced Light Source indicate that its equation
of state is similar to that of -Ga>03 and therefore does not account for the different pressure shift.

B-Ga203:Cr** was examined under non-hydrostatic conditions by using mineral oil as a
pressure transmitting medium (Fig. 2). The R1 line is much more sensitive to non-hydrostatic stress
than R>. Spatially resolved PL of a sample at 8 GPa in mineral oil showed significant variations in
the R1 emission wavelength. These results suggest that the Ri line can serve as a sensitive probe
of alloy composition and non-hydrostatic stress, while the R» line is insensitive to these
perturbations.
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Fig. 1. Left: Electronic transitions of Cr** in B-Ga,O;. Right: PL spectra of p-Ga;O5:Cr*" at multiple
hydrostatic pressures, offset vertically for clarity.
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Fig. 2. PL maps of B-Ga,0;:Cr*" under non-hydrostatic stress. Energies of the R; and R, lines are plotted
as false-color images. The R; line is much more sensitive to non-hydrostatic effects than the R; line.

Electron irradiation of Ga»03: Optical and electrical properties of Hf- and Zn-doped f-
Ga203 samples, which are n-type and insulating respectively, were altered via high-energy electron
irradiation at 2.5 MeV or 0.5 MeV. B-Ga20s:Hf irradiated with 2.5 MeV electrons experienced a
color change from blue to yellow (Fig. 3) and a large drop in conductivity due to the creation of
gallium vacancies. This irradiation resulted in the absence of free-carrier absorption and the
presence of Cr** emission. PL mapping prior to irradiation revealed optically active ZnO
precipitates that formed during growth of B-Ga203:Zn. These precipitates have a 384 nm (3.23 eV)
stacking fault emission in the core; in the outer shell of the precipitate, the PL blue-shifts to 377
nm (3.29 eV) and a broad defect band is observed. After 0.5 MeV electron irradiation, the defect
band broadened and increased in intensity. The blue PL band (435 nm) of -Ga203 was enhanced
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for both Hf- and Zn-doped samples irradiated with 0.5 MeV. This enhancement is attributed to an
increase in oxygen vacancies.

Indium gallium oxide alloys: (InxGaix)203 microcrystalline alloy films were grown on
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quartz substrate using Ga and In nitrate precursors followed by annealing at ~1100°C. The
composition of the alloys, ascertained from energy-dispersive x-ray spectroscopy (EDS), are
shown in Fig. 4, along with the end-members Ga203 and In20s. Figure 4(a) presents transmission
derivative spectra for different alloy compositions. Dips in the spectra correspond to optical
bandgaps, plotted in Fig. 4(b), where the inset shows the spectrum for high indium composition (x
=(0.7). Two peaks are observed at 4.14 eV and ~3 eV, implying phase separation into Ga-rich and
In-rich domains, respectively. For x <0.46 [Fig. 4(a)], no second optical gap appears in the spectra,
implying that in that range, the alloys exhibit good solubility and are single-phase.
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Fig. 4. (a) Transmission derivative spectra for (In,Ga;.)>O3 thin films. (b) Optical bandgap versus
indium composition. Inset: Spectrum of a phase-separated alloy (x = 0.7).
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Urbach analysis: Alloy disorder may be enhanced by inhomogeneous distributions of its
constituents, leading to randomness of the bond length and angles. Other types of disorder, such
as incipient phase separation or incomplete alloying, are also possible. Urbach energy analysis can
be used as a measure of deviation from perfect crystallinity. As shown in Fig. 5(a), the slope of
the sub-bandgap absorption becomes shallower as the indium content increases. The Urbach
energy obtained from the slopes is plotted in Fig. 5(b), along with results from the Mg.Zn1-xO alloy
system that we published previously [2]. Both alloys show common behavior, with a relatively
constant value up to x ~ 0.2 followed by a significant increase for x > 0.2.
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Fig. 5. (a) Spectra for (In,Ga;)>03 thin films, where o is the absorption coefficient. (b) Urbach energy for
(In,Ga.)»03 and Mg,Zn,.,O [2] thin films versus composition.

Future Plans

Future work will investigate self-trapped
hole (STH) PL as a function of alloy
composition. The peak energy of the main
PL band, tentatively attributed to STH, is
plotted as a false-color map in Fig. 6. X-ray
diffraction = and  scanning  electron
microscopy will determine crystallographic
phase and morphology of (InxGai.x)203 thin
films. Additional tasks include investigating

Energy (eV)

PL Intensity {a.u.}

phase separation and metastability, and Fig. 6. Representative PL spectrum and map for a
characterization of Gd-doped Ga20:s. (InxGa1.);0; thin film (x ~ 0.2).
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Research Scope
Thermochemical materials (TCMs) based on salt hydrates exhibit large reaction enthalpies during
solid-gas reactions, which makes them promising for energy storage. The overall research goal is
to determine how material composition, structure, and mechanical stress co-evolve to determine
meso-to-macroscale transformation pathways in thermal energy storage (TES) materials. This
fundamental insight can enable the design of new composite architectures with reversible control
over the storage process. The current research focuses on:
e Objective 1: Mechanistically understand and probe the dynamic evolution of TES materials
under realistic thermal, mechanical, and chemical gradients.
e Objective 2: Elucidate and predict the bidirectional coupling between mechanical
stress/damage and thermal/species transport through continuum modeling.
e Objective 3: Design architected composite materials that undergo minimal chemo-
mechanical damage during thermal cycling.
Specifically, over the past year we have experimentally characterized the thermophysical
properties (thermal diffusivity, mass diffusivity, specific heat) and storage performance (reaction
enthalpy) of four salt hydrates — K2CO3, MgSOs, SrBr2, and SrCl.. We have also developed new
in situ techniques (optical microscopy and XRD) to investigate the underlying mechanical
degradation mechanisms during charge (dehydration) — discharge (hydration) cycling. These
properties serve as inputs to high-fidelity continuum-scale models that resolve the spatial and
temporal evolution of stress, damage, heat, and species transport across different length scales
(powders and pellets). Finally, we have synthesized different host matrices (hydrogels,
mesoporous and microporous materials) that are loaded with salt to provide hygrothermal and
mechanical stability under cycling.
Recent Progress
Given the coupled heat and mass transport in salt hydrate TCMs, it is important to understand how
the thermal and mass diffusivities vary with pellet density (porosity and tortuosity). To this end,
effective diffusion coefficients of the four salts were experimentally measured using the wet cup
method in which a vapor pressure driving force causes water vapor to permeate through a salt
pellet without inducing a chemical reaction.! It was found that in K2CO3-1.5H20, as the porosity
of the pellet decreases, so does the effective diffusion coefficient as there are fewer pathways for
the water vapor to permeate through the pellet. For this hydrated salt, an effective mass diffusivity
between 0.5-2 mm?/s was measured for porosities ranging from 6% to 18%. Thermal diffusivity
of the four salts was measured using laser flash analysis — it was found that as the pellet porosity
decreases (relative density increases from 82% to 94%), the thermal diffusivity increases from 0.2-
0.3 mm?/s due to there being more contact points for heat transfer. Next, specific heat capacity of
the hydrated and dehydrated salts was measured using differential scanning calorimetry.
Dehydrated K2CO3 and SrBr2 were found to have specific heats of 0.83 J/g-K and 0.3 J/g-K
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respectively, which was validated using the Shomate equation and Dulong-Petit law for solid
phase heat capacity.

To elucidate chemo-mechanical degradation mechanisms during hydration-dehydration
cycling, the structural and morphological evolution of SrCl> was investigated. A custom-built
experimental setup was developed to enable real-time, in situ observation of dynamic crack
formation and morphological changes under controlled humidity and temperature conditions (Fig.
la and 1b).
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Fig. 1: (a) Volume change of a SrClz pellet during hydration-dehydration cycling. (b) In situ optical microscopy images capturing
the morphological evolution of the top surface of a SrCl2 pellet during hydration-dehydration. (c) Estimate of the volume changes
of the SrClz pellet as a function of time during charging (blue line) and discharging (red line). (d) Heat flow of a SrClz pellet during
hydration and dehydration under controlled conditions of 25 °C and 60 % RH for hydration, and 80 °C and 0.1 % RH for
dehydration.

In addition, in situ X-ray diffraction (XRD) and simultaneous thermal analysis (STA) were
performed to characterize phase transformations, reaction kinetics, and volumetric changes during
cycling. It was found that the hydration and dehydration steps have asymmetric kinetics (Fig. 1c
and 1d), and that each phase transformation between hydration states exhibits distinct reaction
rates.” In particular, the early stages of cycling are characterized by abrupt and rapid volume
changes. These sudden transformations generate significant mechanical stresses, which in turn
drive crack propagation, interfacial sliding, and eventual pulverization of the pellets —
compromising their long-term structural integrity and energy storage performance.

To complement the experimental objectives, a continuum thermal-reaction-diffusion
model was developed. Parametric studies were conducted to quantify the sensitivity of material
properties, such as mass diffusivity, thermal conductivity, and reaction kinetics. A representative
simulation, incorporating the aforementioned experimental data, was performed on a pellet to
enable a predictive understanding of hydration and dehydration processes in TCMs without
mechanical coupling. Specifically, a two-dimensional pellet model for the hydration of SrBr2
(from its monohydrate to hexahydrate state) was used with appropriate temperature and water
vapor concentration boundary conditions, and symmetry to reduce computational cost. The
temporal evolution of heat flux and the normalized reaction coordinate are shown in Fig. 2 (left).
The reaction begins at the top and lateral surfaces, where fixed vapor concentration and
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temperature drive hydration. The reaction front propagates inward gradually, with a coarse
interface width due to low value of Damkohler number used, as shown in Fig. 2 (left). These
simulations lay the groundwork for fully coupled thermo-chemo-mechanical simulations and offer
deeper insight into material performance under realistic TES operating conditions.

-

Fig. 2: Hydration of a SrBr; pellet transitioning from the monohydrate to hexahydrate state: (Left) Temporal evolution
of heat flux and the normalized reaction coordinate at the bottom center of the pellet; (Right) Reaction coordinate
contour plot of a quarter cylindrical pellet at time = 2.65 hrs.
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polyacrylamide, to enhance mechanical stability and

cyclability. The alginate matrix was formed using an

ionic gelation synthesis in which divalent cations (Ca?*  Naalginate (aq)
and Sr*") from the salt hydrates act as crosslinks

between the alginate chains.? This reaction is initiated to form alginate salt hydrate beads (diameter
~ 0.2-2 mm) by introducing a 1-3 wt. % aqueous alginate solution into an aqueous SrCl2 or CaCl2
solution, as shown in Fig. 3. The polyacrylamide composites were synthesized using an ultraviolet
photo-initiator to polymerize acrylamide into chains crosslinked by bis-acrylamide. The salt
hydrates were then introduced into the hydrogel structure via diffusion from an aqueous solution.
For alginate beads, the salt loading varied from 74 to 83 wt.% of the composite mass, with beads
made from the higher solution concentration experiencing shrinkage upon dehydration and salt
leakage upon hydration — these suggest that there is an optimal solution concentration and salt
loading that balances energy storage capacity and material stability.

Future Plans

From the thermophysical characterization, the Lewis number for some salts was found to be less
than unity, indicating that these pellets are thermal Fig 3. Schematic showing encapsulation of salt
transport limited. To improve the heat transfer, we will hydrate within an alginate matrix.

design composites with thermally conductive fillers (carbon black, graphene nanoplatelets, and
multiwalled carbon nanotubes) at volume fractions determined using percolation theory. The
thermal conductivity of these samples will be measured using the modified transient plane source
technique and laser flash analysis. In addition to pure salts, a composite host matrix comprising
both alginate and polyacrylamide will also be developed, based on a ratio that benefits from the

Cacl, (aq) for lonic Gelation
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mechanical stability of the polyacrylamide matrix as well as the higher mass diffusion of the
alginate matrix.

As a future direction for characterization, we will utilize X-ray computed tomography to
investigate the internal morphological evolution of pure salts under repeated cycling. This will
allow us to uncover how localized diffusion limitations contribute to stress concentration and
fracture initiation within the material. On the modeling side, upcoming work will focus on
incorporating mechanics into the thermal-reaction—diffusion framework to capture the influence
of stress and deformation on hydration/dehydration of TES materials. The extended model will be
validated against experimental data, such as TGA/DSC measurements. Once validated, the model
will be applied to investigate how microstructural features, such as porosity, particle size, and
interfaces, affect TES performance metrics like energy density, reaction rates, long-term
cyclability, and durability. Future efforts will focus on developing effective multiscale models
that bridge microstructural behavior with macroscale performance, enabling predictive design of
next-generation thermo-chemo-mechanical energy storage systems.
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Research Scope

We focus on magnetic rare-earth compounds with indirect 4f exchange interactions, that
demonstrate extraordinary responsiveness to external thermodynamic stimuli like temperature
(T), pressure (p), and magnetic field (), and that create a diverse array of intriguing physical
phenomena and functionalities. Prominent manifestations include giant magnetocaloric,
magnetoresistive, and magnetostrictive effects; spontaneous thermoelectricity; training and
acoustic effects; magnetic deflagration; pronounced magnetic anisotropy; phase-separated glass-
like states; and exchange bias—each exemplifying the remarkable science and application
potential of these materials. These interesting and technologically important behaviors
fundamentally originate from the strong coupling between crystal and magnetic lattices.

Our major research goal is to uncover the underlying electronic, atomic, and microscopic
interactions in novel rare-earth intermetallic materials with extraordinarily strong coupling
between the magnetic, electronic, and lattice degrees of freedom that drive remarkable
responsiveness to external stimuli. These materials exhibit unique magnetic and electronic
behaviors, associated with magneto-structural and magnetic-elastic transformations, that are
specific to lanthanides and can lead to future innovations in energy generation, conversion and
harvesting, as well as development of spintronic-based devices. The overarching objective is to
both understand the composition-structure-property relations of rare earth materials with strong
spin-lattice coupling and build fundamental concepts governing their magneto-responsiveness,
which emerges from complex correlations of the atomic and electronic constituents. We focus on
4f-electron intermetallic systems - RScT, R2T, R7Pds (R is a rare-earth metal, and T is Group 13-
15 metal or metalloid) - known to exhibit strong relationships between their crystallographic and
electronic structures and magnetic ground states. These compounds, synthesized in bulk and thin
film form, show rich physics yet remain simple enough to develop predictive modeling tools
gauged against reliable experimental data. Our research focus is on basic understanding of how to
predictively tune the interplay between spin and atomic lattices and manipulate magnetic and
electronic behaviors of rare earth materials to make them strongly responsive to external stimuli,
which is crucial for guiding the predictive design of advanced energy materials.

Recent Progress

By making use of our experimental and theoretical expertises, we revealed novel fundamental
physical phenomena in rare-earth based intermetallic compounds where magnetism is governed
by 4f electrons and developed new theoretical approaches for predictive design of magnetic rare
earth materials. Three of our recent achievements are highlighted below:
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Sm7Pd; - Unusual magnetism in an unlikely place

Materials that exhibit long-range magnetic order while maintaining low or near-zero net
magnetization with high magnetic anisotropy are currently the focus of intense investigation due
to their significance in both fundamental science and practical applications, like offering higher
storage density due to low stray fields. In our recent study, we have identified a remarkable
combination of unusual magneto-elastic coupling, nearly zero magnetization, and exceptionally
high magnetic coercivity in the binary compound Sm-Pds [1].
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interaction are likely interlinked
with the existence of strong magneto-elastic coupling, manifested a symmetrically invariant
magneto-elastic transition at magnetic ordering temperature, Tc = 169 K (Figure 1), yet the
compound retains its non-centrosymmetric hexagonal Th-Fes-type structure down to 6 K. Density
functional theory (DFT) calculations indicate the presence of high intrinsic magnetocrystalline
anisotropy in SmsPds accounting for the extremely large coercivity (Figure 1) observed in the
polycrystalline sample—reaching up to Hc= 130 kOe at 2 K [1].

Physics-Informed Machine Learning for the Discovery of Functional Materials

We demonstrated that physics-informed machine learning (ML), when integrated with
experimental validation and density functional theory (DFT)-derived training data, offers powerful
predictive capabilities for the design of new functional rare-earth compounds [2]. In this work, we
employed ML to pinpoint key quantum-mechanical descriptors—Ilike average d- and f~bandwidths
and formation energies—that govern the magnetic ordering temperature (Tc) in rare-earth-based
materials [2]. Trained on a dataset of 220 known compounds, our model achieved strong predictive
accuracy, ultimately guiding the experimental discovery of elevated Tc values in pseudo-binary
(Zr«Ce1)Fe: systems. We recently demonstrated the validity of this model in estimating transition
temperatures of another series of rare earth intermetallic compounds: GdZnixGax [3].
Complementing the ML approach, DFT electronic structure calculations provided fundamental
insights into the mechanisms driving magnetic transitions in these materials. This synergy between
data-driven modeling and quantum theory enhances our understanding of the physical features that
dictate magnetism, paving the way for more targeted discovery of advanced magnetic materials.

Understanding fundamental magnetism of EuzIn

Magnetic first-order transitions with giant magnetocaloric effect yet without thermal irreversibility
are highly desired for the development of energy efficient magnetic refrigeration technology. The
discovery of the novel anhysteretic first-order magneto-elastic transition associated with the giant
cryogenic magnetocaloric effect in EuzIn warranted the continuation of research to explore basic
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science of electronic, magnetic, and atomic
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Figure 3. Evolution of specific heat near first-order
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We will continue to uncover the underlying
mechanisms of phase transformations in Raln
compounds. A key model system of our study will
' be EuIn, which exhibits an anhysteretic first-
e f ey order transition. Recently, we observed that the
] VYAVAYW: sharp peak in the specific heat data of Euzln —
100F g7 8 s g S0 characteristic of the first-order transition — splits
55 a0 55 70 75 30 into two distinct peaks when a magnetic field
Temeerature (9 exceeding 10 kOe is applied (Figure 3). Given the
L=0 state of Eu(Il), and simple magnetic structure of EuzIn (Figure 2), the splitting is difficult to
explain since there is only one transition in magnetic data even at 50 kOe (not shown). To further
explore this, we will perform temperature-dependent X-ray absorption spectroscopy (XAS),
including both XANES and EXAFS, to probe the local crystal and electronic structures near the
transition. These insights will help us understand the origin of the magnetoelastic behavior in the
compound.
To underpin the magnetic ground state, we also plan to conduct neutron diffraction studies on PrzIn
and Ndz2In—two other R2In compounds that display qualitatively similar discontinuous first-order
transitions without significant thermomagnetic hysteresis. In addition, we aim to understand how
the coexistence of multiple rare-earth elements affects the magnetic ground states and
magnetoelastic properties of (R'xR"1x)2In compounds. In this regard, we will focus on two series
of pseudobinary compounds: (ErxYbix)2In and (EuxPrix)2In.
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Predicting stable crystallographic phases of magnetically responsive rare-earth compounds

DFT aided theoretical prediction of phase stability and crystallographic transitions can lead to a
discovery of new rare-earth intermetallics with novel magnetoresponsive phenomena. Using R2In
compounds as a model systems of study due to their intriguing magnetoresponsive properties, we
found that manipulation of local interactions by substitutional chemistry shows a direct correlation
between structural phase change (crystal/lattice symmetry) and local atomic distortion and/or
atomic displacement. Computationally, in a first step, we will systematically investigate the role
of degree of atomic distortion via change in local chemistry and external parameters (e.g., pressure,
temperature) to establish connection among features controlling structural phase transformation in
Roln series. These distortions include several structural aspects including tilting and rotations of a
local crystal motifs, as well as variations in bond-lengths and bond-angles that comprise these
units. To confirm structural and electronic connection between atomic-scale interactions and
magnetoresponsive phase behavior, we will compute electronic indicators, including crystal-field
splitting and bandwidth evolution to reveal how changes in the electronic landscape reinforce or
oppose lattice instabilities, which will be verified experimentally via compositional tuning and
temperature-dependent X-ray powder diffraction.

Understanding magnetic glass states in noncentrosymmetric Sm7Pd3

We will continue our investigation into the complex magnetism of SmsPds. Our recent findings
indicate that this system exhibits an unusual magnetic glassy state near the magnetoelastic
transition, likely arising from overlap of both spin and domain freezing. Additionally, we have
observed a reversible enhancement in magnetic anisotropy under the application of hydrostatic
pressure. To further explore these unconventional magnetic behaviors, we plan to investigate the
magnetic properties of Sm7Pds under high magnetic fields and high pressures, utilizing the
advanced experimental facilities at the National High Magnetic Field Laboratory in Florida.
Moreover, a collaborative effort is underway with Prof. H. Srikanth’s group at the University of
South Florida to examine the anisotropic behavior of the material in more detail.
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Local Dynamics in Liquid, Glass and Other Disordered Systems

T. Egami, Univ. of Tennessee and Qak Ridge National Laboratory, Y. Shinohara, E.
Zarkadoula and C. Hua, Oak Ridge National Laboratory, W. Dmowski, Univ. of Tennessee
Keywords: Local dynamics, liquid, glass, and electrons, neutron and x-ray scattering, correlation
function in space and time, electron correlation

Research Scope

The science of disordered matter, such as liquid and glass, is much less developed than that of
crystalline materials, even though these materials are important in energy-related applications. The
main origin of this slow progress is the dynamic nature and the non-periodicity of their structures,
which elude the application of condensed-matter theories predicated by lattice periodicity. The
overarching goal of this program is to establish a fundamental understanding of the structure and
dynamics of liquid, glass and other disordered systems, and of the microscopic mechanisms that
control their properties. To achieve this goal, this project will focus on the following: (1) advance
the understanding of the cooperative atomic and spin dynamics in liquids and glasses by direct
experimental observation, (2) extend the theory of medium-range atomic order in liquid and glass
to elucidate physical properties, including the glass transition, and (3) develop the understanding
of local dynamic correlations among electrons, focusing on strongly correlated electron systems,
to elucidate physical phenomena, including superconductivity. The outcome of this proposed work
will guide us to the development of glass, liquid and other disordered systems with superior
properties, and ultimately impact the DOE mission through the development of the general physics
of disordered matter.

Recent Progress K

1. Local atomic dynamics in liquids and glasses by el
experiment and simulation vl ©
Recently we developed an approach to observe correlated %
atomic dynamics directly by experiment [1]. In this = 4% 100 ¥ K %
approach we determine the dynamics structure factor, S(Q, ’
E), by inelastic neutron or x-ray scattering over wide ranges
of O, the momentum transfer, and E, the energy transfer,
and Fourier-transform it into the Van Hove function (VHF),
G(r, ). Until recently, the experimental determination of
the VHF was impractical because of the long time required 100 . . . :
to collect data on S(Q, E) over wide ranges. But recent 28 30 103?%2(1/@3'4 36
progress in instrumentation made it feasible. Using this

approach, we demonstrated how atomic dynamics becomes
more cooperative as a liquid is supercooled, by using
electrostatic levitation and inelastic neutron scattering
(INS) [P9]. We also showed that water molecules become
dynamically more correlated with decreasing temperature, by demonstrating that the short-range
diffusive dynamics becomes different from the long-range diffusion (Fig. 1) [PS].
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Fig. 1 Local diffusivity measured by the
VHF (upper group) is faster than
macroscopic diffusivity (lower group)
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Computer simulation is a powerful approach to
investigate complex many-body problems, such as @ & oo
liquid dynamics. Using simulation, we showed how o8 oo
liquid dynamics differ from those in gas in a

fundamental way. By diagonalizing the Hessian

matrix, we showed that atoms are dynamically
correlated, whereas correlations are weak in gas 02 :
[P3, P6]. We also demonstrated that the atoms are | | | | | |
not totally frozen in metallic glasses, and they are T Prperatwe
locally mobile down to 7= 0 K. We applied cyclic | Fig. 2 The probability that a lossy atom is lossy
shear deformation on a model Cu-Zr metallic glass | again in the next cycle. <f>= 0.2 corresponds to
and identified “lossy atoms” through the analysis of | a totally random case [P7].

atomic-level energy loss (tan §). We found that a
lossy atom in one cycle is no longer lossy in the next
(Fig. 2), suggesting that the energy barriers in the mega-basin of the potential energy landscape
(PEL) is shallow (only ~ 0.6 meV) and quantum-mechanical zero-point energy is large enough to
overcome. This means that atoms are not frozen and locally moving due to zero-point fluctuations,
down to 7=0 K [P7, P10].

2. Density wave theory of liquid and glass

The atomic pair-distribution function (PDF), g(r), of metallic liquids and glasses shows extended
oscillations beyond the first peak that characterize the medium-range order (MRO). The
oscillations decay exponentially with distance with the decay length of &, which increases with
decreasing temperature following the Curie-Weiss law, & (T) = C/(T — Tj¢) [2]. The current

theories of liquid and glass start from an atom and its surrounding neighbors, adding more atoms
to create a model, the bottom-up approach. However, it is difficult to explain the MRO that extends
many atomic distances by this approach. The MRO plays a central role in controlling the properties
of liquid and glass. For instance, it defines the glass transition by freezing at 7, whereas the SRO
in the nearest neighbors does not. The coherence volume, & (T)3, is proportional to the activation

aent+b
Ep=0.6 meV

<flossy(n,n+1)>

energy of viscosity. It is also directly related to liquid fragility.

We developed a density wave theory that explains the origin of the MRO [P2, P4]. The & diverges
at TG, although this never happens in reality, because the system freezes at the glass transition.
This imaginary state is the density wave (DW) state with long-range order but without periodicity,
a quasicrystalline state. The DW state is driven by the pseudopotential (the effective interatomic
potential) in reciprocal space, but it is unstable against thermal and other disorder, resulting in the
attenuated DW characterized by &. This theory explains the Curie-Weiss law of & with high
accuracy.
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3. Direct observation of electron correlation by inelastic x-ray scattering
Electrons in solids are correlated in space and time because

of Coulomb interaction. Even though electron correlation is 50 0.10

a principally important subject, it has been studied mainly 40 005
by theories, such as the density functional theory (DFT) and <30 T
the Hubbard theory, and there are scant direct studies by fzo 0.00 =
experiment. The sole experimental studies are attempts to _0_05%;
observe the electronic pair-distribution function (PDF) by

diffraction [3]. We measured the S(Q, E) for polycrystalline o= . t 010

beryllium by inelastic x-ray scattering (IXS) over the rd)
energy range from 1 to 110 eV with the resolution of 0.7 Fig. 3 Energy-resolved dynamic PDF

eV, and converted S(Q, E) to g(r, E), the energy-resolved | g(r, E), of polycrystalline beryllium,

dynamic PDF, by Fourier-transformation from Q to » (Fig. | showing exchange-correlation hole that
3). extends at the plasmon energy

The results lead to two important discoveries:
1. The exchange-correlation hole relevant to the DFT (below 20 eV) is well-defined with the size of 2 A.

The snapshot PDF based upon S(Q) (energy-integrated) includes high-energy portion above the plasma
frequency, which is irrelevant to the DFT.
2. At the plasma frequency (~ 20 eV) the exchange-correlation hole extends to 5 A. In plasmon electrons

move collectively, reducing the probability of spatial contact. This demonstrates that electron dynamics
affects electron correlation significantly.

The success of this experiment opens up a new opportunity for studying the complex behavior of
correlated electrons directly by scattering measurements.
Future Plans
1. Atomic structure and dynamics in complex liquids

In the Periodic Table elements near the left edge are metallic, while those near the right
edge are inert or ionic. The elements in the middle, such as Ga, Si, Ge, Sn, and Bi, show complex
behavior in the solid and liquid states. They are usually explained as being composed of metallic
and non-metallic domains, but we are proposing a new picture, taking liquid Ga as an example.
The S(Q) of liquid Ga shows the first peak with a prominent shoulder. The position of the shoulder
in Q is close to 2kr, where kr is the Fermi momentum. However, the first peak of the PDF has no
shoulder, indicating only one kind of atomic bond and environment. We propose that the structure
of liquid Ga is made of two density waves (DWs), one metallic in nature and the other non-metallic
and driven by close packing to increase density. The two DWs are strongly overlapping and
fluctuating in time. Each atom sees many DWs, so the atomic environment is rapidly fluctuating.
This view strongly challenges the current view. We surmise that this picture is valid to liquids of
many other elements in the middle of the Periodic Table.
2. Analysis of the convergent beam TEM by the density wave theory
The convergent beam transmission electron microscopy (CB-TEM) is a unique method capable of
examining the structure at nanometer-size volume. Currently the data are processed by the
fluctuation electron microscopy (FEM) approach [4], but we believe we can extract much more
information about the microscopic state of a glass. In collaboration with P. Voyles (U. Wisconsin)
we analyze the spatial correlation of the CB-TEM patters of metallic glasses and compare them
with the prediction by the density wave theory. This will be a true test of the DW theory.
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3. Electron correlations in the cuprates

Earlier we studied the structure of superfluid “He using the

energy-resolved dynamic PDF method [5] and found that

the He-He distance in the BE condensate (4 A) is | < o%

significantly longer than that in non-condensate (3.6 A). We | <o

explained this in terms of the absence of wavefunction 001

overlap in the BEC [P5]. 000

This discovery has a direct implication on the origin of the A

r[A]

high-temperature  superconductivity (HTSC) of the Fig. 4 The PDF in the BEC (blue) and

cuprates, which has been a major mystery for 40 years. In | the PDF in non-BEC (red) [P5]

the BCS superconductors Cooper pairs are orthogonal to

each other in k-space. However, when the pairing

interactions are strong, either by spin or lattice, Cooper pairs

are local causing the BCS-BEC crossover. Then, the real space orthogonality of BEC means that

the electron repulsion energy between the Cooper pairs is reduced in the HTSC state as in “He,

and this adds to the driving force to superconductivity [P5]. In our estimate, the 7. enhancement

by this mechanism can amount to the order of 100K. We propose to prove this hypothesis with the

resonant IXS at the oxygen edge, by transforming the data to real space through the energy-

resolved dynamic PDF. If successful, this will be a major achievement.
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Electronic Correlations and Topology in Actinide Materials

Krzysztof Gofryk, Idaho National Laboratory

Keywords: Topological insulators, actinides, electronic structure, magnetism, electronic
correlations

Research Scope

Strongly interacting electrons in f~systems hold great potential for realizing collective quantum
behavior, where spin-orbit interactions and topology can lead to emerging phenomena crucial for
developing new quantum technologies. Of particular interest is the realization of quantum effects
in these correlated materials, where the relativistic shifting of electron energy levels accentuates
the spin-orbit coupling effect. These materials typically exhibit stronger coupling than the widely
studied d-electron systems. However, the role of f-electrons and the effect of electronic
correlations in forming topologically protected non-trivial states remain unclear. In this project,
we conduct comprehensive experimental and theoretical studies of selected f-electron correlated
systems, focusing on the effects of spin-orbit coupling, electronic correlation, and topology. To
understand these phenomena, we perform extensive investigations into the magnetic,
thermodynamic, and magneto-transport properties across a wide range of external parameters such
as temperature, angle, magnetic fields, and pressure, which allow to tune the f~spd hybridization
and spin-orbit interactions. The results from these studies provide a fundamental understanding of
the interplay between electronic correlation and topology in f~electron quantum systems.

Recent Progress

(i) Focus lon Beam (FIB) micromachining and the study of surface states in SmBs

Recently, SmBs has been identified as a topological Kondo insulator, where a narrow bandgap
forms at low temperatures due to the hybridization of conduction and valence bands. This
phenomenon is associated with band inversion and the presence of surface states, sparking
significant experimental and theoretical research on this material. However, various transport
studies have yielded conflicting results, primarily due to the challenge of obtaining high-quality
single crystals. To address these challenges, we utilized single-phase micro-sized SmBe single
crystals extracted from a multi-phase polycrystal sample using plasma Focused lon Beam (PFIB)
techniques. We thoroughly characterized these crystals using back-scattered electron imaging,
energy-dispersive spectroscopy, and electron back-scattered diffraction to identify a single-crystal
grain of interest, confirm its expected crystallographic structure, and determine its crystallographic
orientation. The inductively coupled Xe" plasma ion source technique used in this study enables
material removal rates up to 50 times faster and provides beam currents several orders of
magnitude higher than conventional Ga* FIB, allowing for the fabrication of structures of varying
sizes with significantly enhanced efficiency. Additionally, the Xe™ PFIB has been shown to
produce 20-40% less surface damage than Ga™ FIB. The obtained lamellas of SmBs (as illustrated
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Figure 1: (a-c) different size SmBs lamellas with platinum leads deposited on them; (d) the electrical resistivity of
the three SmBg samples, analyzed by a two-channel model (solid lines). The black dotted line is for the bulk single
crystal (Ref.1). Variation of 3® voltage versus frequency (e) and electrical current (f) of SmB¢ lamella (a) at 40
K. The solid line represents the least-squares fit to 3o model. The inset shows the temperature dependence of the
electrical resistivity of the studied SmBg crystal.

in Fig. 1) were subsequently used for detailed low-temperature transport and thermal studies. As
depicted in Fig.1d, the electrical resistivity of SmBe crystals is found to be dependent on sample
size at low temperatures. This observation, characteristic of topological insulators, strongly
suggests the presence of topologically protected surface states in this system. A publication
detailing these findings is currently under preparation.

Furthermore, using the 3w technique (see Fig.le,f), we have investigated the effect of various
scattering mechanisms on the thermal conductivity of a micro-sized SmBe sample (Fig.1a). The
thermal conductivity measured is reduced by an order of magnitude compared to previously
reported data on bulk single crystals. We analyzed the low-temperature phonon thermal
conductivity of our samples using the Callaway model and demonstrated that phonon boundary
scattering plays a primary role in reducing the thermal conductivity of this material. The
temperature dependence of thermal conductivity, «(T), exhibits a double-peak behavior
characteristic of resonant scattering. Our work also highlights the successful application of the 3®
method to study the thermal properties of micro-sized samples. This approach is particularly useful
for materials where large single crystals are not available or where growing single crystals is
impractical. Additionally, this method will play an important role in understanding the thermal
conductivity of micro-sized materials, where phonon boundary scattering dominates thermal
resistance. This is especially relevant for advanced materials and technologies such as
microelectronics, thermoelectrics, and nuclear research. This work has been recently accepted for
publication in Applied Physics Letters.

(ii) Strong electronic correlations and topology in PuBs
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Following the discovery of the topological Kondo
insulating state in SmBs, the search for analogous
materials among Sf-electron compounds has
intensified, as actinide materials possess the necessary
ingredients for hosting novel topological phenomena.
Given that most relevant electronic interactions in 5/-
electron systems have similar energy scales,
combining strong electronic interactions with
topology offers a unique way to control topological
properties. Consequently, it has been recently
proposed theoretically that the intermediate valent
PuBs is a strong topological insulator with nontrivial
7 topological invariants. We address this topic by
investigating  the low-temperature  electronic
properties of PuB¢ through synthesis and micro-
machining  characterization, magnetotransport
measurements, and detailed electronic structure
calculations. The electrical resistivity indicates the
presence of a narrow energy gap at the Fermi level and
can be described by a two-conductivity channel model
that accounts for both metallic and semiconducting
components, similar to other topological insulators
(see Fig.2a). The magnetoresistivity exhibits an H'>
dependence, deviating from the H? behavior expected
for simple metallic systems and aligning more closely
with the H' dependence observed in various Dirac
materials (Fig.2b). This work demonstrates that PuB6
is a compelling candidate for investigating the
influence of electronic correlations and topology and
supports the theoretical predictions and the model of
the presence of an insulating bulk with metallic
surface states in this material. This work is currently
under review in Physical Review Letters.

Future Plans

- Finalizing publications on the effects of magnetism, electronic correlations, and topology in PuBs

and NpTez.

- Electronic study of a new family of topological materials, RNi:Gas (R = U, Tb, Er). Publication

of the results obtained.

- Magnetic and thermodynamic studies of potential topological systems HoSb, USb, and TbSbTe.

Publication of the results obtained.

- Angle-Resolved Photoemission Spectroscopy (ARPES) studies of the potential uranium-based
topological material, UPS and UCuAs2. Commissioning an ARPES end station dedicated to
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Figure 2: (a) The temperature dependence
of the electrical resistivity of the PuBg
microcrystal. The dashed line is a two-
conductance-channel model with an
estimated energy gap of A, =21 meV. The
inset shows a pFIB lamella of PuBs¢
prepared for low-temperature transport
measurements. (b) The magnetic field
dependence of magnetoresistivity of PuBe
at T = 2 K. The dashed line represents the
relation MR ~ H!3,

uranium crystals at the Advanced Light Source (LBNL).
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Complex chalcogenides under pressure
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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

Our DoE-supported program Complex chalcogenides under pressure is inspired by the opportunity
to explore the properties of complex chalcogenides under compression. Specifically, we combine
synchrotron-based infrared and Raman scattering spectroscopy and diamond anvil cell techniques
with lattice dynamics calculations, an analysis of the energy landscape, a correlation group
analysis, and x-ray scattering. Our objective is 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. Significant discoveries during
the past two years include:

* revealing the pressure-temperature phase diagram of CrSiTes and how the insulator-to
metal transition is triggered by the structural phase transition,

» exploring the unconventional insulator-to-metal transition and colossalmagnetoresistance
in Mn3Si2Tes exposing electronic inhomogeneity and phase separation as well as signatures
of chiral loop currents,

« unraveling a series of pressure-driven structural phase transitions in the chalco-halide
CrSBr,

* uncovering the symmetry progression and signatures of band vs. Mott character in CdPSs,
and

» demonstrating giant tunability of the superlattice excitation in chiral Cri3 TaSa.

A few of these activities are summarized below.
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Insulator-metal transition in CrSiTes triggered by structural distortion under pressure:
CrSiTes is a van der Waals ferromagnet that 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. One
bottleneck to greater understanding of the energy landscape is the limited effort to resolve the
pressure-temperature phase diagram. In this work, we combined synchrotron-based infrared
spectroscopy and diamond anvil cell techniques to measure the far infrared response of CrSiTes
under extreme pressure-temperature conditions. The Si-Te stretching mode at 368 cm ™! hardens
on approach to the 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 [Fig. 1]. In the end, the pressure-driven insulator-to-metal transition is
swift and sharp. What differentiates our work from prior results and revises the entire character of
the temperature - pressure (7 - P) phase diagram is the finding that the first-order structural phase
transition is triggered before the insulator-metal transition [Fig. 1]. In addition to laying the
foundation for superconductivity, the trends lead to a nexus of activity that may hide a quantum
critical point.
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Unconventional insulator-to-metal transition in Mn3Si;Tes: The nodal-line semiconductor
MnsSi2Tes is generating enormous excitement due to the recent discovery of a field-driven
insulator-to-metal transition and associated colossal magnetoresistance as well as evidence for a
new type of quantum state involving chiral orbital currents. Strikingly, these qualities persist even
in the absence of traditional Jahn-Teller distortions and double-exchange mechanisms, raising
questions about exactly how and why magnetoresistance occurs along with conjecture as to the
likely signatures of chiral loop currents. Here, we measured the infrared response of Mn3Si2Tes
across the magnetic ordering and field-induced insulator-to-metal transitions in order to explore
colossal magnetoresistance in the absence of Jahn-Teller and double-exchange interactions. Rather
than a traditional metal with screened phonons, the field-driven insulator-to-metal transition leads
to a weakly metallic state with localized carriers [Fig. 2]. That our spectral data are fit by a
percolation model provides evidence for electronic inhomogeneity and phase separation [Fig. 3].
Modeling also reveals a frequency-dependent threshold field for carriers contributing to colossal
magnetoresistance which we discuss in terms of both polaron formation and chiral orbital currents.
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These findings enhance the understanding of insulator-to-metal transitions in new settings and
open the door to the design of unconventional colossal magnetoresistant materials.
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Giant tunability of superlattice excitations in chiral Cr;3TaS;: Intercalation is an important
strategy for enhancing the functionality of van der Waals solids. This is because layered materials
such as transition metal dichalcogenides can be endowed with intriguing new properties by filling
the van der Waals gap with various ions or molecules which, in addition to their unique chemistry
and guest-host interactions, break symmetry in new ways. One barrier to greater control of the
collective metal monolayer excitations in these materials is the absence of detailed information
about how they evolve under compression. In order to explore superlattice excitations in a series
of intercalated chalcogenides, we measured the Raman scattering response of CrisTaS2 under
pressure and compared our findings with the behavior of CrisNbSz, Fe1sTaSz, and Fei4TaSo.
Overall, we find that the metal monolayer excitations are sharp and strong, spanning a significant
portion of the teraHertz range. Analysis reveals that chalcogen layer thickness and size of the van
der Waals gap to that of the 4 site ion are sufficient to divide these materials into two classes: the
Cr analogs with relatively little distortion of the metal monolayer excitations under compression
and the Fe analogs that host substantial symmetry breaking [Fig. 4]. In addition to unraveling these
structure-property relations, we combine pressure and strain to demonstrate that the superlattice
excitation in Cr13TaSz can be tuned in a nearly linear fashion by approximately 16% in frequency
space.
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Future Plans

Going forward, we have 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 Mn3Si2Tes, (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 CoPSs under pressure, (iv) revealing the series of pressure-driven structural phase
transitions in layered ferroelectrics like CulnP2Se and other B-site substituted systems, and (v)
developing structure-property relations in the FeisTaS2, FeiaTaS2, CrisTaS2, CoisTaS2, and
CrisNbS2 family of intercalated chalcogenides. Three PhD students (Brian Taylor, Sambridhi
Shah, and Lakshan Silva) lead these projects. Luther Langston recently graduated with a PhD in
materials chemistry, but I’'m keeping him on to pursue high pressure light emission in CrSBr until
the economic situation stabilizes. We are also interested in whether strain is an effective tool for
tuning the spectroscopic properties of complex chalcogenides.

Publications

1. J. L. Musfeldt, D. G. Mandrus, and Z. Liu, Insulator-metal transition in CrSiTes
triggered by structural distortion under pressure, npj 2D Materials and Applications
7, 28 (2023). https://doi.org/10.1038/s41699-023-00389-x This work was selected as a
BNL Science Highlight.

2. Y. Gu, E. T. Ritz, W. R. Meier, A. Blockmon, K. Smith, R. Pokhare Madhogaria, S.
Mozaffari, D. Mandrus, T. Birol, and J. L. Musfeldt, Phonon mixing in the charge density
wave state of ScVeSne, npj Quantum Mater. 8, 58 (2023). https://doi.org/10.1038/s41535-
023-00590-7

3. J. L. Musfeldt, S. Singh, S. Fan, Y. Gu, X. Xu, S. -W. Cheong, Z. Liu, D. Vanderbilt, and
K. M. Rabe, Structural phase purification of HfO2:Y through pressure cycling, Proc. Nat.
Acad. Sci. 121, 2312571121 (2024). https://doi.org/10.1073/pnas.231257112

4. Y. Gu, K. A. Smith, S. Amartyajoti, C. De, C.-J. Won, Y. Zhang, L.-F. Lin, S.-W.
Cheong, K. Haule, M. Ozerov, T. Birol, C. Homes, E. Dagotto, and J. L. Musfeldt,

87


https://doi.org/10.1038/s41535-023-00590-7
https://doi.org/10.1038/s41535-023-00590-7
https://doi.org/10.1073/pnas.231257112

\]

o

Unconventional insulator-to-metal  phase  transition in  Mn3Si2Tes,  Nature
Communications 15, 8104 (2024). https://doi.org/10.1038/s41467-024-52350-1 This work
was selected as an NHMFL Highlight as well as a DoE Highlight.

J. L. Musfeldt, Y. Gu, J. T. Haraldsen, K. Du, P. Yapa, J. Yang, D. G. Mandrus, S. -W.
Cheong, and Z. Liu, Giant tunability of superlattice excitations in chiral CrisTaS2, npj
Quantum Materials 10, 27 (2025). https://doi.org/10.1038/s41535-025-00734-x

. J. L. Musfeldt, S. Singh, K. A. Smith, X. Xu, S. -W. Cheong, Z. Liu, D. Vanderbilt, and K.

M. Rabe, Pressure-driven polar orthorhombic to tetragonal phase transition in hafnia at room
temperature, Chemistry of Materials, 37, 1820 (2025). https://doi.org/10.1021/
acs.chemmater.4c02596

. L. J. Langston, A. M. Ruiz, C. Boix-Constant, S. Manas-Valero, E. Coronado, J. J. Baldovi,

Z. Liu, and J. L. Musfeldt, Pressure-induced structural phase transitions in CrSBr, accepted,
npj Quantum Materials.

S. Shah, S. Choi, K. A. Smith, Y. Gu, B. Taylor, M. Cothrine, D. Mandrus, Z. Liu, H.-S. Kim,
and J. L. Musfeldt, Symmetry progression and band vs. Mott character of CdPSs under
pressure, submitted, APL Materials.

T. Matsuoka, H. -S. Kim, S. Samanta, J. L. Musfeldt, and D. Mandrus, MPX3 van der Waals
magnets under pressure (M = Mn, Ni, V, Fe, Co, Cd; X =S, S), Frontiers in Materials 11,
1362744 (2024). Review article. doi: 10.3389/fmats.2024.1362744

88


https://doi.org/10.1021/%20acs.chemmater.4c02596
https://doi.org/10.1021/%20acs.chemmater.4c02596

Unconventional Solitonic Superfluorescence in Perovskites
Kenan Gundogdu, NC State University

Keywords: Macroscopic Quantum Coherence, Superfluorescence, Quantum Analog of Vibration
Isolation, Quantum Materials, Perovskites.
Research Scope
This research program explores mechanisms that enhance electronic coherence in solids, enabling
macroscopic quantum states of matter at high temperatures. Our approach focuses on uncovering
the origins of high-temperature superfluorescence in lead-halide perovskites’ 2. Gaining a
fundamental understanding of this phenomenon is critical for developing strategies to design
materials that operate at elevated temperatures and hold promise for applications in Quantum
Information Science.
Recent Progress
When an ensemble of quantum particles

achieves collective quantum coherence, it @ C’) D

can give rise to exotic macroscopic quantum i 66 g S:E:::z.n\z:;n
phenomena such as superconductivity, 66
superfluidity, and Bose-Einstein 6 ‘“’

condensation. The ability to create and
manipulate these effects is central to
emerging quantum technologies. However, Figure 1: Spontaneous synchronization of incoherent dipoles

thermal dephasing disrupts quantum forming a macroscopic quantum state acting like a giant atom
coherence, limiting these phenomena to in superfluorescence.

cryogenic temperatures.

During this reporting period, we discovered a novel mechanism that enables collective electronic
coherence at exceptionally high temperatures. Through experimental and theoretical investigations
of high-temperature superfluorescence (SF) in lead halide perovskites, we found that SF in these
materials originates from a phase transition of polarons into an ordered soliton state. This
discovery reveals a new SF mechanism and advances our understanding of how coherent quantum
states can form under elevated thermal conditions.

In conventional superfluorescence’® (Figure 1), an optical pulse generates a population of excited
electronic dipoles. These dipoles initially lack coherence but can spontaneously synchronize their
phases via interactions with the electromagnetic vacuum, provided their dipole dephasing time is
sufficiently long. In contrast, SF in lead halide perovskites does not arise from dipole
synchronization. Instead, it results from the phase transition of exciton polarons into a collective

o) I 1) o liby) L
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soliton phase. Within this phase, excitons are vibrationally decoupled
(Figure 2) from ambient thermal noise, preserving coherence.

We demonstrated that excitonic coherence and superradiance are
intrinsic properties of the soliton. Remarkably, while individual
excitons outside the soliton rapidly dephase, those within the soliton
maintain coherence and exhibit superradiance.

A key distinction between conventional and solitonic SF lies in their
origins: conventional SF is a nonequilibrium process driven by
vacuum field fluctuations. It cannot occur without the
electromagnetic vacuum. In contrast, solitonic SF emerges from
exciton-lattice interactions, with the soliton representing a metastable
coherent state. Soliton is transient only because of its instability
against recombination. Unlike conventional SF in the absence of the
electromagnetic vacuum, the soliton would form and remain
coherent. This behavior resembles equilibrium phase transitions like
superconductivity and superfluidity, governed by critical parameters
such as temperature and carrier density.

g

EE:
=

Figure 2: Illustration of how
QAVI can promote coherence.
Multiple boxes attached to a
common lattice distortion
mode that protects dipoles
from dephasing. This leads to
a macroscopic state even at
high temperatures.

In this program review, we present the theoretical and experimental work underpinning this
discovery and discuss its implications for designing materials that support macroscopic quantum

effects at high temperatures.
Experimental Progress:

We tracked the time evolution of
solitonic SF and analyzed the

stochastic fluctuations in [ Jin

macroscopic coherence during
SF emission (Figure 3). Our
results show that these are not '

. . " L
random oscillations, but ! pe Al ANt | LT
i

collective rocking-mode
oscillations that spontaneously
develop coherence during soliton

Figure 3 (a,b) Time-resolved SF emission dynamics of PEA:CsPbBrs.
Spectral analysis of the fluctuations shows that the fluctuations are not

formation. Figure 3¢ presents the random noise. They correspond the collective rocking oscillations that

autocorrelation and  Fourier modulate SF emission.
analysis of these fluctuations.

Studying the frequency behavior at varying excitation fluences, supported by theoretical modeling,

led to the identification of this solitonic SF mechanism.

90



Theoretical Progress:

We developed a rigorous theoretical model for many-body 4

exciton lattice interactions and analyzed it using a @ Experment
quasiclassical field theoretical formalism*. The theory shows — _*°|= Theoretical model
that an excited many-body excitonic system in perovskites
has two solutions. The first is an incoherent polaron
ensemble, and the second is a solitonic collective state. The
analysis shows that the solitonic solution becomes the lower ,
energy state (gap formation) beyond a specific threshold 0.5r @

excitation density. Since the soliton is the lowest energy state N. 2N, 3N. 4N, 5N, 6N,
and the solution to the many-body Hamiltonian, it is Coherent Population (1/Nc)
intrinsically coherent. The gap between the incoherent Figure 4 The excitation density-
polaron and coherent soliton states is similar to the energy f(fgf;ldgegofézqggzi;giotfl;he soliton
gap between the collective superconducting state and the 4 eoretical model.

Fermi level in BCS theory. We show that the theory explains

most experimentally observed spectroscopic features. For instance, the frequency of the rocking
oscillations that underlie the fluctuations in Figure 3 blue shifts with the excitation density, which
is also predicted by the theory.

Future Plans

Our model provides an unprecedented opportunity to investigate the coupling parameters (exciton-
lattice interaction terms in the many-body Hamiltonian) and their quantitative extraction using
experiments. We will develop the experimental and theoretical framework for extracting these
parameters. We will also develop a modified Dicke model that describes solitonic
superfluorescence and characterize it experimentally.
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Semiconductor quantum shells for energy conversion applications.

Mikhail Zamkov, The Center for Photochemical Sciences, Department of Physics, Bowling
Green State University, Bowling Green, Ohio 43403. zamkovm@bgsu.edu

Keywords: Photovoltaics, Scintillators, Auger, Nanocrystals, Electroluminescence

Research Scope

The project explores a novel nanoscale geometry, called quantum shells, which is designed to
suppress two main mechanisms of energy loss in colloidal semiconductor nanocrystals: Auger
recombination and surface recombination. The central objective is to establish quantum shells as
robust building blocks for optoelectronic materials that maintain high performance under intense
optical or electrical excitation. Such resilience is critical for applications in high-brightness LEDs,
photodetectors, and X-ray scintillators, where multiexciton populations often lead to severe
nonradiative losses. The geometry of quantum shells also offers promise for concentrator
photovoltaics, where the reduction of Auger decay could improve carrier extraction and energy
conversion efficiency. Meanwhile, a large exciton/biexciton energy splitting observed in these
structures provides a key advantage for the realization of single-photon emitters.

Recent Progress

We have demonstrated that the quantum shell architecture offers significant advantages over
traditional colloidal nanocrystals across a range of optoelectronic processes, including
electroluminescence, optical gain development, up-conversion, and X-ray induced
radioluminescence. A brief summary of these findings is provided below.

Figure 1. (a) Radio-
luminescence of quantum shell
scintillator devices versus Ce:
YAG commercial standard,
normalized for the absorbed X-
ray flux. (b). Various objects
imaged with the quantum shell
scintillators, offering near-
record Dbrightness, excellent
stability, and fast temporal
response. (c). Transmission
electron microscope images of
CdS-CdSe-CdS core-shell-shell
quantum shells.
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In a recent study (Ref. 9), we have shown that quantum shells enable one of the highest X-
ray scintillation efficiencies reported to date, outperforming conventional colloidal nanocrystals
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and even surpassing leading commercial scintillators in both brightness and response speed
(Figure 1).

Under hard X-ray excitation, quantum shells exhibited light yields exceeding 70,000
photons/MeV and ultrafast emission decay times below 2.5 nanoseconds, with negligible
afterglow. These characteristics make them uniquely suited for high-resolution, high-speed
radiation detection. Time-resolved spectroscopy and multiexciton emission modeling revealed that
this performance arises from suppressed Auger recombination and unusually long multiexciton
lifetimes over 10 ns. The ability to mitigate Auger nonradiative losses while maintaining structural
and optical stability under intense X-ray flux further distinguishes quantum shells from other
nanocrystal architectures. This development could have a major impact on a wide range of fields,
from medical diagnostics to defense and particle physics. For medical applications, this could
mean clearer and faster imaging, leading to more accurate diagnoses. In defense, faster and more
reliable radiation detection could enhance safety and security measures. The high-resolution
imaging capabilities of quantum shells also open up new possibilities in scientific research,
allowing for more precise studies of materials.

Figure 2. (a). Schematics of radiative
biexciton-exciton (XX-X) cascade and
spectrally resolved correlation measurements.
Insert: Correlation function g2(t) between
spectrally isolated XX (start) and X (stop)
photons under CW excitation. (b) Single-
particle emission trajectory of CdS-CdSe-CdS
quantum shells, showing a distinct separation
of X and XX states and low spectral diffusion.

Another important milestone was the first demonstration of correlated photon pair emission
from colloidal semiconductor nanostructures, achieved using single quantum shells at cryogenic
temperatures (10 K). As reported in Ref. 8 we observed exciton—biexciton cascaded
photoluminescence, a defining signature of quantum light sources, evidenced by clear photon
bunching behavior, shown in Figure 2a (insert). More specifically, our collaborative effort with
George C. Schatz (Northwestern University) and Anton Malko (University of Texas, Dallas), we
demonstrated that biexciton decay in colloidal quantum shells yields spectrally distinct and
temporally correlated photon pairs, with time-correlated emission stable for durations exceeding
200 seconds. Notably, the spectral separation between exciton and biexciton emission in quantum
shells is three to five times larger than that observed in conventional 0D nanocrystals. Such a large
X-XX splitting is not only critical for the unambiguous identification of correlated photon pairs
but also enables effective spectral filtering of the biexciton component, facilitating high-purity
single-photon emission. This result establishes quantum shells as a promising platform for
quantum light generation, offering either deterministic photon-pair emission or single-photon
generation through spectral filtering.

In another project, we have successfully demonstrated broadband, low-threshold lasing
emission from a densely packed layer of CdS/CdSe/CdS quantum shells embedded within a
photonic nanopillar array, as detailed in Refs 6 and 10. The suppression of multiexciton Auger
recombination in quantum shells allowed us to achieve significant spectral tuning of the lasing
emission by harnessing multi-exciton states. This, combined with the minimal optical losses of the
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nanopillar cavity, resulted in an exceptionally low pump fluence threshold of approximately 4
wJ/cm?, one of the lowest reported for colloidal nanomaterials in optical cavity configurations.
Lasing threshold gain values were determined to be between 40—80 cm™, representing a tenfold
reduction compared to planar film configurations and highlighting the superior performance of the
photonic optical nanocavity. Additionally, our Ref. 7 demonstrates continuous-wave (CW) lasing
using ZnS-capped quantum shells on an integrated SiNx/SiOx platform, employing a surface-
emitting photonic crystal surface-emitting laser (PCSEL) design. This approach enabled effective
lasing under both femtosecond and quasi-continuous wave operations across the full red spectrum,
with competitive thresholds, no saturation, and impressive stability at high pump rates.
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Figure 3. (a) Transmission electron microscope images of CdS-CdSe-CdS core-shell-shell quantum shells. (b)
Scanning electron microscope (SEM) image of a photonic crystal nanopillar array with a period of A =335 nm. Scale
bar = 1 um. Inset: Magnified view of the nanopillar arrangement. Scale bar = 100 nm. (¢) SEM image of the same
nanopillar array after spin-coating with quantum shells. Inset: Optical image of the full nanopillar array following
spin-coating. (d, e) Lasing emission spectra recorded at T = 77 K for nanopillar arrays with varying periods: (d) A =
365 nm and (e) A =315 nm. Insets: Microphotographs of the corresponding lasing spots under optical excitation.

In our most recent project, we have developed a novel class of quantum shells, termed the
quantum cube, which is based on a cubic CdS/CdSe/CdS core—shell-shell composition (Figures
4a-4c). This nanostructure offers a unique advantage by incorporating six well-defined 2D CdSe

facets, effectively functioning as an assembly of six quasi-independent 2D nanoplatelets.
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Figure 4. (a—c) Scanning transmission electron microscopy (STEM) images of CdS/CdSe/CdS core—shell-shell
quantum cubes, with panel (c¢) including dark-field energy-dispersive X-ray (EDX) elemental mapping to confirm the
layered composition. (d) Power-dependent integrated photoluminescence (PL) intensity of quantum cubes plotted as
a function of the average number of absorbed photons per particle ((N)). The PL response shows minimal saturation
up to (N) = 6, consistent with exciton distribution across the six nanoplatelet-like facets and a suppressed biexciton
population. A simulated model curve for ideal single-photon emission is shown for comparison (dashed line).
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In the multiexciton regime, excitons are spatially distributed across these six cubic facets, with
each receiving approximately one-sixth of the total excitation population. This geometry
inherently suppresses multiexciton emission pathways (Figure 4d), facilitating the generation of
single photons and making the structure particularly promising for quantum light source
applications. In addition to its favorable excitonic dynamics, the cubic geometry can also improve
material processability by enabling a more controlled self-assembly compared to conventional 2D
nanosheets. A manuscript is currently in preparation.

Future Plans

Building on recent advances, we anticipate that the quantum shell architecture will continue to
emerge as a compelling alternative to traditional 0D-2D nanocrystals for a broad range of
optoelectronic and quantum photonic applications. Our future efforts will focus on both improving
fundamental understanding and enabling targeted functionalities of these materials. In particular,
we will focus on:

(1) Advancing understanding and application of CdSe-based quantum shells: We aim to further
explore the unique advantages of CdSe-based quantum shells in regimes where multiexciton
interactions are critical. Our research will expand into new application areas that are only
beginning to be explored, including spin-polarized light-emitting diodes (manuscript in
preparation), infrared photodetectors, and solution-processed cathodoluminescent materials
(manuscript submitted). Concurrently, we will continue advancing our ongoing efforts in
established areas such as quantum light emission, X-ray and electron scintillation, and
concentrator photovoltaics, leveraging the unique multiexciton dynamics and structural versatility
of quantum shells.

(i1) Developing Novel Quantum Shell Material Systems: A second major goal is to expand the
quantum shell material library beyond the established CdS/CdSe/CdS system. In particular, we are
pursuing two new compositions: ZnS/ZnSe/ZnS and CdS/HgS/CdS with tunable optical properties
in the blue and near-infrared (NIR) spectral regions, respectively. These heterostructures are
designed to support efficient multiexciton emission and Auger suppression under optical or
electrical pumping. Optimization of these systems will be directed toward key applications such
as quantum emitters for telecom wavelengths and high-sensitivity NIR photodetectors.
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Plasmonic Photoconductive Nanostructures for High-Power Terahertz Wave Generation

Mona Jarrahi, University of California Los Angeles

Keywords: Plasmonics, Quantum well heterostructures, Ultrafast carrier dynamics, Terahertz

Research Scope

The ability to excite surface plasmon waves has enabled many unique opportunities for routing
and manipulating electromagnetic waves. It has enabled strong light concentration in the near-
field, paving the way for higher resolution imaging and spectroscopy, deep electromagnetic
focusing and beam shaping, higher efficiency photovoltaics, photodetectors, modulators, and
radiation sources. On the basis of the unique properties of surface plasmon waves, we conduct
fundamental studies on metallic multi-spectral plasmonic nanostructures for probing intensity,
polarization, and spectral properties of electromagnetic waves from radio frequency (RF) to
terahertz (THz) frequencies. The multi-spectral plasmonic nanostructures maximize the intensity
and spatial overlap of an optical pump beam with the incident electromagnetic wave to be probed
in a photo-absorbing semiconductor substrate. We conduct extensive studies on various
polarization-dependent two-dimensional and three-dimensional multi-spectral plasmonic
nanostructures fabricated on different photo-absorbing semiconductor substrates to explore their
potentials for electromagnetic wave probing and determine fundamental physical limitations of
bandwidth and sensitivity of the proposed electromagnetic wave probing technique. We study
tradeoff between electromagnetic wave probing bandwidth and sensitivity and its relation with
various geometric and material specifications of the analyzed multi-spectral plasmonic
nanostructures. These studies offer a deep understanding of behavior of plasmonic nanostructures
and nanoscale semiconductor heterostructures in response to external electromagnetic waves in a
multi-spectral electromagnetic wave platform. They offer a new perspective on utilizing the unique
capabilities of multi-spectral plasmonic nanostructures for probing the intensity, polarization, and
spectral properties of electromagnetic waves from RF to THz frequencies. They also enable
fundamental physical studies on ultrafast carrier dynamics at nanoscale and discoveries on the
interaction of electrons, holes, excitons, photons and semiconductor lattice.

Recent Progress

During the last two years of this research program, we explored the unique capabilities of
plasmonic  photoconductive nanostructures based on quantum-well semiconductor
heterostructures for efficient light-to-terahertz wave conversion. Embedding quantum-well
heterostructures in the intrinsic region of PIN photodiode waveguides enables strong, distributed
light-matter interaction—enhancing quantum efficiency while mitigating saturation and thermal
breakdown effects. Additionally, we conducted comprehensive analytical and experimental
studies on ultrafast carrier dynamics in these structures, investigating the fundamental physical
limits of conversion efficiency and operational wavelength range. We introduced a comprehensive
model to analyze the ultrafast dynamics of interband photo-excited carriers in quantum well PIN
structures and to calculate their frequency response. This model characterizes the entire
photocarrier transport process, including carrier escape from quantum wells and movement across
heterojunction interfaces. Additionally, we outline theoretical methods for calculating carrier
escape times from both quantum wells and heterojunction interfaces. The outcomes of this study
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show that carrier trapping within quantum wells and at heterostructure interfaces does not impede
high-speed photomixing performance at frequencies exceeding 100 GHz, extending even into the
terahertz range. With careful optimization of heterostructure layer thickness, doping levels, and
photodiode geometry, sub-picosecond carrier transit times and RC time constants can be achieved,
facilitating high quantum-efficiency optical-to-terahertz conversion through quantum well PIN
heterostructures. Using a GaAs/AlGaAs multiple quantum well PIN heterostructures, we
demonstrated interband photomixing as an efficient mechanism for frequency-tunable terahertz
generation and detection, achieving significant improvements in power efficiency and sensitivity.
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Fig. 1. The theoretically predicted frequency response of the interband photomixing process in the studied
GaAs/AlGaAs QW PIN photodiode.

Photomixers utilizing interband photon absorption in QW PIN photodiodes have not been
previously explored for terahertz generation and detection due to the misconception that the QW
energy barrier restricts the ultrafast carrier dynamics necessary for efficient operation. However,
our studies on the ultrafast dynamics of the carriers generated through interband absorption in QW
structures reveal substantial potential for realizing monolithically integrated terahertz sources and
detectors, seamlessly integrated alongside other optoelectronic components. Under reverse bias,
which governs interband photon absorption within the QWs via the quantum-confined Stark effect
— the photo-generated carriers escape from the QWs and drift across the intrinsic region (Fig. 1
inset). The resulting induced current can be analyzed using the Shockley-Ramo theorem, which
accounts for both conduction and displacement currents. The contribution of photo-generated
electrons and holes in the m™ QW traveling across the intrinsic region at high frequencies can be
approximated as

; e
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where z,, is the distance from the m™ well to the N-side, L, W,, and W, are the thicknesses of the
intrinsic region, depleted N-region, and depleted P-region, respectively. S denotes the photomixer
area, and N,, is the number of photo-generated electrons and holes in the m™ QW. Tow and Té‘W
correspond to the electron and hole escape times from the QW respectively, whereas 7z, and
Tl ns denote the electron and hole transit times through the intrinsic region. Additionally, Tzc
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represents the RC time constant of the photodiode. The total frequency response is obtained by
summing the current contributions from all QWs. The overall frequency response is primarily
governed by three key time constants: 7z, the photodiode’s RC time constant; zans the carrier
transit time from the QWs to the P/N layers; and 7,y the carrier escape time from the QWs. The
values of Ty and T¢pqns depend on the reverse bias voltage, as well as the composition and
thickness of the heterostructure layers forming the QW PIN photodiode. Meanwhile, g is
dictated by the photodiode’s geometry, which determines its capacitance and resistance. Figure 1
presents the theoretically predicted frequency response of a reverse-biased QW PIN photodiode
with an RC time constant of 1.55 ps, fabricated on the studied GaAs/AlGaAs QW substrate used
in our demonstrations. The substrate structure provides estimated saturation velocities of 0.72x10’
and 0.8x10” cm/s for the photo-generated electrons and holes transiting through the depletion
region, along with QW escape times of 0.09 and 0.13 ps for electrons and holes, respectively. The
contributions of zrc, zrans, and zowto the frequency response are depicted in purple, red, and brown,
respectively, highlighting the negligible impact of zow on the frequency roll-off compared to zzc
and zwans. Thus, careful design of the QW PIN photodiode allows for minimizing zzrc and zirans,
reducing frequency roll-off and extending the photomixer’s operational range within the terahertz
spectrum. For instance, reducing the thickness of the intrinsic region while maintaining the same
QW structures would decrease the carrier transit time while preserving QW properties for
stimulated photon generation, amplification, and phase/intensity modulation. Similarly, reducing
the photomixer active area and thickness of the P/N layers as well as increasing their doping would
lower the RC time constant while maintaining the QW properties.

Leveraging the ultrafast carrier dynamics that support interband photon absorption, an optical
pump beam containing two frequency components separated by a terahertz frequency difference
can generate a terahertz photocurrent through photomixing. The frequency of the resulting
terahertz signal can be tuned by adjusting the optical beat frequency, frear, with the generated
terahertz power scaling quadratically with the induced photocurrent—up to saturation at high
reverse bias voltages and optical pump power levels. Similarly, by coupling a received terahertz
signal at fru: to a reverse-biased QW PIN photodiode that is simultaneously pumped with a
terahertz beat frequency, an intermediate frequency (IF) photocurrent is induced at |f7x: - foea|
through photomixing. By tuning the optical beat frequency near the terahertz frequency of interest,
the resulting IF signal falls within the radio frequency (RF) range. Using the studied GaAs/AlGaAs
QW heterostructures, we experimentally demonstrate interband photomixing in QW PIN
photodiodes as an efficient mechanism for frequency-tunable terahertz generation and detection,
achieving significant improvements in power efficiency and sensitivity over the state-of-the-art [ 1,
2]. Our findings have very important technological impacts because while quantum well PIN
photodiodes are well-established for photonic integrated circuit implementation, their potential for
terahertz generation and detection has yet to be realized in a monolithically integrated terahertz
optoelectronic platform. This limitation arises because previous studies have been limited to
photomixing schemes utilizing intersubband photon absorption in quantum PIN photodiodes,
which require pump photons in the long-wavelength regime (mid-infrared and terahertz), where
no monolithically integrated platform exists and there are many challenges preventing the
integration of essential system components—such as pump sources, detectors, amplifiers,
modulators, and passive optical components—onto the same substrate while operating at room
temperature. On the other hand, photomixers utilizing interband photon absorption in quantum
well PIN photodiodes have not been previously explored for terahertz generation and detection
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due to the misconception that the quantum well energy barrier restricts the ultrafast carrier
dynamics necessary for efficient operation. However, our studies on the ultrafast dynamics of the
carriers generated through interband absorption in quantum well structures reveal substantial
potential for the development of monolithically integrated terahertz sources and detectors,
seamlessly integrated alongside other optoelectronic components.

Future Plans

For the next steps of this research program, we plan to continue our investigation on quantum well
semiconductor heterostructures embedded in plasmonic nanostructures facilitating strong light
matter interaction. We also plan to study thermal characteristics of quantum well heterostructures
embedded in plasmonic nanostructures at high optical pump powers and investigate the
fundamental physical limitations of optical-to-terahertz conversion efficiency and terahertz
detection sensitivity. To suppress the negative impacts of joule heating on the quantum efficiency
of plasmonic photoconductors, we plan to investigate distributed and arrayed plasmonic
nanostructures.

Publications (March 2023- March 2025)
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Probing and understanding the spatial and energy distributions of plasmonic hot carriers
via single-molecule quantum transport

Kun Wang, University of Miami
Keywords: Single Molecules, Quantum Transport, Hot Carriers, Scanning Probe Microscopy

Research Scope

The overarching goal of this research is to experimentally P
probe and understand the steady-state distributions of hot carriers I YR
(highly energetic electrons and holes) generated in noble metal : % ‘
plasmonic nanostructures (PNs) (Fig. 1). Hot carriers produced in v ' é“‘
metallic nanostructures during plasmonic excitation are highly STTi';”
dynamic, and understanding their spatial and energy .3
characteristics is essential for advancing many hot carrier-driven N
applications in molecular electronics, photocatalysis, and . L
optoelectronics.! This research aims to develop a novel P‘E"""_?
experimental approach that leverages single-molecule quantum
transport properties to access and analyze hot carriers generated
in PNs. Central to this project is the utilization of quantum
transmission properties of carefully designed single molecules as Laser

highly selective energy filters for accessing hot carriers.> We Figure 1. Probing plasmonic hot
employ scanning tunneling microscopy (STM) break junction | carriers in a molecular transport
techniques to construct PN-molecule-tip transport junctions and | junction using STM  break
probe hot carriers in PNs made with different metal materials and | Junction technique.

geometries.
During the current research, we mainly focused on the development of the experimental
platform, design, synthesis, and characterization of suitable molecular candidates and establishing
an appropriate theoretical framework to understand the underlying physical mechanisms.
Recent Progress
The focus of the current research is to search for and design appropriate molecular candidates with
desired quantum transmission characteristics via combined theoretical and experimental
approaches, with the ultimate goal of establishing the molecular design guideline for favorable
molecular systems. The ideal molecular candidates for accessing plasmonic hot carriers are those
that possess transmission resonances near the Fermi level of noble metals (e.g., gold) under
ambient conditions. It is critical to be able to tune the relative position between the molecular
transmission resonances and metal Fermi energy as it will enable the study of hot carriers
distributed in different energy windows. Such desired transmission characteristics require an
extremely narrow bandgap and frontier molecular orbitals very close to the Fermi level under
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ambient conditions. However,
molecular materials with such
structural  and  transport
features  have  remained
inaccessible to date, despite
the extensive exploration of a
vast chemical space for over
two decades. Existing design
paradigms often produce
molecules that have relatively
large bandgaps and exhibit
off-resonant transport with
rather low transmission near
the Fermi energy (Fig. 2A).°

In our recent work (JACS
2025) 4 we report an
important experimental
breakthrough by presenting a

Conventional Design
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Figure 2. A. Schematics of transmission function of conventional design
of m-conjugated molecules in closed shell form. B. Transmission of our
newly developed neutral open shell diradical molecular system. C.
Synthesis of a model open-shell donor-acceptor molecules that yield
remarkably high electron transmission.
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Figure 3. A. Schematic of a single OSDA molecular junction
formed in the STM-BJ setup. B. 1D conductance histograms of
C. Transmission function
calculated using DFT-NEGF calculations for OSDA oligomers
with 4, 5, 6 and 7 repeat units. D. Representative conductance
vs. applied bias (G-V) traces for a ~20nm long OSDA molecule.

the single OSDA molecules.

model  molecular  system  that
overcomes the grand challenge that
limits the electron transmission
efficiency in  existing organic
molecules. In this study, we showed the
first experimental observation of
resonant charge transport across a
molecular length exceeding 20 nm in
air under ambient conditions (Fig. 3).
To elaborate on our approach, we
integrated emerging chemical design
paradigms and quantum transport
physics with single-molecule
characterization demonstrate
chemically robust, air-stable, and
highly tunable molecular wires
comprised of neutral open-shell donor-
acceptor (OSDA) molecules. This
molecular framework, poly(4-(4,4-
dihexadecyl-4H-cyclopenta[2,1-b:3,4-
b']dithiophen-2-yl)-6,7-dimethyl-
[1,2,5]thiadiazolo[3,4-g]quinoxaline,

to

exhibit remarkably high single-molecule conductance close to the ballistic conductance 1Go over
distances greater than 20 nm in the low-bias regime. Notably, these molecules show no discernable
conductance decay with increasing length, a non-ohmic behavior that is highly favorable yet
unattainable with conventional electronic materials. This new molecular platform significantly

104



exceeds the best-performing organic 0 T
materials in terms of electron transmission ¢ * ~
. . iy . .
efficiency, chemical stability, and transport & * L%
. . . . R

length (Fig. 4), making air-robust, highly %fz £

. . . =] Thi k
conductive molecular materials viable for 3 | &= ™= & ThEs Work (under mwebanical modmiation)

. . . Oligophenylene-bridged bisitriaryl )

various applications. g 1% Oligophenylens-bridged bis(tiarylamines) di-cation
Our first principle DFT theoretical 2% ¢ . 2 Cumuiene " '
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calculations further showed that the direct © = o Oligothiophenes
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long-range resonant transport arises from 6 Molecular graphene nancribbans
the synergistic combination of extended n- 0 ° ot ) 5 30

conjugation, very narrow bandgap, and
Jug Y £ap Figure 4. Comparison of the state-of-the-art n-conjugated

OPen__SheH. electronic  structure (lje" molecules with our newly developed OSDA molecular
diradicaloid character), which | gystems (red).

synergistically enable excellent alignment
of frontier molecular orbitals with the electrode Fermi energy in the low-bias regime (Fig. 3C and
3D). Notably, this work provides the first experimental evidence that electronic wires made of
single organic molecules can facilitate highly efficient ballistic quantum transport across several
tens of nanometers. We established the basis for simultaneously achieving multiple highly desired
properties in organic materials, including ultra-high conductance, air-robustness, operability at
low bias, and compatibility with ambient conditions. Unlike existing radical systems, these OSDA
molecules are neutral in their native “undoped” form and chemically stable in air, making them
compatible with solid-state PN devices that will be used in this project.

In addition, to exploit the rich electronic effects arising from metal d-orbitals, we also investigated
the design of an emergent dn-pm conjugated carbolong metallaaromatics system. The unique
feature of these carbolong molecules is the dn-pn conjugation from the metal-carbon polydentate
chelation. In this study, the monomeric unit contains an osmium metal center that feature Craig-
type aromaticity, yielding high structural robustness and excellent transport properties. We
investigated a series of carbolong molecules with monomers connected in two geometric
orientations: “front-to-back” and “back-to-back”. Interestingly, their molecular conductance
increases exponentially with the increase of molecular length, which is in contrast to an
exponential conductance decay observed in previously reported organometallic systems. In
addition, we introduced an effective way to enhance their transport performance via protonation.
We showed that after the protonation of the osmium metal centers, two intriguing effects arise: 1.
the protonated molecules show higher conductance, and the degree of conductance enhancement
increases with the increase of molecular length. 2. current rectification emerged only in protonated
molecules, and the rectification ratio also enhances with the increase of molecular length. Such
features imply that the bandgap of this dn-pm conjugated metallaaromatics system can be tuned by
the molecular length while maintaining a high electron transmission. These features are highly
desirable for probing hot carriers since they offer opportunities to access hot carriers at different
energy windows.
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Future Plans
To further advance the project’s objectives, we plan to undertake the following activities as next
steps:

e Expanding molecular libraries for plasmonic hot carrier studies via optimizing the newly
developed OSDA molecular system and continuously investigating new molecular systems
and developing strategies to manipulate the molecular transmission feature.

e Integration of suitable molecular candidates with hot carrier characterizations in the STM
break junction setup

e Fabrication and optimization of gold plasmonic nanostructures

e Developing temperature control approach and single-molecule thermoelectric
measurement.
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Data-Driven and Computationally Assisted Design of Near-Infrared Emissive Metal-
Organic Complexes with Earth-Abundant Metals.

Svetlana Kilina (North Dakota State University), Dmitri Kilin (North Dakota State
University), Bakhtiyor Rasulev (North Dakota State University), Wenfang Sun (University
of Alabama)
Keywords: photophysical properties, machine learning, emission, transition metal complexes.
Research Scope
Understanding the optical properties of metal-coordinated complexes is essential for their use as
photosensitizers and red to near-infrared (NIR) emitters, with potential applications in
photocatalysis, photovoltaics, bioimaging, and photodynamic therapy. Despite recent advances,
new organic emitters are still needed — ones with fewer stereoisomers, stronger NIR absorption
and emission, and lower cost using earth-abundant elements. Our research focuses on identifying
design principles for abundant metal complexes (AMCs) by modifying ligand types, ligand
substituents, and metal centers to enhance their photophysical properties. The goal is to increase
absorption and emission in the NIR spectral region, improve emission quantum yields and
radiative lifetime, and reduce nonradiative decay pathways. To achieve this, we are developing an
integrated methodology that combines experimental data, quantum chemical calculations
(TDDFT), machine learning (ML), and cheminformatics. This approach enables us to uncover the
structural features that drive NIR absorption and emission, guiding the rational design of novel
NIR-active complexes based on earth-abundant metals, such as Cu(I) and W(0). The optical
performance of these complexes is
also benchmarked against more
widely used Ir(IIl)- complexes' and
semiconductor-based® NIR emitters.
Recent Progress
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Fig. 1: Structure and UV-Vis absorption spectra of selected Cu(I)
complexes measured and calculated in CH,Cl,, and electron-hole
pairs contributing to the lowest optical transitions showing MLCT.
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(the lowest-energy optically bright
transitions) in both the Cu(I) and W(0)
complexes gradually red-shifted, Fig. 1a
and 2a However, for the ligands with the
same number of aromatic rings,
depending on the position of
benzannulation, the MLCT bands were
either red or blue-shifted, Fig. 1c-e.

The W(L23pr) and W(L24pr) complexes
with 2-(pyrid-2-yl)(benz)imidazole ligand
show NIR emission in THF, toluene, and
dichloromethane solvents, uncovering
their potential as NIR-emitters. However,
the emission of these complexes is weak.
TDDFT shows that using diamine-based
L14 and L15 or pyridocarbazole-type
(Pycbz) ligands even stronger redshifts
absorption and emission bands to NIR.
Replacing 1-2 carbonyls with pyridine or
bipyridine in W(0) complexes further
redshifts the spectra from 600-650 nm to
700-1000 nm, while highly enhancing the
optical activity of the lowest transitions,
promising efficient emission. TDDFT
calculations with included spin-orbit
couplings (TDDFT-SOC) show strong
triplet (T) and singlet (S) mixing in the
lowest optically active transition in Cu(I)
with pyridyl-imidazole (L23pr-L29pr),
predicting good phosphorescence in these
complexes. However, this mixing is
minimal in W(0) complexes with similar
ligands, resulting in weak emission.

Leveraging these results, based on our
previous DFT-based predictions for In(III)
complexes® and ML model developed by
our team for boron-dipyrromethene* and
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Fig. 2: Structure and UV-Vis absorption spectra of W(0)
complexes measured (a)-(b) and calculated (b)-(c) in
CH,Cl,, and electron-hole pairs showing MLCT character

in the lowest optically active transition.

Ir(IIT) complexes®, we conducted DFT-based calculations for additional 50 hypothetical Cu(I)
complexes coordinated by various derivatives of dipyrrin-based ligands (Fig. 3). Subsequently, a
ML-based Quantitative Structure-Property Relationship (ML/QSPR) model was developed that
can reliably predict the absorption wavelength and oscillator strength of Cu(I) complexes, laying
the groundwork for high-throughput virtual screening of optical properties of these complexes. To
explain the differences in photophysics across structurally diverse individual Cu(I) complexes, the
relation between the ML/QSPR models and molecular descriptors was analyzed, revealing
contributions of specific properties like polarizability effects, aliphatic chains connected to
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heteroatoms, and molecular size and branching to target properties. Furthermore, a large virtual
library was developed to screen thousands of hypothetical Cu(I) complexes to find most effective
ones to guide future synthesis. Overall, our approach has shown great potential for rational design
of novel Cu(I) complexes with optical response at the NIR range of 650-750 nm.

Future Plans

While significant progress has been made toward most project goals, additional effort is needed in
predicting and synthesizing new Cu(I) and W(0) complexes with strong NIR emission. To address
this, the following steps will be done: (1) The developed ML/QSAR models will be improved with
using emission descriptors from our DFT calculations and experimental data to screen a virtual
library and suggest structural features that contribute best to the target properties.

(2) We also identified an alternative strategy to enhance emission. In Cu(I) complexes with
pyrrolidine derivatives, strong singlet—triplet mixing in the lowest MLCT-type transition, along

Fig. 3: The outline of ML modeling procedure and the correlation plot between the observed and predicted values
of absorption wavelength and oscillator strength for Cu(I) complexes with dipyrrin-based ligands.
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with a small energy gap between these states, create favorable conditions for thermally activated
delayed fluorescence (TADF), which is known to significantly enhance internal quantum
efficiency and photoluminescence quantum yield (PLQY). We plan to apply the photoexcited
dynamics ° to these Cu(I) complexes to estimate the rates of singlet-to-triplet intersystem crossing
and triplet-to-singlet back intersystem crossing, in order to predict the efficiency of TADF in these
complexes. If this effect proves efficient, it will offer a promising approach to achieving strong
NIR emission in Cu(I) complexes, which our experimental team will synthesize and characterize.
(3) Cu(l) complexes can be chemically modified with chiral substituents, enabling circularly
polarized luminescence (CPL) and merging CPL with TADF, leading to novel CP-TADF emitters.
Cu(I)-based CP-TADF emitters are rare, especially in the NIR range, but they have significant
potential for applications in CP-active organic light-emitting diodes (CP-OLEDs), advanced 3D
displays, enantioselective catalysis, spintronics, information encryption, and chiral sensing.
Emitters based on Cu(I) complexes offer strong advantages, combining TADF or
phosphorescence, adjustable emission, easy synthesis, low cost, and the non-toxic nature of
copper. We plan to generate DFT-base data on such emitters and processes these data in ML
training and screening to uncover structure-property relationships and navigate rational synthesis
of Cu(I)-based CP-TADF emitters.

predicted A inm)

109



References

1. X. Sun, H.D. Cole, G. Shi, V. Oas, A. Talgatov, C.G. Cameron, S. Kilina, S.A. McFarland, and W.
Sun, Hypoxia-Active Iridium(Ill) Bis-terpyridine Complexes Bearing Oligothienyl Substituents: Synthesis,
Photophysics, and Phototoxicity toward Cancer Cells, Inorganic Chemistry 63, 21323-21335 (2024).

2. H.R. Qu, Y.L. Han, J. Fortner, X.J. Wu, S. Kilina, D. Kilin, S. Tretiak, and Y.H. Wang, 2+2
Cycloaddition Produces Divalent Organic Color-Centers with Reduced Heterogeneity in Single-Walled
Carbon Nanotubes, Journal of the American Chemical Society 146, 23582-23590 (2024).

3. A.Forde, L. Lystrom, W.F. Sun, D. Kilin, and S. Kilina, Improving Near-Infrared Emission of meso-
Aryldipyrrin Indium(I1l) Complexes via Annulation Bridging: Excited-State Dynamics, Journal of
Physical Chemistry Letters 13, 9210-9220 (2022).

4. G.M. Casanola-Martin, J. Wang, J.-g. Zhou, B. Rasulev, and J. Leszczynski, Chemical Feature-Based
Machine Learning Model for Predicting Photophysical Properties of BODIPY Compounds: Density
Functional Theory and Quantitative Structure—Property Relationship Modeling, Journal of Molecular
Modeling 31, 18 (2024).

5. A. Karuth, G.M. Casanola-Martin, L. Lystrom, W. Sun, D. Kilin, S. Kilina, and B. Rasulev, Combined
Machine Learning, Computational, and Experimental Analysis of the Iridium(Ill) Complexes with Red to
Near-Infrared Emission, The Journal of Physical Chemistry Letters 15, 471-480 (2024).

Publications

1. X. Sun, H.D. Cole, G. Shi, V. Oas, A. Talgatov, C.G. Cameron, S. Kilina, S.A. McFarland, and W.
Sun, Hypoxia-Active Iridium(Ill) Bis-terpyridine Complexes Bearing Oligothienyl Substituents: Synthesis,
Photophysics, and Phototoxicity toward Cancer Cells, Inorganic Chemistry 63, 21323-21335 (2024).

2. H.R. Qu, Y.L. Han, J. Fortner, X.J. Wu, S. Kilina, D. Kilin, S. Tretiak, and Y.H. Wang, 2+2
Cycloaddition Produces Divalent Organic Color-Centers with Reduced Heterogeneity in Single-Walled
Carbon Nanotubes, Journal of the American Chemical Society 146, 23582-23590 (2024).

3. A.Forde, L. Lystrom, W.F. Sun, D. Kilin, and S. Kilina, /Improving Near-Infrared Emission of meso-
Aryldipyrrin Indium(I1l) Complexes via Annulation Bridging: Excited-State Dynamics, Journal of
Physical Chemistry Letters 13, 9210-9220 (2022).

4. G.M. Casanola-Martin, J. Wang, J.-g. Zhou, B. Rasulev, and J. Leszczynski, Chemical Feature-Based
Machine Learning Model for Predicting Photophysical Properties of BODIPY Compounds: Density
Functional Theory and Quantitative Structure—Property Relationship Modeling, Journal of Molecular
Modeling 31, 18 (2024).

5. A. Karuth, G.M. Casanola-Martin, L. Lystrom, W. Sun, D. Kilin, S. Kilina, and B. Rasulev, Combined
Machine Learning, Computational, and Experimental Analysis of the Iridium(Ill) Complexes with Red to
Near-Infrared Emission, The Journal of Physical Chemistry Letters 15, 471-480 (2024).

6. Y. Han, T. Vazhappilly, D.A. Micha, D.S. Kilin, Relaxation of Photoexcited Electron—Hole Pairs at
Si(111) Surfaces with Adsorbed Ag Monolayered Clusters of Increasing Size, The Journal of Physical
Chemistry Letters, 16 (2025) 2905-2913.

7. G. Casanola-Martin G, G. Tiffany G, O. Eniodunmo, V. Oas, M. Jabed, W. Sun W, D. Kilin, S. Kilina,
and B. Rasulev. Accelerating the Design of Cu(l) Complexes with Near-Infrared Absorption by
Interpretable Machine Learning Approaches. ChemRxiv. 2025; doi:10.26434/chemrxiv-2025-pcrnp.

110



Session X1V




Enabling Reversible Hydrogen Storage and Transfer with Graphene-Based Carbon—
Boron-Nitrogen Materials.
Tom Autrey, Zbynek Novotny, Peter Rice, Zdenek Dohnalek, Bojana Ginovska, Michel
Sassi, Maria Sushko
Pacific Northwest National Laboratory

Research Scope
Our research aims to develop a fundamental
understanding of how the presence of well-characterized
functional sites in two-dimensional materials influences
hydrogen activation and transport. We focus on nitrogen
doped carbon (CN) and boron—nitride (BN) materials to
inform design principles that control hydrogen reactivity
and binding energetics, ultimately enabling novel
approaches for large-scale energy storage to enhance
long-term grid reliability. Although hydrogen is available
from several sources, its reversible storage involves
complex interfacial interactions. A significant hinderance
is our limited understanding of the diverse hydrogen
species (H*, H-, and He), their energetics, and dynamics
at interfaces. To address this, we combine experimental
techniques, ranging from atomic-resolution tools for
supported materials to multi-scale analysis for solution-
prepared free-standing materials, with computational analysis to investigate these phenomena at
atomistic level. Two-dimensional materials, such as CN and BN, are of particular interest due to
their lightweight nature, scalability, and earth-abundant element composition. However, practical
applications are hindered by kinetic limitations in hydrogen diffusion and surface recombination,
which necessitate atomic rehybridization. This program targets key gaps in our knowledge of
efficient H> activation and reversible storage on CN and BN matrices. Advancing this
understanding will support the development of scalable energy storage solutions, contributing to
reliable and secure energy technologies.
Recent Progress
Identifying spatially segregated nitrogen dopant sites on graphene/Ru(0001).[Ref. 4]
Understanding and controlling doping sites, their coordination environment, and spatial
distribution in graphene (Gr) and related 2D materials are critical for tailoring their physical
behavior and propensity for hydrogen storage applications. We investigated nitrogen doping in Gr
on Ru(0001) using nitrogen ion implantation followed by annealing, successfully tuning the
concentrations and distribution of graphitic (GN) and pyridinic (PN) nitrogen sites. Through a
combination of high-resolution scanning tunneling microscopy (STM) imaging, X-ray
photoelectron spectroscopy (XPS) characterization, and density functional theory (DFT)

Synthesis Experiment Simulations
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Y | '
I | l E distribution of GN and PN

as I
o O

A thermodynamic phase
diagram  was  developed,

1.264 eV -atom '

1
o«
o

Energy / eV-atom"

showing the relative stabilities
- of GN and PN across the Gr
e moiré. GN was found to be the
most stable, favoring the center
of the atop region of the moire¢,
while PN was stabilized by

Figure 1. (a) Low- and (b) high-resolution STM images of nitrogenion  clustering at  boundaries
irradiated graphene surface annealed to 1100 K. Dark spots in the valley  petween the FCC and HCP

region of the moir¢, attributed to pyridinic nitrogen (PN), are highlighted
with blue arrows. (¢) DFT calculated formation pathway as the number of 1
surrounding PN species is increased from one to three. The graphical )-

inserts indicate the position of each

regions (blue arrows in Figure
The unambiguous
defect, while the simulated assignments provide us with an

STM images for each motif. The blue arrows highlight the position with ~ opportunity to investigate the

the darkest STM image contrast. The ball

Ru (silver), C (green), and N (blue) atoms.

benchmark computational prediction
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of thermodynamic stability as proposed in the Future Plans.

Synthesis and characterization of segregated N motifs in solution synthesis of N-doped carbon
materials. [Ref. 5] We used a combination of experiment and theory to develop a novel approach
to characterize a series of 2D carbon materials to gain insight into the mechanism of molecular
hydrogen activation at ambient temperatures. The free-standing NC materials are made from a

graphitic carbon nitride template and
glucose as a carbon source by a
hydrothermal synthesis. The
precursor complex is annealed at
temperatures between 700 °C
(NC700) and 900 °C (NC900) to
modify the ratio of GN and PN
functionality. Figure 2 provides a
comparison of the experimental and
calculated XPS of C 1Is binding
energies and provides insights into
the arrangement of the N-doped
functional groups in the NC700
sample. A key outcome was to
provide evidence for the formation
of segregated CN3 sites that are
predicted to modify the electronic
properties of the carbon [1], and are
proposed to be key structural
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Figure 2. Simulated XPS C 1s spectrum and the fitting of C 1s
spectrum of NC700 based on theoretical peak assignment. Peaks at
284.7, 286.2, 288.4, and 290.7 eV correspond to C=C, CN1/C=0,
CN2/CN3, and n-n* species, respectively. Carbon atoms are shown
as cyan spheres and N atoms as blue spheres in the structures of
clusters with pyridinic (orange border) and graphitic (blue border) N.
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features leading to the activation of molecular H2 [2]. The ability to control and identify the N-
motifs in these solution-synthesized N-doped carbon materials will assist our studies to evaluate
the structure-reactivity relationships to reversible activation of molecular hydrogen.
Thermodynamics of molecular hydrogen activation by defects in hexagonal boron nitride. [Ref. 6]
Defects in hexagonal boron nitride (h-BN) that split molecular H> heterolytically across adjacent
BN sites have been reported in the literature [3], however, there is little insight into the stability or
feasibility of forming adjacent defective BN sites in h-BN materials. Our DFT simulations, in
combination with ab initio thermodynamics, predict that the most likely sites to activate Hz in the
defects of h-BN materials are composed of adjacent N-B-N or B-N-B sites (Figure 3). For small
defect sizes, we find that hydrogen preferentially binds to a pair of nitrogen sites, and if no N sites
are available, then boron sites would be the next to bind hydrogen. Hydrogen dissociation via
Frustrated Lewis Pair (FLP) is found to be favorable only if the defect size is large enough to
overcome steric effects. These results provide new insights into hydrogen activation in defective
h-BN materials, suggesting both heterolytic and homolytic hydrogen activation. Experimental
EPR and NMR works are in progress to confirm both the strongly and weakly bound hydrogen
predicted by our computational results.

Future Plans
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Figure 3. (a) Hydrogenation energy of the defects as a function of hydrogen loading, calculated using the defect-
free h-BN as a reference, and (b) visual representation of the most energetically favorable hydrogen configurations
for H, splitting in defects.

We have made significant progress in our efforts to control and characterize the functionality of
nitrogen dopants, i.e., graphitic and pyridinic N, in both free-standing and supported 2D carbon
materials. With this insight, we are investigating structure-reactivity relationships between
(1) molecular hydrogen and the graphitic and pyridinic N features in 2D graphene materials, and
(i1) liquid organic hydrogen carriers (LOHCs), e.g., pyridine and benzene with the same structural
features.
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Currently, we are investigating the stability and spatial distribution of GN and PN functional
groups on highly oriented pyrolytic graphite (HOPG) using nitrogen ion irradiation, similar to the
approach used for N-doped Gr on Ru(0001). By performing high-resolution STM imaging, we
will progress towards our main goal of understanding GN and PN interactions with hydrogen on
both Gr/Ru(0001) and HOPG, aiming to uncover the fundamental descriptors, i.e., paramagnetism,
antiferromagnetism, and conduction electrons, and how they are controlling reversible hydrogen
adsorption and release from N-doped carbon materials. We aim to understand how nitrogen
dopants enhance hydrogen stability and how co-adsorbates, such as water, facilitate hydrogen
diffusion on carbon-based materials. Preliminary studies indicate that hydrogen binds to pyridinic
N (PN) with stability up to 573 K, while binding to graphitic N is weaker, with full desorption
observed below 223 K (Figure 4). We will use temperature programmed desorption, XPS, STM,
and DFT to develop a detailed mechanistic understanding of hydrogen stability, its spatial
distribution on the surface, diffusion mechanisms, and re-combinative desorption kinetics.
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Figure 4. Comparison of hydrogen atom affinity for nitrogen motifs in N-doped HOPG and free-standing N-doped
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Photoelectrochemistry of Organic-Inorganic Metal Halides: from Stability to Chirality
Yiying Wu, The Ohio State University, Columbus, Ohio
Keywords: hybrid semiconductors; photoelectrochemistry; chirality; spin-polarized photocurrent;

Research Scope

This project focuses on conjugated organic-inorganic metal halides (OIMHs) as promising

semiconductor materials for fundamental studies of
photoelectrochemical ~ (PEC)  properties  and
applications that harness light to drive chemical
reactions or generate electricity. Conjugated OIMHs
incorporating aromatic quaternary ammonium groups,
such as viologens, exhibit enhanced stability in
aqueous environments and offer small, tunable
bandgaps through charge-transfer excitation. In
addition, the project will investigate the PEC
properties of chiral OIMHs. Building on the previously
observed chirality-induced spin selectivity, we
hypothesize that photoexcitation of chiral OIMHs may
generate  spin-polarized photocurrents, enabling
applications in enantioselective recognition and
asymmetric organic synthesis. Furthermore, the
development of new chiral semiconductors is expected
to contribute to broader areas of fundamental materials
science, including spintronics.

Recent Progress

A central theme of this project is to investigate how the
design of organic cations impacts the crystal structures,
optoelectronic properties, and photoelectrochemical
performance of OIMHs (Figure 1). We demonstrated
that Zincke reactions provide a general and tunable
synthetic platform for growing new conjugated organic
cations, highlighting the importance of expanding the
synthetic toolbox. We elucidated how secondary
structural features of cations, such as hydrogen
bonding and dihedral angles, influence the
dimensionality, symmetry, and electronic properties of
OIMHs. We developed water-stable, chiral, small band

Design of Organic Cations
(Conjugation, Chirality, 2"
Structure, Dielectric)

Structure of OIMHs
(Dimensionality, Symmetry,

Bandgap, Stability)

Properties and Applications
o Exciton
o Light-driven reactions
o Chiralinduction
o Spin-polarized photocurrent

Figure 1. Design of conjugated organic
cations  controls  the  structural
dimensionality, symmetry, and
optoelectronic properties of OIMHs,
enabling new opportunities for stable
photoelectrochemical energy
conversion, spintronic functions, and
photoredox catalysis.

gap OIMHs exhibiting broad circular dichroism responses, enabling new opportunities for
spintronic and chiral optoelectronic applications. We achieved stable photoelectrochemical
operation of conjugated OIMHs in polar electrolytes, overcoming a major barrier to their practical
use. Furthermore, we expanded the application scope of OIMHs to include photoredox catalysis
and hydrogen generation, highlighting their potential for solar-driven synthesis of valuable

chemicals.
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1. Chiral Methylbenzylpyridinium-Based Organic—Inorganic Lead Halides for Water-
Resistant Photoluminescence Materials

We demonstrated that Zincke reactions provide a general and versatile synthetic strategy to access
chiral N-substituted pyridinium salts, specifically (R)/(S)-methylbenzylpyridinium (R/S-MBnP)
chloride, and their corresponding 1D chiral OIMHs, (R/S-MBnP)PbXs (X = CI, Br, I). The
chirality of both the organic salts and the resulting OIMHs was confirmed by circular dichroism
(CD) spectroscopy, and single-crystal X-ray diffraction (XRD) revealed their crystal structures.
Photoluminescence (PL) spectra, PL decay lifetimes, and water stability monitored by powder
XRD established key optoelectronic and stability properties. This work highlights Zincke reactions
as a broadly tunable and powerful synthetic platform for designing conjugated organic cations,
offering a critical pathway for expanding the materials library for chiral OIMHs and advancing
their PEC applications.

2. Understanding the Composition—Structure Relationship of Hybrid Organic Lead lodides:
Impact of Secondary Structures of Organic Cations

To further understand and control the structure—property relationships in OIMHs, we investigated
how the secondary structures of organic cations, driven by noncovalent interactions such as
hydrogen bonding, influence the dimensionality and properties of hybrid organic lead iodides.
Using alkoxy-ammonium salts as a model system, we systematically studied how NH---O
hydrogen bonding induces folding into ring structures, increasing steric hindrance at the
ammonium terminus and reducing the material dimensionality. Notably, seven-membered folded
rings exhibited the strongest intramolecular hydrogen bonding. The emergence of chirality through
folding suggests a novel route for creating symmetry-breaking materials. In a parallel study, we
demonstrated that the dihedral angle between adjacent aromatic rings in conjugated cations, such
as in 2,2'-dimethyl bipyridinium, critically affects the formation of distinct crystal structures and
band gaps. These results establish that secondary structural elements—including hydrogen
bonding and torsion angles—provide new handles for tuning the structures and electronic
properties of OIMHs.

3. Chiral Viologen-Derived Water-Stable, Small Band Gap Lead Halides: Synthesis,
Characterization, and Optical Properties

We developed three pairs of chiral, water-stable OIMHs based on chiral viologen derivatives.
These materials feature low-dimensional (1D and 0D) structures with small band gaps (~2 eV).
CD spectroscopy of transparent thin films revealed broad CD responses covering most of the
visible spectrum. Importantly, even though the chiral center is separated from the pyridinium unit,
chirality was successfully transferred into the band gap and exciton absorption regions, likely
through chiral crystallization. This design strategy opens new directions for creating low-
dimensional chiral semiconductors with potential applications in broadband circular
photodetectors and spin-selective PEC devices.

4. Photoelectrochemistry of Methylviologen Lead lodide: Achieving Stability in Polar
Solvents

We established that methylviologen lead iodide (MVPb:ls) functions as a stable, unprotected
photoelectrode in an acetonitrile-based polar electrolyte. Its charge-transfer absorption reduces the
band gap to 2.1 eV, making it an effective solar absorber. Stability tests showed only 28%
photocurrent decay after 15 hours of continuous operation under 1 sun illumination and applied
anodic bias toward iodide oxidation. Energetics were determined via cyclic voltammetry, and
degradation pathways were probed through SEM and rotating ring-disk electrode (RRDE)
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techniques. This work demonstrates that viologen-based conjugated 1D OIMHs can achieve
stability and functionality in polar environments, directly supporting the project's goal of
developing practical PEC materials.

5. Photocatalysis of Methylviologen Lead Iodide for Photoredox Organic Transformations
and Hydrogen Generation

We further expanded the functional scope of MVPb:ls by demonstrating its photocatalytic activity
for selective organic transformations and hydrogen evolution (Figure 2). Using MVPb:ls, we
successfully photocatalyzed the reduction of 4-acetylpyridine, taking advantage of the material’s
suitable conduction and valence band positions and the proton-coupled electron transfer enabled
by polar protic solvents. The crystalline structure remained intact after catalytic cycles, indicating
excellent robustness. Beyond organic synthesis, MVPb:ls also exhibited long-term stability for
photocatalytic hydrogen generation under light irradiation. These results establish MVPb:ls as a
versatile and durable platform for photoredox catalysis and renewable energy applications. Further
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Figure 2. Photocatalytic reduction of aromatic ketone using MVPbzls. (a) Schematic
reaction mechanism; (b) PXRD of MVPbuls powders before (red) and after (black)
photocatalvtic reactions.

mechanistic studies and substrate scope expansions are ongoing.

Future Plans

Our next goal is to establish chiral 1D conjugated organic-inorganic metal halides (OIMHs) as a

materials platform for spin-polarized photoelectrocatalysis. Traditional semiconductor

photoelectrochemistry explores the interaction between light and semiconductor materials to drive

electrochemical reactions. However, existing approaches do not control the spin state of photo-

generated charge carriers, limiting reaction selectivity and efficiency. Chiral semiconductors

provide a pathway to address this gap, offering new opportunities in spin-optoelectronics and spin-

selective catalysis.
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Elucidating Chirality-induced Magnetism and Magnetoelectric Functionalities in Layered
Chiral Hybrid Metal Halide Perovskites

Dali Sun, Department of Physics, North Carolina State University
Keywords: Chiral materials, chirality-induced spin selectivity, chiral phonons, magnetism,
ferromagnetic resonance, magneto-optical Kerr effect.

Research Scope

2D layered Hybrid Metal Halides (2D-HMHs) are a new class of synthetic semiconductors
prepared by low-temperature solution processing with a large chemical and structural ‘universe’
benefiting from their synthetic versatility. By implanting chiral organic cations into the HMH
superstructure, the 2D-chiral-HMH would simultaneously exhibit ferromagnetic, ferroelectric, and
magnetoelectric functionalities stemming from a Chirality-Induced Spin Selectivity (CISS) effect
that may not be subject to thermal fluctuations. The goal of this program is to elucidate the
fundamental origins of chirality-induced magnetism via the CISS effect and electrical control in
hybrid chiral materials. To date, we focused our efforts on developing a suite of sensitive detection
themes based on spin-orbitronics, ferromagnetic resonance, and magneto-optics to probe the CISS-
induced spin transport and magnetoelectric functionalities in hybrid materials.

Recent Progress

[1] “Colossal anisotropic absorption of spin currents induced by chirality” — Probing
chirality-induced spin polarization in chiral materials upon pure spin current excitation.

The CISS effect, which relates the electron’s spin to the chirality of material structure, is of
profound importance in contemporary scientific research [1]. This captivating phenomenon, where
structural chirality dictates the preference for one electron spin orientation over another, represents
a crucial bridge between seemingly disparate realms: the intricacies of quantum spin behavior and
the tangible world of non-magnetic chiral materials and devices. Harnessing this fascinating
phenomenon and demonstrating the rich interplay of chirality and spin in a variety of emerging
chiral semiconductors promises to reveal novel chirality-enabled spin transport properties, paving
a new pathway for next-generation, low-power spintronic applications.

Recently, a rapidly rising topic about anisotropic damping factors in the field of
spintronics has become compelling. The damping factor in a ferromagnet is the most crucial aspect
of understanding the spin transport and absorption properties adjacent to non-magnetic materials;
and for designing efficient spin transfer torque devices. One key aspect of anisotropic damping is
its role in tailoring magnetic switching speeds at which magnetic dynamics of the ferromagnet can
be actively controlled [2]. Until now, due to stringent requirements of high-quality, single-crystal
epitaxial growth of ferromagnet layers on crystal substrates, the observation of anisotropic
damping has been restricted to a few magnetic materials.

CISS implies that the spin preference of chiral structures persists upon injection of pure
spin currents and can act as a spin analyzer without the need for a ferromagnet. Here we
demonstrate the emergence of exceedingly large, colossal anisotropic non-local Gilbert
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Figure 1. (a) Schematics of the colossal anisotropic spin absorption in chiral materials. In a chiral material, injected
spin current Js flows along the direction of the material's chiral axis. The transmission of Js through the interface
with spin polarization parallel to the material's chiral axis is greatly enhanced (green traffic light) compared to that
with spin polarization perpendicular to the chiral axis (red traffic light), resembling a ‘chiral gateway’ for spin
current transport. (b) Schematic of the spin current transport in chiral channel characterized by ferromagnetic
resonance measurement. A pure spin current diffuses from the FM, through the Cu layer, and then into the chiral
metal oxide. (¢) Field angle 6y and frequency dependence of linewidth for NiFe/Cu/L-CuOx. The derived damping
factor significantly increases and exhibits a nonlinear behavior when the field angle is rotated toward the chiral axis
of L-CoOx. (d) Schematic diagram of the spin current transport in chiral channel characterized by the pump-probe
time-resolved magnetic-optical Kerr effect (TR-MOKE) technique. (¢) The extracted effective damping factor o
as a function of +H at varied field angle 6y, showing a similar nonlinear response as that in the FMR measurements.
Reproduced from Science Advances 10, adn3240 (2024).

damping factors (experimental value of ~1000% and theoretical value of ~ 3000%) in
ferromagnet/chiral metal oxide (chiral-CuOx) heterostructures, a phenomenon that is absent in the
achiral counterpart. We find that the Gilbert damping in a chiral cobalt oxide film exhibits a
maximum (minimum) value when the direction of the spin polarization is parallel (perpendicular)
to the chiral axis (Fig. 1a), whereas an achiral analog of the cobalt oxide film shows isotropic
damping. By rotating the magnetization orientation of the FM from the in-plane to the out-of-plane
direction, a twofold symmetry of the anisotropic damping manifests and displays a maximum-
minimum ratio of ten times (Fig. 1b-e). The substantial tunability of the non-local damping factor
heralds a paradigm shift in design strategies for improving the performance of spin devices, i.e.,
faster magnetic switching and larger spin injection efficiency for spin field effect transistors, and
terahertz emitters, among others.

A similar concept has been readily applied to the CISS effect in chiral-HMH thin films.
Layered-HMH systems provide a unique platform for exploiting chirality-related phenomena due
to their ordered, tunable, and diverse structures, which can be engineered for the desired broken
symmetry and/or chirality. While the CISS effect has been successfully demonstrated in a variety
of chiral-HMH films, the key question is which structural asymmetry (i.e., chirality) directly
contributes to the CISS: is from the chiral center of organic cations or the crystal space group
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formed by the tilted metal halide octahedral? Here, we seek to address this fundamental question
via precise control over chirality and pure spin absorption in selected HOISs. We designed a set
of zero-dimensional (0D) HOIS materials: [S-MBA]4Bi2Clio and [R-MBA]4Bi2Clio, where MBA
is a-methylbenzylammonium. These hybrid solids feature a unique orthogonal alignment between
the local chiral axis of individual organic chiral cations and the global screw axis of the entire
crystal lattice (Fig. 2a). This decoupling of local chiral axis and global screw axis provides an
opportunity to disentangle the contributions of the distinct mechanisms responsible for the
observed spin absorption behavior. To quantify the chirality-induced anisotropic spin absorption,
following our previous approaches, the FMR technique is applied, where externally excited
angular momentum is transferred from a FM layer to an adjacent chiral-HMH film. When an
enhanced spin absorption in the HMH occurs, the non-local Gilbert damping factor increases
which can be directly probed by the linewidth of the FMR peak. By controlling the polarization of
the injected spin using an external magnetic field, we studied the anisotropic spin absorption in
these heterostructures. We observed a greatly enhanced spin absorption across both the
NiFe/Cu/(S/R)-HMH samples. The derived damping factor exhibits a strong non-linear behavior
when the spin polarization is tilted towards the chiral axis of the organic cations (i.e., further away
from the in-plane screw axis direction) and a stronger damping factor is detected (Fig. 2¢-d). These
findings highlight the critical role of chiral organic cations in the anisotropic spin absorption,
driven by their direct interaction with spins, as corroborated by the symmetry analysis for the
chiral-HMH structure using continuous chirality measures calculations.
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Figure 2. (a) Schematic of the zero-dimensional (MBA)4Bi,Cl;o HOIS with non-collinear chiral and screw axes.
The vertical direction of the schematic diagram is in-plane direction, and the horizontal one is out-of-plane. The
P2, (MBA)4Bi,Clio HOIS crystal possesses a single in-plane screw axis, whereas the chiral organic cation exhibits
a spatially non-collinear chiral axis relative to this screw axis. (b) Schematic illustration of the anisotropic spin
absorption in NiFe/Cu/chiral-HMH heterostructures measured by FMR. (c-d) Field angle 6y and frequency
dependence of linewidth for NiFe/Cu/[S-MBA]4Bi,Clio and NiFe/Cu/[R-MBA]4Bi,Clio, respectively. The derived
damping factor significantly increases and exhibits a nonlinear behavior when the field angle is rotated toward the
chiral axis of organic cations instead of the screw of axis, indicating the chiral organic cations plays the dominant
role in determining anisotropic spin absorption.
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[2] “Giant interfacial spin Hall angle from Rashba-Edelstein effect revealed by the spin Hall
Hanle process” — Observation of interfacial Rashba effect at the interface of multiferroics/heavy
metal heterostructure using developed spin Hall Hanle effect technique.

Spin-Hall Hanle effect (SHHE) [3] is utilized to study the spin accumulation at the Pt/ferroelectric
interface due to the Rashba—Edelstein (REE) effect, where the ferroelectrics are hexagonal ferrites
and manganites. We demonstrate REE at Pt/ferroelectric interfaces by showing a positive
correlation between polarization and spin Hall angle in the recently elucidated SHHE, in which a
Larmor precession of spin polarization in a diffusion process from the interface manifests as
magnetoresistance and Hall effect. We show that REE leads to a large enhancement of the effective
spin Hall angle of ferroelectric interface Pt/h—LuFeOs, without obvious differences in the spin
relaxation time. Our results demonstrate that a ferroelectric interface can produce large spin-charge
conversion and that SHHEs are a sensitive tool for characterizing interfacial spin-transport
properties. The successful demonstration of giant spin Hall angle from this Rashba effect offers a
reliable characterization tool for probing the chirality-induced Rashba/Dresselhaus effect in
various chiral insulators/semiconductors.

Future Plans

This is the last year of the grant. Supported by this grant, our group intensively investigated the
origins of the CISS effect in layered-HMHs which can be strongly correlated to the presence of
chiral phonons. For the first time, we successfully demonstrated the chiral-phonon-activated spin
Seebeck (CPASS) effect in chiral-HMH thin films, showing that the conversion angular
momentum of chiral phonons into the spin current in the adjacent metallic layer when the
heterostructure is subjected to a temperature gradient. Utilizing pure spin current injection
produced by ferromagnetic resonance, we reported an anomalous spin current absorption in chiral
metal oxides that manifests a colossal anisotropic nonlocal Gilbert damping with a maximum-to-
minimum ratio of up to 1000% as well as in the chiral-HMHs. In addition, we showed that the
Dzyaloshinskii-Moriya-Interaction (DMI), a chiral antisymmetric interaction that occurs in
magnetic systems with low symmetry, can induce hybrid magnonics between two parities. We
reported that layered HMH antiferromagnets with an interlayer DMI can lead to a strong intrinsic
magnon-magnon coupling strength up to 0.24 GHz. For the continuing of the grant, we will aim
to unveil the interplays of spin current, phonon magnetic moment, and chiral phonons in chiral
materials with a broken mirror and inversion symmetry including chiral-HMHS, insulators, and
multiferroics using the developed electrical and magnet-optics detection themes, fostering
groundbreaking research about the generation of spin information from chiral phonons by
harnessing thermal energy and structural asymmetry.
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Research Scope

This project addresses a fundamental challenge in quantum photonics: realizing robust photon-
photon interactions at the single-photon level in a scalable and integrated platform. We propose to
pioneer a novel Rydberg Quantum Nanophotonics architecture by harnessing the unique properties
of Rydberg excitons in cuprous oxide (Cu20) thin films and microcrystals. These strongly
interacting quasiparticles, recently observed in Cu2O [1], offer a powerful route to achieving
single-photon nonlinearities [2],[3]. By merging the precise control and scalability of
nanophotonics with the extraordinary quantum properties of Rydberg states, this platform opens
new pathways for manipulating light at the quantum level. A key goal is to develop a CMOS-
compatible growth technique for Cu.O, enabling the fabrication of thin films and microstructures
with high optical quality and tunable Rydberg levels [4],[5]. Using advanced optical spectroscopy,
we will probe the energy structure, coherence, and lifetimes of these excitonic states while
exploring their coupling to engineered plasmonic nanostructures and photonic cavities. Time-
resolved and quantum correlation measurements will provide insight into the interaction dynamics,
coherence properties, and nonlinear response of the system. Ultimately, we aim to establish a
scalable, integrated Rydberg photonic platform by interfacing Rydberg excitons in Cu.O with
custom-designed nanophotonic waveguides. This effort will illuminate the fundamental physics
of hybrid Rydberg-nanophotonic systems and lay the groundwork for on-chip quantum nonlinear
optics and scalable photonic quantum technologies.

Recent Progress

Since the start of the project, we have worked on the development of a site-controlled technique
to grow Cu2O disks and thin films in a two-dimensional array and on SiN nano-photonic
waveguides, respectively [1]. Figure 1 shows the results of an array of Cu20 disks grown using
the bottom-up growth technique. The averaged photoluminescence spectrum of many sites
indicates the consistent emergence of Rydberg excitons up to n = 6. This research, supported by
this award, presents the first report on the bottom-up fabrication of Cu2O arrays, which would
make the precursor of several follow-on studies, including quantum simulation of driven-
dissipative lattice models with long-range interactions and optimization of graph problems.

Besides, in a recent theoretical work, we put forward a proposal for realizing collective quantum
effects, including superradiance, when the atom-light interaction is extended beyond the linear
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single-photon excitation [2]. These results apply to many experimental platforms, including dark
excitons in Cu20 and other excitonic systems, as well as other quantum emitters.
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Figure 1. (left) Site-controlled growth of 2D arrays of Cu,O disks. (right) The averaged photoluminescence
spectrum of disks (red lines) shows the consistent emergence of Rydberg excitons in each site. Solid blue lines
are the film spectrum for comparison. The figure is from a recently published paper by the team [1].

Future Plans

The team is currently working on the first proposed Rydberg photonic device, i.e., SiN waveguide-
coupled Cu20 films with pre-defined regions of interest as depicted in Figure 2. We are working
on the non-resonant photoluminescence spectroscopy of the sample to study the coupling of
Rydberg excitons to the waveguide by directly illuminating the grown film. The next step is the
excitation of Rydberg excitons via direct coupling to the waveguide, which includes both the non-
resonant as well as resonant excitations of Rydberg excitons. We will do systematic spectroscopy
for various excitation powers and different Rydberg states to study the interaction and ultimately
the blockade through lineshift and saturation. To clearly prove the emergence of the blockade, we
will conclude this phase by performing photon correlation measurements via a Hanbury-Brown
Twiss setup. This will make the first-ever study of interactions and correlation measurements for
Rydberg excitons in Cuz0.

Figure 2. (left) Scanning electron micrograph (SEM) and (right) optical image of
the SiN waveguide with the site-selective grown Cu,O film, i.e. the circular region
in the middle.
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Research Scope

Three dimensional topological semimetals (TSMs) offer exciting opportunities for harnessing new
properties and phenomena for the next generation of energy-relevant technologies. Key among
them is the potential for widely varying electron charge and spin transport behavior. The expressed
properties are strongly tied to the underlying topological phase. Disorder can influence both,
representing a variable for intentional tunability as well as a source of unintended effects.
However, the roles of disorder are still not well understood. Our goal is to uncover the complex
relationships between TSM behavior and disorder. We probe these relationships by controllably
introducing defects, impurities and interfaces in epitaxially-grown topological thin films. Our
hypothesis is that deliberate manipulation of these forms of disorder will allow us to tune the
topological phase and select the material properties.

Recent Progress

Our group studies the role of disorder by intentionally varying it in model Dirac semimetal Cd3As2
and Weyl semimetal TaAs thin films grown by molecular beam epitaxy (MBE). Here, we highlight
a few of the latest results centers on the mechanisms by which disorder influences carrier transport,
the Fermi level, and the topological phase.

Influence of disorder in observing quantum Hall effects in TSMs

Coulomb disorder is one of the greatest determining factors of magnetotransport behavior in
TSMs. When screened in the presence of high carrier concentrations typically found in many of
these materials, Coulomb disorder introduced by charged point defects leads to linear, non-
saturating magnetoresistance (MR), as described by the guiding center diffusion model [1].
Moving the Fermi level, Er, toward the Dirac point in a simple Dirac semimetal has the potential
to shift the magnetotransport in two ways: 1) a transition from weak to strong Coulomb disorder
through reduced screening will cause charge puddling and a smearing of Er, and 2) decreasing the
carrier concentration will lower the magnetic field at which the onset of the quantum limit occurs,
opening the door for the observation of effects such as the 3D quasi-quantum Hall effect (QQHE).
Through our ability to reduce the electron concentration in CdsAsz to < 10'7 cm, we have now
observed the competing effects between the 3D QQHE and strong electron scattering via Coulomb
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Figure 1. Coulomb disorder drives magnetotransport in semimetals. 2 K a) longitudinal resistivity for high and
low carrier density CdsAs; (light and dark, respectively) can be described as a superposition of quantum oscillations
(QO) and a disorder-dependent background. The magnitude of the low-density dark trace has been scaled down by
7. At high densities, clear quantum oscillations sit atop a linear magnetoresistance (MR). The guiding center
diffusion model (GCDM) has been used to describe the origins of linear MR in many semimetals: charged point
defects become screened yielding a smoothly varying disorder potential with magnitude eV, which scatters carriers.
As the carrier density and chemical potential are reduced, the screening of charged point defects weakens, and the
disorder potentials increases. In this strong Coulomb disorder regime (SCD), scattering from charged disorder
changes and Landau levels become significantly broaden leading to smooth oscillations on a quadratic-like
background. b) The corresponding Hall resistivity exhibits a distinct, step-like kink consistent with the 3D quasi-
quantum Hall effect (QQHE) — an effect expected in many low-carrier density semimetals near their quantum
limits. Dashed lines represent 1/v estimates for the low-density sample. Like the 2D quantum Hall effect, a scaling
correspondence holds such that px|H|0Hpxy, less the Coulomb disorder dependent background. ¢) Calculated
disorder potential magnitude as a function of carrier density for Cd;As,. Reduced densities lead to poor screening
of charged defects and an increasing eV. The crossover from weak to strong Coulomb disorder occurs when Ep ~
eVpand results in a unique MR.

disorder [2]. Figure 1 shows (a) longitudinal and (b) Hall resistivity measurements of samples with
higher and lower Er. The bump and plateau-like features in them, respectively, for the sample with
low EFr is indicative of the 3D QQHE. Figure 1c also shows regions of the carrier concentration
(n) and Coulomb disorder potential (eVy) where strong Coulomb disorder or the quasi-quantum
Hall effect are more pronounced. These results indicate that the Fermi level and charge disorder
must both be sufficiently low in gapless Dirac semimetals to observe the 3D QQHE. Importantly,
these effects are not limited to CdsAs2 and should be accessible in a range of semimetal systems.
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Figure 2. Mn incorporation into CdsAs:. a) X-ray diffraction traces of CdsAs; thin films epitaxially grown on
ZnCdTe buffer/GaAs (001) substrate structures as a function of Mn incorporation. The peak associated with the
(Cd,Mn);As; film shifts to higher 26 with increasing Mn concentration. b) Elemental map of Mn (in blue) in a
(Cd,Mn);3As; film grown on a CdZnTe/GaAs structure showing uniform Mn incorporation throughout the film
thickness. c) Fractional longitudinal MR as a function of Mn concentration. The onset of distinctive shoulder-
like features occurs at lower magnetic fields in samples with higher Mn concentrations (reminiscent of the
features in Fig. 1a).
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Role of magnetic impurities in the electronic structure and carrier transport in Dirac TSMs
Breaking time reversal symmetry in a Dirac TSM has the potential to transform it into a Weyl
TSM. The addition of magnetic impurities is one route to incorporate an effective magnetic field
to do so. We have explored the addition of Mn to CdsAs2 both computationally and experimentally.
Quasi-particle GW (QSGW) ab initio electronic structure calculations suggest that substitutional
incorporation of just a few percent Mn on Cd sites introduces a local moment capable of splitting
the Dirac point into a pair of Weyl points displaced in both momentum and energy (see Fig. 2a,b)
[3]. Experimentally, Mn is known to be challenging to incorporate in dilute amounts into
semiconductors and semimetals. By growing Cd3As: in the (001) orientation, with a higher surface
energy, and using As-rich growth conditions to reduce competition between Cd and Mn for
incorporation sites, we have been able to add Mn in concentrations up to > 10 at.% (see Fig. 2c,d).
Interestingly, initial magnetoresistance measurements indicate that the quantum limit is reached
in films with Mn at a lower applied magnetic field than those without Mn. These results are a
potential sign that the external field is partially aligning the Mn moments, which then amplifies
the overall effective field. Such an approach would allow the topological phase and electronic
structure to be transformed dynamically. Further investigation is needed to fully understand the
behavior and interaction of Mn in Cd3Asa.

Getting to p-type doping in CdzAs:

The ability to adjust the Fermi level in TSMs opens up the possibility to access new physics that
emerge when EFr resides very close to the Dirac or Weyl points, such as the 3D QQHE described
above. Extrinsic dopants are a critical tool for directing Er. Cd3Asz is always n-type as-
synthesized, and identifying potential hole dopants would be one method for systematically
moving Er toward and even through the Dirac point. We performed a computational study of
potential dopants through density functional theory (DFT) calculations, taking into account defect
re-distribution as the chemical potentials change as a function of temperature. This capability
allowed us to identify potential p-type doping strategies that involve growth at elevated
temperatures and subsequent quenching. [4] This work identified potential p-type dopants,
including Ge and Au, and we are now at the point of testing Ge doping via MBE growth.
Isoelectronic Zn doping has been another route to lowering the carrier concentration in Cd3Asz.
We have spent some time building a DFT model that takes into account short-range ordering of
Zn on several nonequivalent symmetry sites in the crystal. This model will aid further exploration
of how the addition of isoelectronic Zn dopants influences point defects that determine the Fermi
level.

Thin TaAs

While the properties of single crystal bulk Weyl semimetals have been studied in detail,
significantly less attention has been paid to the properties of very thin films, where the surface
states may dominate the transport properties. Through our ability to epitaxially grow thin films of
Weyl semimetals, such as TaAs, we can more readily access and assess surface state transport.
TaAs is highly p-type when grown in thin film form, resulting in relatively low mobilities.
Signatures of weak antilocalization as a function of film thickness and the density of two-
dimensional extended defects produces a picture of transport behavior. A higher density of
extended defect boundaries results in a lower hole mobility, indicating that extended defects
strongly impact carrier transport, even through surface states. A reduction in thickness below 11
nm also results in the reduction of the number of transport channels from two to one. This change
may arise from the coupling of top and bottom surface states as they move closer together [5].
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We are currently probing the electronic structure of these films via angle-resolved photoemission
spectroscopy (ARPES). Measurements show close agreement between thicker films (>100nm) and
single crystals previously reported in the literature. Upon decreasing thickness below ~10nm, a
drastic change in Fermi surface connectedness occurs. High-symmetry spectra along X-G-X and
M-G-M show some shared features between the bulk and ultrathin films, with the ultrathin films
showing some new bands not seen in thicker films, which after comparison with slab-based DFT
and bulk QSGW, appear to be of surface origin associated with As-terminated surface states. These
finding will be important in guiding the potential use of Weyl semimetals for applications such as
next generation interconnects in microelectronics.

Future Plans

Future work in this project will continue to focus on the impact and control of isoelectronic,
charged and/or magnetic impurities on the electronic structure, Fermi level and transport behavior
in TSMs, including Cd3As:2 and TaAs as model systems. In particular, this work will include a
greater exploration of the behavior of Mn in Cd3As2. We also plan to expand our investigation of
disorder to carrier transport across interfaces between TSMs and other electronic materials, such
as semiconductors and metals.
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Research Scope

We present a unified Floquet framework—supported by fermion-doubling-free
numerics—that elucidates how structured electromagnetic fields engineer topological phenomena
in two-dimensional Dirac materials. (i) Circularly polarized vortex light beams (CP-VLBs)
imprint photon-dressed electronic vortices whose states are labeled by a conserved total-angular-
momentum. (ii) Departures from CP hybridize states in adjacent Floquet sidebands, producing
quasienergy shifts. (iii) In finite samples these vortices coexist with chiral Floquet edge modes;
our numerical solver quantifies their spatial extent, disorder resilience, and hybridization across
realistic geometries. (iv) Beyond VLBs, one-dimensional intensity gratings create space—time
Floquet superlattices in graphene. A high-frequency expansion yields transcendental equations
for the photon-dressed spectrum, predicting cascades of minibands, secondary Dirac points, and
polarization-controlled gaps. Together, polarization, orbital angular momentum, and spatial
intensity modulation constitute complementary knobs for programming electronic vortices,
topological edge channels, and Floquet minibands—advancing the vision of optically
programmable quantum matter.
Recent Progress
Over the past months, our program has advanced the theory and numerical modelling of how
structured electromagnetic fields reshape the electronic spectrum of two-dimensional Dirac
materials. The following thrusts underpin this effort.
1. Photon-dressed electronic vortex states generated by CP-VLBs. Photon-dressed electronic
vortex states emerge when a massive Dirac material is exposed to a CP-VLB. A total angular
momentum operator that commutes with the Floquet Hamiltonian assigns a unique eigenvalue to
each vortex state, revealing vortex-state branches whose number is controlled by the VLBs orbital
angular momentum and with states labeled by their conserved quantum number.'
2. Coexistence of vortex and topological edge states in finite geometries. For circularly polarized
beams, the driven system hosts not only vortex states but also topological edge states. A
numerically efficient finite-difference method that avoids fermion doubling—while preserving the
system’s symmetries and topology’—captures both phenomena on equal footing. The solver
quantitatively characterizes the spatial extent, robustness to disorder, and degree of hybridization
of these photon-dressed states across a wide range of sample sizes and light parameters.
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Figure: (a) Schematic of a circularly polarized VLB-driven massive Dirac-like material. (b) Different types of
states are present in the VLB-driven system. (¢) Quasi-energy spectrum of the VLB-driven system in (a), where
the VLB carries an orbital angular momentum /=3. (d) and (e) probability density of two edge states, while (f)
shows a bulk state, and (g) a vortex state.

3. Hybridization driven by non-circular polarization. Introducing even slight deviations from
perfect  circular  symmetry—i.e., employing  non-circular  polarization—destroys
total-angular-momentum conservation. Detailed Floquet calculations demonstrate how this
non-circular polarization introduces hybridization among neighboring vortex and bulk states
sectors, modifying their quasienergies and spatial distribution, making the detection of vortex and
edge states increasingly difficult with increasing deviations from the CP condition.

4. One-dimensional intensity-modulated drives and Floquet minibands. Optical control extends
beyond VLBs: illuminating graphene with a monochromatic beam whose intensity is modulated
periodically in one direction creates a space-time dependent Floquet Hamiltonian. Within the
high-frequency regime, an effective stroboscopic 1D-space-periodic description emerges. We
have analytically derived the transcendental equations that govern the photo-dressed electronic
spectrum for such beams, providing a complete description of the photo-induced states and
revealing how combined spatial- and time-frequencies define the quasienergy spectrum.
Collectively, these results demonstrate that structured light—whether carrying orbital angular
momentum or spatial intensity modulations—offers a versatile platform for engineering vortex
textures, topological edge channels, and Floquet minibands on demand.

Future Plans
Building on the findings outlined above, we plan to:

1. Deploy our fermion-doubling-free finite-difference solver to systematically introduce
controllable perturbations—light-induced (e.g., polarization changes) as well as material-
based (impurities, edge roughness). By systematically monitoring quasienergy shifts,
localization lengths, and angular-momentum signatures as controlled disorder is
introduced, we will pinpoint the specific defect types and threshold strengths that
destabilize vortex modes, topological edge states, or both.
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2. Move to a non-perturbative Floquet analysis of TMDs irradiated by circular vortex beams.
First, we will extend the total-angular-momentum operator and our fermion-doubling-free
solver to the full Floquet basis, retaining every sideband with significant weight. Strong
light coupling, intrinsic spin—orbit interaction, and realistic Laguerre-Gaussian/Bessel
beam profiles will be incorporated. Exact diagonalization of the valley- and spin-resolved
equations will then yield the complete quasienergy spectrum, pinpointing regimes where
valley-selective gaps, spin-polarized vortices, and chiral edge states coexist. The outcome
will be concrete predictions—circular-dichroism signatures, valley currents, and edge-
conductance plateaus—for experimental validation of light-driven TMD physics.

3. Continue our work on intensity-modulated drives, and we will harness spatially structured
beams to control two-dimensional materials' electronic and topological properties. We will
start with the simplest model: tilting a single beam so its intensity sweeps smoothly from
one edge of the monolayer to the other, then replace that beam with more exotic profiles—
higher-order Laguerre-Gaussian rings—to create a rich landscape of peaks and nodes.
Once the amplitude patterns are analyzed, we will add polarization textures by crossing
two or more tilted beams whose polarizations remain fixed but whose interference
produces a spatially varying polarization. The Hamiltonians that emerge from these
amplitude-and-polarization mosaics vary in both space and time. In the high-frequency
limit, we can unravel them analytically with transfer-matrix and effective-Floquet
techniques, allowing us to draft a phase diagram that predicts where new bulk gaps open,
where edge modes appear, and how the resulting topological channels route charge
currents.
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Research Scope

Phase transformation materials undergo an abrupt change in physical property, and in recent years,
their use in information storage technology, energy storage devices, and energy conversion
concepts has seen tremendous growth. However, when these materials undergo phase
transformation, they often display a delay in material response despite a constantly changing
applied field. This delay, known as the hysteresis effect, is commonly observed in ferromagnets,
shape-memory alloys, and intercalation materials, and limits the rapid and reversible cycling of
these materials. This proposal aims to elucidate the fundamental mechanism governing hysteresis
in these phase transformation materials.

The proposed effort will focus on one 01@ .-
candidate material—the intercalation compound —

LizMn20s4 used as electrodes in lithium batteries— Wiieit Porea)
with the primary objective being to mitigate RT;%

structural decay, enhance material reversibility, and 0,0 [FERSERE =
reduce  voltage  hysteresis during  phase
transformations. Several theories explain voltage
hysteresis in intercalation compounds in terms of
thermodynamic entropy, surfacial kinetics, and -0.15=

microstructural evolution pathways of the material; 0 05
however, none of these theories explain the origins
in entirety. In this research, we propose to rethink | Figure 1: A multi-well energy landscape
voltage hysteresis as shaped by fundamental | constructed for a symmetry-breaking phase
material constants and emergent energy barriers, see | change in intercalation compound Li:Mn.O,. We
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Fig. 1. This line of thinking has already shed light propose fo corfe’ale voTage Mysicies®s a3 @
delicate interplay between energy barriers

on understanding hysteresis in other phase- (shaped by fundamental material constants) and
transformation materials, such as shape-memory | localized disturbances (e.g., a Li-rich nucleus).

alloys and magnets. Inspired by these recent
successes, we propose to derive the quantitative
energy barriers governing reversible phase change in intercalation compounds.

In line with the DOE-BES Physical Behavior of Materials program goals, the findings from
this project will provide fundamental insights into the interplay between nucleation barriers and
microstructural instabilities governing reversibility and hysteresis in intercalation materials.
Additionally, our work will establish a modeling framework that can guide the discovery of the
novel intercalation compounds with minimum hysteresis, and in the long run, the theory can be
generalized and adapted to other phase change materials including soft magnets, ferroelectrics,
and superconductors.
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Recent Progress

Major Activity 1: The central aim is to quantify structural transformations in first order phase
transformation materials and to establish an algorithmic approach to derive crystallographic design
rules necessary to reduce coherency stresses and volume changes during phase change. We are
developing new algorithms, founded in the Cauchy-Born theory and Ericksen’s multi-well energy
landscape,! to predict structural transformation pathways in first-order phase transformation
materials. We recently published our generalized theoretical framework in the Acta Materialia and
the JMPS journals (see Refs. [1-2] in the publication list).
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Figure 2: (a-c) A representative calculation from our symmetry-breaking phase-field model that shows how
lattice or strain variants evolve during phase change. These simulations are consistent with the (d) analytical
solutions of the crystallographic theory and have been validated for a Li-Mn,O4 compound. The 3D modeling
framework is general and quantifies the elastic energy barrier that emerges during phase change.

Significant Results: Our newly developed variational model predicts symmetry-breaking lattice
deformations in crystalline solids. We demonstrate that allowing certain lattice deformations in
intercalation compounds—provided they satisfy specific compatibility criteria—can minimize
internal stresses and net volume changes. In doing so, we show how precise lattice geometries and
structural transformation pathways at the atomic scale can greatly affect material response at the
continuum scale. Specifically, compatible microstructures significantly lower the elastic energy
barriers that emerge during phase change and contribute to reduced voltage hysteresis and
improved material reversibility. These energy barriers and energy-minimizing microstructures,
which are characteristic of first-order phase transformations, are difficult to estimate using first-
principles calculations but can be effectively captured in our continuum approach. We are
generalizing our theoretical framework to materials beyond intercalation compounds, and our
material design rules has a potential to open a new route towards material discovery and synthesis.
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Major activity 2: We are extending our energy barrier analysis approach to understand the origins
of hysteresis in soft magnetic alloys (see Refs. [3-4] in publication list). Specifically, we are
developing a nonlinear micromagnetics framework to systematically investigate the interplay
between magnetic material constants, residual stresses, and needle domain microstructures (treated
as localized disturbances) to collectively lower the energy barrier for magnetization reversal. We
correlate this reduced energy barrier with the width of the magnetic hysteresis loop, and derive a
mathematical relation between fundamental magnetic constants for minimum hysteresis.
Significant Results: Our findings challenge the widely accepted view that magnetic hysteresis is
dependent only on the material’s
magnetocrystalline  anisotropy
constant «1.> Contrary to this
norm, we present evidence that
magnetoelastic interactions ol N
governed by magnetostriction

constants Ai0o, elastic stiffness m

cii, ci2, and applied stresses o1 A, 2T

play an important role in  e— -

reducing magnetic hysteresis
width, despite large k1 values.
Specifically, we propose a
mathematical relationship: 1=
a(c1 -c12)(Moo +Bo11)? for which
magnetic hysteresis can be
minimized (for some constants a,

B) These results provide insights Figure 3: We are extending our energy barrier analysis to investigate
into open problems on the origins of magnetic hysteresis. (a-b) We show how emergent
coercivity paradox, permalloy | micromagnetic domain patterns generate resistance to magnetization
problem, and serve as a | reversaland affect hysteresis. (c-d) The energy contributions associated
quantitative guideline to design with the growth of a needle domain are reduced during the needle to
stripe transition and is associated with a drop in coercivity.

(a) (b)

K1 C44 C11—C12 C12 Ky C44 C11—C12 Cq2

Energy Terms Energy Terms

new magnets with  small
hysteresis, which are located
beyond the k1 — 0 region. This work was published in two publications in Physical Review
Materials journal and the MRS communications journal (Refs. [3-4] in publication list).

Future Plans

Generalize theory for a wider family of symmetry-lowering transformations: Our chemo-
mechanical model describes cubic-to-tetragonal lattice deformations in intercalation compounds,
such as Lix2Mn20s4. This symmetry-breaking transformation generates 3 lattice variants (or 6 twin
solutions) that emerge during phase change. The next step is to generalize to predict the
generalized cubic-to-monoclinic lattice deformations. This latter symmetry-breaking
transformation generates 12 lattice variants and nearly 24 twin solutions that collectively generate
rich and complex microstructural patterns during phase change. By generalizing our diffusion-
deformation framework, we can investigate how multiple compatibility solutions affect the
collective energy barrier during phase change and thereby alter the hysteresis property of the
intercalation compound. Additionally, we note that extrinsic electrochemical operating or
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boundary conditions, such as particle geometry, anisotropic diffusion kinetics, surface flux, in
addition to intrinsic material parameters play a crucial role in stabilizing a Li-rich nucleus. To this
end, we will continue integrating surface energy effects (arising from the nanoparticle size of
electrodes) and material kinetics to investigate the stability of a Li-rich nucleus in our 3D model.
Unify the continuum theory to predict both twinning and slipping mechanisms: The model
describes finite lattice deformations that are reversible and generate twins by using the concept of
multiple energy wells. The key constraint is that these energy wells must lie in an Ericksen-Pitteri
neighborhood to describe deformations that are reversible. This theory, however, can be
generalized to contain infinite energy wells (or computationally 2-3 generations of energy wells)
that go beyond the Ericksen-Pitteri neighborhood and therefore generate slip, an irreversible
deformation. Our theoretical framework thus far can capture reversible deformations and has the
potential to be generalized to also model irreversibility. Furthermore, the twinning and slipping
microstructures are inherently three-dimensional and it is important for us to optimize the
computational efficiency of our finite element framework. At present our code is parallelized as
an openMP format and solved on a CPU node, and our efforts in this regard would be to parallelize
parts of the code and solve matrix multiplications on a GPU node. We have identified suitable
workshops and courses to train students in this regard and have started optimizing the numerics.
Other disciplines: The distinguishing feature of our work is that we correlate energy barriers,
arising from emergent microstructural patterns during phase change in addition to intrinsic
thermodynamic and kinetic barriers, with the width of the material hysteresis loop (e.g., voltage
hysteresis in intercalation compounds, magnetic hysteresis). This concept can be generalized and
not only be adapted to intercalation compounds beyond Li2Mn204 (e.g., as a next step we are
modeling the tetragonal-to-monoclinic deformation in NaMnO2). Furthermore, the model can be
extended to other materials undergoing displacive structural transformations, such as the shape-
memory alloys, ferroelectrics, and molecular crystals, and as a we are adapting our framework to
molecular crystals (see Ref. [5] in publication list).
Summary: Thus far, our contributions include the development of a new chemo-mechanical
model that couples Li-diffusion with host-lattice finite deformation. We predict symmetry-
breaking lattice deformations that collectively generate crystallographic microstructures (e.g.,
finely twinned domains) that are not captured in the regular phase-field models for intercalation
compounds. By doing so, we provide fundamental insights into the role of lattice geometries and
deformation gradients on macroscopic materials properties, such as voltage hysteresis and phase
transformation reversibility. We have extended these ideas on hysteresis and energy barriers to
soft magnets and have provided quantitative insights into the role of elastic interactions in
governing magnetic hysteresis.References
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Properties, Electrochemical Activity, and Stability of Solid Oxide Cell Fuel-Electrode
Materials

Scott A Barnett, Northwestern University
Keywords: Electrolysis, Fuel cells, hydrogen, electrode materials, nanoparticle exsolution

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 H2
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 phase transitions in Sr(Tii1-xFex)Os-s fuel electrodes

New and improved electrode materials are of interest for a next generation of solid oxide cells
(SOCs) aiming to achieve improved performance, better long-term stability, and more flexible
operation. One area of active interest is the replacement of Ni-based cermet electrodes with Mixed
Ionic and Electronic Conducting (MIEC) oxides. SrTiixFexOs-s (STF) is a promising MIEC fuel
electrode into which reducible cations can be substituted to yield exsolution of catalytically active
nanoparticles, improving performance. However, questions remain as to which compositions
provide the best stability and performance over a range of fuel compositions.

We have studied STF with Fe contents between x = 0.5 and 0.8 in varying H2/H20 ratios, observing
the phase evolution using ex situ and in situ x-ray diffraction and ex sitru TEM-EDS, correlated
with impedance spectroscopy observations of electrochemical characteristics and stability.
Increasing the Fe-content results in slightly lower initial polarization resistance values. All STF
compositions were stable in the perovskite structure for 50:50 H2/H20 ratios but decomposed in
more reducing fuels (e.g., 91:9 H2/H20) into a Ruddlesden-Popper (R-P) Perovskite, Strontium
Oxide, and metallic Fe. The decomposition occurred after an incubation time of ~ 2 — 4 h, and
was much slower for lower Fe content. Polarization resistance Rp was fairly stable for 50:50
H2/H20, but showed a rapid increases over the first several hours in highly reducing conditions,
suggesting that the R-P transformed oxide was a less active electrode material despite the presence
of exsolved Fe.

Figure 1 compares the time dependences of both Rp and the (111) peak intensity from in situ XRD
data, for SrTi1xFexOs3.5 (STF) STF-5 and 91:9 H2/H20. The onset of decomposition as indicated
by a rapid drop in perovskite (111) peak intensity corresponds closely to with a rapid increase in
Rp. The Rpincrease appears to result primarily from the perovskite to R—P transformation, because
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the R-P phase may have inferior

electrochemical properties. The initial STF-5 reduced at 850°C
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perovskite surface starts to amorphize Figure 1. Comparison of polarization resistance and perovskite
while multic omponent metal phase fraction for STF-5 in 91:9 H2/H>O.

nanocatalysts form on the amorphous
surface. Surprisingly, the resulting amorphous structure can withstand a high-temperature
oxidizing atmosphere (650°C) when it has undergone sufficient reduction for an extended period.
Figs. 2 displays TEM bright field images of the LSCF-Cu surface, taken after reduction at 450°C
for durations of 2 h and 10 h, showing an exsolved nanoparticle and an amorphized surface layer.
The amorphous layer thickens from 1.5 to 2.7 nm from 2 to 10 h, and the metallic nanoparticle
grows in size. Subsequent exposure of
the electrodes to synthetic air at 650°C
for 30 hours showed that the exsolved
nanoparticles remained without re-
dissolving into their matrix. However,
the amorphous layer of the samples
subjected to 2 h-reduction completely

disappeared (Flg 3 left) whereas that of  Figure 2. TEM images of LSCF-Cu surfaces after reduction for 2 h

the sample subj ected to 10 h-reduction (left) and 10 h (right), where a thicker amorphous layer and large
ined th hickn Fi 3 exsolved metallic nanoparticle can be seen after the longer reduction.
remained the same thickness ( 18. The reduction was conducted in 4% H: at 450°C.

right). These results highlight that an
appropriate duration of reduction is
essential for ensuring the stability of the e
surface amorphous layer. The e
exsolution reduced the polarization e
resistance from 0.27 to 0.12 Qcm?, and

improved the peak power densities at Ak

700°C from 0.66 to 1.08 W cm™>. That

is. the coexistence of the active Figure 3. TEM images of LSCF-Cu surfaces after reduction for 2 h
> (left) and 10 h (right) followed by oxidation at 650°C for 30 h. The

nanoparticle is present after oxidation, but the amorphous layer is
retained only for the longer reduction time.

nanocatalysts and defective amorphous
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surface leads to a nearly 100% enhancement in the electrode resistance over 200 h without
significant degradation. These observations provide a new catalytic design strategy for using
redox-dynamic perovskite oxide host materials.

A Novel Method for Synthesizing Low-Temperature Electrolysis Catalysts

Hydrogen generation or utilization using low-temperature water electrolysis or fuel cells typically
requires relatively large amounts of scarce precious metals. A study has been carried out on the
feasibility of using exsolution for producing electrode catalysts for low-temperature proton-
exchange-membrane (PEM) cells. The initial work was done using Sr(Tio3Feo.63Ru0.07)O3-5
(STFR), in which exsolution can be used to form Ru-Fe alloy catalyst nanoparticles on the oxide
surface. While this material is not an ideal optimized PEM electrode catalyst, the initial results
show that exsolution greatly improves activity compared to the non-exsolved oxide, demonstrating
proof-of-concept of this novel method for producing PEM electrode catalysts.

Figure 4 shows the results of ambient temperature linear sweep voltammetry for the case of
hydrogen evolution reaction (HER) in acidic conditions. In all cases, the electrodes with
reductively exsolved STFR required lower

applied potentials to achieve a substantial "3 0 S S T S TR
current density, i, electrode activity was £ |1ER
. . (] 0.5 M H2504 - . g
improved by exsolution. Furthermore, the % -5t
electrode activity depended strongly upon £
the reduction conditions, with 700 C for4 h  2-10t
yielding the lowest potentials. This has been é g
explained by exsolution kinetics and 0 -15¢ ., ‘,.-"STFR(_‘;-()()“(?/RZ/ﬁm2
. . . c i ..

transmlsglon 'electron microscope o rrrrlar%{g?ldilcrg\gﬁ%y 2¥FE1§88§2R
observations — higher temperature allows 5-20L_— . .~ . ] LI Rkt

. O -05 -04 -03 -0.2  -0.1 0
more of the Ru to diffuse out of the STFR Potential (V vs. RHE)

particles to reach the surface, resulting in a

higher density of Ru-Fe nanoparticles, Figure 4. Current density versus potential for electrodes made
with STFR with either no exsolution or after reductive

increasing activity.  The slightly lower o corion for 4 1 at 500, 600, 700, or 800 C. 4 standard 3-
activity at 800 C may mean that most of the  electrode setup was used with the catalyst layer on a glassy

Ru was already exsolved at 700 C, such that carbon disc, a Pt counter electrode, and a Ag/AgCl reference
the temperature increase to 800 C only clectrode.

serves to coarsen the Ru-Fe nanoparticles,

reducing their activity. After a few hundred voltage sweep cycles, the electrode activity generally
improved; this provides an initial suggestion that electrode stability is good.

This work demonstrates the first ever application of a new class of electrode material, previously
developed for high-temperature electrochemical cells, in low-temperature cells. This approach
could help mitigate the growing demand on materials sourcing that is caused by scaling up of
sustainable hydrogen technologies, and help open a new direction for research on low-temperature
electrode catalysts.

Future Plans

The planned research will follow up on the above three areas of the prior work. We will explore
new perovskite compositions aiming to mitigate the perovskite to Ruddlesden-Popper phase
transition that has been shown to degrade electrode performance. One modification will be to
substitute La for Sr on the A-site; this is expected to improve stability by allowing the perovskite
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structure to maintain charge neutrality upon oxygen loss and loss of B-site cations during
exsolution. The other modification is to explore compositions with Mn instead of Fe on the
perovskite B site. Since Mn is much less reducible than Fe, exsolved nanoparticles are expected
to contain little Mn; this means less loss of B site cations during exsolution, which should improve
perovskite stability and nanoparticle catalytic activity. We will continue to use in situ x-ray
diffraction as a key tool to explore phase changes under realistic electrode conditions.

Exsolution will be attempted in an oxide system that is being used in state of the art low-
temperature PEM electrolyzers: doped SnOaz. Typical systems include Sb-doped SnO2 and Ta-
doped SnO2, both with Ir surface catalyst particles applied using solution or chemical vapor
deposition methods. Our approach will be to synthesize Ir- and Ta-doped SnO:2 and then to
develop reduction procedures aimed at selectively exsolving the Ir to form Ta-doped SnO2 with a
high surface density of highly active Ir nanoparticles. The materials will be tested
electrochemically and also determine cation stability against dissolution.
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Digital Synthesis: A pathway to novel states of condensed matter

A. Bhattacharya, Dillon D. Fong, J. S. Jiang, Ulrich Welp (Argonne National Laboratory)
Self-identify keywords to describe your project: superconductivity, magnetism, spintronics,
thin film heterostructures, transition metal compounds, molecular beam epitaxy, x-ray scattering.
Research Scope: In our program, we seek to create, explore and understand novel electronic and
magnetic states with new functionalities that emerge at interfaces between different materials.
These include collective states like interfacial magnetism and superconductivity, as well as
topological states of matter, that may have relevance for spintronics and quantum information
science. We seek to realize these states in materials synthesized with atomic layer-by-layer control
using molecular beam epitaxy and related techniques. A significant part of our research is devoted
to understanding growth processes that lead to these interfacial states, and to refine our synthesis
conditions. In the research presented here, we focus on the synthesis and emergent properties of
two recently discovered oxide superconductors. In the first class of materials, the superconducting
nickelates, we use in-situ x-ray diffraction during synthesis with molecular beam epitaxy to
understand the processes underlying the growth of the infinite layer perovskite and n = 5
Ruddlesden-Popper phases in epitaxial thin films, and their subsequent topotactic reduction to the
square-planar phase to realize superconductivity. Next, we will present our results from ongoing
efforts to explore and understand the superconducting state found at interfaces of KTaO3; (KTO).
We will describe how we probe the inversion breaking transverse optical TO1 phonons found near
the surface of KTO using a unique ‘spintronic’ THz spectroscopic technique. These are the same
phonons that soften to give rise to the ‘quantum paraelectric’ nature of KTO at low temperatures
and may also mediate pairing in the two-dimensional superconducting gas at KTO interfaces. We
have also fabricated superconducting coplanar waveguide resonators using the electron gas formed
at interfaces of KTO (111), where we find very large sheet kinetic inductance, and as a result also
very low phase velocities or ‘slow light’, which sheds light on the nature of the superfluid in this
two-dimensional superconductor.

Recent Progress

Understanding topotactic reduction in superconducting nickelates: Topotactic reduction is critical
to a wealth of phase transitions of current interest, including synthesis of the superconducting
nickelate Ndo.sSro2NiOz, reduced from the initial Ndo.sSro2NiO3/SrTiO3 heterostructure. Due to
the highly sensitive and often damaging nature of the topotactic reduction, however, only a handful
of research groups have been able to reproduce the superconductivity results. A series of in-situ
synchrotron-based investigations by our team (Y. Li et al., Adv. Mater. 2024) reveal that this is
due to the necessary formation of an initial, ultrathin layer at the Ndo.sSr0.2NiO3 surface that helps
to mediate the introduction of hydrogen into the film such that apical oxygens are first removed
from the Ndo.sSr02NiO3/SrTiO3 (001) interface and delivered into the reducing environment. This
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allows  the  square-planar /
perovskite interface to stabilize and
propagate from the bottom to the top
of the film without the formation of
interphase  defects. Importantly,
neither geometric rotations in the
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Fig. 1 (A) In situ synchrotron X-ray results on the reduction of 11- superconductivity. These findings
nm-thick Ndo sSro2NiO; / SrTiOs (001) during reduction with CaH,  unveil the structural basis
(solid curves). The sharp peak at L = 2 rlu is from the SrTiO;
substrate. (B) Cross-sectional high-angle annular dark-field imaging . .
(HAADF) scanning transmission electron microscopy (STEM) pathway and provide important
image of the reduced infinite-layer nickelate NdogSrooNiOa, guidance on achieving the
illustrating the presence of a disordered surface layer mediating ion
exchange.

L(STOriu)

underlying  the  transformation

superconducting phase in reduced
nickelate systems.

Superconductivity in an ultrathin multilayer nickelate: We report the appearance of
superconductivity in a single unit-cell thick film of Nde¢NisO12 (X. Yan et al., Adv. Mater. (2024)),
exhibiting a transition temperature similar to that of thicker films. In-situ synchrotron x-ray
scattering performed during growth of the parent phase, NdsNisO16, shows that the necessary
layer- by-layer deposition sequence does not follow the sequence of the formula unit but an
alternate order due to the relative stability of the perovskite unit cell (Fig. 2). We exploit this
insight to grow ultrathin NdsNisOi6 heterostructures and conduct in-situ studies of topotactic
reduction, finding that formation of the square-planar phase occurs rapidly and is highly sensitive
to reduction temperature, with
A B - 7 small deviations from the optimum
3 condition leading to inhomogeneity
and the loss of superconductivity.
The fluorite layer within the unit
cell facilitates reduction by initially
stabilizing the square-planar phase
in the upper half of the unit cell. Our
findings provide insight into the
TR RS TR T BT W NN growth of the Ruddlesden-Popper
Lriu) Lty nickelates, highlighting the need for
Fig. 2 (A) Measurements of the specular rod for 1-, 2-, and 3-UC-  in-situ studies of the metastable
thick NdeNisOys films grown on NdGaO; S}lbstrates. B) Map of phases key to superconductivity.
specular rods measured for the 1-UC-thick film at different

temperatures in the CaH, reducing environment. the arrowed profile
at the top shows the shift of the 0024 reflection.
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Tunable ‘giant’ kinetic inductance of superconducting KTaOs (111) interfacial 2DEGs:
Superconductivity in the electron gas found at KTaOs (KTO) interfaces is characterized by an
unusually low superfluid stiffness Js, inferred from both transport and microwave measurements.
The reason for the low value of superfluid stiffness Js and the resulting large sheet kinetic
inductance Ly /5 ~ 1/Js is not well understood. If we assume that Js is probing the superfluid
density, that would imply that less than 1% of the carriers in the band are participating in the
superfluid. This is highly unusual, even in a disordered superconductor where Js is reduced by
scattering. The resultant large kinetic inductance can be potentially useful in device applications.
We fabricated coplanar waveguide resonators (Fig. 3) from the two-dimensional superconductor
formed at KTO3 (111) interfaces to characterize the superconductor’s Lk/o as a function of carrier
density (J. Yang et al., Nano Letters 2025). Upon varying the carrier density, in samples
with 7t ranging from 0.62 to 1.81 K, we can tune Lk/o between 1.88 and 7.42 nH/o at the lowest
temperatures, exceeding the highest values reported for granular aluminum films. The temperature
dependence of Lkinis consistent
with a superconducting gap without
nodes. The high Lx/o of
superconducting KTO (111)
interfacial electron gases combined
with the high dielectric constant of
KTO results in resonators with

T e i C . exceedingly low phase velocities
%; jjj% g E——— - (“slow light”) and small mode
: o‘—é; | e’ volumes. In addition,
. e superconducting KTO (111)

© oo 02 os 0e os 10 12 14 is interfacial electron gases are robust

T in magnetic fields well above a
Fig. 3 (Top) Superconducting coplanar waveguide patterned from a

AlOy/KTaOs5 (111) 2DEG. (Bottom Left) Temperature evolution of Te.SIa' These. features . Cap enab.le
its microwave resonant frequency, which is governed by the kinetic unique deV}Ce app hcat%ons n
inductance of the resonator. The resonance signal disappears above superconducting  electronics and
Tc. (Bottom Right) Temperature evolution of sheet kinetic — quantum information science.

inductance L g0f superconducting KTaOs(111) 2DEGs at different Spintronic THz spectroscopy of
doping levels, where higher doping levels lead to higher 7¢ and surface phonons in KTaOs3. With the

lower values of Ly /o- diSCOVGI’yErmr! Bookmark not defined. of s

uperconductivity at interfaces of
KTO, there has been intense interest in its underlying pairing mechanism. A unique property of
the superconductivity at KTO interfaces is its orientation selectivity. For KTO (111) interfaces,
the transition temperature can be as high as 2.2 K, for the (110) interface, the maximum 7cis ~ 1.1
K, whereas on the KTO (001) interface, superconductivity was found in ionic liquid gated samples
with a 7. <0.047 K (K. Ueno et al., Nat. Nanotech. 2011). Since then, other groups have failed to
find superconductivity in chemically doped or ionic liquid gated KTO (001) 2DEGs with similar
carrier densities down to ~ 20 mK. In a recent paper, we proposed a theory of superconductivity
involving inter-orbital interactions that explains this striking orientation selectivity of
superconductivity. The proposal relies upon the inversion-breaking TO1 phonon as the
‘superconducting glue’. This is the same phonon that softens as KTaOs3 is cooled to low
temperatures causing it to behave as a ‘quantum paraelectric’, which is an incipient ferroelectric
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thwarted by quantum fluctuations. However, phonons at surfaces can differ from the bulk. With
this in mind, we devised a spectroscopic technique — ‘spintronic THz spectroscopy’ — where THz
generated from a magnetic overlayer interacts with the surface phonons, which in turn leaves a
signature in the emitted THz spectrum (Z. Chu et al., Sci. Adv. 2024). With this technique, we are
able to probe the near-surface TO1 phonons in two different quantum paraelectric materials —
SrTiO3 and KTaOs, where we find that the surface phonons are distinct from the bulk. These
findings are useful for our understanding of ferroelectric fluctuations and their role in
superconductivity in these materials.

Future Plans

1. In-situ studies of MBE and PLD growth of nickelates, using coherent x-rays and dynamics
of resulting speckle patterns (x-ray photo correlation spectroscopy or XPCS) to track defect
dynamics and phase formation during synthesis and topotactic reduction.

2. Explore pathways to tune superconductivity in the nickelates, including strain, interfacial
doping and dimensional confinement.

3. Develop new giant spin-Hall effect A15 compounds by tuning the Fermi level via
stoichiometry or creating pseudobinary alloys. Many of these are superconducting, and
several are predicted to have topological surface states.

4. Carry out high resolution spectroscopy of the superconducting electron gas at KTO
interfaces to determine the nature of the superconducting gap.

5. Explore the interaction between magnetism and superconductivity in the KTO interfacial
electron gas.
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Singlet and Triplet Exciton Interaction and Dynamics in Molecular Crystals
Ivan Biaggio, Physics Department, Lehigh University
Keywords: Decoherence, Exciton, Triplet Transport, Spin entanglement, Rubrene

Research Scope
Our research aims at developing a fundamental
understanding of excitonic quantum properties such as
spin-states, entanglement, and quantum decoherence, how
they are affected by transport in a crystal lattice, and how
they can be controlled by magnetic fields. A special area
of focus is the spin-entangled triplet-pair state that arises
from a singlet fission process [1,2], how it is formed, how
long the spin-correlation persists, the mechanisms of triplet
exciton diffusion and transport, and how they affect
quantum decoherence. Current activities include (1)
pump&probe transient grating spectroscopy of the singlet-
fission processes that lead to entangled triplet pairs in a | Pictorial representation of the onset of
low-perturbation limit characterized by low excitation | decoherence in the quantum beats in a
density, low repetition rate, and low peak intensity; and (2) | brene crystal during the first 20 ns
. . . . after photoexcitation, as the magnetic
the study of geminate triplet-exciton fusion [3] and the | #.1q directions is rotated by just a few
related quantum beats [1] to assess the persistence of the | degrees. The data is super-imposed on
spin-entanglement in the presence of extensive diffusion in | an image of a mm-sized rubrene crystal
the crystal lattice in both one and two dimensions and to | and the fluorescence it emits
use as a probe of exciton transport properties such as
hopping time and dimensionality.
Recent Progress
During the last year our research progressed on a number of fronts, with the discovery of effects that
have gone unrecognized until now, and new insights obtained thanks to the development of original
theoretical models and their use to analyze new types of experiments. We are currently working on a
series of publications describing these effects and models, focusing in particular on the entangled
triplet-pair state in molecular crystals. It is worth noting that even though there is a lot of current
research on materials for singlet exciton fission, and even though it is known that singlet fission leads
to a pair of triplet excitons that should in principle be spin-entangled into an overall singlet state, there
is still very little literature about the quantum properties of the entangled triplet pair, which are also
of general interest for fundamental quantum mechanics and for quantum information science. We
believe that our research is providing a relevant and original contribution to this field. The following
paragraphs summarize some recent findings.
Transport induced global decoherence in the high magnetic field limit. We have determined that,
in contrast to a generally accepted belief, the wavefunction of triplet excitons can localize on different
inequivalent sites in a crystal lattice [4]. As a consequence, exciton hopping between inequivalent
sites can and does affect the quantum interference that should give rise to fluorescence quantum beats
upon recombination of an entangled triplet-pair, as we demonstrated in rubrene. We also showed that
magnetic fields can be used to control the global decoherence caused by this transport induced
dephasing effect, which enabled us to determine experimentally the excitonic spin energies and the
hopping time between inequivalent sites in rubrene crystals from quantum beat measurements. This
was published in Phys. Rev. Lett. in January 2024 [4].
Evolution of the triplet-pair wavefunction in the low Magnetic Field Limit. Triplet exciton
localization on inequivalent sites can also lead to complete suppression of quantum beats when no
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magnetic field is applied, and in the low-field limit. In addition, we recognized that in the limit of fast
hopping (which is the case, e.g., in tetracene) the averaging effect caused rapid exciton diffusion and
its effect on quantum beats must be analyzed in terms of the Hamiltonian of the triplet pair and its
variability during exciton hopping, not in terms of the generally accepted D* and E* “crystal” EPR
parameters. This leads to a completely different prediction for zero-field and low-field quantum beats
than what has been normally expected up to now.

Entanglement lifetime and spin stability in triplet exciton pairs. In materials affected by transport
induced dephasing it is possible to restore global spin-coherence by a magnetic field that has the same
direction with respect to both inequivalent sites in the crystal lattice [4]. But complete suppression of
decoherence can only happen in the high-field limit. To evaluate the stability of spin states it then
becomes important to distinguish transport induced dephasing from other effects like spin flips due
to spin-orbit coupling that destroy spin entanglement.
We showed that magnetic field dependence allows to

Temperature (K)
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Thermally activated behavior of quantum beat 200K [ ]
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time becomes longer at lower temperatures, the initial é 200 K E Eld =
fluorescence decay [3] slows down, while the é“ﬁ SN I 2
increased spread in the fission time distribution leads | & T‘\ e K.EE >
to decoherence and a decrease of quantum beat é w DE
amplitude. These two effects are measurable in two § w Elay
completely different temperature ranges, 00 smey u ]
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temperature activated behavior that demonstrates the H Poymene N .
connection between spin quantum coherence and + e 8 10z 14 1 0
singlet fission rate. 1000/Temperature (1/K)

Correlated activation behavior of quantum
beat amplitude and fluorescence decay rate in
rubrene.
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Pump&Probe transient grating uncovers singlet-fission processes in a low perturbation limit.
We confirmed the presence of two independent singlet fission mechanisms in rubrene. One is
thermally activated and leads to a ~10 ps exponential build-up time of the triplet population at room
temperature. The other one is temperature-independent and establishes an initial triplet-population
with a characteristic time of 2 ps (see data in the left-most figure below). Spectroscopy [2] of these
two transitions led to new insights on the process and its effect on photoluminescence (see next
paragraph). In particular, at lower temperatures triplet transport freezes in, causing the triplet states
created by the 2 ps fission process that survives at low temperature to remain in a stable superposition
with the photoexcited singlet state.
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Symmetry breaking and superfluorescence as singlet fission freezes at low temperatures.
Separate fluorescence dynamics and spectroscopy experiments demonstrated that as the temperature-
activated fission process freezes in, the typical fluorescence power-law dynamics connected to triplet
transport and fusion disappears, replaced by the intrinsic radiative lifetime and accompanied by a
strong increase in fluorescence quantum yield and shorter wavelength fluorescence (see data in the
figure above, right). We expect that the study of the correlation between emitted spectrum,
suppression of the activated singlet-fission process, triplet transport, and onset of a dominant radiative
emission from photoexcited singlet states will lead to a rich new set of observations and deeper
understanding of these phenomena.

Future Plans

Our recent research lead to the development and demonstration of an extensive set of experimental
and analysis tools that will allow the use of quantum interference in entangled triplet pairs, detected
via fluorescence quantum beats, as an investigative tool to understand triplet exciton transport and
the quantum decoherence processes that can be associated with it. There is now a large number of

158



exciton fission materials where quantum coherence and entanglement has not been studied yet and
where the tools we developed should be applied.

As an example, there are several open question regarding the understanding of coherent and
incoherent singlet fission processes for which scant experimental data is available. The ability to
study fission also with respect to the establishment of the entangled triplet-pair state, not only with
respect to the amount of triplet states created in the process, will be an important new research
direction, especially when applied to other organic semiconductors characterized by a crystal lattice
with inequivalent sites.

The study of the stability of spin-states in organic semiconductors and of the persistence of
entanglement and how it varies between materials and as a function of crystal composition and lattice
structure is also generally appealing towards establishing quantum properties of the spin states in
organic semiconductors, which can be instrumental for possible applications in quantum information
science.

It both surprising and interesting that within the large body of literature dedicated to singlet fission,
quantum beats from entangled triplet-pair states have only been observed and studied in any depth in
essentially just two materials, tetracene and rubrene. In view of the increasing interest in quantum
information science it is important to further study spin states in organic semiconductors as a possible
new quantum platform. The tools that we have developed and demonstrated are ideally suited for this.
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Opening New Frontiers of Epsilon-Near-Zero Optics
Alexandra Boltasseva, Purdue University (Principle Investigator)
Zubin Jacob, Purdue University (Co-Investigator)
Vladimir M. Shalaev, Purdue University (Co-Investigator)
Keywords: Epsilon-near-zero, nonlinear, transparent conducting oxides, transition metal nitrides
Research Scope
This project focuses on discovering novel platforms to enhance the generally weak interaction of light
and matter by exploring novel interaction regimes. Specifically, we explore epsilon-near-zero (ENZ)
materials whose real part of the dielectric permittivity approaches zero, taking a holistic approach to
understanding and controlling ENZ properties in transparent conducting oxides (TCOs) and transition
metal nitrides (TMNs). We study the enhancement of nonlinear optics in ENZ regime and preform
optical characterization of ENZ materials focusing on ultrafast and extreme modulation of optical
parameters. We also study the control of various emission processes in the presence of homogeneous
and structured ENZ media. Our major results can be broadly categorized into two divisions 1)
investigation of material properties for ENZ applications and ii) the dynamic control and tunability
of light using ENZ.
Recent Progress
Epsilon-near-zero materials host a plethora of exciting phenomena including field enhancement,
wavelength expansion, and the slow-light effect. An important ENZ material platform are transparent
conduction oxides that have static and dynamically tunable ENZ properties. This past period, we
have focused partly on ENZ phenomena in dynamically pumped TCOs. We studied the role of losses
in ENZ dynamics and demonstrated the spatial and spectral fission of light in optically-pumped thin
film TCOs. We also discovered a new mechanism of third-harmonic generation in pumped TCOs
which exhibits quadratic scaling instead of the standard cubic scaling. Next, we examined the role of
dispersion in photonic time crystals — a new state of matter — in a TCO platform showing a significant
reduction in stringent experimental requirements. Further, we experimentally demonstrated that the
apparent dimensionality of an interacting ensemble of emitters could be modified using a resonant
nanophotonic structure.
Spatio-spectral optical fission in time varying subwavelength layers
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Figure 1. Full spatio-spectral information of transmitted probe pulse as the pump-probe delay is tuned. The
probe transmitted beam profiles (with the x-axis recalibrated in deflection angle AD) together with the associated
spatial spectral distribution for different values of the pump-to-probe time delay (At).

Transparent conducting oxides are highly-doped semiconductors that exhibit favorable characteristics
when compared to metals, including reduced material losses, tunable electronic and optical properties,
and enhanced damage thresholds. Here, we report the spatio-spectral fission of an ultra-fast pulse
trespassing a thin film of aluminum-doped zinc oxide with a non-stationary refractive index. We
experimentally demonstrate and develop a model that by applying phase conservation to this time-
varying layer accounts for both space and time refraction leading to a fission both the spectrum and
the energy. Our findings represent an example of extreme nonlinear phenomena on subwavelength
propagation distances and shed light on the nature of several nonlinear effects recently reported not
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accounting for the full optical field distribution. Our work provides important insights into transparent
conducting oxides’ transient optical properties, which are critical for applications such as photonic
time crystals, on-chip generation of nonclassical states of light, integrated optical neural networks as
well as ultra-fast beam steering and frequency division multiplexing.

Nonlinear Loss Engineering in Near-Zero-Index Bulk Materials
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Figure 2. AZO’s complex refractive index for various optical pump intensities. The index is retrieved via
reflectance and transmittance measurements at various wavelengths and pump powers, while the pump and
probe are overlapped temporally. The top panels display the real and imaginary components of index, while
the bottom panels display the real and imaginary components of permittivity. Yellow, green, and red dashed
lines represent pump intensities of 435 GW cm™2, 869 GW ¢cm2, and 1304 GW cm 2, respectively.

Here we studied the nonlinear optical absorption properties of aluminum-doped zinc oxide (AZO)
thin films in their near-zero-index (NZI) spectral window. We found that the imaginary part of the
refractive index is reduced under optical excitation such that the field penetration depth more than
doubles (7). An optically induced shift of the NZI bandwidth of =120nm for a pump intensity of 1.3
TW cm? is also demonstrated. Looking into the optically induced spectral redistribution of the probe
signal, local net gain is recorded, which is ascribed to a nonlinear adiabatic energy transfer. Our study
unveils the role of loss in these non-stationary systems building our understanding of processes such
as parametric amplification and its viability for loss compensation.
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Third Harmonic Enhancement Harnessing Photoexcitation Unveils Nonlinearities in Zinc Oxide
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Figure 3. Third harmonic measurement setup b. Power dependence (log-scale) of third harmonic generation
without pump and c. with pump.

Nonlinear optical phenomena are at the heart of various technological domains such as high-speed
data transfer, optical logic applications, and emerging fields such as non-reciprocal optics and
photonic time crystal design (2). However, conventional nonlinear materials exhibit inherent
limitations in the post-fabrication tailoring of their nonlinear optical properties. Achieving real-time
control over optical nonlinearities remains a challenge. We demonstrated (3) a novel method to switch
third harmonic generation (THG), a commonly occurring nonlinear optical response. Third harmonic
generation enhancements up to 50 times are demonstrated in zinc oxide films via the photoexcited
state generation and tunable electric field enhancement. The enhanced THG follows a quadratic
scaling with incident power, as opposed to the conventional cubic scaling, which demonstrates a
previously unreported mechanism of THG. The THG can also be suppressed by modulating the
optical losses in the film. We demonstrated that the photoexcitation of states can not only enhance
nonlinearities, but can create new processes for THG. Importantly, our method enables real-time
manipulation of the nonlinear response of a medium.

Reducing Effective System Dimensionality with Long-Range Collective Dipole-Dipole Interactions
We experimentally demonstrated (4) that the apparent dimensionality of an interacting ensemble of
emitters is modified by employing a resonant nanophotonic structure. The dimensionality is encoded
in the temporal fluorescence decay dynamics. The exponent [ that relates to the apparent
dimensionality of the interacting system is observed to be a non-integer value. The value of apparent
dimensionality on a resonant plasmonic lattice shows a stark contrast value of d ~ 2.20, in
comparisonto d ~ 3.0 obtained on glass, an off-resonant TiO: dielectric lattice, and an off-resonant
plasmonic lattice. Further, we extract the underlying distribution of energy transfer rates for the
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interacting emitters’ ensemble. The rates indicate a similar dimensionality modification. Our work
paves the way for engineering interacting systems with apparent lower dimensionality.

Future Plans
Our future work will branch out from the funded effort in interconnected directions. First, we
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Figure 4. Measured fluorescence lifetime decay when the interacting emitters are in different electromagnetic
environments: (a) glass substrate (a homogeneous environment), (b) TiO, dielectric lattice (an off-resonant
inhomogeneous environment), and (c) a plasmonic lattice (a resonant inhomogeneous environment). The value
of B ~ 0.5 in both inhomogeneous and off-resonant inhomogeneous environments. This is commensurate with a
3D system. In contrast, the faster-than-exponential decay dynamics on a resonant silver (Ag) plasmonic lattice
reveals an exponent value of ~0.37. This is commensurate to an effective lower dimension d ~ 2.20.

investigate the non-stationary aspects of ENZ behavior. As our recent work suggests, the standard
models for nonlinear optics do not hold in a time varying media, for example our observation of
quadratic scaling of THG. Additionally, since ENZ materials are an ideal platforms to explore
photonic time-crystals in dispersive surface modes, we will explore in more detail thin-film modes
such as the Berreman and the ENZ mode, in non-stationary cases. Further, we will explore the
localization of the spin and orbital degrees of freedom of light in disordered ENZ media.
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Research Scope: Metamaterials and metasurfaces offer exquisite control over local electromagnetic
near-field distributions, while also offering mechanisms to control far-field coupling and radiation
modes. Our long-term objective is to uncover new optical and material behaviors that will expand our
fundamental understanding of nanoscale materials, open up new territory for scientific discovery, and
eventually lead to technologically relevant applications. Our activities proceed along two major
research themes that will extend our previous breakthroughs in using metasurfaces for nonlinear
optical processes and emission control of emitter ensembles: (1) increasing bi-photon rates and
realizing new degrees of freedom for spontaneous parametric down-conversion using novel quantum
optical metasurfaces, and (2) enabling metasurface-mediated light-matter interactions in sparse
quantum dot systems.

Recent Progress

1. Quantum pair generation in nonlinear
metasurfaces with mixed and pure
photon polarizations: Nonlinear
metasurfaces offer a versatile platform for |
exploring quantum phenomena, such as
generating and manipulating entangled

photons_ In particular, polarization control Figure 1: (a) Conceptual diagram of multiplexed entangled

photon generation in a multi-resonance semiconductor
. metasurface. (b) Linear transmittance of the sample. (c) Real and
quantum computation, quantum  jmaginary part of the density matrix p for photon pairs generated
communication, and quantum simulation. by the MD-gBIC on QOM-A measured using two-photon

Using our semiconductor nonlinear Polarization tomography. (d) Real and imaginary part of the

. density matrix p for a signal photon, and (e) for an idler photon,
metasurfaces, designed to enhance photon respectively, when photon pairs were generated by the MD-qBIC

pair generation via spontaneous on QOM-A measured using single-photon polarization
parametric down-conversion (SPDC) tomography.

through high quality-factor (Q) quasi-

bound states in the continuum (BIC),! we demonstrated that the polarization state of the generated
photon pairs can be controlled by adjusting the eigen-polarization of the resonant mode driving the
nonlinear interaction.

For this purpose, we performed single and two-photon full tomography measurements of the emitted
SPDC photons to characterize the quantum state and the purity of the emitted photons. We showed
that the high polarization selectivity of the high-Q resonance enables the generation of pure single-
photon polarization states and that the two-photon polarization states exhibit characteristics of mixed
and nearly separable states. Furthermore, the single-photon polarization state of the signal photons
closely resembles the far-field polarization of the qBICs and exhibits higher purity than the idler
photons. These findings highlight the potential of these metasurfaces as heralded single-photon
sources with controllable polarization.

We extended our work by using [110]-oriented GaAs metasurfaces with designs similar to those used
for [001]-oriented GaAs metasurfaces. We observed not only enhanced SPDC efficiency from gq-BIC
resonances but also from low-Q modes, (not observable in the [001]-oriented counterparts). This
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increase in SPDC efficiency from two spectrally and spatially overlapping yet distinct sources
enabled the observation of quantum interference in the spectral domain.

2. Rational Designs to Control of Multiple Bound State in the Continuum and Resulting
Polarization Singularities: High quality-factor (Q) modes are essential for enhancing light-matter
interactions in all-dielectric photonic systems. While numerous approaches exist for creating high-Q
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Figure 2: (a) Scanning electron micrographs of
silicon metasurfaces where a 180° symmetry
breaking deformation is rotated causing (b)
points of perfect circular polarization (C-points)
to rate in the upper and low bands. (c)
Experimentally measure reflectance spectra
match computational predictions. (d) Scanning
electron micrograph of a quadruply resonant
metasurface. (e) Experimentally measured
reflectance spectra showing the existence of four
high-Q resonances.

modes, robust methods for simultaneously controlling
multiple high-Q modes and their polarization vectors had
remained underexplored. Building upon our work on
symmetry-guaranteed pairs of bound states in the
continuum, we demonstrated the manipulation of
singularities arising from pairs of symmetry-protected
bound states in the continuum. This was achieved through
the creation, annihilation, and placement of polarization
singularities via symmetry-breaking operations derived
from a design framework rooted in group theory.
Experimental results strongly validate theoretical
predictions.?
While symmetry-guaranteed degeneracies enable pairwise
control, their limitation to two high-Q modes is suboptimal
for enhancing four-wave mixing. To address this gap, we
developed and demonstrated a rational design scheme
based on symmetry to simultaneously engineer the optical
lifetimes, free-space polarizations, mode profiles, and
resonant wavelengths of up to four high-Q resonances. *
These approaches enable the development of metasurfaces
with enhanced performance for applications in classical
and quantum optics, including narrowband sensors,
modulators, and entangled photon-pair sources. As these
design paradigms are rooted in group theory, they may
open new pathways for mode control in systems beyond
photonics, such as optomechanical and acoustic systems.
B .

Semiconductor Metasurfaces with embedded
Quantum Dots for Quantum Information
Applications: In this period, we focused on
developing semiconductor metasurfaces which
can serve as sources of quantum light with the
overarching aim of developing a novel
metasuface-based platform for Quantum
Information systems using photons as qubits.
Semiconductor metasurfaces are well-suited
for monolithic integration with of one of the
most promising sources of quantum light,
semiconductor quantum dots (QDs), while

©)
g1
0.5
0
20 0 20 700 750 800 850
b. time (ns) wavelength (nm) C.
Figure 3: Semiconductor metasurface (MS) with

embedded QDs for single-photon emission. (a) [llustration
of photon emission from Huygens’ MS. (b) Measured g
correlation function for photons from a single GaAs QD
embedded in the AlIGaAs MS, where the Huygens’ point is
controlled by the height of resonators, 4, as illustrated in c.

providing solutions to the critical technological challenges faced by the QDs: poor outcoupling
efficiency, inhomogeneity of the emission wavelength, and the need for high-precision nanoscale
device fabrication approaches. Our metasurface with embedded QDs is illustrated in Fig. 3a. We
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deveoped two designs, with QDs coupled to superpositions of (1) in-plane electric (ED) and magnetic
dipole (MD) modes (Huygens’ metasurface) °; and (2) two degenerate in-plane and out-of-plane ED
modes. The Huygens’ metasurface design (Fig. 3c) facilitates free-space directional photon
outcoupling for QDs with the dipole moment orientation in the metasurface plane, while the second
design can facilitate preferential outcoupling for quantum emitters with the orthogonal dipole
orientation. Both designs enhance the outcoupling by over one order of magnitude: for the Huygens’
design, the outcoupling efficiency can reach up to 35% compared to 1-2% for QDs embedded in a
dielectric slab. We experimentally realized the Huygens’ design using low-density local droplet
etched GaAs QDs and observed an enhancement of up to 20 times without deterioration of single-
photon emitter properties (Fig. 3b) °. These results demonstrate that semiconductor metasurfaces can
drastically improve photon extraction without the need for strict spatial position alignment, while also
enabling filtering based on the wavelength and polarization. The metasurface-based platform
therefore offers immense opportunities for fundamental studies in QD interactions, and for the
development of novel quantum information systems.

4. Establishing Photoelectron-based Imaging of Light-Matter Interactions: Understanding the
fundamental and fabrication limitations of metasurface design requires direct imaging of
electromagnetic fields that dictate the light-matter interactions. As the response of the metasurface
depends the system’s symmetry and periodicity, metrology requires an imaging approach with
nanoscale resolution, sensitivity to the field within the volume of the meta-atoms, and far-field
excitation to reveal the symmetry of the resonances. In the photoemission process, the
electromagnetic fields within the material excite electrons with higher field intensity resulting in a
greater number of photoelectrons. We leveraged this relationship to image the spatial distribution of
the fields within two exemplar metasurfaces via photoelectron emission microscopy (PEEM). In the
visible range, we examined a metasurface of TiO2 meta-atoms. By comparing two-photon
photoelectron (2PPE) images to finite-difference time-domain simulations, we determined the
inelastic mean free path (IMFP) of the very low-energy (<1 eV) photoelectrons to be ~35 nm. Because
this IMFP is comparable to the height of the meta-atoms, the result highlights the sensitivity of
photoelectron imaging to optical resonances supported within the meta-atom volume. Extending to
the near-infrared wavelength, we showed the polarization-dependent variation of the spectra of a
broken symmetry resonator metasurface supporting BICs. Altogether, these results showcase the
applicability of photoelectron imaging to examine light-matter interactions in volume-type photonic
resonances supported by dielectric nanophotonic structures.

Future Plans

i) Symmetry, chirality, linear and nonlinear optics: We plan to apply our design paradigms to develop
metasurfaces for enhancing spontaneous parametric down-conversion and spontaneous four-wave
mixing. Furthermore, while our current approaches enable single points of chirality, we are working
towards a unified framework for enhancing chiral light-matter interactions allowing the creation of
high-Q bands with enhanced chirality across the entire resonance band.

ii) Multiple QD interaction in metasurfaces: We aim to enable precise control of QD emission to
facilitate and control the generation of complex quantum states of light by developing material- and
photonic design-based approaches to enhance the overall emission efficiency, enable wavelength
tuning, and explore QD interaction with metasurface resonances (including BICs).
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iii) Enhancing photon pair generation SH wavelength [

rates using polaritonic metasurfaces: We 600 700 800 900

plan to enhance photon pair generation L o gt B
rates by designing polaritonic < 2 = ]NJ\’ \

metasurfaces coupled to quantum- %1 E 04l I/,L\_

engineered  intersubband  transitions E < / =

supported by polar n-doped GaN/AIN- 0 7 \\"':':"'-g_‘
based heterostructures. We will design the 4 00} . - i
heterostructure to achieve a nonlinear 01 2 3 4 =00 l::(\jv()avelength1fn0n(:] 1800,
response that is at least 50x larger Position [nm]

compared to GaAs. Figure 4 shows  Figure4: a:k.p band structure calculation of an optimized
preliminary results where we already n-doped GaN/AIN heterostructure b: Experimental

hi li tibility that i measurement of the nonlinear susceptibility of (a) and
?((\’) ITVG a non meafi tsuséeil lFl. y 1 at 1s comparison to theory. This x® is 4X higher than GaAs.

x larger compared to GaAs. Finally, we
will utilize the inverse design techniques that we recently demonstrated for nonlinear metasurfaces to
maximize photon pair generation.
iv) Imaging photomic-magnetic and photonic-electronic metasurface systems using photoelectrons:
Taking advantage of photoemission being sensitive to magnetic and electronic properties, we aim to
enable the intertwined interactions of photonic-driven magnetic lattices and metasurface-supported
2D materials. We plan to work on two-color photoelectron excitation to capture time-resolved
phonemena and to extend into infrared photonic systems that are incompatible with lowering the work
function via potassium.
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Research Scope zomo
This work builds on the PI’s discoveries of AY,
novel phonon-electron interactions and
colossal  nonlinearity in  topological
semimetals (TSM) to understand their
dynamics, enabling energy-efficient electronic | 7
interconnects, nonlinear optoelectronic, and P amansft o) S
thermal devices. In the previous reporting Figure 1: a) Raman spectra for bulk-like (104nm -top)
period, the PI proved TSM's ultrahigh transport | and ultrathin (12nm - bottom) Cds;As, films. b)
mobilities result from the phonon-electron Linewidth versus temperature for two representative
scattering far exceeding phonon-phonon, such modes, demonstrating phonon-electron scattering.
that momentum is conserved in a phonon-

electron fluid.! This explained how TSM with various symmetries, quantum geometries (Dirac, Weyl,
Three-fold fermions), and Fermi surface topologies (0<Er<1.5 eV) possess orders of magnitude larger
transport than single particle mobilities. At the nanoscale, this universality disappears with electrical
transport enhanced in thin NbAs and MoP, while the mobilities are degraded in Cds3Asz. These results
and fine-tuning the phonon-electron fluid motivate our systematic study of nanoscale TSM. Scattering
also controls TSM's nonlinear responses, typically assigned to quantum geometry. Inspired by
phonons boosting linear transport, we will employ nanoscale TSM devices to test the phonon-electron
fluid's role in nonlinearity. Specifically, the PI will use his unique combination of fabrication and
optical techniques to systematically explore the interplay between the phonon-electron fluid and
quantum geometry in nanoscale TSM. First, we will explore phonon spectra changes as the materials
are thinned and later with lateral confinement along specific crystal directions. In parallel, the
electronic evolution will be explored by combining broadband IR spectroscopy and transport
measurements. Here, we aim to uncover how the confinement changes in scattering and dispersion
alter the electron-fluid (via phonon scattering) and electron transport. With this knowledge, we will
be well-positioned to uncover the phonons' role in nonlinear responses.

Recent Progress

The PI has been studying the Raman response of Cds3As: films to understand the role of
nanoconfinement on the phonon-electron fluid. Specifically, the temperature dependence of films
with thicknesses ranging from 12nm to 104nm have been measured. We focus on the six modes seen
below 100 cm™ that provide the strongest and well-isolated signals. Their energies and symmetries
match previous studies on bulk (See Figure 1), and do not change substantially upon thinning.
Furthermore, as shown in Figure 1b, we find their linewidths versus temperature to be quite
anomalous, but in line with our previous TSM results obtained with support from the DOE-PBM
program in TSM.?? Specifically, a typical phonon decays via anharmonic scattering into other
phonons, producing a linewidth that grows with temperature due to Bose statistics. However, in TSM,
the linewidths either grow much more rapidly, saturate, and then are reduced at higher temperatures
or are reduced with temperature. This behavior results from the dominance of phonon-electron
scattering and is described by the Fermi statistics of the electrons. As seen from the figures, we
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Due to the large unit cell of CdsAsz, its band
structure undergoes substantial changes below
70nm. Thus, we have also measured thin Bi single
crystals to test the extent to which these results occur
due to MBE growth versus a large unit cell. Indeed,
Bi is a TSM that similarly possesses a large
discrepancy between its transport and single particle
mobilities. Nonetheless, a temperature-dependent

study of its phonons has never been reported. To this end, we employ Bi
single crystals grown by hot pressing between hBN. This allowed us to
study samples of nearly similar thicknesses (15nm and 80nm). Again,
the resulting spectra matched previous bulk results.

Following our standard protocol,'* the phonon linewidths for Bi and
CdsAs2 were fit to separate the electron-phonon, phonon-phonon, and

disorder scattering. The resulting electron-phonon coupling strengths for both materials are reported
in Figure 2. Here, we find that the scattering of the Bi phonon modes is unaffected by reducing the
thickness to 15 nm. However, for CdsAs2, we find nanoconfinement results in a substantial
enhancement of the phonon-electron scattering for all phonons. The origin of this enhancement
remains unclear, but it could result from small changes in the Fermi level and/or the phase space for
phonon-electron scattering.

['pp_g Scaling Factor

8 soom
T -

[pp_p Scaling Factor

i 3 3

1 2 3 4 5

Phonon Number (#)

Simultaneously, we have optimized the device design to eliminate
unwanted thermal signals in nonlinear photocurrent experiments.
Specifically, following our previous DOE-PBM-supported work
demonstrating the enormous second-order nonlinear responses of
TSM,4,5, we have been developing a new means to study current-
induced second-order optical responses. These offer two advantages:
studying the quantum geometry of inversion symmetric materials and
potentially exploring its change around the Fermi surface.

Nonetheless, as with standard second-order responses, these can be
plagued by artifacts from contacts or thermal responses due to the
Seebeck effect. To this end, we have developed a device geometry that
completely eliminates such responses. This was achieved through an
iterative process by studying the response of Au and Pt crosses of
various shapes, sizes, and device geometries. Interestingly, this also
revealed a new optically induced transverse photo-resistance. As
shown in Figure 3, by applying a current in the x direction, we find a

Figure 3: Transverse photoresistance in a Pt cross
for different positions of a Mid-IR laser.

transverse voltage from shining a mid-IR laser on the
substrate. Strangely, this response changes sign as the

laser crosses the current or voltage leads. Extensive

tests with different wavelengths, substrates, and thicknesses, as well as comparisons with COMSOL
simulations, proved these results from current deflection. Specifically, the laser induces a thermal
gradient in the substrate, causing a gradient in the device resistance. As a result, the current is
deflected away from the gradient, producing the transverse voltage. These results are currently under
review at Applied Physics Letters.
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Our efforts in studying phonons, fabrication, nanoconfinement, and their role in transport also
contributed to a recent work on W5N6 MXENES. Specifically, we helped to demonstrate the absence
of resistance enhancement upon reduction to the nanoscale thicknesses. This offers a new route of
chemically converted materials for future interconnects. Lastly, our efforts in optimizing
heterostructures, device fabrication, and characterization, developed as part of this effort, have
contributed to several other studies on the mobility of 2D semiconductors, the role of structure in 2D
magnets, and optimization of intercalation into various materials for device applications.

Future Plans

We continue to study the thickness dependence of the Raman response of CdsAs: and Bi thin films.
Here, we aim to uncover a clear trend in the role of nanoconfinement, separate from strain or changes
in the Fermi level, on the phonon-electron scattering and transport. Simultaneously, we are optimizing
the fabrication of these materials into devices for Nonlinear thermal and photocurrent response
experiments. The nonlinear photocurrent experiment is also being adapted for low temperatures to
study how the phonons affect the nonlinear responses.
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Unequivocal Identification of Spin-Triplet Superconductors with Half Quantum Flux
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Research Scope

Known superconductors (SCs) are mostly spin-singlet (numerous s-wave and some d-wave) and few
spin-triplet SCs. Spin-triplet SCs, essential for Majorana fermions and fault-tolerant quantum
computing, but are rare and difficult to identify with traditional methods. We use phase-sensitive
measurements to detect half-quantum flux (HQF) in flux quantization in sub-pum rings to identify
triplet SCs. Previously we have observed HQF in polycrystalline f-Bi2Pd rings. Recently, we have
observed HQF in composite rings of Nb connecting the opposite crystalline ends of epitaxial B-Bi2Pd.
With increasing temperature, the half-integer-flux quantization transits to integer-flux quantization.
These findings unequivocally demonstrate odd-parity pairing symmetry in spin-triplet -Bi2Pd.

Recent Progress

Superconductivity occurs due to Bose-Einstein condensation of Cooper pairs of two electrons, as
explicitly displayed in the fundamental constant of flux quantum ®o = hc/2e = 2 x 10°'° T-m?, where
h is the Planck constant, ¢ the speed of light, and 2e the Cooper pair charge. The Cooper pairs in
superconductors (SCs) may be spin-singlet with spin 0 or spin-triplet with spin 1. The known SCs
are overwhelmingly spin-singlet, mostly s-wave (e.g., Al, Nb) and some d-wave (e.g., cuprates).
Spin-triplet SCs, essential for Majorana fermions and fault-tolerant quantum computing, are rare and
difficult to identify with traditional methods such as upper critical field exceeding the Pauli limit and
NMR Knight shift.

The essential differences between singlet
and triplet SCs in gap parity, Cooper spin, and ‘
time reversal symmetry lead to distinct features in o
half quantum flux (HQF), Andreev reflection
spectroscopy (ARS), and superconducting tunnel
junctions (STJs) for unequivocal identification of
singlet and triplet SCs. Here we describe the
recent results of HQF in superconducting rings of
B-Bi2Pd.

Singlet SCs (s-wave and d-wave) have
even parity with the same gap values upon  —= "= | . . 1. PB-BiPd
inversion. This leads to integer quantum flux 2
(IQF) of @ = n@® (n = 0, 1, 2...), where the  pjg 1, Integer (Nb) and half-integer (B-Bi>Pd) flux
resistance minima occur at integer quantum  quantization observed in polycrystalline SC rings,
number n, known as the Little-Park effect [1] as  with structures shown on the left. [Li, Xu, Lee, Chu,
has been observed in numerous rings of singlet and Chien, Science 366,238 (2019)].

SCs, both polycrystalline and epitaxial (e.g., Al,
Nb, cuprates, etc.). The gap value of triplet SCs

R (())
5
1+

20| !
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with odd parity changes sign upon inversion.
Consequently, the resistance minima occur at (a)
half quantum flux (HQF) of @ = (n+ %)@, if
there are odd number of sign changes in the
gap value in the grain boundaries in a (c)
polycrystalline ring as opposed to IQF of @ =

02

n®, with an even number of sign changes in S o1k
the gap values, or no sign change as in % é‘w’

epitaxial rings. These characteristics lead to

unequivocal identification for triplet SCs as in
B-Bi2Pd [2]. Fig.2:

H(Oe) /4.25 Oe
(a) GLB composite ring of triplet (p-wave)

In polycrystalline triplet rings, the connected at the ends with a singlet (s-wave) structures, (b)

total number of sign changes in the gap values
are random. The identification of triplet
pairing requires multiple rings showing both
IQF and HQF of similar occurrence. The
identification of singlet pairing also requires
multiple polycrystalline rings showing only IQF.
Recently, we have demonstrated unequivocal
identification of any SC, singlet or triplet, using one
composite ring of an epitaxial SC and an s-wave SC
with only a single measurement [3].

Geshkenbein, Larkin and Barone (GLB) [4] first
proposed the composite ring structure consisting of a
triplet SC and a singlet s-wave SC as shown in Fig. 2a,
where the triplet SC segment must be a single crystal
(or epitaxial) to preserve the orientation of the odd-
parity triplet gap, whereas the singlet SC (e.g., Nb) with
an isotropic gap can be polycrystalline. Due to its odd-
parity gap, the two ends of the triplet SC with the singlet
SC have opposite signs. Thus, the GLB composite ring
contains only one sign change thus always exhibits
HQF of @ = (n + 1/2)®,, the definitive signature of a
triplet SC.

The definitive GLB rings require high resolution
lithography of fabricating a pm-sized composite ring
structure [3] of an epitaxial triplet SC of B-Bi2Pd and a
polycrystalline singlet SC of Nb (Fig. 2b), where we
have observed only HQF (Fig. 2c). The measured
oscillation period of 4.25 Oe is consistent with the
expected period from the area of 4.2 x 1.6 pm? of the
ring. In such a GLB composite ring, one obtains the
definitive evidence of HQF of triplet SC with only one

The GLB composite ring consists of two SC shows two

actual GLB structure of epitaxial B-Bi,Pd and Nb and (c)
the observed half-integer flux (n + 2)®,. [Xu. Li, Chien,
Phys. Rev. Lett..132, 056001(2024)]

@ | ]
“Ip-BiPd| '
g% J\I .
¥l — T Two transitions |
1 ‘ Nb
(®)

q 07
06
4+ 17
n+ %) @
04 2.6 K|
0.3 ’_,‘f\_!\.f‘-‘\,r‘-‘uj AvLY v f 1/ ‘Jl-.ﬂj\ N
0.2 2.3 K]

0.1 MW:\AM “MU’V‘:MW /\4 fuw'\

8—1776;57473*24 (I) 123456 ‘? 8
H (Oe)/4.25 Oe
Fig. 3: (a) Two transitions of Nb (8 K) and j-
Bi,Pd (3.4 K) in the GLB composite ring.
(b)Flux quantization changes from HQF to IQF
a function of temperature [Xu. Li, Chien Phys.
Rev. Lett..132. 056001(2024)1

measurement [3].

superconducting transitions of singlet s-wave

Nb (Tc = 8 K) and triplet B-Bi2Pd (Tc = 3.4 K) as shown in Fig.3a. This combination of a singlet

and a triplet also reveals other unusual features. At 2.
been observed as shown in Fig. 2c and Fig.3b. At 2.
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7 K, just below the Tc of B-Bi2Pd, HQF has
75 K, the resistance minima at half-integers



began to move towards those at integers. At 2.8 K and 2.9 K, the resistance minima are at integers at
lower fields but washed out at the higher fields. With increasing temperatures, as the triplet pairing
with HQF in B-Bi2Pd fading away, the composite ring acquires singlet pairing with IQF due to the
proximity effect of Nb.

In summary, notwithstanding the challenges of fabricating GLB composite rings of two SCs with an
epitaxial triplet SC, the GLB composite rings reveal its triplet nature by exhibiting only half-quantum
flux. The unequivocal identification can be accomplished in one GLB ring with one measurement.

Future Plans

We use HQF in polycrystalline rings and GLB composite rings to identify other triplet SCs, both
centrosymmetric and noncentrosymmetric SCs. We are also developing Andreev reflection
spectroscopy for identifying triplet SCs and fabricating superconducting tunnel junctions involving
spin-triplet SCs.
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Thermoelectric Effects and Spin-Mediated Heat Transport in Novel Materials
Joshua L. Cohn, Department of Physics, University of Miami

Keywords: heat transport, thermoelectricity, spin Seebeck, magnons, superconductivity

Research Scope

This program involves experimental transport studies
of spin-mediated heat transport and thermoelectric
effects in novel materials that elucidate the interaction
and exchange of energy between subsystems: magnon-
phonon interactions, charge-carrier pairing in an
extreme low-carrier density superconductor, spin-
charge  conversion at  magnetic  insulator-
superconductor interfaces. Some of the materials
targeted for study are low-dimensional and have novel
thermoelectric or magnetic properties already
established in published and preliminary work.

Recent Progress
Anisotropic thermal conductivity of CuQO
[Phys. Rev. Mater. 8, 124403 (2024).]

The monoxide CuO received much attention given
its potential to inform the physics of high-Tc
superconductors, the quasi-one-dimensional character
of its high-energy antiferromagnetic spin dynamics,’
and more recently, for the discovery of novel, spin-
driven ferroelectricity? in one of its high-T
antiferromagnetic spin phases. CuO and NiO provide
rare examples of three-dimensional collinear
antiferromagnetic ordered phases with large exchange
coupling (J~100 meV) and are of interest for the study
of thermal conductivity (k) by magnons (the wide
energy separation between phonon and magnon
acoustic spectra limits a direct interaction through
hybridization). NiO crystals have internal twin and/or
magnetic domain boundaries that suppress k below 35
K and mask any magnon term. Surprisingly, no work
prior to ours had been published on heat conduction in
CuO single crystals; k for other monoxide crystals®ror'B
ookmark not defined. (\[n(), NiO, CoO) were studied in the
1950s and 1960s. CuO is commonly employed as a
thermal additive, thus reliable thermal conductivity
data can also inform applications, e.g. as input in
modeling heat exchange in such compound fluids.

Evidence of a substantial magnon heat conductivity
along the [101] and [101] (Fig. 1) was revealed in the

difference between the measured k and model calculations of the lattice thermal conductivity that
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Fig. 1 (a) Thermal conductivity (k) data (solid
circles) for the [101] and [101] directions (along
and transverse to the spin chains) with two curves
for each (labeled a and b) calculated from the
anisotropic Callaway model for lattice conductivity.
(b) Inferred magnon contributions for the two
directions computed by subtracting the model lattice
conductivity curves in (b) from the measured data.
The shaded regions highlight the range of possible
values defined by the boundaries set by the
computed curves in (b) The dash-dotted (dash-dot-
doted) curve is k;, computed for the [101] direction
using an anisotropic spin gap, A($p), shown in the
inset, and a sum of rates for magnon-boundary
scattering and empirical rates for 4-magnon
(magnon-phonon) scattering.



employed published phonon dispersions and successfully modeled x for other directions. The
magnitude of the magnon k (=200 W/mK near 20 K) is in reasonable accord with that calculated
using the known spin-wave spectrum.

Superconductivity at carrier density 10'7 cm™3 in quasi-one-dimensional Lio.oMosO17
[Phys. Rev. B 108, L100512 (2023).]

This work incorporated low-T (T = 0.4 K) magnetotransport data (Hall, magnetoresistance,

thermopower and Nernst) within the most conducting bc -plane (field along a ) for both

superconducting (SC) and non-superconducting (non-SC) LiooMocO17 (LiPB) crystals of this quasi-

one-dimensional (q1D) conductor. The principal findings are a clear signature of two-carrier physics

[Fig. 2 (a), (b)] and extremely low carrier densities (n ~ 1017¢m™3) [Fig. 2 (¢)], among the lowest
1

known for any superconductor. The interelectron distance at T, d,, = n 3 = 22 nm, is comparable
to or smaller than the relevant superconducting coherence lengths {,~30 nm and ¢.~10 nm, i.e.
Cooper pairs do not substantially overlap. Equivalently, the ratio of critical temperature to effective
Fermi temperature, T, /Tr = 0.1. Both assessments place LiPB's parameters near the border between
BCS superconductivity and Bose-Einstein condensation. An unusual aspect of the transport is the
predominance of electron-like carriers along the qlD chains and hole-like character transverse
throughout most of the temperature range, suggesting a density-wave-induced reconstruction of the
Fermi surface® to a semimetallic state at temperatures far above that of the minimum in electrical
resistivity (T, = 15 — 30 K ), the latter a mystery for decades. In non-SC specimens a sharp
suppression of mobile carrier density at T < 10 K may indicate a second density-wave gapping of
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Fig. 2 Hall resistivity (a) and Nernst signal (b) versus magnetic field for SC LiPB with electric and heat currents
along the chains (b axis); the non-linearity of these curves indicates contributions from electrons and holes. (c) carrier
densities from anisotropic 2-band simultaneous fitting of the Hall and magnetoconductivities. Different symbols
represent the two pairs of crystals (for SC and non-SC specimens) with J || b and J || ¢. Solid curves are guides. (d)
Energy band scheme and Fermi plane (adapted from Ref. 3) assuming a SDW gap-induced reconstruction to a
semimetal with Er = 1.5 meV for both hole and electron bands. Shown in the E = Ej plane is the incomplete nesting
of the unreconstructed FS (solid curves: upper sheet -- red, lower sheet -- blue) and their translations by the nesting
vector qspy = 2kp = m/b along k;, (dashed curves).

most of the residual Fermi surface that renders the system non-metallic transverse to the conducting
chains.

Quasiparticle Spin-Charge Conversion and Spin-Seebeck Effect at Niobium/Cu>0SeQs interfaces
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Only recently have ferromagnetic insulator-superconductor (FMI-SC) interfaces been investigated
within the spin pumping context. Non-local experiments* indicate that competing effects influence
the quasiparticle (QP) spin-charge conversion efficiency in FMI-SC interfaces: SC coherence effects
and the exchange-field modified QP relaxation. Open questions remain for theory given the
complexity of the couplings of different nonequilibrium imbalances (magnon, spin, charge, heat) with
the exchange spin-splitting [reflected in the SC density of states—Fig. 3 (a)] and their inclusion in
the relevant nonlinear kinetic equations in the SC.

Building on our prior work [PRB 95, 224407 (2017), PRB 99, 020403(R) (2019), PRB 101,
100407(R) (2020)] studying magnon heat conduction and the longitudinal spin Seebeck effect with
Pt contacts in Cu20SeOs [the inset of Fig 3 (b) shows its spin phases] we recently succeeded in
fabricating superconducting, 10-20 nm-thick niobium films grown on the (111) polished face of thin
Cu20SeOs crystals. The bulk measurement configuration [Fig. 3 (b)], has the advantage of
accurately determining the thermal gradient, simultaneously yielding the thermal conductivity and
longitudinal spin Seebeck coefficient (S;ssg)-

Figure 3 (c) shows S;ssg versus applied field at two temperatures for a 10-nm Nb/Cu20SeOs device,
Sisse = (Wnp /AT) b/ ruo), Where AT is the temperature difference along the heat flow, and £,
and €5, are distances between the Nb voltage contacts (essentially the width of the crystal) and the
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Fig. 3 (a) schematic of the exchange spin-split density of states in a superconducting thin film adjacent to a FM
insulator. (b) schematic of the bulk, longitudinal spin Seebeck measurement setup (with thin Nb film deposited on
the free end of the crystal beneath the heater) and inset: spin phase diagram for bulk Cu,OSeOQs. (¢) spin Seebeck
coefficient for 10-nm Nb/Cu,OSeO; at two temperatures below the superconducting transition compared to
measurements at a similar T for 10-nm Pt/CuOSeQs from our prior work. (d) Right ordinate: normalized R(T) for
the 10-nm Nb/Cu,OSeO;. Left ordinate: S;¢q at uoH = 0.4 T for the same heterostructures in (c). (e) nonlocal
thermally-induced Nb voltage via spin injection and normalized R(T) for 10-nm Nb/YIG (Ref. 4) (f) Heater OFF Nb
voltages vs applied field for 10-nm and 20-nm Nb/Cu,OSeOs devices compared to that for 10-nm Pt/Cu,OSeOs at
temperatures corresponding to their maximum signals. (g) Right ordinate: R(T) for the 20-nm Nb/Cu,0SeO; device
at uoH = 0,10.45 T. Left ordinate: Heater OFF Nb voltage at yoH = + 0.45T.
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RuO sensors, respectively, and Fig. 3 (d) has S;ss5(T) at fixed field (ugH = 0.4 T) in the fully-
polarized spin phase; also shown in both Fig. 3 (c) and (d) is S; s for 10-nm Pt/Cu20SeOs from our
prior work. The giant enhancement near the “foot” of the superconducting transition is also observed
in the non-local measurements of Ref. 4 for 10-nm Nb/YIG [Fig. 3 (e)]. This enhancement for our
10-nm device is at least a factor of 60 given that its S; ¢z maximum is about 6 times that of the Pt
device at the same T and the normal-state S; g5 for Nb is about 10 times smaller than that for Pt,
scaling as the ratio of their spin-Hall angles, 855 /080 ~ 10.

A remarkable surprise is our observation of clear, sharp features in the heater off
Vyp(H) of both 10-nm and 20-nm devices [Fig. 3 (f)] that are coincident with the spin-phase
boundaries of Cu20SeQOs (grey shaded regions). This is in marked contrast to the Vp,(H) plot for
the 10-nm Pt/Cu20SeO3 device which is zero and featureless, as to be expected with the heater
off and no driving force for a net spin current. Figure 3 (g) shows the heater off Vy;, (T) for the 20-
nm device in the fully spin-polarized phase (ugH = 0.45T) and the superconducting resistive
transition, demonstrating that the signal reverses with applied field (following the magnetization of
Cu208Se0s3) and that the giant enhancement appears in the foot of the transition.

Future Plans

e LiPB: superconducting-state heat conduction in magnetic field to assess the gap anisotropy;
further investigations of the extreme low-carrier density metallic state along the chains of non-
superconducting crystals

e Nb/Cu20SeOs interfaces: control experiments using wide-area crystals, short along [111], to
rule out a small AT as potential driving force for the heater-off spin Seebeck results (Fig. 3);

deposition of thin Al203 spin-blocking layer between Nb film and Cu20SeOs to confirm
spin injection as the source of the novel observations and to assess the exchange energy (from
the expected enhancement of the Nb film T,).
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Controlling thermal expansion with composition in framework oxide materials

Joya A. Cooley, Department of Chemistry and Biochemistry, California State University,
Fullerton

Keywords: transition metal oxide, negative thermal expansion, diffraction, chemical pressure
Research Scope

This project aims to systematically manipulate chemical pressure through composition in a
framework oxide material exhibiting negative thermal expansion (NTE) toward understanding
controlling tunability of thermal expansion. Thermal expansion describes how the dimensions of a
material change with temperature. Conventionally, materials exhibit positive thermal expansion
(PTE) and expand when temperature is increased, but some materials exhibit negative thermal
expansion (NTE) and are useful as thermal compensators. Control of thermal expansion in an end
material can be achieved when PTE and NTE materials are composited and the thermal expansion of
the final material can be tuned to what is desired; to allow for tuning, understanding the tunability of
thermal expansion on an atomic level is key. NTE has been

. . Table 1: Zn,V,07 substituent ions
observed above 400 °C in framework oxide Zn2V207' and 2

we enQeavor to understand t'he mechani's'ms of therrnal' Ton 5-coordinate radius?
expansion as we change chemical composition toward design N2t 0.63
principles for controllable thermal expansion. NTE in materials '

such as Zn2V20y, called framework oxides, depends on the Cu’* 0.65
flexibility of the structure and the transverse vibrations of Mg** 0.66

certain oxygen atoms which are corner shared between ~ Co°' 0.67
polyhedral in the crystal structure. While oxygen is important ~ Zn%** 0.68

to the NTE mechanism, other factors within the crystal ~ Mn?* 0.75
chemistry can affect the rigidity or flexibility of certain bonds Ca?* 1.00*

to control thermal expansion. In this project we synthesize,

characterize, and use variable temperature X-ray diffraction (VTXRD) and dilatometry understand
both intrinsic and bulk thermal expansion of framework oxides. We target solid solutions of Zn2V207
as Zn2-xMxV207, where M is one of the substituent ions in Table 1. Each substituent imparts a different
degree of negative or positive chemical pressure onto the structure, and we can begin with this size
difference as a place to understand changes in the structure, thermal expansion, and other properties.
The substituents can also give insight into other characteristics that may affect observed properties,
such as covalent/ionic character of the bonds, Lewis acidity or basicity, average observed
coordination number. Finally, our prior work® shows the importance of understanding not only
intrinsic thermal expansion using diffraction or other average structure techniques, but also bulk
thermal expansion through dilatometry. While knowledge of how to control intrinsic thermal
expansion can help develop design principles, understanding the overall changes in bulk thermal
expansion will be important to future applications.
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Recent Progress ' R
Advanced _in-house _instrumentation: We have + Zny ¢Cuy V5,0, data
obtained a  state-of-the-art powder  X-ray Zn,V,0, model
diffractometer with improved resolution over our 3 t _ difference
previous instrument and the ability to filter some 5 L, T
wavelengths to decrease the effect of fluorescence in € — el e
Co- and Mn-containing. A comparison of the data % —=————————i—
quality between the previous instrument and new <& | ]

instrument is shown in Figure 1. Additionally, the g | 5216%0_:;/;5;(1313
diffractometer has a furnace attachment which allows : - diﬁzerznée

us to collect VITXRD data in-house. While VTXRD tl

data collection at synchrotron sources will likely g“L T ETTTTITA M
always be our goal because of the exceptionally high e e T T ‘ |

resolution, the in-house VTXRD data collection will 10 20 30 40 50 60
allow us to understand phase purity and temperature Figure 1: Rietveld refinements of X-ray diffraction
regions of interest to optimize the time we spend data on M = Cu (top) and Co (bottom) with
during synchrotron data collection allocations. maximum successful substitution amounts. Bottom
Establishing _synthetic_control_over solid solutions 9212 set show enhanced data quality of new XRD
.. . . nstrument.
containing five of six M substituents:
We have established reproducible ceramic and sol-gel synthetic methods for solid solutions
containing five of the six target substituent ions — M = Ni, Cu, Mg, Co, and Mn. Rietveld refinements
of X-ray diffraction data of the most recent synthetic accomplishments are shown in Figure 1.
Synthetic methods have been iteratively tested to understand the maximum solubility of each ion, and
maximum substitution amount is in good agreement with maximum solubility established in the
literature.
Observing changes in thermal expansion onset and hysteretic behavior:
Recently, we have

@ heating
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Figure 2: Lattice parameters resulting from Rietveld refinement of VTXRD data

capillary heating stage for ;"7 "+ O, with x = 0.1 (left) and x = 0.2 (right).

the beamline. Here, we have

collected VTXRD data, including while cycling temperature. We are conducting Rietveld refinements
to understand how lattice parameters evolve with temperature, and these analyses lead us to
interrogate each material more deeply using other probes. We have collected data for solid solutions
with M = Mn, Ni, Co. M = Mn (x = 0.1, 0.2; Figure 2) data show the transition to NTE behavior
occurs at 300 °C, which is near 100 °C cooler than the transition to NTE behavior in the parent
compound. This substitution of Mn, exhibiting positive chemical pressure, represents the first of our
results which shows tunability in the NTE onset temperature, and will allow further study of the
phonon densities of states through collaboration to understand the effect of Mn substitution.
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Additionally, slight changes in the

overall coefficient of thermal
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Figure 3: Left: Lattice parameters resulting from Rietveld refinement of tO explore the structural and/or
VTXRD data from SSRL for four compositions. Right: Volume changes energetic underpinnings of the

relative to the ambient volume (V2s). stabilization ~of the higher
temperature phase at low temperatures.

VTXRD data on samples with M = Ni (x = 0.1, 0.2, 0.3, 0.4; Figure 3) have been collected to
understand the effect of negative chemical pressure on thermal expansion properties. The trend in the
temperature-dependent lattice parameters is overall the same as the parent compound, and samples
within the solid solution do not show gross differences from one another. The relative volume change,
however, shows that smaller amounts of Ni substitution result in greater changes in the volume. We
are using neutron diffraction to understand the true Ni composition and oxygen occupancy to
understand if these may be responsible for the trend in properties.

Establishing a hypothesis for the changing phase transition temperature: Zn2V207 exhibits a
structural phase transition from a-Zn2V207 in space group C2/c -Zn2V207 in space group C2/m
around 650 °C, and this transition temperature can be changed with substituents on the Zn site.*
Recently, we have observed similar transitions when M = Mn and Co, in addition to our previously
published work where M = Mg. Each of these substitutions decreases the temperature at which the
phase transition is observed and can be used to tune this transition temperature. We believe that the
average observed coordination and Lewis acidity could be responsible for lowering the transition
temperature. In a-Zn2V207, the Zn site is 5-coordinate, and in 3-Zn2V207 it is 6-coordinate. According
to the average observed coordination numbers,” Zn prefers to be 5-coordinate. Substituents like Mn
and Mg which prefer to be 6-coordinate have lowered the transition temperature, implying that these
stabilize the high temperature phase which allows for 6-coordinate polyhedra.

Future Plans

We plan to use several other methods to probe changes to the structure and composition as a function
of both substituent concentration and temperature. Specifically, we will employ both ambient and
temperature-dependent neutron diffraction to: 1) understand true composition in cases where ions
cannot be discerned by synchrotron X-rays (e.g., Zn/Ni mixed occupancy); 2) probe oxygen
vacancies, since light elements like O can be detected by neutrons. Since the mechanism of thermal
expansion in these types of materials depends primarily on the transverse vibration of 2-coordinate
oxygen atoms, the oxygen occupancy is important to probe. We will aim to understand how oxygen
occupancy changes with compositional substitution on the Zn site and with temperature. We will also
aim to intentionally create oxygen vacancies using deep eutectic solvent synthesis methods to
systematically control oxygen vacancies. Following from our previous work which shows major
differences between intrinsic and bulk thermal expansion, we will also use dilatometry to quantify
bulk thermal expansion of these materials while cycling temperature. Through collaboration, we will
also study phonon densities of states for the Zn2V207 and modifications thereof to understand the
anharmonicity through Griineisen parameters.
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Research Scope: This program is focused on exploring and
developing nanostructures (termed ‘“nanomachines”) that utilize
their mechanical degrees of freedom to convert energy and
information from one form to another. Central goals include
controlling nanomachine behavior down to afomic length scales,
understanding how dissipation affects nanomachine activity, and
performing energy transduction processes with quantum limited
control. The program is focused on two broad thrusts: (1)
fabrication and characterization of synthetic ~molecular
nanomachines, and (2) phase coherent control of nanomachines.
Controlling the behavior of nanomachines down to the atomic scale e N R
requires the development of new techniques for assembling ) SateVeliae

. . . Fig. 1: (a) Graphene and F4,TCNQ
molecglar nanpstructures and for incorporating them into % ~.0 o0 G (b) STM map
operational devices. At molecular scales the placement of even a  of diffusing FsTCNQ molecules.
single atom can completely change nanomachine function, and so  (c) Experimental diffusion barrier
new methods for creating atomically-precise nanostructures must  of FATCNO on graphene.'?
be developed. Phase coherent control of nanomachines is necessary for performing broadband energy
and information conversion processes. We utilize atomically-thin 2D materials to create new
nanostructures that exhibit mechanical, electromagnetic, and quantum phase coherence, and which
allow different quantum degrees of freedom to be flexibly coupled. This program has six co-
investigators whose expertise span physics, chemistry, materials science, and electrical engineering.
The experimental tools utilized within this collaboration range from synthetic chemistry, electron
microscopy, and scanned probe techniques (Fischer, Minor, and Crommie), to optical spectroscopy,
silicon-based NEMS, and quantum characterization (Wang and Sipahigil). Louie provides
theoretical support through the use of ab initio density functional theory-based simulations.

Recent Progress: Here we highlight some of our activities spanning both molecular scale
nanomachine behavior as well as phase coherent nanomachine behavior. We will highlight three
subprojects involving (1) molecular diffusion, (2) molecular spin systems, and (3) phase coherent
THz phonon stacks.

(1) Gate-tunable molecular diffusion on 2D devices: We have developed new techniques to control
how molecules move on 2D field-effect transistor (FET) devices."!” This is accomplished by back-
gating our devices to tune Er and then transiently heating them with electrical current. By choosing
molecules with frontier orbitals (e.g., HOMO and/or LUMO levels) that lie in the gate-tunable energy
range of Er in our 2D devices we are able to toggle the charge-state of the molecules by tuning Er
above/below the molecular orbital energy (ELumo) (Fig.1a). We find that the diffusivity of molecules
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on single-layer graphene FET devices is highly gate-tunable, allowing the molecular diffusivity to be
17

tuned over six orders of magnitude depending on the substrate temperature.

The molecule used for this work was FaTCNQ (Fig.1c, inset)
since it has a LUMO level that lies energetically very close
to the graphene Dirac point (Ep) (Fig.1a). We evaporated
F4TCNQ molecules onto the surface of a graphene FET in
UHV and then imaged the molecular behavior using a
cryogenic scanning tunneling microscope (STM). Positive
gating of our device (Vg > 0) shifted Er above ELumo, thus
causing each FATCNQ molecule to accept a single electron
and become negatively charged, whereas negative gating
(Vi < 0) shifted Er below ELumo and caused the molecules
to return to a charge-neutral state. By heating the graphene
device with electrical current we were able to visualize the

3/ [owa | b €

<4 ) ey
d e é f

- - Theory

Fig. 2: Calculated translational (top) and
rotational (bottom) diffusion pathways
for F4TCNQ molecules on graphene.'”

diffusive motion of FATCNQ molecules (Fig. 1b) and to determine how molecular diffusion barriers
depend on gate-voltage for the first time (Fig.1c). We observe that the FAaTCNQ diffusion barrier rises
steeply as gate-voltage is reduced in the neutral-molecule regime, whereas the diffusion barrier stays
low and gate-independent in the charged-molecule regime. Comparison of our data to ab initio
simulations using density functional theory shows that this behavior can be explained by a dominance
of purely translational diffusion pathways in the charged regime and rotational diffusion pathways
in the neutral regime (Fig. 2). The strong gate-tunability of the diffusion barrier on graphene suggests
that graphene could be used as a diffusion switch.

8l J =9.2 meV]

550 0 50
Bias (mV)
Fig. 3: (a) Structure of spin
centers incorporated into a

100

chevron GNR. (b) STM
image of GNR having
structure shown in (a). (c¢)
STM spectroscopy shows
signatures of AF coupling
between snin centers in (h).2°

(2) Atomically-precise synthesis of coupled molecular spin systems:
An important goal of our program is to ultimately create molecular
nanomachines that can manipulate quantum information. Because spin is
so effective at storing quantum information, we are motivated to develop
new ways to control spin in covalently-bonded molecular nanostructures,
a process requiring the ability to fabricate atomically-precise structures.
We recently made a breakthrough in this topic by developing a new
method for introducing local spin centers into bottom-up-fabricated
graphene nanoribbons (GNRs).2® GNRs are a good platform for this
application because they can be grown as defect-free quasi-1D
nanostructures with highly tunable electronic structure. We introduced
spin into GNRs by engineering local GNR sublattice asymmetry (i.e., if
Na (NB) is the number of carbon atoms in the A (B) GNR sublattice, then
a spin center with S = % |Na-Ns| will result). Working with our
collaborators we fabricated the first molecular precursors that allow local
spin-% centers to be directly incorporated into GNRs using bottom-up
growth techniques.?’

We successfully grew different molecular spin configurations using
the chevron GNR platform, including isolated spin centers,
ferromagnetically (FM) coupled spin centers, and antiferromagnetically
(AF) coupled spin centers.?® Fig. 3a shows a sketch of the atomic
structure of a pair of AF-coupled spin centers in an otherwise
nonmagnetic chevron GNR, while Fig. 3b shows an STM image of the
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actual experimental system (the spin centers reside at sites 2 and 4).
STM spectroscopy performed on these spin centers revealed the
strength of AF-coupling through inelastic spin-flip processes (Fig.
3c).

(3) Phase coherent control of THz phonon response in stacked 2D
devices: We discovered that nanomachines fabricated from layered
stacks of 2D materials enable flexible phase coherent nanomechanical
control up to THz frequencies.?! Our 2D stacks were made from
individual layers of graphene, hBN, and transition metal
dichalcogenide (TMD) materials (Fig. 4). Such stacks can be thought
of as vertical “ball-and-spring” models, where the different layers are

WSe, t } Detection

t-hBN “I Transmitted

|
Unknown ’ Reflected

|

b-hBN h Phonon

\ pulse

fige—— } Source
Sio, A I i

-—

J Sample

associated with different masses and spring constants. Different :

layered patterns can thus be engineered to have different vibrational , | x10°

(i.e., phonon) response. The phonons can be driven with short (fs) & MHM

pulses of light and read-out using high-frequency pump/probe optical ~ §° HWMMW‘WWW
spectroscopy (Fig. 4). g u

We demonstrated the efficient generation, detection, and manipulation o = m =

of THz phonons in such stacks by using few-layer graphene as a
broadband phonon transducer to convert fs near-infrared pulses to
acoustic-phonon pulses. A monolayer of WSe> was used as the
readout sensor through strong exciton-phonon coupling (Fig. 4). We
demonstrated high-Q THz phononic cavities and showed that a WSe2

Time delay (ps)
Fig. 4: (Top) Sketch of 2D
stack used to probe THz
acoustic phonons. (Bottom)
Reflectivity signal shows time-
resolved THz response.?!

monolayer embedded in hexagonal boron nitride can efficiently block the transmission of THz
phonons, thus creating new opportunities for developing phononic metamaterials and ultrafast phase

coherent nanomachines.?!

)

Memristor

Conduction channel

Fig. 5: (a) Proposed device
geometry for actuating
molecular rotors. (b) Proposed
molecular memristor geometry.

Future Plans: Our plans for the future involve the development of
new experimental tools and nanomachine structures to help us gain
nanomechanical control down to the atomic scale. This will involve
the development of new hybrid molecule/device configurations, new
excitation modalities, and new techniques to characterize
nanomachine mechanical degrees of freedom at ultrafast time scales.
Here we describe our plans in greater detail:

(i) E-field-driven molecular rotors: We will develop new
classes of 2D nanodevices that allow flexible actuation of molecular
rotors via lateral in-plane fields. Graphene electrodes will be
patterned onto clean semiconducting TMD substrates using new
AFM-based nanolithography techniques to electrically actuate
molecular rotors (Fig. 5a). Molecules having large electric dipole
moments will be put into the junction region between the electrodes
and subjected to large lateral electric fields. Isolated molecules in the
junction region should align with the applied field and molecular

rotor behavior will be characterized using STM imaging. Because the junction region is surrounded
by four electrodes, the E-field will have full 360° rotation capability, thus enabling us to explore how
molecule-substrate interactions influence molecular rotor behavior. Individual molecular rotors
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investigated previously have been driven randomly by thermal motion or STM tip-pulses, and so our

research should result in the first isolated molecular rotors I !
driven fully by external electrodes. A,

(i1)_Electromigration-driven memristor functionality using \‘ \v,,
hybrid molecule/2D devices: We will use the device N‘R\%‘ Lo -[
geometry shown in Fig. 5b to explore combined ™D < v

G
electromigration and electrical transport behavior in

molegular naqomachine systetps. The idea hgre is to apply Fig. 6: Scheme to perform ultrafast STM
sufficiently high current density to the device conduction  jmacing of 2D devices via optical pulses.
channel that the interior molecular configuration is

mechanically altered by electromigration processes, thus changing the channel conductance (here the
molecules will be translated (Fig. 5b) rather than rotated like the dipolar molecules above). The
resulting hysteretic I-V behavior should result in memristor functionality, thus yielding new building
blocks for proposed neuromorphic computing schemes. Our device geometry is unique because it is
an open 2D scheme that will allow the internal device structure to be imaged with atomic resolution
while operating it. We will explore the fundamental microscopic mechanisms of electromigration that
drive molecular nanomechanical actuation in the presence of applied current (Fig. 5b), as well as how
different molecular configurations alter 2D device conductance.

(ii1)_Visualizing THz nanomechanical response in 2D devices using
ultrafast STM: Ultrafast optical spectroscopy (including near-field
techniques) is limited to spatial resolution orders of magnitude larger
than the atomic scale. We will beat this limit by directly imaging
picosecond dynamical processes at Angstrom length scales by
integrating ultrafast optical pump/probe techniques with STM (Fig. 6).
This will allow us to image how domain walls, point defects, 3D moiré
reconstructions, electrostatic doping, and the presence of adsorbates all
affect local nanoscale lattice vibrations for 2D materials in the ultrafast
‘ / y W regime. Examples of lattice vibrations that are of interest here are the
- . breathing and shear modes of TMD bilayer moir¢ superlattices as shown
Fig. 7: Predicted real-space . _. . . .
amplitudes of WS, bilayer 1 Fig. 7 (predicted by S. G. Louie). To accomplish these measurements
moiré phonon modes (S. G. Wwe Wwill use tailored, near infrared and THz pulses as both
Louie, unpublished). photoexcitation (pump) and transient bias voltage (probe) with sub-
picosecond duration. Local optically-induced electric fields will be
enhanced via plasmonic effects between the tip and substrate, thus facilitating efficient light-sample
interactions. Similar STM techniques have been used previously for investigating bulk metal systems,
but have never been used to explore the local dynamical properties of 2D devices as proposed here.
These investigations should enable a new understanding of how the internal degrees of freedom of
coupled 2D nanostructures interact at their natural spatial and temporal scales.
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Program Scope

During the last two years, this program was focused on a multitude of investigations that study the
optical properties of transition-metal dichalcogenide systems, including many-body excitonic
complexes [pl, p2], Landau-level composition of excitonic states [p3], emission and formation
properties of trions [p4, p5, p6, p7], dynamical screening effects [p8, p9], and excitons in moiré
potentials [p10,r1]. In this short document, I will only focus on the progress we have made in the
latter topic [r1].

Recent Progress: excitons in fractionally filled moiré superlattices

Long-range Coulomb forces give rise to correlated insulating states when charge particles populate a
moiré superlattice at fractional filling factors. Such behavior is characterized by a broken translation
symmetry wherein particles spontaneously form a Wigner crystal. Motivated by recent experiments
that investigated the correlated states through optical spectroscopy of the exciton resonances, we have
developed a theory that captures the correlated insulating state of a fractionally filled moiré
superlattice through the energy shift and change in oscillator strength of the exciton absorption
resonance [r1]. The theory shows that the experimental findings can only be supported if the electrons
reside in a charge-ordered state (i.e., electrons are not randomly distributed among the sites of the
moiré superlattice). Furthermore, we have explained why the energy shifts of exciton resonances are
qualitatively different in cases that the superlattice is nearly empty compared with a superlattice
whose sites are doubly occupied.

Figure 1 shows the experimental findings we will be focusing on [r2]. The raw data was provided by
courtesy of Yang Xu, Kin Fai Mak and Jie Shan. Figure 1(a) shows the device structure used in Ref.
[r2], where a WSe2 sensor monolayer is placed a few nm below a moiré superlattice made of angle
aligned WSe2/WS:2 bilayers (bottom panel), where a thin hexagonal boron nitride (hBN) layer is
placed between the sensor and bilayers. The circuitry of the device guarantees that the sensor
monolayer remains intrinsic, and the electrostatic doping is only introduced in the bilayer system.
The moiré potential lowers the optical gap in the WSez part of the bilayer system by ~50 meV
compared with the optical gap of the isolated WSe2 monolayer [r2]. This difference allows one to
unambiguously determine that the reflection contrast map in Fig. 1(b) corresponds to the spectral
region of the 2s exciton state in the sensor monolayer. The reason that the 2s state has the most salient
response to the moiré superlattice will become clear later. The goal of the model we are about to
present is to reproduce the exciton resonances in Fig. 1(b) for each of the fractionally filled states
both in terms of their energies and amplitudes.

We consider an exciton moving in a periodic moiré potential Vm(R,r), where R and r are its center-
of-mass and relative motion position vectors, respectively. The exciton Hamiltonian reads

R2V2  R2V2
H=-— R _ ' v Vu(R, 1),
S o +V(r) +Vu(R, 1),
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FIG 1. Experimental results of Ref. [r2]. (a) Device structure and electric circuitry. The optically active regions of
the stack are the sensor monolayer (charge neutral WSe,), separated by a thin hBN layer from an electrostatically
doped moiré superlattice (WSe»/WS; bilayers; bottom scheme). (b) Gate-dependent reflection contrast at T=1.6 K,
shown in the spectral window of the 2s exciton state in the sensor monolayer. The resonances are labeled by filling
factors of the moiré superlattice at the corresponding gate voltages. The highlighted box between 0 and 4 V is
analyzed in Fig. 2, where we compare these results with our theory. (c) Three examples of charge-order
configurations at zero temperature of the fractionally filled moiré superlattice. Filled and unfilled circles denote
occupied and empty sites, respectively. Also shown are the unit cells and lattice vectors of each example.

where V(r) is the electron-hole Coulomb interaction. M = me + mn and i = memn/(me + mn) are the
translational and reduced masses of the exciton. The periodic potential satisfies VM(R,r) = Vm (R +
niR1 + m2Rz, r), where n1(2) are integers and Ri() are the basis lattice vectors, denoted by the arrows
in Fig. 1(c). The periodicity of VM(R,r) means that the exciton wavefunction has a Bloch form,

U(R,r) = e EHORy(Gr) =) Cu(G)e!®H Ry, (1),
G G.o

in which the sum runs over reciprocal lattice vectors G and exciton states, @, (r), where o = {1s,2s,
2p*,...}. The constant of motion K is the translational wavevector of the exciton. After projecting

both sides of the Schrodinger Equation on e/®*6)R 'and considering an exciton in the light cone (K=0),
we arrive at a secular equation that can be solved by matrix inversion,

h2G2
> sar T+ e 6c.a0ap + Vaps(G —G")| Cs(G") = ECL(G) .
G'.8

€q 1s the exciton energy in state a (without the moiré potential), and the Coulomb matrix element
between the exciton and the moiré potential is Vo3 (G-G’) = (B | VM(G-G’,r) |a), where Vm(G,r)
is the Fourier transform of Vm(R,r). To calculate this matrix element, we assume that the moiré
potential assumes the form,

62 1 1
Vu(R,r) = — ( B ) |
€ RZM \/d2+(R+% —RJM)E \/d2+(R—% _R}Lf)g

€ is the effective dielectric constant of the environment, R+r/2 is the position of the electron
component in the exciton, and R-r/2 is that of the hole component. d is the distance between the plane
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at which the exciton resides in the sensor monolayer and the plane at which electrons reside in the
moiré superlattice at positions Rm. Taking the Fourier transform of Vm(R,r) with respect to R, we
get after some algebra that the matrix elements of the periodic potential read

20y e—*‘GRTM} Map(G),
RJ

2me? e~ dC

Aye G

Va,5(G) =

where A4y is the area of the unit cell and the sum runs over electrons positions in one unit cell (e.g.,
the filled circles in a unit cell of Fig. 1(c)). The term in square bracket is the form-factor of the moiré¢
superlattice, and

M (G = /@;(r) sin (%é : r)qbls(r)dgr.

The odd sine function implies that the integration does not vanish only if a and 3 have different parity.
Consequently, the oscillator strengths and energies of the s-states, whose properties are probed in
optical reflectance experiments, change because they are mixed through the moiré potential with
exciton states of {p,d,...} characters. Given that |€2s - €2p+| ~ 10 meV whereas |€1s - €2p+| ~ 120 meV
in hBN-encapsulated TMD monolayers, the 2s state exhibits a stronger response to the presence of
electrons in the moiré superlattice in these types of experiments. Whereas electrons in the moiré
superlattice can also strongly mix s-state excitons at higher energies (3s, 4s,...) with exciton states at
nearby energies (3p*, 3d*, 4p™...), the detection of these larger-radii excitons is difficult on accounts
of their weaker oscillator strength.

The calculation results we are about to present only consider the small subspace of 2s and 2p*
hydrogen-like exciton states. Figure 2 shows the experimental results with the calculated absorption
profile (derived from the eigenstates of the secular Equation). Figure 2(a) is a magnified view of the
reflectance spectra in the highlighted box of Fig. 1(b). Figures 2(b) and 2(c) show the theory results
when electrons in the moiré superlattice are charge-ordered and disordered, respectively. The results
in Figs. 2(a) and (b) match both in terms of the resonance energies and oscillator strengths. With
respect to the strongest 2s resonances at v=0 and 1, both experiment and theory show that the next
strongest resonances are at v=1/3 and 2/3 and they emerge ~5 meV below the one at v=0. The next
strongest resonance appears at v=1/2 and it emerges ~9 meV below the one at v=0. Next in amplitudes
are the resonances at v=1/4 and 3/4 that emerge ~8 meV below in theory versus ~10 meV in
experiment, followed by the ones at v=2/5 and 3/5 that emerge ~10 meV below in both theory and
experiment. The weakest resonance emerges 13 meV below at v=1/7 and 6/7, in which case there is
also a stronger resonance next to the one at v=0 in both experiment and theory. All in all, these results
support the conclusion that particles of the moiré superlattice in Ref. [r2] form a Wigner crystal.

This conclusion is further reinforced by the simulated absorption profile when assuming disordered
configuration. The calculated absorption map in Fig. 2(c) is completely different than the one seen in
experiment, and this conclusion remains valid whether we average the absorption maps of many
random distributions of electrons or consider the absorption profile of a certain random distribution.
The absorption map in Fig. 2(c) shows two energy 'bands', where the absorption is stronger at the
higher energy around zero energy, which blueshifts continuously from v=0 to v=1/2 (or from v=1 to
v=1/2). The second band with weaker absorption emerges ~20 meV below. This band is reminiscent
of an impurity band in doped semiconductors, where here it is an exciton that becomes localized next
to disorder centers.
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FIG 2. Comparing the measurement results with theory. (a) Experiment: Magnified view of the reflectance spectra
in the highlighted box of Fig. 1(b). (b) Theory: Optical absorption in the sensor WSe, monolayer, calculated by
assuming an ordered state of the electrons in the moiré superlattice (e.g., Fig. 1(c)). The reference level (zero energy)
corresponds to the resonance energy of the 2s exciton state when the adjacent moiré superlattice is empty. (c) The
same as in (b), but by assuming a disordered state of the electrons in the moiré superlattice.

In closing, the presented theory studies how the resonance energy and oscillator strength of excitons
depend on the fractionally filled state of a moiré superlattice. Evident differences are found between
cases in which the electrons form a Wigner crystal compared with cases in which the electrons are
randomly distributed among the unit cells of the moiré superlattice. Comparing the calculated results
with recent experiments, we conclude that charge-order states are responsible to the observed
behavior in these experiments. Future experiments can further investigate the mixing between the s
and p states of the exciton through the moiré potential, making use of out-of-plane magnetic fields or
in-plane electric fields to split the p* states, acting as knobs to control the polarization, amplitude, and
energy of the exciton resonance.

Future Plans

1. We will perform Monte Carlo simulations to study the effect of temperature when the Wigner
crystal melts down. In addition, we plan to incorporate more orbitals and investigate how the
resonance energy and oscillator strength of excitons in higher s states behave in response to
fractional filling of the moiré superlattice.

2. Together with our collaborators in France [pl,p4,p5], and Germany [p8], we will investigate
many-body excitonic states in devices that allow for the satellite Q valleys to be filled in WSe:
monolayers. We have initial promising results from both groups.
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Research Scope

This DOE Early Career project aims to develop fundamental knowledge for predicting key
quantitative structure—property relationships (QSPRs) to guide the rational design of thermoelectric
metal-organic frameworks (MOFs). While MOFs possess ultralow thermal conductivity due to their
high porosity—making them ideal thermal insulators—their typically poor electrical conductivity has
limited their use in thermoelectric applications. The challenge lies in overcoming this trade-off and
identifying MOF structures that enable efficient electrical transport without sacrificing their inherent
thermal insulation. Our four main objectives are to: (1) clarify the role of electron-phonon coupling
and quantify electron scattering in MOFs; (2) identify whether polaron hopping is a viable charge
transport mechanism alongside band conduction; (3) evaluate the accuracy of tight-binding density
functional theory (SCC-DFTB) for modeling electronic properties; and (4) implement machine
learning strategies to identify QSPRs and guide high-throughput screening of MOFs, including doped
systems.

Recent Progress

The present work outlines a multifaceted approach to investigating charge transport and
thermoelectric performance in metal-organic frameworks (MOFs) and related materials. One major
component of the effort has focused on the benchmarking and validation of computationally efficient
electronic structure methods, notably the self-consistent-charge density functional tight-binding
(SCC-DFTB) and extended tight-binding methods (GFNn-xTB). These semi-empirical methods offer
the possibility of simulating large MOF systems at a fraction of the computational cost of standard
density functional theory (DFT), but its reliability must be thoroughly established. In recent work [1],
our team evaluated several MOFs—Zn3CesQOs,

Monolayer = Monolayer

CdsCsOs, Zn-NH-MOF, and the well-known "“”’”° et 3
Nis(HITP). [2]—using multiple computational c} s N 43‘3;
methods, including DFT with both PBE and ¥ =EmE %
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with different parameter sets). The analysis Mmlmr /o
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predicting the overall band structure shape and \ ot
density of states, it is less reliable for band gap q ST /S &
estimations. Importantly, the study shows that RN S

AB-stacked AA-stacked

Zn3Cs0s, Cd3CsOs, and Zn-NH-MOF all exhibit %0828e — Toomm

higher predicted power factors than Nis(HITP),

indicating their promise for thermoelectric Graphical abstract illus.trating the MOF structures
applications. and some of the properties evaluated in [1].

A second study [3] extended the analysis to phonon

transport properties. DFT-PBE and the same semi-empirical methods employed to evaluate electron
transport in the aforementioned study were used to calculate harmonic and anharmonic lattice
dynamics for the same set of MOFs. The findings indicated that SCC-DFTB and GNFn-xTB are
broadly suitable for evaluating thermal transport and dynamic stability. However, caution and further
research are advised for the analysis of thermal conductivity, an important factor in calculating the
thermoelectric figure of merit (ZT), in thermally insulating materials, as minor shifts in thermal
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conductivity values can substantially affect ZT. The study identified serrated Zn:CsOs and Zn-NH-
MOF as particularly stable and promising candidates. Zn-NH-MOF was found to have a notably low
thermal conductivity, enhancing its overall ZT despite its power factor being slightly lower than that
of Zn3CeOs. These findings support the continued use of GFNn-xTB in high-throughput screening
and transport modeling for low-dimensional MOFs.

Graphene oxide has long attracted interest for use in electronics due to its unique combination of high
surface area, tunable bandgap, and relative ease of processing. Its functional groups can facilitate
integration into devices, and partial reduction can yield materials with semiconducting or conductive
properties. Achieving controlled porosity, functionalization, and doping in materials like graphene
oxide (GO) remains a challenge due to current synthetic limitations, which often result in random
porosity and decreased structural stability. Motivated by the potential of covalent organic frameworks
(COFs) to mimic and even surpass the electronic properties of graphene oxide (GO), experimental
collaborators successfully synthesized a series of 2D covalent organic frameworks (COFs) using
Pictet—Spengler polymerization. These COFs incorporate a pyranoazacoronene (PAC) node and
resemble doped graphene while maintaining desirable semiconducting characteristics. Computational
analysis of this new material class, carried out using DFT and tight-binding methods, revealed
structural and electronic features of interest for thermoelectric applications. This work, though
focused on COFs rather than MOFs, contributed valuable insight into the electronic behavior of
porous carbon-based networks [4].

Complementing the modeling efforts, the project also integrates machine learning to accelerate the
discovery and design of porous frameworks with tailored properties. Two machine learning models
have been developed to predict the band gap of a dataset comprising 232 COF structures based on
the PAC node (with 8 distinct linkers and 29 functional groups). One model employs a random forest
(RF) algorithm trained on compositional atomistic features, while the second leveraging a more
advanced crystal graph convolutional neural network (CGCNN), which encodes structural
information via graph-based representations. Benchmarking showed that the CGCNN significantly
outperforms the RF model, underscoring the importance of including detailed structural descriptors
in band gap prediction tasks. The RF model’s feature set is constructed using atomic property-
weighted averages and standard deviations, while the CGCNN incorporates one-hot encoded vectors
for each atom type within a crystal graph, with bonding information defining the graph edges.
Hyperparameter tuning and validation are ongoing for both models. Ultimately, these tools aim to
extract qualitative structure-property relationships and guide the rational design of COFs and
potentially MOFs for semiconducting and thermoelectric applications. This work is the subject of a
manuscript currently in preparation.

The team also co-authored a review on the covalent integration of polymers and porous organic
frameworks [5]. Our contribution focused on the computational modeling and machine learning
analysis of porous frameworks, including both MOFs and COFs. This review situates the current
project within a broader scientific context and provides a critical assessment of emerging
methodologies for understanding and engineering these materials. Overall, the combined use of ab
initio modeling, semiempirical simulations, and machine learning presents a comprehensive
framework for advancing the performance and utility of MOFs and related materials in thermoelectric
applications.

On clarifying the role of electron-phonon coupling and quantifying electron scattering processes in
MOFs, preliminary progress has been made using AMSET, an ab initio scattering and transport code
developed at Lawrence Berkeley National Laboratory. A graduate researcher in the group has become
proficient with AMSET, starting by performing calculations on a control material, followed by early
calculations on serrated Zn;CsOs and Zn-NH-MOF. These initial results identify both acoustic and
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polar optical phonon scattering mechanisms and set the groundwork for more detailed investigations
into how these interactions affect carrier lifetimes and mobility in porous framework materials.

In parallel, the project aims to evaluate whether polaron hopping constitutes a significant or dominant
transport mechanism relative to conventional band conduction, particularly within the context of
thermoelectric applications. While no direct computational or experimental work has yet been
undertaken to address this question, recruitment efforts are underway to onboard a dedicated
postdoctoral researcher who will focus on this aspect of the project in the coming years. This inquiry
is expected to shed light on the extent to which charge localization and thermally activated hopping
affect the transport efficiency in MOFs and similar low-dimensional materials, especially under
conditions relevant to thermoelectric operation.

Future Plans

Over the next phase of the project, our research will continue to target key questions outlined in goals
1, 2, and 4 of the grant. Although some progress has been made on goal 1, goal 2 remains largely
unexplored and is a central focus for the upcoming reporting period. The machine learning
methodologies developed for goal 4 will be applied to MOF materials, leveraging the recent efforts
on COFs; the original use of COFs allows for critical validation of our computational models against
experimental data. Another avenue of future exploration includes doping in MOFs and COFs, a topic
proposed in the original scope of work but not yet addressed. We plan to systematically investigate
how doping impacts electronic and thermal properties, integrating this with our existing structure-
property modeling efforts.

Additional efforts will focus on magnetic MOFs, MOF/COF structure prediction, and property
characterization. Magnetic MOFs show promise for thermoelectric applications, and could enable
multi-functional devices combining thermoelectric, electronic, and magnetic properties. We are
conducting an extensive study of more than 15 layered 2D COFs and MOFs, comparing simulated
XRD and vibrational data (via SCC-DFTB and GFNn-xTB approaches) against experimental results.
Current investigations are focused on reconciling discrepancies between model predictions and
emerging experimental data. These structures, comprising 60 to 350 atoms per unit cell with varying
stacking configurations, present unique challenges in stability prediction. To further enhance
accuracy, especially under realistic conditions, we plan to incorporate semi-empirical molecular
dynamics simulations that account for temperature effects and solvent environments.

We are also preparing a comprehensive review paper focused on the state-of-the-art in MOFs for
thermoelectric applications, aiming to consolidate recent findings and identify gaps in the field.
Collectively, these efforts are aimed at deepening our understanding of structure-property
relationships and enhancing the predictive power of our models for complex framework materials.
References

2. L. Sun, B. Liao, D. Sheberla, D. Kraemer, J. Zhou, E. A. Stach, D. Zakharov, V. Stavila, A. A. Talin, Y. Ge, and others,
A microporous and naturally nanostructured thermoelectric metal-organic framework with ultralow thermal
conductivity, Joule 1, 168 (2017).

Publications

1. M. Mahmoudi Gahrouei, N. Vlastos, R. D’Souza, E. C. Odogwu, and L. de Sousa Oliveira, Benchmark Investigation
of SCC-DFTB Against Standard and Hybrid DFT to Model Electronic Properties in Two-Dimensional MOFs for
Thermoelectric Applications, Journal of Chemical Theory and Computation, 20, 3976-3992 (2024).

3. M. Mahmoudi Gahrouei, N. Vlastos, O. Adesina, and L. de Sousa Oliveira, Benchmark Investigation of SCC-DFTB
Against Standard DFT to Model Phononic Properties in Two-Dimensional MOFs for Thermoelectric Applications, J.
Chem. Theory Comput. 20, 10167 (2024).

4. K. Coe-Sessions, A. E. Davies, B. Dhokale, M. J. Wenzel, M. Mahmoudi Gahrouei, N. Vlastos, J. Klaassen, B. A.
Parkinson, L. de Sousa Oliveira, and J. O. Hoberg, Functionalized Graphene via a One-Pot Reaction Enabling Exact

Pore Sizes, Modifiable Pore Functionalization, and Precision Doping, Journal of the American Chemical Society, 146,
33056-33063 (2024).

197



5. M. A. Hossain, K. Coe-Sessions, J. Ault, F. O. Gboyero, M. J. Wenzel, B. Dhokale, A. E. Davies, Q. Yang, L. de Sousa
Oliveira, X. Li, and others, Covalent Integration of Polymers and Porous Organic Frameworks, Frontiers in Chemistry,
12, 1502401 (2024).

198



DOE Award # DE-FG02-07ER46426
Light-Matter Interactions in Nanoscale Systems for Energy Applications

PI: Shanhui Fan,
shanhui@stanford.edu.
Co-PI: Prof. Mark Brongersma, Department of Material Science and Engineering, Stanford
University, Email: markb29@stanford.edu.

Keyword: Light-matter interaction; hot electrons; solar energy harvesting; radiative cooling.
Program Scope

The overall objective of the program is to develop a fundamental understanding of light-matter
interaction at nanocale in the context of energy applications. Towards this goal, we undertook
substantial efforts on developing radiative cooling concept, on understanding the ultimate limit of
solar energy harvesting, and on determining hot-carrier dynamics.

Below we review some of the major progresses made in this report period.

Recent Progress

Department of Electrical Engineering, Stanford University. Email:
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Figure 1 The setup (left panel) and the infrared image (right panel) for our demonstration of sub-ambient radiative cooling of
vertical surfaces. The standard radiative cooler failed to achieve sub-ambient temperature when placed the vertical surface
due to the thermal emission from the ground. The angle selective radiative cooler doesn’t absorb the thermal radiation from
the ground and achieves a temperature below that of the ambient air when deployed on a vertical surface.

Sub-ambient radiative cooling of vertical surfaces. Sub-ambient daytime radiative cooling enables
temperatures to passively reach below ambient temperature, even under direct sunlight, by emitting
thermal radiation toward outer space. This technology holds promise for numerous exciting
applications. However, previous demonstrations of sub-ambient daytime radiative cooling require
surfaces that directly face the sky, and these cannot be applied to vertical surfaces that are ubiquitous
in real-world scenarios such as buildings and vehicles. Here, we demonstrate sub-ambient daytime
radiative cooling of vertical surfaces under peak sunlight using a hierarchically designed, angularly
asymmetric, spectrally selective thermal emitter. The angular asymmetry of its absorptivity ensures
that the emitter does not absorb the thermal radiation emitted from the ground, which is a key
requirement to achieve sub-ambient temperature when the emitter is deployed on a vertical surface.
Under peak sunlight of 920 watts per square meter, our emitter reaches a temperature that is 2.5°C
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below ambient temperature, corresponding to a temperature reduction of 4.3° and 8.9°C compared
with a silica-polymer hybrid radiative cooler and commercial white paint, respectively (Figure 1).
Our results on angle-asymmetric thermal emitter may point to fundamentally new opportunities in
manipulating heat flow.

This work has been published in Science'.

Approaching the ultimate limit of solar energy harvesting with non-reciprocal photovoltaic cells.
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Figure 2: Configurations for reaching the Landsberg limit for the efficiency of solar energy harvesting. (a) A configuration
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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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 of 86.6%,
known as the multi-color limit. With the use of non-reciprocal components, one can further increase
the efficiency beyond the multicolor limit to reach the Landsberg limit of 93.3%. The Landsberg limit
represents the ultimate efficiency limit of solar energy harvesting, as can be proven using fundamental
thermodynamic considerations.

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 configurations for reaching the Landsberg limit are far more
complicated (Figure 2a). The first proposal consists of an array of circulators and Carnot engines.
None of the proposed configurations has the conceptual simplicity of the multijunction solar cell.
Here we propose a non-reciprocal multijunction solar cell that can reach the Landsberg limit (Figure
2b). In this configuration, 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.
This work has been published in Nano Letters’.
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Determining hot-carrier transport dynamics from terahertz emission. Understanding the ultrafast
excitation and transport dynamics of plasmon-driven hot carriers is critical to the development of
optoelectronics, photochemistry, and solar-energy harvesting. However, the ultrashort time and
length scales associated with the behavior of these highly out-of-equilibrium carriers have impaired
experimental verification of ab initio quantum theories. Here, we present an approach to studying
plasmonic hot-carrier dynamics that analyzes the temporal waveform of coherent terahertz bursts

A

oy B  Optical Field Transport C Current THz Field

1, ® E,(®)
Lng E (i)= H

Excitation Excitation

Symmetric Device

THz Field

Figure 3: Spatiotemporal interplay between plasmonic excitation field, hot-carrier transport, and radiated terahertz
fields. (A) Schematics of two arrays of electrically enabled designer plasmonic antennas for studying the spatiotemporal
dynamics of hot-electron transport through their THz radiation responses. The external bias voltages are only applied during
the photocurrent measurements. (B) Photo-ejection of hot electrons by a NIR pulse across a TiO2/Au/TiO:2 heterojunction.
SEM images depict a symmetric and an asymmetric Au nanostripe that are embedded in a thin TiO: film. The symmetric
structure liberates an equal number of electrons from the top and bottom junctions, enabled by the electric field of the laser in
the downward (orange) and upward (blue) half cycles, respectively. Breaking the geometrical mirror symmetry leads to a
higher ejection rate from the top edge owing to the enhanced field concentration at the sharp nanotips. (C) The interfacial
transport of hot carriers produces two counterpropagating current pulses, each enabling the radiation of a coherent THz burst.
The orientation and amplitude of these current pulses define the polarity and amplitude of emerged THz fields, respectively.

radiated by photo-ejected hot carriers from designer nano-antennas with a broken symmetry (Figure
3). For ballistic carriers ejected from gold antennas, we find an ~11-femtosecond timescale composed
of the plasmon lifetime and ballistic transport time. Polarization- and phase-sensitive detection of
terahertz fields further grant direct access to their ballistic transport trajectory. Our approach opens
explorations of ultrafast carrier dynamics in optically excited nanostructures.

The work has been published in Science’.

A Purcell-enabled monolayer semiconductor free-space optical modulator Dephasing and non-
radiative decay processes limit the performance of a wide variety of quantum devices at room
temperature. Here we illustrate a general pathway to notably reduce the detrimental impact of these
undesired effects through photonic design of the device electrodes (Figure 4). Our design facilitates
a large Purcell enhancement that speeds up competing, desired radiative decay while also enabling
convenient electrical gating and charge injection functions. We demonstrate the concept with a free-
space optical modulator based on an atomically thin semiconductor. By engineering the plasmonic
response of a nanopatterned silver gate pad, we successfully enhance the radiative decay rate of
excitons in a tungsten disulfide monolayer by one order of magnitude to create record-high
modulation efficiencies for this class of materials at room temperature. We experimentally observe a
10% reflectance change as well as 3 dB signal modulation, corresponding to a 20-fold enhancement
compared with modulation using a suspended monolayer in vacuum. We also illustrate how dynamic
control of light fields can be achieved with designer surface patterns. This research highlights the
benefits of applying radiative decay engineering as a powerful tool in creating high-performance
devices that complements substantial efforts to improve the quality of materials.
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This work has been published in Nature Photonics®.
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Figure 4: Concept of a monolayer WS: free-space optical modulator. (a) Schematic of a monolayer WS> free-space
optical modulator based on a metal-oxide-semiconductor (MOS) capacitor configuration. The intensity of the reflected
beam is modulated by changing the gating voltage between the Au electrode and the Ag metasurface gating pad. (b)
Cross-sectional scanning electron microscope image of the fabricated optical modulator. (c) Detailed cross-sectional
geometry and (d) the corresponding electric-field distribution of the designed optical modulator in one period under the
normally incident plane wave illumination. The incident wavelength is 615 nm. (e) Simulated reflection spectra of the
designed optical modulator under TE-polarized plane-wave illumination. The exciton resonance in WS is turned on
(orange) and off (blue). (f) Simulated modulation ratio (green) and absolute reflectance change (yellow) of the designed
optical modulator.

Future Plans

In the next budget period, we plan to focus on continued efforts towards understanding light-matter
interaction in nanophotonic structures in the context of energy applications. In particular, we aim to
develop deeper understanding of thermal radiation from systems away from equilibrium. These
include systems under time-modulation, as well as with hot-carrier injection. We anticipate that such
exploration will provide us with deeper insights of thermodynamics of light, and lead to potential new
application opportunities in photonics-based energy harvesting and cooling schemes.

References

F. Xie et al, Science 386, 788 (2024).

Y. Park, B. Zhao, and S. Fan, Nano Letters 22, 448452 (2022).

M. Taghinejad et al, Science 382, 299-305 (2023).

Q. Li, et al, Nature Photonics 17, 897-903 (2023).

202



Selected Journal Publications in 2022-2025

Y. Park, B. Zhao, and S. Fan, "Reaching the Ultimate Efficiency of Solar Energy Harvesting with a Nonreciprocal
Multijunction Solar Cell," Nano Letters 22, 448452 (2022).

H. Hu, N. Chen, H. Teng, R. Yu, Y. Qu, J. Sun, M. Xue, D. Hu, B. Wu, C. Li, J. Chen, M. Liu, Z. Sun, Y. Liu, P. Li, S.
Fan, F. J. Garcia de Abajo, and Q. Dai, "Doping-driven topological polaritons in graphene/a-MoO3 heterostructures,"
Nature Nanotechnology 17, 940-946 (2022).

J. Li, X. Wang, D. Liang, N. Xu, B. Zhu, W. Li, P. Yao, Y. Jiang, X. Min, Z. Huang, S. Zhu, S. Fan, and J. Zhu, "A
tandem radiative/evaporative cooler for weather-insensitive and hi-performance daytime passive cooling," Science
Advances 8§, eabq0411 (2022).

S. Fan and W. Li, "Photonics and thermodynamics concepts in radiative cooling," Nature Photonics 16, 182—-190 (2022).
Y. Peng, L. Fan, W. Jin, Y. Ye, Z. Huang, S. Zhai, X. Luo, Y. Ma, J. Tang, J. Zhou, L. C. Greenburg, A. Majumdar, S.
Fan, and Y. Cui, "Coloured low-emissivity films for building envelopes for year-round energy savings," Nature
Sustainability 5, 339-347 (2022).

N. Lee, M. Xue, J. Hong, J. Van De Groep, and M. L. Brongersma, "Multi-Resonant Mie Resonator Arrays for Broadband
Light Trapping in Ultrathin c-Si Solar Cells," Advanced Materials 35, 2210941 (2023).

Q. Li, J. -H. Song, F. Xu, J. van de Groep, J. Hong, A. Daus, Y. J. Lee, A. C. Johnson, E. Pop, F. Liu, and M. L.
Brongersma., “A Purcell-enabled monolayer semiconductor free-space optical modulator,” Nature Photonics 17, 897—
903 (2023).

M. Taghinejad, C. Xia, M. Hrton, K. -T. Lee, A. S. Kim, Q. Li, B. Buzelturk, R. Kalousek, F. Xu, W. Cai, A. M.
Lindenberg, and M. L. Brongersma, “Determining hotcarrier transport dynamics from terahertz emission.” Science 382,
299-305 (2023).

F. Xie, W. Jin, J. R. Nolen, H. Pan, N. Yi, Y. An, Z. Zhang, X. Kong, F. Zhu, K. Jiang, S. Tian, T. Liu, X. Sun, L. Li, D.
Li, Y. F. Xiao, A. Alu, S. Fan, and W. Li, “Subambientdaytime radiative cooling of vertical surfaces,” Science 386, 788
(2024).

S.T.Ha, Q. Li, J. K. W. Yang, H. V. Demir, M. L. Brongersma, A. I. Kuznetsov,"Optoelectronic Metasurfaces", Science
386, eadm7442 (2024).

S. Doshi, A. Ji, A. I. Mahdi, S. T. Keene, S. P. Selvin, P. Lalanne, E. A. Appel, N. A. Melosh, M. L. Brongersma,
"Electrochemically mutable soft metasurfaces," Nature Materials 24, 205-211 (2025).

J. Li, Y. Jiang, B. Li, Y. Xu, H. Song, N. Xu, P. Wang, D. Zhao, Z. Liu, S. Shu, J. Wu, M. Zhong, Y. Zhang, K. Zhang,
B. Zhu, Q. Li, W. Li, Y. Liu, S. Fan and J. Zhu, “Accelerated photonic design of coolhouse film for photosynthesis via
machine learning,” Nature Communications 16, 1396 (2025).

203



Towards new midinfrared light sources using the intraband transitions of colloidal quantum
dots.

Xingyu Shen, Rounak Naphade, Augustin Caillas, Shraman Saha, Philippe Guyot Sionnest,
University of Chicago, James Franck Institute, 929 East 57t Street, Chicago, IL 60637
Keywords: midinfrared, nanocrystal, detector, emitters, cascade, luminescence, intraband.

Research Scope

The research scope is to develop midinfrared light emitting devices (LED) using colloidal quantum
dots (CQD). The work focuses on cascade intraband electroluminescence, and aims to develop RoHS
compliant CQDs as efficient midinfrared emitters. The broader impact is primarily molecular
spectroscopy and sensing. We demonstrated the cascade LED process with CQDs emitting at 5
microns and the work continues with trying to increase efficiency, to deepen the understanding of the
process, and to broaden the range of materials. This abstract presents two results from the past year:
the first report of midinfrared electroluminescence from CdSe quantum dots, and the “brightest”
midinfrared CQD film made by solution processing.

Recent Progress

Cascade LED with CdSe CQD emitting at 5 microns: visible CQDs have size-dependent energy gap,
narrow emission linewidth, high luminescence efficiencies, and solution processability, and they are
widely studied for commercial applications in displays and optoelectronics. Research extends to the
infrared with the same strategy, but all the work focused exclusively on emission using the
“interband” recombination between electrons and holes.
In this grant, the main idea is to explore midinfrared
Intraband @scade cascade CQD electroluminescence (EL) via intraband
— transitions. The proposed cascade only requires unipolar
transport and high bias across dots. It was first proposed for
epitaxial quantum dots, soon after the invention of quantum
1P, ——y 1p | cascade lasers. It relies on the phonon bottleneck to slow
1Se N 1S: down the 1Pe-1Se intraband relaxation enough to facilitate
emission. The main unknown is whether electrons transfer
effectively from 1Se to 1Pe state in a simple CQD film.

The idea worked surprisingly well. We made vertical and lateral devices, using HgSe and HgTe
narrow gap. Partially n-doped dots HgSe/CdS CQDs showed the best power conversion efficiency
of 0.085% which is close to commercial cascade epitaxial quantum well LEDs which have up to 0.2%
at the same wavelength.

The work described here is the midinfrared cascade electroluminescence from wide gap CdSe
CQDs. Figure 1a shows the device structure, where the CdSe CQD layer is deposited on a gold
grating on a sapphire substrate. A ZnO injection layer is then deposited above the CdSe, followed by
an evaporated Ge dielectric layer, and a gold reflector on top. The SEM cross section is shown in
Figure 1b. The grating and Ge layer thickness are designed using Comsol simulations to maximize
the normal incidence (from the grating side) absorption at 5 microns. On the basis of Kirchhoff rules,
this should also maximize the normal emission outcoupling. Figure 1¢ shows the 5 pm emission
spectra. Figure 1d shows that it is not a thermal emission since it follows the bias promptly without
a phase shift. Figure 1e shows the nonlinearity of the voltage with current. The use of ZnO as the
injection layer allows to obtain much larger current for the same voltage. Ohmic transport is relatively
well understood in CQD films, but the non-ohmic transport shown here likely includes resonant
tunnelling between 1Se and 1P.. The current onset is indeed approximately when the bias over a dot
diameter is equal to the 1Se-1Pe energy. Figure 3f shows that the increase of emission with current is
robust. As a result, the external quantum efficiency shown in Figure 3g, and defined as photon per
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electron, increases slightly with current. Figure 3h shows the power conversion efficiency, and an
interesting aspect is that it droops far less than QW devices. Multiple devices showed stable
performances.
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Figure 1: (a) Schematic of the CdSe cascade LED. (b) Cross section.(c) Electroluminescence spectra. (d) Time dependent
electroluminescence compared with the oscillating bias. (¢) Voltage as a function of current. (f) Radiance as a function of
current. (g) EQE. (h) PCE.

This first example of CdSe CQD emitting midinfrared electroluminescence was recently published
in ACS nano. Although the power conversion efficiency was only 0.013% and lower than with
HgSe/CdS, the result opens the perspective of using many other wide gap CQDs.

Bright midinfrared films with CQDs: The LED efficiency is limited by the low quantum yield of the
intraband relaxation. This should be vastly improvable with brighter midinfrared CQDs films, and
this is the topic discussed below.

There is concurrently a growing interest in making bright midinfrared emitters. Among
semiconductors, intrinsic bulk lead selenide (PbSe) may be the brightest midinfrared phosphor. A
30% internal PLQY has been reported at 3.9 um at room temperature for epitaxial PbSe. The external
PLQY is however poor because bulk semiconductors have high indices of refraction. 1/4n” is
commonly used for the extraction efficiency of light from a smooth semi-infinite solid with no
reabsorption. For PbSe with n~ 4.8, the extraction efficiency would be 1/4n” ~ 1%. Optically rough
polycrystalline PbSe thin films are commercially available as photoconductors, and brighter PbSe
films correlate with better detectors. We tested an Opto-Diode model BXP-35E and the film emits at
4.3 um. Since the backside is against the housing, PL is only in the forward direction. We used a
gold integrating sphere with an InSb detector, and measured an external PLQE of 1 + 0.1%. That is
a “good” external PLQY. With black phosphorous, the Javey group reported 0.3% QY at 3.6 um and
room temperature but we do not know if it is external or internal.

With CQD, we proposed that the non-radiative relaxation from 1Pe to 1Se is due to near-field energy
transfer to some unwanted infrared absorption.' This idea is supported by our study of very thick shell
HgSe/CdS which showed a 20-fold increase in PLQY per doped dots (PLQYP) in solution, reaching
up to 2%.

Here, we studied the 5 pm emission of films of HgSe and HgSe/CdS CQDs. Figure 2A and 2B
shows the TEM images of the HgSe cores and core/shell respectively with a mean diameter of 4.5nm
+ 0.5 nm for the HgSe cores, and 7.2nm = 0.4 nm for the core/shell. Thin smooth films were made
by spin-coating the non-polar colloidal solutions on substrates. The films were then processed with
ethanedithiol (EdT) for organic ligand exchange followed by Pbl/DMSO for inorganic ligand
exchange. The EdT removes some of the original oleylamine or dodecanethiol ligands, and the
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Pbl2/DMSO removes more than 95% of the remaining CH stretch infrared absorption. The films
were annealed up to 140°C for brighter emission.
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Figure 2: A. TEM of HgSe cores. B. TEM of the HgSe/CdS core/shells. C. PL of HgSe CQD on ZnSe. D. PL of HgSe/CdS
on ZnSe. E. PL of HgSe/CdS on a /4 wave reflector. Note that the scale increases 10-fold for each panel.

The PL is excited by 808 nm, and collected near normal incidence with a 50mm focal length and a
numerical aperture of ~0.25. The collimated PL is sent into a step-scan FTIR and focused on an MCT
detector. The FTIR/detector relative quantum efficiency as a function of wavenumber is calibrated
with a blackbody source of known temperature. The sample external quantum efficiency, PLQE,
which is photon emitted divided by photon incident, is then determined by integrating the PL
spectrum and dividing by the same for the PbSe reference. Figure 2C is the PL of the HgSe cores,
for a thin film on a ZnSe substrate where light is emitted front and back. Since only doped dots can
emit intraband PL, we calculate the quantum yield per doped dots, PLQY?P, as the PLQE divided by
the absorption of the 808nm excitation and by the fraction of the doped dots. The fraction of doped
dots is determined by a separate measurement of the relative intraband and interband absorption. Most
of the HgSe cores are n-doped. The film emits weakly with a 0.009% PLQY?P, and this improves to
0.026% after treatment with Pblz. Figure 2D is the PL of the film of HgSe/CdS. It is about 10-fold
brighter. The film brightens after Pblz treatment, but the absorption shows that this is mostly due to
an increased doping. Indeed, after taking the increased doping into account, the PLQYP is
0.36+0.15% after EAT and 0.25+0.03% after Pbl>. The QY value is consistent with solution data for
the same shell thickness. An unexpected result is that the Pblz treatment does not improve the quantum
yield even though it removes 95% of the C-H vibrational absorptions. PbBr2 and PbCl2 have similar
effects with slightly weaker PL.

To make overall brighter films, the CQDs are then deposited on a 4 wave reflecting substrate.
Optical simulations show that the 5 um absorption in the normal direction increases ~ 10 fold
compared to the same CQD film thickness on the ZnSe substrate. Figure 2E is the PL of a 200nm
film of HgSe/CdS CQDs treated with EAT and then Pblz , followed by annealing at 140°C. The PL
signal is indeed more than 10-fold larger than in Figure 2D consistent with Kirchhoff rules. In the
same instrument measurement units, the PL of the PbSe reference peaks at 0.1. Therefore, the CQD
film has an apparent external efficiency of 0.2% at 5 um, when imaged with a numerical aperture of
0.25, and this is our “brightest” emitter at 5 um so far.

Also of basic interest, the homogeneous linewidth is about 300 cm™ at 300K and it scales linearly
with temperature. Cooling from 423K to 85K, the emission blueshifts by 75cm™ and the quantum
yield increases by only ~20%. This is evidence that the PL is not yet limited by multiphonon
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relaxation, and it motivates exploring other synthetic approaches for brighter midinfrared PL. This
work is currently submitted to JPCL.

Future Plans

The future work aims to improve the efficiency of the cascade LEDs, by understanding the electron

transport and the non-radiative processes. The tasks include:

1) Investigation of the cascade phenomenon. This includes modelling the electrical and optical properties of
CQD films using microscopic rates that include resonant tunneling. This will be a first attempt to consider
resonant tunneling across CQDs under high bias.

2) Investigation of the energy transfer mechanism that quenches the PL, through the direct measurements of
the weak broad absorption characteristics of CQD films and matrices. Exploration inorganic matrices and
anhydrous processing methods for much brighter films.

3) Synthesis of RoHS compliant CQDs and study of their intraband spectra. This includes III-V indium
pnictides (InAs and InSb), silver telluride (Ag.Te), and chalcopyrite CulnSe:, and their infrared spectro-
electrochemistry.

The basic research plans align with the materials science program of the Department of Energy

(DOE), and it has the potential to lead to technological advancements in areas like gas sensing and

emission monitoring.
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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 primary scope of this research program is to investigate novel physical phenomena arising
from nanoscale confinement in light-matter interactions. Traditionally, optical interactions in
nanoscale systems are predominantly dictated by material composition and the geometric attributes
of nanostructures. Within this conventional framework, quantum transitions and carrier dynamics rely
fundamentally on the electronic structure intrinsic to the constituent materials. Adjustments at the
nanoscale—such as structural and geometric modifications—provide additional control mechanisms,
influencing electronic transitions via carrier confinement or injection across heterogeneous interfaces.
However, conventional methodologies often overlook the influence of specific optical mode
characteristics in the mechanisms of photo-assisted transitions.

This program seeks to address this gap by adopting an alternative approach: controlling light-
matter interactions through deliberate manipulation of the properties of the excitation light itself. We
employ nanostructured materials designed to feature tailored interfaces and nanocavities exhibiting
desired optical characteristics. These engineered structures facilitate optical modes with adjustable
spatial and temporal features, including field enhancement, localization, field gradients, and
optimized quality factors. By leveraging advanced optical spectroscopy techniques, we explore and
develop fundamentally new classes of optical interactions at the nanoscale.

Recent Progress

Our recent progress has significantly advanced our understanding of how extreme electromagnetic
confinement can be used to manipulate light-matter interactions. We have systematically explored
nonlinear photoluminescence (NPL) from spatially confined plasmonic nanostructures, emphasizing
how nanoscale confinement fundamentally alters the photophysical mechanisms involved.
Specifically, our work leverages metal-dielectric-metal (MDM) gap-mode resonators with precisely
engineered nanoscale gaps to investigate the detailed interplay between plasmonic modes and excited
carrier distributions. Unlike conventional models that attribute broadband photoluminescence
primarily to thermalized "hot" electron distributions approximated by a Fermi—Dirac equilibrium [1-
3], our experimental findings clearly demonstrate substantial contributions from non-thermal
electronic populations that significantly deviate from thermal equilibrium, Fig. 1a [4]. This deviation
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arises from large-momentum electronic transitions
enabled by extreme optical field confinement,
effectively overcoming the dipole approximation
and thus significantly altering conventional
recombination dynamics.

In our experimental studies, we fabricated
arrays of gold nanowires separated from underlying
gold films by ultrathin dielectric spacers with
precisely controlled thicknesses. By adjusting
spacer thicknesses from 1 nm to 15 nm, we achieved
fine control over plasmonic resonance frequencies
and spatial field confinement. The resulting gap-
mode resonances exhibited pronounced wavelength-
dependent  nonlinear  emission  behaviors,
characterized by a nonlinear power-law exponent
(PLE). We systematically measured this exponent
under various excitation conditions, including both
up-converted and down-converted emission
regimes. Our results indicate that reducing the gap
thickness strongly enhances the non-thermal carrier
generation due to increased field localization and
large-wavevector optical fields, thus promoting
intraband transitions typically inaccessible within
dipole approximations.

By  comparing the  experimentally
determined nonlinear power-law exponent values
across different gap sizes and plasmonic resonance
conditions, we demonstrated a clear transition from
thermal-dominated emission (larger gaps and off-
resonance excitation) toward a regime dominated by
non-thermal electronic populations at smaller gaps
and resonance-matched excitations, Fig. 1b. We also
performed complementary finite-difference time-
domain (FDTD) simulations to accurately quantify
the plasmonic field enhancements and wavevector
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Figure 1. a) Near-infrared intraband multiphoton
absorption (upward arrows) and emission
(downward arrow) mechanism induced by the
wavevector of the localized plasmon mode. The
resultant “hot” (thermal) vs non-thermal electron
distributions with the corresponding state variables.
b) Photoluminescence (PL) power-law exponents
(PLE) vs emitted photon energy, for the labeled
values of gap spacer thickness in MDM geometry.

components within our nanogaps, confirming that field confinement, rather than simple field intensity
enhancements alone, drives these significant deviations from the expected thermal emission

characteristics.

Further, through detailed analysis of emission spectra under various excitation fluences and
detuning conditions, we provided robust evidence supporting a hybrid model combining thermal and
non-thermal electronic distributions. Remarkably, the non-thermal contributions dominated the
emission characteristics in highly confined nanogaps, substantially altering the scaling of
photoluminescence intensity with excitation power, especially in the up-converted emission range.
This observation directly challenges the existing models predominantly based on thermalized hot
electrons, indicating a necessity to incorporate momentum-dependent non-equilibrium carrier

dynamics for accurate description.

These findings significantly advance our understanding of nanoscale plasmonic phenomena,
particularly by revealing the fundamental importance of non-Fermi electron distributions under
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extreme field confinement conditions. By disentangling thermalized and non-thermal contributions,
we have opened new pathways for engineering light—matter interaction in systems where momentum
transfer can be substantially larger than in conventional photophysical processes. The demonstrated
ability to precisely engineer and exploit non-thermal emission processes paves the way for novel
applications in nanophotonics and optoelectronics, including highly efficient photovoltaics, enhanced
photocatalysis driven by hot-carrier injection, and advanced nonlinear optical devices relying on non-
equilibrium carrier states at nanoscale interfaces. Moreover, the ability to tailor non-vertical
transitions in strongly confined geometries points toward possibilities for advanced photonic devices,
including spasers and high-performance detectors, and underscores the potential of this research to
eventually lead to practical silicon-based lasers.

Future Plans

Our future research directions will expand toward combining electrical and optical excitations to
achieve enhanced control of material properties at the nanoscale. Specifically, we aim to explore
photon-assisted transport phenomena through quantum tunneling junctions, an emerging platform
enabling nanoscale electroluminescence (EL) and optical rectification processes. To overcome the
inherent instability and complexity of traditional tunneling junctions, we will focus on fabricated
ultra-stable epitaxial junctions exhibiting unprecedented stability and minimal fluctuations in
tunneling current. Leveraging these junctions, we plan to systematically investigate photon-assisted
tunneling phenomena over a broad spectral range and diverse power conditions. By differentiating
between classical and quantum descriptions of optical rectification, and unraveling the interplay of
hot-electron currents and thermal effects, we expect to deepen our fundamental understanding of
nanoscale light-matter interactions. These ultra-stable junctions not only simplify experimental
approaches but also open new avenues for future applications in nanoscale photodetectors, integrated
light sources, and multifunctional optoelectronic devices.
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Research Scope

This project focuses on developing novel rare-earth materials for energy up-conversion and emission
applications. In these materials, multiple rare-earth ions are protected by cages from the surrounding
environment, where their separation inside the cages is precisely controlled to achieve desired
interactions. These rare-earth complexes have varying sizes and shapes and incorporate different
numbers of coordinated rare-earth atoms. The surrounding ligands and counterions are used to fine-
tune their electronic structures. The rare-earth complexes here are designed to have distinct
advantages over conventional rare-earth molecules or solids in fine-tuning their properties. Using the
specially tailored rare-earth cages as basic units, we form 2D clusters and 2D self-networks. Fine-
tuning the properties of the individual rare-earth ions in these structures demands systematic control
over their coordination and electronic environment at the atomic level. Atomic scale characterization
of individual rare earth ions is performed with the most advanced instrumentation: The elemental,
chemical, and magnetic properties of rare earth ions in the complexes are determined simultaneously
using synchrotron X-ray scanning tunneling microscopy, on one ion-at-a-time basis, while tunneling
spectroscopy is used to measure the electronic structure of individual rare earth ions. These
experiments provide unparalleled atomic-level information, which is used to develop theoretical
frameworks to accurately describe their structural, electronic, and magnetic properties, providing
rational blueprints for the design and synthesis of new structures with improved functions.

Recent Progress

Single Molecule Gating!: We have successfully demonstrated the atomic-scale control of the
electronic structure of a rare-earth complex using a counterion. The complexes are formed by a
positively charged lanthanum ion coordinated to a (pcam)3 molecule and a negatively charged triflate
counterion trapped underneath via electrostatic interactions on a Au(111) surface. Local gating is
performed by adding an additional negatively charged counterion to one side of the complex (Fig.
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Fig. 1. (a) STM image of a single La-complex. The red
circle indicates a counterion. (b) dI/dV spectra show a
blue shift of orbitals. (¢) STM image of a cluster
consisting of three rare-earth complexes constructed by
STM manioulation.

la). This results in the redistribution of charges
within the complex and a positive shift of the
frontier orbitals (Fig. 1b) caused by the internal
Stark effect of the counterion. This effect is
directly captured using tunneling spectroscopy
and spectroscopic mapping at SK. The
polarizability of the complex is corroborated by
density functional theory and analytical
calculations based on experimental findings.
Furthermore, the influence of charge
polarization on nearby complexes is investigated
in a cluster composed of three complexes
assembled by STM manipulation (Fig. 1c),
which reveals maintaining the charge states as in
single complexes. Gating is vital to control the
local electronic structure of the rare-earth
complexes, and it is a long-standing goal to find
an efficient gating process. Our achievement will
enable the design of robust rare-earth complex
structures for efficient energy conversion
behaviors.

2-D Ionic Liquid-Like State of Charged Rare-
Earth Clusters on a Metal Surface?:

Charged molecular complexes are difficult to form on metal surfaces, and single-molecule studies are

usually performed on
Therefore, maintaining net charges in rare-earth
complexes  on
opportunities to investigate their novel behaviors.
We have successfully formed 2-D rare-earth
clusters having net charges on a metal surface,
enabling investigations of their structural and
electronic properties on a one-cluster-at-a-time
basis. While these ionic complexes are highly
mobile on the surface at ~100 K, their mobility is
greatly reduced at 5 K, and they reveal stable and
self-limiting clusters. In each cluster, a pair of

Fig. 2. Models and corresponding STM images of (a)
two, (b) four, and (c) six-unit rare-earth clusters.

insulating substrates.

metallic  surfaces  opens

charged rare-earth complexes (Fig. 2a) formed by
electrostatic and dispersive interactions acts as a
basic unit, and the clusters are chiral. Unlike non-
ionic molecular clusters formed on the surfaces,

these rare-earth clusters show mechanical stability. Moreover, their high mobility on the surface
suggests that they are in a two-dimensional liquid-like state. This finding impacts the design of robust
rare-earth complexes for efficient energy conversion behaviors and rare-earth separation in a solid-

state environment.
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Single Atom XMCD: X-Ray Characterization of One Atom Magnetism. X-rays are useful for
detecting core-level atomic information related to magnetic properties. If X-rays could detect the
magnetism of an atom, it would revolutionize material characterization at the ultimate atomic limit.

a I'”P C o2 l e
™ b —ReP
°’9 0.20
%, Tip

A
¥
&
&
Tip Current (pA)

126 1128 130 132 134
Photon Enerav (eV)

ISamp!E

o
o
N
%

—LCP

020 Elice

Tip Current (pA)

0.00 M4

1156 1158 1160 1162
f Photon Energy (eV)

w

o

o

Momentum (Arb. U)

o

Fig. 3. Single Atom XMCD. (a) A schematic of a
single-atom XMCD measurement using SX-STM. (b)
An STM image of Eu-complex on a Ni-island. The dot
at the center indicates where the X-ray signal is
measured. (¢, d) Single-atom STM-XAS signals of Ms
and My edges, respectively. Blue: LCP, and red: RCP.
(e) Calculated momentum as a function of magnetic
exchange interaction, M. (f) A 3D spin density plot of
Eu-complex on Ni. Red: spin up and blue: spin down.

Here, we detect the magnetic properties of just
one rare-earth atom inside a molecule using X-
rays while simultaneously determining its
elemental and chemical states (Fig. 3). Using left
and right circular polarized X-rays, core electrons
of a europium (Eu) ion inside a molecular host on
anickel (Ni) island are excited at 22 K. The X-ray
excited tunnelling current shows cogent M4 s edge
signals of a single Eu ion arising from the
transitions of 3ds»2 and 3ds. states to unoccupied
4f orbitals (Fig. 3c, d), while the near-edge X-ray
absorption fine structure reveals a 3+ oxidation
state of Eu. A single Eu ion's X-ray magnetic
circular dichroism (XMCD) measured at the
quantum tunnelling regime exhibits a strong
ferromagnetic spin alignment with the Ni spins.
Thereby, the van Vieck effect®, discovered almost
100 years ago, is now observed at the ultimate
single-atom limit for the first time. Moreover, the
opposite spin alignment of molecular orbitals is
detected (Fig. 3c, red arrows), revealing a double
exchange process as the underlying mechanism.
This work demonstrates a comprehensive
characterization of magnetic, elemental,
chemical, and electronic states of a rare-earth
atom inside a molecule and opens a new avenue
of materials characterization at the ultimate
atomic limit.

Synthesis of Multi-Rare-Earth Complexes and

Fig. 4. STM images of (a) a 2D network and (b) a single
complex containing multiple rare-earth ions. (¢) STS
map showing Tb-Eu complex signal in a 2D network.

Formation of 2D Networks: We have
successfully synthesized several molecular
complexes containing multiple rare-earth ions
such as Ru-Yb, Tb-Eu, and Er-Yb, using
solution-based or on-surface synthesis. Some of
the complexes, such as Ru-Yb and Er-Yb, are
specially designed for photon upconversion
processes. We have also successfully formed 2D
networks of rare-earth complexes containing Eu-
Eu, Tb-Tb, and Eu-Tb (Fig. 4). Their structural
and electronic properties are investigated using
tunneling microscopy, spectroscopy, X-ray
measurements, and DFT and analytical
calculations. The optical properties and their
interactions in these complexes have also been

studied with magneto-optical spectroscopy and low-temperature EPR methods.
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Awards and Recognitions: The lead PI, Saw Wai Hla, has won two highly prestigious international

awards in 2024 based on the achievements of this project.

1. Falling Walls Science Breakthrough Laureate of the Year 2024 in Physical Sciences by the Falling
Walls Foundation, Berlin, Germany.

2. Feynman Prize in Nanotechnology (experiment) in 2024 by Foresight Institute.

Moreover, PI-Hla and Co-PI Rose have also received multiple recognitions within the last two years

for their achievements in this project.

3. Physics World Top 10 Breakthrough of the Year 2023 from the Institute of Physics (IoP), UK.

4. Impact Argonne Award (2023) from Argonne National Laboratory.

DOE BES highlight story: For the First Time, Scientists X-Ray a Single Atom. (08/30/2024)

https://www.energy.gov/science/bes/articles/first-time-scientists-x-ray-single-atom

Future Plans

Our overarching goal is understanding and controlling the behaviors of rare-earth ions in the
complexes and their networks, which would enable tailoring their properties beneficial for different
areas such as emission, upconversion, energy harvesting, separation, spintronics, and quantum
sciences. Following our success on one-atom-level characterizations of rare-earth ions, as well as
atomic control over their environment, and investigations on mixed rare-earth ions within molecular
complexes, we are now focusing on their emission properties, especially for the upconversion
processes. Moreover, we plan to extend our project by incorporating two additional
directions/approaches in the future.

1). Beyond rare-earth: After understanding the atomic-level properties of rare-earth in the molecular
hosts, we plan to replace some rare-earth ions with other metals, such as transition metal atoms, for
the desired behaviors.

2). Al-driven automatic synthesis: We have successfully demonstrated Artificial Intelligence (Al)
controlled STM atomic/molecular manipulation, and a patent has been applied.* In addition, the PI
Hla has pioneered an on-surface single-molecule synthesis method using STM manipulations in the
past.’> By combining these two schemes, we plan to develop new methods to synthesize novel rare-
earth complexes on material surfaces using Al-controlled STM manipulation.
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Understanding Shallow-trap Physics in Metal Halide Perovskites
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Research Scope

Metal halide perovskites (MHPs) are known for their unique defect tolerance that enables high
efficiency perovskite solar cells and light emitting diodes. The point defects in iodide perovskites
generally introduce shallow traps or energy levels in conduction band of valance band. Most surface
defects of perovskites are still deep but can be effectively passivated to become shallow. Conventional
wisdom believes that photogenerated charges in the shallow traps behave like free ones. However,
the present theory lacks two critical proof to close the loop: 1) the presence of shallow traps was not
proven in pristine perovskites and passivated perovskites, mainly because of lack of appropriate
characterization methods; 2) there is no study whether the charge carrier dynamics in shallow traps
to verify whether they really behave as shallow traps, or whether they play a role in the defect
tolerance of MHPs.

The fundamental understanding of shallow traps in perovskites is crucial for advancing the
field of perovskite materials and related devices, such as photodetectors and gamma-ray room-
temperature/high temperature semiconductor detectors by reducing the device noise. We aim at
understanding the influence of shallow traps on the charges recombination rate, charges carrier
lifetime in MHPs, and overall perovskite solar cell and light emitting diode performance upper limits,
with a central hypothesis that the shallow traps to be another mechanism for the unusual defect
tolerance of MHPs. Utilizing the unique high density of shallow traps and high emission probability
of shallow traps in MHPs, we will explore other new applications enabled by the rich emissive
shallow traps in MHPs.

Recent Progress
1. Influence of strain on shallow traps in iodide perovskites

We explored bilaterial amine treatment to perovskites, ethylenediamine (EDA) where were
shown to improve the efficiency and stability of perovskites'. All devices were fabricated with a
structure of ITO/ PTAA/ Cso.08FA0.92Pbls/ Ceo/ BCP/ Cu. As shown by the N-At plot in Fig. 1a, the
pristine device showed only one remission peak at 260+20 ns. After being treated with EDA, the
perovskite device had a detrapping time of 420+20 ns, while the reemission peak at 260+20 ns was
almost the same. EDA surface treatment increased the shallow trap density by two orders of
magnitude times. We conducted cryogenic thermally stimulated photoemission spectroscopy (C-
TSPS) measurement which can also detect ultra-shallow traps 2. As shown in Fig. 1¢, the TL intensity
of re-emitted charges was enhanced by ~75 times after the film was treated by EDA. We hypothesize
that the strain is the origin of the new shallow traps based on the observation that devices without
strain did not induce new shallow traps. To verify it, we treated the perovskite surface with
propylamine (PA) which has a similar molecular structure to EDA but only one amine group at one
end. The shallow trap reemission peak did not appear in the device with PA surface treatment (Fig.
1b). We also evaluated five other molecules with only one terminal amine group. The results lead to
the same conclusion that the surface treatment using molecules with monoamine did not increase the
shallow trap density.

Since EDA has amine group at both ends, it can react with the two FA™ cations in the adjacent
lattice cells® and generate n'-[2-(aminomethylideneamino)ethyl]methanimidamide (2-EMA) (Fig.
1d). After replacing the FA™ cations in two adjacent unit cells with 2-EMA, it can impose a surface
strain to perovskites when its length doesnot match the spacing between the two A-sites, as illustrated

216



in Fig. 1le. PA won’t cause surface strain because of the single amine group. We employed
Williamson-Hall method on pristine, PA-treated, and EDA-treated films to quantify the strain based
on the different scattering vector dependence on the peak broadening in the grazing incidence X-ray
diffraction (GIXRD)*. The pristine and PA-treated film showed a depth-independent uniform
compressive strain of -0.05+0.01% and -0.04+0.01% along the out-of-plane directly respectively (Fig.
1f). PA treatment did not change the strain, but the EDA-treated film showed a depth-dependent
gradient strain of 0.10% at 10 nm depth, -0.03% at 20 nm depth, and -0.04% at 50 nm depth (Fig. 1f-
g). Since the only difference of PA and EDA is the number of amine groups, the shallow traps should
be caused by the strain introduced by the EDA treatment.
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Fig. 1 Shallow trap manipulation by strain. (a) N-At plots of the pristine and EDA treated devices, the green and blue
lines are the peaks fitting for EDA-treated devices. (b) N-A plots of pristine, PA-treated, and EDA-treated devices. (c)
The cryogenic thermally stimulated photoemission spectra of the pristine and EDA-treated films. Williamson-Hall plot of
(d) pristine, (e) perovskite treated by EDA, (f) PA-treated. (g) Reaction of EDA, PA with FA+. (H) Illustration of the
strain generated in EDA treated sample with both ends staying in A-site.

2. Suppression shallow traps by chloride incorporation

We studied FAPbBr«Clsx single crystals which are promising candidates for gamma-ray
spectroscopic detectors.’ The shallow traps in them may cause lower response speed, so it is important
to understand the origin of the shallow traps and then eliminate them.
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Here, we grew a series of FAPbBr«Clsx single crystals with various Cl1% from 0 to 15%. The
color of the crystals changed with the chlorine fraction (Fig.2a). X-ray diffraction (XRD) and
bandgap measurement confirmed the incorporation of chloride (Fig.2b). We studied the charge
collection process for the crystals under gamma-ray event or pulsed laser light, and we noticed a
typical signal as shown
in Fig.2¢ when
FAPbBr3; was used.
The amplitude of
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FAPbBr«Clz-x  single Fig. 2 (a) Photos of the synthesize FAPbBrCls., single crystals; (b) Bandgap and
crystals, and collected lattice constant of the crystals with Cl percentage; (c) A typical signal collected
the data of thousands of  from charge sensitive amplifer when the crystal devices were exposed to a gamma-
ray photon or a laser pulse, (d) histogram of the fast and full charge collection

events for each crystal. time; (f) histogram of the ratio of the fast and full amplitudes (Vius/Viu).

Fig. 2d shows the
histogram of the fast
and full charge collection time as defined in Fig.2c. One can see from Fig. 2d that all of these crystals
show fast and delayed charge collection. With the increasing of CI percentage to 2%, full collection
time get smaller, indicating shallower traps. This trend was kept when the Cl percentage was
increased to 5%, which show the fastest charge collection even with the presence of shallow traps.
For CI%>3%, some fast and fall even overlap, indicating these events do not encounter any trapping
behavior. The mobility calculated from these events should represent the intrinsic carrier mobility,
showing 5% Cl results in the highest mobility. The reemission events are smallest for the crystal with
5% Cl. To quantify the density of shallow traps, we did the histogram for the ratio of fast amplitude
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versus full amplitude. For events that donot encounter shallow traps, the ratio should be unity. As
shown in Fig.2e, FAPbBr«Cls.x with >3% have a significant number of events which are not trapped.
For FAPbBrxClsx with 5% Cl, the events that are trapped still show a largest average amplitude,
which again indicates the smallest density of traps in this composition. This result concludes that: 1)
FAPbBr3 are rich in traps, but they are relatively shallow so that most charges are still reemitted; 2)
Cl incorporation with optimal 5% not only increases the carrier mobilities but also reduces the shallow
trap density. We hypothesize the traps might be bromide vacancies which are filled by chloride, which
will be evaluated.

Future Plans

We will identify the nature of the shallow traps in FAPbBr3 using several established methods by our
group. In addition, we will continue to study the composition dependent shallow traps, including A,
B, X sites. Alloying of the different cations and anions donot only change of the lattice distortion
and the associated electronic structures, they also introduce other changes such as heterogeneity of
composition in both in-plane and out-of-plane directions. We hypothesis they would have strong
impact on the shallow trap densities. We will study the relationship of the shallow trap density and
photoluminescence lifetime to find out the possible correlation.
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Program Scope:

The objective of this project is to provide a fundamental understanding of the structure-property
relationships of a novel class of superatomic clusters mimicking the chemistry of atoms and to explore
their potential for promoting unusual reactions as well as serving as building blocks of new energy
and magnetic materials. Working closely with experimental groups, the goal is not only to validate
our theoretical predictions but also to guide experimentalists in the focused discovery of new
materials.

The project exploits the unique size- and composition-specific properties of clusters and explores
their potential as building blocks of functional materials. Using first-principles theory, our approach
is an atom-by-atom rational design of a new class of superatomic clusters such as superalkalis and
superhalogens that not only mimic the chemistry of alkali and halogen atoms, respectively, but also
are suitable for forming supersalts with unusual properties. The proposed project involves three
interrelated thematic areas: (1) Ligand assisted rational design of highly reactive clusters: Following
the recent discovery that removing a ligand, L from the boron-based clusters such as Bi2L12>" (L=H,
F, CN), one can create a super-electrophilic center capable of binding noble gas atoms at room
temperature, we will study their ability to activate Hz, N2, and COz. Similar studies will be carried
out for ligand- and core-tailored CosSs(PEt3)s clusters. Also proposed is a study of superatom-based
catalysts versus single-atom catalysts. (2) Cluster-based magnetic materials: Following our recent
joint experimental and theoretical work that UAue cluster is magnetic even though neither U nor Au
is nonmagnetic, we will explore its potential as the building block of magnetic materials and examine
if a material composed of two non-magnetic and metallic elements can form a magnetic
semiconductor. We will also study the magnetic properties of chalcogenide CosSs(PEt3)s clusters by
tailoring the composition of its metal core and the number of ligands. (3) Super-ions as building
blocks of energy materials: Given that electrolytes in metal-ion batteries are salts composed of metal
cations and halogen anions, we will study a wide range of superhalogens as the building blocks of
electrolytes in K-ion batteries and their interaction with the electrode surfaces. Similarly, halogens in
thermoelectric materials such as ResSesl2 will be replaced by superhalogens to see if the new cluster
degrees of freedom can enhance the figure of merit, ZT, value due to the inherent rich phonon
dynamics. Use of superatomic clusters as building blocks will open new opportunities for the design
and synthesis of novel materials.

The complexity of the above systems necessitates the use of a multi-scale approach - from
molecular orbital theory to supercell band structure theory and ab-initio molecular dynamics.
Although most studies are carried out using density functional theory (DFT) with a variety of hybrid
exchange-correlation functionals, post-Hartree-Fock methods are used, when needed, to validate the
accuracy of the DFT-based results. Efficient search algorithms and methodology including machine
learning are developed for rational design of metastable phases of cluster-based matter.

Exploration of new frontiers of superatomic clusters as building blocks of energy and
magnetic materials can have the potential for advanced technologies. The project lies at the interface
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between physics, chemistry, and materials science and is ideal to train graduate and undergraduate
students as well as postdoctoral fellows in multi-disciplinary research.

Recent Progress:

We have accomplished much of what was proposed in our
renewal proposal in 2023. Over the past two years, we published/in
press 33 papers in high-impact journals such as Advanced Energy ChemComm
Materials (impact factor, [F=27.8), ACS Nano (IF=15.8), Small ‘ )
(IF=13), ACS Applied Materials and Interfaces (IF=8.5), etc. Two
papers were featured on the cover of Chemical Communications
(IF=6.22) and Nanoscale (IF=5.8). In addition, 6 papers are currently
under review, and 13 of these papers are published jointly with
experimentalists.

The papers cover a wide range of topics dealing with the role
of dimensionality, size, symmetry, and composition on the unique
properties of materials at the nanoscale. These include zero- et
dimensional clusters (Janus behavior of Au atoms interacting with  Chem. Commun. 61,3127 - 3130 (2025)
fluorine, catalytic potential of modified dodecaboranes and transition g a3
metal-embedded Cu cage clusters, single-superatom catalysts,
ferromagnetic nickel chalcogenide nanocluster); two-dimensional
systems (penta-CdO2 sheet exfoliated from its bulk phase, twisted
layers of penta-NiN2, persistent spin texture non-symmorphic CdTe
and ZnTe monolayers, In2S12S3X3 (X = S, Se, Te) Janus monolayers,
realization of ferroelectricity in penta-PdSe>/penta-PtSe> van der :
Waals heterostructure, magnetic mono-layers composed of  Nanoscale 17,8505 — 8514 (2025)
otherwise nonmagnetic elements); three-dimensional materials with superatomic clusters as building
blocks for energy storage (3D porous metallic carbon allotrope composed of 5-7 nanoribbons as an
anode material for sodium-ion batteries, stabilization of interface between the solid-state electrolyte
metal anode, advanced electrocatalytic cathodes in high areal capacity and long-life lithium-sulfur
batteries, NasLasClis solid-state electrolyte with high stability and fast ionic conduction, stabilization
of argyrodite LPSCI solid-state battery, high-capacity composite anode for next generation lithium-
ion batteries, ductile NasLasBris solid-state electrolyte with fast Na® conduction and high
electrochemical and interfacial stability, 3D metallic, ductile, and porous boron nitride anode material
for sodium-ion battery). In addition, we explored the potential of dual-atom catalysts for hydrogen
production and the production of a 3D metallic and magnetic phase of carbon starting with a molecular
precursor.

As the allotted space is limited, we give one example from each of the three thematic areas mentioned
above in the research scope, namely, (1) Ligand assisted rational design of highly reactive clusters, (2) Cluster-
based magnetic materials, and (3) Super-ions as building blocks of energy materials.

(1) Dodecaborate anions and their derivatives [Bi2X11]*" (X=H, F, CI, Br, I, CN) dianions' that
carry one more electron than needed to satisfy the Wade’s rule should not be stable,
assuming that the rule applies to fragments as well. While this is the case for X = H, we
showed that [Bi2X11]*” (X=F, CI, Br, I, CN) dianions are stable with the second electron in
[B12(CN)11]*>” bound by as much as 3.17 eV. More importantly, the stability of these
dianions is found to have a significant effect on the activation of gas molecules such as CO2
and N2, providing a path toward the development of new catalysts.
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(2) Atomic clusters are known to exhibit properties different from their bulk phase. However,
when assembled or supported on substrates, clusters often lose their uniqueness. We showed?
that while uranium and coinage metals (Cu, Ag, Au) are nonmagnetic in their bulk, UXe
(X=Cu, Ag, Au) clusters, unlike their nonmagnetic bulk, are not only magnetic but also retain
their magnetic character and structure when assembled into a two-dimensional (2D) material.
The magnetic moment remains localized at the U site and is found to be 3us in clusters and
about 2 in the 2D structure. In 2D UX4(X=Cu, Ag, Au) monolayers, U atoms are found to
be coupled antiferromagnetically through an indirect exchange coupling mediated by the
coinage metal atoms. Furthermore, hydrogenation of these monolayers can induce a transition
from the antiferromagnetic to the ferromagnetic phase.

(3) The success of all-solid-state batteries (ASSBs) depends on the solid-state electrolyte (SSE)
exhibiting high interfacial stability and room-temperature ionic conductivity. However, the
current SSEs, especially those with practical ionic conductivities (210—> S/cm) at room
temperature, often develop unstable interfaces at the metal anode, in some cases with even
greater severity than with liquid organic electrolytes. Despite persistent efforts, achieving
interfacial stability and sufficient ionic conductivity simultaneously represents one of the
greatest challenges in ASSBs. The current approaches focus on stabilizing the interface by
incorporating secondary interlayers or introducing coatings by surface engineering. The
method is often material-specific, and the added interlayers often deteriorate during cycling.
Using phase analysis and explicit interface modeling, we demonstrated® a strategy to
kinetically stabilize the interface between the SSE and metal anode by incorporating selected
monoanion clusters in the SSE; they can effectively lower or even halt the reduction kinetics
at the interface by promoting on-site formation of interphases that are highly electron
insulating. The study provides insight into the kinetic effects to achieve SSEs with superior
properties in bulk and at the interface.

Future Plans:

Our future projects will continue to include designing cluster-based materials for energy
harvesting, conversion, and storage; highly reactive negatively charged ions and their use in promoting
unusual chemical reactions; superatom-based catalysts for production of green hydrogen and conversion
of CO2; magnetism of atomically precise clusters and the effect of ligands in magnetic transition; and
understanding the evolution of the structure and properties of clusters. We will continue to work with
experimentalists for focused discovery of new cluster-based materials.
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Photon-photon chemical thermodynamics of frequency conversion processes in highly
multimode systems

Mercedeh Khajavikhan, Demetrios Christodoulides, University of Southern California
Keywords: frequency conversion, chemical thermodynamics, multimode optical system

Research Scope

Harnessing optical nonlinearity for frequency generation has emerged as a cornerstone of modern
photonic science, underpinning transformative technologies such as tunable frequency combs [1],
atomic clocks [2], and advanced spectroscopic tools [3]. These innovations have found widespread
application across key domains including optical communications, precision metrology, medical
imaging, and bio-photonics. However, current studies of frequency conversion dynamics have
primarily been restricted to systems with a limited number of transverse modes per frequency
component, leaving a largely uncharted landscape in highly multimode nonlinear platforms.

This project seeks to explore this untapped potential by investigating frequency generation in complex
multimode optical systems such as multimode fibers, nonlinear waveguide arrays, and optical
cavities. These systems offer unprecedented power-handling capabilities and spatiotemporal
complexity, yet their nonlinear behavior remains poorly understood and difficult to control. The
central challenge lies in the inherently high-dimensional nature of these environments, where
nonlinear interactions couple power across a multitude of transverse modes and nonlinear pathways,
rendering traditional engineering approaches insufficient.

To address this, we propose a fundamentally new perspective: treating optical frequency conversion
in multimode systems as an all-optical thermodynamic process. By framing nonlinear frequency
interactions as photonic analogs of chemical reactions—governed by stoichiometry, we aim to
develop a predictive and unifying framework for frequency generation in multimode settings. Our
theoretical model captures all key nonlinear mechanisms, including sum-frequency generation (SFG),
difference-frequency generation (DFG), and four-wave mixing (FWM), and reveals that optical
entropy maximization leads naturally to Rayleigh-Jeans equilibria under general excitation
conditions.

A central outcome of this work is the derivation of an expression linking stoichiometric coefficients
to optical chemical potentials, formally analogous to the extremization of Gibbs free energy in
molecular systems. This framework not only enables us to predict the equilibrium distribution of
power among modes and frequencies, but also to identify optimal regimes for efficient frequency
conversion. Notably, we uncover a novel regime of Rayleigh-Jeans thermalization at near-zero optical
temperatures, which promotes irreversible, entropy-driven funneling of optical power into the desired
output frequency and mode—a feature highly desirable for high-power applications such as
parametric oscillators and frequency comb generators.

By providing a general strategy for understanding and controlling nonlinear dynamics in systems with
hundreds or thousands of coupled modes, this project lays the foundation for a new generation of
multimode photonic devices. The proposed research has the potential to unlock transformative
capabilities in optical frequency conversion, expanding the reach of nonlinear optics into new regimes
of power, scalability, and functional complexity.
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Recent Progress
Through our analysis, we have found that optical frequency generation in multimode systems can be
fundamentally viewed as a thermodynamic process, where interactions among frequency
components behave as optical analogs of chemical reactions. To investigate this, we examined an
exemplary frequency conversion process within a highly multimoded optical system, using a
stoichiometric framework. Specifically, we considered a general four-frequency interaction
represented as: Viw, + VoW, = Vaws + V4w,, Where w, and w, act as optical “reactants,” wz and
w4 as “products,” and the integer coefficients v, are determined by the constraints of energy
conservation. This stoichiometric representation "
captures a wide spectrum of nonlinear frequency
generation phenomena, including second-harmonic
generation (SHG), sum- and difference-frequency
generation (SFG/DFG), and four-wave mixing
(FWM). In such systems, optical nonlinearities
mediate power exchange among hundreds or even
thousands of transverse modes, corresponding to

Fig. 1| Schematic of a degenerate four
i ] ) wave-mixing process 2w, = wg + w¢, in
multiple frequency components. This complexity | a »® graded-index (GRIN) multimode

makes it exceedingly difficult to predict or engineer Sili(ia fiber. H;re, the ?tt’(fiChiOm‘?try iSf
C e . analogous to the reversible reaction o
how'power is distributed among different frequency hydrogen iodide 2HI = H, + I,.
species.
To address this challenge, we developed a thermodynamic framework [4] that describes the
distribution of power among spatiotemporal modes when the equilibrium is attained. Our key result

shows that, under thermalization, the average power (] k,l-) in a transverse mode i at frequency wy,,
with propagation constant €, ;, follows a Rayleigh-Jeans (RJ) distribution: (]k,i) =—T/(€; +
Ur), where T is a global optical temperature shared across the system, and y; is the optical
chemical potential unique to each frequency component. Importantly, we have rigorously proved
that the chemical potentials pertaining to each frequency, are related through: vipu, + vou, =
Valz + Vapy. In this context, the equilibrium conditions for this utterly complex multimode, multi-
frequency conversion process have been established: each frequency component attains its own
Rayleigh-Jeans distribution, characterized by a global optical temperature but distinct chemical
potentials. Meanwhile, the chemical potentials are balanced through the stoichiometric coefficients

Vi-4
A @ OG5 e ) () we To corroborate our theoretical
. —Theory —Theory —Theory 1 1 1
20 * Simulation| * Simulation| * Simulation analysis, we 1nvest1gatefi‘ a
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Normalized eigenvalue €, Normalized eigenvalue &, Normalized eigenvalue €_

Fig. 1. This frequency
conversion process, described by

Fig. 2| The ensemble-averaged transverse modal occupancies (J;) at
thermal equilibrium for the three frequency components interacting via
degenerate four-wave mixing in a GRIN fiber. 20y = wp + w¢ ) 1S

conceptually analogous to the
reversible decomposition of hydrogen iodide: 2HI = H, + [,, which is characterized by the
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stoichiometric coefficients v; = 2,v, = 0,v3 = v, = 1. According to our theory, the chemical
potentials of the interacting frequency components must satisfy the condition 2, = pg + pc. In
our example, the wave-mixing process involves three wavelengths, 4, = 1272 nm, Az =
1306 nm and A, = 1240 nm, with the fiber supporting a total number of M, = 120, My = 120
and M, = 136 guided transverse modes at each respective wavelength. The fiber is excited at all
three wavelengths with powers P, = 800 kW, P = 50 kW, P, = 100 kW and the total initial
internal energy U = 1.532 x 10*. Our theory predicts that, at chemical equilibrium, the resulting
Rayleigh—Jeans distributions are characterized by the following intensive parameters: T =
40.1,u, = 0.22,ug = —0.11 and p, = 0.56. To monitor the thermalization dynamics of light in
this multimode fiber, we numerically simulated the nonlinear evolution of all supported modes
under continuous-wave (CW) or broad pulse conditions. The results, shown in Fig. 2, reveal that
the average modal power occupancies settle to Rayleigh—Jeans distributions after approximately 3
meters of propagation, in excellent agreement with our theoretical predictions.

The theory presented herein not only can decipher ¢
the complex dynamic behavior of multimode

—_
o

. . ~ el SR
multifrequency photonic systems but also offers a = P W)
framework for optimizing frequency conversion § ey

. . o 505
‘efﬁme‘ncy. To demonstrate‘ this cap?blhty, we o J/‘j N
investigated second-harmonic generation (SHG), 005 1 15 2

Propagation distance z (n.u.)

ie., 2w, = wp in a LiNbO3 lattice comprising

M = 30 sites, where w, and wp represent the b ‘, .
frequencies of the fundamental wave (FW) and '”ﬂy T {Mum%thﬂuﬂ"*ﬂ
second-harmonic wave (SH), respectively. The i

linear eigenvalues for these two frequency Zos

components are given by €,; = 2K, cos[mi/ 20.4
(M +1)] and €5; = 2k cos[mi/(M + D] +4A, o '

050 0.
Eigenvalues

where A = 234 — B is a phase mismatch and
k4 = kg = 1. Figure 3a illustrates the conversion Fig. 3| a) Theoretically obtained conversion

. . efficiency as a function of input energy U and phase
efficiency of the SHG process as a function of the | ..~ & 1 e " "1 \h03 lattice involving 30

input energy U—determined by the initial power | elements. b) Numerically simulated equilibrium
power distributions at the maximum conversion

. efficiency point, marked by the green dot in panel
and the phase mismatch A. Remarkably, an abrupt | p). ) Optical power evolution as obtained from

transition from 0% to 100% conversion efficiency | numerical simulations.
occurs at A = 2.1, marked by the green dot in Fig. 3a. This point corresponds to a near-zero optical
temperature state, enabling complete power transfer from the FW to the ground state of the SH. To

distribution among the FW transverse modes—

numerically validate the theoretical predictions of Fig. 3a, we simulate the SHG process at A = 2.1
by exciting equally the first two modes of the FW with total normalized power of P = 1.5 (the
corresponding actual power in LiNbO3 is 12 W). Figure 3b displays the modal occupancies of both
the FW and the SH, at the input and after reaching thermal equilibrium at the output. As shown,
the two species relax to the theoretically predicted RJ equilibria, with T = 0.0018 and u =
—2.046, while the majority of the initial FW power is transferred to the SH ground state, yielding
a conversion efficiency of 91%. Finally, Fig. 3c illustrates the evolution of power along the
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propagation distance, clearly indicating that in this multimode regime, the energy transfer process

is effectively irreversible.
Future Plans
Building on our current framework, which models optical frequency generation in multimode systems
under a microcanonical ensemble, our future research will extend this investigation to the canonical
ensemble—where the optical system is coupled to a thermal reservoir at a fixed temperature. This
shift will enable us to explore whether these all-optical processes can be described using broader
thermodynamic variables, such as enthalpy and Gibbs free energy, and to examine the applicability
of classical thermodynamic principles—such as Le Chatelier’s principle—in nonlinear optical
systems [5]. Additionally, we aim to investigate the feasibility of defining and observing optical
analogs of exothermic and endothermic frequency conversion processes. Such behavior could be
enabled through the controlled injection or extraction of optical "heat" from the thermal reservoir,
offering a novel means of managing energy flow in nonlinear multimode platforms.
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Universal Funneling of Light via Optical Thermodynamics
Mercedeh Khajavikhan, Demetrios Christodoulides, University of Southern California

Keywords: Optical Thermodynamics, Nonlinear optics

Research Scope

This project investigates a novel light-routing mechanism in a judiciously designed nonlinear array,
where light launched from any input port universally funnels toward a designated output location. We
conceptualize this phenomenon as an all-optical thermodynamic effect, wherein light undergoes a
Joule-Thomson-like cooling process followed by thermalization into a tightly localized ground
state—a response entirely unattainable in linear conservative systems. The underlying mechanism
arises from the engineered lattice potential and the interplay between kinetic and nonlinear
Hamiltonian components. This effect is experimentally verified in a time-synthetic fiber-loop
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of the corresponding modal amplitudes, indicating that the
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platform, where light is faithfully directed
toward the center of the lattice by cooling to
near-zero  optical  temperatures and
ultimately condensing into a localized
ground state. This universal funneling
behavior opens new avenues in optical
multiplexing, beam steering, and high-
power photonic applications, while laying
the groundwork for broader implementation
of thermodynamic principles in nonlinear
optics.

Recent Progress

Over the past year, this project has made
significant advances in understanding and
demonstrating a fundamentally new
nonlinear light-routing mechanism rooted
in optical thermodynamics [1]. Specifically,
we have realized and experimentally
validated a universal optical funneling
process in which light, regardless of its
injection site, channels toward a highly
localized ground state. This effect, achieved
in a nonlinear conservative environment,
represents a new paradigm in manipulating



multimode nonlinear light dynamics, departing radically
from what is possible in linear or non-Hermitian settings.
The key theoretical insight of this work lies in applying
optical thermodynamic principles to an array engineered
such that the lowest-order modes are strongly localized on
one side, while higher-order (bulk) modes remain extended
across the lattice. This configuration is realized by
progressively varying the detuning between adjacent sites
at a constant rate 64 (where §4 = A, — A,-1), resulting
in a truncated triangular potential within the 1D structure
(Fig. 1a). Our strategy for enabling light funneling (Fig.
1b) focuses on identifying a nonlinear parametric regime
that supports irreversible power transfer from higher-order
modes into the lowest-order states, effectively climbing the
potential ladder. Initially, light injected into the lattice
occupies several higher-order modes with a high peak
amplitude, characterized by a large nonlinear energy
component Hy; . As the light propagates along z, it
gradually loses energy due to Peierls—Nabarro effects. This
gradual reduction in peak amplitude leads to a decrease in
Hpy;, and a proportional increase in |U| (Fig. 1d), similar to
what is observed during an optical Joule-Thomson
expansion [2, 3]. As a result, this nonlinear process
facilitates the transfer of power into the lowest-order
modes (Fig. 1c), which are spatially weighted toward the
right side of the array, driving light closer to the potential
peak. Upon reaching the triangular barrier, the abrupt
collision triggers multiple reflections that cause the beam
to disintegrate into a low-temperature “gas-like” state,
where the Hamiltonian energy is almost entirely converted
into kinetic energy U, which then remains approximately
conserved. Beyond this point, the photon gas enters a
second, weakly nonlinear phase, eventually reaching
thermal equilibrium, as indicated by the emergence of a
Rayleigh—Jeans (RJ) distribution (Fig. le), and ultimately
concentrating it into the ground with near-zero optical
temperature.

To experimentally demonstrate this mechanism, we built a
nonlinear fiber-loop platform (Fig. 2a), which allows one
to observe light evolution in discrete time. The setup
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Fig. 5| Experimental demonstration of

funneling. a) Time-syntehtic mesh lattice
system schematic. Nonlinear optical fiber
loops are connected by a variable coupler
(VC), each containing a phase modulator
(PM) to control the Ilattice potential. A
single pulse is injected from a seed pulse
module (SPM) into the shorter via an optical
switch (SW). The pulses are perpetually
monitored by  photodetectors. b)
Comparison of experimental and simulation
data during funneling. Injection (at a pulse
power of 160 mW) at sites —10 and —30
both result in acceleration towards and
eventual trapping within the center of the
lattice.

comprises two unequal-length dispersion-compensating fiber loops coupled via a variable coupler,
supporting appreciable Kerr nonlinearity. By incorporating phase modulators in each loop, we realize
a triangular on-site phase profile, enabling precise control over the lattice potential. Figure 2b
illustrates the experimentally observed light evolution in a triangular potential lattice when a signal
is injected at various positions (e.g.,n = —10,-30). As can be seen, the experimental observations
closely align with simulations. When light is injected farther from the center, it preferentially excites
higher-order modes that extend toward the edges of the lattice, leading to a slightly slower optical
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cooling process. Nevertheless, in all scenarios, the system reliably directs light toward the center of
the lattice as expected from a universal router.
Together, these advances represent a pivotal step toward the thermodynamic engineering of light,
where macroscopic statistical principles govern and enable new regimes of optical control. This work
opens the door to applications in all-optical multiplexing, beam steering, nonlinear beam shaping and
power-scalable photonic systems while also offering a rigorous framework for further exploration of
non-equilibrium dynamics in multimode nonlinear systems.
Future Plans
Preliminary simulations by our group indicate that the funneling process may be extended into higher-
dimensional lattices. While this is expected according to the observation of the Joule-Thomson in a
two-dimensional waveguide array, the design requirements of the lattice potential pose a crucial
technical challenge in higher-dimensional funneling. Of paramount importance is the implementation
of our methodology in the compact and versatile environment of on-chip, one-dimensional waveguide
arrays. Harnessing the intrinsically high material nonlinearity of ubiquitous cubic crystalline
materials and the effective increase in nonlinearity provided by high-contrast confinement is
anticipated to result in a centimeter-long funnel.
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Observation of Joule-Thomson photon-gas expansion

Mercedeh Khajavikhan, Demetrios Christodoulides, University of Southern California
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Research Scope

The recent development of an optical thermodynamic framework has enabled systematic exploration
of the complex collective dynamics of multimode nonlinear systems [1]. These developments are
positioned to help address several outstanding problems in optics, including the prospect of funneling
the light in a multimode system into its ground state. In this thrust, we demonstrate an all-optical
Joule-Thomson expansion process mediated by photon—photon interactions whereby the temperature
of the optical gas suddenly drops near zero. Our experiments in various configurations of coupled
multicore nonlinear waveguide arrangements illustrate how light undergoing expansion-induced
cooling can be channeled from arbitrary input states into the fundamental mode with high efficiency.
We show that the stability of the post-expansion state is ensured by power and energy conversion and
the irreversibility endowed by extremizing the optical entropy.

Within the framework of optical thermodynamics, one of the key quantities describing the state of a
photon gas is its optical temperature T. Along with its corresponding chemical potential p, it dictates
how the power or energy is statistically distributed among modes under conditions which maximize
the entropy of a system [2,3]. In waveguiding arrangements, the optical temperature inherently
characterizes the quality of a beam in the absence of statistical correlations between the modal phases
at thermal equilibrium. High optical temperatures indicate that the beam comprises many modes,
adversely affecting its coherence properties [4]. On the other hand, low temperatures correspond to a
condensation of power into the ground state. In this regime, nonlinear mode mixing effects are
substantially reduced, analogous to a zero-temperature gas whose molecules remain almost
motionless. Clearly, the prospect of optical “cooling” to significantly enhance the spatial coherence
of a beam remains of paramount importance.

In a yet separate vein, a methodology for transforming a beam injected at an arbitrary input channel
of a multimoded structure into a coherent, high-quality beam does not yet exist. Under linear
conditions, power injected in a single port decomposes into the many, low-quality modes of the
structure, while traditional methods of analyzing the nonlinear regime do not render a design
methodology. This research thrust successfully employs a thermodynamic approach to overcome the
limitations of the linear process, employing the aforementioned optical analog of the Joule-Thomson
effect to collapse an optical gas into a zero-temperature state, exhibiting high beam quality owing to
predominant occupation of the fundamental mode.
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Recent Progress

Our work experimentally demonstrates a Joule-
Thomson (JT) expansion process by means of
which the optical temperature of the photon gas can
abruptly drop very close to zero (Fig. 1a,b). This
effect is mediated by purely photon-photon
interactions and is a direct byproduct of
nonlinearity. We show that, unlike what happens
during a sudden expansion of a dense non-ideal
molecular gas (Fig. 1a), here, cooling is induced by
transforming the nonlinear interaction energy of
the photon gas into the kinetic component of its
ground state. However, in both physical contexts,
the end result is the same: a system initiated in an
optically “hot” state (Fig. 1d) can experience a
sudden drop in temperature, transitioning into a
much “colder” state (Fig. le) where mostly the
fundamental mode is populated, through a
controlled process of energy conversion (Fig. 1c¢).

Figure 1b illustrates a photonic JT expansion in a
nonlinear multicore array. This process involves
two distinct nonlinear optical lattices, where the
smaller one (which may involve as few as one site)
serves as a “throttle” to constrict the influx of light
into a much larger optical system comprising M
cores, supporting an equal number of supermodes.
Within a thermodynamic framework, a photon-gas
description of light emerges when considering the
two invariants of motion associated with equation
(1) in such conservative systems. These correspond

. 2
to the optical power P = XL, |a;|" = L, c,|?
conveyed in the lattice, where a; and ¢, denote the
field and modal occupancy of sites j and mode n
respectively, and its total Hamiltonian Hy,; =
—U + Hyy, , where U = = ¥M_, &, |c,|%and Hyy, =

4 . . o

;‘-”’=1|aj| are associated with the ‘kinetic‘ and
‘potential” energy components respectively.
Provided nonlinearity is weak, the total
Hamiltonian will be dominated by the kinetic

component U, as one would expect for an ideal
photon gas. In this regime, the optical temperature
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Fig. 1| Optical Joule-Thomson effects. a) Dense gas
rapidly cooling during expansion into a larger
volume. b) Analogous expansion of a photon gas into
the fundamental mode of a waveguide array. c)
Energy exchange between linear (kinetic) and
nonlinear (interaction) components of the total
optical energy. d) The “hot” initial state decomposes
into all modes, while the “cool” final state is
dominated by the fundamental mode.

associated with thermal equilibrium is fixed by initial conditions on the modal occupancies.
Therefore, the process of cooling must be done out of equilibrium with the ideal-gas conditions
violated. In this vein, cooling is expected to take place under a controlled exchange of energy between
U and Hy;, where an ultra-low temperature may be achieved when U reaches the minimum

accessible value given the conservation laws of the system, namely Ui, =
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Amplitude and phase profiles (left) and corresponding The predictions outlined above have been
modal content (right) observed at the output facet of the

multicore lattice for different normalized excitation .Conﬁ_rmed CXp erlmentall_y In a range O_f lase.r_
powers. Despite a fixed placement of the initial | Inscribed photonic lattice configurations in

excitation (indicated by dashed circles), the initially | fused silica [5]. Figure 2 depicts the first
broad population of most lattice modes gradually cools | representative example of our experimental
down until approximately 70% of light is channeled into observations in a finite hexagonal domain
the fundamental mode. . . . .
involving M = 37 sites (or supermodes), built
on a triangular unit cell with a nearest-neighbour
coupling coefficient of k = 0.3 cm™". Light was injected into the lattice by means of a single
waveguide port, to produce a point-like excitation that simultaneously populated virtually all
supermodes. A closer look at the output distributions provides valuable insights into the mechanisms
at play. At low power levels, the quasilinear diffraction pattern of the single-site input (obtained at a
normalized power of P/k = 0.30 MW - cm) displays a complex phase pattern with numerous sign
flips between adjacent sites (top row of Fig. 2). In this regime, the expansion process has a negligible
impact on the photon gas, as illustrated in the red shaded panel of Fig. 2 where the lattice supermodes
retain a random-like distribution. As power increases (second row of Fig. 2), the first indications of
optical cooling emerge, with optical power progressively moving towards lower-order modes. A
further increase in the injected power (third row of Fig. 2) results in a more homogenized light
distribution across the waveguide array in both phase and amplitude. At this particular power level
(P/k = 1.3 MW - cm), the output distribution approximately conforms with the smooth amplitude
envelope and the flat phase of the ground state, which indicates that the power now almost exclusively
resides in the fundamental mode. From experimental data and from our theoretical analysis, we
estimate that, post-expansion, the photon gas in the larger array will eventually relax at thermal
equilibrium to an RJ distribution with an optical temperature T = 0.11 m~! and a chemical potential
u = —156 m~1. Beyond the JT limit, as the power increases, we experimentally observed that the
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photon-gas model suddenly breaks down and the projection of the reconstructed field distribution
onto the linear modes of the system becomes increasingly unreliable (last row of Fig. 2).

Future Plans

While conservation of energy and extremization of entropy guarantee the Joule-Thomson cooling
process, the expansion dynamics and a precise description of the breakdown conditions are yet to be
determined. To tackle this issue, the optical thermodynamic formalism must be modified to account
for strong nonlinear interactions in the photon gas, akin to the methods developed for configurational
partition functions in a nonideal classical gas.
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Metamaterials
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Keywords: Broadband metamaterial, Multi-resonant metasurfaces, Dark-state surface lasers

Research 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

Breaking the bandwidth limit with multi-resonant metasurfaces: Metasurfaces enable us to implement
very generic boundary conditions for light. Broadband, multi-resonant metasurfaces can solve one of
the fundamental limitations of conventional, resonant metamaterials. While resonant response is
usually required to achieve strong response or negative response functions, it inherently leads to a
very narrow operating bandwidth of the material. Technologically relevant signals, however, are
always broadband. We have extended our theory on multi-resonant broadband metasurfaces to
“beyond linear” phase modulation. We show how specific multi-resonant ultra-thin metasurfaces can
enable simultaneously arbitrarily strong and broadband dispersion compensation, in transmission or
reflection, pulse (de-)chirping, and compression or broadening, overcoming the fundamental trade-
off between conventional, non-resonant (bulky) and modern, singly-resonant (but narrowband)
metasurface approaches to quadratic phase manipulation. [1]
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We further expanded the theory of broadband
multiresonant  metasurfaces to function as
generalized spatio-temporal "meta-boundaries." This
advancement facilitates the realization of @ s ;
theoretically  arbitrary  broadband (perfectly) ‘133
reflective boundary conditions, enabling precise k"“’ﬂd"“"” — ol compact/ )
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Resonant meta-atoms from metallized DNA-
templated meta-molecules: In collaboration with the

. . . Fig. 1: Broadband, multi-resonant metasurfaces
B101nsp1red Metamaterials  FWP, we gathered that enable “beyond linear” phase modulation.

experimental optical scattering data for individual | Conventional dispersion compensation is either

metallized DNA origami meta-atoms and conducted | broadband or compact. Specific multi-resonant

realistic  simulations to analvze their opfical metasurfaces can enable arbitrary broadband, low
u y p loss, quadratic dispersion compensation and

scattering properties. Metallized V-shaped DNA | chirping by an ultra-thin surface. [1]

origami structures exhibited well-defined, low-loss

electric and magnetic resonance modes, despite morphological imperfections arising from the

stochastic nature of the self-assembled nano-resonator growth process. [3]
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Chiral meta-surface lasers: We have designed and numerically demonstrated a simple, low-cost, and
ultracompact chiral resonant metasurface design, which, by strong local coupling to a quantum gain
medium (quantum emitters), allow to implement a "cavity-free", ultra-thin metasurface laser, capable
of generating tunable circularly polarized coherent lasing output. The lasing output originates from
the direct lasing action of a collective resonant eigenmode of the periodic, resonant chiral meta-atoms
forming the metasurface. Each meta-atom consists of a twisted pair of metallic (plasmonic) crosses.
Strong coupling to the quantum gain medium through the resonant near-field of the meta-atoms
compensates the dissipative losses in the plasmonic meta-atoms, eventually causing them to oscillate
coherently, i.e., driving the system into a coherent lasing state. The chiral resonators here effectively
constitute a subwavelength equivalent of a "resonant cavity" for the laser, allowing for strongly
enhanced light-matter interaction and subwavelength size. This approach represents a chiral analog
to plasmon lasers ("Spaser"), achieving direct lasing into the resonant modes of sub-wavelength
plasmonic chiral meta-atoms with circularly polarized far-field radiation. We have shown that both
the geometrical twist-angle of the metallic crosses, as well as the polarization of an incident pump
radiation, can be used to control the emission polarization state of the laser from linear to circular and
to switch from the right- to left-circularly polarized output, thus providing dynamic lasing-
polarization control. The layered, planar design is well suited for easy optical implementation. Our
findings can guide further experimental efforts toward realization of polarization controllable,
circularly polarized output, ultrathin surface lasers using resonant chiral metasurfaces, unlocking a
wide range of photonic applications. [4]
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We have also experimentally demonstrated a novel circular polarized lasing metasuriace
approach for contactless thermal tuning of S /\e
metasurfaces using spatially addressable laser R
heating of dielectric Mie-resonant titanate cubes. M\'\’\“\NW
This method provides a scalable alternative for
achieving tunability and active control in T
metamaterials, and allows extending its
applicability to THz and optical metasurfaces. [5]
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assembly subject to loading via near-field coupling | purely circularly polarized coherent far-field. [4]
with sample modes and THz field above the sample;

Identify the cause of the approach curves power-law discrepancy between experiments and models.

Further develop metasurface interaction with quantum gain: Dark-state lasing, and functionalized
lasing using beyond-dipolar meta-atoms. Develop tunable chiral metasurface lasers & dark-state
chiral metasurface lasers; Develop a rigorous analytical theory to design chiral and general bi-
anisotropic resonant meta-molecules from hybridization of planar resonant electric dipoles. Design
dark-state lasing-based approaches to coherent sources in unconventional vacua, e.g., surface
plasmons, magnons, topological edge modes.

Spatio-temporal broadband multi-resonant metasurfaces: Develop analytical theory, numerical
simulations, and practical designs for broadband multi-resonant metasurfaces that can implement
general spatio-temporal “meta”-boundaries. Extend our abstract theoretical work to include
technologically relevant broadband spatial dispersion and beam shaping & beyond-quadratic phase
modulation for group-delay dispersion manipulation and compensation, not only achromatic (over
frequency) but also spatially broadband (over wide incidence angle range). Develop ‘stackable”
metasurfaces as a possible solution to current problems in practical multi-resonant metasurfaces
designs, where multiple, independent resonant meta-atoms would hybridize and, therefore, disturb
one another.

Theory for bio-inspired, metallized-DNA origami self-assembled meta-atoms: To enable large-scale
metamaterials, improve characterization, and mitigate morphological as well as spatial and
orientational disorder. Develop methods to extract optical Green’s function and effective material

parameters from THz-SNOM experiments on fabricated samples, specifically for DNA-templated
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meta-atoms, and compare with simulation of Green’s function of real morphology nano-resonators.
Explore non-periodicity for mitigation of periodicity artifacts in non-asymptotic effective media. Use
optical forces in metallized-DNA meta-molecules to implement opto-mechanical coupling for non-
linearity (and, potentially, sensing).

References

1. O. Tsilipakos, T. Koschny, ‘Multiresonant metasurfaces for arbitrarily broad bandwidth pulse chirping and dispersion
compensation,” Physical Review B 107, 165408 (2023).

2. O. Tsilipakos, T. Koschny, Shaping the Profile and Dispersion of Waves Guided Between Spatiotemporally

Dispersive, Electrically and Magnetically Conductive Metasurface Boundaries,” IEEE Transactions on Antennas and
Propagation 72, 6472-6480 (2024).

3. M.M. Islam, M.M. Hossen, J. Adjasoo, P.E. Palo, L. Bendickson, N.E. Kallmyer, N.F. Reuel, M. Nilsen-Hamilton, T.
Koschny, A.C. Hillier, ‘Direct Measurement of Optical Resonance Modes in Gold Meta-Atoms Fabricated by
Metallization of Triangle- and V-Shaped DNA Origami Templates,” The Journal of Physical Chemistry C 127, 24291—
24302 (2023).

4. 1. Katsantonis, A.C. Tasolamprou, E.N. Economou, T. Koschny, and M. Kafesaki, ‘Ultrathin, Dynamically
Controllable Circularly Polarized Emission Laser Enabled by Resonant Chiral Metasurfaces," ACS Photonics 2025,
12, 71-78 (2025).

5. L. Zhang, Q. Zhao, A. Jain, T. Koschny, Laser Heating of Ferroelectric Cubes for Tunable Electromagnetic
Properties in Metamaterials,” Applied Physics Letters 123, 211703 (2023).

Publications

1. I. Katsantonis, A.C. Tasolamprou, E.N. Economou, T. Koschny, and M. Kafesaki, ‘Ultrathin, Dynamically
Controllable Circularly Polarized Emission Laser Enabled by Resonant Chiral Metasurfaces,” ACS Photonics 12,
71-78 (2025).

2. O. Tsilipakos, T. Koschny, ‘Shaping the Profile and Dispersion of Waves Guided Between Spatiotemporally

Dispersive, Electrically and Magnetically Conductive Metasurface Boundaries,” IEEE Transactions on Antennas and
Propagation 72, 6472-6480 (2024).

3. S. Haeuser, R.H.J. Kim, J.-M. Park, R.K. Chang, M. Imran, T. Koschny, J. Wang, “Analysis of Near-Field Magnetic
Responses on ZrTe5 through Cryogenic Magneto-THz Nano-Imaging, ” Instruments 8, 21 (2024).

4. RHJ. Kim, A K. Pathak, J.-M. Park, M. Imran, S.J. Haeuser, Z. Fei, Y. Mudryk, T. Koschny, J. Wang, ‘Nano-
compositional imaging of the lanthanum 2 silicide system at THz wavelengths, ” Optics Express 32, 2356-2363 (2024).

5. L. Zhang, Q. Zhao, A. Jain, T. Koschny, Taser Heating of Ferroelectric Cubes for Tunable Electromagnetic
Properties in Metamaterials,” Applied Physics Letters 123, 211703 (2023).

6. M.M. Islam, M.M. Hossen, J. Adjasoo, P.E. Palo, L. Bendickson, N.E. Kallmyer, N.F. Reuel, M. Nilsen-Hamilton, T.
Koschny, A.C. Hillier, ‘Direct Measurement of Optical Resonance Modes in Gold Meta-Atoms Fabricated by
Metallization of Triangle- and V-Shaped DNA Origami Templates,” The Journal of Physical Chemistry C 127, 24291
24302 (2023).

7. O. Tsilipakos, T. Koschny, ‘Multiresonant metasurfaces for arbitrarily broad bandwidth pulse chirping and dispersion
compensation,” Physical Review B 107, 165408 (2023).

239



8. R.H.J. Kim, J.M. Park, S. Haeuser, C. Huang, D. Cheng, T. Koschny, J. Oh, C. Kopas, H. Cansizoglu, K. Yadavalli, J.

Mutus, L. Zhou, L. Luo, M.J. Kramer, J. Wang, Visualizing heterogeneous dipole fields by terahertz light coupling in
individual nano-junctions,” Communications Physics 6, 147 (2023).

9. I. Katsantonis, A.C. Tasolamprou, T. Koschny, E.N. Economou, M. Kafesaki, C. Valagiannopoulos, ‘Giant
enhancement of nonreciprocity in gyrotropic heterostructures,” Scientific Reports 13, 21986 (2023).
10.

R.H.J. Kim, J.-M. Park, S.J. Haeuser, L. Luo, J. Wang, 4 sub-2 Kelvin cryogenic magneto-terahertz scattering-
type scanning near-field optical microscope (cm-THz-sSNOM), ” Review of Scientific Instruments 94, 043702 (2023).

240



Ion Migration and Its Impact on the Stability of Metal Halide Perovskites
Masaru Kuno and Prashant V. Kamat
Keywords: Halide Perovskites, 2D- Perovskite, ion migration, exciton, excited state

Research Scope

The research scope entails (1) understanding the photoremixing phenomenon of mixed-
halide perovskites under high excitation intensities and (2) studying cation exchange at
two-dimensional (2D)/three-dimensional (3D) perovskite interfaces. This research
continues our earlier work to develop a microscopic model for mixed-halide perovskite
photosegregation as well as ultimately linking cation exchange/migration at perovskite
interfaces with light-induced anion photosegregation.

Recent Progress

(1) Improvements to the band gap thermodynamic model of mixed-halide i
perovskite photosegregation. We have previously developed a microscopic model for
photosegregation based on local band gap differences between parent, mixed-halide materials and
local iodine-rich domains. This model has successfully explained nearly all reported photosegregation
behaviors (i.e., terminal stoichiometry, excitation intensity dependence, existence of an excitation
intensity threshold for photosegregation, temperature independent terminal stoichiometries etc...).
However, the model has also been shown to be incomplete as observed through departures between
measured and predicted excitation-intensity terminal stoichiometries. Departures are best seen as
qualitatively different excitation intensity trends -theory showing a concave down dependence with
excitation intensity while experiments show a concave up behavior.

We have now addressed this deficiency by improving the model.> Improvements now account for

the fact that mixed-halide perovskite photosegregation produces a distribution of terminal
stoichiometries. Furthermore, only the lowest x-value stoichiometries (i.e., a very small
subpopulation of I-enriched material) are monitored experimentally in photoluminescence-based
photosegregation measurements. This means that theory must be modified to account for
experimental biases introduced by a minority phase fraction of highly I-enriched inclusions in a
parent, mixed-halide material. Carrier funneling factors to these highly I-enriched domains must also
be included. Consideration of both factors has now allowed us to obtain near quantitative agreement
between model-predicted terminal photosegregation stoichiometries and those recorded
experimentally.
(2) Discovery of pulsed laser-induced photoremixing of mixed-halide perovskite thin films.
Previously, the only reported observation of persistent halide photoremixing has been Bach’s
observation of the phenomenon in MAPb(I1-xBrx)3 microcrystals (Mao, W., Hall, C.R., Bernardi, S.
et al. Light-induced reversal of ion segregation in mixed-halide perovskites. Nature Mater. 20, 55-
61,2021). This has been problematic as most data on mixed-halide perovskite photoinstabilities have
been acquired with thin films. We have made mixed-halide perovskite microcrystals and have found
Bach’s photoremixing effect to be highly hit or miss. This has prevented us from conducting a
thorough investigation of photosegregation and photoremixing on the same material.

We have recently discovered that photoremixing can be induced in mixed-halide perovskite thin
films when a high intensity pulsed laser is used.> The pulsed laser photoremixing is highly
reproducible and appears general. We have observed reproducible photoremixing in MAPb(I1-xBrx)3,
FACsPb(lixBrx)s, and FAMACsPb(I1xBrx)s thin films. We have also established reproducible
photosegregation and photoremixing cycling in these materials. This discovery now allows us to
study both photosegregation and photoremixing in the same material and opens up the possibility to
develop a more general theoretical understanding of mixed-halide perovskite photoinstabilities.
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(3) Verification of cation migration across 2D/3D perovskite interfaces. Although claims have
been made that introducing 2D halide perovskite layers into 3D perovskite active layers in solar cells
enhances device stability and efficiency, our in-depth studies now show that these 2D/3D interfaces
are unstable with regard to cation migration. Cations readily move across 2D/3D
BA>MAPb:17/MAPDI; interfaces to form new phases.*> Subsequent absorbance and incident photon
power conversion efficiency 5 e e YT g S

(IPCE) measurements reveal A o) chersciorzaton
that cation migration is a i

major contributor to the
(eventual) decreased :
performance of perovskite- “““ / B . T e T
based solar cells. This is even favesmanm faieengn om

Whel,l device gctlve layers ,are measurements between two metal contacts, (B) Absorption spectra of a
passivated with 2D materials  >p/3p perovskite film in a solar cell device recorded over time while kept at
(Figure 1). Although 2D/3D 60 °C in a N,-filled glovebox. (C) IPCE (Photoconversion efficiency) spectra
perovskite devices are more of'a 2D/3D solar cell recorded over time while kept at 60 °C. The changes in
stable than exclusive 3D 'Fhe absorption spectra and IPCE reflect the mixing of cations at 2D/3D
solar cells at room interface. From Reference 4.

temperature, cation exchange at 2D/3D interfaces detrimentally affects solar cell performance and
stability. Temperature-dependent studies further show increased proclivity for cation migration rate
at elevated temperatures. In this case, we find 2D/3D perovskite solar cells to perform worse than
comparable 3D solar cells at higher operating temperatures.

(4) Elucidating the interaction between
migrating ions and hole transport layers. The
interface  between halide perovskites and
corresponding hole transport layers (HTLs) in
devices is critical to maintaining solar cell
performance. If migrating ions (cations as well as
oxidized anions) interact with HTLs, this can
adversely affect device performance. We have now
conducted a detailed study to characterize the
oxidation states of a widely used HTL material, A o T
SpiroOMeTAD.! Our spectroelectrochemical  Figure 2. SEM images of MAPbI; film physically
experiments confirm that charges (i.e., holes) from  paired with spiro-MeOTAD film, (A)Before and (B)
higher spiro-OMeTAD (viz Spiro+/2+) oxidation  after squecting to 3 sun (300 mW/cm?). (C)

. . o Absorption changes of the MAPDI; based solar cell
states quickly transfer to adjacent, lower oxidation owing the oxidation of Spiro OMeTAD (increased
states to maintain redox equilibrium. This hole  absorption at 1300 nm). (D) Comparison of solar cell
transfer cascade continues until charges are performance and SpiroOMeTAD oxidation during
captured by collecting electrodes. Under normal  photoirradiation. (unpublished results)
solar cell operational conditions, redox equilibrium is dominated by Spiro™?* species. This ability by
spiro-OMeTAD to undergo multiple (reversible) oxidations while maintaining redox equilibrium
makes it a unique HTL material for both solar cell and light emitting diode applications. Preliminary
experiments show changes in the morphology of MAPbI; films as I is expelled under
photoirradiation. This is accompanied by corresponding decreases in solar cell performance (Figure
2). The increased absorption in the near infrared during photoirradiation confirms HTL layer
oxidation. In-situ spectroscopic measurements during solar cell operation allow us to establish the
impact of halide ion and cation migration in perovskite solar cells.

Future Plans

in

Absorbance
5

=)
n

Figure 1. (A) 2D/3D Solar cell architecture allowing absorption
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We are finalizing the construction and optimization of a widefield infrared photothermal
absorption microscopy/spectroscopy technique. A camera, integral to the measurement technique,
was purchased using DOE funding. This mid-infrared microscopy/spectroscopy is tied to the
proposed work since it will allow us to conduct chemically-specific imaging and spectroscopy of
organic cations in hybrid perovskites. This will enable observation of cation migration at interfaces
and also during associated anion photosegregation. Materials of interest include the archetype pure
halide MAPbIs system as well as more recent, mixed-cation materials such as FACsPbls. They also
include mixed-anion versions such as MAPb(I1-xBrx)s and FACsPb(I1-xBrx)s.

Strategies to suppress ion migration at 2D/3D perovskite interfaces will be undertaken in two
ways. The first involves carefully selecting other spacer cations and alloying with other A-site cations
(like FA™, Cs"). Bulkier spacer cations in 2D perovskites are expected to slow down the mobility of
ions under visible light irradiation. By mapping out processes responsible for ion migration it should
be possible to extend the operational stability of 2D/3D perovskite solar cells. The second approach
involves introducing a monolayer of carbazole derivative between 2D and 3D interfaces to block the
migration of spacer cations. Use of self-assembled monolayers of such hole transport materials has
proven effective at stabilizing the performance of perovskite solar cells.

We will also conduct in-situ operando measurements of perovskite solar cells to probe the impact
of different cations on their photovoltaic performance. Spectroelectrochemical measurements will
enable us to correlate the impact of ion migration with solar cell performance at different applied
voltages. Voltage-dependent cation migration will be probed through in-situ emission/emission
lifetime measurements as well as with time-resolved, transient absorption spectroscopy. The
interaction of migrating ions with hole transport layers will also be probed to obtain a complete
understanding of photoinduced processes that lead to perovskite solar cell instability.
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Quantum Coherence of New Quasiparticles in Moiré Superlattices
supported by DOE BES grant # DE-SC0019398
PI : Xiaoqin Elaine Li at the University of Texas-Austin
Keywords: quantum coherence, quasiparticles, superlattices, moiré
Research Scope
When two atomically thin van der Waals (vdW) layers are vertically stacked together, the
atomic alignment between the layers exhibits periodical variations, leading to a new type of in-plane
superlattices known as the moiré superlattices. In moiré superlattices formed by transition metal
dichalcogenide (TMD) monolayers, optical properties are dominated by excitons (i.e. bound electron-
hole pairs). Similar to TMD monolayers, exciton binding energy in moiré superlattices is
exceptionally large (=200 meV),' making these quasiparticles stable at room temperature and
relevant for various optoelectronic devices. Because the moiré supercell size is typically larger than
the exciton Bohr radius (~ 1-2 nm), an exciton is typically viewed as a composite particle moving in
a smooth and periodic energy landscape. All fundamental properties of excitons are modified by the
moiré potential®?® including optical selection rules, spin-valley correspondence, mobility, and, of
particular  relevance  here, = quantum
dynamics.’ These properties are controllable  (a) Doped hole
with the twist angle, a unique tuning knob of i%@% SRRRRsiE
moir¢ superlattices. a2
The many complexities associated with — ©
excited states in moiré superlattices also offer
new and exciting opportunities to discover
and engineer quasiparticles. In the proposed
program, we will study the quantum
dynamics of new exciton resonances and
Fermi polarons in TMD atomically thin layers
and moiré superlattices using  two-
dimensional coherent electronic spectroscopy
(2DCES). These proposed directions derive Fig. .1: Su.mmary. of three prqposed projects.. (a) two-types
from our original discoveries made in the gf trions in a twisted homobilayers; (b) excitons confined
. . . y a remote moiré potential; (c) attractive and repulsive
gurreqt funding cygle. Spemﬁcall.y, we Wlll polarons (AP and RP) in doped TMDs.
investigate three topics as summarized in Fig.
I:
e Two types of trions in twisted TMD homobilayers
Excitons in TMD monolayers and bilayers confined by a remote moiré potential
Fermi polarons in doped TMD natural and twisted bilayers

Recent Progress

We have made the most progress on the task 1 in the first year. We have studied excitonic
resonances in several MoSe: bilayers near H-stacking angles (i.e., 60°, 59.6°, and 57.5°). Ultra-flat
bands have been predicted in these homobilayers.'” The twist angle can be precisely controlled with
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an accuracy better than 0.1 °, enabling us to examine the effects of lattice reconstructions with specific
supercell sizes.
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Fig. 2: Optical reflectivity spectra taken as a function of doping in (a) a natural MoSe; bilayer and (b) a twisted
bilayer with 8 = 57.5°. (c) calculated spatial distribution of doped holes in the 57.5° twisted bilayer. (d)
calculated energy of the lowest energy exciton. The nearly degenerate exciton energy at two locations within the
supercell suggests both AA’ and AB’ are possible locations for optically excited excitons.

By analyzing the optical reflectivity spectra of several MoSe: bilayers at different doping levels,
we identify a new type of positively charged trion, charge-transfer trion H2, which exhibits a smaller
binding energy than tightly bound trions Hi. While tightly-bound trions are observed in all three
bilayers (Fig. 2a), charge-transfer trions Hz are only found in the 57.5° bilayer (Fig. 2b), which shows
gradual atomic alignment shifts between the two layers. First-principles calculations indicate that
doped holes are localized in a flat moiré band at specific AA’ sites within supercells (Fig. 2c) of the
57.5° bilayer while optically excited electron-hole pairs might be situated at either AA’ or AB’
locations (Fig. 2d and Fig. 1a), resulting in two distinct trion species. These results are summarized
in a manuscript that is under review at Nature Materials and has been posted at arXiv:2407.17025.
This linear spectroscopy study was initiated under an NSF grant and laid the foundation for the
coherent nonlinear spectroscopy studies of quantum coherence of these new quasiparticles funded by
this DOE grant.
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While we have focused our energy on understanding the linear optical spectroscopy
measurements on twisted TMD bilayers, we have applied the two-dimensional coherent electronic
spectroscopy (2DCES), a unique technique to understand quantum dynamics of quasiparticles, to
study doped monolayers. Following our study of Fermi polaron quantum dynamics published in PRX
in 2023, we studied polarons in WSe2 monolayers in the past year as shown in Fig. 4. We first examine
the evolution of the linear reflectivity spectrum with doping (Fig. 4a). Both electron and hole doping
lead to the formation of Fermi polarons. The distinctions between MoSe2 and WSe2 monolayers are
most pronounced for electron doping. In WSe2 monolayers, there are multiple attractive polarons
(APs). We focus on a modest electron doping at 8.4*10'' cm™ indicated by the green horizontal
dashed line, where two attractive polarons are present simultaneously, singlet- and triplet attractive
polarons (AP, and APr;). These two states correspond to the optically excited electron-hole pairs
occupying the same or opposite valley, as illustrated in Fig. 3b. We assign the valley index according
to the valley where the electron-hole pair resides. The diagrams in Fig. 3b correspond to singlet- and
triplet attractive polarons in the K valley. The single particle energy diagram is somewhat misleading

Emission Energy hw, (meV)
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as it implies the singlet- and triplet states have the same energy. The Coulomb exchange interaction
lowers the energy of the singlet state by ~ 7 meV.

To investigate the quantum dynamics and interactions between APs; and APy, we employ a the
collinear (2DCES. Briefly, three laser pulses, each approximately 100 fs long and operating at an 80
MHz repetition rate from a Ti:Sapphire laser, are tightly focused through a microscope objective lens
onto a spot roughly 1 um in diameter. The photon-echo emission is collected via reflection geometry
using the same lens and combined with a reference pulse for heterodyne detection. Unless specified
otherwise, each beam maintains a power of 10 uW, corresponding to an exciton density of
approximately 8x10'° cm™. The high-quality sample and tightly focused beam are essential to
distinguish between the singlet and triplet states in the two-dimensional (2D) spectra, thereby
revealing their distinct dynamics and coupling mechanisms.

We perform one-quantum rephasing measurements by scanning delays between the first two pulses
(t) and between the third and reference pulses (t), followed by Fourier transformation to obtain
absorption (Z®:) and emission (%w:) energies, as illustrated in Fig. 3c. To eliminate coherent artifacts
from nonlinear interactions during pulse overlaps, the waiting time (T) between the second and third
pulses exceeds 0.1 ps. The normalized amplitude spectrum obtained with co-circularly polarized
pulses (+ + + +) is shown in Fig. 3d. Two diagonal resonances, APyt at 1693 meV and APg; at 1686
meV, appear clearly. The absence of cross-peaks indicates that APs; and APrq do not couple directly,
as they occupy separate Fermi seas and do not compete for electrons. Conversely, pronounced cross-
peaks appear in the spectrum recorded with cross-circularly polarized pulses (+ — + —, Fig. 3e),
indicating coupling due to shared electrons between singlet and triplet polarons in opposite valleys,
consistent with previous observations in WS.. This confirms that polaron interactions represent a
universal mechanism across TMDs.

By performing these 2DCES measurements as a function of doping, we have demonstrated that the
quantum dynamics of singlet and triplet attractive polarons in a WSe. monolayer evolve
systematically with increasing electron doping density. At lower doping levels, the dephasing rates
of these attractive polarons remain relatively constant; however, at higher doping densities, the
dephasing rates increase, likely due to additional decay pathways involving coupling to higher-order
many-body states.

Interestingly, the non-radiative valley coherence between the singlet and triplet polarons is maintained
longer compared to excitons, primarily due to pure dephasing processes rather than population
relaxation. A detailed analysis of valley and polaron pure dephasing reveals correlated energy
fluctuations between the coupled singlet and triplet states sharing the same Fermi sea. Significantly,
we have identified a long-lived component of attractive polaron valley polarization, originating from
a dark-to-bright state conversion. Moreover, the scattering processes involving the dark state differ
notably between the singlet and triplet polarons due to electron-electron exchange interactions
occurring between the singlet configuration and the opposite-valley Fermi sea. Consequently, the
singlet state exhibits a longer-lasting valley polarization compared to the triplet state. Our findings
underscore important similarities and differences in polaron dynamics across various transition metal
dichalcogenide (TMD) monolayers, setting the stage for future explorations of diverse polaron
phenomena predicted in moir¢ superlattices composed of stacked TMD bilayers.

Future Plans: Having identified the two distinct types of trions this year, we will investigate their
distinct quantum dynamics using two-dimensional coherent electronic spectroscopy 2DCES in the
next 1-2 years.
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Model Construction and Material Realization of Electronic Flat Bands

Feng Liu, University of Utah

Keywords: flat-band models, flat-band materials, electron topology, excitonic insulator
Research 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.
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Recent Progress

During the last two years, we have published 17 journal papers fully or partially supported by this
DOE grant, including 2 Physical Review Letters (one editor’s suggestion), 1 Nature
Communications, 2 Nano Letters (one journal front cover), and one invited review article. Three
postdoctoral research associates and two graduate students have been fully or partially supported by
this DOE project. The PI gave 8 invited talks at national/international conferences, and 18
departmental colloquium/seminar presentations. Below is a brief summary of four topics of

research achievements pertaining to this project.

(1) Excitonic Condensate in a Quantum Semiconductor with Flat Valence and Conduction
Bands:' Excitonic Bose-Einstein condensation (BEC) has drawn increasing attention recently with
the emergence of 2D materials. A general criterion for BEC, as expected in an excitonic insulator
state, is to have negative exciton formation energies in a semiconductor, as we showed earlier [Sethi
et. al., Phys. Rev. Lett. 126, 196403 (2021)]. Recently, using exact diagonalization of a multiexciton
Hamiltonian modeled in a diatomic kagome lattice, we demonstrate that the negative exciton

formation energies are only a prerequisite but insufficient

condition for realizing an excitonic BEC. By a
comparative study between the cases of a so-called
quantum semiconductor with both conduction and
valence flat bands (FBs) (Fig. 1a) versus that of a
conventional semiconductor with parabolic conduction
band (Fig. 1¢), we show that the presence and increased
FB contribution to exciton formation provides an
attractive avenue to stabilize the excitonic condensate, as
confirmed by calculations and analyses of multiexciton
energies, wave functions, and reduced two-body density
matrices (Figs. 1b, d). Our results warrant a similar
many-exciton analysis for other known and/or new
candidates of excitonic insulators. Our work greatly
enriches FB and exciton physics going beyond the state-
of-the-art theoretical and computational studies which
are largely limited to single exciton calculations. We
demonstrate quantum semiconductors of flat valence and
conduction band edges as a novel quantum materials
platform.
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Fig. 1. (a) Band structure of a quantum
semiconductor with flat valence and
conduction band edges. (b) Plot of one large
eigenvalue (A,) of exciton two-body density
matrix indicating off-diagonal long-range
order (ODLRO), characteristic of a highly
coherent excitonic BEC state (inset) with the
band structure of (a). (c) Band structure of a
semiconductor with a parabolic conduction
band edge. (d) excitons may still form
spontaneously with a negative formation
energy (Er) with (c), but lack ODLRO and
hence a coherent excitonic BEC state (inset).

(2) Anomalous bilayer quantum Hall effect:? In parallel to the condensed-matter realization of
quantum Hall (Chern insulators), quantum spin Hall (topological insulators), and fractional quantum
Hall (fractional Chern insulators) effects, we propose that bilayer FB lattices with one FB in each
layer constitute solid-state analogs of bilayer quantum Hall (BQH) system, leading to anomalous
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BQH effect without a magnetic field (Fig. 2). By exact
diagonalization of a bilayer kagome lattice
Hamiltonian, as an example, we demonstrate the
stabilization of excitonic condensate Halperin’s (1,1,1)
state at the total filling vr = 1 of the two FBs.
Furthermore, by tuning the interlayer tunneling and
distance between the kagome layers at vr = 2/3, we
show phase transitions among Halperin’s (3,3,0), spin-
singlet (1,1,2), and particle-hole conjugate of
Laughlin’s 1/3 states, as previously observed in
conventional BQH systems. Our work opens a new
direction in the field of FB physics by demonstrating
bilayer FB materials as an attractive avenue for
realizing exotic anomalous BQH states including non-
Abelian anyons.

(3) Growth of Mesoscale Ordered Two-dimensional
Hydrogen-Bond Organic Framework with the
Observation of Flat Band:? Flat bands, presenting a
strongly interacting quantum system, have drawn
increasing interest recently. However, experimental
growth and synthesis of FB materials have been
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Fig. 2. (a) Schematic of BQH setup containing
two layers of 2D electron gas separated by a
distance d and a tunneling barrier. (b) Schematic
of bilayer kagome lattice with blue and orange
colors indicating atoms in layers L1 and L2
respectively. (c) Schematic of possible device
configuration that can be used to realize
anomalous BQH effect. Vy(VL) represent gate
voltages for upper (lower) layer. FB material is
indicated by a green layer with a tunneling
barrier in between. (d) Single-particle band
structure of bilayer kagome lattice at spin-orbit
coupling (SOC) strength A= 0.3 and #1= 0. The
two FBs belonging to individual layers are
depicted in blue and orange color respectively.

challenging and remained elusive for the ideal form of monolayer materials where the FB arises
from destructive quantum interference in 2D lattice models. In 2013, our group made the first
theoretical prediction of FBs in 2D monolayer organic frameworks, in a project also funded by the
DOE-BES program. Recently, in collaboration with experimentalists, we reported direct
observation of topological FB enabled by successful growth of large-scale uniform self-assembled
monolayer of hydrogen-bond (H-bond) organic frameworks (HOFs) of 1,3,5-tris(4-hydroxyphenyl)

benzene (THPB) on Au(111) substrate. High-
resolution scanning tunneling
microscopy/spectroscopy (STM/STS) shows
mesoscale, highly-ordered and uniform THPB-HOF
domains (Fig. 3a), while angle-resolved photoemission
spectroscopy (ARPES) highlights a FB over the whole
Brillouin zone (Fig. 3b). Furthermore, our density-
functional-theory (DFT) calculations and analyses
reveal that the observed topological FB arises from a
hidden electronic breathing-Kagome lattice without
atomically breathing bonds (Figs. 3d, 3e). Our findings
demonstrate that self-assembly of HOFs provides a
viable approach for the synthesis of 2D organic
topological materials, paving the way to explore many-
body quantum states of topological FBs.
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Fig. 3. (a) STM image of self-assembled
monolayer 2D HOF of THPB on Au(l11)
substrate. (b) Observation of FB in HOF-THPB
by ARPES. (c¢) In situ STM image showing
hydrogen vs. covalent bonds of different inter-
molecular hopping strength. (d) Schematic
breathing-Kagome lattice. (e) DFT band
structures, in good agreement with ARPES.



(4) Topological Nodal-Point Superconductivity in 2D Ferroelectric Hybrid Perovskites:*> 2D
hybrid organic-inorganic perovskites (HOIPs) with enhanced stability, high tunability and strong
SOC have shown great potential in vast applications.
Interestingly, we have recently extended the already rich
functionality of 2D HOIPs to a new territory realizing
topological superconductivity and Majorana modes for
fault-tolerant quantum computation. We predict that room-
temperature ferroelectric BA2PbCls (BA for
benzylammonium) (Fig. 4) exhibits topological nodal-point
superconductivity and gapless Majorana modes on selected

edges and ferroelectric domain walls when proximity-

9

coupled to an s-wave superconductor and an in-plane Fig. 4. Ferroelectric hybrid perovskites (the
Zeeman field, attractive for experimental verification and bottom figure shows the structure of a

. . specific material, BA,PbCly) with unique
application. ch represent's a unique example of a new class unidirectional SOC texture (top) can offer
of ferroelectric topological superconductors we proposed topological nodal-point superconductivity
recently.’ We envision more exotic topological when the they are coupled to a

superconducting states to be found in this class of HOIP conventional s-wave superconductor and
an in-plane ferromagnet in proximity. The

materials due to their diverse non-centrosymmetric space resultant heterostructure exhibits edge and
groups, which may open a new avenue in the fields of domain-wall gapless Majorana modes
(middle).

HOIPs and topological superconductivity.

Future Plans

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

(a) Graph Theorem and Orbital Design of yin-yang flat bands with High Chern Numbers
(b) Quantum Matric, Landau Levels, and Exciton Superfluid Weight of yin-yang flat bands
(c) Catalytic Activity of flat band at Charge Neutrality Point

(d) Continuing the efforts of experimental collaborations.
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Magneto-thermopower in Mg3Bi2, a goniopolar Nodal Line Semimetal
Joseph P. Heremans
The Ohio State University

Keywords: Goniopolarity, direction-dependent polarity, transport, thermoelectricity, transverse
thermoelectric transport
Research Scope

The quest for efficient thermoelectric materials has gained new momentum with recent
theoretical advances predicting magnetic field-enhanced thermopower in topological semimetals.
Chakraborty et al. proposed that nodal-line semimetals exhibit a unique two-stage magneto-
thermopower response: a two-fold enhancement of the Seebeck coefficient (SSS) at intermediate
magnetic fields followed by linear growth with field in the extreme quantum limit regime. This
behavior arises when the applied field aligns with the nodal ring, amplifying the density of states
through Landau quantization while suppressing parasitic conduction channels. In this work, we
investigate single-crystalline Mg3Bi2 — a type-1I Weyl nodal-line semimetal (WNLSM) with a closed
nodal loop in the ab-plane and intrinsic goniopolarity manifesting as axis-dependent carrier polarity.
Our magneto-thermopower measurements under in-plane fields up to 9 T reveal a linear increase in
Seebeck coefficient at 20 K. Notably, we observe a sign reversal from electron-like (S < 0) to hole-
dominated (S > 0) behavior, signaling strong electron-hole interactions. However, the predicted two-
fold enhancement at lower fields (predicted at B =3 T) remains absent, likely due to the multi-carrier
dynamics inherent to type-Il WNLSMs. These results highlight the critical role of carrier
compensation in realizing theoretical predictions for topological thermoelectrics. While Mg3Bi2's
goniopolar anisotropy enables unique transport tunability, its complex Fermi surface obscures the
single-carrier regime required for the theoretically predicted Seebeck enhancement. Our findings
suggest that type-I nodal-line systems with simpler band structures may better realize the predicted
enhancement, guiding future material design for magneto-thermopower enhancement.

Recent Progress

This work focuses on MgsBi2> which is a goniopolar material. This was put in evidence by
work carried out in 2024, which reports the thermopower of the material in and perpendicular to the
basal plane (Figs 1. a, b) [1]. Additionally, Mg3Bi2 hosts a closed nodal loop near the Fermi level
around the I' point in the Brillouin zone [2]. Unlike type-I nodal-line systems, the type-II
classification arises from a strong tilting of the linear dispersion along one momentum direction,
violating Lorentz symmetry and enabling exotic transport properties. Crucially, spin-orbit coupling
(SOC) introduces only a minor gap of 35 meV at the nodal line, preserving the type-II band dispersion
and allowing the material to retain its semi-metallic behavior [2]. Experimental validation via angle-
resolved photoemission spectroscopy (ARPES) confirms the predicted bulk band structure and
reveals drumhead surface states within the nodal loop—a hallmark of topological nodal-line
systems [2]. For the above reasons, Mg3Bi2 emerged as a candidate to study its thermopower in
magnetic fields.

The enhancement of the thermopower in WNLSMs as predicted by the theory has two
temperature regimes, below and above the Fermi temperature (Fig. 2.a) [3]. The predicted Seebeck
enhancement below the Fermi temperature is shown in Figure 2.b. There are two critical magnetic
field points, the first where w.t = 1, where w, is the cyclotron frequency and 7 is the relaxation time,
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and the second is the extreme quantum limit above which only one Landau level is occupied. At the
first condition, the Seebeck coefficient increases by a factor of two till it reaches the extreme quantum
limit, above which, it increases linearly with the magnetic field. As will be explained later, the
samples’ carrier concentration » and mobility x# were measured first. Since w.t = uB, the applied
magnetic field that satisfies the first condition can be derived from the experimental value of s the
first regime is achieved at 3 T. The extreme quantum limit can be estimated from the value of » to
require a field of 30 T, which is beyond our instrument’s capability. Therefore, observing a two-fold
enhancement in the thermopower would signal a great success for the theory and motivate further
studies.

First the magneto-thermopower measurements on MgsBi2 have been conducted with the field
along the c axis as shown in Fig. 2.c. On top of that, the magnetoseebeck is also measured with the
magnetic field along the ab plane so as to be parallel to one of the directions of the nodal line (Fig.
2.d). This is a crucial point for achieving the theory, where the applied magnetic field must be in the
same plane as the nodal ring, which in the case of Mg3Bi2 lies around the gamma point in the ab-
plane.

Mg3Biz2 single crystals were grown using a solid-state synthesis technique, where the
precursors were heated at 890 °C for 48 h, cooled to 660 °C at 2 °C/h, and quenched to room
temperature. The first measurement focused on the magnetotransport and shubnikov-de Haas (SdH)
with the magnetic field along the c-axis. The crystals exhibit exceptional magnetoresistance (MR) of
5000% at 8 T and 3.2 K, far surpassing polycrystalline samples (Fig. 1.c). This colossal MR arises
from the material's high electron mobility and low carrier density, as confirmed by Hall effect
measurements and SAH analysis. SdH oscillations emerge above 3 T, revealing a single frequency of
29.2 T through Fourier analysis (Fig. 1.d). The Onsager relation yields a small Fermi surface cross-
sectional area (Sr=2.79x1073 A2) and Fermi wavevector (kr= 0.030 A™"), consistent with isotropic
electron pockets along the L-M line in the Brillouin zone [4].

The effective cyclotron mass derived from temperature-dependent SAH amplitudes is 0.16 me,
indicative of light carriers. From Dingle plot, Dingle temperature and scattering were estimated to be
3.3 K and 369 fs, reflecting minimal scattering events and high crystal quality. Mean free path and
mobility were found to be 80 nm and 4060 cm?/Vs, respectively. Because of the existence of both
carriers in this material, we conducted a two-band model to analyze our Hall data. We found that at
4.2 K, the carrier concentration of electrons and holes are 1.75 x 10'® and 1.79x 10" cm™, and their
corresponding mobility are 1.02x 10* and 0.83x 10* cm?/Vs, respectively. Because the higher
mobility of electrons, we expect it to dominate over the holes and represent the observed SdH
oscillations [4].

In the second part of the project, the magnetic field was applied along the ab plane (along the
nodal ring) up to 9 T. Figure 2.d shows the measured Seebeck coefficient as a function of applied
magnetic field at 20 K. The signal looks predominantly linear, which doesn’t match the predicted
behavior in the theory. At zero field, Seebeck is negative, indicating a predominant electron-like
behavior. However, with increasing magnetic field, the thermopower turns positive, where it is hole-
like. This signals a strong interaction between the electron and hole bands in the material.

There are three possibilities to explain why the enhancement of Seebeck coefficient by a factor of 2
at 3 T was not observed. First, it is possible that the chemical potential was simply too far in energy
from the nodal line’s energy. This is because of unintentional doping of the samples, presumably due
to very slight (~ ppm-levels) deviations from the 3:2 Mg:Bi stoichiometry during sample preparation.
Second, type-ll weyl nodal line semimetals differ from type-1 in the tilting of the linear dispersion.
This tilting enhances the contribution from the nearby hole pockets, making it impossible to negate
the effects of the holes in the transport. The predicted theory for enhancing the thermopower in
WNLSMs assumes a one-carrier system, thus, a major contribution from a second carrier would be
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unfavorable. The third possibility lies in the fact that the theory was developed for a purely linear
nodal line, while the nodal line in Mg3Bi2 is warped in k-space, and the influence of this warping is
unknown. Future directions would be to focus on type-l nodal line semimetals with simple Fermi
surfaces, where the nodal line is far from hole pockets.

Future Plans: This is the last report of this cycle.
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experimental results of the Seebeck coefficient for Mg;Bi» with magnetic field applied cross-plane and in-plane,
respectively.
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Research Scope

Rejuvenation and memory, long considered the distinguishing feature of spin glasses, are a property
of systems far-from-equilibrium (e.g. granular materials, phase separation in the early universe, and,
particularly, glass formers). Recently, they have been proven to result from the growth of multiple
length scales. This insight, enabled by simulations on the Janus II supercomputer, has opened the
door to a quantitative analysis. We combine numerical simulations with comparable experiments to
introduce two coefficients that quantify memory.!

Recent Progress

Memory is among the most striking feature of far-from-equilibrium systems, including granular
materials, phase separation in the early universe, and, particularly, glass formers. Whether a
universal mechanism is responsible for memory in all these materials is unknown, but spin glasses
stand out. Memory effects are particularly strong in these systems — perhaps because of the large
attainable coherence lengths. More important, their dynamics is now understood in great detail.
Indeed, to model protocols where temperature is varied, one must first understand the non-
equilibrium evolution at constant temperature. In other words, before tackling memory,
rejuvenation and aging should be mastered. These intermediate steps, including the crucial role of
temperature chaos, have now been taken for spin glasses.

In the context of spin glasses, rejuvenation is the observation that when the system is aged at an
initial temperature Tinitial for a time tw,initial, and then cooled to a sufficiently lower temperature Tfinal,
the spin glass reverts to the same state it would have achieved had it been cooled directly to Ttinal.
That is, its state is independent of its having approached equilibrium at temperature Tinitial.
However, when the spin glass is then warmed back to temperature Tinitial it appears to return to its
aged state, hence memory. Baity et al.2 has not only demonstrated memory numerically and related
rejuvenation to temperature chaos, and also shown that both effects are ruled by multiple length
scales, setting the stage for more quantitative studies.

We introduce two coefficients to quantify memory, one experimentally accessible and the other
adapted to numerical work. In both experiment and simulations' we have a three step procedure:
(1) the system is quenched to a temperature Tinitiat < Tg (Tg is the glass temperature) and relaxes for a
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time tw.initial. In simulations, this quench is instantaneous while in experiment it is done at =~ 10
K/min. A protocol where temperature is kept constant after the initial quench is termed native. (ii)
The system in then quenched to Ttinal < Tinitial Where it evolves for a time tw.final. (ii1) The system is
raised back to Tinitial, instantaneously in simulations, and at the same rate as cooling in experiment.
After a short time at Tinitial (2'° time steps in simulations) the dynamics are compared to the native
system, which has spent time tw,initial at Tinitial. The temperature drop Tinitial — Tfinal iS chosen to
ensure that temperature chaos (and, hence, rejuvenation) is sizeable. The experiments are
performed on a single crystal sample of

CuMn (8 at.%) with Tg =41.6 K. For simulations, Tc == 1.1.

Length scales-Memory and rejuvenation are ruled by several length scales of which only one is
experimentally accessible: Ezceman, related to the Zeeman effect.® In simulations, the basic length
scale is the size of glassy domains in a native protocol, Emico™"°. Rejuvenation is regarded as a
consequence of temperature chaos. The preexisting correlated spins, formed at Tinitial and aging
time tw,initial to generate the correlation length &(tw,initial, Tinitial) are “frozen” dynamically at Trinal and a
new correlated state of size {(tw,final, Tfinal) forms where twfinal is the ageing time at Tfinal. The newly
correlated state at Trinal 1S independent from that formed at Tinitial. Upon heating back to Tinitial, the
two correlated states interfere, causing a memory loss that is seen both in experiment and
simulations. We plot the memory coefficient C (C = 1 for perfect memory, C = 0 for no memory)
below vs log2(tw2/t0) where 1o is an exchange time = h/ksT:

log, (e /)

0 20 30 10 50
e |
_.____.__...*_-_.___iﬂEl ;
ey ‘TT "'.“
BTy e Ty =26 (0, Cy)
0.8+ Ts e Ty = 161K, I;'l.:';;tl \{ 1

Memory coefficient C as a function of ty,. Ci: T1 =30 K, tyi =1 hr, T, =26 K, ty» = 1/6 hr;
CouTi=30K, ty1=1hr, T, =26 K, ty2=3hr; C5: T1 =30 K, ty; =1 hr, T, = 16 K, tyw> = 3 hr.
Jo: T1 =1.0, ty1 = 229‘875, T,=0.625;J::T1=1.0, ty1 = 229‘875, T,=0.7;Js: T1 = 0.9, ty1 = 231'25,
T>,=0.5;J0: T1 =0.9, ty; = 231‘25, T,=0.7.

Experiment: (C stands for cycle) (i) The temperatures in Cz are the same as Ci: Tinitial = 30 K,

Trinal = 26 K. The figure shows that C decreases as tw.final increases from 1/6 hr in Ci to 3 hr in Co.
The magnitude of {(tw.final, Tfinal) at Trinal 1s therefore larger for C2 as compared to Ci. Hence, the
interference of {(tw.final, Tfinal) With &(tw,initial, Tinitial) 1S stronger. Concomitantly, memory is therefore
smaller for Cz as compared to Ci. (i1) Cs: The temperature Trinal = 16 K instead of 26 K as in Ci and
C2, everything else being equal. Because the growth of {(tw,final, Tfinal) during tw.final at Tfinal = 16 K is
much slower that at Trinat = 26 K for the same tw.final, the interference with E(twinitial, Tinitia) created at
Tinitial for tw,initial 1s smaller, and the memory for Cs is found to be much larger than for Ci and Co.

Simulations: (J stands for jump) Je differs from J7 in that Ttinal is larger for the latter. This would
mean that the correlated state at Trinal grows more rapidly for the latter, so that memory should be
smaller for J7 as compared to Js. This is seen in the figure. Js has a much larger tw,itial than Je or J7,
and Trinal 1s much smaller. Put together, this results in a much larger memory, as seen in the figure.
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Finally, each of the points in the figure are calculated from measured values of &zceman and Emicro™"®,

from experiment and simulation, respectively, indeed quantifying memory in spin glasses.
Future Plans

Temperature chaos: Temperature chaos (TC) in spin glasses has been controversial ever since it
was first introduced. The simplest description* of TC is* .. .the complete reorganization of the
equilibrium configurations by the slightest change in temperature.” Concomitantly, extending the
analysis to off-equilibrium dynamics,” TC “...means that the spin configurations that are typical
from the Boltzmann weight at an initial temperature, T1, are very atypical at a final temperature, T,
no matter how close the two temperatures are.” Yet the experiments and simulations to-date all
used temperature differences Tinitiat — Ttinal Sufficiently large that full rejuvenation took place
through temperature chaos. But what happens for smaller temperature differences? Does
temperature chaos suddenly turn on at some value of Tinitiat — Ttinal of sufficient magnitude for
rejuvenation? Or is there evidence that it in fact is present “no matter how close the two
temperatures are”?

Our procedure to address this open question is the following. First, we propose to cool our single
crystal CuMn sample (Tg = 31.5 K) to an initial temperature Tinitial and age for a time tw,initial. This
will create a length scale in that the spin glass correlation length will grow to &(tw,initial, Tinitial). Upon
lowering the temperature to Trinal and ageing for a time tw.final, tWwo changes will occur. The first is a
reversible behavior that will turn out to be a rather complex quantity to calculate. The second
follows from the findings of the simulations.’ They showed that, upon a change in temperature AT =
Tinitial — Ttinal, there is a probability that a portion of the spin glass is maximally decorrelated from
that created at Tinitial (1.. temperature chaos). Thus, upon a temperature change AT, both reversible
and chaotic behavior are present. We propose to extract the relative magnitudes of the two through
the following experimental protocols.

(1) Amplitude of the chaotic component

We propose to cool the spin glass from above Tg to Tinitial and age for tw,initial and measure the
effective response time twnaive™™. We then drop the temperature to Tfina and age for tw,final and
measure the effective response time tw,Tinitial>Trinat°™. This time contains the contribution of both the
chaotic and reversible components. The latter becomes very long as AT increases. Thus, at some
AT, the time response tw,Tinitial-Tfinal™" Will approach time tw native"™ measured at Tfinal. This is the AT
at which the entirety of the state at Ttinal is maximally decorrelated from that created at Tinitial.

(ii) Amplitude of the reversible component

One knows the amplitude of the maximum barrier height Amax created by aging the system at Tinitial
for tw,initial by virtue of the Arrhenius relation knowing twnative®. Upon reduction of the temperature
to Ttinal, Amax increases according to previous measurements. Thus, the reversible component of the
effective response time can be calculated after the temperature change, and compared with

tw. Tinitial>Trinal". The difference between tw Tinitial»Tfinal" and tw.native™™ is the contribution to the
effective response time from the decorrelated state created upon the temperature drop AT.

In this manner, one can separate the reversible component from that of the decorrelated
component as a function of AT. We expect to find a decorrelated contribution from the smallest AT
we can reliably measure, showing that, indeed, temperature chaos is present for any finite AT,
consistent with the predictions of numerical simulations.*?
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Research Scope

The advancement of modern technologies is driven by the discovery of new materials with unique
properties. Our project aims to investigate the fundamental physics of complex magnetism and
emergent spin-mediated phenomena in strongly correlated electron materials and heterostructures.
By exploring the interplay between spin, charge, and orbital degrees of freedom, we uncover new
magnetic and spintronic functionalities with potential applications in next-generation devices. Our
research focuses on a diverse range of material systems, including ferrite oxides, rare-earth iron
garnets (REIGs), helimagnets, Heusler alloys, and magnetic heterostructures integrated with two-
dimensional (2D) van der Waals (vdW) materials.

We have successfully employed a unique approach that combines DC and AC magnetic
susceptibility measurements, neutron diffraction, synchrotron X-ray diffraction with relatively
unconventional radio frequency (RF) transverse susceptibility (TS), magnetocaloric effect (MCE),
ferromagnetic resonance (FMR), spin Seebeck effect (SSE), spin Hall magnetoresistance (SMR), spin
pumping effect (SPE), and anomalous Nernst effect (ANE) experiments to yield new insights into the
ground state magnetism and thermo-spin transport in a wide variety of emergent correlated electron
systems and heterostructures, leading to important discoveries of the tunable SSE in garnet-based
heterostructures, the giant ANE in Heusler alloy systems, the giant positive magnetoresistance in
nanostructured helimagnets, surface termination- vs. magnetic proximity-enhanced magnetism in
ferrite thin films interfaced with 2D materials, the light-tunable room temperature ferromagnetism in
2D transition-metal dichalcogenide (2D-TMD) heterostructures, and the control of the intrinsic Weyl
nodes in Weyl semimetals, among others.

Recent Progress

In addition to elucidating the effects of phase coexistence, dimensionality, strain, and competing
magnetic interactions on the ground-state magnetic properties of ferrite nanoparticles (FesOa,
CoFe204, NiFe:04, FesOs@CoFe204) and thin films (FesOas, NiFe:04), as well as REIG films
(Y3Fes012 (Y1IG), GdsFesO12 (GAIG), TmsFesO12 (TmIG)), we have explored these effects on thermo-
spin transport across the magnetic ordering transitions in these systems. Some of the important
findings are highlighted below:

e We provide the first experimental evidence linking magnetic anisotropy, Gilbert damping, and
magnon propagation length, and their relationship with the SSE in ferrimagnet (FM)/heavy
metal (HM) bilayer systems such as TmIG/Pt (see Fig. 1). Our study represents an important
step toward the development of efficient spin-caloritronic devices based on voltage-controlled
SSE.

e We demonstrate the significant role of phase transitions on thermo-spin transport in FM/HM
systems. The SSE signal in the GdIG/Pt system exhibits a sign change across the
compensation temperature (7comp), While the Verwey and Morin transitions (7%, 7Tm) have
distinct impacts on the biphase iron oxide (BPIO)/Pt system, where BPIO = Fe304 + a-Fe20s.
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Our studies provide good guidance on designing novel materials with enhanced SSEs for
spincaloritronic devices.

Our experiments and DFT calculations consistently demonstrate the surface termination-
enhanced magnetic properties of a NiFe2O4 (NFO) film when interfaced with monolayer
graphene (Gr) or hexagonal boron nitride (hBN), suggesting a novel strategy for engineering
interfacial magnetic effects in FM/2D material systems for spintronics.

By stacking different 2D vdW materials (metal vs. semiconductor), we have provided the first
demonstration of light-tunable 2D ferromagnetism in 2D-TMD systems, such as VSe./MoS:
and VSe2/WS.. Our research not only provides new insights into light-mediated 2D magnetism
but also opens the door for exploring interfaces between 2D semiconducting TMD layers and
non-magnetic metals, such as graphene.

We demonstrate that the presence of a WS. monolayer reduces the magnetization of BPIO,
and, consequently, the overall magnetization of the BPIO/WS2/Pt system at 7> Ty ~ 120 K -
the Verwey transition temperature of FesOs. However, the magnetization is enhanced at 7" <
Ty. Our findings provide new insights into the complex nature of magnetism at 2D-TMD/FM
interfaces, paving the way for the design of 2D-TMD-based heterojunctions with tailored
properties for spintronics, opto-spintronics, and valleytronics.

We have established a correlation between the observed SSE signal, magnetic anisotropy, and
Gilbert damping in CoFeCrGa Heusler films. These insights are beneficial for the fabrication
of tunable and highly efficient spincaloritronic nanodevices.

We have introduced a new prototype for an ANE-based thermopile device using topological
spin semi-metallic quaternary Heusler alloys, such as FeCrRhSi and FeCrRhGe, for enhanced
thermal-to-electrical energy harvesting.

While controlling intrinsic Weyl nodes in Weyl semimetals remains challenging due to their
topological protection, we show that the macroscopic magnetic properties of Co-MnGa
Heusler thin films can be modulated through structural distortions that affect the Weyl nodes.
Our study introduces a novel degree of freedom for controlling macroscopic magnetic
properties by modulating the intrinsic properties of Weyl nodes via structural distortions,
offering new pathways for tuning the magnetic behavior of Weyl semimetals.

By leveraging reduced dimensionality, strain, and confinement effects, we have discovered
the giant positive magnetoresistance effect in nanostructured helimagnetic systems, such as
MnP nanocrystalline thin films. Our findings unveil a novel strain-mediated spin helicity
phenomenon in nanostructured helimagnets, offering a promising pathway for the
development of high-performance magnetic sensors and spintronic devices by strategically
utilizing dimensionality, confinement, and strain effects.
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Figure 1: (a) Schematic diagram of the experimental set-up for LSSE measurements; (b) V, g5z (H) loops for different
values of the temperature difference AT at a fixed average sample temperature T = 295 K. The inset shows a linear AT-
dependence of the background-corrected LSSE voltage; (¢) Temperature dependence of the LSSE voltage (Vissz) and
saturation magnetization (M,); (d) Temperature dependence of the effective magnetic anisotropy field (Hx%) and the
LSSE voltage (Visse); (e) Temperature dependence of the magnon propagation length ((§)) and the effective magnetic
anisotropy field (Hx*); (f) Temperature evolution of {(£) and Gilbert damping constant ().

Future Plans
These studies lay the foundation for expanding research efforts in the renewal period (2025-2028) of
this project to include investigation of exotic physical properties e.g., magnetism, magnetic
anisotropy, ANE, AHE, LSSE, FMR, FMR-driven spin pumping (FMR-SP), and spin rectification
effect (SRE) in a wide range of novel garnet and ferrite oxides, helimagnets, and their heterostructures
with emerging 2D materials, among Heusler alloys, altermagnets and others. Our focus will
emphasize the role of the magnetic proximity effect (MPE) in driving new phenomena and inducing
novel functionalities in magnetic bilayer systems, which is critical for optimizing spintronic device
performance. Building on our previous studies [1,2], which explored the effects of reduced
dimensionality, strain, chemical doping, compensation temperature, spin reorientation temperature
on spin transport, and thermo-spin transport in garnet systems, including Y3FesO12 (YIG), GdsFesO12
(GdIG), and TmsFesO12 (TmIG), we will now investigate MPE and interface-related effects across
the ordering temperatures in novel heterostructures composed of these REIG films and emerging 2D
materials, such as YIG/2D-M/Pt, TmIG/2D-M/Pt, and GdIG/2D-M/Pt, with M = Gr, hBN, TMD, and
ao-RuCls. A comprehensive understanding of these effects will be key to developing new materials
and discovering new functionalities for high-performance spintronic devices. In addition to studying
single-phase ferrite systems (Fe3Os, CoFe204, NiFe204), we will explore phase-tunable iron oxide
(BPIO: Fe304 and a-Fe203) films [3] as model systems to investigate the effects of phase coexistence,
competing interactions, and phase transitions on interfacial magnetic coupling and the MPE.
Furthermore, we will examine how these factors influence spin transport and thermo-spin
transport in iron oxide/2D-M systems. MnP, a novel helical magnetic system exhibiting an exotic
magnetic phase diagram [4], will be explored as a substrate for growing functional materials like Fe,
FeO, and Fe304. This will allow us to study the effects of interfacial coupling, MPE, and the Verwey
transition on ferromagnetic and helimagnetic behaviors, GMR, and spin transport in MnP
nanostructured films. Stacking MnP films with 2D magnets (e.g., V-doped WSe2) will also be
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explored to understand impacts of the 2D magnet on ferromagnetic and helimagnetic orderings and
magneto-transport within the same MnP system.

We will also conduct comprehensive magnetic, spin transport, and thermo-spin transport
studies on emergent Heusler alloys (e.g., CoFeMnGe, CoFeMnSi, CoFeCrAl, and CuNiCrAl), high-
entropy alloys (HEAs) such as CoCrFeNiGa, as well as recently discovered altermagnetic systems
(e.g., RuO2 and MnTe). Other novel 2D vdW magnets (e.g., FesGeTez, FesGeTez) and exotic systems
such as Co3Sn2S:2 - a topological Kagome magnet and Mn2RhSn - a magnetic topological insulator
that share common and distinct magnetic properties will also be investigated. These studies aim to
provide new insights into the magnetic ground states, magnetic anisotropy, phase evolution, spin
dynamics, and spin transport in these systems. Our research over the next three years will be focused
on exploring and understanding the physics of interface magnetism, spin transport, and thermo-spin
transport in the novel electron-correlated magnetic systems and heterostructures, which could broadly
impact the development of spintronic devices and quantum computing technology.
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Understanding and Controlling Light and Spin Dynamics in Chiral Hybrid Semiconductors
Lina Quan, Virginia Polytechnic Institute and State University
Keywords: Low-dimensional semiconductor, Hybrid perovskites, Chirality, Spintronics, Spin
dynamics
Research Scope

Semiconductor spintronics aims to advance the evolution of next generation low-power
electronics, information processing, communication and storage. In order for spintronic devices to
fulfill the demands for high-speed, high-density and low-power electronic components, the
innovations in materials design and processes are essential. The spin generation and manipulation in
GaAs is feasible due to a strong spin-orbit coupling (SOC), however, the spin lifetime is relatively
short. Whereas in graphene and diamond with weak SOC, longer spin lifetimes are observed.
Materials possessing both strong SOC and prolonged spin lifetimes represent an ideal yet rare
category for spintronic applications, offering an exciting prospect for the development of
unconventional semiconductors. To fill this gap, this project will be subdivided into two tasks: (1)
advancing new chiral hybrid organic inorganic semiconductor (HOIS) with tailored chiroptical
properties, and (2) subsequently obtaining optical control and manipulation of spin dynamics without
the need for an external magnetic field through ultrafast spectroscopy measurements. Achieving the
objectives of this project requires a strong synergy between materials design and synthesis using a
solution-processable approach and advanced characterization of optical and spin dynamics in the
materials.

Recent Progress
Goal 1: Synthesis of hybrid single crystals and thin-films to study the 1mpact of dielectric
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We initially utilized R-2-amino-1-propanol (RAP), protonating it to form an iodide-based salt as
a ligand for the self-assembly of lead iodide (Pbl:) in both thin-film and single-crystal forms. For
thin-film synthesis, we optimized the precursor ratio, achieving a broad absorption feature (Figure
1B). PXRD measurements confirmed the formation of new hybrid structures through the self-
assembly of Pbl. with RAPI ligands (Figure 1C). We will be performing E» measurement using
temperature dependent absorption and PL measurement and extract the Ep in eV.

Goal 2: Impact of mixed chirality and chiral doping strategy in spin-relaxation process of
HOIS:s.

To enhance the degree of polarization, we propose a strategy involving mixed chirality and chiral
doping on chiral HOIS. This approach aims to increase polarization by introducing additional
distortion and enhancing the DP (inversion symmetry) spin-relaxation mechanisms. Additionally,
doping with extra chiral molecules could act as a passivation agent, reducing surface defects and
potentially boosting polarization by suppressing EY spin-relaxation mechanisms. To validate this
hypothesis, we investigated the impact of adding a chiral cation (THFA = R-tetrahydrofurfurylamine)
to a chiral HOIS such as R-MBA2Pbls known for its poor chiroptical activity.

We performed room-temperature spin lifetime measurements across various mixed cation ratios
and found that when the ratio of R-MBA to R-THFA was 3:1, the spin lifetime exceeded 35 ps—five
times longer than when THFA was the sole chiral ligand. To further investigate the spin polarization
(degree of polarized exciton at excited state) mechanisms, we conducted biexciton spin-polarization
measurements at temperatures as low as 2.5 K. We observed that the spin polarization ratio for the
R-MBA:R-THFA (3:1) sample increased from 8% at room temperature to over 50% at 2.5 K. This
finding suggests that the mixed cation strategy significantly influences both the generation of spin-
polarized excitons and spin lifetime.

Goal 3: Control the spin-dynamics through spin-injection mechanisms in HOIS heterojunction.

The most promising category of HOIS for spintronic applications would be chiral bulk perovskites
due to its low exciton binding energy and excellent charge transport. However, bulk perovskites face
a challenge due to the incompatibility with chiral organic cations, constrained by the tolerance factor
which dictates size mismatch. To address this limitation, we propose employing a spin-injection
scheme to introduce an additional spin degree of freedom in bulk perovskites without relying on
external magnetic fields. We hypothesize the spin-filtering and injection process will be feasible from
low-dimensional chiral HOIS with large optical bandgap to the 3D perovskites with lower optical
bandgap through compositional tuning between chiral organic amines and cesium cations.
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We used quasi-2D chiral thin films as a model system to measure excited-state spin polarization
and lifetime as an initial step toward validating our approach.  ** 3
Interestingly, beyond the carrier relaxation dynamics of the :
two phases (2D and 3D) in the quasi-2D sample— w0
corresponding to absorption at 500 nm and 700 nm—we :
observed strong oscillations superimposed on the carrier
dynamics. These oscillations were particularly pronounced in
the spectral region corresponding to the absorption of both
excitonic phases (2D and 3D).

We identified these oscillations as signatures of coherent
phonons generated via resonant impulsive stimulated Raman 10§
scattering induced by a femtosecond laser. When the laser
pulse duration is significantly shorter than the period of . el
Raman-active low-frequency vibrations, the Raman S e
interaction generates an impulsive force on the lattice, driving T E ST A
its coherent motion. By performing a Fourier transform of the Figure 2. Spin-resolved pump-probe data from

. . . . 2D/3D perovskite heterostructure at room
oscillation period, we determined that the frequency ranges (emperature.
from 0.5 to 2 THz, which we associate with angular
distortions of the inorganic octahedral framework (Figure 2).

Based on these initial measurements, we hypothesize that chiral phonon modes generated in the
2D chiral perovskite (R-MBA:Pbl4) propagate through the 2D/3D interface, leading to strong chiral
phonon oscillations in the 3D CsPbls perovskite. We believe the chiral phonon transfer take place
within a semiconductor heterostructure, which may provide insight into spin transfer processes from
high-bandgap chiral components to lower-bandgap non-chiral components.
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Future Plans

We will continue to study the chiral induced optical and spin dynamics in HOIS. For more details:
we aim to (1) diverse the chiral HOIS structures and systematically investigate the impact of dielectric
confinement and the effect of inorganic coordination environment to the chiroptical properties and
optical control of spin-dynamics; (2) employing circularly polarized non-linear optical measurements
to enable us to mitigate the effects of defect-induced processes and accurately examine spin-
polarization chiroptical activities—a challenging task with conventional photoluminescence
approaches; and (3) investigate optically accessed spin dynamics in chiral/non-chiral heterojunctions
through ultrafast spin-resolved pump-probe spectroscopy to study the spin-filtering mechanisms.

Goal 1: Building on our preliminary research from Year 1, we plan to investigate how exciton
binding energy (Eb) influences the chiroptical and spin-dynamic properties of chiral hybrid organic-
inorganic semiconductors (HOISs). Using newly synthesized materials, we will perform circular
dichroism (CD) and circularly polarized photoluminescence (CPL) measurements to evaluate the
effect of exciton binding energy on chirality-transfer-induced chiroptical responses, specifically the
dissymmetry factors (gcp and gcpL). To further explore exciton dissociation and free carrier
generation, we will employ ultrafast transient absorption and/or reflection spectroscopy. These
measurements will allow us to compare the excited-state carrier dynamics of HOISs with high and
low Eb. We hypothesize that materials with lower exciton binding energy will exhibit enhanced
exciton dissociation at room temperature, promoting the formation of free carriers.

Goal 2: We will continue our investigation of optically induced spin polarization and spin
dynamics in chiral HOISs by systematically varying their composition through surface doping and
passivation strategies. This approach will help us isolate and understand the contributions of different
spin relaxation mechanisms. For instance, the Elliott—Yafet (EY) mechanism is sensitive to impurities
and grain boundaries in thin films; the D’yakonov—Perel (DP) mechanism dominates in materials
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lacking inversion symmetry; and the Bir—Aronov—Pikus (BAP) mechanism arises from electron—hole
exchange interactions. To probe these effects, we will primarily utilize ultrafast spin-resolved pump-
probe spectroscopy with circularly polarized pump and probe configurations.

Goal 3: Building on our initial observation of chiral phonon transfer from chiral to non-chiral
HOIS, we will continue to investigate the underlying mechanisms of phonon transfer at the interface
between two semiconductor heterostructures. We will conduct a systematic study to explore the
relationship between chiral phonon transfer and optically induced spin generation and transfer across
various types of heterostructures. By integrating spin-resolved pump-probe spectroscopy with
theoretical insights into chiral phonon behavior, we aim to address critical knowledge gaps regarding
the influence of chiral phonons on spin relaxation mechanisms in chiral HOIS.
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Building a Workforce in Nanomaterial Characterization and Solid-State Synthesis
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Research Scope

Fundamental research in nanomaterial characterization and solid-state chemistry (NCSC) is important
for developing foundational knowledge of the unique properties of nanomaterials. This knowledge
serves as a basis for new theories and models which describe or predict nanoparticle behavior and
interactions. Nanoparticle characterization helps to meet regulatory requirements and facilitates the
development of safe and effective nanoparticle-based products. The basic understanding of solid-state
chemistry will assist in training a workforce with the necessary background who can contribute to
innovations in high performance nanomaterials and crystals such as semiconductors and insulators.
The research scope includes research projects in four main areas of 1) non-centrosymmetric magnetic
materials, 2) chiral magnetic oxides, 3) graphene and graphene-oxide metal ferrite nanocomposites,
and 4) metal oxide nanocomposites.

Recent Progress

Non-centrosymmetric and centrosymmetric magnetic materials. Ba;V.0Os (Barium Vanadate) is
a non-centrosymmetric oxide material that belongs to the family of vanadates, providing a fascinating
platform for studying the intricate interplay between structural, electronic, and magnetic properties.
We have recently synthesized a high-quality polycrystalline sample of Ba;V20s, which crystallizes in
the trigonal crystal system with the R3m space group. X-ray diffraction analysis confirms the phase
purity of the sample. Detailed magnetic and transport measurements are planned for this summer at
Oak Ridge National Laboratory (ORNL). In a separate project, we have synthesized a
centrosymmetric material, Li2Ni2TeOs, which crystallizes in an orthorhombic structure. Detailed
magnetic measurements have already been performed in collaboration with our ORNL partners.
Magnetic susceptibility data (Fig. 1) indicate that Li2Ni:TeOs undergoes magnetic ordering below
approximately 75 K. A broad hysteresis is observed around 5 K, which diminishes and disappears by
80 K, suggesting that Li2Ni.TeOs exhibits ferromagnetic ordering below ~75 K. Neutron diffraction
measurements are scheduled for this summer at ORNL, as beam time has been recently approved.
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Fig. 1: Graph of the magnetic susceptibility of Li2Ni>TeOs
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Graphene and graphene-oxide metal ferrite nanocomposites. The preparation of graphene
oxide (GO) has been achieved by using the following modified Hummers and Offeman method.
Graphite powder (4g, <20 um, Aldrich) was added to 160 mL concentrated H2SO4 and stirred for 1
hour under ice-cooling conditions. Then, 60 mL of fuming HNO3 was slowly added and stirred into
the mixture for 30 minutes. To this, 20g of KMnO4 was gradually added with stirring, and the resulting
mixture was cooled at room temperature for 12 hours, followed by 600 mL DI water. After stirring
the mixture for 30 minutes, 120 mL of H202 (30%) was
slowly added, which turned the color of the reaction ) =
mixture to bright yellow. The resulting mixture was then ]
centrifuged and washed with 1:10 HCI in water solution to 20
remove metal ions. Further, the mixture was washed with
DI water until the acids were removed entirely, and thus, a
dark-yellow colored GO was obtained, which was dried
under a vacuum at 40 °C for 12 hours. The drying process
of GO was carried out at a lower temperature to avoid its
deoxygenation. 5 .

To create nanocomposites, we preformed a o
deposition of CoFe204 nanoparticles over the surface of
GO nanosheets. To prepare the GO-CoFe204, 500 mg of Fig. 2: XRD of graphene oxide.
GO was dispersed in 25 mL of DI water by sonification.
Next, a solution of 1 mmol of CoClz in 25 mL of DI water was added to the mixture and stirred at
room temperature for 15 minutes. To this mix, 2 mmol of FeCl3 was added in 25 mL of DI water
and stirred at room temperature for 15 minutes. Then, 5 mmol of NaOH in 25 mL of DI water was
added to the mixture and stirred for 15 minutes. The obtained mixture was transferred into a Teflon-
coated autoclave and heated at 180° C for 18 hours. The GO-CuFe204 nanocomposite was separated
by centrifugation and purified by washing with DI water and ethanol.
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Fig. 3: XRD of GO-CoFe;0s.
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Metal oxide nanocomposite synthesis. Metal oxides are utilized in many capacities including the
development of sensors or biosensors, the creation of catalysts, and the remediation of soil. In terms
of metal oxide-based nanoparticles, the synthesis method as well as the materials used during the
synthesis process are a major focus as these selections impact the field of environmental
sustainability. The initial research focus was the solid-state combustion synthesis of lithium tantalate
(LiTaO3) polycrystalline nanoparticles. To synthesis this material, lithium carbonate (Li2CO3) and
lithium acetate (LiCH3COz) were selected as precursors for a comparative study with tantalum oxide
(Ta20s5) used as tantalum supply. Urea was selected as the fuel source. To optimize lithium tantalate
synthesis, four parameters were varied — lithium
— precursor, reaction temperature, reaction time,
TS0 BT —8s0°C and urea/precursor ratio.

Near stochiometric LiTaO3 was successfully
synthesized using solid state combustion method
at a much lower temperatures as compared to
typical solid-state synthesis temperature. No

(012)

XRD of Lithium Tantalate powders

DSC of lithium tantalate reaction mixture

20 Temperature (°C)
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significant peak shift in
XRD (Fig. 4) was
observed with changing
synthesis temperature even though slight narrowing of | ..
peak is observed which may indicate the formation ofa | =~
larger crystalline size with additional temperature | o
increase. In Fig. 5, DSC anjalysis shows two very distinctiYe Fig.5 DSC of LiTaOs.
peaks at 134 and 375°C which are related to the endothermic
reaction to convert the reactants to LiTaOs. The peaks in
Raman spectra (Fig. 6) has origin in various modes optical phonon vibrations. The peak around 141.7
cm1 is related to the composition of the material which is an E mode of phonon vibration. [3,4] The
variation in urea-to-lithium precursor ratios revealed noticeable trends in particle morphology, size,
and crystallinity based on spectroscopy and XRD results. As the fuel content increased in Fig. 7,
combustion reactions became more vigorous, promoting better dispersion and energy distribution
during synthesis.

Fig.4 XRD of LiTaO:s.
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Fig.6 Raman spectra of LiTaOs. Fig.7 Effect of Urea Feed Ratio on LiTaOs.
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Future Plans
Future plans include 1) neutron diffraction measurements of magnetic and metal oxide materials, 2)
additional synthesis and characterization of GO nanocomposites, and 3) synthesis of lithium tantalate
using recycled lithium precursors, and 4) doping lithium tantalate with rare earth metals and other
metal oxides.
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Spin-Dependent Quantum Phenomena in Heterostructures
Jing Shi, Department of Physics & Astronomy, University of California, Riverside
Keywords: spin transport in heterostructures, ferromagnet/heavy metal interface, antiferromagnet/2D
quantum material interface, easy-plane magnetic films

Research Scope
This research project targets the exploration of spin transport and novel spin-dependent phenomena
at interfaces within engineered spin heterostructures. We will investigate systems composed of
magnetic insulator thin films (ferrimagnetic YsFesO:w2 (YIG); antiferromagnetic Cr20s, a-Fe20s)
interfaced with heavy metals (Pt) or 2D quantum materials exhibiting broken mirror symmetry (e.g.,
Weyl semimetals 1T-WTe., 1T-TalrTea).

A primary focus is understanding the efficient spin-charge interconversion across these interfaces,
particularly the interplay between electronic spin currents generated via the spin Hall effect in the
heavy metal/2D layers and magnonic spin currents within the magnetic insulators. We will also study
magnon diffusion dynamics in the magnetic insulators. Furthermore, a key objective involves
leveraging the unique properties of mirror symmetry-broken 2D quantum materials for local injection
and detection of out-of-plane spin polarization, aiming to generate and probe the spin superfluid
state—a particularly interesting quantum phenomenon—in 2D easy-plane magnetic systems,
especially antiferromagnetic films where the dipolar interaction is weak.

To achieve these goals, high-quality epitaxial magnetic insulator thin films with desired magnetic
properties (e.g., easy-plane magnetic anisotropy, low damping) will be synthesized using our
established in-house pulsed laser deposition systems, complemented by exfoliation and transfer
techniques for 2D

: Fig. 1. Image of an etched 1T-phase
I(;’latef lalszl bO‘Fh 0-Fe;03 (OOO 1) TalrTe4 Hall bar devices on atomically flat
eve, ope n easy-plane o-Fe.O; film grown by PLD.
previous BE 1T-TalrTe TalrTe, is a Weyl semimetal with broken
award periods. An mirror symmetry along the a-direction in

integrated approach the ab-plane. Longitudinal and Hall
involving _‘ - - resistances can be measured with current

comprehensive passing in two orthogonal directions
material

characterization

(e.g., crystallinity,

respectively. When a magnetic field rotates
the Néel vector in the film plane, negative
SMR is observed.
magnetic anisotropy, Dzyaloshinskii-Moriya interaction,
exchange interaction) will provide crucial feedback for synthesis optimization. Nanofabrication
processes will be employed to create tailored device structures for detailed investigations using
techniques such as magnetotransport, spin Seebeck effect measurements, and nonlocal spin transport
studies. These experimental efforts will be closely integrated with theoretical collaborations to
provide deeper insights.
Recent Progress
Epitaxial Antiferromagnetic Thin Film Growth. Using in-house pulsed laser deposition (PLD)
systems, we have achieved high-quality ultrathin films of Cr.Os and a-Fe.Os with atomic-level
flatness and desired magnetic properties. By optimizing parameters such as laser power, repetition
rate, substrate temperature, and O./Os pressure, we have established precise control over film quality,
enabling systematic studies of antiferromagnetic (AFM) properties and providing needed magnetic
component for constructing various spin heterostructures.
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Morin Temperature Tuning and Anisotropic Field Suppression in a-Fe:0s. We have
demonstrated tunable Morin temperatures (0-280 K) in epitaxial a-Fe.Os films by varying film
thickness, a significant advancement over the fixed 260 K in bulk crystals (R1). This tunability
reflects transitions between high-temperature easy-plane and low-temperature easy-axis phases. In a-
Fe:0s/Pt heterostructures, we investigated magnetic field suppression of the Morin temperature,
revealing anisotropic behavior driven by the Dzyaloshinskii-Moriya (DM) interaction. The magnetic
anisotropy energy density depends on the field orientation relative to the DM vector, allowing us to
quantify DM interaction strength, which remains invariant across four orders of magnitude in
thickness. This experimental-theoretical collaboration yielded a publication in Physical Review
Materials (P1), advancing our understanding of DM interaction in AFM systems.
Antiferromagnetic Néel Vector Reversal. While external magnetic fields alone cannot reverse the
AFM Néel vector, the DM-induced spin canting in bulk a-Fe:Os crystal generates a net magnetic
moment that couples to the field via Zeeman interaction. This coupling, combined with the chiral
relationship between the canted moment and Néel vector, enables magnetic field-induced Néel vector
reversal, which we demonstrated in our recent experiments using magneto-transport in o-Fe2Os/Pt
heterostructures. Intriguingly, in Cr20s/Pt heterostructures, we observed similar Néel vector reversal
driven by a magnetic field alone, revealing a similar chiral relationship but here due to interfacial DM
interaction (R2). This discovery complements our prior work on magnetoelectric switching in Cr203
(P2) and opens new avenues for Néel vector manipulation. Two manuscripts on field-induced Néel
vector reversal in a-Fe20s and Cr20s are under preparation.

Spin Disorder Effects on Antiferromagnetic Magnon Transport. We explored the impact of
controlled spin disorder on magnon transport in homoepitaxial Cr.Os films grown on Cr20: bulk
crystals. Using the spin Seebeck effect, we characterized spin-flop transition widths, identifying point
defects (likely oxygen vacancies) as sources of spin disorder that scatter magnons from the underlying
crystal. This pioneering study of spin disorder’s effect on diffusive magnon transport resulted in a
manuscript under review at Physical Review Applied (P3), offering insights into magnon dynamics
for spintronic device design.

Spin Transport in Easy-Plane a-Fe:Os/TalrTes Heterostructures. In (0001)-oriented a-Fe.Os
films, the easy-plane Néel vector rotation produces negative spin Hall magnetoresistance (SMR) in
heterostructures detected by heavy metals such as Pt and Ta. We replaced the heavy metals with
exfoliated TalrTes, a Weyl semimetal, forming o-Fe.Os/TalrTes heterostructures. Nanofabricated
Hall devices (Figure 1) exhibited stable negative SMR, confirming high-quality interfaces essential
for efficient spin injection. Magnetoresistance measurements with rotating fields in zx- and zy-planes
revealed two-fold oscillations linked to out-of-plane spin polarization (R3), caused by broken mirror
symmetry in TalrTes. This is a critical step toward realizing spin superfluid states in AFM systems
(R4). A manuscript is in preparation, and we are extending this work to out-of-plane spin injection in
(111)-oriented YIG, an easy-plane ferrimagnet as demonstrated recently by us, using TalrTea.

2D Ferromagnets and van der Waals Heterostructures. We investigated 2D ferromagnets
(FesGeTez, FesGe:Tez, Cr2Ge:Tes, FesGaTe:), focusing on the layer-number dependence of
anomalous Hall conductivity in the Fe-Ge-Te family. Down to a few layers, we found that the
anomalous Hall and longitudinal conductivities follow a universal scaling law for 3D poorly
conducting ferromagnetic metals, as reported in Applied Physics Letters (P4). Additionally, building
on our prior work (R5) demonstrating spin-polarized quantum spin Hall edge states in monolayer-
WTe./Cr2Ge:Tes heterostructures (exhibiting an anomalous Nernst effect), we are developing a
WSe./graphene/Cr.Ge:Tes heterostructure to induce the quantum anomalous Hall effect. In our recent
work in graphene/CrGe:Tes devices, Shubnikov-de Haas oscillations revealed sizable spin splitting
due to interfacial exchange interactions, with ongoing efforts to complete the full stack.
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Future Plans

Our next research goal is to create and manipulate novel quantum states, such as spin superfluid and
quantum anomalous Hall states, in spin heterostructures. The following tasks outline our research
roadmap:

1. Out-of-Plane Spin Injection into Easy-Plane Magnets: We will optimize a-Fe:Os and YIG
thin films and interfaces with Weyl semimetal injectors (e.g., TalrTes) to achieve robust
injection of out-of-plane spin polarization. Using spin Hall magnetoresistance and second-
harmonic Hall effects, we will quantify spin polarization and torque efficiency, iteratively
improving material synthesis and interface quality to enable spin superfluid states in both
magnetic films.

2. Long-Distance Spin Transport in Easy-Plane Systems: In nonlocal spin transport devices,
we will study the spatial decay of out-of-plane spin polarization in easy-plane magnetic films,
investigating the effects of engineered defects and spin disorder on long-range magnonic spin
transport. This will enhance our understanding of spin dynamics in antiferromagnetic systems
with spin disorder.

3. Efficient Néel Vector Detection and Manipulation: We will explore topological insulators
(e.g., Bi2Tes) and Weyl semimetals (e.g., WTe:, TalrTea) as alternatives to heavy metals with
larger anomalous Hall angles for sensitive Néel vector detection. Optimized fabrication
methods will ensure high-quality interfaces to enhance Néel vector manipulation via spin-
orbit torques, and we will systematically study magnetoelectric effects and interfacial DM
interaction to manipulate Néel vector.

4. Advancing van der Waals Heterostructures for Quantum Anomalous Hall Effect: We
will address fabrication challenges in graphene/WSe2/Cr.Ge.Tes heterostructures to
demonstrate the quantum anomalous Hall effect. Emphasis will be placed on maintaining
pristine interfaces to maximize spin-orbit and exchange interactions which lead to robust
quantum anomalous Hall effect.
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Stimuli-Responsive Materials from Mesoscale Self-Assembly of Plasmonic and Quantum
Nanoparticles

Ivan 1. Smalyukh, University of Colorado at Boulder

Self-identify keywords: mesostructured materials, nanoparticles, colloids, self-assembly, optical
properties.

Research Scope

This project focuses on understanding and control of self-assembly of anisotropic organic molecules
and metal and semiconductor nanoparticles at the mesoscale, as well as on novel material behavior
arising from their ordered self-organization and alignment. The design and realization of physical
properties in these composites are based on the following three strategies: (1) discovery of new
condensed matter phases of hybrid molecular-colloidal systems enriched by diversity of colloidal
particle’s geometric shapes, surface charging and boundary conditions for molecular alignment; (2)
topology of continuous & singular field configurations in the molecular-colloidal systems; (3)
effective medium behavior and plasmon-exciton interactions in colloidal assemblies formed by
different types of nanoparticles co-assembled at mesoscopic scales. The main objective of this
project’s activities is to explore self-organization of pre-engineered anisotropic functional units into
colloidal composites with ordered mesoscopic structures that can be tuned and switched by weak
external stimuli, such as light and low-voltage electric fields. Tunable composite materials with
interesting physical behavior are designed through integrating unique properties of solid
nanostructures with the facile responses of soft matter to weak external stimuli. The fundamental
studies of interactions and ordering of nanoparticles reveal underpinning physical mechanisms that
guide mesoscale morphology and ultimately determine material properties of the self-assembled
composites. Mesoscale self-assembly of anisotropic nanoparticles dispersed in responsive liquid
crystalline host media is used to enable new composites with properties controlled by applying fields,
changing temperature, and using other external stimuli. The focus is on fundamental understanding
and control of nanoscale self-assembly and alignment of metal and semiconductor nanoparticles that
enable new material behavior arising from orientationally and positionally ordered self-organization
of anisotropic molecules and nanoparticles into tunable long-range structures. Electrical realignment
of the liquid crystal host, like that used in displays, allows for rearrangement and reorientation of
anisotropic nanoparticles, leading to an unprecedented control over self-assembled nanostructures
and to dramatic changes in the material’s emergent properties. The effective-medium optical
properties are characterized and correlated with the hierarchical structure and composition of self-
assembled configurations, as well as with plasmon-excition and other interactions separately studied
at the level of individual nanoparticles. Within the project, experiments are conducted in parallel with
analytical and numerical modeling of interactions and effective-medium optical properties, providing
important insights. We explore how ensuing novel composite materials can be used to control
transmission and directional scattering of light, as needed for applications in smart windows, displays
and electro-optic devices. The research in this project broadly advances our knowledge of the
nanoscale self-organization phenomena and the ensuing physical behavior, transcending the
traditional disciplinary boundaries of physics, chemistry, engineering, and materials science.

Recent Progress

Recent progress in this our research project includes the demonstration emergent orthorhombic
biaxiality in the nanocolloidal chiral nematics (Nature Comm. 15, 9941 (2024)) [1], characterization
of dynamics of nemato-elastic multipoles (PNAS 121, €2322710121 (2024)) [2], facile topological
soliton (toron) re-configuration (Scientific Reports 15, 2684 (2025)) [3], and nanoparticle-induced
symmetry breaking at mesoscale (Phys. Rev. E 111, 045410 (2025)), among others, all demonstrating

279



new physical behavior in nanoparticle and molecular assemblies. Due to space constraints, we only
describe the recent research findings that recently appeared in Nature Communications [1], where we
demostrated the pre-designed metamaterial-like behavior by utilizing nanoparticle assembly in a
chiral liquid crystal host medium.

We have developed unexpected states of matter that feature biaxial orientational order of
colloidal supercritical fluids and gases formed by sparse rodlike or disclike nanoparticles (Fig. 1) [1].
Colloidal rods with perpendicular surface boundary conditions exhibit a strong biaxial symmetry
breaking when doped into conventional chiral nematic fluids. Minimization of free energy prompts
these particles to orient perpendicular to the local molecular director and the helical axis, thereby
imparting biaxiality on the hybrid molecular-colloidal system. The ensuing phase diagram features
colloidal gas and liquid and supercritical colloidal fluid states with long-range biaxial orientational
symmetry, as supported by analytical and numerical modeling at all hierarchical levels of ordering
(Fig. 2). Unlike for nonchiral hybrid systems, dispersions in chiral nematic hosts display biaxial
orientational order at vanishing colloid volume fractions, promising both technological and
fundamental research utility [1].

= 4 Fig. 1: Chiral hybrid liquid crystals. a Helical structure of a chiral nematic
:-‘39. kS with helical pitch length p, with cylinders representing molecules and colored
=5 - . .

=¥ axes depicting the orthogonal cholesteric frame: molecular director (red),
"é & helical axis/director (green), and the third axis/director (blue) orthogonal to
=3" both. b, ¢ Visualizations of a homeotropic ( tending to orient perpendicular to

the colloidal particle’s surface) colloidal disk (b) and rod (¢) immersed in a
chiral LC at their equilibrium orientations. Colloidal particles are depicted in
gray, and the yellow contours mark a director deviation of 0.67° (b) and 0.3°
(¢), respectively, of the numerically energy-relaxed LC structures from the
ideal helical state indicated by the colored double arrows. For all simulations
the anchoring at the colloid surface 1is homeotropic with
strength Wo=10"*Jm2 (see =~ ”Methods”  section).  Typical  disk
diameter D.=1 pm and rod length L. = 1.7 um are more than one order of
magnitude smaller than the pitch p = 30 pm of the chiral host LC. d, e TEM of
synthesized disks and SEM of rods, scale bars 2 pm.

The most striking example of the observed emergent biaxiality is

found for rods that tend to orient perpendicular to the local
molecular director, imparting hierarchical biaxiality at molecular, colloidal, and structural levels of
the hybrid colloid-molecular system (Fig. 2) [1]. At the colloidal subsystem level, a generic phase
diagram spanning the colloid concentration, temperature, and chirality strength unexpectedly features
colloidal gas and liquid states, both with an orthorhombic long-range orientational order interplaying
with that of the chiral nematic host. Colloidal liquid-gas phase coexistence terminates in a gas-liquid
type critical point located at a well-defined chiral strength of a molecular host (Fig. 2e, f).
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Fig. 2: Supercritical biaxial colloidal fluid. a Cross-
sectional micrographs of chiral hybrid liquid crystal
samples with colloidal rods rendered green. Images of
helical arrangements of rods obtained for oblique
viewpoints are shown at the bottom. Scale bars are
10 pm, pitch p =30 um and rod
length L. = 1.7 um. b Schematic presentation of the
supercritical biaxial colloidal fluids in (a) with rods
colored by their orientations. The right-side insets
show corresponding co-rotating
frames. ¢ Distributions of colloidal angles 7, defined as
the angle in - plane (left inset), measured for low-
concentration rod dispersions in nematic (black
triangle) or cholesteric (yellow circle),
with ¢ =27/p being the wavenumber associated with
molecular chirality. The corresponding orientation
distributions of rods in the cholesteric frame are shown
as insets on the right side. Colloidal particle
concentration ¢, << 0.1%. d Corresponding rod
angle 5 correlation function (1 for perfectly aligned
and 0 for uncorrelated, see “Results” section) measured
for the same pair of samples as in ¢, showing robust
long-range correlations of colloidal orientations in
cholesteric hosts at gL.=0.356. e, f colloidal S; and
A, order parameters, quantifying the orientational order with respect to for coexisting phases of rod dispersions with
perpendicular boundary conditions within the chiral LC host. The plots in (e) are order parameters quantified along the
phase boundaries colored similarly in (f), up to the critical molecular chirality (¢L. =~ 0.014, marked black) beyond which
the biaxial colloidal liquid and gas phases are no longer distinguishable. Temperature T, colloidal volume fraction ¢, and
scaled molecular chirality gL. = 2zL./p. Our experiments have been performed for parameters corresponding to the yellow
planes with gL, = 0-1.07 and ¢.=0-0.35%. g Images of samples at gL.=0 showing an anti-nematic colloidal gas, gas-
liquid coexistence, and a biaxial colloidal liquid phase, respectively. Scale bars are 5 pm.

Unlike the previously studied case of hybrid molecular-colloidal biaxial phases, we observed multi-
level biaxial symmetry-breaking at ultralow colloidal content where colloid-colloid interactions are
negligible. We uncovered a highly unconventional scenario in which the hybrid molecular-colloidal
nature of the LC mixture along with the chirality of the molecular host generates strongly biaxial
orientation order resulting in long-range ordered biaxial colloidal supercritical fluid states. Unlike in
non-chiral hybrid molecular-colloidal LCs, where biaxial order emerges only at modest to high
volume fractions of the anisotropic colloidal particles, above a uniaxial-biaxial transition critical
concentration, the orientational probability distribution of colloidal inclusions immersed in chiral
nematic hosts are unavoidably biaxial even at vanishingly low particle volume fractions [1], which
yields new types of nanoparticle assembly.

Future Plans

Within the next year of this project, the focus will continue to be on developing stimuli-responsive
materials. Our results [1,2] within the project pave the way towards controlled biaxial order in
mesostructured matter. By harnessing the interplay of chiral and biaxial symmetries, future research
efforts will be directed along the following emergent avenues. At larger colloidal concentrations a
richer phenomenology could be expected and explored due to the more prominent roles expected to
be played by steric, electrostatic or defect-mediated colloid-colloid interactions further enriching the
surface anchoring and elastic forces discussed here. Besides the emergent symmetry breaking, we
will also apply electric or magnetic fields to reconfigure either molecular or colloidal sub-systems, or
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both, to achieve even lower externally induced symmetries, for instance, corresponding to triclinic or

monoclinic point groups. Finally, by realizing topological solitons in the molecular-colloidal hybrid

system with nontrivial chirality and biaxiality, we will probe the stability of topological structures for

various low-symmetry order parameter spaces. While ferromagnetic colloidal particle dispersions

have already provided insight into the possibility of formation of solitons in polar chiral liquid

crystals, this study will be now extended to symmetries differing from nonpolar and polar uniaxial

liquid crystals by exploring multi-dimensional solitonic structures corresponding to the SO(3)/D2

order parameter space. Our mesostructured designs will combine properties of solid nanostructures

(quantum dots and plasmonic nanoparticles) and facile responses of soft matter, along with emergent

new behavior enabled by various aspects of topology in the order parameter fields. Using LC

materials and its mixtures doped with magnetically monodomain colloidal platelets, PI will explore

topological transformations between different phases. Other nanoparticles will include mesoporous

silica nanorods and nanoplatelets recently successfully synthesized on our group, which appear to be

ideal for exploring the phase behavior. In-depth studies will reveal how mesoscale self-organization,

which can yield centimeter-large mono-crystals of colloidal nanoparticles with tunable center-to-

center separations, leads to new physical behavior and material properties arising from a combination

of unique properties of nanoparticles and structural organization at nanometer to macroscopic scales.

Effective medium properties of pre-engineered metamaterials will be studied. By exploiting unique

properties of solid nanostructures, PI intends to develop a new breed of composites with novel

physical behavior, pre-engineered properties, and facile response to external fields. For example, PI’s

preliminary studies already show that mesostructured composites made of perovskite quantum

nanoparticles dispersed in thermotropic nematics can exhibit ultra-strong responses to light and

electric fields; this work will be now systematically extended to different particle sizes and geometric

shapes, including chiral host media for nanoparticle assembly.
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Phase Transitions and Physical Behaviors in Metastable Multicaloric Materials
Shane Stadler, Louisiana State University, Department of Physics and Astronomy
Naushad Ali and Saikat Talapatra, Southern Illinois University, School of Physics
KEYWORDS: magnetocaloric materials, magnetostructural phase transitions, metastable
phase generation, multicaloric properties, solid-state refrigeration, high-pressure synthesis
Research Scope
The objective of this project is to discover and explore new solid-state caloric materials, and to
understand the origins of their physical behaviors including magnetocaloric effects, barocaloric
effects, and transport properties. We explore new materials that exhibit magnetic or magnetostructural
transitions near room temperature that form as a result of doping, thermal quenching, hydrostatic
pressure (during measurement), and the application of pressure during synthesis, leading to
metastable magnetostructural phases.
Recent Progress
A central goal of this project is to investigate magnetostructural behaviors in transition-metal-based
compounds and study the related magnetocaloric and barocaloric properties. Materials exhibiting
these phenomena are sought for future applications in solid-state cooling technologies operating from
cryogenic to room temperatures. More specifically, we look to control, or induce, coupled
magnetostructural transitions in materials near room temperature by, in addition to applying standard
elemental substitution or doping techniques, creating metastable phases through thermal quenching
or by employing high pressure during synthesis. The strategy of synthesizing materials under high
pressure was hatched from the observed effects of applied hydrostatic pressure during measurement
(i.e., not during synthesis) on the magnetic and structural phases in some systems. For example,
applied hydrostatic pressure can reversibly shift magnetostructural transitions, or even cause them to
form by forcing structural and magnetic transitions to coincide in temperature.! This process can
result in large magnetocaloric or barocaloric effects (or both) but are temporary behaviors since the
transitions return to their normal (standard pressure) temperatures when the hydrostatic pressure is
removed. For barocaloric materials, the recovery of the initial state upon pressure release is required.
However, a permanent shift and coupling of transitions are sought in the case of magnetocaloric
materials.

In order to create a permanent, coupled magnetostructural transition, or to tune an existing one to
occur near room temperature, elemental substitutions can be made in parent compounds that undergo
separate (uncoupled) magnetic and structural transitions, forcing them to couple, such as that
observed in the Cu-substituted magnetocaloric Heusler alloy, Ni2Mni-x«CuxGa.? In some cases, this
strategy can dilute the magnetic species, and therefore reduce the effectiveness of the alloy as a
magnetocaloric material.
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As stated above, a strategy to permanently to shift, or
induce, a magnetostructural transition in a ferromagnetic
parent compound that undergoes structural and magnetic
transitions (sometimes separated by hundreds of Kelvin)
without changing the elemental composition is to generate a
metastable phase by employing either thermal quenching or
high-pressure synthesis. Such processes permanently alter
the behaviors of the phase transitions and physical properties
of the materials. An example in which this occurs is in the
thermal quenching of Mn7X alloys, where 7= Ni, Co, or Fe
and X = Si or Ge. MnTX alloys have been of great interest
for solid-state cooling since they have been shown to exhibit
large magnetocaloric effects (MCEs) and barocaloric effects
(BCEs), and sometimes both.! In this comprehensive study,
we have utilized high-pressure synthesis, thermal
quenching, hydrostatic pressure (during measurement),
atomic substitution, or combinations of these to generate
metastable phases and couple magnetostructural transitions
in the MnT7X systems MnCoGe, MnNiGe, and Mni-
xCoxNiGe.

In the case of MnCoGe, we employed high-pressure
synthesis and studied its effects on the phase transitions
(structural and magnetic) and associated magnetocaloric
properties.’ To ensure the starting materials were identical
for each synthesis process, a large source sample was first
melted multiple times and annealed under vacuum at 1100
°C for 12 h and then slowly cooled over 24 h. This source
sample was then broken up into smaller portions to be used
for variable synthesis conditions including slow-cooled and
quenched from (all from 800 °C), labeled as SC 0 and
RC 0. “SC” and “RC” in the labels stand for “slow-cooled”
and “rapidly cooled,” respectively. Thermal processing
under high pressure was carried out using a cubic multi-anvil
apparatus by Rockland Corp. The samples were annealed
under pressures of 0, 1.2, 2.2, 3.5, and 6.0 GPa, labeled as
RC 0,RC 1.2,RC 2.2,RC 3.5,and RC 6.0, respectively.

Figure 1(a) shows the room temperature lattice
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Fig. 1. (a) The room-temperature lattice
parameters of MnCoGe determined from
powder XRD at the indicated synthesis
pressures (x-axis). The inset shows the
structure change from the low-temperature
TiNiSi orthorhombic to high-temperature
NioIn  hexagonal phases across the
transition. (b) A magnetostructural phase
diagram as a function of annealing
pressure and temperature. Sample labels
are described in text.

parameters calculated from x-ray diffraction data as a function of annealing pressure. Figure 2
displays the magnetization versus temperature and heat flow curves. As revealed in the heat flow
curve (upper right corner of Fig. 2), the slow-cooled MnCoGe (SC 0) undergoes a structural
transition from an orthorhombic to hexagonal phase at Tm = 450 K, and a ferromagnetic (FM)
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transition at Tc =350 K (i.e., they are uncoupled). The

rapidly-cooled sample RC_0, however, is coupled at 350 sc_0 r A d
K. The effects of high pressure are clearly observed in the ‘ V£

curves for samples RC 0 through RC 6.0, i.e., the RC_0
magnetostructural transition (MST) continually shifts to
lower temperature and remains coupled. In the case of —

RC 1.2, the MST occurs at room temperature at which - QE

the magnetic entropy change (see the inset of Fig. 2) :

reaches 12 J/kgK for a field change of 7 T. A T-P RC_22 \ \ J
RC 35

AS (J kg' K')
=

magnetostructural phase diagram is shown in Fig. 1 (b)
where the MST coupling region is seen to span an
interval of about 80 K, including room temperature.

It is interesting to compare this study on MnCoGe to
another on the closely related MnTX system, MnNiGe.* N MnCoGe
When this compound is annealed and slow-cooled, it T
undergoes a structural transition at Tv=474 K and a 100150200 250 300 350 400 450 SO
magnetic transition from a paramagnetic to spiral . Femperagure (1) .

- . . . Fig 2. Magnetization as a function of
antiferromagnetic state at 350 K. We investigated the temperature for slow-cooled (SC_0) and
effects of thermal quenching and applied hydrostatic  rapidly cooled samples at atmospheric
pressure (during measurement) on the transitions, both of  pressure (RC_0) and at indicated pressures
which had the effect of decreasing the structural (RC_x.x)in GPA. Inset: magnetic entropy
transition temperature and eventually coupling the 26ross the MSTof RC_1.2.
transitions as seen in Fig. 3(a), where it clear that the
structural transition shifts to lower temperature as the quenching temperature increases and couples
just below 350 K for the sample quenched from 1200 °C (i.e., AQ1200). Note in the same figure that
the sample quenched at 1100 °C (AQ1100) does not fully couple. However, this sample can be made
to temporarily couple with the application of a hydrostatic pressure of about 9 kbar as seen in Fig.
3(b), where it couples at room temperature. This illustrates the effects of applying two concurrent
methods to couple transitions in systems that normally do not exhibit magnetostructural transitions:
i.e., quenching followed by the application of hydrostatic pressure in this case.

Finally, a third study combined atomic substitution and high-pressure synthesis to couple magnetic
and structural transitions in Co-doped MnNiGe, i.e., MnixCoxNiGe (x = 0.05. and 0.08).° For x =
0.08, high pressure annealing at P = 3.5 GPa followed by rapid cooling resulted in a coupled transition
at 240 K with a magnetic entropy change of —80 J/kgK, and the combination of varying the doping
level and synthesis pressure allowed for a tuning of the transitions from above room temperature to
240 K.

These three projects illuminate some of the underlying physics of magnetostructural transitions
and illustrate the utility of combinations of tactics: HP synthesis, quenching, hydrostatic pressure,
and doping.

Magnetization (arb. unit)

W e
Temperature (K)
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Future Plans

Our future projects include investigating four topic areas. Temperature (K)
The first topic is the synthesis and exploration of recently A e
AQI100 MnNiGe

theoretically  predicted all-d-Heuslers for  both
magnetocaloric effects and permanent magnets.® The
second area is in Mn7X alloys, where the usual 7 and X
elements are 7= Ni, Co, or Fe and X= Si or Ge. In addition
to these, however, we will study new materials
theoretically predicted in a high-throughput theory work S

that identified new materials in this family for solid-state (b)
caloric properties and other energy applications.” In a third

ambient

2.39 kbar

3.99 kbar

Magnetization (arb. unit)

project, we will explore the physical behaviors of Mn3XC- MNiGe e measremen
based alloys (synthesized through ball milling) that — W f %
undergo magnetostructural  transitions using two R S [ 3
strategies: isoelectronic substitution for Ga, and doping on E \NJ\%h?: EL $
the Mn site. Finally, in the fourth project we will 7"5 e NE
investigate the magnetocaloric properties of CrxTey-based g 2
2-D van der Waals ferromagnets. g i
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Research Scope

The main research objective of our program is to develop a new class of low damping complex oxide
thin films and heterostructures with perpendicular magnetic anisotropy (PMA) for isotropic spin wave
excitation and propagation in the plane of the film combined with efficient spin wave control. Our
focus has been on low damping ferro(i)magnetic insulators (FMI) which efficiently supports spin
current without charge flow that gives rise to power dissipation. We have brought our materials
expertise in atomic scale synthesis of complex oxide thin films and heterostructures and our recent
discovery of spinel ferrite thin films with low magnetic damping: (i) to develop an understanding of
the key factors that govern spin current behavior — generation, propagation and modulation and (ii)
to demonstrate the role of epitaxial strain and composition on the isotropic and efficient excitation of
spin waves. More specifically, we have chosen to study low damping spinel ferrite thin films based
on L=0 Fe*" cations placed \ in Lio.s(Al,Fe)2.504 thin films and heterostructures. We have interfaced
these films with strongly spin-orbit coupled layers in heterostructures to study spin-orbit torque
switching and spin-to-charge interconversion.

Recent Progress

Highlights of recent work include (i) the compositional study of lithium aluminum ferrite
Lios(AlLFe)2504 films with extremely low damping and in-plane to perpendicular magnetic
anisotropy, (ii) demonstration of spin-orbit torque switching in spinel ferrite films based
heterostructures with a heavy metal and (iii) efficient spin current transport at interfaces with and
without interfacial disorder. Additional highlights
include (i) demonstration of emergent anti-
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ferromagnetism in ultra-thin LaNiOs films, (ii) 10t ?EE:))

emergent ferromagnetism in (111) CaMnO3/CaRuO3

superlattices and magnetotransport in Cr203 films. 1072}

Ultra-Low-Loss_Epitaxial Spinel Ferrite Films with ol x=1.01
Magnetic _Anisotropy Tuned by Epitaxial Strain. 2 B
[i,ii,iii] We have demonstrated ultra-thin FMIs with 2 | & e
PMA in the form of epitaxial LiosAlFe1.504 films on g

MgGa204 substrates. They support the manipulation
and isotropic propagation of spin waves in the absence
of dissipative charge currents, providing a new
paradigm for energy efficient spin-based computing
and memory. More recently, we have explored the role
of epitaxial strain and chemical doping in the ‘ . .
performance of lithium ferrite thin films with respect 42 43 a4 45 46
to spin wave generation, propagation and control. 26 (deg.)

Careful aluminum doping of lithium ferrite has shown  pijgure 1. Xeray diffraction spectra of

that we can systematically modify the magnitude of  Lips(ALFe),5s04 films on (001) MgGa,Oy
substrates shows a range of aluminum doping.
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for Fe¥* ions also field shows in-plane to out-of-plane magnetic anisotropy.

suppresses the saturation magnetization (Figure 2(a)) while maintaining excellent epitaxy and
crystalline quality. Magnetic anisotropy also varies from in-plane in x=0.5 to out-of-plane in x=1.0
(Figure 2(b)). Ferromagnetic resonance measurements of these films confirm the evolving magnetic
anisotropy and also show low magnetic damping from 1.5 - 10 x 10", Our studies indicate that
magnetic damping reaches a minimum when the magnetic anisotropy is minimized. All of these films
form excellent interfaces with adjacent spin-to-charge conversion layers. To date, studies of FMI thin
films with low damping and PMA have largely focused on garnet structure ferrite films [1-5].
However they suffer from difficulty in integrating with materials other than garnet structure materials,
high deposition temperatures, high external field requirements and a magnetic dead layer at the film-
substrate interface due to interdiffusion.

Spin-Orbit Torque Switching of Lithium Aluminum Ferrite Thin Films. [1] Efficient switching of the
magnetic state of our spin wave material with an electrical current is a key accomplishment for their
incorporation into applications. To this end, spin-orbit torque switching of ferromagnets via an
adjacent spin-to-charge conversion layer has been extensively studied. The analysis is complicated
by current shunting through the ferromagnet if it

is a metal. But in the case of FMI, the analysis is 1.5
straightforward. We have demonstrated spin-
orbit torque switching in LAFO/Pt bilayers where
Pt is the spin-to-charge conversion layer. In = 0.5
contrast to the garnet/Pt bilayers, our spinel/Pt &
bilayers can be grown epitaxially and therefore = ,
improve the interface quality. Figure 3 shows R~ —0.5%
how we can demonstrate the switching of the
magnetic state of the LAFO film by monitoring

the Hall resistance iq the Pt layer. which gxl}ibits ~1555=0 =10 0 10 30 30
an anomalous Hall signal due to its proximity to Tne (% 105 A/em?)

the LAFO. An in-plane helper field is needed to ope

break the symmetry of the switching. The larger ~ Figure 3. Hall resistance measured as a function of
the helper field is the smaller critical current S‘;Ctrica_l C‘_lrg‘?nt t_hrouz‘:’%h Lhe Ptlayerina LAFfOfIf: t
de'n.sity needed in th; Pt layer. These values qf the Lfgg I;Syel: :ig:geeroin_tp; nfa}lg;};telf ;;Téersduzez
critical current density are an order of magnitude e critical current density for switching.

or more smaller than demonstrated in other

systems.
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(111) Lithium Aluminum Ferrite Thin Films.[ix] In order to achieve more isotropic spin wave
propagation in the plane of the film, we focused on the synthesis of (111) oriented LAFO films on
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(111) MgAL2Os4 substrates. We realized smooth epitaxial films with bulk saturation magnetization
values. Damping values were consistently higher than their (001) counterparts, albeit with lower
magnetic anisotropy. The low magnetic anisotropy is confirmed both by static SQUID magnetometry
as well as ferromagnetic resonance measurements. Static and dynamic magnetic properties are found
to be isotropic in the in-plane directions.

Emergent Antiferromagnetism in Ultra-thin (111) LaNiOs Films [v] Another major accomplishment
has been the discovery of emergent antiferromagnetic order in ultra-thin metallic (111) LaNiOs3 films.
This discovery is surprising given that LaNiOs exhibits metallic, paramagnetic behavior at all
temperatures in the bulk. We stabilize AFM ground states in ultra-thin films of (111) LaNiO3 with
both insulating and metallic behavior depending on thickness. In metallic films, a nonlinear,
hysteretic anomalous Hall effect (AHE) emerges with temperature-dependence indicating multiple
complex long-range magnetic orders. Using low energy muon spin resonance, we directly probe the
magnetic fields within (111) LaNiO3, revealing that the entire film is magnetically ordered below T
= 50 K. Theoretical calculations are consistent with these results, indicating that distortions induced
by (111) epitaxy stabilize AFM in (111) LaNiOs, highlighting a new approach to stabilizing novel
AFM states in complex oxides.

Emergent Ferromagnetism in (111) CaRuQs3/CaMnQOs superlattices. [vi,vii] Our success in stabilizing
the (111) orientation perovskite films on single crystal substrates has led us to stabilize (111)
CaRuQ3/CaMnOs superlattices that exhibit emergent ferromagnetism in not only CaMnOs3 but also
CaRuOs — both of which are not ferromagnetic in the bulk. In the bulk, CaRuOs is a paramagnetic
metal and CaMnO:s is an antiferromagnetic insulator. But when the two materials are brought together
in an atomically precise superlattice, double exchange interactions among interfacial Mn ions,
mediated by the adjacent itinerant CaRuOs3 layer at the CaRuO3/CaMnOs interface give rise to strong
interfacial ferromagnetism. The (111) interface and associated epitaxial strains provide for
symmetries that maximizes emergent interfacial moments and therefore exchange interactions. This
picture is supported by ab initio calculations and structural and magnetic depth profiles extracted
using polarized neutron reflectometry. STEM measurements and x-ray reflectivity reveal sharp
interfaces. Together the structural and magnetic evidence points to a new materials phase space for
low dimensional ferromagnetism driven by charge transfer and strain symmetry.

Orientation Dependence of Epitaxial Cr20;3 Films. [viii] We explored antiferromagnetism in Cr203
thin films through magnetotransport measurements in an adjacent heavy metal layer. Depending on
the substrate orientation (m-plane, a-plane, and c-plane), we found a nontrivial temperature
dependence of the sign of the magnetoresistance in a series of Cr203/Pt bilayers on Al2O3 substrates,
pointing to the complex interplay between the exchange and anisotropy energies that varies with
orientation. This work demonstrates the importance of considering the competition between
antiferromagnetic exchange and magnetic anisotropy when storing information in the spin state of an
antiferromagnetic insulator.

Future Plans

Our current and future plans include spin wave characterization in LAFO thin films via non-local
transport measurements and spin torque ferromagnetic resonance (STFMR) measurements.
Preliminary STFMR measurements are already underway for the range of different LAFO
compositions described above. We will address the challenge of modulating, even amplifying, spin
waves through a series of electrical gates. We have already developed fabrication techniques to
accurately define nanostructures in these spin wave materials and will incorporate nanofabrication to
suppress nonlinear effects in spin wave propagation.
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Research Scope

Metal nitrides represent a large class of materials with extensive applications in optoelectronics,
energy, and healthcare technologies. For example, GaN and related nitride semiconductors are key
materials for solid-state lighting and high-power electronics; TiN and other early transition metal
nitrides (TMNs) are widely used in wear-resistant alloys, tool coatings, catalysts and medical implants.
Strong metal-nitrogen bonds grant nitrides structural rigidity as well as chemical and thermal stability.
However, the covalency of metal-nitrogen bonds necessitates high temperatures to synthesize
crystalline metal nitrides. Common synthetic routes include high-temperature solid-state nitridation,
crystal growth in supercritical ammonia, molecular-beam epitaxy (MBE), reactive sputtering, and
chemical vapor deposition (CVD). The solution synthesis of colloidal nitride nanocrystals (NCs) is
rare and particularly challenging because commonly used solvents and surfactants decompose at
temperatures far below those required for crystallization of most metal nitrides. Here we report a

general approach to solution synthesis of colloidal metal nitride NCs by reacting metal halides and
ammonia in molten inorganic salts at elevated pressures. Successful syntheses of colloidal TiN, VN,
GaN, NbN, Mo2N, TasNs, and W2N NCs are demonstrated. These NCs expand the scope of solution-
processable technologically important materials.

Recent Progress

In recent years, significant progress has been made with synthesizing functional materials in the form
of colloidal NCs that combine solution processability, size-dependent optical properties of
semiconductor quantum dots (QDs) and plasmonic materials, and high surface-to-volume ratios
important for catalytic applications.! Previously, some nitride nanoparticles have been synthesized
by solid-state nitridation of oxides, laser ablation or plasma methods, but these approaches offer only
a limited ability to control phase purity, particle size and dispersibility in solvents. In contrast,
solution-synthesized colloidal nitride NCs have the potential to combine the unique material
properties of nitrides with the scalability and tunability of colloidal systems. Despite this promise,
solution syntheses of nitride NCs have seen only limited success especially when compared to well-
established colloidal materials such as CdSe and InP. Some successful examples include
thermodynamically metastable and/or barely stable late transition metal nitrides such as NizN, CusN,
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Synthesizing refractory

. . Figure 1. Effect of NH3 pressure on morphology of metal nitrides
materials with strong bonds . . . .

. ) . synthesized in molten inorganic salts. (a) Parameter space accessible
typically requires high for molten salt colloidal nitrides (marked as blue region) compared with
temperatures to access this | traditional colloidal synthesis of nanocrystals (NCs), ammonothermal
microreversibility. However, | synthesis, CVD, and solid-state syntheses of nitride crystals and films.
for colloidal synthesis, (b) Reactions 'used for 'synthesis of nit.ric.le NCs. (¢) Pho'tograph of

. colloidal solutions of different metal nitride NCs synthesized under
maximal temperatures are " S
.. . conditions marked as the blue region in panel (a). All NCs are capped
limited by the thermal stability with oleate/oleylamine ligands and dispersed in toluene. (d-f) TEM
of the solvents and surfactants | images of VN products synthesized using 0.1, 2.0, and 5.0 MPa NH;
used, which is below ~400 °C | pressure, respectively.
for  organic compounds.
Alternatively, molten inorganic
salts have been recently introduced as a medium to provide high-temperature colloidal stability of
NCs and thus enable the synthesis of previously inaccessible Group III phosphide, arsenide, and
antimonide NCs.? Along parallel lines, it has been shown that molten salts can also facilitate the
formation of nanocrystalline powders of boride, carbide and nitride phases. This motivates our
investigations into the use of molten salts to similarly generate colloidal nitride NCs.
Metal nitrides are often synthesized by utilizing ammonia as a convenient and inexpensive nitrogen
source. The phase diagram of ammonia is shown in Fig. 1a, superimposed on typical conditions used
in different nitride synthesis methods. Thus, CVD synthesis of GaN and other nitrides typically
requires temperatures exceeding 500 °C,* while the ammonothermal growth of bulk GaN crystals is
carried out around 600 °C and 200 MPa in supercritical ammonia®. We therefore hypothesized that
using elevated pressures of ammonia in molten salt syntheses might be a viable path to nitride NCs.
In this study, we find that many metal nitrides can be synthesized in form of colloidal NCs at 425-
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600 °C by applying ammonia pressure of
1-5 MPa (Fig. 1la). This high-
temperature elevated-pressure synthetic
space is inaccessible for traditional
solution synthesis in organic solvents
and has not been previously explored by
colloidal chemists.

In a typical synthesis (Fig. 1b), we used
Lewis-basic alkali metal halides as
solvents that simultaneously provide
high-temperature stability, high
solubility of metal halide precursors
(Tils, VCls, Gazls, NbCls, etc.), and
support the colloidal stability of nucleated
nitride NCs. High-pressure NH3 was
injected into the reactor, and the
temperature was maintained for 5 min.
The reaction was then cooled down to
room temperature, and the products were
retrieved from the salt matrix with
methanol which dissolved the alkali and
ammonium halides. Stable colloidal
solutions were obtained by subsequent
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Figure 2. Emissive properties of colloidal GaN
nanocrystals. (a) Photographs of colloidal GaN NCs
synthesized at 450°C and 525°C, dispersed in
methylcyclohexane and illuminated with UV light (254 nm).
The photographs capture (top) visible 400 nm — 700 nm
emission and (bottom) UV 290 nm — 400 nm emission. (b)
Absorption (solid line) and room-temperature PL spectra
(dots) of colloidal GaN NCs synthesized at 450°C, 525°C and
550°C. The left branch of PL was fit to a Gaussian function
(dash line). (¢) Raman spectra of colloidal GaN NCs with
reference GaN Raman modes as grey lines.

dispersion of the nitride NCs in non-polar
organic solvents such as toluene with the
addition of oleic acid and oleylamine as surface ligands (Fig. 1¢).

The ammonia pressure, together with the reaction temperature, are key parameters for controlling the
reaction products. For example, the reaction of VCl3 with NH3 at 500 °C yields three distinctive
outcomes depending on the ammonia partial pressure. At 100 kPa, nanocrystalline cubic-phase VN
powder consisting of sintered grains. When the NH3 pressure is increased to 2.0 MPa, we observe the
formation of discrete and monodisperse VN NCs. These VN NCs form stable colloidal solutions in
toluene. Further increasing the NH3 pressure to 5.0 MPa results in an increase of size of the VN
crystalline domains (Fig. 1f) and this trend continues with increasing NHs pressure, ultimately
preventing the formation of stable colloidal dispersions. A very similar NH3 pressure dependence was
observed for GaN. This synthetic approach to colloidal metal nitrides is surprisingly universal —
multiple binary (TiN, VN, GaN, NbN, Mo2N, TasNs, W2N) and ternary (e.g., Ti1xVxN) nitrides
successfully nucleate and grow as discrete colloidal NCs (Fig. 1¢) within the pressure and temperature
region highlighted with blue in Fig. 1a.

The metal nitrides represent technologically important semiconductors (GaN), superconductors
(NbN), and plasmonic materials (TiN, VN). By exploring synthetic conditions previously
inaccessible for colloidal NCs, we aim to access materials with novel properties. For example,
extensive studies of GaN synthesized by CVD and MBE methods have revealed a strong relation
between growth temperature and luminescence — a growth or annealing temperature above 700 °C
was required for observing a strong band-edge photoluminescence (PL) in GaN films, while the
materials synthesized at lower temperatures showed trap emission because of mid-gap states
introduced by gallium and nitrogen vacancies®. A similar behavior was observed for colloidal GaN
NCs synthesized in this study — all samples synthesized below 500 °C showed broad yellow-red
emission from trap states, however, starting from about 525 °C, GaN NCs showed predominantly
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band-edge ultraviolet PL (Fig. 2a,b). The transition from trap- to band-edge emission shows no
obvious correlation with TEM and XRD data, but the Raman spectra clearly correlate with the
emergence of band-edge PL (Fig. 2¢). Samples synthesized at 525 °C and above have well-defined
A1(LO) and Ez(high) GaN phonon modes and corresponding overtone peaks closely resembling the
Raman spectrum of CVD-grown GaN. In contrast, GaN NCs synthesized below 500 °C show very
weak and broadened Raman peaks, characteristic of disorder associated with vacancy defects in
analogy with GaN grown by MBE or CVD at low temperatures.*

Future Plans

This work just scratches the surface of colloidal nitrides that can be synthesized in molten inorganic
salts. Our results have demonstrated a general route toward colloidal metal nitride NCs using molten
halide salts and ammonia, where NH3 pressure allows controlling the reaction product morphology
by stabilizing colloidal nitride NCs against aggregation and sintering. Naturally, we anticipate the
emergence of colloidal nitride QDs for optoelectronic applications, backed by the prominence of GaN
semiconductor family. Beyond the nitrides, further development of synthetic methodology towards
colloidal NCs of other refractory materials with covalent bonds would be highly desired.
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Excitons in Low-Dimensional Perovskites

William A. Tisdale — Massachusetts Institute of Technology

Keywords: perovskite, exciton, transport, 2D, quantum dot, superlattice, spectroscopy

Program Scope

The goal of this continuing research effort is to obtain a deeper understanding of strongly bound
excitonic states in low-dimensional halide perovskites, and to understand how the behavior of
excitons in perovskite materials is affected by materials composition, structure, size, and
dimensionality. During the current funding period, we focus our attention on the movement of
excitons among low-dimensional building blocks in perovskite nanocrystal superlattices and mixed-
dimensional heterostructures. Efforts will be devoted both to the fabrication of well-defined
heterostructures and the investigation of exciton physics in those systems. Key experimental
techniques include high-magnetic-field spectroscopy, angle- and polarization-dependent emission
(photoluminescence) and absorption spectroscopy, and temperature-dependent femtosecond time-
resolved superresolution emission microscopy. The research program is executed by a highly
collaborative and international research team, including unfunded collaborators who bring expertise
in materials synthesis, spectroscopy, theory, and computation.

Recent Progress

All-perovskite multicomponent nanocrystal superlattices. Nanocrystal superlattices (NC SLs)
have long been sought as promising metamaterials, with nanoscale-engineered properties arising from
collective and synergistic effects among the constituent building blocks. Lead halide perovskite
(LHP) NCs come across as outstanding candidates for SL design, as they demonstrate collective light

emission, known as superfluorescence, in

. . Excitati ; Superfl
single- and multicomponent SLs. Thus —"" 7 d'?;c'@n @ upertidorescence
Irrusion

far, LHP NCs have only been assembled
in single-component SLs or coassembled
with dielectric NC building blocks acting
solely as spacers between luminescent
NCs. Here, we report the formation of
multicomponent LHP NC-only SLs, i.e.,
using only CsPbBr3 NCs of different
sizes as building blocks. The structural Figure 1. ABOetype CsPbBr;-CsPbBr; superlattice
diversity —of the obtained SLs comprisipg 5.3 apd. 17.6 nm CstBg nanocrystals. The
encompasses the ABOs, ABOs, and NaCl superﬁlttlces exhibit .en.hance;l excnog transport and

. ; superfluorescence emission from coherently coupled
structure types, all of which contain  panocrystals. Published work from this award (Sekh et al.,
orientationally and positionally locked ACS Nano (2024)).
NCs. For the selected model system, the
ABOes-type SL, we observed efficient NC
coupling and Forster-like energy transfer from strongly confined 5.3 nm CsPbBr3 NCs to weakly
confined 17.6 nm CsPbBr3 NCs, along with characteristic superfluorescence features at cryogenic
temperatures. Spatiotemporal exciton dynamics measurements reveal that binary SLs exhibit
enhanced exciton diffusivity compared to single-component NC assemblies across the entire
temperature range (from 5 to 298 K). The observed coherent and incoherent NC coupling and
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controllable excitonic transport within the solid NC SLs hold promise for applications in quantum
optoelectronic devices.
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Figure 2. Persistent enhancement of exciton diffusivity. (a) Experimentally measured diffusivity relaxation curve.
Exciton diffusivity of CsPbBr; NCs with OLA/OA ligands as a function of time between NC excitation events.
(b) Schematic illustration of the excitation memory effect leading to persistent enhancement of exciton diffusivity.
(c) Potential energy surface description of the phenomenon illustrated in panel (b). Black curves indicate the
electronic excited state and electronic ground state of the NCs. (d) Snapshot of a kinetic Monte Carlo (KMC)
simulation of exciton transport in a 2D NC array, which includes excitation memory effects. (¢) KMC simulation
results plotted as a function of time between NC excitation events, showing consistency with the experimentally
measured phenomenon. Published work from this award (Shcherbakov-Wu et al., Science Advances (2024)).

Persistent enhancement of exciton diffusivity in CsPbBr3 nanocrystal solids. In semiconductors,
exciton or charge carrier diffusivity is typically described as an inherent material property. Here, we
show that the transport of excitons (i.e., bound electron-hole pairs) in CsPbBrs: perovskite
nanocrystals (NCs) depends markedly on how recently those NCs were occupied by a previous
exciton. Using fluence- and repetition-rate-dependent transient photoluminescence microscopy, we
visualize the effect of excitation frequency on exciton transport in CsPbBrs NC solids. Surprisingly,
we observe a striking dependence of the apparent exciton diffusivity on excitation laser power that
does not arise from nonlinear exciton-exciton interactions nor from thermal heating of the sample.
We interpret our observations with a model in which excitons cause NCs to undergo a transition to a
metastable configuration that admits faster exciton transport by roughly an order of magnitude. This
metastable configuration persists for ~microseconds at room temperature, and does not depend on the
identity of surface ligands or presence of an oxide shell, suggesting that it is an intrinsic response of
the perovskite lattice to electronic excitation. The exciton diffusivity observed here (>0.15 cm?/s) is
considerably higher than that observed in other NC systems on similar timescales, revealing unusually
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strong excitonic coupling in a NC material. The finding of a persistent enhancement in excitonic
coupling between NCs may help explain other extraordinary photophysical behaviors observed in
CsPbBr3; NC arrays, such as superfluorescence. Additionally, faster exciton diffusivity under higher
photoexcitation intensity is likely to provide practical insights for optoelectronic device engineering.

Future Plans

A key focus for the coming year is visualization of exciton and charge carrier transport in 2D and 3D
halide perovskites. Using funds from this award we have purchased a Montana Instruments
Cryostation Microscope, which enables high stability optical microscopy at cryogenic temperatures.
Using spatially resolved transient photoluminescence, we will study exciton and carrier diffusivity in
single crystal and thin film (polycrystalline) perovskite materials as a function of temperature. A key
goal is to probe the mechanism of transport and assess the potential interplay between polaron
formation and exciton and carrier diffusivity.

10 Most Relevant Publications (citing support from this award over the past 2 years)

1. “Discovery of enhanced lattice dynamics in a single-layered hybrid perovskite”
Z.Zhang, J. Zhang, Z.-J. Liu, N.S. Dahod, W. Paritmongkol, N. Brown, A. Stollmann, W.S. Lee, Y.-C. Chien, Z.
Dai, K.A. Nelson, W.A. Tisdale, A.M. Rappe, E. Baldini
Science Adv. 9, cadgd417 (2023).

2. “Exciton Fine Structure in 2D Perovskites: The Out-of-Plane Excitonic State”
K. Posmyk, M. Dyksik, A. Surrente, D.K. Maude, N. Zawadzka, A. Babinski, M.R. Molas, W. Paritmongkol, M.
Maczka, W.A. Tisdale, P. Plochocka, M. Baranowski
Adv. Opt. Mater. 2300877 (2023).

3. “All-Perovskite Multicomponent Nanocrystal Superlattices”
T. Sekh, I. Cherniukh, E. Kobiyama, T. Sheehan, A. Manoli, C. Zhu, M. Athanasiou, M. Sergides, O. Ortikova,
M. Rossell, F. Bertolotti, A. Guagliardi, N. Masciocchi, R. Erni, A. Othonos, G. Itskos, W.A. Tisdale, T.
Stoferle, G. Raino, M. Bodnarchuk, M. Kovalenko
ACS Nano 18, 8423-8436 (2024).

4. “Coherent Exciton-Lattice Dynamics in a 2D Metal Organochalcogenolate Semiconductor”
E.R. Powers, W. Paritmongkol, D.C. Yost, W.S. Lee, J.C. Grossman, W.A. Tisdale;
Matter 7, 1-19 (2024).

5. “Persistent Enhancement of Exciton Diffusivity in CsPbBr; Nanocrystal Solids”
W. Shcherbakov-Wu, S. Saris, T. Sheehan, N.N. Wong, E.R. Powers, F. Krieg, M.V. Kovalenko, A.P. Willard,
W.A. Tisdale; Science Advances 10, eadj2630 (2024).

6. “Bright Excitonic Fine Structure in Metal Halide Perovskites: From 2D to Bulk”
K. Posmyk, N. Zawadzka, L. Kipczak, M. Dyksik, A. Surrente, D. Maude, T. Kazimierczuk, A. Babinski, M.
Molas, W. Bumrungsan, C. Chooseng, W. Paritmongkol, W.A. Tisdale, M. Baranowski, P. Plochocka; J. Am.
Chem. Soc. 146, 4687-4694 (2024).

7. “Vibrational Fermi Resonance in Atomically Thin Black Phosphorous”
N. Mao, S. Huang, L.G. Pimenta Martins, H. Yan, X. Ling, L. Liang, J. Kong, W.A. Tisdale; Nano Letters
10.1021/acs.nanolett.4c03592 (2024).

8. “Twisted Perovskite Layers Come Together”
W.A. Tisdale; Nature Materials 23, 1155-1156 (2024).
9. “Triplet Exciton Sensitization of Silicon Mediated by Defect States in Hafnium Oxynitride”

N. Nagaya, A. Alexiu, C.F. Perkinson, O.M. Nix, D. Koh, M.G. Bawendi, W.A. Tisdale, T. Van Voorhis, M.A.
Baldo; Adv. Mater. 2415110 (2024).

10.  “Exciton Transport in Perovskite Materials”
T.J. Sheehan, S. Saris, W.A. Tisdale; Adv. Mater. 2415757 (2024).
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Uncovering and surmounting loss mechanisms in light emitters

Chris G. Van de Walle, University of California, Santa Barbara

Keywords: first-principles calculations, recombination mechanisms, nonradiative recombination,

nitride semiconductors, halide perovskites

Research Scope

The aim of this project is twofold: to develop reliable first-principles methodologies for calculating

loss mechanisms in optoelectronic devices, and to apply them to technologically important materials.

A main focus over the past two years has been to explain defect-assisted nonradiative recombination

in semiconductors with bandgaps larger than ~2.5 eV, in which the traditionally invoked multiphonon

emission (MPE) mechanism becomes ineffective. We have addressed this by developing a first-

principles methodology that allows rigorous calculations of recombination rates based on trap-

assisted Auger-Meitner (TAAM) recombination (Figure 1).

The application of this methodology to nitride semiconductors, the key materials for solid-state
' [ e ' lighting, indicates that inclusion of TAAM processes can
enhance nonradiative recombination rates by orders of
magnitude, thus explaining how defects and impurities
contribute to efficiency loss in wider-bandgap materials—a
particularly important issue for ultraviolet light emitters.
We have also continued our work on halide perovskites,
materials that excel in photovoltaics and are being considered
for light emitting diodes (LEDs), but for which a fundamental
understanding of defect physics has been lacking. We obtained
important results on the role of iodine vacancies, on the trade-
off between toxicity (due to Pb) and efficiency, and on impact
of strain.

Our overall goal is to generate the fundamental knowledge that

is essential for improving efficiencies, and to provide guidelines

for overcoming the limitations.

Figure 1. Concept illustration depicting

the TAAM process at a Ca
substitutional impurity in a GaN
crystal. An incoming electron (red) gets
trapped in a localized state (purple),
and its energy is transferred to another
electron.

Recent Progress
Methodology

Defect-assisted nonradiative recombination limits the efficiency
of optoelectronic devices, and past first-principles calculations

were successful in elucidating the fundamental processes in
solid-state light emitters emitting at green and longer wavelengths. However, the traditional
mechanism based on multiphonon emission (MPE) [R1] fails to account for sources of loss in wider-
band-gap materials emitting in the blue or ultraviolet. We resolved this puzzle by taking into account
trap-assisted Auger-Meitner (TAAM) recombination.

Instead of releasing energy in the form of phonons, in a TAAM process the electron transfers its
energy to another electron that gets kicked up to a higher energy state (Figure 2). Such a mechanism
is conventionally referred to as the Auger effect, after Pierre Auger who reported it in 1923. It has
been noted, however, that Lise Meitner had already described the same phenomenon in 1922, hence
the renaming [R2].
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We have developed a first-principles methodology to
determine the TAAM recombination rate for defects s

@ C, b, (0)7;; D7, @7, BT, (e,

4

. 1 |2 Ta 1

and impurities in semiconductors. As a test case, we
. . . . . . Trap
focused on a calcium substitutional impurity in e

InGaN (Figure 1), where inclusion of TAAM results

in recombination rates orders of magnitude larger

than the recombination rate governed by MPE alone.
Our paper was published in Physical Review Letters
[P3].

Efficiency of nitride light emitters

Figure 2. Schematic diagram of trap-assisted
recombination processes: (a),(b): electron and hole
capture, either radiatively or nonradiatively via
MPE; (c)-(f): TAAM processes; (g): hole emission.

Inclusion of TAAM processes provides an

explanation for why defect-assisted recombination is detrimental to semiconductors with bandgaps

wider than about 2.5 eV—for which consideration of MPE
alone would lead to the conclusion that defects do not
cause efficiency loss.

Our computational formalism is general and can be applied
to any defect or impurity in any semiconducting or
insulating material. Carbon is a particularly worrisome
contaminant, not just in nitrides but in all (opto)electronic
materials, since it is abundantly present during synthesis
and processing of materials. Indeed, metal-organic
chemical vapor deposition (MOCVD), which is the most
widely used growth technique for nitrides, is performed
with metal-organic sources for the cations, leading to
unintentional carbon incorporation. As shown in Figure 3,
we explicitly calculated the rates of MPE, radiative, and
TAAM recombination. The results show that carbon can
lead to sizeable nonradiative recombination.

In addition, we performed an analysis as a function of
carrier density, including the previously neglected effect of
thermal emission. This allowed us to identify the regimes
where radiative recombination (carbon gives rise to yellow
luminescence) and hole emission would be observable
[R3].

In addition to these key results on recombination processes,
we have continued investigating other aspects that affect
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Figure 3. Calculated recombination rate as
a function of temperature for C concentration
10" cm™ and injected carrier concentration
10" cm™. Rt includes MPE, radiative and all
TAAM processes, while Rype includes only
MPE processes, and Rwvpgrd includes MPE
and radiative processes.

efficiency, including band-to-band AM recombination [P6] and impact of impurities on doping [P9].
Doping is a particular problem for ultraviolet light emitters, and polarization doping [R4] has received
attention as an attractive alternative. In previous DOE-supported work [R5] we pointed out that
calculations of polarization fields in nitride semiconductors suffered from two serious errors. It is
only more recently that these concerns have been taken seriously by researchers in the field,
particularly due to the discovery of ferroelectricity in nitride alloys, which highlights the need for
adopting the formalism outlined in Ref. [R5]. We have continued our investigations of polarization
fields in nitrides in order to elucidate their role in carrier generation [P2] and applications in novel

nitrides [P8].
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Loss mechanisms in halide perovskites

Halide perovskites, such as methylammonium lead iodide MAPbI3, are highly promising materials
for efficient solar cells and light emitters. Despite the remarkable success, the fundamental
mechanisms that are responsible for the high efficiency are still vigorously debated. We have
continued to make substantial progress in understanding and quantifying the role of point defects in
halide perovskites. The halide perovskites have been frequently cited as being “defect tolerant.” Our
work firmly established that these materials are equally prone to defect-assisted nonradiative
recombination as conventional semiconductors. Rigorous evaluation of capture coefficients based on
configuration coordinate diagrams calculated with a hybrid functional and including spin-orbit
coupling is essential. A Perspective paper was published in the Journal of Applied Physics [R6].
One defect that has been widely invoked is the iodine vacancy (71). We examined this proposition by
performing rigorous calculations of V1 in CsPbls, CsSnls, and CsGels. Our results show that V1 does
not have any transition levels in the bandgap in CsPbls; it does introduce levels in CsSnls and CsGels,
but our computed capture coefficients demonstrate that it has a negligible impact on nonradiative
recombination. Our study thus shifts the focus toward identifying and mitigating actual recombination
centers in order to further improve the optoelectronic performance. A paper was published in PRX
Energy [P1].

Toxicity remains one of the major challenges that prevent Pb-based halide perovskites from
widespread utilization. Ideally, non-toxic alternatives (e.g., based on Sn) can be identified while still
maintaining superior power conversion efficiency. In the spirit of systematic studies of point defects,
we set out to investigate halogen interstitials, which are strong recombination centers in CsPbls [R7].
We found that due to the band offset between CsSnls and CsPbls, the dominant recombination center
changes from the iodine interstitial in CsPbls to an iodine antisite in CsSnls. The latter is an even
stronger nonradiative recombination center than the iodine interstitial. The existence of such a highly
efficient recombination center constitutes an intrinsic limitation on the performance of Sn-based
halide perovskites. Our study thus implies that there is a trade-off between toxicity and efficiency
when switching from Pb-based to Sn-based perovskite solar cells. A paper has been published in
Angewandte Chemie [P10].

We also completed a study of the impact of strain on band structure of halide perovskites, in
collaboration with experimentalists. The results produced three key insights into the nature of the
band-edge electronic states and their impact on charge-carrier dynamics: (i) the bandgap energy in
the bulk is lower compared to the surface; (ii) the Rashba-type band splitting is larger in the bulk
compared to the surface; and (iii) fast radiative recombination occurs in the bulk from carrier
funneling and strong one-photon transitions even from the extrema of Rashba-split bands. Carriers
diffuse away from trap-rich surface states and recombine efficiently within the bulk (Figure 4) despite
the significant band splitting that has been argued to inhibit efficient radiative recombination. The
paper was published in PRX Energy [P7].
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Future Plans

In terms of methodology, we plan to extend the TAAM
formalism to cases where there are multiple bound states in
the bandgap, and make the software for TAAM
recombination publicly available. For nitride light emitters,
we are investigating transition-metal impurities as
nonradiative recombination centers, and the role of AM or
TAAM processes in degradation of UV light emitters. We
also plan to investigate the impact of TAAM on efficiency

loss in halide perovskites.
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Optical, Electrical and Magnetic Studies of Hybrid Organic-Inorganic Perovskites

Zeev Valy Vardeny, Physics & Astronomy Department, University of Utah

Keywords: Hybrid organic inorganic perovskites, cw and picosecond transient optical studies,
magneto circular dichroism, Rashba exciton, Landé g-factor

Research Scope

This is an experimental effort focused on the fundamental science of hybrid organic/inorganic halide
perovskite (HOIP) semiconductors. Through optical, electrical and magneto-optical studies of
pristine 3D hybrid perovskites, Cs-based halide perovskites and 2D HOIP compounds, we investigate
a number of fundamental scientific questions with important ramifications on potential applications
of these materials. In particular, we address key aspects associated with the strong spin orbit coupling
(SOC) in these compounds that may lead to Rashba-splitting in their continuum bands and influence
the exciton fine structure [1].

Recent Progress

(i) Transient and cw magneto-optical studies of MAPbBr; crystals, films and LEDs
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Figure 1: Transient photoinduced quantum beatings in MAPDbBr; single crystal excited at 405 nm measured at various
magnetic field strengths at 4 K. Magnetic field dependence of the transient Kerr Rotation dynamics measured on (010)
facet with B directed along [001] (a-d); and on (001) facet with B along [010] (e-h), using probe beam at 552 nm. The
insets show the corresponding FFT spectra with two FFT peaks for the fast (electron) and slow (hole) oscillatory

frequencies, respectively. (d) and (h) The fast and slow QB frequencies vs B and the anisotropy of the obtained electron
and hole Landé g-factors [2].

Picosecond time resolved and cw magneto optical methods were used for studying the spin-related
properties of excitons and photocarriers in methyl-ammonium lead bromide (MAPbBr3) thin film,
single crystal and light emitting diodes (LED), focusing on the Land¢ g-values of these species [2].
Using the transient circularly polarized photoinduced quantum beatings (QB) under an applied
magnetic field, B in MAPbBr3 single crystal, we obtained the anisotropic Landé g-values of electrons
for B field along [010] and [001]: ge along 001 = 2.15 and ge along 010 = 1.75, and for holes |gn| along
001 = 0.42 and |gn| along 010 = 0.60. We also used the magnetic circular dichroism method for
measuring the bright excitons’ g-value, gex=get+gn = 2.24. From these two types of measurements we
conclude that gn > 0 in MAPDbBr3. This conclusion was corroborated by measuring the magneto-
electroluminescence response of MAPbBr3 based LED.

This work has been published in Phys. Rev. B 109, 014316 (2024)[Ref- 2].

(ii) Provisional Patent in the field of Quantum Information Science. We have achieved control of

the photoinduced electron Larmor frequency in the transient pump-probe quantum beatings in HOIP
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films via a third cw or pulsed circularly polarized laser beam, which strongly polarizes the nuclear
spins of these materials. This led to an invention that was submitted to the UofU patent office in 2023.
In 2024 it has been decided to go to the next phase and submit a provisional patent in the field of
Quantum Information Science; QUANTUM BITS AND FAST SWITCHES BASED ON HYBRID ORGANIC
INORGANIC PEROVSKITES

Figure 2: The influence of the photoinduced CW

Pump 387 Snm/probe 552nm @4K A X
Overhauser magnetic field that is generated by
CW iaser (447nm) T . . . .
o D e the nuclear spin polarization, on the transient
550MHZ ——0.2mW (RCP)

i A quantum beating measured by pump-probe
1 S transient photoinduced Kerr effect associated
with the electrons’ Larmor frequency in
MAPDLBr; crystal measured at 4K [2]. This
o demonstration has led to a patent disclosure in
2023 in the field of ‘quantum bits’.
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(iii) Thermalization and spin relaxation dynamics of localized photocarriers in the band tails
of nanocrystalline MAPbBr3 films

We have studied the spin properties of localized photocarriers in the band tails (BT) of polycrystalline
MAPDBr3 films having nanometer crystal size, using circularly polarized photoluminescence (PL)
induced by magnetic field up to 17.5 T at cryogenic temperatures, as well as time-of-flight (TOF)
transient photocurrent [3]. The absorption spectrum of these films reveals BT states caused by
structural and energetic disorder, having a relatively large Urbach edge of 25 meV. This is
corroborated by dispersive transport of photogenerated electrons and holes observed via TOF
photocurrent, where the photocarriers thermalize with time more deeply into the BT states giving rise
to time dependent mobility. Consequently, the PL emission spectrum in these films originates from
radiative recombination of the localized electron and hole pairs in the BT states. Upon applying a
magnetic field in the Faraday configuration, field induced circular polarized PL has been observed,
from which an effective Landé g-factor of the localized e-h pairs, ge-n, was extracted to be 2.5+0.2; in
good agreement with the g-factor of free excitons measured using magnetic circular dichroism
spectroscopy. In addition, we also found that the spin relaxation time for the e-h pairs in the BT states
is ~ 26 ns at 5K, and ~ 10 ns at 80K indicating that nanocrystalline MAPbBr3 films could be a good
candidate for applications in spintronics and quantum information science.

This work has been published in ACS Photonics, 11, 4588—4596. October 18, 2024 [Ref. 3].
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Figure 3. False color 2D contour plot of
the field induced PL circular
polarization spectrum, P.(B, T,E), at (a)
various cryochamber temperatures at B
-17.5 T, and (c¢) various B. at
cryochamber temperature T = 5K. (b) P.
of the LE band (black squares) and HE
band (red circles) as a function of the
cryochamber temperature T, at B. = -
17.5 T. The inset shows the sample
temperature, @ at different chamber
temperatures T. (d) P, of the HE and LE
bands as a function of B., at T = 5K. The
lines thru the data points are fits [3] from
which we obtained the Landé g-value of
the excitons [3].
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(iv) Landé g-factor spectroscopy of photoexcitations in two-dimensional HOIP films

Figure 4. Magnetic circular dichroism
(MCD) spectra of 2D-PEPI film measured at
two field polarities of B=415 mT at 3K that
are related with various excitons. (a) The
three zero-crossings (marked by green
ellipses) associated with the free exciton
(EX1) and its phonon replicas, EX2 and
EX3, respectively. (b) The zero-crossing
associated with the trapped exciton, EXr. (c)
MCD spectra of the interband (IB) transition
related with the 2D continuum that peaks at
the optical bandgap, E,. (d) The Zeeman
splitting energy extracted from the MCD
spectra vs. the field B, from which the Landé
g-factor of the various excitons are obtained
(see text below).
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We have studied the Landé g-factor in two-dimensional phenethylammonium lead iodide (2D-PEPI)
films using magneto-circular dichroism (MCD) at magnetic field (<0.5 T), complemented by a variety
of cw spectroscopies that includes absorption, steady-state photoluminescence (PL), and
electroabsorption. These methods enabled a detailed analysis of the g-factors associated with various
excitons in this compound, including trapped excitons (EX), free excitons (EX), and interband (IB)
loosely bound electron-hole pairs. Our MCD analysis reveals a distribution of g-factors across the
absorption spectrum of 2D-PEPI (see Fig. 4). At 7=3K, we measured gext = 1.0+0.2, gex=1.72+0.03,
and g/5=2.0+0.2. The various obtained g-values may be used as a new ‘g-value spectroscopy’ tool for
identifying various photoexcitations in HOIP semiconductors. Notably, we observed a strong negative
temperature dependence of gz, which aligns with a recent model based on ‘many-body’ interaction.
We have also observed in PEPI a ‘soft’ phase transition at ~150K, which arises from thermal
disturbances that induce local structural disorder.
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This work has been written and will be submitted shortly.

Future Plans

Our future plan may be divided into two different avenues. Since the present DOE grant would end
in August 2025 we will continue to study the optical and magneto-optical properties of 2D HOIP with
emphasize on chiral compounds. We have preliminary data on MCD spectroscopy of chiral 2D MBA,
which is a prototype chiral HOIP. These results would probably be the basis of another publication
in 2025. We have also started to measure circularly polarized Raman scattering of the chiral MBA
compounds for studying ‘chiral phonons’ in these materials. We hope that these studies would be the
basis of an additional support period funded by the DOE BES program in the near future.
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Keywords: spin-filtered currents, quantum dots, circular dichroism, chiral imprinting, triplet energy
transfer
Research Scope

This project explores design features that promote efficient charge transfer in nanoparticle-
based materials which form by self-assembly. The symmetry breaking that arises in chiral molecules
and nanostructures manifests in unusual electronic and magnetic properties, e.g., spin-filtered electron
currents at room temperature. Our team is building upon these earlier discoveries in an effort to
elucidate how a chiral nanostructured material’s architecture and chiro-optical properties can be
designed to promote efficient charge and spin transfer. We are proceeding along two major thrusts.

e Thrust 1 activities are elucidating the differences between the transport of an electron’s spin and
that of its charge through chiral quantum dots (QDs) and QD networks. We have begun by
examining spin-filtered currents in QDs and QD films as a function of their electronic chirality,
as measured by circular dichroism spectroscopy.

e Thrust 2 is developing methods to synthesize and study chiral nanoparticles that are doped with
metal ions (d- and f-block) to examine how the chiral symmetry breaking can be exploited to
impart spin-filtering properties and circularly-polarized luminescence properties to the materials

Our interdisciplinary team consists of researchers at the University of Pittsburgh, Duke University,
and the Weizmann Institute of Science.
Recent Progress

Over the past year we have examined the correlation between circular dichroism spectra and
the role of chiral-induced spin selectivity (CISS) in energy transfer, electron transport, and circularly-
polarized luminescence.

Chiral imprinting. III-V quantum dots are attractive alternatives to those based on
chalcogenides because of their wide and tunable range of band gaps and their potential for eliminating
heavy metals with indium or gallium. Circular dichroism and circularly-polarized photoluminescence
have not yet been demonstrated in these materials. We are investigating strategies to imprint chirality
on indium phosphide QDs, an archetypal member of this family. In this ongoing investigation, we are
focus on optimizing the ligand exchange process in order to boost both CD and photoluminescence
intensity. Subsequent studies on optimized systems will determine the dissymmetry factor in
circularly-polarized photoluminescence and in the spin-dependent electron currents, using mc-AFM
and/or FET devices with magnetic contacts.

Chiral-induced spin selectivity to manipulate triplet energy transfer processes. To study CISS-
induced modulation of triplet energy transfer (TET) rates, we constructed systems comprising
molecular triplet acceptors (TAs) bound to the surfaces of quantum dot (QD) donors, and we inferred
TET rates from the photoluminescence (PL) decay kinetics of the donor measured by time-correlated
single photon counting (TCSPC). Repeatable differences between TET rates when the donor is
excited with left- and right-handed circularly polarized light, that reverse when the handedness of the
system 1is flipped, should provide compelling evidence for this effect. To enforce consistent
directionality of the exciton spin polarization and the direction of TET necessary for CISS to manifest,
we assembled the donor-acceptor systems onto the surfaces of large (~1 pm) SiO2 microbeads so that
TAs predominantly attach only to the side of the QD donors struck by the TCSPC excitation pulses.
In our previous report, we investigated systems in which CdS@ZnS core@shell quantum dots (on
which chirality can be imprinted) served as the donor and found that their PL quenches significantly
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in the presence of achiral triplet accepting molecules based on anthracene and pyrene chromophores,
and subsequent efforts have been directed towards optimizing related systems. TCSPC measurements
on these QD-TA systems assembled onto SiO2 microbeads have not displayed a consistent response
of donor fluorescence decay kinetics to the polarization of the emission. We suspect that while triplet
energy transfer appears to be occurring, it is relatively slow compared with the spin depolarization
time of the photoexcited electron (~1 ns), negating any effect that CISS would have.

Spin filtering in quantum dot assemblies. This work explores structure-property relationship
development for chiral quantum dot assemblies in order to identify attributes of CISS-based
phenomena. Through a series of studies on quantum dot (QD) films in which we can systematically
tune the strength of their ‘electronic chirality’, as measured by the circular dichroism (CD) strength
of the chiral CdSe QD’s first exciton transition, we have examined how the film’s propensity to
transmit pure spin currents and to spin filter charge currents changes with the QD’s CD transition
strength. The experiments show that both pure spin transport and spin-polarized charge transport
correlate with the CD strength, Ae, of the chiral QDs lowest energy exciton band, supporting the use
of CD as a predictor for spin-dependent transport measurements. The spin-dependent charge current
follows a sigmoid shape with Ag for its magnitude and is enantiospecific, i.e., its sign depends on the
enantiomorph of the material. The pure spin current increases linearly with |A¢| and arises from the
chirality, or helicity, along the transport direction, but is not enantiospecific. These experimental
observations can be rationalized by a chirality-induced unconventional spin-orbit coupling model,
which offers a new perspective on the role of chiral symmetry and the electric field associated with
the charge motion on the CISS effect. This work was performed in collaboration with Prof. Dali Sun
of North Carolina State University. Additional studies are exploring the effects of chiral ligands on
carrier transport in quantum dot solids.

Chiro-optical and spin filtering properties of doped chiral semiconductor materials. We are
investigating how chiral materials, namely R- and S-1-(1-naphthyl) ethylammonium lead bromide
(R- and S-NEA):PbBrs perovskite 2D films, can be used to promote circularly-polarized
luminescence (CPL) from lanthanide dopants. Two main strategies are being explored: 1) direct
substitution into the perovskite lattice and 2) as a tetrakis-f-diketonate complex (EuLas) that
intercalates between the perovskite sheets. Successful sensitization of Eu®* is observed for both
doping mechanisms, i.e. fluorescence spectra of 2.5% Eu @ (R-NEA):PbBrs (blue) and (S-
NEA):PbBrs4 (green) perovskite thin films and 5%FEuls @ (R-NEA)PbBrs (black) and (S-
NEA)2PbBr4 (red) perovskite thin films. Clear differences in the CPL become manifest, a broad CPL
signature is observed for direct substitution; however, CPL is observed at each transition when the
perovskite is doped with the Eu complex and suggests different mechanisms for sensitization. We
posit that the octahedral crystal field of the perovskite leads to symmetry constraints on the Eu**
electric dipole transitions and therefore limits the observable transitions in the CPL spectra.
Conversely, for the EuL4 dopants, we hypothesize that host-guest interactions dominate; i.e., the
perovskite’s chiral organic ligands organize the ligand shell of Euls in a chiral manner and is
responsible for generating the CPL. Ongoing control experiments are focused on verifying these
suppositions.

Theoretical studies of chiral imprinting. Past studies of chiral imprinting focused on detailed
atomistic quantum chemical modeling of adsorbates on perovskites nanocrystals and nanoplatelets.
These studies are producing an appealing qualitative picture of how adsorbate distributions can
influence the CD signatures of these structures. However, the studies are costly in terms of
computational time, and the large size of the structures makes the challenge of energy minimization
intractable. As such, one can explore plausibility argument, but it is difficult to bring the analysis to
a more rigorous point of providing specific design principles. Some of the earliest imprinting studies
of our team (dating to 2006) resorted to an empirical quantum chemical approach, sacrificing
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chemical detail while capturing coarse-grained structure function relationships. With a new graduate
student, the Beratan group is deploying free electron, effective mass, and tight-binding methods to
explore how the gross features of nanoparticle shape and composition influence the circular dichroism
response of achiral nanostructures to chiral imprinting. These methods will be used in collaboration
with experimental studies to develop strategies to control the circular dichroism of nanostructures and
the spin polarization response. Related studies focus on symmetry breaking in achiral structures that
are induced upon circularly polarized excitation.

Future Plans

e We are working to optimize the chiral imprinting on quantum dots; we plan to examine their
spin filtering properties using mc-AFM measurements and their performance for circularly-
polarized luminescence.

e We will continue and complete the project investigating the role of CISS on triplet energy
transfer.

e We will examine how CISS affects spin and electron transport through quantum dot networks
whose chiral features are controlled through ligand and nanoparticle design. These studies
will use the platform which we have developed in our labs and will use a commercial PPMS
instrument, now available at the University of Pittsburgh.

e We will examine the correlation between the chiroptical response and the spin-filtering
performance of doped quantum dots. We will prepare doped chiral nanoparticles and examine
how imprinting chirality can affect the spin-filtering and circularly-polarized luminescence
involving the dopant levels. We will measure the spin-filtering performance using mc-AFM
and the FET structures; and we will measure the CPL and CD spectra.

e We will continue and complete the project in which we are introducing chiral elements into
semiconductor nanomaterials to promote circularly polarized luminescence. The outcomes of
this effort will guide the next steps in promoting circular polarized luminescence of
semiconductor materials.

e We will continue the theoretical studies of chiral imprinting on nanoparticles of various shapes
and compositions to understand how the CD response may be maximized.

e We will continue quantum dynamical studies of how achiral chromophores that are
photoexcited by circularly polarized light may relax to structures with a preferred handedness.
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Light-Matter Quantum Control: Coherence and Dynamics
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Keywords: Coherent control, topological materials, spintronics, non-equilibrium dynamics, ultrafast
optics

Research Scope

We aim to significantly advance the understanding and control of quantum dynamics and quantum
transport processes mediated by coherence. We seek to optimize the initial pathways of photoenergy
conversion and photocurrent transport—even in systems with impurities, grain boundaries, and
complex microstructures by harnessing quantum coherence and non-equilibrium dynamics.
Achieving nearly dissipationless current has far-reaching implications across topological electronics,
spintronics, and photovoltaics, paving the way for next-generation microelectronics and quantum
functional systems. Our approach involves characterizing the temporal, spatial, and energetic
evolution of electronic, vibrational, and quantum geometric properties, as well as collective modes.
We focus on materials that exhibit exceptional spin and charge coherence, symmetry, and chirality.
We will uncover cross-cutting principles that govern coherent nonlinear coupling, enhanced
photocurrent generation, and robust transport in topological, magnetic, and photovoltaic materials.
This interdisciplinary effort brings together experimentalists—specializing in ultrafast and terahertz
spectroscopy and nano-imaging—and theorists with expertise in out-of-equilibrium simulations. Our
research directly supports the DOE Transformative Opportunities in Harnessing Coherence in Light
and Matter and Exploiting Transformative Advances in Imaging Capabilities across Multiple Scales.
Recent Progress

e Ultrafast Chirality Switching in a Correlated CDW-Weyl Semimetal

We demonstrate that fluence-dependent photocurrents enable controlled transitions within
topological semimetal (TaSes):l, shifting it sequentially from a polaronic state to a charge density
wave (CDW) state, and ultimately to a concealed Weyl phase. The manipulation of chirality in
correlated topological states through ultrafast photoexcitations represents a new control concept
inaccessible via conventional experimental techniques like DC transports and static-state
spectroscopic measurements.

Paper reference [1]: Nature Communications, 15, 785 (2024).

e Coherent transfer of lattice entropy via extreme nonlinear phononics in photovoltaic perovskites
This work addresses a long-standing hypothesis that unique entropy transfer pathways are
fundamental to the remarkable optoelectronic properties of metal halide perovskites. We revealed a
bidirectional and coherent transfer of lattice entropy, facilitated by the immense anharmonicity of
organic cations and inorganic lattice quantized motions. These findings have significant implications
for the coherent nonlinear control of perovskites in optoelectronics and energy conversion,
particularly for achieving operations at terahertz frequencies.

Paper reference [2]: PRX Energy, 3, 023009 (2024).

e Extreme terahertz frequency magnon multiplication

The concept of magnonic multiplication stands as one of the most tantalizing yet enigmatic frontiers
in the pursuit of THz nonlinear magnonics. We demonstrated exceptionally high-order terahertz
nonlinear magnonics utilizing resonant excitation of collective spin wave modes with long-lasting
quantum coherence that persists well after the laser pulses. The distinct magnon multiplication peaks
demonstrate a “super” resolution tomography of long-lived interacting magnon quantum coherences.
Paper reference [3]: Nature Communications, 15, 3214 (2024).

e Quantum dynamics simulations of coherent phonon-induced carriers pumping
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First-principles quantum dynamics simulations of a laser-driven ZrTes system predict dynamical
carrier density evolution consistent with experiments. The success of predictive nonequilibrium
simulations highlights an opportunity to theoretically design protocols to dynamically control
materials properties.

Paper reference [4] : Communications Physics, 6 (297) (2023).

Future Plans

e Coherent control of topological correlated states of matter

We will detect and control Landau-quantized Dirac fermions and axion collective modes through
terahertz (THz) two-dimensional coherent spectroscopy (2DCS). The presence of topological conical
bands gives rise to unique high-order harmonic generation and multi-wave mixing peaks in the 2DCS
spectra that are absent in Landau systems with conventional parabolic bands.

e Achieve light-induced phononic exitonic insulator phase transitions

We will provide distinguishing evidence of dynamic exitonic insulator periodically driven by
phonons. Coherent control of this new state of excitonic matter will be achieved using THz pulse pair
excitations.

e Harness THz near-fields to achieve real-space visualization of quantum spin Hall States

We will detect conductive chiral edge modes associated with dissipationless current-carrying chiral
edge in real space using magnetic cryogenic scanning near-field spectroscopy. We will search for
light-induced Fermi arcs by THz nano-imaging of topological plasmons.

e Theoretical modeling of the coherent responses and quantum dynamics by computing multi-order
correlation functions and time-frequency spectra.

We will simulate new features from measured quantum dynamics, nonlinear phononics and

photocurrent transport. We will perform the 2D THz spectra simulations using time-dependent

density functional theory and quantum kinetic density matrix theory.
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Explore Nonlinear Response Induced by Berry Curvature in Layered Topological Semimetals
Ying Wang, University of Wisconsin-Madison
Keywords: Nonlinear Hall effect, Weyl semimetal, structural-property relationship, RF light matter
interaction
Research Scope

The aim of this project is to investigate the quantum geometrical properties and its associated energy-
efficient nonlinear electrodynamics in emergent layered topological semimetals. Emerging
topological semimetals offer a unique platform for exploring nonlinear quantum phenomena rooted
in the geometric properties of electronic wavefunctions. In particular, type-II Weyl semimetals such
as WTe2 and TalrTes exhibit a striking nonlinear Hall effect (NLHE) in the absence of magnetic
fields, originating from the diverging Berry curvature near tilted Weyl nodes' . Each chiral Weyl
point acts as a monopole of Berry

curvature—an effective magnetic field in (3) Nonlinear Hall Effect (b)Diverging Berry curvature
momentum space—which imparts
anomalous transverse velocities to charge /(CU 0
carriers under an applied electric field. This ) I’
effect manifests as a second-order nonlinear E v
response characterized by a transverse DC %Iogucal semimetal

current Jao(w —w)orj,2w) « ke I.sC
XavcEp(W)E (@) + ++ where a,b,c €

(x,y,2), E,,E,. are alternating electric field

and y,p. 1s nonlinear conductivity tensor tied fa(o) o Ey()Ec(-w) [, fo(Bp2)

to the Berry curvature dipole* (see in Fig 1).

While NLHE has been demonstrated under  Fig 1. Nonlinear Hall effect in topological semimetals,

low-frequency AC fields (<I kHz), it is converting alternating longitudinal current I(w): to transverse
q y ( ) direct current V(0) or V(2w).-:Such effect is determined by

unkr}owq how W‘?ll this ‘mechanism (?an diverging Berry curvature (1 in momentum space, which is
persist in the higher frequency region  pighlighted in red and blue.

including radiofrequency, which is essential

for practical energy harvest applications. Second, even under low-frequency conditions, the intrinsic
and extrinsic factors controlling this nonlinearity are not well understood as reported rectification
efficiencies vary widely. This project aims to address both challenges by experimentally probing the
frequency-dependent NLHE arising from Berry curvature dipole and identifying the microscopic
parameters that govern the strength of this quantum-geometric response. Insights from this work will
not only deepen the understanding of the fundamental relationship among electrodynamics, lattice
symmetry and Berry curvature but also pave the way for novel nonlinear optoelectronic devices
rooted in quantum geometry.
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Recent Progress

1. A giant nonlinear response arises from the interplay of topology and strong correlation

The interplay between  strong
electronic correlations and band
topology is a fertile ground for
discovering emergent quantum phases
and transitions, such as the fractional
quantum spin Hall effect and
topological superconductivity. While
nonlinear electrical responses can
sensitively probe both symmetry and
topology, their role in systems where
topology coexists with electron
correlation remains largely
unexplored. Here, we report a giant
nonlinear Hall response in the few-
layer topological semimetal TalrTea,
arising from the interplay between
topological band structure and a
correlated charge density wave
(CDW) state. In the Fig 2, below
critical temperature Tc~60K and
critical current Ic~20 uA, we discover
a new state which greatly enhanace the

(b)

(a) shittale AOAAARYAR,

SRk ARARAAAAR,
PN PNEN
Ls
B oTa  oIr  ,Te
La
V3 (uv)
() .
24
20
=
a’_(g‘!s

tate Il

<~ ®© N ©

20

IRH8SIFUB38 8RS BB
Temperature (K)

Fig 2. nonlinear Hall measurement in TalrTe4 (a) crystal structure of

TalrTe4 (b) NLH device schematics (c) a new state II largely enhances

nonlinear response below critical temperature Tc~60K and critical

current Ic~20 pA.

nonlinearity in TalrTes. This correlated phase (state II) is identified through the emergence of a
Raman amplitude mode, enhanced second harmonic generation, and nonlinear symmetry analysis
(see in Fig 3). The combination of nonlinear transport and optical measurements also points out such
CDW is one-dimensional along the Ta chain. First-principles calculations reveal that the CDW
induces a redistribution of Berry curvature and Berry curvature dipole, which underlies the enhanced
nonlinearity. Our findings demonstrate that the coupling between topology and strong correlations

can give rise to unconventional
nonlinear transport and establish
electrical nonlinearity as a powerful
probe for accessing complex
quantum  phase diagrams in
correlated topological materials.
Moreover, its  recorded-high
nonlinear susceptibility at both
cryogenic and room temperature
also makes it competitive for
nonlinear device development, such
as energy harvesters and RF
detectors.

2. Nonlinear response in THz

Raman Intensity (a.u.) '

0.10 (b)

Temperature (K)

g--ee o'

| S I
60 70 80 90 100 110
Raman Shift (cm’l )

Fig 3. (a) The rising of a new peak at ~83 cm ! emerging below 60 K
indicates the amplitude mode in the CDW phase. (b) Polarized SHG
patterns of TalrTe4 at 1.7 K with enhanced anisotropy along a axis
supports the 1D nature of the CDW phase.

region arises from Berry curvature dipole in Weyl semimetal TalrTeq
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Realizing the full potential of THz technologies requires a deeper understanding of light-matter
interactions at ultrafast timescales and strong coupling regimes. Here, we demonstrate that the
nonlinear Hall effect (NLHE)—traditionally explored at low frequencies—can serve as a new
fundamental mechanism for THz optoelectronic response in the 2D correlated topological semimetal
TalrTes (see in Fig 4). This finding establishes NLHE as an intrinsic, symmetry-protected process
that can operate across the ultrabroadband THz range (0.1-10 THz), with its strength directly tied to
the underlying electronic band structure and Berry curvature dipole. We also find that Berry curvature
dipole, strongly related to the strong correlation
state in this material can be controlled
electrically. Therefore, through electrostatic
gating, we modulate the electron correlation
strength and Berry curvature dipole, which
demonstrates a dramatic enhancement of
performance with large zero-bias responsivity
(R ~ 18 A/W) and high sensitivity (NEP ~ 0.05
pW/Hz'"?) and picosecond-scale response
times. Combined with first-principles
calculations, the mechanism can be understood - *
by the picture that the electron correlation in
2D TalrTe4 induces substantial band
renormalization with abundant band crossings
and inversions around the Fermi level, which
leads to drastic changes in the Berry curvature

Giant Berry curvature
in few-layer TalrTes
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Fig 4. (a) Schematics for THz sensing mechanism based on
Berry curvature. (b)THz responsivity as a function of gate
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and density of states, and greatly enhanced
NHE. By building upon the strong THz light-
matter interaction and large gate tunability of
few-layer TalrTes, our work not only advances
the understanding of THz nonlinear

bias and temperature. the hot spot of responsivity responses
to the emergency of strong correlated states. (c) THz
sensing performance comparison among electronic-type
THz detectors.

electrodynamics in 2D correlated topological semimetals, but also paves the way for developing high-

performance intelligent THz sensing technology.
Future Plan

A key direction of our future research is
to uncover the fundamental mechanisms
by which external perturbations—such as
strain—modulate the Berry curvature
dipole and their determined nonlinear
electrodynamics in topological
semimetals. Since the Berry curvature is a
geometric property of the electronic band
structure, it is highly sensitive to lattice
symmetry, electronic degeneracies, and
band topology. Strain can break or lower
crystal symmetry, shift Weyl node
positions, and reshape the energy

tensity(Count)
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Fig 5. Strain cell enables in-situ strain control in target

landscape, all of which may dramatically
alter the Berry curvature distribution®’. To
realize this, we will combine in-situ strain
tuning via piezoelectric platforms and

flakes. (a) strain cell coupled into cryostat in our lab (b)
2D flake in a gap substrate whose strain can be
controlled by strain cell (¢) In-situ Raman spectroscopy
characterize strain level in the flake.
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strain characterization via Raman spectroscopy (see in Fig 5). We will measure nonlinear Hall and
nonlinear electrodynamic response under variable conditions. By correlating these controlled
perturbations with changes in nonlinear response, supported by first-principles calculations, we aim
to establish a quantitative framework linking material imperfections and symmetry breaking to
quantum geometric responses. This work will provide deep insights into nonlinear phenomena arising
from Berry curvature in topological systems and lay the foundation for advance the design of next-
generation, symmetry-engineered quantum materials.
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Program Scope

The properties of semiconducting nanowires (NWs) are governed by a rich interplay of
dimensionality, bonding characteristics, and emergent nanoscale phenomena. This program integrates
atomically precise synthesis (spanning from molecularly thin to mesoscale dimensions), state-of-the-
art electron microscopy, ultrafast XUV spectroscopy, and advanced theoretical modeling. Our goal
is to develop a fundamental understanding of structure-property relationships in low-dimensional
semiconductor NWs, paving the way for next-generation nanotechnologies in energy, photonics, and
quantum applications.

Recent Progress

1. Molecular scale supramolecular assembly: The [MXs]" (M = Pb**, Te**, Sn*" etc.; X = CI', Br, I
) metal halide ionic octahedral units are the fundamental building blocks and functional units in metal
halide perovskites. Aiming to construct molecular one-dimensional (1D) wire structures, significant

efforts have focused on the rational design o

and precise control of the assembly | 2 "M OO g g ST CL () CayzrsnTontPy cl

process. Incorporating five or more n——

different types of metal halide octahedra "sassembly

creates a system with heterogeneous

energy landscape, increasing the . ‘

configurational entropy of the system, crodsce A

which then enhances the entropy of LN /? sggtﬂ o, S ecsa e

mixing, and in turn lowers the Gibbs free [;‘EZXEF E%’E

energy of formation, favoring the A k238

stabilization of a single-phase high- s J 3.8 4

entropy system. Taking advantage of the | Figure 1. (a) Self-assembly of [MCls]** octahedra and Cs*

low cohesive energy and solution cationls t?b)f(}rlr:l high entlrop}ll halide lE)leroxiskti‘u’;t sifngle
15 : . crystals. € supramolecular ass€m strate rom

processability of halide perovskites, we |\ \\J 13 2o ratedron to (1SC6@ANMVIX.,

synthesized high-entropy metal halide
perovskite single crystals by incorporating five to six different [MXs]*>~ octahedra into a single-phase
structure at as low as room temperature (Figure 1a). Selected compositions exhibit notable
photoluminescence (PL) and tunability in optical properties.! To enhance design flexibility,
supramolecular cations are introduced as counter cations to assemble metal halide octahedra, yielding
a family of dumbbell-shaped (crown ether@A)2M(IV)Xs (crown ether = 18-Crown-6 (18C6), 21-
Crown-7 (21C7); A = Cs*, Rb", K'; M = Te*', Sn*", Se*', It*', Pt*", Zr*", Ce*; X = CI,, Br, I
structural units in solution, which can be further packed into various three-dimensional crystal
structures (Figure 1b).2 The composition (18C6@K)2HfBrs exhibits blue emission with a near-unity
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photoluminescence quantum yield (PLQY) of 96.2 + 1.2%, far surpassing K-HfBrs (PLQY =
12.79%).> And another composition (18C6@K)2ZrClsBr2 demonstrates green emission with a PLQY
of 82.7 + 0.9% (Figure 2). We also showed that the supramolecular approach is very promising in
solution processability.? The (18C6@K):HfBrs/PS-DCM ink maintains a high PLQY of over 90%.
Upon simple drop casting of the ink, a uniform and highly emissive (over 80% PLQY)
(18C6@K)2HfBre/PS thin film can be obtained for display applications. These advancements
represent significant progress toward precisely synthesizing desired structures with outstanding
optoelectronic properties, thereby establishing a foundational platform for the subsequent pursuit of
molecular wire architectures.

2. Nanoscale halide perovskite nanowires: The
optoelectronic  properties of semiconducting
materials exhibit pronounced size dependence at
the nanoscale because of quantum and dielectric
confinement, relevant for device applications. Our
spectroscopic results revealed that exciton diffusion
along the NW length facilitates nonradiative

(18C6@K),HfBr,
— PL (A =275 nm)
== PLE (A, = 445 nm)

(=2

Norm. PL/PLE

300 400 500 600 700 800

recombination by enabling excitons to reach trap Wavclength (om)
states beyond their initial generation site. This | Figure 2. (a) Blue and green emission from
effect is particularly pronounced in weakly | (18C6@K)HfBrspolymer and

. . (18C6(@K)2ZrClsBry/polymer inks (b) PL and
confined (>7 nm-thick) NWs, where increased | p O o n (PLE) spectra of (18C6@K);HfBre

exciton diffusion length correlates with reduced | powders with 275 nm excitation.
PLQY.* Conversely, in the strongly confined
regime (<7 nm thickness), enhanced radiative recombination rates mitigate the impact of exciton
diffusion, enabling near-unity PLQY despite the presence of trap states (Figure 3).* Notably, 2.4 nm-
thick CsPbBrs NWs exhibited near-unity PLQY while emitting blue photons at a rate 3.8 times faster
than conventional CsPbBrs QDs without a loss of efficiency.’® Theoretical insights into the excitonic
behavior CsPbBrs NCs have been critical in understanding the mechanisms that govern PLQY and
recombination dynamics. We have developed and applied Path-Integral methods to reveal the role of
lattice fluctuations in modulating excitonic properties for bulk materials, 2D materials, and
nanocrystals. Additionally, the strong spin-orbit coupling inherent to lead halide perovskites has
driven the development of relativistic pseudopotentials tailored for nanocrystals at experimentally
relevant sizes. Using an atomistic semi-empirical pseudopotential framework that explicitly
incorporates nonlocal angular momentum effects, we have computed excited-state properties and
radiative recombination rates in 1D CsPbXs, providing crucial theoretical support for interpreting

experimental photodynamics. A key finding is that strongly confined 1D
perovskites enjoy an enhancement to the radiative rate due to increased
oscillator strength, granting them faster radiative rates than their zero-
dimensional analogs.* This same trend was verified in 2D perovskites
through Path-Integral Monte Carlo and a variational theory. Specifically,
as a function of increasing quantum well thickness, there is a competition
between dielectric screening from the heterogeneous dielectric
environment and the polarization generated from the inorganic lattice.
This work sets design principles for obtaining optically efficient CsPbXs,
which can help inform the design of optoelectronic devices, as well as
highlight previously unexplored structural degrees of freedom to

Figure 3. PLQY and | engineer the excited state dynamics of semiconductors.
recombination rate with NC

size and morphology.
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3. Mesoscopic perovskite nanowires: Previous studies have identified CsGeXs (X = Br, 1) as a
multifunctional material system. Subsequent investigations of epitaxial CsGeXs nanowire arrays
grown on mica substrates via vapor-phase deposition revealed tunable PL from 591 to 712 nm,
alongside with room-temperature ferroelectricity, highlighting their potential for next-generation
optoelectronic and ferroelectric device applications.

In parallel with the investigations of halide perovskite nanowires, we are transitioning our mesoscopic
efforts toward chalcogenide perovskite nanowires. Chalcogenide perovskites have a general chemical
formula of AMX3 (A = Ba?*, Sr**, B = Zr*', Hf*", and X = S*, Se*, and Te*") and exhibit both ionic
and covalent bonding characteristics, offering a largely unexplored yet promising avenue for next-
generation materials research. These materials present enhanced stability against environmental
degradation, higher tunability in
electronic and optical properties, and

more robust structural integrity, which | s
could lead to breakthroughs in long-
term energy and electronic
applications. Their mixed bonding
nature enables unique phase behaviors
and reconfigurable lattices, providing a
versatile platform for discovering new
emergent phenomena in nanowires. We
recently reported the first work on | Figure 4. (a) lllustration of the NW synthesis setup. SEM image

synthesizing the single-crystalline | of (b) BaZrS; NWs (scale bar: 10 um) and (c) SrHfS; NWs
chalcogenide perovskite nanowires (scale bar: 20 um). (d) Electron diffraction pattern of a StHfS;

. . NW (scale bar: 10 1/nm) (inset image: 1 um). (¢) HAADF-
5
(NWs) of mesoscopic scale.” In this STEM image of a StHfS; NW (scale bar: 2 nm). Steady-state

work, we synthesized the AMS; (A. ~ | PL spectra of (f) BaZrS; (Aex = 375 nm) and StHfS3 NWs (hex
Ba, Sr; M = Zr, Hf) NWs on sapphire | =400 nm) at room temperature.

substrates via a one-step chemical
vapor transport (CVT) process in a sealed quartz ampoule, as shown in Figure 4. These NWs have a
thickness of approximately 100 nanometers, which can be tuned by adjusting the growth duration and
temperature. Comprehensive structural characterizations confirmed their single crystallinity and
structural rigidity, especially under prolonged exposure to 300 kV electron beam.

Sulfide-based compositions exhibit direct and tunable bandgap of 1.6 eV to 2.4 eV in the visible
region, indicating their potential as semiconducting materials for display applications and LEDs.
Confocal microscopy and PL spectroscopy were employed to probe chalcogenide perovskite NW’s
optical properties. The BaZrSs NWs are expected to have a bandgap of 1.7-1.9 eV, whereas the
SrHfS3s NWs have a bandgap of around 2.3-2.4 eV. We observed red and green emissions from
BaZrSs and SrHfS3 NWs, respectively, indicating the material’s tunability in emission by varying
compositions and their potential for optoelectronic applications. The PL intensity, however, is weaker
than the halide perovskite counterparts, mostly due to their intrinsic predominantly harmonic
vibrational dynamics and a large number of defects acting as nonradiative recombination centers. The
weak emission could be and has been shown to be effectively enhanced via rational defect control in
synthesis, highlighting the need for future optimization efforts. The PL lifetime was also probed by
Fluorescence Lifetime Imaging Microscopy (FLIM), and their decay profile is fitted by a
biexponential model. The longer lifetime components for both BaZrSs and SrHfS3 NWs are on the
nanosecond timescale, comparable to those of halide perovskite NWs. Together, these findings
establish a foundation for exploring and tailoring chalcogenide perovskite NWs' structural and optical
properties for advanced photonic and electronic devices.

00 W0 T 00 50 50 H0 50
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Future Plans
Looking forward, this program will establish a comprehensive framework for semiconductor
nanowire studies by integrating rational design and precise synthesis, multimodal electron
microscopy, ultrafast spectroscopy, and advanced simulation. We will expand synthetic capabilities
to access single-unit-cell and molecular wire systems and explore their size-dependent excitonic and
phase transition behaviors. Our efforts will leverage the latest instrumentation, such as 4D-STEM,
XUV, and visible transient absorption spectroscopy, to directly visualize structural dynamics at the
atomic scale and correlate them with optoelectronic properties. Theoretical efforts will continue to
develop predictive models for exciton-phonon coupling and atomistic electronic structure methods
for chiroptical responses in complex nanomaterials to further elucidate their structure-property
relationships. Collectively, this program will illuminate the fundamental principles governing the
emergent physics of 1D semiconductors.
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Quantum Metamaterials
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interaction

Research Scope

Technologies based on the manipulation of spins, photons, charges, and phonons in solid-state
platforms are key for revolutionary spin defect-based quantum technologies with applications in
computation, sensing, and communication [1]. The quantum metamaterials FWP in the Materials
Science Division (MSD) at Argonne National Laboratory builds on our continued effort to understand
the fundamental properties of defect-host interactions and the development of new materials
platforms and systems tailored to specific quantum applications. We continue to build on our
previously demonstrated synthesis capabilities of ultrathin diamond membranes and novel, dopant-
confined overgrowth to explore spin-bath dynamics within diamond [2,3]. We focus on the design of
new spin qubit systems guided by first-principles calculations in silicon carbide and rare-earth oxide
[4,5] and with various form factors to understand spin dynamics and the effect of surfaces/interfaces.
This tandem fundamental materials synthesis-spin physics approach leverages new crystallographic
orientations and materials, spin bath dimensionalities, and the unique techniques and capabilities of
Argonne through MSD collaborations with the Synchrotron Radiation Studies, Selective Interface
Synthesis, and Functional Nanoscale Materials FWPs, along with collaborations with the Midwest
Integrated Center for Computational Materials (MICCoM) on new defect designs. Furthermore, we
leverage unique Argonne facilities including the Advanced Photon Source for X-ray imaging, along
with the Q-NEXT Quantum Center facilities and Center for Nanoscale Materials for nanofabrication,
defect creation and localization, and spin characterization measurements.

Recent Progress

We continue to explore the complex interactions between spin-qubit systems and their local spin-
baths. In the recent two years, we have made significant progress in understanding the NV (nitrogen
vacancy) center spin-bath dynamics, exploring guided materials synthesis approaches for
understanding the decoherence of qubits in low dimensional spin baths [2]. We have leveraged such
knowledge and demonstrated a unique way of using the NV center in diamond to study the spin and
charge dynamics of isolated “dark™ spins (P1 center, substitutional nitrogen atoms) as potential
quantum registers, or for improvement of NV center control and stabilization [3].
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Additionally, we continue to understand spin relaxation and spin decoherence mechanisms of
telecom-emitting qubits in wide bandgap semiconductors, such as Vanadium in silicon carbide and
Erbium (Er) in Ceria (CeO2). We study phonon mechanisms limiting the spin relaxation (T1) of
vanadium spins in 4H and 6H silicon carbide through temperature dependent hole-burning
measurements and identify
the role of symmetry in -
affecting phonon coupling, IR o
providing long T with site- © '} 5'@ a

specific values ranging from y
57.1 ms to 27.9 s (Fig. 1(a))
[4]. Besides Vanadium, we
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on Erbium in CeO2 as a
telecom qubit platform in a
naturally near-nuclear spin
free host. The optical and
spin properties of the Er
transition including optical T: (decay), T2 (dephasing), homogeneous linewidth and spin T: and T2
have been explored at 4 K [5], along with ongoing work at sub-kelvin temperatures that points to the
promise of long spin T2 up to 180 us (Fig. 1(b)), with dynamical decoupling sequences decoupling
the spins from the spectral diffusion mechanism. This, combined with the long spin T1 of ~ 120 ms
highlights the potential of such new platforms as memory/nodes for quantum networks. Building on
our progress exploring Er:CeOz as a telecom qubit platform in a naturally near-nuclear spin free host,
we continue to explore the effects of the form factor of the host crystal on various qubit properties
through the study of Er spins in CeO2 nanocrystals.

Future Plans

Our future plans build directly on our ongoing efforts. In terms of diamond materials growth, we are
actively pursuing tailored crystallographic facets (e.g. diamond growth on (111)) for deterministically
localized and synthesized NV- toward studies of local control of defects and nuclear spin bath
dimensionality and spin chains. We are also building a new collaborative effort within the MSD
division at Argonne including continued efforts in understanding the interaction of spins with
interfaces and surfaces through specially synthesized NV sensor arrays and the analytic ALD
techniques developed in the Selective Interface Synthesis FWP. These low nucleation ALD
techniques allow for extreme surface selectivity, enabling novel understanding of the surface
chemical state as well as better understanding of in-sifu termination and passivation. Continuing our
broader exploration of novel solid-state defect systems, we will continue our efforts on Er in
epitaxially grown Ceria films (Fig. 1(b)),Vanadium in SiC (4H and 6H SiC), extension of Vanadium
and other defects to 3C-SiC, as well as isotopically purified SiC baths, and the interaction of the
inversion-symmetric group-IV centers in diamond as it relates to understanding the complex interplay
between the qubit and host materials. This work will be done in close collaboration with the theory
and computational materials group via MSD and MICCoM to better understand how to predict optical
and spin coherence properties in new materials and identify coherence mechanisms limiting current
materials. These are important for understanding the fundamental limits of electron and nuclear spin
coherence, the use of nuclear spins as quantum registers, as well as exploring spin-charge, spin-
phonon, and spin-strain interactions to help better design suitable quantum materials for targeted
quantum applications.

Figure 1. (a) spin relaxation of Vanadium in SiC with different site symmetry
at 4K showing T; up to tens of second. (b) Ongoing work exploring spin
coherence of a telecom qubit system based on Er: CeO; thin film, showing T,
up to 180 ps.
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Microscopic understanding of growth, substrate engineering, and proximity coupling in two-
dimensional organic/inorganic hybrid systems
Pengpeng Zhang, Department of Physics and Astronomy, Michigan State University
Keywords: Heterostructures, surface and interface, Kagome, thin film materials.
Research Scope

The rapid advances in materials synthesis and processing have enabled the growth of two-
dimensional (2D) thin film materials of various crystalline symmetry and chemical composition. For
these 2D materials, the substrate effects are essential. Interfacial charge transfer, electrostatic
screening, orbital or electronic reconstruction could all impact the properties of 2D materials.
Furthermore, rich physical and chemical behaviors may emerge in heterostructures of 2D materials
owing to the interfacial processes and proximity coupling. The overarching goal of the program is to
establish microscopic understanding of heterostructures and heterointerfaces in organic/inorganic
hybrid systems that exhibit correlated and topological properties. The synergistic efforts on hybrid
heterostructure design, along with the heterointerface control, are anticipated to lead to unprecedented
advances in the tunability of 2D quantum materials and deep understanding of interfacial physics.
Recent Progress
1) Distance-dependent evolution of surface flat bands in Kagome-honeycomb lateral
heterostructures in FeSn

Among various condensed matter systems, Kagome lattices have been quickly emerging as
one of the most important platforms for studying correlated and toplogical electronic states.! In the
Kagome lattice, atoms are arranged into a two-dimensional network comprising hexagons
interspersed with triangles. Using a simple tight-binding model with nearest-neighbor electron
hoping, a band structure with three distinct features, namely flat bands (FBs), van Hove singularities,
and a Dirac point is produced in ideal Kagome lattices.” FBs are resulted from the destructive
interference of electron wave functions, which confines electrons within the hexagons of the lattice
in real space. Localized electrons experience strong electron-electron interaction, leading to
correlation phenomena and potentially charge, magnetic, and superconductivity instabilities. How the
variety of phenomena created by the Kagome band structure interwine, cooperate, or energetically
compete is a broad topic that inspires intense interest in the condensed matter community.

Recently, the Kagome metal FeSn has attracted significant research attention. Compared to
its binary TmXa compounds, the Fe3Sn Kagome planes are spatially isolated from each other by the
intercalation of Sn2 honeycomb layers, making the FeSn compound closest to the two-dimensional
limit. Complementary to the bulk studies, epitaixla FeSn films grown on a substrate, SrTiO3; (STO)
(111), were shown to exhibit surface flat bands that can potentially be integrated into heterostructures
for various device applications.’
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We recently demonstrated a novel Kagome-honeycomb lateral heterostructures of Fe3Sn/Snz in FeSn
thin films grown by molecular beam epitaxy, and reported the profound electronic implications of the
lateral heterostructures.* Our scanning tunneling spectroscopy (STS) results revealed three distinct
density of states peaks on the FesSn-terminated surface. Those located at about -0.2 and 0.1 eV can
be assigned to the surface flat bands of the Kagome lattice with 3d orbital character, as confirmed by
the density functional theory (DFT) calculations, whereas the peak at -0.05 eV may originate from
the parabolic band by gapping out of a dispersive band of FeSn. In addition, we determined the
bonding motif between the Fe3sSn- and Sna- terminated surface at the lateral heterointerface. More
notably, we discovered an unusual long-range effect of the lateral heterointerface, where the surface
flat bands are suppressed near the lateral heterointerfce but recovered at a distance that depends on
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Figure 1. (a) Orbital projected band structure and density of states of the Fe;Sn Kagome layer calculated by
DFT. The highlighted gray regions represent the energies at which the peaks occur, corresponding to the
arrows in (b). The density of states features at ~-0.2 eV and 0.1 eV originate from the surface flat bands. (b)
The line STS spectra taken along the white trace in the STM image from the heterointerface (black dot) into
the Kagome surface area (green dot). Heterointerface boundary suppresses the electronic structure and
surface flat bands of the Kagome surface (black curve). At locations far away from the boundary, the
characteristic peaks of the Kagome surface are recovered (green curve). Along the path, the different peaks
emerge at the different distances from the boundary. (c¢) Areas of the peaks located at ~-0.2 eV, -0.05 eV,
and 0.1 eV vs. distance from the heterointerface boundary extracted from the STS line spectra. Solid orange
curves are the fittings. The results unambiguously reveal long-range heterointerface effects on the electronic
structures of the Kagome surface. The “coupling” length to the heterointerface is ~ 1.3 nm for the peak at -
0.2 eV, while for the peaks located at -0.05 eV and 0.1 eV, this length is about 2.8 nm and 2.2 nm,
respectively, determined by the orbital character of the density of states peaks.

the orbital character of the state, as evidenced by STS line spectroscopy and DFT calculations. Our
findings elucidate the impact of lateral heterointerfaces on the electronic behavior of the Kagome
lattice, potentially providing a tool for engineering the electronic properties of FeSn to facilitate the
development of future electronic and spintronic devices.
2) Evidence of second charge-density-wave in two-dimensional DyTe; and its impact on
magneto-transport properties
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Charge density waves (CDWs) are macroscopic quantum states defined by periodic modulations in
electronic charge density coupled with lattice distortions. Despite significant research efforts, the
evolution of electromagnetic transport properties in the presence of CDWs remains largely
unexplored. Quasi-two-dimensional van der Waals layered crystals exhibiting CDW formation
represent a broader class of materials with intriguing physical properties. Among these, the lanthanide
tritellurides RTes, where R denotes rare-earth elements, have emerged as a versatile platform for
exploring CDW behaviors.’

The lighter rare-earth element based RTes (R = La - Gd) compounds exhibit a single unidirectional,
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Figure 2. (a-c) STM data at 77K. (a) Morphology scan displaying the incommensurate first CDW phase (Vs = -
0.05V, It=300pA) along the light blue lines. (b) Fast Fourier Transform (FFT) of the image in (a) exhibiting the
four CDW, peaks at 2/7, 3/7, 4/7, and 5/7 highlighted in red circles. (c) Average STS spectrum of 25 individual
curves taken on different spots on the bulk sample away from defects (Vs =-0.5V, It = 50pA). Vertical blue lines
represent the gap for the first CDW. (d-f) STM data at 4.5 K. (d) Morphology scan displaying both the
incommensurate first CDW phase (running horizontally across the image) and commensurate second CDW
phase (running vertically across the image) (Vs = 0.5V, It =50pA). (e) FFT of the image in (d) clearly showing
all the peaks in (b) plus the 1/3 and 2/3 spots for CDW, , highlighted by the yellow circles. (f) Average STS
spectrum of 6 individual curves taken on different spots on the bulk sample away from defects (Vs =0.35V, It =
100pA). The blue lines correspond to the same gap as in (c). The orange lines represent the CDW, gap.
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incommensurate CDW with a wave vector (qi ~ 2/7 ¢” with ¢* = 2m/c) oriented along the c-axis,
denoted as CDW.1. In contrast, RTes compounds with heavier elements (e.g., Ho, Er, Tm) display an
additional secondary CDW at lower temperatures, termed as CDW2 which is characterized by a wave
vector (q2 ~ 1/3 a” with a* = 21 /a) along the a-axis that is orthogonal to the CDW1 wave vector qi.
Nonetheless, the presence of a low-temperature CDW: phase in DyTes remains contentious. While a
soft phonon mode, which is often associated with the emergence of CDW order, is observed for
CDWi1 in DyTes, it is notably absent for the frequency at which CDW2 would appear. Similarly, the
CDW. phase in DyTes is evident from a resistivity dip, but no corresponding strong feature has been
observed for the CDW: phase.

In our recent study, we present the compelling evidence of the low-temperature CDW2 phase
in DyTes through STM/STS measurements. And we show that DyTes exhibits drastically enhanced
magnetoresistance and multiple band driven non-linear Hall effect below the CDW2 phase transition,
which are ascribed to the Fermi surface reconstruction associated with the CDW2 order. These
findings suggest that Fermi surface reconstruction plays a key role in driving the CDW2 phase
transition and highlight the impact of the CDW: phase on electromagnetic properties of RTes.
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Future Plans

Kagome lattice has been realized in a wide range of materials. We are interested in exploring
the interplay among different electronic states in these materials. In MBE-grown FeSn thin films,
correlated behaviors are expected when the flat band is brought even closer to the Fermi energy via
doping, epitaxial strain, etc. Meanwhile, two-dimensional metal organic framework, based on the
versatility of its framework structure, could offer a tailorable template with physical properties by
design. We have demonstrated long-ranged ordered Kagome metal-dicyanoanthracene lattice on
surfaces and will focus the future studies on examining the properties of the complex
organic/inorganic hybrid system, particularly those driven by interfacial phenomena.

References

1. J. X. Yin, B. Lian, and M. Z. Hasan, Toplogical Kagome Magnets and Superconductors, Nature 612, 647 (2022).

2. Y. Wang, H. Wu, G. T. McCandless, J. Y. Chan, and M. N. Ali, Quantum States and Interwining Phases in Kagome
Materials, Nature Reviews Physics 5, 635 (2023).

3. M. Han, H. Inoue, S. Fang, C. John, L. Ye, M. K. Chan, D. Graf, T. Suzuki, M. P. Ghimire, W. J. Co, E. Kaxiras, and
J. G. Checkelsky, Evidence of Two-Dimemsional Flat Band at the Surface of Antiferromagnetic Kagome Metal FeSn,
Nature Communications 12, 5345 (2021).

4. T. A. Pham, S. Kang, Y. Ozbek, M. Yoon, and P. P. Zhang, Distance-Dependent Evolution of Electronic States in
Kagome-Honeycomb Lateral Heterostructures in FeSn, ACS Nano 18, 8768 (2024).

5. V. Brouet, W. L. Yang, X. J. Zhou, Z. Hussain, R. G. Moore, R. He, D. H. Lu, Z. X. Shen, J. Laverock, S. B. Dugdale,
N. Ru, and I. R. Risher, Angle-Resolved Photoemission Study of the Evolution of Band Structure and Charge Density
Wave Properties in RTe; (R=Y, La, Ce, Sm, Gd, Tb, and Dy), Physical Review B 77, 235104 (2008).

Publications

1. X. Dong, T. A. Pham, C. Xu, Y. He, W. Lai, X. Ke, and P. P. Zhang, Growth and Electronic Properties of SnSe; Films
on Reconstructed, (111)-Oriented SrTiO3 Substrates, The Journal of Physical Chemistry C 127, 16732 (2023).

2. T. A. Pham, S. Kang, Y. Ozbek, M. Yoon, and P. P. Zhang, Distance-Dependent Evolution of Electronic States in
Kagome-Honeycomb Lateral Heterostructures in FeSn, ACS Nano 18, 8768 (2024).

3.D.Ni, X. Xu, Z. Zhu, Y. Ozbek, V. M. Tronl, C. Yang, X. Yang, A. Louat, C. Cacho, N. P. Ong, P. P. Zhang, T. Valla,
and R. J. Cava, Indium-Doped Crystals of SnSez, The Journal of Physical Chemistry C 128, 11054 (2024).

4.S. Gupta, O. O. Emmanuel, Y. Ozbek, M. Xu, W. Xie, P. P. Zhang, abd X. Ke, Giant Nernst Angle in Self-Intercalated
van der Waals Magnet Crl ;sTe; Materials Today Physics 50, 101627 (2025).

5. S. Gupta, Y. Ozbek, O. O. Emmanuel, M. Bostock, J. Kowalski, P. P. Zhang, and X. Ke, Compelling Eveidence of
Second Charge-Density-Wave in Two-Dimensional DyTe; and Its Impacts on Magneto-Transport Properties, Under
Review (2025).

329



Partial coherence and elliptical polarization of thermal radiation
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Program Scope

The study of polarized light or radiation has extensive applications in remote sensing, astronomy,
and surface and materials characterization. The spatial coherence and degree of polarization are very
important for understanding of the electromagnetic field characteristics in the vicinity of thermal
sources. Recently, researchers have demonstrated that nonreciprocal materials may break the
conventional interpretation of Kirchhoff’s law, resulting in unexpected radiative energy transfer in
terms of directionality and magnitude. Furthermore, spin angular momentum becomes important with
anisotropic metamaterials and chiral metasurfaces.

This project aims at (1) performing a comprehensive analysis of the 3 x3 coherence matrices
for bianisotropic multilayers and patterned metasurfaces and for individual micro/nanostructures,
with or without temperature uniformity; and (2) fabricating metasurfaces with varying geometric
parameters and experimentally characterizing their thermal emission with corresponding polarization
states (linear, circular, and elliptical). Fluctuational electrodynamics will be employed to model the
cross-spectral density tensors considering both reciprocal and nonreciprocal materials. Emphasis will
be placed on the off-diagonal elements as they are more relevant to circular polarization, which has
not been extensively studied in the past. Spectral polarimetry and partial Mueller matrix ellipsometry
measurements will be performed to characterize the bilayer grating metasurfaces in the infrared
region for the realization of polarization controllability.

This study will result in a better understanding of thermal radiation in both the near field and
far field for metasurfaces and micro/nanostructures composed of anisotropic and nonreciprocal
materials. The success of this project will demonstrate a simpler and easy-to-fabricate design for full
polarization control of far-field thermal emissions.

Recent Progress

Mueller matrices relate the Stokes parameters of the incident and emerging light, providing
useful information about the radiative properties and other characteristics of the medium.
Determining all elements of the 4x4 Mueller matrix requires complete polarimetry, which is often
challenging to perform. Partial polarimetry, on the other hand, uses simpler optical components in
generating and/or analyzing states of polarization, thereby measuring only a subset of the Mueller
matrix. However, it may be possible to determine the full Mueller matrix under specific symmetry
conditions. A symmetry classification scheme allows categorizing the Mueller matrix of materials
[1]. It is shown that the symmetry of the Mueller matrix is directly determined from the information
of symmetries of the sample’s optical properties. Numerical calculations of various measurement
scenarios, structures, and materials (with or without Lorentz reciprocity) are carried out to validate
the methodology. Multilayer structures and nonplanar diffraction gratings, with or without
reciprocity, are analyzed to illustrate the capability and limitation. This study sheds light on the
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relationships between the Mueller matrix and the symmetries of structures, outlining a symmetry
classification scheme to predict the pattern of Mueller matrix, that is applicable to both reciprocal and
nonreciprocal materials.

Tailoring optical and radiative properties has attracted significant attention recently due to its
importance in advanced energy systems, nanophotonics, electro-optics, and nanomanufacturing.
Metamaterials with micro- and nanostructures exhibit exotic radiative properties with tunability
across the spectrum, direction, and polarization. Structures made from anisotropic or nanostructured
materials have shown polarization-selective absorption bands in the mid-infrared. Characterizing the
optical and radiative properties of such materials is crucial for both fundamental research and the
development of practical applications. Ellipsometry has been used for decades to characterize the
optical properties of materials. However, due to the limitations of optical components such as
compensators, most conventional ellipsometers have a narrow operational bandwidth and are
restricted to the visible or near-infrared spectral range. Nevertheless, the mid-infrared region from
about 2.5 pm to 25 um covers strong vibrational transitions of many molecules and the atmospheric
transmission windows. Furthermore, the development of thermal photonics, including chiral,
nonreciprocal, and anisotropic metamaterials, has increased the demand for broadband mid-infrared
spectroscopic ellipsometry to accurately characterize these materials. Recently, a broadband mid-
infrared ellipsometer, operating from 2 to 15 um, was built and tested to measure 12 elements of the
Mueller matrix [2]. The performance of the ellipsometer was evaluated using nanostructured
materials, including a 1D grating and a chiral F-shaped metasurface. The measurement results
compared well to those obtained from rigorous-coupled-wave analysis (RCWA) and finite-difference
time-domain (FDTD) simulations.

Following the previous study [3], we have modified and optimized the design of a double-layer
twisted-grating thermal emitter to demonstrate coherent thermal emission, as shown in Fig. 1(a). The
device enables linear polarization control in the mid-infrared region with a peak wavelength at 5.17
um (TE) and 5.4 pm (TM) for normal direction. By modifying the twist rotation angle £ of the top
grating against the bottom grating, the polarization state of the emitted light can switch from to
circular polarization at similar wavelengths, as shown in Fig. 1(b). The designed emitter can be
divided into three parts: The top grating serves as a waveplate to create circularly polarized light when
rotated. The bottom grating is an effective anisotropic material formed by a so-called Damascene
pattern (alternating pattern) of amorphous Si (a-Si) and Cu, which supports magnetic polaritons for
one of the linear polarization states. The Al ground plane functions as a reflector to eliminate
transmission.

To analyze the device’s performance, the spectral absorptance of the device under normal
incidence is first computed using RCWA for the aligned state and Lumerical FDTD for the 45°-
rotated state. The emissivity of the device is equal the absorptance according to Kirchhoff’s law.
Nearly 100% emissivity for TE and 95% for TM polarizations can be achieved at 5.17 pm and 5.4
um respectively. Such a strong emittance is caused by the excitation of magnetic polariton mode on
the bottom grating [4], though further investigation is needed to identify the resonance effect for TE
waves. The difference between the emissivity of TM and TE waves at these wavelengths creates

strong polarized thermal emission. In the case of circular polarization, the top grating is rotated by 45
ler—e_| .

, 18

to introduce a phase delay, and the corresponding relative emission dichroism, RED = o
+ —_—

68% at 5.1 um (RCP dominates) and 75% at 5.4 um (LCP dominates).
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Fig. 1. (a) Perspective view and top view (inset) of the twisted grating at its aligned state, with the predicted
absorptance spectra. (b) Perspective view and top view of the 45°-twisted rotation between the gratings, with the predicted
absorptance spectra. (¢) Measured refractive index of a-Si.

The a-Si in the proposed design is deposited using PECVD in Georgia Tech’s cleanroom.
Hydrogen bonds can form (a-Si:H) during the process and change the optical constants of the
deposited thin layer [5]. To accurately model the optical constant of a-Si to be used for the present
study, measurements were performed using FTIR spectrometer to obtain the absorptance spectrum of
two Si0O2 discs coated with a-Si, with a nominal thickness of 0.5 um and 1 um. The experimental data
were fitted with a thin-thick film model [4] to obtain corresponding parameters in the refractive index
function of the a-Si. The result as shown in Fig. 1(c) suggests that the PEVCD-deposited a-Si has a
refractive index of 3.45 at 5 um with negligible loss, which implies the existence of a-Si:H.

The fabrication of the twisted gratings contains the steps shown in Fig. 2. The first layer of
aluminum is deposited with e-beam evaporation, followed by layers of SiO2 and a-Si deposited by
PECVD. After lithography patterning, a-Si is etched (as shown by the SEM image on the bottom-left
of Fig. 2), and trenches are formed by inductively coupled plasma (ICP) etching. To realize the
desired Damascene pattern, the trenches are filled by copper deposited using e-beam evaporation.
The deposition time is precisely controlled to fill the gap to the same level as the top of the a-Si layer,
and excessive metal can be released and removed along with the photoresist. The remaining process
repeats the previous steps, including very similar thin-film deposition and patterning. The sample
fabrication is currently in progress and the fabricated samples will be characterized by combining
infrared emissometry and ellipsometry, along with theoretical calculations to fully understand the
resonance mechanisms.
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Fig. 2. Top: Fabrication procedure (process step 1-8) of the device. Bottom: Cross-sectional SEM image of the grating
after step 2, the ICP etching on a-Si (left); the profile after step 4, e-beam Cu trench filling and etching (middle); top view
of the Damascene pattern (right).

Future Plans

We will perform a theoretical investigation on the degree of coherence and polarization of
multilayered structures as well as nanostructures. Further studies will also be conducted based on
field coherence calculations, aiming to reveal its relation to spin angular momentum. Work will
continue to fabricate the twisted grating and demonstrate infrared circular polarization control.
Meanwhile, additional efforts will focus on improving the quality of the fabricated device, including
achieving precise geometric dimensions, less surface defect, and complete trench filling. Experiments
for characterizing the performance of the device, including using in-house ellipsometry based on
FTIR to measure the different polarization states, will also be elaborately designed. Further study on
how different design parameters, such as geometric dimensions of the device, affects the
performance, will also be carried out along with a further exploration of plasmonic mode excitation.
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Electron Transfer in Heterostructures based on Two-Dimensional Materials
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Research Scope

Two-dimensional (2D) materials offer a new avenue for fabricating van der Waals multilayer
heterostructures, with the potential to transform material discovery. A central challenge in this
approach is to understand and control interlayer electron transfer, a fundamental process for
integrating individual layers and harnessing emergent properties for electronic and optoelectronic
applications. Building on recent progress in interlayer charge transfer in heterobilayers, this program
aims to generate experimental insights that advance the fundamental understanding of electron
transfer—including both charge and energy transfer—in van der Waals multilayer structures. The
research is organized into three thrusts. Thrust 1 expands the material library for fabricating
heterostructures with novel electron transfer characteristics. Thrust 2 investigates electron transfer
through thin barriers within van der Waals multilayers. Thrust 3 explores the influence of electric
fields on electron transfer. Leveraging the insights from these efforts, we aim to develop strategies to
enhance the optoelectronic performance of graphene through its integration with other layered
materials.

Recent Progress (a)
We expanded the material library Pmbe
for fabricating 2D Pump

heterostructures by investigating
electron transfer in 2D materials Distecior

i
with diverse crystalline structures ' P“mﬁ g'“_e”f;? (wd Cg‘;)i e
and electronic phases. As one “ o 54 - 91 - 136 - 181
example, we studied a-RuCls, [1] 0O 200 400 600 800
: ; ; | EabeDiely (ps)

a Mott insulator with potential @
applications as a Kitaev material. 2.0 Delay (ps):

In our first step, we 1.5) - ?00
studied its photocarrier ‘o . 202

7 400

dynamics. It has been reported =191
that o-RuClz can host Mott- &
Hubbard excitons (MHEs). [2] T -
We performed transient oo™ 0 e

) ) 3 2 1 0 1 2 3 0 200 400 600 800
absorption microscopy Probe Position (um) Probe Delay (ps)

measurements with 3.10-eV and Fig. 1: (a) Schematic of the transient absorption microscopy setup. (b)
1.55-eV pump and probe pulses, | pifferential reflectance under various pump fluences. (c) Spatial
respectively. Time-resolved profiles of the differential reflectance at selected probe delays, along
differential reflectance [Fig. | with fits. (d) Variance of the profile as a function of probe delay.

1(b)] reveals an MHE lifetime of
720 ps, which is independent of
pump fluence. In the spatially resolved measurements, the probe laser spot was scanned across the
pump spot while recording the time-resolved differential reflectance [Fig. 1(a)]. Several examples of
the measured spatial profiles are shown in Fig. 1(c), along with their Gaussian fits (curves). The
extracted variance of the profiles is plotted as a function of probe delay in Fig. 1(d). A linear fit (red
line) yields a diffusion coefficient of 0.13 cm?/s. Furthermore, the diffusion length of 160 nm,
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calculated from the diffusion coefficient and lifetime, is much longer than the unit cell of a-RuCls,
revealing the mobile nature of these MHEs.

To test the feasibility of integrating o-RuCls with 2D semiconductors, we studied a
heterostructure formed by a-RuCl3 and a WSe2 monolayer. As shown in Fig. 2(a), WSe2 and a-RuCl3
form a type-III band alignment, in which the conduction band (CB) minimum of WSe: lies below the
valence band (VB) maximum of a-RuCls. Upon contact, electrons transfer from the CB of WSez to
the VB of a-RuCls, resulting in heavy hole doping of WSe2. Time-resolved differential reflectance,
which is proportional to the photocarrier density in WSe2, indicates that these holes suppress exciton
formation and reduce the carrier lifetime to approximately 0.5 ps in the heterostructure, as shown in

a b c
(@) WSe, RuCl, &) = RuCl ] @ . " . )
1.5 ‘ 3 aEm = =
: w * WSe, 0.03 1 .
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® - ]
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Fig. 2: (a) Band alignment illustrating hole doping of WSe; by a-RuCls. (b) Time-resolved differential reflectance
showing reduced carrier lifetime in the WSe,/a-RuCls heterostructure. (¢) Transient absorption microscopy
measurement showing an increase in the spatial profile variance over time. A linear fit (red line) yields a diffusion

coefficient of 370 cm?/s.

Fig. 2(b). Further transient absorption microscopy measurements [Fig. 2(c)] reveal a carrier diffusion
coefficient of 370 cm?/s, corresponding to a mobility on the order of 10* cm?/V-s. [3] These results

demonstrate that hole-doped WSe: via a-RuCls is a promising material for ultrafast optoelectronic

applications.

Building on our previous progress in understanding electron transfer in 2D heterostructures,
we developed strategies to improve the optoelectronic performance of graphene. While graphene
possesses many novel properties, its application in optoelectronics is limited by two key challenges.
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First, photocarriers in graphene tend to form (a)
tightly bound neutral excitons, which hinder
the generation of free carriers. Second, the
photocarrier lifetime in graphene is extremely ==
short—on the order of a few picoseconds—
thereby limiting its efficiency in energy
conversion.

We used band alignment to control /'
the layer-specific distribution of photoexcited
electrons and holes in graphene-based
heterostructures. A four-layer heterostructure
was designed and fabricated, as shown in Fig.
3(a). The key feature of this design is the type-
II interface between MoS: and MoSe2, which
facilitates charge separation, is sandwiched
between two type-I interfaces with graphene.
The band offsets drive interlayer electron and
hole transfer, as indicated by the arrows,
resulting in net electron and hole populations
in the bottom and top graphene layers,

respectively. This spatial separation of charge . ) )
carriers leads to a proloneed carrier lifetime Fig. 3: (a) Band alignment and charge transfer in a
p g ’ graphene-based  heterostructure. (b)  Superlinear
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microscopy measurements to monitor the | ballistic electron transport in the bottom graphene layer.
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transport length as a function of probe delay. We = WSSe/Gr(x1.6)

observed ballistic electron transport in the i

bottom graphene layer over 20 ps at room 5

temperature, with a ballistic velocity of 22 km/s. ST VR T R
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As a second example, we studied a i= il TR

heterostructure formed by graphene and a p- S P

monolayer Janus WSSe, as shown in Fig. 4(a). . - e

Due to its lattice asymmetry, the Janus WSSe _ * "

monolayer possesses an intrinsic out-of-plane 1w——

electric field. We hypothesized that this field o 0 g?obe [}e‘?,‘;y (pgf’o 200

could facilitate electron transfer from WSSe to

graphene while suppressing hole transfer. [5] In Fig. 4: (a) Schematic showing the electric field of Janus
. . WSSe (pink arrow) prevents hole transfer from WSSe to
our transient absorption measurements, we . . .
. . ’ graphene. (b) Differential reflectance comparison reveals
excited electrons and holes in WSSe using a | e long-lived signal component in the heterostructure.

3.02-eV pump pulse. A 0.83-eV probe was then
used to selectively monitor the carrier density
in graphene. As shown in Fig. 4(b), the signal from the graphene monolayer decays within a few
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picoseconds, consistent with its ultrashort carrier lifetime. In contrast, the signal from the
heterostructure exhibits a long-lived component, indicating the presence of carriers in graphene with
lifetimes on the order of several hundred picoseconds. This result confirms our hypothesis of net
charge transfer from WSSe to graphene.

We also studied graphene-based hybrid heterostructure of Gr/TiOPc/PTCDI. We observed
efficient charge transfer between both interfaces. We found that electrons in graphene and holes in
PTCDI form interlayer excitons. Efficient charge transfer and interlayer exciton format across
organic-inorganic interfaces are important for developing hybrid heterostructures, taking advantage
of novel properties of organic semiconductors. [6]

Future Plans

In the next reporting period, we will focus on optimizing the structure and material selection of
graphene-based van der Waals multilayer heterostructures. Building on our previous results—where
we demonstrated ballistic charge carriers and confirmed the role of electric fields in regulating charge
transfer—we will investigate interlayer charge transfer in five-layer heterostructures incorporating
dedicated layers for light absorption, charge transfer, and charge accumulation. Additionally, we will
explore 3R-stacked transition metal dichalcogenide bilayers and organic monolayer semiconductors
with intrinsic dipole moments as means to modulate interlayer charge transfer. We will also examine
the integration of a-RuCls and other quantum materials with 2D semiconductors to optimize charge
transfer and photodoping performance.
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