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Foreword

This volume comprises the scientific content of the 2020 Electron and Scanning Probe
Microscopies Principal Investigators’ (PIs) Meeting sponsored by the Materials Sciences and
Engineering Division (MSED) in the Office of Basic Energy Sciences (BES) of the U. S.
Department of Energy (DOE). The meeting, held on October 20-21, 2020, is the 8" biennial
meeting in the Electron and Scanning Probe Microscopies area organized by BES. This year the
meeting format is virtual due to the challenging situation facing all of us this year. The purpose of
the meeting is to bring together researchers funded in this core research area, to facilitate the
exchange of new results and research highlights, to foster new ideas and collaborations among the
participants, and to discuss how to advance electron and scanning probe microscopy, spectroscopy,
and associated theoretical tools, in order to address forefront scientific challenges. The meeting
also affords BES program managers an opportunity to assess the state of the entire program
collectively on a periodic basis, to chart future directions and to identify new programmatic needs.

The Electron and Scanning Probe Microscopies Core Research Activity supports basic
research that addresses grand science challenges using advanced electron and scanning probe
microscopy and spectroscopy techniques to understand the atomic, electronic, and magnetic
structures and properties of materials. This activity also supports the development of new methods
and techniques to advance basic science and materials characterizations for energy applications.
Topical areas highlighted in this year’s meeting include: ultrafast diffraction and real-time
microscopy, quantum materials, quantum information science and advanced imaging, in-situ
microscopy of energy materials, data science and theory, and new microscopy and spectroscopy
methods. This year we are utilizing discussion panels in this virtual format to give Pls the
opportunity to confer the status of the field, and to identify challenges, opportunities, and future
directions for the microscopy community.

| thank all of the meeting attendees for their active participation and for sharing their ideas
and new research results. Special thanks go to all session moderators. | am grateful to my BES
colleagues, Helen Kerch, Mick Pechan, Athena Sefat, Michael Sennett, and Lane Wilson, for
participating in the meeting and co-moderating the relevant sessions. My sincere thanks also go to
Teresa Crockett in MSED and Linda Severs and Tia Moua at the Oak Ridge Institute for Science
and Education for their excellent work providing all the logistical support for the meeting.

Jane G. Zhu

Program Manager, Electron and Scanning Probe Microscopies
Division of Materials Sciences and Engineering, Basic Energy Sciences
Office of Science

U. S. Department of Energy
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The discovery of new properties in layered ferroelectrics through the synergistic
combination of scanning probe microscopy and theory

Nina Balke, Petro Maksymovych, Rama Vasudevan, Albina Borisevich
Oak Ridge National Laboratory
Keywords: Ferroelectrics, piezoelectrics, atomic force microscopy, electron microscopy
Research Scope

Polarization of materials is at the heart of many applications in energy and information
technology often based on the possibility to control phenomena through externally applied forces.
The action of electric field, in particular, enacts both linear and non-linear dielectric responses
creating rich phenomenology of dipolar glasses, paraelectrics, relaxors, antiferroelectrics, and
ferroelectrics. In this FWP we will pursue how new and unexpected properties can emerge through
the coupling of or transition between distinct polar behaviors, including the possibilities to change
polar material properties on demand between states of materials which typically do not co-exist.
One way to realize this is the stabilization of out of equilibrium polar phases, often confined to
interfaces or surfaces due to broken symmetry, but which are topologically protected. Of
fundamental interest are not only intrinsic but also extrinsic polar phenomena which are associated
with polar properties introduced by ionic defects which can be controlled via chemical
modification routes. The project goal can only be achieved through the fundamental understanding
of polar properties and how to transform them on multiple length scales from the atomic to
micrometer scale properties which requires the development of new probing methodologies and
integrated microscopic approaches. Specifically, we aim to explore (a) polar transitions based on
order-disorder phenomena in ferroelectric ion conductors such as CulnP2Ss, (b) the coupling of
intrinsic and extrinsic polar properties, for example the coupling of intrinsic polarization with
oxygen vacancies in BaTiO3 and (c) the creation of new functionality at boundaries of dissimilar
polar properties such as the enhancement of electromechanical and electrical properties of
ferroelectric-antiferroelectric interfaces.

Recent Progress

In the concurrence period, we achieved unprecedented insight into ferroic material
properties of layered ferroelectric crystals through the combination of atomic force and electron
microscopy (AFM and STEM, respectively) with density functional theory predictions in
collaboration with project DE-FG02-09ER46554 (Pantelides, Vanderbilt University). This
enabled the discovery of new polar phases and new functionality which is based on the intricate
interplay of ferroic and ionic phenomena. Through the synergistic combination of experiment and
theory, we developed interpretable SPM as next cycle in technique development and expanded the
information content which can be extracted from SPM measurements which can be compared to a
multitude of complimentary characterization techniques for a truly integrated microscopy
approach.

The family of layered thio- and seleno-phosphates has gained attention as possible control
dielectrics for the rapidly growing family of 2D and quasi-2D electronic materials. Here, we are
exploring the piezoelectric and ferrielectric properties of CulnP.Se (CIPS) which is a layered
crystal featuring van der Waals (vdW) gaps where the Cu and In displacement are responsible for
the observed ferrielectricity (Fig. 1a).* The local mapping of the effective piezoelectric constant d
along the z-direction using quantitative AFM (Figure 1b) reveal an unusual contrast — four distinct



(a (bl\ (C)0.5
TR T T HI b o
203
£ .;Ji S
: "‘ ° 01
I A 2umby 00
o
(d)

0.034

0.02

AEnergy [eV/f.u.]

0.014

Relative Energy [eV/f.u.] °

12.0

Counts [10%]

n 4P

dy33:p=-15.6 £ 0.6 pm/V

-20 0 20
T3 [MPa]

] o +HP

40

G-o-o—e-0—0-8—0-—0-9

W&y

0.00

daggpp = 2.5 + 0.7 pm/V

126 128 130 132 134

Cu z-Displacement [A] c-lattice parameter [A]

200 -100 0 100

T4, [MPa]

Figure 1: (a) The layered structure of CIPS. (b) Quantified piezoelectric constant
map measured by PFM at room temperature. (c) Histogram of the measured values
of the CIPS phase with Gaussian function fits around the four distinct maxima.
Dotted lines depict the theoretically predicted values of the four polarization

states. (d) Change in energy versus the polarization

extracted from the

displacement of Cu. (e) Energy calculation for the polar phase described by the Cu
residing in the layer (A) or vdW gap (B). (f) Theoretical polarization-stress curves
along the z-direction around the zero-stress state for the LP and HP phase.

levels which
complex
piezoelectric
properties (Fig. 1c).
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(Fig. 1d). This is due to
the existence of two
polar phases whose
energy landscapes
overlap strongly (Fig.
le). Interestingly,

while structural very similar to each other, the polar properties of the two phases vary greatly.
When the Cu occupies the position in the vdW gap, the polarization doubles from ~ 5 to ~11
uC/cm? (therefore, the two phases are termed low and high polarization states, LP and HP) and the
piezoelectric constant changes from -15.6 pm/V to 2.5 pm/V, respectively. Most notable, the
predicted values match the experimentally measured ones very closely (see Fig. 1¢) which verifies
the theoretical results and provides the first experimental evidence for the existence of the HP

phase.
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dependent piezoelectric
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Comparison of local layer
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ray measurements.
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strain and,
therefore, the

piezoelectric
properties  depend

on stress (Fig. 2a).



This allows for the opportunity to assign a polarization state to the experimental value of
piezoelectric constant (Fig. 2b) and extract also values for polarization, stress, strain, c-lattice
parameter, and layer spacing (Fig. 2c) which is based on the correlations between these properties
as described by theory.? This new level of insight is difficult to detect on AFM length scales of
10’s of nm with other techniques and allows for the direct comparison to other techniques which
measure layer spacing such as X-ray (Fig. 2d). We found that in a region with only +LP and -LP
domains, the +LP domain is strained as expected from bulk measurements and the local Cu/In
composition, whereas the oppositely oriented -LP domain shows a relaxed layer spacing above the
bulk value according to comparison with published X-ray data (Fig. 2d).

The polarization-direction dependent strain relaxation is highly unusual and can be traced
back to asymmetric surface relaxation observed by DFT due to the asymmetric Cu position for
+LP and -LP surfaces. The -LP domain relaxes stronger than the +LP domain (Fig. 3a) which is
consistent with the experimental observation (Fig. 2d). In addition to surface contributions, local
strain states may vary throughout the bulk. Therefore, we performed STEM on CIPS cross-section
and found extended defects in the layering (Fig. 3b,c) which results in strong local variations of
strain tensor components (Fig. 3d).® The nature of the defects can be described as topological
defects such as edge dislocations where an additional CIPS layer is inserted and abruptly
terminates, as well as domain walls and kinks with high areal density (Fig. 3e). We find evidence
for nanodomains that span multiple layers and observe that the presence of the defects is weakly
correlated with the presence of domain boundaries. These studies confirm the rich nature of defect
structures in layered materials and suggest opportunities for their future study beyond the
traditional single-layer paradigm
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Figure 3. (a) Experimental layer spacing relaxation for a -
LP and +LP surface as obtained by DFT. (b) A
representative high-angle annular dark field image and
corresponding (c) Bragg and (d) computed strain tensor
components image. (e) Zoom into defects such as kings
and dislocations.
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With the enhanced understanding of piezoelectric and ferrielectric properties of CIPS and
the link to polarization through theory, we can begin to explore polarization switching in CIPS.
We found that out of all four possible polarization states, only two participate in the switching
process. Locally, we can identify areas showing a pure polarization reversal, a phase change, or
both (Fig. 4a). Out of all observed hysteresis loop, one is standing out which shows a transition
between +HP and -HP states (orange curve in Fig. 3a). The corresponding polarization loop shows
an unusual polarization alignment against the applied electric field (Fig. 4b). This can be explained



by a field-driven Cu motion across the vdW gap, the first fundamental step of ionic conduction,
which results in a polarization reversal which does not happen in traditional ferroelectric materials.
We have demonstrated that it is possible to isolate the Cu transition across the vdW gaps reversibly
on local scales resulting in inverse polarization loops that exhibit two negative slopes constituting
a negative capacitance (NC) regime where dP/dE < 0 (Fig. 4c). This interplay of ionic and polar
properties enables stable NC during polarization switching, unlike transient NC methods based on
ferroelectric circuits. This innovation offers a pathway towards new designs for efficient
computing based on intrinsic material properties without the need for additional circuitry.
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Figure 4. (a) Characteristic piezoelectric constant hysteresis loops observed in different regions of CIPS. (b)
Corresponding polarization loop extracted for the orange curve in (a) by comparing experimental and
theoretical values. (c) Derivative of polarization curve in (b).

Future Plans

In the future, we will explore the interplay of ferroic and ionic material properties with the goal to
modify the ferroelectric properties on demand. This will be done at the nanoscale and the
microscale to establish a road map how the unusual local phenomena can be harnessed on larger
length scales. We will explore the role of voltage pulses to introduce Cu disorder to transition from
the ferrielectric to the paraelectric state controllably and reversibly. In this process, the role of
interfaces and surfaces are of fundamental interest since they need to be able to accommodate Cu.
We also plan to continue and further develop our integrated experiment-theory approaches to better
understand the fundamental ferroelectric and ion conducting properties of CIPS.
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Research Scope

The goal of our program is to produce images of soft materials with atomic resolution using
electron microscopy. The proposed work is inherently challenging because soft materials are
unstable under the electron beam. Our work encompasses both cryogenic transmission electron
microscopy (cryo-EM) and four-dimensional scanning transmission electron microscopy (4D-
STEM). Our experiments were conducted on crystalline nanostructures formed by self-assembly
of amphiphilic peptoid molecules in water and the organic semiconductor molecules in thin films.
Molecular dynamics simulations are used to characterize thermal fluctuations and disorder, and
this information is convoluted with the contrast transfer function of the microscope used in
experiments to obtain theoretical images. We demonstrate the application of our techniques to
imaging the crystalline structure of peptoid membrane at the atomic level and establish structure—
property relationships in organic systems using techniques previously only available for hard
materials. These methodologies that we have developed will be extended to a wide variety of soft
materials.

Recent Progress

A fundamental challenge in materials science is to understand the atomic-level structures
of nanoarchitectures assembled from synthetic polymers. Here, we synthesized a family of
sequence-defined polypeptoids that form free-floating crystalline 2-dimensional nanosheets, in
which not only individual polymer chains and their relative orientations, but also atoms in
nanosheets were directly observed using the cryo-EM. These atomic details are inaccessible by
conventional scattering techniques. Using the feedback between sequence-controlled synthesis and
atomic imaging, we observed how the nanosheet structure responds to chemical modifications at
the atomic-length scale [1]. These atomic-level insights open the door to the design of bioinspired
nanomaterials with more precisely controlled structures and properties.

Figure 1 A shows the chemical structure of a nearly monodisperse diblock polypeptoid
comprising a hydrophobic poly-N-(2-phenylethyl)glycine (pNbrpe) block with bromine atoms at
the para position phenylethyl side chains and a hydrophilic poly-N-2-(2-(2-methoxyethoxy)
ethylglycine) (pNte). The self-assembly of this material in water results in the formation of



molecularly thin sheets of the crystalline hydrophobic pNbrpe chains stabilized by dissolved pNte
chains [2,3]. The sheets were divided into 87 x 87A boxes and analyzed using the Relion software
package [4,5]. Every box in the nanosheet obtained from this peptoid belonged to the same class
which is shown in Figure 1B. The averaging technique works extremely well when very few
classes are needed. The antiparallel V-shaped motif was obtained in this system. At the ends of
each side chain is a bright dot that represents the projection view of three bromine atoms in a
column. It is clear that in some polymers, we can identify individual atoms if the atom is heavy
enough. Moving forward, we will exploit this molecular construct to further our understanding of
atomic self-assembly in soft materials. We are using molecular dynamics to understand the role of
steric effects and polarity on the organization of polymeric chains. In the system shown in Figure
1C, the bromine atom is constrained to like a fixed distance away from the benzene ring due to a
covalent bond.
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Figure 1. A. Chemical structure of polypeptoid block copolymer. B. Averaged image. The Fourier transform of the
image is shown in the inset. The rows of small dots at the end of side chains represent bromine atoms. One such row
is outlined in a dotted red box. C. MD simulations showing the expected locations of individual Br atoms.

The present study on the investigation of polypeptoid crystal structures at the atomic level
is not only a significant advance in soft material imaging but also in enabling the future design of
biomimetic nanomaterials with more precisely controlled structures and properties.

In addition to the direct imaging of atoms in synthetic polymers using cryo-EM, 4D-STEM
was used to study the structural ordering at the level of individual defects and nanoscale domains
in films of organic semiconductors. 4D-STEM uses a focused electron beam that is rastered across
an electron transparent sample and at each scan position a diffraction pattern is acquired (Figure
2A\). The individual convergent beam electron diffraction (CBED) patterns provide comprehensive
information regarding structure, orientation, localized lattice strain, and other material properties.
We refer to this technique as 4D-STEM since it involves a 2-dimensional scanned area where at
each point a 2-dimensional diffraction pattern is acquired (Figure 2B and C).



In our initial studies of soft materials using 4D-STEM we have focused on organic
semiconductor molecular thin films. As their electronic properties depend highly on their
crystallographic geometry, organic semiconductors exemplify the need for improved
understanding of the link between structural and functional properties across a multitude of length
scales. They are thus ideally suited for study by electron microscopy methods. We have imaged
the nanocrystalline structure of an organic molecular thin film using 4D-STEM with a spatially
localized probe (~2 nm) as shown in Figure (Figure 2D and E). Our technique revealed previously
unknown structural features, such as grain overlapping through the thickness of the thin film, and
information about the local crystal structure and its variations (Figure 2D and E). While a sample
cast from a single solvent exhibited a liquid-crystal structure with crystalline orientations varying
smoothly over all possible rotations, the addition of a co-solvent induced pronounced segmentation
of the structure characterized by the emergence of sharp grain boundaries and overlapping
domains. Our results demonstrated the power of 4D-STEM to provide insight into the structure of
functional organic solids and show how structure-property relationships can be visualized in
organic systems using techniques previously only available for hard materials such as metals and
ceramics.
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Figure 2. A. Schematic of the 4D-STEM technique. Rastering the convergent beam enables detection of a full
diffraction pattern for each (x, y), with a step size large enough to prevent the beam from damaging the yet
unsampled neighboring positions. B. Illustration of n-x stacking of p-DTS(FBTThy). (named T1). C. 4D-STEM data
from a sample containing T1. Comparison of grain morphology between p-DTS(FBTTh,), drop cast without solvent
(T1) in D and with solvent (T1 + DIO) in E. 4D-STEM images show the continuity of lattice orientations.
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To summarize, we have developed imaging methods based on both transmission and
scanning transmission electron microscopy to study crystalline, and liquid crystalline soft matter
at unprecedented spatial resolution.

Future Plans

The atomic-scale imaging of polyepetoid crystalline membrane has been demonstrated in
previous study where the individual bromine atoms were abel to be identified with 1.5 A
resolution. The protocols for the cryo-EM 2-D imaging and the imaging processing has been
established. This has the potential to open the door to resolving individual atoms without the
resorting to a model. Atomic-scale 3-D reconstruction of the polyepetoid crystalline membrane
wherein all of the crystals are identical are still challenging due to issues related to the presence of
local heterogeneity of tilting geometry of unit cells in a tilted crystal. We are working on
algorithms to identify, average and reconstruct over such collections of tilted images with fidelity.

4D-STEM has shown the ability to provide local spatial information of lattices and grains
in organic thin films. This method will be extended to a wide variety of soft materials, in particular
the functional diblock copolymers with semicrystalline blocks which serve as solid electrolyte in
battery, such as the polystyrene-b-polyethene oxide (PS-b-PEO). The effect of salt on the
crystalline structures in the PEO domain as functions of concentration, temperature and spatial
distribution can be revealed using 4D-STEM in future study.
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Research Scope

In the past decade, the development of cryo-EM technology by structural biologists have enabled
near-atomic resolution imaging of sensitive biomolecules in their native state.>? Cui and Chiu labs
collaborated to adopt this technique for materials science and have demonstrated breakthrough
results on first atomic resolution imaging of sensitive energy materials.> These first-ever images
of sensitive energy materials illustrate the potential impact cryo-EM could have on energy
research, opening up a wealth of research opportunities to investigate previously unknown aspects
of battery operation. Our central focus is to develop and leverage innovations in cryo-EM to
uncover and understand the fundamental processes governing battery operation and failure. Such
dynamic processes span the entire battery architecture bridging materials and interfaces at the
cathode, electrolyte, and anode, which underlie the development of advanced battery materials.
Driven by important yet unanswered scientific problems across multiple length and time scales,
we will pursue advances in cryo-EM to stabilize sensitive materials and interfaces in their
equilibrium and metastable intermediate states. The development of cryo-EM for battery research
will enable new discoveries in the short-term, while establishing cryo-EM as a foundational
technique at the frontier of future energy research both within and beyond battery materials.

Recent Progress

We leveraged the cryo-EM methods to resolve several important yet unanswered scientific
questions among the battery community. The rich information and fundamental findings of
batteries at nanoscale in native state provide a clear understanding of crucial failure mechanisms
in batteries and introduce new discoveries in energy science.
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Fluorinated Species in Battery Solid-

Electrolyte Interphases: The stability of %

lithium batteries is tied to the g .

physicochemical properties of the solid- S :

electrolyte interphase (SEI). Owing to the Indirect SEI

difficulty in characterizing this sensitive m @ [ ) m
interphase, the nanoscale distribution of Cutrentcollactor

SEl components is poorly understood.

Here, we use cryogenic scanning

L . Figure 1. Schematic of the SEI structure derived from cryo-EM
transmission electron microscopy

(cryo-STEM) to map the spatial distribution of SEI components across the metallic Li anode. We
reveal that LiF, an SEI component widely believed to play an important role in battery passivation,
is absent within the compact SEI film (~15 nm); instead, LiF particles (100-400 nm) precipitate
across the electrode surface. We term this larger length scale as the indirect SEI regime. On the
basis of these observations, we conclude that LiF cannot be a dominant contribution to anode
passivation nor does it influence Li+ transport across the compact SEI film. We refine the
traditional SEI structure derived from ensemble-averaged characterizations and nuance the role of
SEI components on battery performance.

Metal Dissolution Impact on Solid-Electrolyte

: : , : FAP 2T
Interphase: Dissolution of transition metals from high- -4 ) b
i-ric! it “.“‘\c

voltage cathodes and their incorporation into the solid- 7
electrolyte interphase (SEI) of carbonaceous anodes

drastically reduces the lifetime of Li-ion batteries. The dead lithium
effects of dissolved transition metals on the performance - U (copactyloss)
of carbonaceous anodes are well characterized; however, s, fo difuson Nizieh &

the impact on Li-metal anode performance and the SEI

is rarely considered. Here, we use cryogenic electron

microscopy to reveal the impact of dissolved Ni on the SEI Figure 2. Schematic of Ni impurities
formation process on Li-metal. A link between Ni | in Lithium metal SEI
incorporation into the SEI and the failure of Li-metal
batteries is established. We find that Ni is reduced into its metallic state and incorporates as small
clusters into the SEI, locally changing the chemistry and nanostructure of the SEI. These chemical
and nanostructure changes locally modify the Li-ion and electron transport properties of the SEl,
accelerating electrolyte decomposition, increasing formation of ‘‘dead’’ Li, and ultimately causing
failure.

lithium metal lithium metal
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Cathode Electrolyte Interphase in A ‘r’
Lithium Batteries: Cathode electrolyte o
interphase (CEI), the intimate coating >
layer formed on the positive electrode, )
has long been thought to be critical for
high performance of the positive

Cathode

SEI
Pristine State

Bl ° ° 1

electrode. However, many aspects of CEI L 2
remain unclear. This originates from the ; S
. . SEI CEl
lack of effective tools to characterize Aftor Gycle
structural and chemical properties of —->e
these sensitive interphases at nanoscale. “ iconrouitn
Here, we develop a protocol to preserve ull v ¢
. . R . —1‘—9 (18 T conformal CEl ConformalAG,EI Lises
the native state and directly visualize the o . & i R

interface on the positive electrode using After Shorting

cryogenic electron microscopy (cryo-EM). | Figure 3. Schematics for CEI formation under different
We find that under normal operation conditions and cryo-EM characterization of conformal CEI

conditions, there does not exist an intimate

coating layer at the single-particle level in commercial carbonate-based electrolyte. However, we
found that upon brief external electrical shorting between anodes and cathodes, a solid-electrolyte
interphase (SEI), which usually forms at the anode surface, could form on cathodes, and be
electrochemically converted into a stable, conformal CEl in situ. The conformal CEI helps improve
Coulombic efficiency and overall capacity retention of the battery. This generates a different
perspective of the CEIl in commercial carbonate-based electrolytes than previously understood.

Future Plans

We aim to develop protocols and devices to reveal the atomic structure and chemistry in batteries
spanning multiple time and length scales. We will develop methods to do macroscopic cryogenic
cross-sectioning of full-cell batteries for EM study and correlate the nanoscale structures with
macroscale phenomena inside the real full cells. This will allow us to map the battery across
different length scales. We will also develop operando-freezing protocols and devices to capture
the transient states of batteries. By freezing the battery while applying the bias, we would have
temporal resolution of what is inside a working battery. These protocols and devices will be
applicable to various high energy battery materials and systems beyond lithium.

Preparing sectioned macroscale samples for cryo-EM imaging: We aim to develop efficient
cryo-sectioning protocols for sample preparations for battery research. Towards complete
understanding of nanoscale processes that occur during battery operation, direct observation and
analysis of macroscale batteries is required, along with correlation of the nanoscale structure and
chemistry to electrochemical performance of real full cells. We plan to explore two different
cryogenic sectioning techniques to prepare thin samples: cryo-ultramicrotome and cryo-focused-
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ion beam. Preparation of cells at different states of charge and lifetime enable a wholistic
understanding of the physicochemical evolution and aging of the battery.

Development of operando freezing capabilities for electrochemical devices: We aim to design,
engineer, and build an electrochemical plunge-freezing apparatus with optimized freezing
protocols that can capture short-lived intermediates present during battery operation. To facilitate
rapid temperature quenching, we will develop a model battery architecture that is suitable for fast
temperature quenching. We will plunge freeze the cell while applying bias and manually
disassembled inside the cryogen. This operando-freezing protocols and first-generation device
would allow us to investigate important research questions, such as SEI formation kinetics at early
timescales, transient distribution of electrolyte components during battery operation, etc.

High resolution imaging of sensitive battery materials beyond Li metal: We aim to reveal the
atomic structure and chemistry of sensitive battery materials beyond Li metal. In principle,
materials that are weakly bound (lower melting point) and less conductive (both electronically and
thermally) are more susceptible to damage by the electron beam. This can make high-resolution
imaging of other high energy battery materials (e.g. Na metal anode, S cathode) more challenging,
even at cryogenic temperatures. Moreover, it is important to define and quantify electron beam
damage for each materials system so that standard protocols and metrics of “stability” can be
established.
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Research Scope

The Spin Physics and Nanoscale Probes of Quantum Matter FWP, co-located at SIMES/SLAC
and LBNL, has the vision of assembling a world-class collaboration to fabricate and characterize
material systems, in which electron spin plays an essential role in giving rise to emergent
phenomena, such as topological order and exotic quasiparticles. In particular, the FWP focuses
on the discovery of new states of quantum matter and novel physical effects associated with spin,
isospin, and electronic degrees of freedom. The overarching goal of the research team is to observe
and manipulate these quantum states at microscopic to mesoscopic scales, and to use the resulting
insights to design and identify transformative quantum materials with tailored functionality.

Recent Progress

Quantum Anomalous Hall. Studies on two-
dimensional electron systems in a strong
magnetic field first revealed the quantum Hall
(QH) effect, a topological state of matter
featuring a finite Chern number and chiral
edge states. Haldane later theorized that Chern
insulators with integer QH effects could
appear in lattice models with complex
hopping parameters even at zero magnetic
field. Such behaviors have now been
experimentally seen in both magnetically
doped 3D chalcogenide-based topological
insulator thin films and graphene-based moiré
systems. We have been studying both of these,
and exploring their possibilities, similarities,
and differences. Specifically, we discovered
perhaps the first orbital ferromagnet! (also a
Chern insulator, as beautifully verified by
Andrea Young et al.?) at zero external
magnetic field, in twisted bilayer graphene
aligned with hexagonal boron nitride. With
Feng Wang, we also showed that the ABC-
trilayer graphene/hexagonal boron nitride
(ABC-TLG/hBN) moiré superlattice also
displays a correlated Chern insulator.® These
states are highly electrically tunable.
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Fig. 1. Large, hysteretic Hall effect near zero magnetic
field reveals orbital magnetism in twisted bilayer
graphene aligned with hBN to break sublattice
symmetry. This hysteresis loop was paused for 6 hours
at B=0, showing stability of magnetic states. Magnetic
state can also be reversibly switched by minute currents;
the mechanism is still under debate.*
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This has also been a period of technique and infrastructure development as our FWP has
refocused on new experimental problems and the tools needed to address them. The teams of
Goldhaber-Gordon and Kastner have entirely rebuilt a scanning gate microscope operating at
dilution refrigerator temperatures to reduce electrical and vibrational noise, and have begun to
probe electron flow in graphene-based heterostructures with engineered bandstructure.
Manoharan has developed a novel scanning electrometer based on monitoring the frequency
shift of a single vibron THz excitation in a molecule on the tip of an STM. Over controlled
substrates, this probe has demonstrated a sensitivity of +/-0.001e while imaging otherwise
hidden charge fluctuations in a surface 2D electron gas. Orenstein has designed and installed a
new scanning optical cryostat, with polarization-preserving and magneto-optic capabilities. Its
lower base temperature (< 1.7K) has been planned to support probing the nature of magnetic
states in graphene-based moiré systems and spin liquid candidates, in collaboration with
Goldhaber-Gordon and Kastner.

Future Plans

We will focus on magnetism in 2D materials, especially moiré-induced flat bands, as well as
junctions between superconductors and other electronic phases (topological insulators, magnets,
etc.) In trying to understand and manipulate such systems, Orenstein will perform THz
spectroscopy® and time-resolved Kerr effect measurements on the same samples Manoharan
and Goldhaber-Gordon probe by scanning tunneling spectroscopy, atomic force microscopy,
and other more specialized scanning probe microscopies, and Goldhaber-Gordon and Kastner
by transport and RF studies. Goldhaber-Gordon will pattern samples, following design ideas
from all team members. Orenstein will map magnetization patterns and correlate them with
potential drops measured with those other techniques. Kastner will work with the other
investigators to plan, guide, and interpret experiments.
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Research Scope

The focus of this research task under the FWP Number MA-015-MACA is to study charge
and spin behavior and their ordering, especially those related topological defects, including ferroic
domain walls, vortices and chrial textures in ferroelectric and ferromagnetic systems under
external stimuli to unveil the underlying physical principles that control emergent macroscopic
functionalities. The research areas include 1) intriguing electronic or magnetic phenomena at
domain walls and interfaces, and 2) understanding topological natures and switching pathway of
charge and spin textures under external stimuli. We utilize in situ electron microscopy to study
dynamics and functionalities of topological defects across phase transitions under external
electric/magnetic fields under controlled cooling or heating. The research areas of ultrafast
electron microscopy and instrumentation as well as electronic imhomogeneities are covered by a
separate abstract.

Recent Progress

In the last two years, our research focus was mainly on manipulation of domain walls and
topological defects in various ferroic systems using in situ TEM methods.

Deterministic electric-field control of ferroelastic and ferroelectric domain walls

Electric field-control of ferroelastic domain switching is a key to achieve large electromechanical

responses. However, in epitaxial thin films, ferroelastic switching is profoundly suppressed due to

substrate clamping. In the study of a bilayered PZT
Fig. 1. (a) High-angle annular dark-field scanning
transmission electron microscopy image of the T/R-PZT

bilayer and corresponding out-of-plane/in-plane strain
maps obtained by geometrical phase analysis. Polytwin

) . " _— il domajns _with in-plane (al_and a) and out-of-plane (c)
#3 v Ij,v, 1 Iz 1. 71 polarizations are observed in the T-PZT layer. (b) In situ
Py o ~J —~J bright-field TEM images obtained in the course of three

— cycles of voltage sweep, showing reproducible

ferroelastic domain switching in the T-PZT layer.
Schematics of domain structures are shown below each
images. Note that the orientation of the c/a domain walls
is rotated by 90°. (c) Atomic-resolution image showing
the nucleation site near the interface. The Zr/Ti atomic
displacements (blue arrows) and polarization (yellow
arrows) are overlaid. (d) Simulated domain structures at
initial state and nucleation state. (¢) Energy landscape
highlighting the preferred switching paths.
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heterostructure , we show the reproducible ferroelastic domain switching in and elucidate its
fundamental switching mechanism™. The bilayer consisting of two polymorphs, tetragonal
PbZro2TiosOz (T-PZT) and rhombohedral PbZrossTioss03 (R-PZT), was grown on SrTiOs.
Geometric phase analysis show typical c/a polydomain (polytwin, 90° domains) structures in the
T-PZT layer and monodomain state in the R-PZT layer. Our in situ TEM experiment shows
ferroelastic domain switching induced by external electric fields in a deterministic manner (i.e.,
the c/a domain wall orientation is rotated by 90°) and the nucleation occurs at the triple junction
where the T/R-PZT interface meets the c/a domain wall). Phase-field simulation confirms the triple
junction as the prominent nucleation sites, reducing the length of switching path on energy
landscape and lowers the energy barrier. This ferroelectric-interface engineering approach presents
a viable path towards thin film electromechanical devices with high performance potentials.

Topologically nontrivial spin structures in two-dimensional materials

The recent discovery of ferromagnetic order in two-dimeonsional (2D) materials provides an
additional degree of freedom in engineering 2D heterostructures and devices for quantum
information science. We show that topologically nontrivial magnetic-spin states, skyrmionic
bubbles, can be realized in exfoliated insulating 2D van der Waals Cr.Ge;Tes (CGT)!.. Due to the
competition between dipolar interactions and uniaxial magnetic anisotropy, hexagonally packed
nanoscale bubble lattices emerge by cooling with magnetic field applied along the out-of-plane
_(b) . direction_. Our

Lo observations of
homochiral  skyrmionic
bubbles provide a new
avenue for designing 2D-
material based novel
guantum states. CGT is a
ferromagnetic  insulator
with a band gap of ~0.74
eV, a strong uniaxial
anisotropy with an easy
axis perpendicular to the
ab plane, rendering it a
promising platform to

/ / / / ab plane

[RFC (1.7 mT), T=20 K|
e T el omil '/
-la 1

realize skyrmionic
bubbles. We found that
stripe domains

spontaneously develop
Fig. 2. (a) Schematic of crystal structure showing Cr spin arrangement and atomic ~ pao\w T. ~ 64 K in thin

resolution STEM image. (b) orientation-dependent magnetic contrast due to strong .
anisotropy along the c-axis, and thickness-dependent domain population, samples, demor}strgtln_g
demonstrating the intrinsic magnetic anisotropy. Top right panel shows the four ~ Strong Intrinsic
sections with 91, 133, 185, and 301 nm in thickness (from left to right). (c) Lorentz perpendicular
images from exfoliated CGT flakes after residual-field cooling (RFC), showing  anisotropy. Due to the
change in magnetic spin structure from stripe domains to skyrmionic bubbles. (d) competition between
Lorentz images after field-cooling (FC). Hexagonally packed skyrmionic bubble dipolar interactions and
lattices are observed after FC. (e) Magnetization maps obtained by transport- p i )
intensity-equation (TIE) method from the areas indicated with blue and green  Uniaxial magnetic
boxes in the Lorentz images. (f) Schematic of spin structure. anisotropy, hexagonally
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packed nanoscale bubble lattices emerge by field cooling with magnetic field applied along the
out-of-plane direction. Despite the lack of symmetry breaking the Dzyaloshinskii-Moriya
interaction (DMI), skyrmionic bubble lattices in CGT are single-chiral, in contrast to other
skyrmionic bubbles with random chirality reported in centrosymmetric magnets. Our observation
of topologically nontrivial homochiral skyrmionic bubbles in exfoliated vdW materials provides a
new avenue for novel quantum states in atomically thin insulators for magneto- electronic and
quantum devices.

In order to better and quantitativeley understand complex topological spin textures, we developed
a methodology combining Fresnel propagator simulations with tilt-series Lorentz phase
microscopy, which allows us to characterize three-dimensional spin textures, especially in
multilayer films, beyond the small defocus limit for Lorentz imaging!®l. We also systematically
studied skyrmion dynamics in insulating multiferroic Cu2OSeOs and their collective control by in-
situ cryo-Lorentz phase microscopy. We investigated helical-skyrmion phase transitions as
function of temperature, magnetic field, Te-doping, and sample thickness. Two novel phenomena
in chiral spin textures were observed: anisotropic scaling and skyrmion channeling with a fixed-Q
statell. This results provide a viable way toward controlled manipulation of skyrmion lattices,
envisaging chirality-controlled skyrmion flow circuits and enabling precise measurement of
emergent electromagnetic induction and topological Hall effects in skyrmion lattices.

Future Plans

Expanding our study on charge-spin-lattice interactions to quantum regimes, we will study
topological charge and spin textures and their emergent phenomena under magnetic and/or electric
fields at low temperatures.

Electric-field/current control of magnetic skyrmions

Using our custom-designed electrical biasing liquid-helium cooling holder we will study electric
field and current effects on topological spin textures in chiral and 2D magnets, which can greatly
broaden the research scope in quantum materials. Insulating Cu20SeOs is an ideal platform to
achieve electric field control of skyrmion lattices due to its magnetoelectric coupling arising from
magnetism-induced inversion symmetry breaking (i.e., a type-11 multiferroic). Our preliminary
study shows that the helicity of skyrmions can be reversed by external electric fields (Fig.3c).
However, such helicity reversal would require a sign change of DMI vector, that is locked by
underlying crystal structure. We will focus on revealing underlying physical origin for the helicity
reversal behavior observed in our preliminary experiments to shed lights on electric-field control
of chiral spin textures.

In addition, we will also study electruc current effects on skyrmionic bubbles in ferromagnetic
Kagome metal FesSnz. We have experimentally confirmed the skyrmionic bubble lattices in this
system that is directly coincided with the thermopower anomaly. Based on our preliminary results
shown in Fig. 3g, we found the stability of skyrmionic bubbles is dramatically affected by electric
current. We will explore further these electrical current effects on skyrmionic bubbles focussing
on their topological Hall effects. Last, but not least, we will directly image raido-frequency-excited
magnons in skyrmion lattices at the picosecond time scale using our tunable electron beam pulser
systeml®l. Our study will provide viable controlling knobs over skyrmions and their lattices in both
phase and temporal domains.
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Fig. 3. Electric field/current control of topological spin textures. (a) A TEM-ready device sample prepared by
focused ion beam connected to the Au electrodes for in situ electrical biasing at liquid-helium temperature. (b) A
Lorentz TEM image taken under an external magnetic field (~93 mT) along the viewing direction at T = 24 K
showing a single chiral skyrmion lattice with clockwise in-plane spin rotation sense (SKLcw). () Lorentz TEM
image obtained with -50 V applied showing helicity reversal behavior (i.e., formation of skyrmion lattice with
counter clockwise in-plane spin rotation, SKLccw) near the electrical ground (top right). Insets in b and ¢ are Fourier
transforms of SKLs. (d) A schematic showing antiphase boundary separating two skyrmion lattices with opposite
in-plane spin rotation. (e) A Lorentz TEM image under 300 mT showing stripe domains in the ab plane of FesSn;
at room temperature. (f) Skyrmionic bubble lattices formed with increasing external magnetic field (800 mT). (9)
Electric-current-induced destabilization of skyrmionic bubble. (h) A magnetization map reconstructed by the TIE
method.

Polarization switching pathway in two-dimensional ferroelectrics

Electrically switchable macroscopic polarization in 2D van der Waals materials has been
extensively studied thanks to their unique platforms to study fundamental electronic and structural
ordering phenomena in low dimensions beyond conventional interfacial strain engineered thin
films. Recently, ferroelectric switching has been demonstrated in Weyl semimetals WTe> and
MoTe, with broken inversion and time-reversal symmetry. Exploring the domain structures in
these polar Weyl semimetals is important because their topologically nontrivial band structures,
such as Weyl points and Fermi-arc connectivity, can be manipulated via domain structures.
Furthermore, orientation and/or emergent phenomena and functional properties can be harnessed
in domain walls where broken inversion symmetry is restored. Combining atomic imaging and in
situ electrical biasing in TEM, we will investigate complex phase and ferroelectric domain-wall
configurations in 2D ferroelectric materials to understand their polar nature and switching
pathways.
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Research Scope

Success of quantum information science requires the capability to tailor and control minute
interactions in coupled quantum states, protect them from perturbations, establish connections to
the macroscopic world, and understand their behavior at a fundamental level. Here we address
these challenges by utilizing the atomically focused electron beam of a scanning transmission
electron microscope (STEM) to manipulate the local atomic structure and chemistry in low-
dimensional materials to build and understand quantum systems from the bottom up. Our
experimental efforts integrate with multifaceted predictive theory to interpret measurements and
guide materials choices and atomic scale design. This includes developing novel theoretical
frameworks that model non-equilibrium processing in quantum optical centers and spin systems,
their behavior within resonant cavities, and their interactions with the local environment. We aim
to create, enhance, and stabilize entangled and correlated states through direct control over dopant
and vacancy position and material geometry to locally tune bandgaps, electronic wavefunctions,
and phonon modes, and to provide the conditions under which topological effects emerge. A key
enabling aspect of this work leverages recent successes in enhancing STEM as a platform for
atomic scale manipulation with the goal of scaling this up to allow fabrication of an array of defects
with designed patterns. We are developing and applying these novel capabilities to control the
insertion and motion of multiple dopants in low-dimensional materials to form arrays that can act
as quantum centers or, according to recent theoretical predictions, can transform the material
locally to imbue it with robust topologically isolated edge-states. Through this work, we will
directly address open questions in the materials physics of atomic scale solid-state quantum
systems by eliciting direct control of matter at the atomic scale.

Recent Progress

The focus of this project is to rationally design, controllably synthesize, characterize, and build
new understanding about the quantum optical, magnetic, and electronic properties of specified
local atomic scale defects and arrays of defects in suspended 2D materials systems. Recent
progress has demonstrated expanding capabilities to controllably create a variety of dopant-defect
complexes within the STEM and examine their properties from both experimental and theoretical
standpoints. These are summarized below:

1. Controlled Insertion of Single and Heteroatomic Dopant Systems and the Role of Local
Atomic Configuration and Strain. A key capability toward the fabrication of devices that harness
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the quantum properties of matter at atomic scales is the ability to create structural units from a few
atoms that exhibit desirable functional properties. These properties are largely dictated by the local
atomic structure which is derived from bonding and chemistry. Here we demonstrate the ability to
use STEM to controllably insert a wide variety of dopants [8] (Cr, Ti, Fe, Ag, Co, Ni, Si, and Pt),
modulate their local bonding and defect structure (and in so doing, establish which configurations
are stable), and predict properties of these systems. Figure 1 a)-c) give a visual depiction of the
insertion process where the e-beam is used to eject a C atom from the lattice and an adatom
sputtered from nearby source material attaches to the defect site. Leveraging theoretical insights,
we drive the structural evolution of the defect through continued e-beam irradiation and use first
principles theory to deepen our understanding about the energetics of the observed transformations
and the emergent physical properties of the formed structures. Figure 1 d) shows an example
summary of this process for a Cr defect evolving from occupation of a single vacancy to a double
and then triple vacancy and predict how local arrangement and strain can tune band gaps and
introduce magnetic properties [7]. We have concurrently screened candidate structures across the
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Figure 1: Summary of e-beam-directed doping, structural evolution, and theoretical screening. a)-c) Schematic
diagrams illustrating the e-beam-directed doping process where a C atom is ejected from the graphene lattice and
replaced with an atom sputtered from nearby source material. d) shows a summary of a three-fold coordinated Cr
dopant in graphene evolving under e-beam irradiation. The calculated partial density of states (PDOS) is shown in
the right-hand panel. e) Graphical summary of the methodical search through dopant structures in graphene.
Dopants at monovacancies and divacancies were considered. Each tile includes color coding for the calculated
binding energy, magnetic moment and band gap. Yellow highlights indicate non-trivial band topology. Structural
configurations showing large magnetic moments and large band gaps are more closely shown in the call-out
boxes. An example of the band topology is shown for Os.
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periodic table using first principles theory to search for dopant-structures with desirable properties.
Figure 1 e) shows a summary of these results where binding energies, magnetic moments,
electronic band gaps, and band topology were examined for both monovacancy and divacancy
dopant configurations. While single point defects, like dopants attached to mono, di, or trivacancy
lattice sites, provide a sizeable property landscape to explore, more complicated structures
involving several atoms and differing atomic species have been demonstrated as amenable to
STEM-based synthesis (PtSi, NiSi, and AgSi) [2]. This expands the field of structural possibilities
factorially. Direct observation of the structure enables and helps to guide development theoretical
models to examine the properties and synthesis pathways closely.

2. Prediction of Defect Interactions for Emitter, Spin, and Topological Systems. As our ability
to synthesize specific defect arrangements expands, theory and modeling developments have been
directed toward predicting how interactions between defects in 2D materials can be leveraged to
induce desirable quantum behaviors and thus provide a roadmap for experimental STEM-based
atomic scale synthesis targets. As one example, a new strategy is proposed to explore various
quantum phases [i.e., quantum spin Hall insulators, quantum anomalous Hall insulators (QAHIS),
2D magnetic Weyl semimetals, and 2D ferromagnetic semiconductors] and to achieve a
topological quantum material that is stable at a high temperature. Results show that it is possible
engineer the magnetic ordering as well as the band topology of 2D post-transition metal systems
by simply applying stain on a substrate [6]. QAHIs are a highly promising class of quantum
materials in spintronic and quantum computational devices because of their incredibly precise
quantization and their robustness against defects along spin-polarized edge electron channels.
Realization of the high-temperature QAH effect has been hindered by the difficulty of
simultaneously controlling both magnetization and spin—orbit coupling (SOC). Thus, it is of great
significance to discover new QAHIs with both larger SOC gaps and higher ferromagnetic critical
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Figure 2: We propose a new realistic strategy to engineer topological and magnetic properties of 2D hexagonal
lattices consisting of post-transition metals. a) Versatile quantum phases, including quantum anomalous Hall
insulators, quantum spin Hall insulators, 2D magnetic Weyl semimetals, and 2D ferromagnetic semiconductors,
can be achieved by simply changing local strain. b) shows corresponding band structure. ¢) shows a conceptual
diagram illustrating how strain can be used to control magnetic and topological properties. d) shows the atomic
configurations of 2D Sn on graphane
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temperature. This work represents an important scientific advancement and impact because it
realizes the first magnetic post-transition metal systems and high-temperature QAHIs in terms of
both materials and design principles. Figure 2d shows the atomic configurations of 2D Sn on
graphane. The phase diagram in Figure 2a, based on the Tight-binding (TB) Hamiltonian,
delineates different quantum phases in the phase space of Ag, (spin-orbit coupling) and

E., (magnetic exchange interaction) scaled by the TB hopping parameters. Band structures that
represent each phase are shown in Figure 2b.

Parallel work has focused on understanding emission from coupled defect pairs. Scalable quantum
systems require deterministic entangled photon pair sources. Recent results [9] demonstrate a
scheme that uses a dipole-coupled defect pair to deterministically emit polarization-entangled
photon pairs. Based on this scheme, we predict spectroscopic signatures and quantify the
entanglement with physically realizable system parameters and describe how the Bell state fidelity
and efficiency can be optimized by precisely tuning transition frequencies. A defect-based
entangled photon pair source would offer numerous advantages including flexible on-chip
photonic integration and tunable emission properties via external fields, electromagnetic
environments, and defect selection. Related work [4] has shown how modulating local phonon
properties can tune photon-mediated qubit-qubit interactions. Here, optically active qubits of
differing excitation energies are mutually coupled via a dispersive interaction with a shared mode
of an optical cavity. By acoustically modulating the qubit excitation energies it is shown that, in
fact, it is possible to tune to resonance a preselected pair of qubits and thus open a communication
channel between them. This method potentially enables fast (approximately ns) and parallelizable
on-demand control of many physical qubits and provides suggestions for experimental paths to
verifications of these concepts will be used to guide experimental aspects of this project.

Future Plans

We are currently developing novel means to introduce atomic species to the surface of graphene
and other 2D materials by in-situ evaporation within the STEM. This involves integrating local
heaters/evaporators into the sample holder as well as using laser sources to evaporate material that
can then be integrated into the sample. If successful, this will greatly simplify atomically precise
doping and enable introduction of different elements over a predetermined array of locations.
Previous work has focused primarily on modifications of graphene and future work will be directed
towards establishing similar capabilities on wider classes of 2D materials including WSez, WSy,
and WTe; as they show promise for hosting quantum emitters and exhibiting useful topological
states. We will also begin both in-situ and ex-situ measurements of quantum properties of
synthesized defects. Theory and modelling efforts will continue to explore new promising
materials-defect systems and focus on systems that have been demonstrated experimentally
including magnetic systems in order to evaluate how magnon-mediated spin qubit interactions may
break optical selection rules and understand how integrating magnetic dopants into 2D lattices may
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bring about spin-interactions within neighboring dopants as a means to tune magnonic and optical

properties.
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Research Scope

Rich functionalities of quantum and strongly correlated materials emerge from the
interplay between the electronic, orbital, lattice, and spin degrees of freedom that often lead to
complex structural and electronic phenomena spanning atomic to mesoscopic scales. In many
cases, these phenomena are associated with translational symmetry breaking, local frozen disorder,
or strongly correlated disorder. However, the relevant mechanisms and roles of individual
subsystems often remain unknown. Over the last decade, Scanning Transmission Electron
Microscopy has emerged as a powerful quantitative probe of materials structure on the atomic
level, providing high veracity information on local chemical bonding, composition, and symmetry
breaking distortions. We aim to harness the power of machine learning methods to build a
comprehensive picture of the chemistry and physics of quantum materials on the level of individual
atomic units, including the parsimonious structural descriptors for non-periodic solids and
correlative structure-property relationships, to discover the generative physical models that give
rise to the observed structures and to establish associated uncertainties, and ultimately to explore
the causative mechanisms operating in materials with multiple functionalities.

Recent Progress

The focus of this project is the development and implementation of STEM imaging and
spectroscopic model and their application for exploration of physics and chemistry of complex
materials on atomic level. Over the last two years, we have additionally explored applications of
machine learning (ML) methods to transform STEM data into materials specific descriptors and
further to use these to build parsimonious, generative, and causal models of materials, along with
the determination of associated uncertainties. These developments for structural STEM are
summarized below:

1. Bayesian crystallography: Symmetry and symmetry breaking, are the central concepts in
condensed matter physics and are well defined on the macroscopic level. We explored how
symmetry and elementary building blocks can be defined on the atomic level from the
experimental data and show that these definitions become Bayesian in nature. We develop
rotationally invariant variational autoencoders (rVVAE) as an approach to analyze latent symmetries
from STEM data, and demonstrate several examples for single- and multiphase materials including
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SrsRu207 and the LSMO-NIiO system.
We further extend this approach to
explore the mechanisms of a phase
transition between the trigonal prismatic
and distorted octahedral phases of layered
chalogenides in the MoS> — ReS; system
from the observed atomic positions
(arXiv:2006.10001). With this
information, we build a picture of the
structural transition from the atomic level
and determine local and global variables
controlling the local symmetry breaking.

Figure 1. (a) STEM image of suspended graphene. (b) Latent
space or rotational autoencoder trained on this data. (c)
Number of 6-members rings adjacent to central atom (d)
Several structures encoded in latent space. Note that neural

network discovered molecular fragments in a fully
unsupervised manner, illustrating potential of these methods
to uncover physics and chemistry contained in STEM data.

In particular, we argue that the
dependence of the average symmetry
breaking distortion amplitude on global and local concentration can be used to separate local
chemical and global electronic effects on transitions. This approach allows the exploration of
atomic mechanisms beyond the traditional macroscopic descriptions, utilizing the imaging of
compositional fluctuations in solids to explore phase transitions over a range of realized and
observed local stoichiometries and atomic configurations.

2. Chemistry discovery: Structure of materials with broken long-range discrete translational
symmetry including structural and dipolar glasses, spin liquids, etc. have remained one of the most
fascinating areas in condensed matter physics for decades. We explore the applicability of machine
learning methods, specifically rVAE and graph
networks, towards the analysis of the chemical
transformations in 2D materials under e-beam
irradiation. We demonstrate that rVAE approach
enables the effective exploration of the chemical
evolution of the system based on local structural
changes and may be extended to more complex
systems (arXiv:2006.10267). Importantly, the
r'VAE allows discovery of the molecular building
blocks and chemical reactions pathways in
unsupervised manner, Figure 1.

spans composition from ferroelectric R3¢ BFO to non-
ferroelectric Pnma Sm-BFO, allowing to explore
phase transition in composition space on atomic level.
(b) Ferroelectric domains in pure BFO visualized by
STEM. (c) Bayesian inference allows to establish at
which resolution and noise level different models for
BFO free energy can be distinguished from
observational data.

3. Generative physical models: The atomic
configurations visualized by STEM are directly
related to the fundamental physics of the
interactions giving rise to specific structures, i.e.
generative models. On the mesoscale, we explore
the physics of ferroelectric domain walls in
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BiFeOs using Bayesian inference analysis (arXiv:2004.09814). We demonstrate that domain wall
profile shapes are ultimately sensitive to the nature of the order parameter in the material, including
the functional form of the Ginzburg-Landau-Devonshire expansion, and numerical values of the
corresponding parameters. The preexisting materials knowledge naturally folds into the Bayesian
framework in the form of prior distributions, with different order parameters forming competing
(or hierarchical) models. This inference approach both allows learning materials physics from
experimental data, with associated uncertainty
quantification, and establishing guidelines for
instrumental development answering
questions on what resolution and information
limits are necessary for reliable observation of
specific physical mechanisms of interest.

Re55
.

Non-interacting

w; (next nearest neighbor)

We further extend this approach to discrete e an prediction
atomistic  models.  Statistical  distance 00 10 20 30 40 50 60
minimization allows recovery of lattice model
parameters from microscopic observations,
establishes the uncertainties and reliability of
such analysis in a broad parameter space, and
demonstrates that reconstruction is possible
well above the phase transition and in the
regions of the parameter space when the ) Local concentration
macroscopic ground state of the system is  Figure 3. (a) STEM image of Re-doped MoS,. (b)
poorly defined (arXiv:2004.04832, Interaction energies between Re atoms obtained
arXiv:2001.06854). This approach is general ~ from observed atomic  configurations  (c)
and can be further extended well beyond the ~ ™Madnitude of symmetry-breaking distortion as a
lattice Hamiltonians to effectively explore function ofglobal and Io_cal composition separating

the electronic and chemical effects.
parameter space of more complex off-lattice
and dynamic models. We demonstrate this approach on data from a series of atomically-resolved
scanning transmission electron microscopy images of MoxRe1xS> at varying ratios of Mo/Re
stoichiometries, for which we propose an effective interaction model that is then used to generate
atomic configurations and make testable predictions at a range of concentrations and formation
temperatures. We further explore the reconstruction of atomic force fields from dynamic STEM
data (arXiv:2002.05689).
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4. Predictability and causative mechanisms: The knowledge of generative mechanisms is
generally insufficient to understand the physics of complex materials systems with multiple
competing interactions. For example, in morphotropic ferroelectrics the dopants can pin
polarization; however, polarization instabilities can in turn drive cation redistribution. We explore
the predictability and causality of microscopic physical mechanisms from STEM data
(arXiv:2003.08575). Here, predictability of a certain effect or phenomenon is often equated with
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the knowledge of relevant physical laws, typically understood as a functional or numerically-
derived relationships between the observations and known states of the system. Correspondingly,
observations inconsistent with prior knowledge can be used to derive new knowledge on the nature
of the system or indicate the presence of yet unknown mechanisms. We explored the applicability
of Gaussian Processing (GP) to establish predictability and uncertainty of local behaviors from
multimodal observations of different groups of parameters, including the adjacent polarization
values and several combinations of physical and chemical descriptors including lattice parameters,
column intensities, providing an alternative to this classical paradigm. We observe that certain
elements of materials domain structure including charged and uncharged domain walls and
interfaces with the substrate are best predicted with specific combinations of descriptors, and this
predictability and their associated uncertainties are consistent across the composition series. We
further implemented the workflow for causal analysis of structural STEM data and explore the
interplay between physical and chemical effects in ferroelectric perovskites across the
ferroelectric-antiferroelectric phase transitions (arXiv:2002.04245). The pairwise causal criteria
are used to establish the causal directions between the descriptors, ordering the data set in the
causal direction. Ultimately, we believe that the causal analysis of the multimodal data will allow
exploring the causal links between multiple competing mechanisms that control the emergence of
unique functionalities of morphotropic materials and ferroelectric relaxors.

Future Plans

We aim to build upon our established frameworks of X-Autoencoder and encoder-decoder neural
networks, where X={rotationally invariant, variational, etc.}, and STEM data processing
workflows to extract physics in systems manifesting short-range compositional/ structural/ order
parameters An exemplary case is the high susceptibility response in ferroic phase
boundary/morphotropic compositions, for which we can leverage the atomic-resolution STEM
combinatorial library of rare-earth (Sm) doped BiFeOs collected for this purpose. The principal
scientific goal for this system is discovery of local parameter correlations and quantitatively
bridging this with the aggregate system properties. To this end we will develop autoencoder
networks to parameterize atomic STEM data, imposing known structural relationship between
latent variables, as an input for statistical analysis including Bayesian inference and Gaussian
process regression. From the technical standpoint this includes two significant microscopy targets:
the high precision data extraction from aberrant source data (i.e. removing instrument error
sources), and the unsupervised parameterization of local properties.

We further aim to extend these approaches into the Bayesian domain, which allow us to take into
consideration any prior knowledge about the system and evaluate the changes in understanding of
the behaviors given new experimental data. In particular, this framework allows us to
systematically address questions such as: what resolution and information limits are required for
observation of particular physical phenomena? Ultimately, we seek to answer questions such as:
whether electronic instability due to the average Fermi level guides the development of the local
atomic structure, and whether frozen atomic disorder drives the emergence of the local structural
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distortions, and whether the nucleation spot of phase transition can be predicted based on
observations before the transition, and what is the driving forces controlling the emergence of
unique functionalities of morphotropic materials and ferroelectric relaxors?
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Research Scope

Significant progress has been made in the design of superconducting qubits in recent years, but
quantum supremacy with superconducting qubit-based quantum computers remains implausible
because of decoherence induced by qubit interactions with unbound Cooper pairs and low energy
two-level systems, i.e., spin and charge defects. Similarly, improved control over photonic
interactions with quasiparticles and vortices in superconductors will be critical to the development
of next generation superconducting nanowire single photon detectors (SNSPDs), including
photon-number-resolving and high T detectors. While a growing body of research has modeled
the microscopic origins of 1/f noise in superconducting devices for quantum information science
(QIS), there have been very limited in situ measurements of quasiparticle, two-level system, and
vortex interactions in these prototypical quantum devices. At the same time, the detection and
spatial manipulation of superconducting vortices paves a path towards the elusive task of Majorana
braiding in topological superconductors—a critical step toward topological quantum computing
beyond the noisy intermediate-scale quantum computing era. The overarching goal of this project
is to reveal and control the fundamental nanoscale to mesoscale processes that drive qubits and
quantum sensors based on topological and superconducting materials. To achieve this goal, we are
addressing three research aims: (1) Develop nanoscale understanding of photon-induced vortex
and quasiparticle interactions in SNSPDs for high-temperature, photon-number-resolving, single
photon detectors; (2) Reveal fundamental materials limitations of superconducting qubits and
resonators by understanding nanoscale interactions of quasiparticles and two-level systems; and
(3) Manipulate the spatial distribution of vortex-pinned Majorana fermions in topological
superconductors to enable braiding operations for topological quantum computing.

Recent Progress

Addressing our overarching goal requires a collaborative research approach that combines (1) thin
film, heterostructure, and device synthesis and fabrication, (2) material and device characterization
from the atomic-scale to the device-scale, and (3) analytical and numerical descriptions of
superconducting quantum devices. Over the past year, we have made substantial progress in each
of these areas.
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Probing the ground state of unconventional superconductors We have optimized molecular
beam epitaxy growth conditions for candidate topological superconductor PdsBi.Sez, a strongly
spin-orbit coupled superconductor that has a 2D layered Parkerite structure. A key challenge to the
optimization of the intrinsic properties of high-quality ternary chalcogenides lies in the control of
the elemental stoichiometry. We have found that at a sufficiently high temperature, this material
can be grown in an adsorption control regime where Bi and Se are supplied in excess and the
stoichiometry is controlled by the amount of Pd supplied. Excess Bi and Se evaporate due to the
high vapor pressures, resulting in high-quality films that exhibit superconductivity as probed by
transport and magnetization measurements. The initial thin film growth has been supported by
band structure calculations, which point to the possibility of the material being topological and
possibly exhibiting topological superconductivity. Because this material has a 2D structure it can
be seamlessly integrated with the wide range of other 2D materials. This will enable the design
and realization of novel band structures and possible spin triplet superconductivity by integration
with a ferromagnet such as layered materials CrSrTes or with a strongly correlated oxide such as
SrRuQOs.

New understanding of heterogeneous superconductors The characterization of superconductivity
and quasiparticle and vortex dynamics in heterogeneous and nanostructured superconductors with
scanning tunneling microscopy (STM) is challenging, particularly when attempting to match
atomic and device-scales, thereby capturing vortex and quasiparticle effects from nanometers to
tens of microns. In order to identify signatures
of defects in the tunneling spectra, we have
developed new unsupervised analyses of STM
images of heterogeneous superconductors
including FeSe and BaFe2As;. Eventually these
approaches will help to overcome limitations of
finite acquisition time and signal to noise ratio ‘
for device-scale microscopies and provide a | Figure 1. Vacancies in FeSe identified by

. . probabilistic anomaly detection in real-space STM
more comprehensive understanding of effects

) ] can be used to inform our understanding of
of disorder on electronic structure. tunneling spectra.

Se-
vacancies

10

MilliKelvin optical microscopies Over the past year, we have developed new mesoscale optical
probes for the characterization of electronic and magnetic properties at milliKelvin temperatures.
In particular, we have completed the design and installation of an automated milliKelvin scanning
confocal microscope and a magneto-optical Kerr effect microscope and began testing of a
milliKelvin scanning NV magnetometer based on an integrated tuning fork AFM and confocal
microscope installed in the same dilution refrigerator. The dilution refrigerator and milliKelvin
nanopositioners were purchased and installed with LDRD funding, but the programming, design,
and optimization of the automated spatially and spectrally resolved excitation and single photon
detection and spectroscopy were performed as part of this FWP. Ongoing experiments are
targeting mesoscale characterization of SNSPDs with scanning single photon confocal
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microscopy, magneto-optical imaging of new quantum
materials, and scanning laser microscopy of
superconducting resonators and superconducting qubits.

Quantum Microscopies with Squeezed Light We have
recently provided a proof-of-principle demonstration of
quantum-enhanced readout of the displacement of an
atomic force microscope microcantilever with a squeezed
optical readout field®. This work was the first to
incorporate a microscope into a nonlinear interferometer
so that either the squeezed light or a reference light source
could interact with the microscope, thus mitigating
substantial problems with laser induced heating and
optical losses. Optimization of this approach could yield
two orders of magnitude improvement in sensitivity for
off-resonant atomic force microscopies, enabling
broadband materials characterization at the nanoscale, or
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Figure 2. A nonlinear interferometric
readout that utilized a two-mode squeezed
light source allowed us to readout the
displacement of a microcantilever with
sensitivity below the photon shot noise
limit. Spectrum analyzer traces show
displacement signals for varying
microcantilever displacement, normalized
to the measured shot noise limit (black).

enabling higher speed microscopies at cryogenic temperatures.
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Figure 3. Measured (a-c) and simulated
(d) SNSPD waveforms demonstrated that
microwave pulse echoes in large area
SNSPDs result in variations in measured
waveforms as a function of the incident
photon position.

Characterization of microwave and vortex interactions
in SNSPDs at the device scale Over the past year, we have
used variable spot-size excitation of SNSPDs to elucidate
the effect of microwave pulse echoes on device
performance, and we have characterized the SNSPD
response as a function of magnetic field in order to
elucidate the role of vortex dynamics in silicide-based
SNSPDs?. Combining dc and rf analysis of the SNSPD
response in a vector magnetic field provides a
fundamentally new understanding of the role of vortex
dynamics in single photon detection and provides a path
toward fully integrated nanophotonic  quantum
information science.

Robustness of Majorana zero modes to correlated
disorder Majorana zero modes (MZMs) bound to
superconducting vortices in 2D systems have distinct

advantages for quantum information processing because the geometry allows a greater degree of
freedom in the motion of the MZMs. Notably, STM and confocal optical microscopies may be
used to manipulate vortex motion and enable new paths forward for MZM braiding. While MZMs
are protected against infinitesimal random disorder due to their nonlocal nature, it is important to
understand the effect of experimentally plausible disorder on MZMs. We have used a combination
of analytical and numerical calculations to show that disorder in a p+ip topological superconductor
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is most disruptive to Majorana zero modes (and the quantum information encoded into them) when
its correlation length matches the coherence length of the superconductor®.

Hybrid topological-longitudinal transmon design. We have developed the first theoretical
description of a MZM coupled to a longitudinal transmon and derived phase and charge based
coupling interactions for six Majorana configurations that allow parity dependent Majorana
controls. We demonstrated the potential for distinguishing between parity sectors and probing
quasiparticle poisoning rates and mechanisms, and we developed a charge offset scheme to
preserve Majorana degeneracy, regardless of parity or spatial configuration, in the presence of
capacitive coupling.

Future Plans

Over the next two years, we will bridge superconducting heterostructure synthesis and device
fabrication with ongoing optical and scanning tunneling microscopies to probe and control
quasiparticle, two-level-system, and vortex dynamics in superconducting devices from the
nanoscale to the mesoscale. In particular, we plan to use both STM and confocal single photon
microscopy to determine the fundamental constraints on current SNSPD performance and identify
a path toward improved SNSPD design. We will also utilize in situ laser annealing and scanning
laser microscopy to control and characterize two-level-system interactions in superconducting
resonators and qubits at mK temperatures. We plan to combine angle-resolved photo-emission
spectroscopy with transport measurements in lithographically patterned Little-Parks devices, and
optical and scanning tunneling microscopies to characterize and manipulate PdsBi>Se; films.
Finally, we will work toward the demonstration of scalable spatial manipulation of vortices in
topological superconductors as a step toward braiding of MZMs.
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The development of high-speed cameras and direct electron detectors has led to rapid
advances in the field of scanning nano diffraction, often referred to as 4D-STEM. Experimental
results have improved rapidly, resulting in large data sets that can be difficult to interpret.
Approaches such as ptychography recover the exit surface phase which infers information about
the scattering potential. Many analysis techniques rely on reducing the large data sets by
measuring the deflection of the center of mass (COM) of the convergent beam diffraction (CBED)
patterns. This can be used to provide information about local structures and fields and charge
densities. Both these approaches rely strongly on the phase object approximation and are thus
limited to relatively thin specimens. In order to overcome these limitations, we will use machine
learning techniques to analyze these large datasets. Machine learning techniques can be broadly
separated into two different categories, unsupervised and supervised learning. The first is applied
directly to the datasets in an attempt to reduce the dimensionality of the problem to one that can
be more easily interpreted. Supervised learning requires the use of suitable training sets to train
the algorithm to recognize the features of interest. This is achieved through the use of large-scale
simulations of CBED patterns to generate descriptive training sets related to the material under
examination. This requires a clear understanding of electron microscope parameters and accurate
modelling of possible material configurations.

Recent Progress

To extract relevant physical behaviors from the 4D STEM data, it is essential that the
training sets used are representative of the experimental data to avoid out of the distribution effects
in ML and observational biases and confounders during physics interpretation. This means that as
well as realistic structural models and accurate simulations, that microscope parameters must be
correctly incorporated. It has been previously shown that the addition of a source size blur to
image simulations, to account for the finite size of the electron source, is required to obtain
quantitative agreement between experimental STEM images and simulations. For realistic training
sets we need to include the affects of spatial incoherence on the CBED pattern itself. This requires
the simulation of CBED patterns on a suitably fine spatial mesh allowing the CBED patterns to be
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added in using a weighting describing the source distribution. In addition, for lower acceleration
voltages, temporal incoherence must also be included by summing over a suitable range of defocus
values. We have shown that this not only changes the COM distribution of the CBED patterns,
but also the nature of the CBED patterns themselves®. This is illustrated in Fig. 1 for a 60 kV
electron probe with an aperture of 30 mrad. Incident on
graphene. All CBED patterns have been had their contrast
adjusted to emphasize their features. Shown in (a) is a
simulated CBED assuming a perfectly coherent probe. In
(b) we include the effects of spatial incoherence. While
the overall shape of the CBED patterns appears unchanged
the overall contrast has been reduced. In (c) we show the
effect of temporal incoherence. This leads to a smoothing
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321 T ﬁgfﬂ*fgral of the CBED pattern, but no corresponding reduction in
31 1 Both contrast. In (d) we show the effects of both temporal and

spatial incoherence. To illustrate the change in contrast
caused by incoherence, a line scan through the CBED
patterns is shown in (e).

Figure 1 Simulated CBED pattern for
graphene with a 60 kV probe. (a) Perfect
(b) spatial incoherence (c) temporal
incoherence and (d) both. A line scan
(shown on (a)) through each CBED is
shown in (e).

Obviously, the inclusion of spatial incoherence,
which requires a smaller spatial grid to allow the accurate
summing if CBED patterns and temporal incoherence
requires the calculation of several defocus values. This greatly increases the size of the
computational task. This is especially the case if large training sets are to be produced for
supervised learning. In order to facilitate these calculations, we have continued to modify the

LUSTEM package specifically for this task. We
have changed CBED output to HDF file formats
and included all calculation parameters in the
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Figure 2 Graphical representation of the training

supercomputer and is now routinely able t0 | ang testing stages of the deep learning process.

produce terabyte size training sets. As shown
graphically in Fig. 2, the training sets are used to train a deep convolution neural network, using a
variety of possible model parameters or structural descriptors, such as different structures and over
a range of specimen thicknesses. Once trained the network is used on the experimental data
returning the structural descriptors of interest. The advantage of the supervised learning approach
is that our training set can include simulations for many thicknesses and so we are not limited by
the phase object approximation. The phase object approximation can result in unrealistic results
if COM methods are used in thicker specimens?.
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More recently we have implemented the method of rotationally invariant variational
autoencoders (rrVAE) and applied it to both simulated and experimental 4D-STEM data®. This
method is designed to disentangle the general rotation of the object from other latent
representations. Since much of the differences in CBED patterns are rotational as the COM moves
towards the nucleus, this is ideal for the analysis of such data. This approach produces a rotational
map that closely corresponds to the rotational maps found using conventional COM analysis. In
addition, the latent space representations for symmetric systems closely correspond to the COM
magnitude determined in the conventional manner. More interestingly, for systems that break
symmetry such as graphene with vacancies and impurities, these defect exhibit strongly in some
of the latent spaces. While this is early work, it suggests a more general application of this method
to 4D-STEM data will be fruitful.

Shown in Fig. 3 are the results of the
rrVAE algorithm applied to simulated
4D-STEM data for 60 kV electrons
incident on graphene. A 31 mrad probe
forming aperture was used and temporal
and spatial incoherence included. The
model used in the multislice simulation

is shown in (a). The rotation and
Figure 3 (a) Model structure for graphene. (b) and (c) the magnitude of the COM displacement

rotation map and magnitude calculated from the COM .
displacement. (d) The rotation map calculated using rrVAE. (e) calculated from the simulated CBED

and (f) the corresponding latent spaces. The Pearson r value is | Patterns are shown in (b) and (c). The
given in the insets. rotation map from the rrVAE is shown

in (d). The rotation is reversed polarity
in this case. The latent spaces shown in (e) and (f) are effectively the inverse into the COM
magnitude. To test the similarity of the latent spaces to the COM magnitude, we have used
correlation and calculated the Pearson r coefficient. The values of close to -1 demonstrate a strong
inverse linear relationship.

Future Plans

Work is underway to provide a straightforward method for applying electron densities
calculated from density functional theory (DFT) to image/CBED simulations based on the
quantum excitation of phonons model implemented in #STEM. This will allow the routine
simulation of training sets from structures calculated from DFT. This will be a further step in our
goal to produce training sets that truly mimic experimental data.

The generation of training sets using the computational tools developed for SUMMIT is
ongoing. We will initially be using this data to explore simpler modes of analysis, since restrictions
have limited the ability to obtain experimental data. For example, we are investigating if it is
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possible to determine the depth of is single impurity in a silicon lattice. This will have application
to materials that are considered to be candidates for quantum computing.

Systems of broken translational symmetry such as the aforementioned point defects in graphene
are a principle area for planned experimental deployment of the CBED trained networks like the
rrVAE. We aim to extend to 3D ferroic systems where the minimum specimen thicknesses and
heavy cations in of the A-site in high polarization perovskite ferroelectrics, or as required for strong
spin-orbit-coupling in ferromagnetic systems, invalidate the weak phase approximation. Despite
this, COM methods are utilized to characterize beam interactions with long range electromagnetic
fields*®, or in the case of ferroelectrics a non-centrosymmetric space group®, to map the topology
of the ferroic order parameter’®, For these 3D systems it may also be necessary to consider factors
from the sample geometry such as sample thickness and axial tilt variations in the training. Taking
perovskite ferroelectrics as a target system, our aim is for these networks to provide amongst their
descriptors the quantitative spatially resolved polarization, as this is can be a known input quantity
of the DFT training sets, in addition to electromagnetic fields. The interactions between complex
nanoscale ferroelectric topologies and corresponding electric field distributions would allow the
extraction of electrostatic energies and infer compensating charge distributions. Ideally, this would
be combined with in-situ biasing to induce extrinsic ferroelectric switching, enabling the study of
critical charge-evolution effects in these systems such as the freezing-in of the topology by slow-
diffusion of charges.
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We seek to understand novel emergent behavior in functional nanocale heterostructures.
that show ferromagnetic, ferroelectric and resistance switching properties. A particular strength of
our program is the use of 2D and 3D aberration-corrected Lorentz transmission electron
microscopy and advanced scanning probe microscopy, combined with theory and simulation, to
determine the quantitative parameters that control domain and transport behavior in
nanostructures. We aim to obtain a fundamental understanding of the novel spin and charge
distributions that are manifested in these nanoscale heterostructures by determining the governing
parameters that contribute to their energy landscape, such as interfaces, geometric effects, and
proximity effects between adjacent nanostructures. We further aim to understand how these spin
and charge distributions can be controlled through modification of their energy landscape via
external stimuli such as electric and magnetic fields, and temperature. Specific scientific
challenges that we are addressing include elucidating the competing effects of curvature on chiral
spin textures in ferromagnetic nanostructures, understanding the energy terms that control spin and
charge transport and memristive behavior in geometrically-confined nanostructures, and the
emergence of novel domain behavior in ferroelectric thin films.

Recent Progress

Free-standing ferroelectric thin films We investigated domain wall motion and quantum
tunneling phenomena in epitaxial complex oxide ferroelectric films. In the first work, we showed
that the domain walls in single-crystal complex b)mw ]
oxide thin films move 2-3 orders of magnitude _ 51///0_
slower when the interfacial bonds with the _.-;3.-

heteroepitaxial substrate are broken to create a ¥ ]
freestanding film (Figure 1a). This drastic change
in domain wall kinetics does not originate from
the alteration of epitaxial strain, but is correlated
with structural ripples at a mesoscopic length
scale and the associated flexoelectric effects | Figurel (a) Wall velocities extracted from PFM

induced in the freestanding films. The effects of }?;Z?;Z;’Lifﬁg”,i’;'ﬁ';g 0(?;1 ?jn:;: Z,Se'f{fgv_m and
the bond breaking on the local static ferroelectric | resistance controlled by the FE polarization in an

properties, such as domain wall width and epitaxial SRO/PZT/SRO heterostructure on Si. Inset
' shows energy band diagram.
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spontaneous polarization, of both the top and bottom of the freestanding films are modest and
governed by the change in epitaxy-induced compressive strain. We further created freestanding
metal/FE/metal heterostructures electrically integrated with silicon: such a structure cannot be
created using traditional direct growth technique due to interfacial chemistry mismatch with Si.
We reported quantum tunneling effects (Fig. 1b) and demonstrated that even in such a symmetric
heterostructure, a polarization density asymmetry between the top and bottom layers of the
ferroelectric film can develop, resulting in an asymmetric tunnel barrier that is maintained in a
strain-free, freestanding state, and in memory-like behavior. This work provides a platform for our
future work on ferroelectric materials.

Quasicrystalline ASIs — We have explored the effect of magnetic frustration and aperidocity on
the emergence of topologically non-trivial magnetic structures such as vortices in quasicrystalline
artificial spin ices (QC-ASIs). We performed in-situ LTEM magnetization reversal, as well as in-
situ thermal cooling experiments to understand their formation and motion in QC-ASI lattices
patterned in Permalloy on a Penrose P2 tiling. We observed the formation of metastable vortex
domain walls at vertices (Figure 2 (a)) prior to magnetization reversal of the associated vertex
bars.' The walls do not move under application of magnetic field until they are annihilated by
magnetization reversal in the associated bar. By
combining imaging and  micromagnetic
simulations (Fig. 2 (b)), we showed that the
vortex walls are a transient state that
accommodates the energy added to the QC-ASI
by the applied magnetic field, as a vortex state
was often lower in energy than the configurations
that resulted from magnetization reversal in bars
at the vertex. These transient states occur mainly
in motifs with lower degeneracy. To further
understand their behavior, we also performed in-

situ heating and cooling experiments: the Figure 2 (a) Fresnel contrast LTEM image (white
dot) and (b) micromagnetic simulation of a

topological vortex defects in QC-ASIs form magnetic vortex during magnetization reversal of
according to one of two different mechanisms | P2 type QC-ASL. (c) and (d) Color magnetic
depending on where in the lattice they form induction maps showing vortices appearing in
) . . bars and at vertices respectively during thermal
following thermal annealing near the Curie | annealing of the P2 type QC-ASls.
temperature: within the bars (Fig. 2(c)) or within
the vertices (Fig. 2(d)). The vortexes that form within the bars are topological defects that become
frozen in as the magnetization in the bars fluctuates at temperatures near the Curie temperature.
The vortexes that form in the vertices on the other hand, are topological defects that form as the
Permalloy undergoes a second order phase transition from the paramagnetic phase to the
ferromagnetic phase. Our analysis further shows that the bar defects have a strong dependence on

the lattice geometry and boundary conditions of the QC-ASI lattices, namely lattices with free-
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ends, or one with truncated ends. For the ultra-fast quench rates (~ 10° K/s) that we also explored,
the vertex defects can be analyzed in a broader Kibble-Zurek mechanism for topological defects.

Co nanohelices — The effect of curvilinear geometry in confined magnetic nanostructures can lead
to novel exchange-driven interactions such as
effective anisotropy and an antisymmetric
vector exchange anisotropy. We have
explored this behavior by fabricating curved
three-dimensional  magnetic  nanospirals
using focused electron beam-induced
deposition from a Co precursor. Using

) ) ] _ electron tomography, we determined their 3D
Figure 3 (a) 3D reconstruction of nanohelices with . .
varying curvature, (b) Color magnetic induction map of morphology (Figure. 3(a)) and quantified the
the nanohelix showing the direction of magnetization as mean curvature of the helices as well as the
per the inset colorwheel. surface curvature. We demonstrated a control
of the curvature, torsion and chirality of these nanohelices by varying the dwell time of the electron
beam affecting their growth rate. We also determined their magnetic domain structure using off-
axis electron holography (Figure 3(b)) which was then correlated with the geometry of the
nanostructures. These results provide a pathway for understanding curvature effects on 3D
magnetic domain structure.

Transport behavior in nanoscale oxide networks We explored the effect of patterning nanoscale

networks on resistance switching behavior in [ a TR D) 0.15/= T<sweep
binary oxides, to elucidate the role of local P 0.1 Juineer
inhomogeneities. We fabricated amorphous ® ,T&;O.os_“"'sw‘%p
TiOz into a 2D honeycomb lattice containing S — 00
periodic voids (Figure 3(a)). Using a e 005
combination of transport ~measurements, . O

. 100 nm 50
impedance  spectroscopy and  electron V-50-250 2550

holography, we investigated the interplay of | ) o

. L Figure 4 (a) TEM image of patterned TiO> film with
quantum  confinement effects and resistive | \igs (bright regions). (b) 1V curves recorded after
switching behavior in the films. The patterned | repeated biasing show anomalous conduction around 1
film does not undergo resistive switching, but it V.
does show sub-Ohmic transport behavior at applied bias <5 V, and an anomalous conduction
window around 1 V applied bias. Within the anomalous conduction window, the patterned film is
more conductive than the unpatterned film. Using electron holography, we determined that electric
fields near the voids in the patterned film suppress the resistive switching. Combining our
experimental data with modeling, we propose the origin of the anomalous conduction window to
be quantum confinement and the formation of the current density filaments. These results provide
insights into the role of confinement effects on electronic transport properties of thin films, which
can be harnessed for memristive and neuromorphic applications.
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Future Plans

As of October 2020, Suzanne te Velthuis will be joining our program at the 20% level,
bringing expertise in magneto-optical Kerr effect (MOKE) microscopy, which complements the
other techniques used in our program, with respect to both spatial and temporal sensitivity.

Topological Defects in Ferromagnetic Nanostructures We are exploring ways to create artificial
pinning landscapes that will lead to controlled creation of skyrmions whose effect on magneto-
transport we can then explore. To date we have explored the formation of room temperature
skyrmions in various systems, including Ni2MnGa and Pt/Co/W multilayer thin films. In the
former case, the skyrmions are stabilized due to competition between dipolar, exchange, and
domain wall energy whereas in the latter case, the interfacial Dzyaloshinskii-Moriya interaction
(DMI) plays a dominant role. Going forward, we will combine these two approaches by using Ga
ion implantation to create artificially-patterned confined regions in multilayer films with
interfacial DMI in order to create controlled skyrmion textures. We will then explore their transport
behavior under applied electric currents via spin-transfer torques and spin-orbit torques.

Artificial spin ices We are extending our studies of ASIs to explore the influence of increasing
lattice heterogeneity on the energy terms that drive the emergence of long- and short-range order.
In particular, we will explore the influence of lattice order ranging from periodic to quasicrystalline
to random on the spin interactions and resulting magnetic order and magnetization reversal
behavior in the ASIs. We will also continue our exploration of the transport of magnetic solitons
across connected ASIs to understand the effect of their chirality and winding number on the
magnetoresistance of the lattices. Furthermore, the control of magnetic order in ASIs by creating
antiferromagnetically-coupled islands at each lattice site, coupled either within the plane or
vertically, will be investigated. By controlling the inter-island spacing, the coupling strength
between paired islands can be tuned, resulting in additional magnetic frustration effects. Due to
the degeneracy of the system, several quasi-ordered states are possible, and we will explore the
transition between such states either using thermal excitation or external magnetic field protocols.

Ferroelectric materials: We will continue working on freestanding ferroelectric materials to
understand their properties and the correlations among various electromechanical and electronic
transport phenomena. In particular, we will explore how the ferroelectric order parameter and
related phenomena evolve in freestanding materials as the strain changes from zero to beyond the
conventional limit (~1%). In addition, we will work to understand the local electromagnetic and
piezoresponse behavior in binary ferroelectric materials such as HfO.. We will investigate the
interplay between ferroelectric and ferromagnetic order parameters in multiferroic systems in order
to gain a common understanding of how local inhomogeneities effect the local energy landscape
and thus domain wall behavior.
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Structure and electron dynamics in photoexcited CDW materials using MeV ultrafast
electron probes
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Research Scope

This Early Career Award project (ended in July 2020) aimed to sharpen the understanding
of the quantum entanglement between charge and lattice degrees of freedom in correlated materials
and gquantum materials by probing structural dynamics of non-equilibrium states using MeV
ultrafast electron diffraction (UED). In the study of 2D material 1T-TaSeTe with charge-density-
wave (CDW) structures, on one hand we have achieved simultaneous observations of both electron
and lattice dynamics, revealing the dephasing and correlation behavior between the two upon
photoexcitation by measuring CDW reflections at various scattering angles. On the other hand, the
intensity analysis of Bragg reflections on the UED results from 1T-TaSeTe led to the discovery of
an unexpected lattice distortion, indicating a sublattice manipulation by photoexcitation.
Emboldened by the established capabilities of UED methods, quantitative interpretations of
charge-lattice interactions become possible for far-from-equilibrium phenomena. The knowledge
gained from this project on CDW dynamics and mechanisms of a few 2D dichalcogenides and
correlated materials using UED is complementary to and will be strengthened by other ultrafast
techniques, theoretical modeling, first-principle calculations and data-science methods.

Recent Progress

Concurrent probing of both electron and lattice dynamics in CDW 1T-TaSeTe using UED

It has been technically challenging to concurrently probe the electrons and the lattices in
materials during non-equilibrium processes, allowing their correlations to be determined [1, 2].
Limited by technical difficulties, the electron dynamics and lattice evolution in a material during
non-equilibrium processes are commonly investigated by discrete methods, for instance, angle-
resolved photoemission spectroscopy for electron dynamics and x-ray diffraction for lattice
dynamics. Correlating the observations of the different experimental methods requires careful
synchronization, however, is often an insurmountable problem due to the distinct nature of the
probes and the different experimental and material conditions employed.

Here, by quantifying the reflections in a single set of UED patterns, we demonstrate it is
possible to determine the subtle behavior in the temporal characteristics (the measurement of t¢ in
Fig. 1(b)) of the diffraction intensity as a function of scattering angles. This roots in the electron
scattering principle of the change in scattering power from the valence electrons and nucleus
screened by the core-electrons as the scattering angle changes (Fig. 1(a)). With the help of dynamic
models and theoretical calculations, the UED results qualitatively depict the dynamic processes of
both the electron and lattice simultaneously, manifesting an advantage of electron scattering in
related applications (Fig. 1(c)). This novel approach opens the door to studying quantum effects
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that arise from electron-lattice dephasing
photovoltaic devices.
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Figure 1. (@) Schematic of electron scattering principles indicates the diffraction intensity sensitivity to valence
electrons at a small scattering angle and to nuclei positions at a large scattering angle. (b) In 1T-TaSeTe material,
CDW superlattice reflection (SLR) intensity vs. time plots were measured at multiple scattering angles from an UED
pattern, plot curves as double-exponential fitting of the data. Each measurement shows a fast intensity drop and a slow
recovery turning at a cusp point t.. Values of t; are clearly seen to become larger as the scattering angle increases,
which can be attributed to the probe with different sensitivities to valence electrons and nuclei. (c) Structure factors
of the CDW state were calculated for both electron and x-ray scattering, corresponding to the measured SLRs, based
on valence charges and total charges of Ta and Se atoms calculated by DFT, showing measurable intensities scattered
from valence charges from electron diffractions. The dashed lines are guides to the eye. The inset shows the calculated
charge density distribution of the Ta plane (Ta atoms are shown) in 1T-TaSe.

Probing lattice dynamics with intra-unit-cell spatial resolution in CDW 1T-TaSeTe using UED
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Figure 2. (a) Normalized intensity change of four Type-1 Bragg peaks as a function of delay time. The highest
intensities are reached at ~ 400 fs for all the Type-1 Bragg peaks. (b) Normalized intensity change of four Type-2
Bragg peaks as a function of delay time. In contrast to Type-1, the intensities fall off right after the photoexcitation.
Solid lines in (a) and (b) are eye guides for the measurements. For comparison, black boxes in (a) and (b) are CDW
SLR (1203). (c) An intensity difference map is shown at ~ 400 fs, with color scale bar presented on the left. The {100}
Bragg peaks (blue dashed arrows) correspond to the unit cell of the material (a crystal model on the right), while the
Type-1 Bragg peaks (red indicated by {110} arrows) form a sublattice frame in the reciprocal space, suggesting an
intra-unit-cell distortion (see the red diamond in the crystal model) at the delay time.
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Understanding of the charge-lattice interactions highly relies on the measurement accuracy
of the lattice order during the dynamic processes. Due to technical limitations such as multiple
scattering, the characterizations of lattice distortion and modulations of the unit-cell have often
been simplified in the UED data analysis, which might introduce errors in the interpretation of
driving mechanisms. For example, in a few dichalcogenides with CDW the dominance of the
metal-atom (such as Ta and Ti) dynamics over the nonmetal-anion (such as S, Se and Te) is
evident from the enhanced Bragg diffraction peak intensities at hundreds of fs [3]. However, we
discover two types of the intensity change in Bragg peaks in CDW 1T-TaSeTe upon
photoexcitation, as depicted in Fig. 2(a) and 2(b). At ~ 400 fs, a sublattice is formed, i.e., in the
reciprocal space Bragg peaks with a periodicity larger than that of unit-cell reflections show
independent intensity changes (Fig. 2(c)). This strongly suggests the existence of an intra-unit-cell
distortion in the material and, more specifically, the atomic displacements of Se/Te with respect
to Ta atoms. The dominance of the nonmetal-anion dynamics revealed here represents a new kind
of laser manipulation of lattice distortion and unveil potentials to create quantum states with novel
intra-unit-cell orders.

Future Plans

The ECA program of the PI (Jing Tao) ended at the end of July, 2020, and the PI joined
the research group of Electron Microscopy and Nanostructure (Yimei Zhu as the Pl and group
leader) at BNL. Hence the future plans proposed here are incorporated in the proposed works under
Zhu’s FWP Number MA-015-MACA.
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Figure 3. (a) Normalized intensity change of five Bragg peaks as a function of delay time in 2H-TaSe,. All Bragg
peaks were measured to have enhanced intensities at ~ 500 fs followed by intensity decreasing. Black boxes are CDW
SLRs for comparison and help to align with time zero. (b) Normalized intensity change of a CDW reflection as a
function of delay time in 3R-TaSe17Teos. The bottom-left insets in (a) and (b) are crystal models, while the top-right
insets are UED patterns obtained at the temperature of 30 K so the CDW SLRs are clearly shown. (c) A SEM
photograph of single-crystal Cu,S UED sample with an electron diffraction pattern obtained in TEM, showing a
monoclinic single-crystal phase of the sample at room temperature.

To further understand the key mechanisms postulated for the CDW formation, including
Fermi surface nesting and electron-phonon coupling, we plan to study a series of CDW materials
with different but related crystal structures using UED and pump-probe techniques. Preliminary
UED results were obtained from 2H-TaSe; and 3R-TaSe1.7Teos (materials from Robert Cava at
Princeton Univ.) with CDW SLRs and preliminary measurements are shown in Fig. 3(a) and 3(b).
At the current stage, we found that the physical properties and the observed structural dynamics
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of 2H-TaSe, encompass drastically different characteristics in comparison to the previously
studied 1T-TaSeTe material, which may arise from their electronic structures and phonon
dispersion relationships. During photoexcitation with a photon energy of 1.55 eV, preliminary
DFT calculations indicate that three tog orbitals of Ta and strongly hybridized Se orbitals in 1T-
TaSeTe could be responsible for electron excitation and relaxation, while only one tog orbital of
Ta in 2H-TaSe> can be found to involve in the process, suggesting electron redistribution among
available orbitals in some CDW materials as a possible mechanism. Moreover, phonon dispersion
relationships and phonon populations in these materials will also be calculated using DFT methods
(in collaboration with Weiguo Yin at BNL) and structural dynamics will be probed by other
synchrotron x-ray based ultrafast techniques (in collaboration with lan Robinson and Mark Dean
at BNL) to benefit from multimodal approaches for comprehensive interpretations of the
underlying physics.

In addition to the study of CDW materials, structural dynamics in other correlated
materials, such as Crls with intriguing spin-lattice coupling [4] (in collaboration with Cedomir
Petrovic at BNL) and Cu»S with unconventional charge-lattice interactions [5], will be investigated
as well to reveal the roles of competing degrees of freedom in materials’ functionalities and to
explore the hidden quantum phases with laser manipulation. Specifically, preliminary UED pump-
probe data at various temperatures have been acquired from Crls, and a single-crystal CuS UED
sample has been successfully prepared for UED pump-probe experiments (Fig. 3(c)) with
dedicated sample preparation approaches. Furthermore, we plan to engage in the research activities
using data-science methods such as trained artificial neural networks for robust and rapid UED
data analysis (in collaboration with Sandra Biedron at Univ. of New Mexico).
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Keywords: Liquid cell electron microscopy, in situ transmission electron microscopy, solid-liquid
interfaces, nucleation and growth, materials structural transformations

Research Scope

The overarching goal of this program is to develop and utilize the advanced in situ liquid
cell transmission electron microscopy (TEM) to elucidate how atomic level heterogeneity and
fluctuations at solid-liquid interfaces determine the physical and chemical properties and
processes of materials, with a focus on nucleation and precipitation/dissolution in liquids or at
solid-liquid interfaces. Liquid cell TEM enables invaluable insights into the underlying
mechanisms of nucleation, growth and many other material transformation processes critical to
novel materials discovery and the function of energy devices. The development of advanced
instrumentation for imaging and chemical identification through liquids with atomic resolution
provides transformative opportunities for investigation of nucleation and materials dynamic
phenomena in a liquid solution or at solid-liquid interfaces that are at the frontiers of basic energy
science.

Recent Progress
1. Liquid cells development

We develop novel liquid cells, which allow high resolution imaging of materials dynamic
phenomena in liquids with TEM. Progress has been made in the development of ultra thin liquid
cells with two-dimensional materials as membrane. For example, MoS: liquid cells were made
through a novel polymer-free MoS; transfer process, where the MoS2 membrane was a functional
substrate as well as the membrane
window (Fig. 1)1. A facile membrane
transfer process was created to
produce clean MoS2 membranes with
a high yield. We found that three
monolayers (~2 nm) thick MoS;
membranes are ideal. A MoS: liquid
cell may consist of a MoS, membrane
on one side and graphene on the other
side. In situ TEM with these MoS;

Washing
& Drying

Fig. 1. Development of MoS;
. liquid cells allowing the in situ
study of 2D heterostructures. (A)
Schematic illustration of polymer-
o free transfer process of MoS;. (B)
With the development of MoS;
liquid cells for TEM, the growth
of Pt nanocrystals on MoS;
through  Van  der  Waals
interactions was revealed through
direct observation.
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liquid cells revealed that Pt nanocrystals grow on
MoS; through Van der Waals interactions and
hetero-epitaxy. Our development of MoS; liquid
cells opens the opportunity to study the growth of
many nanoscale heterostructures.

We have also developed nanoreactors based
on lipid vesicles. We synthesized liposomes of 1-
palmitoyl-2-oleoyl-phosphatidylcholine
and cholesterol (35-60 nm diameter), then coated

(POPC)

them with gold to enhance their stability during
imaging (Fig. 2).2 We successfully imaged these gold-coated liposomes in both graphene liquid
cells (GLCs) and carbon film liquid cells at electron dose rates as high as 700 e/AZs.

These liposome nanoreactors allowed us to visualize nanoscale reactions confined in
zeptoliter volumes with 0.1 s resolution. Specifically, the electron-beam-induced radiolysis of

water produces 9-60 nm bubbles that evolve
selectively inside the liposomes. The dynamic
behavior of nanobubbles inside lipid vesicles ina TEM
has been captured. These results suggest that
liposomes are a viable platform for controlling and
imaging nanoscale reactions in situ.

In addition, we have also made other types of
liquid cells by modifying the existing liquid cells,
including carbon-film liquid cells through a much
more facile fabrication process than graphene liquid
cell fabrication; electrochemical liquid cells with
patterned electrodes.

2. Nucleation, growth and structural

transformations of materials

We have made significant progress in imaging
and understanding of nucleation, growth and structural
transformations of materials with liquid cell TEM. A
variety of systems have been investigated, which
address a series of important scientific questions. For
example, what are the intermediates during materials
transformations between two stable states? How are
concentration fluctuations correlated to the structural
ordering in liquid solution? What are the effects of
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surface ligand passivation on solution growth processes? How does the nucleation respond to an
external stimulus, e.g. an electric bias?

For example, we recently studied the formation of transition metal oxide (cobalt oxide,
cobalt nickel oxide and nickel oxide) nanosheets using liquid cell TEM.® The advanced imaging
through liquids with high spatial and temporal resolution provided an opportunity for us to uncover
the atomic pathways of 2D nanostructure formation that involve 3D nanoparticle intermediates
and 3D-to-2D transformations (Fig. 3). Density functional theory (DFT) calculations are used to
elucidate the driving force for the 3D-to-2D transformations. We conducted ab initio calculation
and the results show that 3D-to-2D transformations are governed by the competition between the
negative surface energy and the positive edge energy. Revealing of the 2D growth involving 3D-
to-2D transformations represents a significant advance in the study of 2D materials growth
mechanisms. Such a growth pathway is different from 2D nanosheet formation through oriented
attachment of the primary 3D nanocrystals and the “soft template”-assisted growth of 2D
nanostructure. Our study provides critical new insights into the design and synthesis of 2D
nanocrystals for various applications, such as catalysis, sensing, and many other surface-enhanced
applications.

3. Dynamic phenomena at electrode-electrolyte interfaces

Electrochemical liquid
cells have been developed for
the study of nanoscale
electrochemical processes.
Direct observations of
electrochemical reactions with _

1 — M) w— 200 NM
the . Slmultaneoqs Fig. 4. Electrochemical liquid cell TEM study of lithium electro-deposition.
structural/chemical ~ analysis (A B) in situ TEM images of lithium nanogranules formed in a liquid cell
were achieved. The  with a cationic polymer film coated electrodes and lithium dendrites grown
mechanisms of a wide ranae of in a bare liquid cell. (C) High-angle annular dark-field scanning TEM

) 9 (STEM) image and corresponding STEM-energy dispersion x-ray (EDX)
electrochemical processes  elemental maps of an in situ grown lithium nanogranule showing spatially
have been unveiled. resolved solid-electrolyte interphase chemistry. (D) EDX line-scan profile of
the lithium nanogranule corresponding to the marked region in the HAADF-
Compared to STEM image in (C). Plots show both P and F signals are the most intense near
) p_ i the lithium nanogranule surface. P was concentrated in the 0-50 nm inner
commercial liquid cells, our layer, while F was more broadly distributed in the 0—100 nm layer of the SEI.
development of  Aslightly higher concentration of C and O was found 100-200 nm above the

nanogranule surface.
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electrochemical cell TEM

offers significant advantages for the study of electrochemical processes related to battery
applications. Using the commercial liquid electrolyte used in lithium-ion batteries, we have studied
Li/Na metal plating and stripping, and solid—electrolyte interphase (SEI) formation at the
nanoscale. For example, a recent study showed a remarkable leap in the capability of liquid phase
TEM in revealing spatially resolved SEI chemistry on lithium nanograin deposits (Fig. 4).* It has
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been a great challenge to study SEI and lithium growth due to the experimental difficulties
originating from the vulnerability to air or moisture exposure in post-processing. This work
reported the in situ observation of the suppression of lithium dendritic growth arising from a
cationic polymer coating. By correlating the lithium growth and the SEI chemistry, the
mechanisms of lithium dendrite suppression through modification SEI chemistry have been
uncovered.

The study of electrochemical phenomena using liquid cell TEM requires low dose imaging
and carefully control of electron beam effects. The success opens many opportunities to the study
of electron beam sensitive materials and their dynamic structural transformations.

4. Electron beam effects

The molecular dissociation and damage caused by electron beam illumination is a
significant issue.

Radiolysis ionization under electron beam illumination induces dissociation and damage
of organic and biological molecules. To understand the atomistic mechanism of radiolysis damage,
our team developed a systematic procedure based on real-time time-dependent density functional
theory (rt-TDDFT) for simulating the radiolysis damage processes of molecules; this procedure
can describe the ionization cross sections of the electronic states and the fast dissociation processes
caused by hot carrier cooling and the Auger decay on deep levels.® For the radiolysis damage of
C2H602, our simulation unexpectedly showed that there is strong competition among three
different dissociation paths, including fast dissociation caused by nonadiabatic cooling of the hot
carrier; fast dissociation caused by Auger decay, which induces double ionization and Coulomb
explosion; and slow dissociation caused by increased kinetic energy. As the energy of the incident
electron beam changes, the time scales of these dissociation paths and their relative contributions
to the molecule damage change significantly. These simulation results explain the measured mass
spectra of the C2HgO- dissociation fragments and also provide clear competition mechanisms for
blocking these dissociation paths in the TEM imaging of organic and biological materials.

Future Plans

We plan to continue our development of novel liquid cells that will enable unprecedented
control over the chemical reactions, with electric biasing capabilities and various temperature
control. We will develop/employ advanced image detection and image processing techniques. In
addition, understanding and controlling of electron beam effects is essential for the future program
success. With the new generation of liquid cells, advanced imaging and theoretical calculation, we
will be able to achieve atomic imaging, understanding and further controlling of dynamic
phenomena at solid-liquid interfaces.
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Unraveling Electron, Spin and Lattice Correlations using Advanced Electron Microscopy
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Research Scope

The goal of this FWP (MA-015-MACA) is to study property-sensitive nanoscale
structure, defects and interfaces of technologically important materials, such as high-temperature
superconductors, transition-metal oxides, ferroelectric and spintronic films, and other energy
related materials. We develop and implement advanced electron microscopy methods and
instrumentation at required spatiotemporal resolution to reveal atomic disorder, electronic
inhomogeneity, and transient dynamics of these materials. We focus on three research themes: 1)
Heterogeneities, 2) Non-equilibrium and ultrafast phenomena and 3) Advanced characterization
tools. The study of ferroelectric and ferromagnetic materials and charge and spin
ordering/switching in theme 1 is covered by a separate abstract.

Recent Progress

In the past two years we have made significant progress in advancing the frontier of
electron microscopy instrumentation and methods, notably the design of a compact, low-cost
imaging-lens system for quadrupole multiplets for MeV ultrafast electron microscopy and the
development of laser-free electron pulser for frequency-tunable stroboscopic ultrafast electron
microscopy, which earned us several R&D innovation awards. We’ve also made great strides on
materials research, unraveling several long-standing puzzles regarding charge-lattice and spin-
lattice correlations, topological phenomena and interfaces, including interface enhanced
superconductivity in quantum materials. Our research covered energy materials as well,
particularly to understand ionic-transport mechanisms in low-dimensional oxides in responding to
DOE-BES?’ calls on national energy security. We refer our research outcomes to the publications
listed at the end of this abstract.

Heterogeneities. Heterogeneity recognizes that the functionalities of quantum materials often arise
from the presence of spatial symmetry breaking, through the spontaneous appearance of degrees
of freedom. Our research in this area has been focused on the study of electronic inhomogeneity,
spatially resolved symmetry breaking in charge and spin order, for instance in ferroelectric,
ferromagnetic and multiferroic systems (see the separate abstract). Moreover, we observe,
manipulate and control the local orders by applying external stimuli to reveal competing order of
charge, orbital, spin and lattice, as well as their fluctuation, instability and interactions. For
instance to understand the tenfold increase in the superconducting transition temperature in one
unit-cell FeSe on SrTiOz substrate over the bulk FeSe we developed, for the first time, the atomic
resolution 10K low temperature imaging and energy-loss spectroscopy capabilities and compared
the observations with that of room temperature (Fig.1) along with Hall transport measurements of
the same samples(tl. Our objective is to correlate crystal structure and electronic structure,
especially their local symmetry breaking due to the presence of defects and interfaces, with overall
properties of wide range quantum materials.
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Fig.1 (a) STEM images at room temperature and 10K. The right panel shows the heterostructure of the 10-unitcell (UC) capping layer FeTe on
1UC-FeSe grown on SrTiO; for interface enhanced superconductivity. (b-c) Valence EELS across the interfaces at 10K from (b) FeTe/1UC-
FeSe/STO, and (c) FeTe/8UC-FeSe/STO. Black dashed lines in (b) indicate a redshift in plasmon peaks near the FeSe/STO interface [1].

Non-equilibrium and ultrafast phenomena. In the area of ultrafast research we focused on
electron-lattice interaction dynamics in high-Tc cuprate and FeSe superconductors 2%, We
combine ultrafast electron diffraction (UED) with synchrotron x-ray pair-distribution-function
(PDF) analysis. We probed the lattice interactions in FeSe with electronic degrees of freedom and
focus on the nematicity, a common thread of unconventional superconductors. We show
photoexcitation leads to a surprising enhancement of the high-symmetry crystalline order as a
result of a suppression of low-symmetry local lattice distortions, signatures of nematic fluctuations.
The distortions are present at temperatures below and above the nematic phase transition, as
corroborated by PDF and TEM analyses. Nonequilibrium lattice behavior of FeSe reveals two
distinct time scales of nematic response to photoexcitation, corresponding to diffusive and
percolative dynamics of nematic fluctuations respectively 1.

Advanced characterization tools. The development and deployment of advanced imaging
capabilities supported by this FWP is at the forefront of the field, especially in the area of ultrafast
electron microscopy instrumentation. In the past two years, our main activities include: 1) the
design of a compact quadrupole-based multiplets imaging system for a home-built MeV-ultrafast
electron microscope; and 2) the development, installation and optimization of the Laser-Free
Electron Pulser (LFEP) (Fig.2) that can be retrofit to commercial electron microscopes with pulsed
beams for stroboscopic ultrafast electron microscopy without requiring expensive fs lasers.

Fig.2 Schematic of the Laser-Free Electron
Pulser showing the integration of a RF-
pulser system a frequency-doubler, and a
delay-control RF circuit for the sample
excitation. The Pulser consists of two
traveling-wave metallic comb stripline
elements: the modulator K1 and the

These activities earned us the
2019 R&D100 Award and the
2019 and 2020 Microscopy
Innovation Award and several
patents. We studied for the first = ! :

g N lenses | S demodulator K2, with a chopping aperture
time the GHz electromagnetic | | between them. K1 sweeps the continuous
wave propagation dynamics [4] in ,en's1 3 electron beam across the chopping aperture

. . Objective | N 5| to create two electron pulses in each RF

a RF micro-electromechanical ‘ cycle, while K2 compensates the Ki-

H i induced transverse momentum on the

SySFem’. revealmg the t_rans_lent pulses to further rectify the shape of the

oscillating electromagnetic field, chopped beam. The Pulser is inserted

time-resolved polarization between the gun and the condenser lens.
amplitude, and nonlinear local

field enhancement.

Since there is no modification of the
microscope its original performance is not
compromised [4].

Future Plans
We will continue to focus our three research themes: Heterogeneities, Non-equilibrium and
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ultrafast phenomena and Advanced characterization tools, to understand electron-spin-lattice
correlations in quantum and energy materials. Below are some proposed activities.

Mapping valence electron distribution based on multipole refinement using 4D-STEM is an area
we would like to explore. Valence electrons are electrons involved in chemical bonding that
determine materials’ functionality. The ability to accurately measure valence electron distribution
is at the heart of condensed matter physics and materials science research. The advancement in
aberration correction and detector technology opened a door to various applications using 4D-
STEM, which generates a diffraction pattern for each scanning position within a crystal unit-cell
and produces incredible amounts of data in momentum space. Currently 4D-STEM analysis relies
on the center-of-mass of the diffraction patterns in electric field and charge density mapping. It
only derives the total projected charge density and is limited to phase objects (extremely thin
samples). Recently, we developed a new analytical method to accurately map aspherical valence
electron distributions with atom-centered multipolar functions formulism using the whole 4D-
STEM dataset 1. We demonstrate that the method is sensitive not only to the miniscule charge
transfer, but also to the atomic site symmetry and aspherical electron orbitals. The process and
outcome of the refinement is much more robust and reliable than quantitative convergent beam
electron diffraction (QCBED).

We propose to map aspherical valence-electron distribution in MgB2, MoSz, MoTe; and other
topological 2D materials (Fig.3). We believe the proposed method can revolutionize the way
electron and x-ray diffraction is implemented for valence electron mapping. In the past two
decades the Pls supported by the FWP have gained tremendous expertise in charge-density and
valence-electron mapping using QCBED in strongly correlated electron systems. However,
QCBED is not suitable for defects, as the local strain significantly degrades the information in
diffraction patterns. With the probe smaller than the unit-cell in 4D-STEM the approach should in
principle work for defects and interfaces. Machine Learning will be incorporated in handling the
full dataset.

Fig.3 Projected total electron density (a)
and valence electron density (b) of MgB;
superconductor calculated using multiple

R density formalism with 1 electron transfer
< from Mg to B. (c) Calculated 4D-STEM

pattern showing site symmetry for 10nm
thickness. The inset plots scattering
amplitude vs angle. (d) Magnified area in
(c) around Mg (left column) and B site
(right column). (e) Same scan positions as

oy in (d) but calculated based on the
w | 2 Independent Atom Model. (f) Intensity
difference between (d) and (e). Insets show
intensity difference for 1nm thickness,

i . which is negligibly small [5].

Photoinduced topological phase transitions and GHz electrical excitations is one of our focuses
in ultrafast research. Studies of the topological aspects of electronic band structure and the
emergent phases governed by topological and chiral protection reveal unusual electronic
quasiparticles of Weyl, Dirac, and other exotic types with novel properties valuable for
technological applications. Of particular interest is the engineering of new phases of matter using
ultrafast external stimuli, such as photonic and electronic excitations, to observe, manipulate and
control materials’ functionality. Recently, we started to work on ZrTes, a weak topological
insulator, to uncover how a transient 3D Dirac chiral semimetal state can be optically induced by
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a fs-laser pulse (Fig.4). We propose to further investigate the coherent atomic displacements in
ZrTes and related systems to identify phonon modes that can be manipulated, including the energy-
selective tuning of the band structure by populating particular modes using THz photons in
collaboration with researchers at SLAC. Photoinduced transitions in the nontrivial topological
band structures of layered Dirac/Weyl materials such as (R,A)MnBi> and (R,A)MnSh> (R: rare-
earth, A: alkaline-earth) will be also studied.
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Fig.4 Probing photoinduced dynamics of ZrTes. (a) Crystal structure. (b) Photoinduced intensity change of (00l) Bragg peaks as a function of
time delay. (c) Measured intensity profiles (open circles) of the (001) reflections before (top) and after (bottom) photoexcitation. (d) Goodness
of fit (?) as a function of the Wyckoff position of Te3 and Te2 to determine the photoinduced displacement. %2 reaches a minimum (32 =7.0)
for z7¢,=0.151 and z7=0.432. The movement of Te3 leads to the insulating bandgap closing in the photoexcited transient state in ZrTes.

Another class of materials we propose to study is the 2D systems with intriguing charge-density-
wave (CDW), such as Te-stabilized TaSe>.xTex exhibiting polytypism in its crystal structures (1T,
2H and 3R etc) associated with various crystal symmetries (trigonal, hexagonal and rhombohedral
etc). We will focus on the phonon evolution through lattice dynamics upon photoexcitation using
the time-resolved crystallography approach we developed and to map momentum-dependent
diffuse scattering and to quantitatively trace atomic motions. We also plan to use LFEP (Fig.2) to
study electric current/field induced Mott insulator-metal transition, which is a hallmark quantum
phenomenon and currently receiving considerable attentions due to the potentially new physics
involved and the possible applications in microelectronics. Similarly, switching and breathing
dynamics of topological chiral spin-textures under excitation, such as magnetic vortex and
skyrmions will be of great interest for GHz electric excitations. Study of wave propagation ! of
acoustically actuated nanomechanical magnetoelectric antennas and sensors based on
ferromagnetic/piezoelectric heterostructures has also be planed. Antenna miniaturization has been
an open challenge for decades and has the potential for portable wireless communication systems
and radars on mobile platforms.

References

[1] zhao,W., et al., Direct imaging of electron transfer and its influence on superconducting pairing at FeSe/SrTiOs
interface, Sci. Adv. 4, eaa02682 (2018); Andrejevic, N. et al., Spectroscopic Signatures of Interfacial Coupling
in Single-Layer FeSe on SrTiOgz, arXiv 1908.05648 (2019).

[2] Konstantinova, T.; Rameau, J. D.; Reid, A. H.; Abdurazakov, O.; ... and Zhu, Y., Non-equilibrium electron and
lattice dynamics of strongly correlated Bi,Sr.CaCu>Os-5 single crystals, Sci. Adv. 4, eaap7427 (2018).

[3] Konstantinova, T.; Wu, L.; Abeykoon, M.; Koch, R. J.; Wang, A. F.; Li, R. K.; Shen, X.; Li, J.; Tao, J.; Zaliznyak,
I. A.; Petrovic, C.; Billinge, S. J. L.; Wang, X. J.; Bozin, E. S. and Zhu, Y.; Photoinduced dynamics of nematic
order parameter in FeSe, Phys. Rev. B 99, 180102 (R) (2019).

[4] Fu, X., Wang, E.; Zhao, Y.; Liu, A.; Montgomery, E.; Gokhale, V. J.; Gorman, J. J.; Jing, C.; Lau, J. W.; Zhu,
Y.; Laser-free ultrafast electron microscopy of electromagnetic wave dynamics, Science Advances, 6 eabc3456
(2020).

[5] Wu, L.; Meng, Q.; and Zhu, Y., Mapping valence electron distributions with multipole density formalism using
4D-STEM, Ultramicroscopy 219, 113095 (2020).

65



Publications
(10 most relevant, total journal articles supported by this FWP: 96, Sept. 2018 - Aug. 2020)
For full list of publications, see https://www.bnl.gov/cmpmsd/tem/publications/

1.

10.

S. Deng, L. Wu, H. Cheng, J. C. Zheng, S. Cheng, J. Li,W. Wang, J. Shen, J. Tao, J. Zhu, and
Y. Zhu, Charge-lattice coupling in hole-doped LuFe>Oy+s: the origin of second-order
modulation, Phys. Rev. Lett. 122, 126401, 1-6 (2019).

X. Fu, E. Wang, Y. Zhao, A. Liu, E. Montgomery, V. J. Gokhale, J. J. Gorman, C. Jing, J. W.
Lau, Y. Zhu, Laser-free ultrafast electron microscopy of electromagnetic wave dynamics, Sci.
Adv., 6 eabc3456 (2020).

J. A. Garlow, P. D. Pollard, M. Beleggia, D. Tanmay, H. Yang, and Y. Zhu, Quantification of
mixed Bloch-Néel topological spin textures stabilized by the Dzyaloshinskii-Moriya
interaction in Co/Pd multilayers, Phys. Rev. Lett. 122, 237201 (2019).

J. W. Lau, K. B. Schliep, M. B. Katz, V. J. Gokhale, J. J. Gorman, C. Jing, A. Liu, Y. Zhao, E.
Montgomery, H. Choe, W. Rush, A. Kanareykin, X. Fu, and Y. Zhu, Laser-free GHz
stroboscopic transmission electron microscope: Components, system integration, and
practical considerations for pump-probe measurements, Rev. Sci. Instrum. 91, 021301 (2020).
T. Konstantinova, L. Wu, M. Abeykoon, R. J. Koch, A. F. Wang, R. K. Li, X. Shen, J. Li, J.
Tao, 1. A. Zaliznyak, C. Petrovic, S. J. L. Billinge, X. J. Wang, E. S. Bozin, and Y. Zhu,
Photoinduced dynamics of nematic order parameter in FeSe, Phys. Rev. B 99, 180102(R) 1-6
(2019).

Q. Meng, G. Xu, H. Xin, E. A. Stach, Y. Zhu, and D. Su, Quantification of charge transfer at
the interfaces of oxide thin films, J. Phys. Chem. A 123, 21, 4632-4637 (2019).

W. Wan, F. R. Chen, and Y. Zhu, Design of compact ultrafast microscopes for single- and multi-
shot imaging with MeV electrons, Ultramicroscopy 194, 143-153 (Nov 2018).

L. Wu, Q. Meng, and Y. Zhu, Mapping valence electron distributions with multipole density
formalism using 4D-STEM, Ultramicroscopy 219, 113095 (2020).

W. Zhang, D.-H. Seo, T. Chen, L. Wu, M. Topsakal, Y. Zhu, D. Lu, G. Ceder, and F. Wang,
Kinetic pathways of ionic transport in fast charging lithium titanate, Science 367, 1030-1034
(2020).

P. Zhou, L. Chen, Y. Liu, I. Sochnikov, A. T. Bollinger, M.-G. Han, Y. Zhu, X. He, 1. Bozovic,

and D. Natelson, Electron pairing in the pseudogap state revealed by shot noise in copper
oxide junctions, Nature 572, 7770, 493-496 (2019).

66


https://www.bnl.gov/cmpmsd/tem/publications/

UNIVERSITY GRANT
PROJECTS




68



Quantitative Interpretation of milli-eV Spatially Resolved EELS Mapping
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Research Scope

The long term Goal of this project is to develop spatially resolved
EELS to better understand the spatial and time dependence of
charge density excitations in nanoscale structures on time scales
that range from atto-seconds for core excitations through femto-
seconds for electronic processes and finally pico-seconds for
vibrational modes. In prior funding periods, we have begun to
calculate this information using a Kramers-Kronig transformation
of EELS data to reveal the phase of spectral peaks, which define
the timing of excitations within the sample relative to each other.
The main difficulty is to extract consistent information from
imprecise and incomplete experimental data. Ultimately, access to
this information will enable rational design of nanostructures to Fig. 1. A keV electron
collect, convert, transport, utilize, and store energy. In Fig. 1, we passing the edge of an MgO
show how a keV electron passing an edge of a nanoscale MgO cube ~ cube creates a phonon
maps a projection of the cube response on a screen below [1].  Polariton pinned to the edge,
Ultimately, the work described here is aimed at learning how to ~ 1d amap s displayed below.
obtain data that is sufficiently complete and accurate to calculate maps of specimen behavior in
space and time.

During the past two years, we have collaborated in several projects to improve our understanding
of EELS in the 10 meV — 1 KeV ranges using the monochromated Nion microscope. In the milli-
eV range, we are working out rules for obtaining a Phonon Density of States (PDOS) from bulk
scattering (Batson). In the few hundred meV range, we are investigating carrier plasmons in a
doped semi-conductor, Indium Tin Oxide (ITO) (HB Yang), looking at surface, interface and bulk
plasmons to infer how they might constrain and modify bulk transport behavior. In a metal-
insulator system, we are looking at Rabi coupling of metal surface plasmons to insulator surface
polaritons (Lagos, Batson, Botton). Jumping to the core losses, above 100 eV or so, a high energy
resolution and collection efficiency is needed to obtain decay processes. To this end, we have
been comparing high resolution EELS in the Nion microscope with some data from the 1990’s
obtained with the VG Microscope Wien Filter spectrometer. The agreement in overall core loss
shapes are encouraging, even at the 0.1eV level (Yeh, Yang, Batson).

Spatially Resolved Bulk Phonon Density of States - Batson, Lagos, Yang, Yeh

Obtaining acoustic phonon intensities using an Angstrom sized electron probe is new to science.
In the past, these excitations have been accessible only to inelastic neutron and x-ray scattering,
both also governed by the dynamical form factor S(q,«) with differing pre-factors. During the
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past two years we have created rigorous spectral processing that creates a single scattering
vibrational intensity with a clean removal of the unscattered beam down to a little better than 10
meV. Next we remove a systematic term in 1/energy for the acoustic vibrational modes [2], and
finally remove the temperature dependent Bose statistical factor that reflects the Principle of
Detailed Balance. Fig. 2. shows this numerical processing for SiC. It includes Acoustic (TA, LA),
and Optical (TO, LO) Phonon modes. The last panel (upper right) includes a theoretical PDOS
[3]. There is also an apparent signal from a surface vibrational mode on the carbon terminating
face of the SiC at 12 meV (arrow) [4].
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Fig. 2. Processing used to derive a bulk Phonon Density of States: Fit Zero Loss with bulk scattering in
transmission. Normalize area, equal to incident beam current. Use a log deconvolution to obtain single
scattering. Correct acoustic scattering for a 1/energy strength of impact scattering cross section. Remove
Bose Occupation Statistics, checking for consistency with Detailed Balance. This appears to work down
to a limit of about ¥2 the FWHM of the ZLP.

Carrier Plasmon Behavior in Indium Tin Oxide — H. Yang, P.E. Batson, E. Garfunkel

In Figs. 3 and 4 we summarize the bulk and surface Carrier plasmons in Sn:InO3. Electrons
donated by the Sn dopant occupy a shallow conduction band and respond to external fields like a
metal having a low electron density, immersed within a large background dielectric function
imposed by the Indium Oxide valence electrons. In ITO the Carrier bulk plasmon is near 950 meV
(arrows), and surface plasmons lie in the 400-800 meV range. Experimental results are compared
with theory in Figures 3c,d. Near a specimen edge, surface plasmons are reflected, creating
standing waves on the ITO film that interact with the KeV electron beam, allowing their behavior
to be mapped in Fig. 4. The general behavior, shown here, will be discussed together with detailed
changes near defects and grain boundaries that allow a determination of the local carrier density
and likely mobility from the bulk plasmon characteristics. This work is important to the long term
goal, because it also connects low intensity electronic behavior to high intensity phonon losses in
the energy range immediately below, evidenced by the large scattering intensity below 100 meV
in Fig. 3c,d. This work is currently under review.
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Fig. 3. ITO experiment: a) Scattering geometry at Fig. 4. Area mapping for several energy
distance X, from specimen edge. b) ADF sample windows capture -carrier surface polariton
structure. ¢) Bulk (colors) and aloof (black) spectra interference behavior on the top/bottom of the
include carrier polaritons and bulk (arrow) plasmon thin specimen, bounded on the right by the ITO-
spectra. d) Theory. vacuum edge.

Plasmon — Phonon Coupling — M.J. Lagos, P.E. Batson, G. Botton

Placing two rod-like antennas of aluminum and amorphous silica in a parallel configuration, with
the aluminum infrared plasmon response tuned to coincide with the “cavity” vibrational response
of the silica antenna, should produce Rabi splitting [5], with the appearance of new quasi-particles
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having complimentary symmetry. In a collaboration with McMaster University, we have achieved
this behavior using 3 um length rods, recording both EELS spectra and imaging with a range of
rod lengths, to evaluate the regimes of weak and strong coupling. The spectral results showed true
Rabi splitting involving plasmon-phonon coupling, with typical spectra showing two peaks
separated by about 26 meV within the SiO> Reststrahlen band, resulting from the two coupled
modes (symmetric and anti-symmetric). Figure 4 shows the dispersion curves of the surface
polaritonic modes sustained in the hybrid system, including Rabi modes between 120 - 180 meV,
and several multipolar Al antenna modes which appear above 220 meV. The surface charge
configurations of each mode are shown on the schematics. The Rabi mode coupling strength
appears comparable to other strong-coupling platforms using novel state-of-art materials, in spite
of the modest strength of the vibrational polariton of the silica rod, suggesting that the antenna
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morphology plays a key role in strong-coupling systems. Finally, we spatially mapped the EELS
distribution for the Rabi modes, identifying a dipolar pattern, parallel to the rod lengths, consistent
with the graphic depictions in the figure. We think future work will likely reveal quadrupole
symmetry, suggested here for the anti-symmetric mode. This work is currently being written up
and will include acknowledgement of DOE support for experimental work at Rutgers.

Comparison of EELS Core Losses with Prior Results — P.E. Batson, H. Yang and Y-W. Yeh

In Fig. 5 we compare Nion high resolution EELS core loss spectra for Si, diamond, and graphite
with 0.25 eV resolution results obtained during the 1990s with the VG 120kV STEM equipped
with a Wien Filter electron spectrometer [6,7]. These results were controversial at the time,
because they disagreed with expectations for the core exciton behavior, showing notably weaker
excitonic distortion than observed using synchrotron XANES measurements. We found
remarkable agreement, including for expected distortions resulting from the core exciton. Noted
differences include the energy resolution, which is better in the Nion case, and, for the graphite,
the mismatch of collection conditions, which creates different anmounts of n* and o*
contributions. In these examples, we shifted the Nion results to match the energy of the Wien filter
result. For the time resolved EELS Goal of this project, an accurate energy scale, transferable
among several EELS data sets, yet to be obtained, will be crucial for success.
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Fig. 5. Comparisons of Nion high resolution data with prior results to verify reproducibility.
Other Activity

We have also collaborated with several other groups including P. Abbamonte (U. Illinois) to
compare electron scattering behavior in the “strange” metal SroRuOg4 , F. Celik (Rutgers) on
elliptical motion of Ir Pincer molecules tethered to silica (in writing), and R. Stroud on
spectroscopy of extraterrestrial compounds using EELS.
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Data-Science Enabled, Robust and Rapid MeV Ultrafast Electron Diffraction Instrument
System to Characterize Materials Including for Quantum and Energy Applications

Sandra Biedron, The University of New Mexico (Principal Investigator) and Manel
Martinez-Ramon, The University of New Mexico (Co-Investigator)

Keywords: MeV ultrafast electron diffraction (MUED), pump photoexcitation, transfer learning,
accelerator controls, machine learning

Research Scope

MeV ultrafast electron diffraction (MUED) is a powerful structural measurement technique
recently demonstrated to provide a number of complementary capabilities for novel
characterization of matter. MUED takes advantage of the strong interaction between electrons and
matter and minimizes space charge problems seen in other low-energy electron diffraction
systems. An MUED instrument can resolve much finer structural details enabling us to see how
atoms in molecules move and can make molecular movies of ultrafast chemical reactions by
utilizing a pump-probe technique.

While a few facilities have been constructed to provide these advanced capabilities to a growing
user community, as a relatively young technology, progress is ongoing and much remains to be
learned by improving these facilities, especially in maximizing throughput and ease of operation
(e.g. rapid initialization and high stability). One class of advancement that can be immediately
investigated at MUED facilities is the demonstration of realtime or near-realtime data processing
enabled by data science/machine learning/artificial intelligence mechanisms in conjunctions with
high-performance computing (HPC) to bring automated operation, data acquisition and processing
to the facility control and experiment analysis, thereby enabling faster measurement throughout.
For example, applying deep learning to MUED diffraction patterns generated through instrument
probing of materials systems is an innovative step to turn-key, high throughput and high research
output instruments. Such an approach has been demonstrated with success when applied to X-ray
diffraction and many other experiments, and there is high confidence that significant gains are
possible for MUED facilities. By fully automating the facility from machine operation through to
material property characterization, the user base will be expanded, as experimenters from a wide
range of disciplines would no longer need to learn complex machine optimization procedures or
rely on other facility experts to do measurements.

Our goals are to utilize the expertise of our collaboration to identify the most promising machine
learning (ML) and artificial intelligence (Al) techniques with which we are familiar, as well as
others used in the accelerator and facility user communities, apply and optimize them for improved
operation of the Brookhaven National Laboratory Accelerator Test Facility MUED instrument in
conjunction with enhanced computer interfacing and diagnostic capability of the machine, conduct
online ML-control to provide the users the ideal beam with high stability for specific material
types, provide experimenters with greatly improved usability and sample throughput, and

74



consequently demonstrate increased scientific productivity of MUED facilities. We will do this in
seamless conjunction with a second user facility, the Argonne Leadership Computing Facility
(ALCF).

Scientific advancement will be enabled in a wide range of fields including accelerator science,
materials science, ML control, and in Al for Science with HPCs. Some of the materials science
focuses we are considering during the validation phase are on compounds applied in diverse uses
such as superconductors, battery and fuel cell components, high strength magnets, thermoelectrics,
and quantum information storage and manipulation. MUED (and its cousin technique MEU
Microscopy) is also emerging for interesting biomolecules.

This research proposal is also important in order to open the door to new collaborations between
the UNM and LANL team members and an Office of Science User Facility at Brookhaven — the
Accelerator Test Facility — that will enable high-throughput research with materials through the
use of data science, ML and Al. Such a research infrastructure is not currently available in the
State of New Mexico. Additionally, the UNM and LANL team members, as well as the BNL team
members will have access to the ALCF. Finally, the Argonne team members will be interfacing
their facility with the new genre of user facility (MUED) at BNL for new explorations in Al for
Science.

We acknowledge our collaborators at the DOE national laboratories: DOE/National Laboratory
Collaborator(s): David Martins, Michael Papka, (Argonne National Laboratory); Marcus Babzien,
Mark Palmer, Jing Tao, Kevin Brown (Brookhaven National Laboratory); Alan Hurd, John Sarrao,
Christine Sweeney, Rohit Prasankumar, Julian Chen (Los Alamos National Laboratory). Note
underlined person is the designated collaborator but in fact, there are multiple collaborators at each
national laboratory

Recent Progress and Future Plans

We plan to make the graduate student and post-doctoral researcher hires in September 2020
and begin our research the week of 21 September 2020.
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Infrared Nano-Spectroscopy of Plasmonic Materials with High-Resolution STEM-EELS
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Keywords: IR Nano-Spectroscopy, Nano-Ellipsometry, Photonics, Plasmonics

Research Scope: Understanding and directing the flow of energy
at the nanoscale is critically important for the rational design of
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resolution (<6 meV), making STEM-EELS an ideal technique for probing low energy material

responses at the single particle level.[Reference 1 and Publication 10]

Recent Progress:

(1) Carrier-doped semiconductor nanocrystals and electron beam infrared nano-ellipsometry
(Publication 1). Carrier doped semiconductor nanocrystals (NCs) are a novel class of plasmonic
materials endowed with tunable resonance features in the near- to mid-IR spectral range.
Importantly, these NCs have resonances that are natively in the IR at nanoscale size that are tunable
with dopant concentration, as shown by ensemble measurements. The spectral broadening due to
particle heterogeneity, however, obscures the IR responses of individual NCs. By examining a
series of Sn** doped indium tin oxide (ITO) NCs with STEM-EELS we show that increasing the
dopant concentration is an effective method for tuning the plasmon responses over a broad range
of IR energies. We further retrieve the underlying dielectric function representing each individual
NC by positioning the STEM electron probe at penetrating and aloof impact parameters to excite
both bulk and surface collective responses that are processed through a model-based inversion
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procedure. We demonstrate the efficacy of this
approach to return the complex-valued, frequency-
dependent Drude dielectric function at each dopant
concentration at the single-NC level. The power of
this technique allows for the determination of the
dielectric parameters from arbitrarily rich models in % TR
a single measurement, paving the way for broadband eeLspetector 400 600 800 1000 1200 1400
measurements of dielectric responses for materials ;o2 The IR plasmon r:;g;g;rgz]::]ofindividual

that cannot be prepared in bulk form or as thin films. 1TO nanocrystals are resolved by STEM-EELS. By
collecting a spectrum that simultaneously measures

(2) Fundamental Studies in Nano-Spectroscopy the bulk and surface plasmon, we implement a
(Publications 3-5). Motivated by the spectrally ?r'ee lectric inversion procedure to extract the
quency dependent dielectric function.

narrow photonic mode linewidths of micron-scale

nanowires (NWSs), we set out to observe the plasmonic analog of the asymmetric lineshape Fano
observed in the EEL autoionization spectrum of He gas. Although Fano interferences have been
measured in a variety of optical systems, the observation of an all plasmonic Fano antiresonance
in the EELs has been elusive. Generalizing Fano’s original discrete and continuum states as narrow
and broad resonances, we designed and measured the spectral response of a plasmonic
nanostructure that satisfies two critical requirements (i) the individual plasmonic “configurations”
are weakly coupled to each other and (ii) there is at least a factor of 10 or greater between the
linewidths of each configuration. These parameters resulted in a long gold NW paired with a gold
nanodisk separated by a gap of specific distance. Weak coupling was achieved at the relatively
large disk-rod separation distances of ~50 nm, resulting in the first observation of an EEL spectra
showing multiple plasmonic Fano antiresonance lineshapes (Fig 3A).

While NW plasmons have been the subject of numerous previous studies, the mid-IR Fabry-Perot
(FP) resonances remain unexplored due to significant experimental challenges. IR photothermal
heterodyne (IR-PHI) imaging offers spectral resolution on the order of a few cm™ and operates in
ambient conditions with spatial resolution of a few hundred nanometers. By complement, STEM-
EELS is capable of exciting and measuring the complete set of NW FP resonances with sub-
nanometer spatial resolution. Using a combination of these techniques we examine the FP
resonances of gold NWs with mode energies ranging from ~1000-8000 cm™*. Changing the length
of the NW progressively tunes the FP resonance (Fig. 3B) and, for a given mode, the resonance
energy redshifts as rod length increases. Interestingly, the resonance energy linewidth narrows as
NW length increases. Approximating the optical response of the NWs using a Drude free-gas
model reveals that the full width at half maximum (FWHM) of the dipolar extinction spectrum
decreases with increasing aspect ratio, and can even lie below the bulk Drude damping contribution
for NWs longer than 2.5um. Our combined experimental and theoretical work shows that as the
FP resonance moves towards lower energy, the dispersion of the mode approaches the light line
and the resonances become less confined within the metal. By deconvolving the FP mode from the
width of the elastic scattering peak in EELS the dephasing time can be extracted for individual
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NWs. For long NWs the dephasing time can exceed 60 fs when the mode energy approaches the
mid-IR, which is ~4 times longer than the lifetime of plasmons in the visible range and exceeds
the predicted maximum dephasing time for an Au nanoparticle in the quasistatic limit. Considering
that a typical C-H stretching mode has a period of ~10 fs, the mid-IR NW FP modes can provide
a relatively long timescale for energy coupling or plasmon assisted chemical reactions.

(3) Interactions between plasmonic particles and S o T
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) ] . Spectra show the energy of individual resonances
enables a detailed understanding of the influence ghitting as a function of Au NW length.
of substrate dielectric properties and thickness on
the individual plasmon modes of a single Ag nanocube. Experiment and theoretical modeling show
that the thickness, refractive index, and particle-substrate separation distance can dramatically
impact LSP mixing in such a way that significant hybridization may occur even when substrate
thickness is well below 100 nm. Another aspect of a particle’s environment is the influence of
neighboring particles. In most cases simple particle coupling results in so called “plasmon
molecules” with hybridized LSP modes, however, in some cases particles with specific circular
aggregation orientations may result in plasmonic oligomers with anomalously strong magnetic
character. For these structures the quasistatic approximation may not be rigorous enough to justify
the magnetic character, resulting in the question of when and how retardation effects matter. Based
on theoretical modeling we demonstrate the size dependent evolution of such magnetic plasmon
responses and elucidate their radiative properties. Finally, the effects of plasmonic Landau
damping in optically active environments are explored by theoretical analysis of individual
nanoparticles in the quantum size regime. An accurate analytic theory is used to quantitatively
model plasmon decay into electron-hole pairs, and demonstrates the decay depends significantly
on the dielectric environment of the nanoparticle, disentangling the effects of competing decay
pathways.

(4) Imaging the photon stimulated excited state of individual nanoparticles with electron energy
loss and electron energy gain spectroscopy (Publications 2, 6). Understanding plasmon excited
states is vital to deciphering the mechanism of electromagnetic energy transfer through radiative,
non-radiative, and other energy dissipation pathways. Traditional STEM-EELS is capable of
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accessing the full set of bright and dark LSP modes, where the
STEM electron probe acts as an intense white light source.
Recently a novel system coupling a high-frequency pulsed laser
to a gated EEL spectrometer has been show to generate a
stimulated electron energy gain and loss (SEEL and sEEG) signal )
which can interrogate photon-plasmon coupling with nanoscale fm ™, +hthgr
precision in any electron microscope. By extending that system
to include a continuous wave (cw) laser we explore the bright — °
and dark modes of plasmonic nanoparticles due to the ability of
SEELS/SEEGS to couple to far-field radiation. As expected by
optical selection rules, we find stronger photon-plasmon — oos{ |
coupling for optically bright modes compared to dark modes for ~ **% = = Egyoo(g) T s 20
silver nanorods. Dark modes, however, are accessible by tilting g, re 4. schematic of an incident
the sample such that s- and p-polarization induce retardation photon interacting with a plasmonic

effects and thus increase the extinction coefficient of the mode. ~ nanoparticle, resulting in the laser
power dependent SEELS and sEEGs.
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Future Plans

Measuring local optical constants by inversion of electron energy loss spectroscopy of plasmonic
nanostructures. Expanding the functionality of the STEM-EELS based dielectric inversion is
essential for measuring the broadband dielectric properties of a wide range of nanoscale materials,
especially the myriad of novel materials that cannot be prepared in bulk form or as thin films. Our
goal is to devise extensions of our original model-based inversion method and concurrently
establish model free methods based on an analytically determined Green’s functions for particles
and even simple nanoparticle aggregates on resonant substrates of a finite thickness.

Examining local energy transfer in extended plasmonic arrays. The organization of particles with
spacings similar to the LSP resonance wavelength produces a variety of interesting optical
properties. Although the ensemble properties of these array have been examined, there have been
few studies that examine the response of individual or few particles within the system. A bottom
up approach will be employed to study the resonant properties of extended plasmonic arrays by
fully characterizing few-particle units and defects using high-energy resolution STEM-EELS and
combining these measurements with numerical simulations and analytical modeling. This
knowledge will then be used to address large-scale assemblies possessing periodic and aperiodic
symmetries and their potential defects
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Non-zero transverse resistance in zero magnetic field in Al2Ox/SrTiO3 two-dimensional

electron gases: Evidence for spatially varying magnetism near the quantum paraelectric
transition

Venkat Chandrasekhar, Department of Physics, Northwestern University
Research Scope

The primary current focus of this project is the investigation of correlated electron physics
in the two-dimensional carrier gas (2DCG) that forms at interfaces in SrTiO3 (STO) based
heterostructures. Current research focuses on two types of heterostructures:
Lao3Sro.7Alo.es Tao3s/SrTiO3 (LSAT/STO) and AlI20x/STO interface devices. In both types of
heterostructures, our emphasis is on studying interfaces grown on (111) oriented STO substrates.
This crystal orientation is much less studied than the (001) crystal orientation and might potentially
show new topological effects due to the hexagonal symmetry of the interface gas.

Recent Progress

2DCGs in STO based interface devices show a variety of complex correlated electron phenomena,
including superconductivity, magnetism and strong spin-orbit interactions. Almost all of these
phenomena are tunable with an electric field, frequently applied by means of a voltage applied to
the STO substrate, a so-called backgate voltage Vy. By varying Vg, one can tune the resistivity,
the superconducting transition temperature and the spin-orbit interactions in STO based interfaces.
This is similar to the way one can tune the conductance of semiconductors with a gate voltage. In
However, in STO interface devices, the voltage is applied through the dielectric STO substrate, so
that gating effects are convoluted with the rather rich dielectric properties of STO. STO undergoes
a structural transition from a cubic to tetragonal phase at 105 K, forming domain walls between
tetragonal domains. It is a quantum paraelectric, a material that would like to go ferroelectric at
low temperatures but is prevented from doing so by the zero-point motion of the oxygen atoms
[1]. It has a dielectric constant € that is a few hundred at room temperature that rises to a few tens
of thousands at low temperatures (<20 K) and depends on the applied electric field [2]. Recently,
the quantum paraelectric transition in STO has seen renewed interest [3]. In addition, the role of
the domain walls that form between tetragonal domains in determining both the dielectric
properties of the STO as well as the conducting properties of 2DCGs in STO based interfaces has
attracted attention [4].

Ferromagnetism in STO based interface devices has been widely reported and has been studied
through electrical transport, magnetometry and scanning SQUID techniques. In terms of electrical
transport, the magnetism manifests itself as a hysteresis in the longitudinal and transverse (Hall)
magnetoresistance that is typically seen at very low temperatures (<1 K). At higher temperatures,
this hysteresis disappears. However, a small but finite transverse resistance in zero external
magnetic field is sometimes seen at higher temperatures, but this effect has mostly been ignored
until now. A finite transverse resistance usually arises from time-reversal symmetry breaking, a
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sign of intrinsic magnetic ordering in the system. We report here measurements of this zero-field
transverse resistance as a function of temperature and Vg, showing that it is much larger in (111)
oriented STO interfaces in comparison to (001) oriented interfaces and that it is correlated with
changes in ¢ of the STO near the quantum paraelectric transition. We believe this zero-field
transverse resistance is associated with an intrinsic magnetism associated with the domain walls.
Our results are consistent with recent studies showing that the polar domain walls host magnetism
below 40 K, near the quantum paraelectric transition [6].

The devices for this study were fabricated by depositing a thin layer of amorphous oxidized Al on
top of Hall bar patterns on (001) and (111) oriented STO substrates. The Al getters oxygen from
the STO, creating a conducting surface at the interface. Figure 1 shows the longitudinal (Rt) and
transverse (RL) resistance (@) b)
of a (001) and a (111) 10000 . .
Hall bar at a backgate

voltage of 80 V in zero
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that these structures have less disorder than LAO/STO devices, likely due to the smaller amount
of strain between the Al,Ox and STO. These plots also demonstrate two important features of the
zero-field transverse resistance Rr. First, for both samples, Rr(T) does not scale with R.(T),
showing that the finite zero-field resistance does not arise simply from a misalignment of the
transverse voltage probes, the usual explanation given for a finite zero-field transverse resistance.
Second, Ry for the (111) sample varies over a range that is more than an order of magnitude larger
than the range for the (001) sample. In addition, we find that Ry varies as a function of position:
Rt measured on a different set of transverse probes on the same Hall bar shows a different
magnitude and temperature dependence.

Figures 2(a) and (b) show the zero-field Ry for (001) and (111) oriented Hall bars as a function of
temperature and backgate voltage. As can be seen, the variation in Ry for the (001) device is more
than an order of magnitude smaller than that for the (111) device over the entire T-Vy parameter
regime. If Ry is associated with magnetic order in the ferroelastic domain walls, it might be
expected to correlate with the dielectric constant of the STO. In order to explore this correlation,
we have also measured the capacitance C between the backgate and each Hall bar as a function of
T and Vq. These data are shown in Fig. 2(c) for the (001) oriented device and Fig. 2(d) for the
(111) oriented device. Assuming a simple parallel plate geometry, C is a measure of the dielectric
constant of the STO. As expected, C is smaller at higher temperatures and increases with
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decreasing temperature, reflecting the well-known increase of the STO dielectric constant with
decreasing temperature. For the (001) oriented sample, C(T) is essentially independent of Vj,
showing a rapid increase at around 25 K over the entire gate voltage range. For the (111) sample,
however, C(T) depends on Vg: the temperature at which C increases rapidly moves from ~40 K at
Vy=0to 20 K at V4=80 V. This is exactly the temperature regime where one expects the quantum
paraelectric transition of STO, and it is also the temperature regime that where Rr in the (111)
oriented device shows a significant temperature dependence.

At present, it is not clear why the (111) oriented samples show such a large zero-field transverse
resistance. It may be related to the orientation of tetragonal domains, along which a finite magnetic
moment is expected to point according to the scanning SQUID studies. In the (001) devices, these
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Figure 2. RT (a) and C (c) for a (001) oriented sample, and RT (b) and C for a (111) oriented

transverse
sample as a function of temperature and backgate voltage.

resistance.
We are continuing our measurements to further explore this phenomenon, as described below.

Future Plans

We have developed a tuning-fork microwave impedance microscope (MIM) based on a Mach-
Zehnder interferometer (MZI) that will enable us to image conductivity variations in devices on
the scale of tens of nanometers. Since the ferroelastic domain walls in STO discussed above are
reported to be more conductive than the rest of the STO crystal, so that current flows preferentially
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along the domain walls, we hope to correlate the anomalous finite zero-field transverse resistance
with the structure and arrangement of domain walls in (001) and (111) oriented samples as a
function of temperature and backgate voltage using the MIM.

One of the potentially interesting properties of (111) oriented STO based heterostructures is the
possibility of observing topologically non-trivial superconductivity due to the hexagonal
arrangement of atoms at the interface. We have made an interesting observation regarding
superconductivity in measuring three different (111) oriented STO based interface systems. In
(111) LAO/STO, superconductivity is observed at temperatures comparable to (001) LAO/STO;
in (111) LSAT/STO, no superconductivity is observed in our measurement temperature range, but
a small downturn in resistance is observed at the lowest temperatures. In (111) Al.Ox/STO, no
hint of a superconducting transition is observed. The difference between these systems is in the
amount of strain at the interface. LAO/STO has a 3% strain, LSAT/STO 1% strain, and
Al;0,/STO presumably has the lowest strain due to the amorphous nature of the Al.Ox overlayer.
Consequently, the Al2Ox/STO devices are likely closest to pure hexagonal at the interface. We
propose to further explore this absence of superconductivity in the (111) oriented Al2Ox/STO
devices by measuring the temperature dependence of the resistance as a function of carrier
concentration and resistivity, which we can vary over a wide range by annealing the samples in an
Ar/H> atmosphere to introduce additional oxygen vacancies.

Lastly, we have developed a process for making mesoscopic devices with features size down to
100 nm in Al2Ox/STO structures. Fabrication of such devices is challenging as the substrate is
extremely insulating, and hence it is not easy to fabricate structures by electron-beam lithography
due to charging effects. Using a conductive polymer layer, we have been able to overcome this
problem, and we plan to explore mesoscopic transport in these structures.
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Structural Complexity and Photocatalytic Functionality: Carbon Nitride Systems
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Research Scope

We are investigating the atomic structure and evolution of
photocatalytic materials systems for H; generation via
photocatalytic water splitting under visible light. Our catalysts are
composite materials consisting of light harvesting semiconductors
supporting co-catalytic nanoparticles that facilitate the transfer of
excited electrons/holes for water reduction/oxidation. We have
investigated the role of short-range order on the catalytic
functionality of carbon nitride based systems. A fundamental
atomic level understanding of the complex relationships between

structural elements controlling light harvesting, charge transfer, and Pt metal dispersions is
required to design optimized systems.

Recent Progress

Graphitic carbon nitrides (g-CNxHy) are an important class of layered materials for driving energy
conversion processes such as photocatalysis [1]. The average in-plane structure resembles

polymeric melon (with a
limiting ~ composition  of
C2NzH, [2]. However, electron
beam damage impedes the
ability of transmission electron
microscopy (TEM) to
determine local structural
disorder preventing a clear
description  of  structure-
reactivity relationships. Here
we employ a direct electron
detection system to minimize
radiation damage and gain new
insights into the role of

Figure 1: (a)-(c) TEM images of (a) Nicanite (b) U, -gCN,and () U, - structural disorder on catalytic

gCN (d)-(f) Corresponding image diffractograms for (d) Nicanite, (¢)  functionality. The local
U24O-gCN, and (f) Uso-gCN generated from the large FOV images. structural variations are
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explored using a pseudo-Patterson approach. The role of g-CNxHy structure on Pt co-catalysts
dispersion, charge transport and Hz evolution are revealed.

Three different g-CNxHy powders with differing degrees of structural disorder were employed
(Nicanite, U240-gCN and U3zo-gCN). The basal plane spacings of each powder was determined from
x-ray diffraction to be 3.224 + 0.006, 3.235 + 0.006, and 3.263 + 0.006 A for Nicanite, U24-gCN
and Uso-gCN., respectively. TEM imaging of the (hk0) basal plane was performed under low
electron fluence rates (<70 e-/A?/s) (see Figure 1) on an aberration-corrected FEI Titan ETEM
equipped with a Gatan K2-IS direct electron detector. Nicanite displays a diffractogram showing
a pseudo-hexagonal symmetry especially clear at high spatial frequencies and simulations suggest
it has an AAA eclipsed stacking. The planar structure of melon is composed of 1D chains of N-H
bridged heptazine (CeN7) units terminated by N-Hz groups [2, 3]. To explore local translational
and rotational disorder of the in-plane heptazine units, local pseudo Patterson functions (PPF) were
extracted by Fourier transforming square regions 6.5 nm in width of the HREM images. Figure
2a-c shows the mean PPF for each g-CNxHy compounds, generated by averaging over 100 different
areas. While Nicanite shows strong structural correlations out to the fourth heptazine-heptazine
nearest neighbor shell (HHNN), the other samples exhibit continuous rings showing large degrees
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Figure 2: (a)-(c) Mean pseudo Patterson functions (PPFs) for (a) Nicanite, (b) Uz40-gCN, and (c) Uzo-gCN. The
1st-4th HHNN shells are labelled over each mean PPF and the intensity scale bar next to (c) applies to all
mean PPFs. (d)-(f) Examples of three local PPFs from (d) Nicanite, (e) U240-gCN, and (f) Uszo-gCN
demonstrating local structural ordering. To the right of each local PPFs is a structure model containing the
first HHNNs depicting the azimuthal orientation in that region is shown.
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of rotation between the different domains. On average, U240-gCN exhibits relatively strong
structural correlations up to the third HHNN shell (Figure 2b) whereas for Uso-gCN, the PPF
becomes significantly attenuated beyond the first HHNN shell (Figure 2c).

Figure 2d-f compares three local PPFs (displayed over the first HHNN shell) from each material.
In each, the azimuthal orientation of the in-plane structural motif can be clearly identified, as
shown by the structure models. For Nicanite, the azimuthal orientation is relatively constant
compared to the other materials which show large variations and little translational symmetry.

To test the photocatalytic activity, 1.6 wt% Pt nanoparticles was

photodeposited over each sample and the activity for Hz evolution was 1 HER
(umol/h/g)

determined under a Xe lamp with a filter (A > 400nm). The Hz evolution 1500
rate (HER) per mass of catalysts (Figure 3) clearly shows that U220gCN
produces twice as much H as the other two materials. Two factors that
explain the trends observed in Figure 3 are the Pt metal dispersion and
the charge transport from the carbon nitride to the Pt surface.

Figure 4a-c shows representative images of each g-CNxHy loaded with
1.6 wt% Pt following 5 hours of photoreaction under visible light.
Nicanite (Figure 4a) has larger Pt nanoparticles and the higher Pt
dispersion on U240-gCN and Uszo-gCN gives a higher number of active
sites for Hz evolution. As pointed out by Lau et al., N-H2 groups are the (PD, 1.6 wt%)
preferred adsorption sites for Pt on these materials[4]. Thus, for the  Fpijgure 3: Hydrogen
more disordered materials, the higher concentration of terminating N-  production rate (HER)
H> groups leads to improved Pt dispersion.

A second metric of catalytic activity is the turnover frequency (TOF), in which Hz production is
normalized to the number of surface Pt atoms. The turnover frequency is a measure of the effective
efficiency of each Pt site. The Pt particle size distribution can be employed to estimate the TOF
which is shown in figure 5a and is highest for the Nicanite. In this case, efficiency is related to the
a S B C ' electron transfer rate from

\acin il ™, P T8 the carbon nitride to the Pt

n o XS "€ g v, particle per incident photon.
giay X . sy By looking at the correlation
of the TOF with bandgap,
hydrogen  content, and
carbon nitride basal

Figure 4: (a)-(c) HAADF-STEM images of the post-photoreaction Pt/g-  Stacking distance, which is
CNxHy photocatalysts, each loaded with 1.6 wt% Pt via photodeposition: directly related to carrier
(a) Nicanite, (b) U240-gCN, and (c) U30-gCN.

mobility [5], the relative
importance of these
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240 —————————————  materials properties to photocatalysis can be determined.
e Figure 5 shows the TOF and carrier mobility as a function

< $50 Ay 1 of the layer stacking distance for the three carbon nitrides.

2 120l - ' 1 The TOF and mobility show the same dependence on
sof = .= . . .7 4 layers stacking distance suggesting that the superior TOF

~ &10°———————————— 0f the Nicanite based system is due to the enhanced
L 6x105) —8— ’ 1 electron transfer from the carbon nitride to the Pt co-

PR S —— | catalysts.

2 e In conclusion, contributions to structure-reactivity
322 323 324 325 326 327 relations for carbon nitride based photocatalysts have been

Stacking distance, d,q,» (A .
, acking distance, dyogy (%) elucidated. In-plane short-range order regulates and
Figure 5: (a) Correlation between

the stacking distance in the g-CNxHy ~ CONtrols the Pt metal co-catalysts dispersion whereas the

support with the TOF for H2  pasal plane spacing controls charge transfer.
production (top) and mobility
(bottom).

Future Plans

We plan to extend this work to mixed metal oxides systems and oxide systems with cation doping
giving photon absorption in the visible. These systems are less sensitive to electron irradiation
making them easier to probe at the atomic level with advanced in situ imaging and spectroscopy
techniques. We are also investigating the role of photonic cavity modes for light harvesting. To
drive photochemistry, the photonic resonances must be coupled with plasmons, excitons or
phonons to deliver energy to the catalytic surface sites. We will employ electron energy-loss
spectroscopy to detect the photonic modes and to understand coupling processes. Fundamental
studies will be undertaken to investigate the strength of the coupling for samples of different
composition and geometry. In situ observations will be performed to understand the role of
adsorbates on the coupling process and to identify localized chemical activity on the catalyst
surface.
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Real-time Measurements of Complex Transition Metal Oxide Nanostructure Growth
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Research scope

This project, a collaboration between Georgia Tech and MIT, aims to combine in
situ microscopy and spectroscopy measurements to answer fundamental questions about
the physics and chemistry governing the bottom-up vapor-solid-liquid (VLS) growth of
one-dimensional (1D) functional oxides. In particular, our overall aim is to develop a
framework for using new catalysts and new growth mechanisms to create complex
structures that are not available from conventional VLS growth. Current research in this
project follows three complementary directions, with each providing a unique perspective
on the roles of new catalysts in the growth of 1D nanomaterials: (1) We are using a non-
standard catalyst, Ge, to seed the growth of 1D nanostructures of zinc oxide that show
unusual morphologies; (2) We are exploring alkaline metal halide catalysts as a route to
synthesize NWs of layered materials; (3) We have formed 1D lateral heterostructures of
functional oxides by using pulsed laser deposition on 1D, flexible substrates.

Recent progress
(1) 1D twisted and tubular structures of ZnO catalyzed by Ge

Our experiments exploring the use of unconventional catalysts and growth modes
to form metal oxide nanostructures have focused on the growth of ZnO nanowires (NWSs)
using Ge catalysts. ZnO nanowires comprise a well-known materials system that forms a
variety of 1D morphologies that include NWs, nanotubes (NTs), and nanoribbons via VLS
catalyzed by metals such as Au (1). The phase behavior and chemical bonding of Ge
suggested that it might enable alternative growth mechanisms, opening up new
opportunities to tune morphology and create heterostructures. Moreover, in optoelectronic
applications it is helpful to avoid the deep level traps created by Au and similar elements.
To these ends, we replaced Au with Ge in the catalyst.

Figure 1 summarizes the resulting growth morphologies (2), which include twisted
and/or hollow NWs in addition to the expected straight solid NWs (Figure la-c). Post-
growth electron microscopy and spectroscopy allowed us to determine growth conditions
that favor each type of structure and determine structural properties such as catalyst
geometry, diameter, faceting, and twist rate. Most strikingly, the cores of hollow twisted
NTs were much larger than expected from the hollow-pipe mechanism and twist rates were
several times larger than that predicted for the Eshelby twist (Figure 1d). Our data indicate
a competition between growth and etching processes at the catalyst/nanowire interface
(Figure 1e-f), a far more complex behavior than in the conventional VLS mechanism. We
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propose that etching is responsible for the large hollow cores and that the NT twisting
anomaly stems from a change to the material’s mechanical properties following catalyst
diffusion during growth. Growth mechanisms that involve a competition between growth
and catalyst-induced etching may be useful for creating unusual structures and properties.

Figure 1. 1D twisted and tubular structures of
ZnO catalyzed by Ge. (a-c) SEM images of a
straight NW, a twisted NW and a hollow,
twisted NT respectively. (d) Twisting rate of
5 NWs (blue) and NTs (red). While the twisting
(d)  Twsimpctznd NWsend s (e) it of NWs follow the Eshelby model (dotted line),
st . the NTs show a 3-4 times higher twisting rate
than predicted. (e-f) Ge-assisted etching of ZnO
imaged using the Titan in situ TEM at the
Center  for  Functional  Nanomaterials,
Brookhaven National Laboratory. () A time
series showing a Ge-containing solid particle
inside the hollow core of a NT at 610°C. A
reaction takes place that removes ZnO from the
core, enlarging it, while also consuming Ge. (f)
HRTEM of a similar etching event where a Ge-
containing particle removes ZnO, leaving
behind an empty trace with lower contrast.

(b) Salt-assisted growth of layered nanowires

Unconventional catalysts can also enable the growth of NWs in materials that do
not otherwise grow in NW form. We have carried out a literature survey to understand
common themes and promising opportunities arising from the systems that have been
studied (3). Figure 2 shows an experiment that was suggested by catalytic growth of
ribbons in a different but related material (4). These NWs are formed of NbSs, a layered
transitional metal trichalcogenide (TMT), catalyzed by a salt (NaCl). TMTs such as NbSs,
NbSes, TiSz and TaSs are quasi-1D van der Waals (vdW) materials built from vdW-bonded
trigonal prismatic chains of metal and chalcogens (Figure 2a).

In Figure 2, where the NWs form via NaCl-assisted synthesis, NaCl appears to play
a dual role (4): (i) it creates intermediate, more volatile Nb precursors at the growth
temperature of 700-750 °C, and (ii) it directs the growth of NbSz. SEM images and EDS
mapping (Figure 2b-c) show the structure and composition of NaCl-catalyzed NbSz NWs.
While the NWs exhibit well-faceted shapes, the NaCl tips are more varied in their structure.
Some are well-rounded, hinting at a VLS mechanism, while the faceting of others hints at
a vapor-solid-solid (VSS) mechanism. Observations during growth are required to untangle



the growth mechanism, and we intend to carry out such experiments in the semi-closed
high pressure environmental TEM cell under development.

®

) (b)

Figure 2. Salt-assisted growth of NbS; layered
nanowires. (a) Schematic representing the
layered structure of NbSs; and our proposal of
using alkaline metal halide (NaCl) as a VLS
catalyst for TMTs. (b) Representative SEM
images of two NWs. The particles are visible on
top of well-faceted short NWs. (c) EDS
elemental mapping suggests the particle
composition is Na and CI, while the NWs are Nb
and S.
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Atomically thin semiconductors have unlocked opportunities to explore a variety
of many-body physics, including the fractional quantum Hall effect, exciton condensation
and unconventional superconductivity. A majority of the studies of vdW materials have
focused on materials such as graphene, boron nitride, transition metal dichalcogenides
(TMDs), and their heterostructures. The catalytic formation of 1D nanostructures of 2D
materials presents the possibility of diameter and position control as well as the bottom-up
integration of dissimilar materials into heterostructures and superlattices. Our initial results
suggest that unconventional, non-metallic catalysts can catalyze the growth of such
nanostructures, potentially opening a door to explore the synthesis and growth mechanisms
of NWs based on layered materials.

(c) Heterostructures of complex oxides

An important extension of NW growth is the formation of heterostructures, since
integration of dissimilar materials offers opportunities to explore interfacial phenomena.
For complex oxides, for example, this includes multiferroic high-temperature ferroelectric
and superconducting properties. Recently, strain has been shown to be another knob to
further drive the exotic interface physics (5). One of the challenges in strain engineering of
oxide thin films is the material’s mechanical rigidity. This hinders the maximum strain that
can be applied to tune properties without compromising structural integrity. We have
started to explore heterostructure formation by lateral (core-shell) heterostructures of a
complex oxide onto our as-synthesized ZnO nanomaterials. Figure 3 shows the results of
pulsed laser deposition (PLD) of a Lao.7Sro.sMnOs (LSMO) shell onto a ZnO core, in
collaboration with the C. Ross Group at MIT.
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Figure 3. Core-shell heterostructures of
complex oxides. (a) SEM image of ZnO-
LSMO core-shell heterostructure. (b) TEM
image shows a continuous and single
crystalline LSMO shell wrapping the ZnO
core. (¢) Formation of quantum dot arrays of
LSMO on 1D ZnO substrate by post-growth
annealing at 900 °C.

SEM (Figure 3a) and TEM (Figure 3b) show a single crystalline, smooth and
continuous LSMO film conformably deposited on the ZnO NW, creating a faceted shell
whose thickness and crystallinity can be controlled via PLD parameters. We find that post-
growth annealing can transform the LSMO shell into arrays of LSMO quantum dots
(Figure 3c). The integration of complex oxide thin films or arrays of quantum dots on a
flexible and 1D ZnO substrate may allow higher applied strain to be transferred to the
material interface without introduction of dislocations, and create unique opportunities to
study extreme strain-driven emergent properties.

Future Plans

Our results to date have revealed opportunities to use unconventional catalysts and
growth modes to create new types of 1D nanostructures. This opens exciting windows to
explore other aspects of the physics and chemistry of NW growth and the influence of the
catalyst and growth mode on the resulting nanostructures. Looking forward, we have
started to grow other metal oxides using Ge catalysts by both physical vapor deposition
and chemical vapor deposition techniques, using ex situ growth to provide the knowledge
needed for in situ growth with its opportunities for imaging the catalyst in action. We are
particularly interested in investigating the nucleation and growth of Ge-catalyzed Gaz0s
and Al.O3 NWs using both ultrahigh vacuum TEM and in situ FTIR. The complementary
synthesis and characterization will create a baseline to understand metal oxide growth
kinetics more generally. We also plan to characterize the structural aspects of the salt-
assisted NbSs NWs and compare with the catalyst-free bulk structure. We will then explore
growth conditions for NbSs NW synthesis, with particular emphasis on substrates covered
with other vdW materials to explore the possibility of epitaxial growth. The understanding
from NbSz will be used to uncover other vdW NWs in the transition metal chalcogenide
material family. We also plan to interface the metal chalcogenide NWs to our oxide NWs
via partial oxidation and conversion. The metal chalcogenide/oxide NW heterostructure
may further enrich the opportunities for exotic physics at the boundaries of functional
materials.

In general, multimodal, in situ and ex situ approaches interrogate different aspects
of catalyst physics and chemistry. We anticipate that the research within this project using
both techniques will influence the discovery of new 1D structures and 1D materials with
potentially useful applications in quantum electronics and renewable energy.
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Molecular and Materials Energetics Visualized with Femtosecond TEM
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Research Scope

Our recent work is delineated along three distinct but interrelated thrusts, each of which
stems from development and advancement of femtosecond (fs) laser-driven pulsed TEM. The
work described here is motivated by a desire to elucidate and understand energy movement and
redistribution through molecular and materials systems across a broad range of space and time.

(1) The first thrust is focused on elucidating connections between local phonon dynamics
and phase/morphology transformations. Key to this thrust is the direct imaging of real-space,
time-varying phonon dispersion behaviors with fs TEM bright-field imaging, particularly as they
relate to transition state dynamics. By spatiotemporally mapping behaviors such as phonon
softening and morphology-dependent single-mode dispersion, new insights into local evolution
of coherent lattice oscillations and phase transformations are being gained.

(2) The second thrust is focused on exploring the potential of using laser-driven pulsed
beams in the TEM to study fundamental material-specific damage mechanisms and to mitigate
deleterious effects. Here, the precise temporal control over the photoemission process enabled
by using a fs pulsed laser rather than conventional thermionic emission is being leveraged and
quantitatively explored. In this way, significant reduction in damage — for uniform doses and
dose rates — can be realized, and temporal aspects of damage can be explored.

(3) The third thrust focuses on quantification of strains and energies associated with
photoexcited coherent acoustic phonons. Evidence of single-mode excitation is emerging, where
symmetry is dependent upon excitation conditions, analogous to narrow-band resonant THz
spectroscopy. Progress here is being made on developing descriptions of transient scattering and
contrast dynamics for quantifying local behaviors directly from fs TEM bright-field images.

(4) Finally, fs TEM technology and method development is driving progress in the
project overall. Over the most recent two years, attention has been focused on: (i) Development
of a robust and distributable automation package for high-throughput ultrafast electron
microscopy experiments. (ii) Design and fabrication of a device for directly measuring the
salient properties of the in situ photoexcitation laser beam precisely at the specimen location.

Recent Progress

(1) Imaging phonon dispersion in morphologically-variant semiconductors. Super-bandgap
ultrafast photoexcitation of semiconducting materials induces a cascade of strongly correlated,
many-body interactions. Resulting from carrier-carrier and carrier-phonon scattering processes
is excitation of propagating coherent acoustic phonons (CAPS), the precise transient behaviors of
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which are influenced by intrinsic 7= 85 ps| [)
electronic and structural
properties, as well as the specimen
boundary conditions and the
manner of excitation.> Owing to

the often-discrete and distributed

hature Of surface, interfacial, and Fig. 1. (a) BF UEM image at t = 85 ps following photoexcitation.
compositional S_tr%JCture and (b) ROI highlighting the direction of phonon propagation. (c) ROI
morphology, combining real-space | counts vs. time with a single wavefront noted.

imaging with ultrafast probes
enables determination of local transient responses. While all-optical techniques enable depth-
dependent and in-plane imaging with nanometer and micrometer resolutions, respectively,
nanoscale in-plane dynamics and the associated impact of variable morphology and composition
remains challenging to resolve.

Femtosecond TEM is well-suited for imaging in-plane i
nanoscale dynamics on picosecond timescales. Our current 3
work has focused on differentiating the impact of amorphous
and crystalline morphologies on time-domain CAP dispersion £
behaviors via imaging of nanoscale-picosecond in-plane >
propagating lattice perturbations. By performing an in situ
photothermal anneal of an initially amorphized GaAs *
specimen, distinctly different morphologies and the impact on Tz zs;TimT(.Ps):sa w
phonon dispersion behaviors were studied. We observed
variations in local phonon dispersion responses (Fig. 1). The
high sensitivity of diffraction contrast to slight changes in
specimen orientation enabled visualization of individual phonon wavefronts propagating across
nanoscale fields of view. For pre- and post-annealed GaAs, phonon dispersion behaviors display
hypersonic phase velocities that exponentially decay to the longitudinal speed of sound (Fig. 2).
The final asymptotic phase velocity values, however, differ and sensitively depend upon the
degree of nanocrystallinity in the specimens.

25 |

0 50 100 150 200 250 300 350 400 450
Time (ps)

Fits: v =Ae""+v
P PO

post-anneal

pre-anneal

,= 513 =0.08 nmips

Fig. 2. Dispersion curves for pre-
and post-annealed GaAs.

(2) Studying beam damage with pulsed-beam TEM. The effects of pulsed-electron
irradiation on damage to tissues, cells, and biomolecules is studied in the field of radiobiology,
often by utilizing fs pulsed-laser plasma accelerators. In electron microscopy, the potential
benefits of using a pulsed electron beam to mitigate damage have been speculated upon for
decades, with glimpses of interesting effects reported under uncontrolled conditions.>* Further,
though not attempting to leverage relaxation or self-healing, proposals for extending the concept
of diffract-before-destroy to TEM have also been discussed. Our efforts have focused on first
conducting systematic studies to test the hypothesis that pulsed beams cause less damage.
Beyond this, we will use pulsed beams to study damage mechanisms in beam sensitive materials.
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Ideally, one would have a high level of
control over key aspects of the discrete electron
packets. Our recent work has leveraged the precise
control afforded by using fs pulsed lasers to generate
discrete packets of electrons in the fs TEM to
precisely control the emission process, confining the
probability to a narrow temporal range of 300 fs
(fwhm) with extremely regular peak-to-peak
emission times (Fig. 3). Using a Bragg-spot fading-
curve method and a model beam-sensitive, soft-
matter material (n-hexatriacontane, CszeH7s), we
observed a nearly two-fold reduction in damage when the dose is delivered (statistically) one
electron at a time with up to 0.1 ms between the arrival of each at the specimen. We also
uncover trends for increased numbers of electrons per packet and decreases in time between
packets, both of which increase the observed damage. Finally, we identify crossover points
where more damage occurs for the pulsed beams relative to conventional beams upon increasing
the electrons per packet.

Pulsed: 10 kHz, 1 e/packet
+ Random

0 001 002 003 004 005 006
Dose (e-A?)

to specimen

Fig. 3. (Left) Schematic of the pulsed-beam
TEM gun region. (Right) Fading curves of
CasH7a for pulsed and conventional beams.

(3) Quantitative description of phonon-mode behavior via models of fs TEM imaging.
Ultrafast imaging with fs TEM provides capabilities that are complementary to ultrafast
diffraction measurements.® Accordingly, disparate dynamics influenced by individual lattice
discontinuities, as well as spatiotemporally varying phonon dispersion and relaxation behaviors,

can be directly surveyed relatively a 1 0470 p G+ 30ps
¥
! - // I/
2 / 7}
SNV
0255 § 2 /
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bright-field imaging has been successfully
used to observe coherent contrast-wave
dynamics in semiconducting and metallic
materials.  Quantifying phonon phase-
velocity dispersion behaviors enabled
indirect identification of mode
symmetries, indicating a single mode was
responsible for the observed contrast dynamics. Qualitative interpretations of the observed
contrast dynamics typically invoke physical pictures of transient bend-contour dynamics in TEM
imaging and modulation of the excitation error. Dynamical theory extends this to inclusion of
multiple scattering, which is often necessary for achieving accurate descriptions.

Our recent work has made use of dynamical scattering models in order to make progress
toward developing a quantitative approach to fs TEM imaging of acoustic-phonon dynamics.
We have applied descriptions of dynamical scattering in real space to simulations of wedge-
shaped specimens experiencing transient, propagating elastic deformations due to excitation of
Lamb-type guided wave modes (Fig. 4). We take the approach of first explicitly testing and
demonstrating how the kinematic approximation for the chosen conditions falls short of

efficiently. As previously noted, fs TEM
0.147
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Position (nm)

Fig. 4. (a) Simulated UEM images of phonon dynamics.
(b) ROI counts as a function of time.
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accurately describing the quantitative strain profiles before illustrating how inclusion of
dynamical effects via multi-slice techniques is necessary for accurately capturing the scattering
response. Our methods largely follow the general approaches to simulating electron micrographs
developed by Howie and Whelan and extended by others to the development of descriptions of
contrast formation by discrete defects. We thus extended these approaches to fs TEM bright-
field image series on relevant spatiotemporal scales on which acoustic phonons are active,
largely following the formulations of kinematic and dynamical models by De Graef.

Future Plans

Work is currently underway to directly image, with fs TEM, the transient phonon-
softening behaviors and associated phase-transition dynamics in SrTiOs at cryogenic
temperatures. This particular study will serve as a paradigm test for conducting studies of
transient phase transition dynamics with fs TEM. For thrust two, much work still needs to be
done to test the basic hypothesis that using pulsed electron beams leads to a reduction in
specimen damage. Owing to the multiple sources of error and artifacts, key to this will be
conducting and documenting control experiments and methods of data acquisition. We will
extend the work to two specific areas: (1) Exploring specific damage mechanisms. (2) Testing
whether reduced damage with pulsed beams leads to demonstrable improvements in resolution
and data quality. Key to the second point will be conducting the experiments with the pulsed
beam, perhaps supplementing with additional capabilities (e.g., use of a LN2 holder). The model
developed as part of the third thrust will continue to be improved and increased in sophistication,
and we are currently in the process of applying it to real fs TEM images in order to extract
phonon properties, including energies and strains, directly from the transient contrast features.
Underlying all of this future work will be continued development of automation and analysis
methods for increasing throughput and fabrication of an in situ laser beam profiler for
quantification of the pump excitation beam at the specimen location.
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Magneto-thermal microscopy of complex topological spin textures
Gregory D. Fuchs, Cornell University Applied and Engineering Physics, Ithaca, NY
Research Scope

This research project aims to develop magneto-thermal microscopy for the study of
unconventional magnetic materials and heterostructures with picosecond time resolution and
nanometer spatial resolution. Our table-top approach is based time-resolve anomalous Nernst
effect microscopy [1,2] and time-resolved spin Seebeck effect microscopy [3] that has ~10 ps
temporal resolution for magnetic order and applied currents, [2] but to date is limited by the spatial
resolution of optical focusing. Magneto-thermal microscopy has proven to be a flexible probe of
magnetism in both metal and insulator samples, and for both ferromagnetic [1-3] and
antiferromagnetic [4,5] samples.

We have three principle aims in this project. First, we seek to extend and develop magneto-
thermal microscopy as a table-top probe of magnetism and current that combines picosecond
temporal with nanosecond spatial resolution, limited only by the sharpness of a scanning metal
tip. [6] Second, we seek to apply this capability to the study of magnetization dynamics in
topological magnetic materials including magnetic skyrmions. Third, we seek to further develop
our understanding of magneto-thermal microscopy to probe antiferromagnetic order and use that
capability to study antiferromagnetic skyrmions and their dynamics.

Recent Progress

First we discuss our recent progress in implementing
scanning probe magneto-thermal microscopy combining temporal
resolution with near-field spatial resolution. Figure 1 shows the
geometry of scanning probe magneto-thermal microscopy. We
focus a picosecond pulsed laser on the apex of a gold-coated
scanning tip. Via a near-field interaction, an intense optical field is
confined between the metal material under the tip with an area that Figure 1. Geometry of near-
is comparable to the tip radius. [6] The localized heating under the | field magneto-thermal
tip induces a local temperature gradient that, through the anomalous | microscopy.

Nernst effect (ANE), produces a voltage that is proportional to the

in-plane component of the magnetization within the localized region of the sample under the tip.
If a current density is passing through the sample under the tip, it will also contribute a voltage due
to the local heating, which changes the material’s local resistance. Since we excite with
picosecond laser pulses and re-thermalization times are picosecond scale in thin-film samples with
thermally conductive substrates, these signals are strobscopically time resolved.

©®

We demonstrate that this set-up is sensitive to both magnetic order and current density
using a simple 5x12 um? bar of CoFeB patterned with high bandwidth electrical contacts. To
verify we study a near field signal we perform tip-sample distance dependent measurements while
we lock-in to harmonics of the probe oscillation (not shown). As expected, the near-field signal
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Figure 3. (a) topographic and (b) current images of
a sample with a constriction. (c) and (d) show
linecuts through the constriction for current density
using far-field and near-field imaging, respectively.

is zero until the tip apex-sample distance is
comparable to the probe radius (~ 50 nm).
Figure 2 shows static  near-field
measurements comparing the signal size of
far-field and near-field signals for both a
uniform magnetic state, and magnetization in
the vicinity of a domain wall. We find that the
near-field signal captures both the current

distribution and the magnetism with resolution exceeding the optical diffraction limit.

While CoFeB has an excellent ANE coefficient, it does not have sharp enough magnetic
features to test the spatial resolution of our microscopy. To do this, we focus on current imaging,
because currents are very predictable within a sample, thus providing a good benchmark. We
pattern a sample with nanoscale constrictions for current. Figure 3 shows topography and current
imaging of a constriction, again showing spatial resolution that far exceeds the optical diffraction

limit.  To understand the precise spatial
resolution of our technique, these data must be
compared with numerical calculations of the
current density in such a structure, which is
underway.

We can also use this structure to assess
temporal resolution of scanning probe magneto-
thermal microscopy. We use time domain
homodyne techniques [1] to stroboscopically
probe microwave current as it passes through
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Figure 4. 3 GHz RF current measured in the near field
at the constriction as we vary the microwave phase.
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Figure 6. Anomalous Hall effect measurements of a-Fe;Os/Pt similar
to those in Ref. 8.

Figure 5. Crystalline and spin order of a- — -
Fe,0; from Ref. [7]. probe. The thermal pulse repetition rate is phase-locked to

the microwave current source, thus enabling phase sensitive

measurements of the current. As we rotate the phase of the current, the near-field signal also
rotates. This not only demonstrates a resource for microwave current imaging, but also serves to
demonstrate that our near-field microscope retains its time resolution.

0 field Yemmyh) Next we discuss our progress using far-field
i » a I: magneto-thermal microscopy to probe antiferromagnetic
‘ : A > order. Previously, we demonstrated the interfacial spin
‘l Seebeck effect in antiferromagnetic NiO [111]/Pt
T heterostructures as the contrast mechanism for imaging
Néel order. [5] Here we consider o-Fe2O3/Pt
heterostructures. [7,8] Like NiO [111], this material has
antiferromagnetic order with plans of spins aligned in the
sample plane (Figure 5). Unlike NiO, a-Fe2Os has a very
small magnetic moment that originates from spin canting,
induced by the Dzyaloshinskii-Moriya interaction. As a
result we can apply magnetic fields to see changes in the
spin order (Figure 6).

0 field

" Ly When we measure the samples in magneto-
thermal microscopy, we do see signal contrast that

Figure 7. Magneto-thermal microscopy of | reproducibly changes with magnetic field (Figure 7).
o-Fe204/Pt heterostructure. However, the results are puzzling. Contrary to the
anomalous Hall effect (AHE) data, we do not see saturation. These images are reproducible on
repeated measurements, but field cycling creates neither saturated states as one would expect from
AHE measurements, nor do we find the same states on different field preparations. To make things
more puzzling, we see long-time creep relaxation effects. Although such effects are plausible in
antiferromagnets where strong magneto-electric effects induced by the strain from sample
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Figure 8. Top row shows micromagnetic simulations while the bottom row shows calculated magneto-thermal
signals of 100 nm skyrmions. (a) is a static skyrmion whereas (b) shows gyrotropic motion at different phases as a
difference with the zero phase.

heating, [8] there is clearly a mechanism in this material system — either spin Seebeck contrast or
the effect of laser fluence — that we do not yet understand.

Future Plans

We plan to continue to develop techniques of scanning probe magneto-thermal
microscopy, including making the first measurement of time-resolved dynamics. We plan to study
the dynamics of ~100 nm skyrmions such as their breathing and gyrotropic modes. We have
previously developed a material heterostructure with ~100 nm skyrmions, verified via Lorentz
TEM in collaboration with David Muller. We have numerically simulated that this is feasible
given the signal-to-noise ratio demonstrated above, including realistic noise (Figure 8).
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Development of a Coherent Spin-Magnon Interface Between Quantum Spins and a High-Q
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Research Scope

This project examines the coupling between single quantum spins and the magnons of
ultra-low damping magnetic resonators. Our goal is to experimentally and theoretically understand
how to enable coherent quantum transduction though magnons at very low temperature, both from
single-spin to single-spin and from single-spin to other quantum elements such as a microwave
resonator. We focus on nitrogen-vacancy (NV) centers in diamond as a quantum spin platform
and V[TCNE]x as an organic-based
ferri . . .1 (a) (b)
errimagnet with a high material .

quality factor.  Key steps for - j S
achieving our goal include s

theoretical modeling of  spin- G

magnon coupling to better assess Cz\ (
experimentally realizable )

geometries,  understanding  the  *%°
material properties of V[TCNE]x, 200
development of V[TCNE]x
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for the spin-magnon cooperativity as | Figure 1. Spatial plot of the cooperativity of the A= (6,1,1) magnon
a function of NV position under a mode for NV centers located (a) at 30 nm below the 100 nm thick
. . disk (z=-80 nm), (b) within cross-section plane, (c) along the
mlcron'_scale . perp_endmularly teal line within panel (a), (d) along the teal line within panel (b). The
magnetized disk. Surprisingly, we | dashed white border shows the strong-coupling regime stability
predict a higher cooperativity than in | region v_vhe_re C=1, where the white rectangle indicates a tol_erant_:e
magnetic materials with larger for _spa}tlal n_nplantatlon imprecision for the NV centers while sfull
) ) achieving high cooperativity. The green lines delimit the disk
magnetic moments, due to in part to | gimension (100 nm thick and radius of 500 nm). From Ref. [1].
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the reduced demagnetization field. For reasonable experimental parameters, we calculate the spin-
magnon-mode coupling strength is g~(2r)10 kHz. For isotopically pure *>C diamond we predict
strong coupling of an NV spin to the unoccupied magnon mode, with cooperativity C=15 for a
wide range of NV spin locations within the diamond, well within the spatial precision of NV center
implantation. This analysis validates our proposed pathway for single-spin-state-to-single-
magnon-occupancy transduction and for entangling NV centers over micron length scales. In
general, for disks with diameter smaller than 4 um we find C>1 for the magnon mode with mode
index 6,1,1 (shown in Figure 1) [1].

We have measured for the first time the low temperature magnetic resonance properties of
V[TCNE]x films [2]. We identify two regimes. In the high temperature regime, extending from
300 K down to 10 K, we observe a monotonic shift in the resonance frequency consistent with a
temperature dependent strain (Figure 2, upper panel). This strain results in a crystal-field
anisotropy that increases with decreasing temperature with a magnitude of at least 140 Oe and the
same symmetry, but opposite sign, to the shape

anisotropy of the thin film. In addition, we 80 )
observe an increase in linewidth consistent with 60| .
magnon scattering from paramagnetic impurities ;1

similar to what has been observed in YIG (Figure ‘3: 20} . .

2, lower panel), but with an amplitude 3 times = OS_ __________ P |
smaller (i.e. an increase in linewidth by 9 times in _7()_3 .

V[TCNE]x as compared to 28 times in Y1G). In the

low temperature regime, starting at 10 K and 01 .
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extending to 5 K, we observe a discontinuous e
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change in both anisotropy and linewidth: the ' ' '
anisotropy abruptly reverts to the room 15} | g e ]
temperature symmetry (in-plane easy axis) and the
linewidth drops close to room temperature values
(2.58 G). This behavior can be explained using a
model for scattering between magnons and
paramagnetic impurities that considers the finite

o

Linewidth AH (G)

spin-lifetime of excitations of the impurity spins. : e R

At high temperatures (above 100 K) the spin ol l _ . A ]

lifetime is sufficiently short that changes in 0 50 100 150 200 250 300
temperature do not lead to significant changes in Temperature (K)

scattering rate, and at low temperatures (below 10 5 ;
AR . o igure 2. Upper Panel: Temperature dependent
K) the spin lifetime is sufficiently long that the | magnetic anisotropy of a thin film of V[TCNE],
ensemble completely polarizes and precesses in | showing switch of easy axis from in plane (300 K)
phase with the magnons. At intermediate |t outof plane (100 K - 10 K) back to in plane (5
. } K). Lower Panel: Temperature dependence of
temperatures (from 10 K to 100 K) this spin- magnetic resonance linewidth of the same film
magnon scattering dominates relaxation and | showing recovery of room temperature linewidth
results in a local maximum in the linewidth that is | below 10 K. Orange line is a fit to a model
9 times larger than the room temperature value. describing temperature - dependent. spin-magnon

e scattering.
These results are extremely promising for low
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Figure 3. Raman spectra of pristine and
aged V[TCNE]x.

temperature
promising

applications
low temperature magnon
unprecedented low loss that can be integrated on-chip into
microwave electronic circuits and devices.

of V[TCNE]x magnonics,
resonators with

Considering that V[TCNE]x is an air-sensitive
" material, requiring encapsulation to prevent oxygen or water
vapor exposure, it is a practical concern to understand how
an encapsulated sample degrades over time under ambient
conditions (e.g. at room temperature in moist air), and to
develop simple to implement spectroscopies to assess the

quality of a sample prior to extensive study. To that end we
apply Raman spectroscopy to probe V[TCNE]y, focusing on the vibronic changes that occur as the
material degrades with intentional ambient exposure. We simultaneously study the sample using
ferromagnetic resonance (FMR) to correlate changes in the Raman features with the magnetic

properties of the material.

Figure 3 shows the Raman spectrum of pristine V[TCNE].
and a spectrum after 32 days of exposure to ambient conditions. In
both spectra, we observe features associated with the cyanide bond
stretch as well as C-C/C=C bond stretch modes (Table 1). As the
aging proceeds, all features remain present, with a relative increase
in the 1308 cm™ and the 1530 cm™ peaks. Additionally, a broad
increase in the signal levels increases, which we interpret as a
photoluminescence (PL) rate associated with broken and/or
unsatisfied bonds being formed as the material chemically
The PL rate increases exponentially in time, with a
characteristic time constant t that depends sensitively on the details
of the encapsulation. In this sample t = 6.4 days. Similar changes

degrades.

Bonds | Wavenumber (cm1)
336.2+4.9
458.6 + 3.2
543.0 + 3.5
1308.4 + 4.4
1410.6 £ 0.9
1529.9 + 3.7
2120.8+1.6
2202.2 £ 0.5

22245+ 1.2

C=N

Table 1. Chemical stretch
features associated with the
Raman spectra

to the Raman spectrum and PL are observed for laser power
densities greater than ~10° W/cm?, which appears to be a laser-induced damage threshold.

o

(Muwioes/o)
9)el 8sealdul Td POZIjEWION

'N -
‘\\.\
“\
65 s e
—_ "N ,t’
[} ‘Q\ -
(@) ..o e
— o e -
T 60fF o< 10
I ”f \‘\.
“ P ~
s -
§ s5fF , ¢
e 7 s
I,‘- . -
50 ik l L L -ll 10
0 10 20 30

Time (days)

-y

time over 30 days under ambient conditions.

Figure 4. Changes in V[TCNE]x PL and 4xM;s as a function of
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To establish the magnetic
properties, we perform angle
dependent FMR. The shift of the FMR
resonance establishes the quantity
4nMs — Hk = 4nMs, where Mg is the
saturation magnetization and H is the
uniaxial anisotropy field. Correlating
these results with spectroscopy, we
find an inverse relationship between
log(PL rate) and 47M;, suggesting that
as the V[TCNE]x degrades, the



Raman-active bonds remain intact, §&) (b) . .
however, the increase in :

dangling/unsatisfied bonds reduces PMMA  V[TCNE) :
spin order in the material. MM .

linewidth depends on environmental 20 ym . .

noise Is important for coherent read- Figure 5. (a) Cross-sectional SEM micrograph of V[TCNE]x
out. Our newly developed theory [3] for | grown on e-beam patterned PMMA. Patterned V[TCNE]y is

the suppression of the optical linewidth | shown with green shading. (b) Optical micrograph of a full
. device on NV diamond patterned with a 10 um microdisk of
of a quantum spin center due to charge

i ] - V[TCNE]x. The image was taken through the coverslip and
fluctuation noise quantitatively | encapsulation epoxy in air. The four squares of V[TCNE]x in (b)

describes the optical transition shift and result from the alignment procedure used during the e-beam
. . . . pattern exposure

linewidth for a spin center in a tunable

electric field, in agreement with recent experiment. Remarkably, we show that an accurate
description of the decoherence of such spin centers requires a complete spin—1 formalism that
yields a bi-exponential decoherence process.

Understanding how the optical

Future Plans

We are integrating patterned V[TCNE]x microdisk resonators on diamond with high-
quality implanted NV centers. Figure 5 shows an SEM image of V[TCNE]x patterned using an
ebeam lift-off process that does not disturb the V[TCNE]x chemistry. We have been building the
experimental infrastructure and protocols to study the quantum dynamics in this hybrid quantum
system, both at room temperature and in the quantum limit at T <0.1 K in a custom confocal
dilution refrigerator set-up. We are collaborating with Argonne National Lab to create “delta
doped” NV centers created in *C diamond membranes — combining ultra-long spin coherence
lifetimes with shallow placement to enhance cooperativity. From a theory perspective, we seek
non-trivial coupling geometries that are not analytically accessible. We have verified the analytic
calculations above using numerical calculations of the spin-wave dynamics (Mumax3 numerical
code) and are now considering more complex situations including irregularities in the disk shape,
tapering near the edge which may help concentrate the field lines. We are also deriving the
expressions for NV’s oriented along an axis different from the disk’s symmetry axis.
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Multimodal Hyperspectral Scanning Probe Microscopy for Understanding Low
Dimensional Perovskite Semiconductors

Pl: David S. Ginger, University of Washington, Department of Chemistry

Keywords: scanning probe microscopy, halide perovskites, ion migration

Research Scope

This project aims to develop new microscopy tools for analyzing semiconductor materials, with a
particular emphasis on improving our understanding of hybrid organic-inorganic halide perovskite
semiconductors for photovoltaics applications. We seek to develop new methods combining
advances in scanning probe microscopy with insight into the structure-function relationships. In
this project we focus on coupling advances in “big data” analytics and machine learning with
development of microscopy methods to acquire large, multimodal datasets. As a materials system
of interest, we focus on layered 2D Ruddlesden-Popper phases that have emerged as promising
materials for optoelectronics applications such as photovoltaics or LEDSs. Specifically, we (1) use
time-resolved scanning probe methods combined with data science-based methods to understand
the relationship between optoelectronic dynamic response and grain sizes in perovskite materials
and; (2) develop a better understanding of ion motion as it relates to the dimensionality in
Ruddlesden-Popper materials; final we, (3) correlate photoinduced force microscopy (PiFM) with
multimodal AFM microscopy data, using principal component regression and non-negative matrix
factorization as a tool for hyperspectral unmixing of component spectra, with preliminary results
on mixed-cation layered perovskites. These methods are highly useful for understanding
perovskites specifically but are also generalizable—indeed, much of our time-resolved microscopy
code is publicly available online and we are active in integrating the larger Python-based
“Pycroscopy” ecosystem into our work.

Recent Progress

We have made significant progress advancing our goal of developing new tools and methods for
extracting structure-function relationships in 2D semiconducting halide perovskite materials. Key
accomplishments include furthering our progress on time-resolved microscopy for analyzing
perovskite materials,® development of analytical tools for correlating scanning electron
microscopy and confocal photoluminescence information,? and expanding our lateral junction
work to study the effects of perovskite dimensionality on ion motion (in preparation). We also
have begun to apply hyperspectral unmixing methods to PiFM IR data on perovskite systems.
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Mapping Microsecond-Scale Dynamics in Layered Perovskites

Our group combined two dynamic
scanning probe methods, fast free
time-resolved electrostatic force
microscopy  (FF-trFEM) and
“general mode” Kelvin probe
force microscopy (G-KPFM) to
provide high time-resolution
analysis of 2D Ruddlesden-Popper
perovskites.! We studied the
photoresponse of layered 2D
perovskite (C4H9NH3)2Pbl4
(BAPI), and we have found that
the photovoltage dynamics are
dominated by surface-mediated
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Fig. 1. (A) Topography and (B) FF-trEFM of a BAPI film, showing
the charging rate is faster towards grain centers compared to grain
boundaries. (C) Contact potential map and pixels labeled by k-means
clustering, which naturally segments the CPD into three regions. (D)
Average CPD at each pixel plotted against distance to nearest grain

boundary pixel, showing that average CPDs are higher away from

effects either by ionic motion, in ' g
grain boundaries.

contrast to other reports, or trap-
mediated dynamics. In particular, we found that these effects are spatially-correlated with
proximity to grain boundaries in the film.

Since our initial report, we have significantly improved the signal-to-noise analysis of FF-
trEFM by exploiting principal component analysis-based filtering and enabled correlation on other
BAPI samples in our lab. In Fig. 1, we illuminate the samples while measuring the time-dependent
response of the atomic force microscopy (AFM) cantilever. By post-processing the AFM data to
extract the cantilever’s instantaneous frequency, it is possible to map out the efficiency on a pixel-
by-pixel basis. Fig. 1 shows that the charging time is significantly shorter at grain centers as
compared to grain boundaries, indicating that grain boundaries are either centers for ion motion or
significant population of non-radiative traps. We employed k-means clustering on the G-KPFM
data to categorize the data as a function of distance to nearest grain boundary as an unsupervised
method of categorizing the potential variations relative to nearest grain boundary.

Dimensionality-Dependence of lon Motion in Layered Perovskites using Lateral Junctions

We have made significant improvements in our experiments and modeling of lateral ionic
motion in Ruddelesden-Popper perovskites. In these experiments, we use frequency modulated
scanning Kelvin probe microscopy (FM-SKPM) to study the lateral potential profile in a ~10 pm
junction using insulating layers to block charge injection into the junction. In previous work on
3D perovskites, we showed the insulating contacts are important for separating charge injection
from the ion migration process.*® Here, we extend these experiments to 2D perovskites and
compare the ion migration both in the dark, and under in situ photoexcitation, as a function of
dimensionality. In layered Ruddlesden-Popper systems with the general form BA;MA.1Pbylsns1, the
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Fig. 2. (A) n=1 and n=4 lateral SKPM profiles, taken
after removing a +9 V bias, showing the difference in
symmetry at higher n dimensionality. (B) Arrhenius
plots of the charging rate for negative (red) and positive
(blue) charges for n=1 (left) and n=4 (right) showing
asymmetric behavior in n=4 films.

dimensionality factor n controls the perovskite
layer thickness between insulating organic
cation spacer molecules (butylammonium,
BA). As the dimensionality increases, the
films become more quasi-2D with thicker
perovskite layers between spacer molecules.

In Fig. 2, we show that upon applying a bias,
we observe little screening in n=1 and a highly
symmetric response, whereas in n=4 we see an
asymmetric potential; in both cases the
potential recovers slowly, on the order of tens
of minutes. For n=4, the potential becomes
increasingly symmetric under illumination.
These data are in striking contrast to the 3D
perovskite lateral junctions. We repeat these
measurements at different temperatures and
extract activation energies. Comparing the
activation energies for ion migration in n=1
and n=4 films, we observe that there is a

striking contrast between the two. For n=1, the
activation energies for positive and negative charges are similar (0.55 and 0.61 eV for positive and
negative charges), where for n=4 they differ significantly (0.24 and 0.64 eV for positive and
negative charges). We propose these observations indicate that ion migration in n=4 is a complex
interplay between paired halide-vacancies and methylammonium vacancies.

Hyperspectral Unmixing of Perovskite Composition Using Photoinduced Force Microscopy

We have used PiFM to analyze the component spectra in quasi-2D perovskite materials, in an
effort to determine if conventional hyperspectral unmixing methods can be extended to work with
scanning probe microscopy data. PiFM uses a tunable infrared laser from 800 — 1800 cm™ to probe
vibrational spectra in the material at ~10 nm length scales. Our initial results are highly promising.
Focusing on a mixed PEA;MA,.-1PbsBrio system,® we observe a contrast inversion across different
wavenumbers. We use nonnegative matrix factorization (Fig. 3) to show that the spectra can be
unmixed into component spectra, with a prominent feature at 1265 cm™ possibly corresponding to
MA* and a broad feature from 1400 to ~1580 cm possibly corresponding to aromatic C=C (PEA).
We use these component spectra to generate composition maps. Experiments to correlate these
data with confocal PL to compare the optical spectra with PiIFM composition are ongoing, with a
preliminary example in Fig. 3 showing heterogeneity in PL peak position.
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Fig. 3. (A) Confocal photoluminescence mapping of peak PL
position on a quasi-2D perovskite film PEA2MA,-1PbsBrig. (B)
Topography (top) and nonnegative matrix factorization (NNMF)
component maps extracted from hyperspectral PiFM datasets,
taken in the red area marked in (A). The system is assumed to
comprise 2 components, which show a natural inverted contrast.
(C) The component spectra (eigenvectors) showing the
distinction between bands isolated by NNMF.

Future Plans

Our current projects will continue our
efforts on multimodal analysis of
layered perovskites. We will expand
our work on blind unmixing of
hyperspectral datasets on two- and
three-component perovskite materials.
We will correlate these results with PL
spectra, as shown in our preliminary
results, as well as comparing PL
lifetime. Additionally, we will further
our trEFM studies by focusing on non-
single exponential  behavior in
perovskites. Conventional trEFM has
focused on single exponential type
responses, whereas in systems that
conduct both electronic and ionic
charge (like halide perovskites), the
behavior is expected to exhibit non-

single exponential behavior. Lastly, we will continue our work in lateral diffusion measurements
using conducting AFM. In these experiments we control the laser excitation in the system
independent of the tip position and record the current as a function of laser position. We have
initial experiments validating this technique and have improved the experimental code in the past
two years, enabling more reliable probes of diffusion in layered perovskite films.
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Tuning exchange interactions at the atomic scale in 2D magnet / semiconductor
heterostructures
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magnetic topological insulators

Research Scope

The atomically thin nature of 2D materials leads to highly tunable properties that are of
considerable interest for spintronics. For example, the effects of electrostatic gating, surface
adsorption, and proximity- or interfacial-induced phenomena can be much stronger than in 3D
materials. This program is focused on the growth, atomic-scale characterization, and theoretical
modeling of 2D magnet (2DM) / 111-V semiconductor heterostructures with the following
objectives:

(A) Explore interfacial tuning of 2D magnetism by molecular beam epitaxial growth on
111-Vs. The I11-V family of substrates offers high quality surfaces for 2DM growth, with varying
polarity, band offsets, spin orbit coupling, and electrical doping, any or all of which are likely to
influence the 2D magnetism. For example, growth on high spin orbit InSb may stabilize magnetic
Skyrmions in the 2D magnets, and variation of electrical doping may tune the ferromagnetic TC.
On the theory side, we are developing a mixed approach combining ab initio and tight binding
methods to simulate the electronic states in these 2D-3D systems.

(B) Quantify and control FM/AFM order in 2D magnets at the atomic scale with spin
polarized scanning tunneling microscopy. SPSTM imaging and spectroscopy are used to explore
the dependence of 2D magnetism on layer thickness, where even/odd FM/AFM order may be
expected, and interfacial spin orbit coupling, which can produce non-collinear magnetic textures
via the Dyaloshinskii-Moriya interaction. We tune magnetism on an atomic level by STM
manipulation of the position and charge state of individual adatoms and dopants (e.g., Fe, Co, Mn)
and elements with high atomic number (e.g., Bi, Sn, Sb) help test the hypothesis that adatoms can
tune the local exchange and spin orbit character of the 2DMs. We are also extending the theoretical
descriptions of model dopants in traditional 3D dilute magnetic semiconductors to 2DMs for the
first time.

© Develop new microscopy tools for magnetic dynamics at the atomic scale. While
SPSTM has traditionally been used to study the static properties of surface magnetism, we are
developing new SPSTM methods based on pulsed inelastic tunneling techniques for studying
magnetic excitations and dynamics in the 2DM heterostructures. This effort is guided by our
theoretical discovery of current-detected resonance in coupled spin/FM tunnel junctions, where
we established that spin-dependent tunneling through single defect levels can be used to measure
coherent dynamics at the atomic scale.
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Recent Progress

Growth of 111-V / 2D magnet heterostructures: VSez / GaAs(111)

We report epitaxial growth of vanadium diselenide (VSez) thin films in the octahedrally-
coordinated (1T) structure on GaAs(111)B substrates by molecular beam epitaxy (1). Film
thickness from a single monolayer (ML) up to 30 ML is demonstrated. Structural and chemical
studies using by x-ray diffraction, transmission electron microscopy, scanning tunneling
microscopy and Xx-ray photoelectron spectroscopy
indicate high quality thin films. Further studies show
that monolayer VSe> films on GaAs are not air-stable
and are susceptible to oxidation within a matter of hours,
which indicates that a protective capping layer should
be employed for device applications. This work
demonstrates that VSe;, a candidate van der Waals

(left) RHEED pattern of 1ML VSe2 on mgaterial for possible spintronic and electronic
GaAs(111)B showing uniform film growth

(right) Corresponding atomic-resolution ~ applications, ~ can  be integrated ~ with  IlI-V
STM image showing the VSe; lattice semiconductors via epitaxial growth for 2D/3D hybrid
devices.

Growth and characterization of layered AFM w/ topological surface states

The intrinsic magnetic topological insulators MnBi2Xs (X = Se, Te) are promising candidates in
realizing various novel topological states related to symmetry breaking by magnetic order.
Although much progress had been made in MnBi2Tes, the study of MnBi2Se4 has been lacking due
to the difficulty of material synthesis of the desired trigonal phase. Here, we report the synthesis
of multilayer trigonal MnBi,Ses with alternating-layer molecular beam epitaxy (2). Systematic
thickness-dependent magnetometry studies illustrate the layered antiferromagnetic ordering as
predicted by theory. Angle-resolved photoemission spectroscopy (ARPES) reveals the gapless
Dirac-like surface state of MnBi,Ses, which demonstrates that MnBi>Ses is a topological insulator
above the magnetic ordering temperature. Atomic-resolution STM images identify a well-ordered

ol Q multilayer van der Waals crystal with septuple-

layer (SL) base units in agreement with the
trigonal structure. Two distinct terminations of
the layered structure are identified on the
surface by their distinct atomic contrast and
adsorbate decoration. We attribute these to Se-

oy and Bi-terminations based on their separation by
B, fractional SL step heights and their distinct
(left) ARPES of MnBizSes showing linear Dirac  electronic density of states in tunneling

dispersion at the Fermi level. (right) Spatial map of ; _
the local density of states on a MnBi;Ses island. Dark spectroscopy. Spatially-resolved spectroscopy

contrast at the boundary of the island reflects in-gap ~ across SL step edges reveals gapped behavior on
states measured in tunneling spectroscopy. either side, while a variety of sharp, in-gap

E-E; (eV)
o
=
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states are observed within a ~ 5nm strip localized to the edge. These studies show that MnBi2Sea
is a promising candidate for exploring the rich topological phases of layered antiferromagnetic
topological insulators.

Theory of spin-polarized STM into small collections of spin-interacting dopants.

We predict strong, dynamical effects in the dc magnetoresistance of current flowing from a spin-

polarized electrical contact through a magnetic dopant in a nonmagnetic host (3, 4). Using the

stochastic Liouville formalism we calculate clearly-defined resonances in the dc

magnetoresistance when the applied magnetic field matches the exchange interaction with a nearby
spin. At these resonances spin precession in the

10 — 5 applied magnetic field is canceled by spin

. 08 k=05 ﬁ;rg; evolution in the exchange field, preserving a
e 06 Hanle effect dynamic bottleneck for spin transport through the
5 04 g = 90° dopant. Similar features emerge when the dopant
S 02 - 0 Hanle cffect spin is coupled to nearby nuclei through the
_2’2 :;;1].01 Y hype_rfine interaction. These _features provide a
T 5 5 : 7 precise means of measuring exchange or

hyperfine couplings between localized spins near
a surface using spin-polarized scanning tunneling
Calculations of Hanle effects in magnetotransport microscopy, without any ac electric or magnetic
with varying intrinsic (yr) and interface defect (1/ts) . : .
spin relaxation rates. A new regime is discovered fields, even when the exchange or hyperfine
(black curve) that provides insight into the relevant  energy is orders of magnitude smaller than the
spin transport mechanisms. thermal energy. Shown in the Figure are
calculations of the spin injection efficiency as a function of oblique field. We find that using an
oblique field it is possible to efficiently distinguish between spin injection and spin bottleneck
effects when identifying the source of a Hanle curve for spin injection (4). This theoretical advance
should be very useful to clarify when spin injection has been achieved and when not in a three-

terminal Hanle spin injection experiment.

Tunable surface conductance via control of adatom charge states:

We report scanning tunneling microscopy studies of individual In adatoms on an InSh(110) surface
(5). The adatoms can be reproducibly dropped off from the tip by voltage pulses, and can suppress
the surface conductance by 10-100X over a relatively large area (100x100 nm?). The effect can be
broadly tuned by varying imaging conditions such as bias voltage, STM set current and
photoillumination and is attributed to tunneling occupation of a (+/0) charge transition level.
Theoretical modeling considering competing filling/emptying rates reproduces the observed
topography and provides estimates of these rates even when they exceed the experimentally-
accessible measurement bandwidth. These studies demonstrate how individual atoms can be used
to sensitively control current flow in future nanoscale devices.
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Future Plans

Our overarching plan for this next year is to continue applying experimental tools such as SPSTM
and theoretical tools such as spin-dependent two-level transport modeling to the 2DM materials
that are now being grown in high quality thin films. Our initial efforts will focus on extending our
prior work on individual magnetic impurities to dimers and heterodimers in GaAs and InSb with
SPSTM characterization. The goal of these studies is to demonstrate avenues for atomic-scale
control of magnetic properties building on prior work by Gupta, and provide a test bed for
extending and applying the prior theoretical work by Flatté. For example, the Mn dopant in GaAs
is a spin-1 dopant but has strong orbital interactions; we will consider the regime relevant for I11-
V’s where the spin decoherence rates are comparable to hopping rates to/from spin bottleneck
defects. These methods will then be applied to probe magnetism in the existing set of mono/few
layer 2DMs (e.g., MnSez, VSez, MnBi2Ses) grown on 111-V substrates by Kawakami. The next
major step in the materials development is to start synthesizing telluride-based 2D magnets
including FesGeTez, CrGeTes, and MnBi>Tes, a compatible family with metallic (FGT),
semiconducting (CGT) and topological (MBT) states.
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Emergent Phenomena in Ferroelectric/van der Waals Heterostructures
Xia Hong, Department of Physics and Astronomy, University of Nebraska-Lincoln

Keywords: ferroelectric domain, 2D van der Waals material, ferroelectric field effect, second
harmonic generation, superlattice

Research Scope

This research explores a range of novel electronic and optical phenomena emerged at the
hetero-interfaces between ferroelectrics and two-dimensional (2D) van der Waals (vdW) materials,
leveraging the synergy between the constituents facilitated by the ferroelectric polarization and
underlying symmetry. The current research projects include: 1) exploring the interfacial polar
coupling between ferroelectric domain wall (DW) and monolayer (1L) MoS> via nonlinear optics;
2) probing the anisotropic band structure of ReS; via ferroelectric domain defined nanoscale
conduction path, and 3) realizing one-dimensional (1D) graphene superlattice via periodic domain
gating. Our studies can enhance the fundamental understanding of the interfacial coupling
mechanisms between ferroelectrics and vdW materials, showcasing ferroelectric domain writing
as a powerful tool for designing the functionalities of 2D materials.

Recent Progress

1. Nonlinear Optical Signature of Polar Coupling at Ferroelectric/MoS2 Heterointerface

Monolayer MoS: is hon-centrosymmetric
and possesses in-plane polar axes. The direct
coupling of the polar axes of 1L MoS; and
ferroelectric PbZro2Tio.sOs (PZT) can modify the
symmetry of the heterointerface, which can be
sensitively detected by the second harmonic
generation (SHG) technique [1-3]. Figure 1la
shows the piezo-response force microscopy
(PFM) image of a series of concentric square
domains with alternating polarization up (Pup)
and down (Pgown) States written on a 50 nm
epitaxial (001) PZT thin film. As it possesses out-
of-plane polarization, SHG signal is only detected
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at the DWs (Fig. 1b) [2,3]. We then transfer a
mechanically exfoliated 1L MoS; flake on top of
the domain structure, with one of the polar axes
aligned with the horizontal DWs. As shown in
Fig. 1c, the heterostructure exhibits either
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Fig. 1. (@) PFM and (b) SHG images of square
domains patterned in (001) PZT. (¢) SHG image of
the same domain structure with a 1L MoS; on top.
(d) Schematic view of the polar alignment between
MoS; and DW in PZT. Adapted from Ref. [3].




strongly enhanced or substantially quenched SHG response at the horizontal DWSs, while no
appreciable SHG contrast has been observed at the vertical DW. The SHG signal is polarized along
the vertical DW direction, even without the presence of an analyzer. Theoretical modeling via
density functional theory (DFT) calculations shows that the chiral rotation of the surface dipole at
a 180° DW in PZT can produce an in-plane polarization (1“5") that is comparable with that of MoS..

The unconventional light filtering effect can thus be attributed to the polar alignment between 5,

at the PZT DW and the polar axis of MoS; (Fig. 1d) [3]. For the transmitted SHG signal, in
contrast, the SHG tailoring effect is enabled by the out-of-plane polar domain rather than the DW.
Our study points to a new strategy for designing nanoscale smart optical applications that can be
programed electrically.

2. Probing the Anisotropic Band of ReS2 via Nanoscale Ferroelectric Domain Gating

The ferroelectric field effect, when combined with nanoscale domain patterning, is a
powerful tool to design local potential profile in a neighboring 2D channel. Exploiting polarization
doping through ferroelectric copolymer P(VDF-TrFE), we have examined the anisotropic band
structure of layered 2D direct band gap semiconductor ReSz. The 1T’-ReS; exhibits highly
anisotropic properties between the lattices orientations of a- and b- (along the Re-chain)
orientations [4]. We have fabricated ReS: field effect transistor (FET) devices sandwiched between
P(VDF-TrFE) top-gates and SiO»-backgates. Switching polarization of P(VDF-TrFE) between the
uniform Pyp (depletion) and Pgown (accumulation) states has led to over five orders of magnitude
change in the channel conductivity in 1L ReS>. We then polarize the entire top-gate to the Pyp
domain, setting the channel to the highly insulating state. By writing nanowires of Pgown domain
along different crystalline orientations (Fig. 28), | () 4= o (6 axe)

- (b) 10°f
we have created well-defined directional Eﬁ N /
. .
conducting current path, which allows us to map e -
. . . Q=+ _"_.fnaxl e _ 10 a2
out the transport anisotropy. As shown in Fig. “;v PraTsm=— g p =
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magnitude more conductive along the Re chain S — e
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(b-axis) than perpendicular to the b-axis. The [een—— —
transport anisotropy is clearly shown in the
polar plot of normalized channel conductivity
taken on four 1L ReS; devices (Fig. 2c).
Quialitatively similar angular dependence has
been observed in the theoretical mobility values
of ReS> (Fig. 2d), which is calculated based on
DFT modeling of the effective mass m”. Next, 120 10

. . Fig. 2. (@) PFM images of Pgown Nanowire domains
we will examine the effect of the ReS; layer patterned in the Py, background in PVDF-TrFE for a

thickness on the aniSOt_rOpiC trans.port, and ReS; FET, with (b) the corresponding o(Vg). Inset:
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structure calculations. of 4 1L devices, and (d) modeled mobility values.
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3. Exploring Ferroelectric Domain Imposed 1D Graphene Superlattice

Nanoscale ferroelectric domain g to impose periodic potential modulation in graphene,
which can induce additional Dirac points and result in renormalization of electron velocity [5]. As
shown in Fig. 3a, we have created an array of 1D stripe domains with 200 nm period (100 nm
Pup/100 nm Pgown) 0N a 50 nm epitaxial (001) PZT film deposited on 10 nm Lao.33Sro.67MnO3
buffered SrTiOs substrate between two pre-patterned Au electrodes. A graphene/hBN stack is
transferred on top of the domain structure, and
fabricated into a top-gated transistor device (Fig.
3b). Upon cooling, the polarization difference
between the Py and Pgown domains can lead a
Kronig-Penny-type 1D periodic potential due to | &= ! -
the pyroelectric effect, which corresponds a - - Vo(v)é i 6 e
carrier density variation on the order of 3 x 103 g
cm in graphene. The 1D superlattice leads to
the formation of two additional Dirac bands
quasi-symmetrically positioned around the
original Dirac point (Fig. 3c). The separation
between the extra Dirac points can be further
modulated by magnetic field (Fig. 3d). We also
observe strong electron-hole asymmetry of the

Fig. 3. PFM image of periodic strip domains created
) ) S _ on a PZT film between Au electrodes. (b) Optical
induced Dirac bands. Next we will investigate | images of (top) the graphene/hBN stack transferred

the effects of period and width ratio of the | onthe PZT domain structure, and (bottom) the same
Pup/Pdown  domain on the superlattice band device with top gate electrode deposited. (¢) R(Vg)

of the device at 2 K shows two extra Dirac points
(d) The newly emerged Dirac points further fan out
in magnetic field.

design, and complement the results with
theoretical modeling.

Future Plans
Based on the current progress, we plan to carry out research in the following directions.

1) Carry out systematic studies of the nonlinear optical filtering effect in the transmission
mode in PZT/MoS: heterostructures, examining the coupling mechanism between the out-of-plane
polarization and the SHG signal.

2) Leverage the ferroelectric domain-gating induced nano-constrictions in various vdW
materials to explore their band structure and magnetotransport anomalies, and correlate the
experimental results with theoretical modeling.

3) Carry out systematic studies of graphene 1D superlattices, examining the effects of
superlattice period and Pup/Pdown domain width ratio on the band structure, as well as gaining
theoretical insights into the effect of magnetic field.
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Sub-picometer precision imaging of 2D materials enabled by deep learning
Pinshane Y. Huang and Bryan K. Clark
University of Illinois at Urbana-Champaign
Keywords: scanning transmission electron microscopy, machine learning, 2D materials
Research Scope

The main goal of this project is to develop and apply a machine learning platform to identify and
determine the 3D atomic coordinates of every atom in a 2D material using massive, atomic-
resolution electron microscopy datasets. This approach will create new characterization methods
to understand the atomic-scale point defects that lead to room temperature quantum emission in
2D materials and the relationships between growth parameters, point defects, and the optical and
electronic properties of 2D transition metal dichalcogenides.

Recent Progress

A key challenge in characterizing 2D materials is determining the structure of defects with
picometer precision. Defect and strain engineering of 2D materials are emerging tools to tune the
optical and electronic properties of atomically thin layers2. Yet, while techniques such as
aberration-corrected scanning transmission electron microscopy (STEM) have the spatial
resolution to image each atom in 2D materials, the precision of atom-by-atom electron microscopy
has so far been limited to the scale of 8-20 picometers, or strains on the order of 3% or more. This
precision is fundamentally limited by the signal-to-noise ratio (SNR): high radiation doses are
required to precisely measure the position of single atoms, yet ionization and knock-on damage
alter the structure of defects at high electron dose for 2D materials, severely limiting the achievable
SNR.

We applied machine learning to locate and classify each point defect in large datasets of atomic-
resolution images acquired via aberration-corrected annular dark-field (ADF) STEM images
(Figure 1a-e), then used the resulting data to generate class-averaged images of single-atom defects
in 2D materials. (Figure 1f-i) This method enables sub-picometer precision measurements of
beam-sensitive structures because it combines information measured from large numbers of
nominally identical defects while limiting the dose to any individual atom.

To analyze the data, we trained a deep learning model based on fully convolutional networks
(FCNs) with ResUNet architecture to locate and classify the point defects in WSez.oxTeox,
producing 2D maps of the defect positions. Neural networks have recently been applied to identify
atomic defects in atomic-resolution (S)TEM images because they make it possible to efficiently
locate large numbers of defects while minimizing human intervention®4. We trained FCNs using
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our final training data. While similar methods are well-established in the literature, this was not
sufficient for training; the FCN could distinguish between the simulated and real images leading
to a lack of transferability in the training. To overcome this, we found by introducing low-
frequency contrast variations in the simulated data to emulate surface contamination, we achieved
the highest classification precision of the neural networks on experimental data.

We focused on the four primary types of chalcogen-site defects present in our samples, which we
refer to as 2Te, SeTe, SV, and DV. Our naming convention describes the composition and filling
of the chalcogen sites in WSez.oxTeax. In projection, the chalcogen columns can contain either two
Se atoms (no defects, 2Se), one or two Te substitutions (SeTe and 2Te), or one or two Se vacancies
(SV and DV). The accuracy (i.e. average of the true and false positivity rates) in identification of
defects was higher than 99.7% for all four types of defects. Out of the thousands of defects
identified via the FCN, we selected only isolated defects separated by 6.6 angstroms or more from
any other defects. This step allowed us to study the structure of the defects with minimal external
perturbations. These high SNR images allow us to measure 2D atomic coordinates of a single-
atom defect with up to 0.3 pm precision, a 20-fold improvement when compared with the 6 pm
precision of the original images

Finally, we measure the displacement and strain fields for each defect type (strain fields for a single
Se vacancy are shown in Figure 2). To visualize the local distortions, we calculate the 2D strain
components &xx, &yy, and the dilation (exx + &yy) as shown in Figure 2a-c. We next compare these
experimental strain fields to those calculated by elastic continuum theory using the 2D version of
Eshelby’s inclusion model (Figure 2d-f). We obtained excellent agreement with the strain fields
extracted from relaxed defect structures calculated by first-principle simulations using density
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functional theory (DFT). The key finding is
that radially oscillating strain fields are
observed in experiment and density functional
theory predictions (Figure 2g-i) but were
absent in the elastic model. We attribute the
presence of these radially oscillating strain
fields to a combination of defect-induced
charge redistribution and Coulomb interactions
between charge perturbations at the defect site.

In conclusion, we have developed techniques
based on machine learning and aberration-
corrected STEM to visualize the strain fields
induced by single-atom defects in 2D
materials. We used these methods to directly
observe the strain fields of vacancies and
substitutions in WSez-2xTezx, where the sub-pm
precision enabled by class averaging revealed
oscillations in the strain field around chalcogen
vacancies that deviate from isotropic elastic
continuum theory but agree well with DFT
simulations. We show that deep learning
enables the first direct imaging of radial strain
field oscillations around vacancies, a
phenomenon originally predicted in the mid-
1950s ° but never experimentally imaged. A
key advantage of these methods is that they
enable high precision measurements of beam-
sensitive materials by leveraging computer
vision to mine atomic-resolution datasets
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Figure 2. Strain fields at a single Se vacancy. (a-c)
Experimental strain fields calculated from the
derivative of the displacement field. (d-f) Best-fit strain
fields calculated by Eshelby's inclusion model and (g-i)
DFT simulations. (j) Line profiles of experimental,
elastic theory, and DFT-derived eyy across the vacancy.
In contrast to the monotonically decaying strain field
predicted by continuum elastic theory, both
experimental and DFT profiles show several
oscillations in the strain field.

without requiring any changes in instrumentation. These methods should be particularly useful for
studying 2D materials and other radiation-sensitive crystals and elucidating the complex strain
phenomena that arise from structural rearrangements and defect-defect interactions.

Future Plans

In the next phase of our work, we will extend our machine learning methods on two main
fronts. First, we will extend the flexibility and speed of our neural network training procedures
and apply our machine-learning enabled class averaging methods to other dose-sensitive materials
systems, including a broader range of 2D materials and molecules on graphene. Second, we will
utilize our methods to interpret large atomic resolution datasets with the goal of identifying the
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defects that produce quantum emission in 2D materials. These defects are a promising platform
for quantum computing but are too rare and diverse to conclusively identify using current methods.
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Mesoscopic Imaging of Electronic Landscape in Complex Materials
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Moiré superlattice

Research Scope

The goal of this DOE program is to probe the mesoscopic electronic inhomogeneity in
complex materials under cryogenic temperatures, high magnetic fields, and various electrical
gating methods. Specifically, we utilize the microwave impedance microscope (MIM)?, a novel
technique capable of resolving nanoscale dielectric and conductivity information, to study bulk
crystals and thin films of strongly correlated oxides and 2D semiconductor heterostructures. The
work is significant in that it directly addresses the nanoscale electrical homogeneity in metal-
insulator transitions (MITs) and other exotic phenomena. The research will ultimately facilitate
the applications of advanced quantum materials in energy-related science and technology.

Recent Progress

In the past two years, our team has obtained exciting results in strongly correlated
CazRu207, WS2/WSe, moiré superlattices, solid-electrolyte gated MoS; transistors, and atomically
thin Bi>SeOs dielectrics. Details of the accomplishments are as follows.

Visualization of Competing Stripe Phase in Ti-doped CazRu»0>

As a prototypical strongly correlated electron system, the bilayer CasRu2O7 with Ti doping
can exhibit G-type antiferromagnetic (AFM) Mott insulator, A-type AFM metal, and paramagnetic
metal (PM-M) phases?, making it an ideal testbed to explore the correlation physics in complex
oxides. A major effort of this DOE program is to investigate the nature of mesoscopic phase
separation, which is widely observed in 3d correlated materials such as manganites but less studied
in 4d electrons such as ruthenates.

In this work, we studied Cas(Ruo.9Tio.1)207 single crystals by both macroscopic transport
and mesoscopic MIM experiments. In the cryogenic chamber with high magnetic field (Fig. 1a),
the 1 GHz signal is delivered to a tungsten tip glued to a quartz tuning fork (TF). The demodulated
MIM signals provide a measure of the local conductivity with ~ 100 nm spatial resolution. As seen
in Fig. 1b, when T < Tmit ~ 114 K, the sample was mostly in the insulating state (phase | or G-
AFM-I), with some ribbon-like conductive areas along the high-symmetry [110] and [1-10]
directions (phase I, lower Ti-doping). Starting from 114.04 K, metallic stripes (phase 111, A-AFM)
oriented along the a-axis of the crystal were observed, whose length and areal density grew rapidly
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with increasing T at 0.1 K steps. At 114.72 K, another metallic phase (phase 1V, PM-M) set in,
which quickly swept through the scanned area with an additional ~ 0.3 K. The observation of an
additional phase distinct from the two terminal phases of a Mott transition in strongly correlated
materials highlights the complexity in 4d-ruthenates. The mesoscopic MIM imaging also allows
us to divide the magnetotransport curves (e.g. at 112.6 K, Fig. 1c) into four sections due to the
coexisting phases. Together with the magnetization and transport data, we can now construct a
new phase diagram for Cas(Ruo.9Tio.1)207 that includes the nanoscale phase separation. Our work
provides a model approach to correlate the macroscopic properties and mesoscopic phase
separation in complex oxide materials.
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Figure 1. (a) Schematic of the tuning-fork-based cryogenic MIM setup. (b) AC_MIM-Re images at various
temperatures across the transition. Phases | to IV are labeled in the images. The crystalline axes (a and b) are indicated
in the top right corner. All images are 20 um x 20 um. (¢) Magnetotransport curve at T = 112.6 K divided into four
sections based on sudden changes of the signals. (d) Phase diagram including the phase separation.

Imaging Correlated Electronic States in WSe2/WS, Moiré Superlattices

The vertical stacking of 2D transition metal dichalcogenide (TMD) materials with similar
lattice constants at small twist angles produces long-wavelength moiré superlattices, giving rise to
an ideal playground to simulate the Mott-Hubbard physics in 2D triangular lattices®. Despite the
rapid progress in the research of TMD-based correlated states, a critically missing element is the
real-space visualization of a highly resistive electronic phase in the heterostructure and the study
of its spatial homogeneity, which is the main subject of our investigation here.
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The samples in our study are WSe2/WS; hetero bilayers encapsulated by top and bottom
hexagonal boron nitride (hBN) dielectrics. Fig. 2a displays the sample topography at 24 K, where
some surface impurities or air bubbles are clearly visible. The simultaneously acquired MIM-Im
image at Vg = 0 V (Fig. 2b) shows that only the contact and top-gate few-layer graphene regions
are conductive. Strikingly, while the individual TMD layers and the heterostructure (HS) region
are highly insulating at zero Vg, they exhibit very different gate dependences. As seen in the inset
of Fig. 2b, monolayer WSe; is conductive at Vbg = —2 V due to the hole doping, whereas the HS
region is strongly insulating. Fig. 2c shows the MIM-Im response on three points in Fig. 2a when
Vg IS swept from —2.7 to 2.7 V. The ambipolar FET behavior is observed in both monolayers. In
the HS region, on the other hand, two prominent drops of MIM-Im signals appear at around Vpg ~
—2.1 V and +1.8 V, corresponding to a filling factor n/no = —1 and +1, i.e. one hole/electron per
moiré unit cell, respectively. The Mott states persist up to ~ 150 K and eventually vanish at 295
K. A rough estimate of the thermal activation gap of the Mott state is thus 10 ~ 20 meV. In all, the
ability to probe local conductivity in buried structures allows us to observe the Mott insulating
phases with both hole and electron doping at temperatures up to 150 K, providing a guideline for
improving the material quality towards novel electronic states in 2D moiré systems.
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Solid Electrolyte Gating and Ultrathin 2D Dielectrics

Electrostatic gating of 2D materials with electrolytes leads to the accumulation of very high
surface charge carrier densities. In our work, a lithium-ion solid electrolyte substrate* is used for
n-type MoS; transistors (Fig. 3a). Fig. 3b shows the MIM images as a function of the gate voltage
Vea. Below the threshold voltage, there is little contrast between MoS; and the substrate, indicating
that the channel is highly resistive. As Vg gradually increases, charge carriers start to appear near
the two electrodes and continue to extend towards the center. Interestingly, during the whole
process when the transistor turns on, the MoS; channel is uniformly conductive. Our results
indicate a smooth interface between the 2D material and underlying electrolytic substrate.
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Figure 3. (a) Schematic diagram of the Li-glass-gated MoS; device and the tuning-fork-based MIM setup. (b) MIM
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dependent dielectric constant of Bi»SeOs at 2.86 GHz measured by MIM.
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Using the TF-based MIM, we have also studied atomically thin Bi»SeOs dielectrics formed
by oxidizing the underlying 2D semiconducting Bi>O-Se °. As shown in Fig. 3c, we quantitatively
measured the high dielectric constant (er ~ 21) of BiSeOs, which allows the reduction of
equivalent oxide thickness (EOT) to as small as 0.9 nm while maintaining low gate leakage. The
combination of a high-mobility 2D semiconductor and its high-« oxide makes Bi2O2Se/Bi,SeOs a
very competitive candidate for next-generation electronics beyond Si/SiOx.

Future Plans

We will continue to work on the ruthenate single-crystal samples. For instance, multiple
A-type AFM phases are expected in 3% and 5% Ti-doped CasRu207 crystals, while the phase
separation has not been studied. In addition to Ti doping, we will also look at the magnetically
doped (Mn or Fe) samples, where the B-field dependence of the stripe phases may be different
from the non-magnetic counterparts. We will also study the moiré superlattice of WS2/WSe>
heterostructures at lower temperatures and high B-fields. Secondly, it is clear that the study of Mott
transition in 2D materials has greatly extended the realm of strongly correlated systems. We aim
to investigate the local inhomogeneity in these materials and compare the microscopic evolution
when controlling temperature, magnetic field, and electric field. We expect to continue with
exciting discoveries through the uniqgue MIM measurements.
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Nematic transitions in iron pnictide superconductors imaged with a quantum gas
Benjamin Lev, Stanford University

Keywords: magnetometer, BEC, nematic, pnictide superconductor

Research Scope

With DOE funding, the Lev group has recently developed the SQCRAMSscope (Scanning
Quantum Cryogenic Atom Microscope), a novel quantum sensor that uses an ultracold quantum
gas as a micron-resolution magnetometer. It is capable of imaging DC transport in both room-
temperature and cryogenically cooled quantum materials with unprecedented sensitivity. Lev’s
group is working to improve the capabilities of the SQCRAMSscope, especially the temperature
range and AC senstivity.

We have already improved the temperature range of the SQCRAMSscope. This is the result
of a major upgrade we performed this reporting period. We replaced the existing helium flow
cryostat, which was a LHe hog, with a cryogen-free, closed-cycle pulse tube cryostat we designed
with ColdEdge. The new cryostat is vibration isolated from the atom chip and sample, and we
have measured vibrations to be < 100-nm RMS, smaller than our resolution. The new system is
augmented with a heat shield and improved sample mounting for more robust installation. We
have established that our new system allows us to cool the sample from 300 K to 5.7 K. This an
improvement from the minimum temperature of 35 K achieved with the previous system.
Additionally, we have procured and tested a lens system that will improve our imaging resolution
by at least a factor of 2, from 2 um to 1 um and below.

We have also achieved the dispersive imaging of the BEC near the sample surface using a
novel technique. Usually dispersive (i.e., nondestructive imaging) requires that a central portion
of the imaging light pass through a pi phase plate to ensure that the phase of the light is what is
recorded by the CCD. We were able to eliminate this optical element by using the fact that the
surface of the sample reflects part of the imaging light onto the atoms, which sets up an
interreference pattern due to the phase shift between this field and the direct field impinging upon
the atoms. By placing the atoms at optimal parts of this interference pattern, we can perform phase
contrast (i.e., dispersive) imaging without a phase plate. This constitutes an important step toward
realizing the goal of AC scanning probe magnetometry by rapidly imaging the gas many times
non-destructively.

Recent Progress

Our most recent achievement is the scientific use of the SQCRAMscope for imaging the
nematic transition in an iron pnictide superconductor; see Fig. 1. The paper, published this year
in Nature Physics [2], details the first direct use of a quantum gas as an experimental probe of
guantum materials.
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Fig 1. Multimodal SQCRAMSscope. a, Schematic phase diagram of the iron superconductor we studied,
Ba(Fe]—xCoyx)2As2. In the high-temperature phase (white), the material is a metal with a tetragonal crystal

structure. At the phase boundary, Tnem, the material undergoes a transition to a nematic state (orange) that
breaks four-fold rotational symmetry while preserving lattice translational symmetry. At the lower-temperature
phase boundary, TN (Néel temperature), the material becomes a stripe-like antiferromagnet (AFM, crimson). A
dome of superconductivity (blue) intersects the nematic transition line near its maximum critical temperature.
Inset: schematic of the crystal structure of BaFepAsp above and below the structural transition. Shown is the a—

b plane of iron (brown) and arsenic (pink), with the tetragonal (subscript ‘t’) and orthorhombic (subscript ‘0”)
crystal axes labelled. Blue and green show the formed domains. b, A quasi-one-dimensional BEC (red) is
magnetically confined 2 pm from the surface of the pnictide sample using an atom-chip trap (not shown). The
crystal forms domains with anisotropic resistivity on cooling (blue and green stripes). Consequently, a
homogeneous injection of electric current (cyan arrows) into these domains flows in a zigzag fashion from one
gold contact (bottom) to the other (not shown). The density of the BEC is imaged with a high-numerical-aperture
lens (left) by absorption imaging of a resonant laser (transparent red). The density modulation is proportional to
the local magnetic field along X, generated by the inhomogeneous current in the sample. Vertical optical imaging
through a second lens (right of centre) using polarized light (transparent white) measures the near-surface
birefringence of the crystal. The penetration depth of the imaging light is of the order of 30 nm, much shorter
than the ~20 pm-thick sample. The g label on the z axis indicates the direction of gravity. c, In the orthorhombic
phase, domains form with one of two crystal axis orientations (blue and green). These domains have pg <pp

(grey ellipses). When crossing a domain wall, the principal axes of the resistivity tensor interchange. As a result,
an average jpylk (large cyan arrow), sent through the crystal in X, bends towards + y at each domain boundary,
forming a zigzag pattern (thin cyan arrow). d, Simulation of the x component of the magnetic field produced by
the current shown in c. The BEC density (red) changes according to the sign and magnitude of jy. From [2].

Not only is this a significant advance in the experimental state-of-the-art, but the resultant
observations reveal important insights into nematicity in iron-based superconductors. The
SQCRAMscope is a quantum-noise-limited scanning-probe magnetometer that leverages the
techniques of ultracold atomic physics to image magnetism and electronic transport in solid-state
materials. By employing a magnetically levitated atomic Bose-Einstein condensate (BEC) that
can be scanned within microns of the surface of a material, the microscope makes 2D spatially
resolved measurements of magnetic fields and electronic transport currents with unprecedented
sensitivity. While the SQCRAMscope's operation has previously been demonstrated using gold
test samples [1], it had not yet been used to study complex quantum materials.
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Fig. 2: Optical birefringence, magnetometry and transport images. a,b, Typical optical birefringence
images of the parent compound BaFepAs2 at 92.5 K (a) and 2.5% cobalt-doped Ba(Fe1—xCox)2As2 at 81 K

(b). The x and y axes are aligned with the orthorhombic crystal axes. Alternating stripes in birefringence mark
the location of nematic domains. A large spatial variation of domain visibility, size and orientation is observed
in both samples. The spatial distribution of domains does not change appreciably with thermal cycling,
suggesting that they are weakly pinned by local strain introduced during the crystal growth or sample preparation
and mounting. c,d, Optical birefringence maps of typical SQCRAMSscope scans taken in the regions marked by
white boxes in a,b for the x = 0% (c) and x = 2.5% (d) sample. e,f, Magnetometry scans for the x = 0% (e) and
x = 2.5% (f) sample. g,h, Reconstructed current densities for the x = 0% (g) and x = 2.5% (h) sample. Dashed
lines in c,d mark the center of two negative § domains in ¢ and two positive domains in d; the lines are overlaid
at the same positions in the magnetometry and transport images as guides to the eye. From [2].

In this work, we used the SQCRAMSscope to study nematicity in iron pnictides. Nematicity,
or the breaking of crystal rotational symmetry, has been intensely studied in these materials due to
its proximity to high-temperature superconductivity and putative quantum criticality. Several
factors confound the experimental study of these materials. The first is a classic chicken and egg
problem: if both the lattice and electrons break rotational symmetry at the same temperature,
which are driving and which come along for the ride? To address this question in iron pnictides,
and other nematic materials, we augmented the SQCRAMSscope with an in situ microscope that
measures optical birefringence at the surface. Combined with the SQCRAMscope's innate
sensitivity to electronic nematicity through imaging transport currents, this enables simultaneous
and spatially resolved detection of both bulk and surface manifestations of nematicity via transport
and structural deformation channels, respectively.

Another confounding factor is that nematic materials can break rotational symmetry in one
of two energetically degenerate ways. Consequently, any probe that averages over a sample
volume larger than the characteristic domain size will not accurately measure the behavior of a
single domain. Previous bulk measurements investigations of nematicity have required the
application of a large strain to coerce the crystal into a single domain, limiting the inferences that
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can be drawn about the strain-free material. We overcome this by imaging bulk transport locally
within domains of a nominally unstrained sample using our new SQCRAMSscope technique; see
Fig. 2.

In addition to the significant technical advances noted above, our work also sheds light on
an open question of intense current debate. While bulk scattering and thermodynamic probes detect
a single nematic transition at a temperature Tnem, & Nnumber of probes are reported as detecting
nematicity several tens of kelvin higher in temperature. Using the SQCRAMscope's multimodal
imaging capability, we performed local measurements of emergent resistivity anisotropy in iron
pnictides and observed sharp, nearly concurrent transport and structural transitions. More broadly,
these measurements demonstrated the SQCRAMscope’s ability to reveal important insights into
the physics of complex quantum materials.

Future Plans

We will implement AC magnetometry imaging capabilities up to a few hundred Hz
bandwidth with nT/Hz? sensitivity. We have already performed extensive numerical calculations
that predict this bandwidth and sensitivity are achievable with spatially resolved AC Ramsey
magnetometry using our Rb quasi-1D BEC. We are currently setting up the apparatus to test this
scheme; this was delayed by the COVID shutdowns. Also, we are developing the capability to
image circular photogalvanic effects in various materials.
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Interfacial superconductivity in epitaxial single layer FeTeSe/SrTiOs

Lian Li
Department of Physics and Astronomy, West Virginia University, Morgantown, WV
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Research Scope

By designing and synthesizing epitaxial ultrathin quantum materials on the order of one to a
few unit cells, we aim to modulate their properties through quantum confinement and proximity
effects. The focus is on the superconducting and topological properties of single and multilayer
FeTeSe epitaxially grown on perovskite oxide substrates. Of particular interests are 1) controlling
high temperature superconductivity in single layer by engineering interface with oxide substrates,
2) probing pairing symmetry in single layer via quasiparticle scattering off impurities and 1D
edges, and 3) exploring the interplay of topology and superconductivity in both single and
multilayers by detecting topological edge states.

Recent Progress

1. Sign-change pairing symmetry in single layer FeSe/SrTiOs by quasiparticle scattering

The discovery of high-temperature superconductivity in single layer FeSe epitaxially grown
on SrTiO3 (STO) has instigated extensive debate over its pairing symmetry. In this work, we have
grown single layer FeSe films on STO substrates, which exhibit a two-gap structure (Fig. 1a-b).
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Fig. 1 Spatial distribution of bound states for Fe vacancy defect in single layer FeSe/STO. a, Topographic
image of the epitaxial single layer FeSe/STO film. (Vs=1.0 V, 1=10 pA). b, dI/dV spectrum showing the
superconducting gap structure. ¢, Topographic image of the defect (Vs=-30 mV, 1=1000 pA). d&e, Differential
conductance maps at —4.4 meV and 4.4 meV, respectively, over the same region in (c) (Setpoint: V=12 mV,
=500 pA. f, Schematic representation of the bound state at positive energy. e,f dl/dV spectrum measured at the
defect center (at the gray dot in d), and at one of the four bright lobes as marked by red dots in (e).
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We observe robust in-gap bound states induced by non-magnetic Fe-vacancy defects, which
exhibit strong spatial electron-hole asymmetry (Fig. 1c-h) and no energy shift or splitting under
an applied magnetic field, all hallmarks of a sign-changing order parameter. We further confirm
this by defect bound-state quasiparticle interference (QPI), which also shows a pair of
corresponding peaks at the positive and negative energies of the bound states, another signature of
sign-changing behavior. These findings provide strong evidence for a sign-changing pairing
symmetry for single layer FeSe/STO, contrary to the currently presumed sign-preserving s-wave
symmetry. These results have been published in Commun. Phys. 3, 75 (2020).

We further measure the de Gennes extrapolation length, which is expected to be infinite and
isotropic for plain s-wave pairing, and finite and anisotropic for d-wave. We find a 40% reduction
of the superconducting gap near specular [110]re edges, yielding an extrapolation length of 8.0
nm., while near specular [010]re edges it is nearly infinite, indicating phase change pairing with 2-
fold symmetry, consistent with d-wave pairing. This is further supported by the observation of in-
gap states near the specular [110]re, but not the [010]re edges. These findings provide strong
experimental evidence for d-wave superconductivity in single layer FeSe/STO, and demonstrates
that quasiparticle scattering off 1D boundaries can be a viable phase sensitive probe of pairing
symmetry in Fe-based superconductors. These results have been published in Nano Lett. 19, 2497
(2019).

2. Light-induced persistent superconducting state in single layer FeSe/SrTiOs heterostructures

Superconductors rarely exhibit strong photo-responses, and optically sensitive materials are
often not superconducting, thus efficient coupling between these two characteristics is very
challenging in a single material. In this part of the research, we explore a different strategy to
optically manipulate superconductivity in epitaxial heterostructures where the photoactive and
superconducting layers are strongly coupled through the interface. In single layer FeSe/STO
heterostructures, we find that the Tc can be effectively raised by 20% with interband

b 3 2 i -

Back Bias | Backl Bias : Back Bias
Pulses M Pulses ‘ Pulses M"“\

v///-
.

Fig. 2 UV light induced persistent superconductivity in single layer FeSe/STO.
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photoexcitations in the STO substrate. Attributed to a light induced metastable polar distortion
uniquely enabled by the FeSe/STO interface, this effect only requires a less than 50 pWem ™2
continuous-wave light field. More importantly, the enhancement in superconductivity is also
nonvolatile, persisting even when the light is removed. Furthermore, this optically generated
superconducting zero resistance state can also be rapidly reversed by voltage pulses to the STO
substrate (Fig. 2). This capability of switching FeSe repeatedly and reliably between normal and
superconducting states demonstrates a path towards high-speed superconducting switches with
infinite on/off ratio. These results have been published in Nat. Commun. 10, 85 (2019), and were
also featured in the DOE Office of Science Highlights in August 2019.

3. One-dimensional superconducting channel at the edges of FeTe1xSex/SrTiO3(001)
nanoribbons

Bulk crystal of FeTe exhibits a distinct long-range BCL antiferromagnetic order, which can be
suppressed by alloying with Se, and superconductivity emerges with Tc of 10 K at a critical Se
concentration of x = 0.3. This phase transition can be further manipulated by reducing the thickness
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Fig. 3 1D superconductivity at the edges of single layer FeTeSe nanoribbons. a,b, ARPES measurements of
the valence band structure at (a) I' and (b) M points for FeTe;—Sex films with different Se concentrations. The
dotted lines in (a) highlight hole and electron-like bands at I'. ¢, STM image showing the 1D edge mode (Set-
point, 50 mV, 0.1 nA). d, dI/dV spectra taken in the interior (black) and on the edge (red) of a ribbon at 6 K (Set-
point: 50 mV, 0.1 nA). The inset is an STM image with colored dots showing the locations where spectra are
taken. e, Spatially resolved dI/dV taken along a line marked as a black arrow in the inset. The starting point 1 (red)
is on the edge, and the end point 9 (blue) is in the interior. Each spectrum is vertically shifted by 1 nS for clarity,
and the black horizontal lines mark the zero conductance. The inset is an STM image of a FeTe;«Sex (X < 0.1)
ribbon edge (Set point: 600 mV, 70 pA).
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of FeTe1xSex to a single atomic layer. In this work, we have explored the effect of dimensionality
on the interplay between antiferromagnetic ordering and superconductivity by investigating
nanoribbons of single layer FeTeixSex films grown on STO substrates by MBE (Fig. 3). Using
STMI/S, we find a one-dimensional (1D) superconducting channel 2 nm wide with a Tc of 42 K
on the edge of FeTe1xSex (x < 0.1) ribbons, coexisting with a non-superconducting ribbon bulk
that remains BCL antiferromagnetically ordered. Density functional theory calculations indicate
that both Se and the presence of the edge destabilize the BCL magnetic order, resulting in a
paramagnetic region near the edge with strong local CB quantum fluctuations that are conducive
to superconductivity. Our findings demonstrate an effective route towards stabilizing
superconductivity in Fe-based superconductors at reduced dimensions, and have been published
in ACS Nano. 14, 6539 (2020).

4. Interplay of paramagnetism and topology in Fe-chalcogenide high-Tc superconductors

The question of whether high-Tc FeSe-based superconductors are topological remains
controversial. The paramagnetism in these materials complicates the situation in that the simple
rules appropriate for time-reversal invariant systems are not applicable, and the lack of long-range
magnetic order similarly prevents the straightforward use of magnetic symmetries. In non-
magnetic calculations, a gap that can host a topologically non-trivial surface state is found, but is
located significantly above the chemical potential. Calculations explicitly including magnetic
contributions modify the band topology, yielding band structures in good agreement with angle
resolved photoemission spectroscopy (ARPES) experiments, including bringing the calculated
chemical potential

naturally into alignment 5 5 5
with the experimental \ AA / \ / \ . Y.
observations. As a result °oT'§ ﬁ oy ' or

of magnetic ordering and
static compositional
fluctuations, the
calculated bands for both
in-plane and
perpendicular moments
show behavior
indicative of the type of
inverted gaps capable of 0.08
supporting a topological Fig. 4 Calculated saddle-shaped topology characteristic of band inversion.

state (Fig. 4). Because of  Bands for perpendicular moments over a 0.08 x 0.08 A region for k; at ~0.4Z,
the mixing of spatial and  at Z, and at ~0.6Z. Note the two maxima in the lower band, and that the gap

magnetic degrees of  remainsfor each k;.

freedom in the symmetry

operations, the inversion of the gaps involves both orbital and spin character. These findings have
been published in Phys. Rev. B 99, 205117 (2019).
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Future Plans

We will continue the systematic studies already underway to investigate the superconducting
and topological transitions in multilayer FeTeSe/STO.
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Probing dynamic phase changes and interfaces with cryogenic and in situ analytical electron
microscopy

Pl: Dr. Y. Shirley Meng University of California San Diego

Keywords: Cryogenic temperature, in situ observation, electron microscopy, electrochemical
devices, dynamic phase changes

Research Scope

The goal of this project is to develop unique in situ and cryogenic analytic electron
microscopy techniques to probe dynamic phase changes and interfaces of susceptible materials for
electrochemical devices. Intrinsic chemical reactivity and beam sensitivity of Li metal and solid
electrolyte interphase (SEI) impede mechanistic studies by electron microscopy. Solar cells with
hybrid perovskite materials are also beam sensitive and their degradation issues need to be studied
upon operation under the electrical bias. To study these materials, prerequisite techniques are
required including cryogenic focused ion beam (cryo-FIB) and cryogenic transmission electron
microscopy (cryo-TEM). These efforts are based on the advances of the chip-based in situ methods
of characterizing solid-state interfaces. Our recent work on Li/LiPON interphase through cryo-FIB
and cryo-TEM elucidates the coexistence of several nanostructured species that embedded in an
amorphous matrix, which can stabilize Li metal anode during the electrochemical reaction.
Another work on perovskite materials under the electrical biasing via chip-based in situ holder has
revealed for the first time the degradation mechanisms of perovskite solar cells through facet
dependent amorphization.

Recent Progress

1. Characterization of beam sensitive materials via Cryo-FIB: Our previous work
demonstrated that the chemical and morphological information of Li metal can be largely
preserved during cross-sectional TEM specimen preparation via cryo-FIB by mitigating the local
heating damage and ion implantation, which has enabled the quantitative analysis of the impact of
electrolyte on the nucleation and morphology of Li metal (Figure 2A, B).! Cryo-FIB has also
shown potential to elucidate the structure and chemistry of Li metal/electrolyte interfaces when
coupled with cryo-TEM. Following up on this study, the combination of cryo-FIB and cryo-TEM
was then exploited to preserve and identify extremely beam- and air-sensitive solid electrolyte
interphase (SEI) between lithium phosphorus oxynitride (LiPON) and Li metal electrodes.
Successful analysis of LIPON/Li SEI will not only provide the validity of cryo-FIB and cryo-TEM,
but also lead to a more comprehensive understanding of the electrochemical stability of this SEI.
However, conventional organometallic Pt or alternative amorphous ice deposition as a connection
material to bond the lamella with the TEM grid can react with Li inducing potential damage and
artifacts to the LIPON/L.i interphase. By introducing a novel re-deposition mounting methodology
in the cryo-FIB that utilizes the redeposition of etched Li metal material at the gap between lamella
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Figure 1. (A) Cryo-STEM dark field image of Li/LiPON interface. (B) A
representative voltage profile for the LNMO/LiPONY/Li thin film solid-state
battery for 1%, 2" and 535" cycle. (C) Coulombic efficiency trend of thin film
solid-state battery over 500 cycles. (from Publication 4)

retention of 90 % for 10,000 cycles with a Li metal anode and high-voltage LiNiosMn1504 (LNMO)
cathode,? indicating the extremely stable interfaces between LiPON and electrodes. Our novel
fabrication method for LiPON and LNMO thin film solid-state battery using pulsed laser
deposition (PLD) and sputtering can also achieve Coulombic efficiency over 99.85% after 400
cycles (Figure 1). In this work, we primarily focused on the interface between LiPON and Li metal
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Figure 2. FIB cross-section SEM images for Li metal foil
prepared at (A) room temperature (25 °C) and (B) cryogenic
temperature (-170 °C). (C) High-resolution TEM (HRTEM)
image for LiPON/Li SEI attained via cryo-TEM and (B-E)
SAED patterns correspond to 1-4 areas in (A). (F) Schematic
for the LiPON/Li SEI consist of Li, Li»O, LisN and LisPOa.
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by combining cryo-FIB and cryo-TEM.
Our results revealed that this SEI is a
complex, nanostructured interphase with
the coexistence of Li20O, LisN and LisPO4
species that are embedded in an
amorphous matrix (Figure 2C-G). The
unique multilayer mosaic SEI structure
can electronically insulate Li metal anode
and shield the solid electrolyte from
further decomposition as demonstrated in
Figure 2H. The successful preservation
and observation of LiPON/Li interface
has provided a mechanistic understanding
of the formation of such an interface that
can stabilize Li metal anode, but also give
rise to the possibility of apply the similar
methodology on other beam-sensitive
materials such as Li titanate based
electrode and solid-state electrolyte (LTO
and LLTO) or hybrid perovskite materials.

3. In situ bias for Perovskite
materials: Past solid-state nano-device
fabrications and their in situ imaging



relied on a probe-based
methodology> * which has
relatively unstable electrical
biasing property and possible
probe drift at cryogenic
temperature. Therefore, chip-
based architectures should be
adopted for cryogenic holder
usage. To fabricate the chip-
based electrochemical nano-
devices, scooped up lamella

P R A via FIB carefully mounted on
Figure 3. (A) Schematic for fabricating chip-based electrochemically micro-chip and connected
activated nano-devices. (B) SEM image for the perovskite nano-solar-cell .

fabricated on chip. In situ TEM images for perovskite materials under with the low-current
electrical bias taken at (C) 0 s and after (D) 300 s. (submitted in 2020) potentiostat using dedicated

biasing holder (Figure 3A). In
situ TEM setup with a micro-chip was optimized for perovskite nano solar cell, and to apply the
electrical bias without any shorting, perovskite lamella was disconnected at both ends to separate
cathode/anode as described in Figure 3B.
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Prior to in situ TEM observation under electrical bias, stable electrical connection between
FIB lamella and low-current potentiostat was verified by voltage-current response measured in
TEM column. Our in situ biasing TEM observation for perovskite materials under electrical bias
reveals that the perovskite materials can experience partial amorphization under the 1 V of
electrical bias, equivalent to the operating photovoltage of perovskite solar cells (Figure 3C, D).
A facet-dependent amorphization along the [001] groups of perovskite materials (such as
Formamidinium lead triiodide (FAPDbI3)) was the indicative of iodide ion migration-induced
amorphization since (001) planes of perovskite crystals are mainly comprising of iodide ions. This
result suggests the degradation mechanisms of perovskite solar cells in nanoscale regime during
the operation under electrical bias, and further proposes the possible solution for the electrical bias-
related degradation. The partial amorphization effect in the device regime was confirmed that only
the device with the application of electrical bias degraded under the light-illumination and the
performance recovery at the dark-state from the recrystallization. Employing the thermal energy
on the degraded device, interestingly, can speed up the recovery process by driving the
recrystallization of amorphous phase.

Future Plans

As robust in situ biasing has been verified with the perovskite materials and buried
information of Li/LiPON SEI has been revealed via novel cryo-FIB and cryo-TEM methodologies,
we commit to expanding the range of materials systems and interfaces, and further capture the
memristive switching behavior of beam-sensitive materials in TEM through the combination of
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cryo-FIB and cryo-TEM techniques. Memristive phase changes of crystalline LTO and amorphous
LLTO will be characterized with currently being developed in situ cryo-biasing holder. The
cryogenic temperature will slow down the memristive phase change kinetics which occurs with
the order of micro/nano-seconds while mitigating beam damage simultaneously. With the
development of in situ cryo-biasing holder, through newly developed advanced acquisition
techniques such as 4D STEM and windowless EDS, the evolution of electronic structure and its
lithium concentration can be explored in detail for the future.
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Atomic electron tomography: Determining the 3D structure of crystal defects and
amorphous materials at the single-atom level

Jianwei (John) Miao Department of Physics & Astronomy and California NanoSystems
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Research Scope

Visualizing the 3D arrangement of
atoms has played an important role in the
evolution of modern science and technology.
Over the last century, crystallography has been
the primary method for determining the 3D
structure of crystals at atomic resolution.
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To address this challenge, Miao and collaborators have pioneered atomic electron
tomography (AET) to determine the 3D structure of crystal defects and non-crystalline materials
at atomic resolution with assuming crystallinity. Recently, we used a Re-doped MoS, monolayer
as a model and developed scanning AET (SAET) to determine the 3D coordinates of individual
atoms and crystal defects such as dopants, vacancies and ripples with picometer precision?. By
providing the experimental 3D atomic coordinates as direct input to density functional theory
(DFT), we revealed more truthful electronic band structures than those obtained from conventional
DFT calculations relying on relaxed atomic coordinates, which was further confirmed by
photoluminescence spectra measurements. Moreover, we advanced AET to study early stage
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nucleation in FePt nanoparticles at 4D atomic resolution®. We made three experimental
observations that are inconsistent with classical nucleation theory (CNT). i) Each nucleus has a
core of one to a few atoms with the maximum order parameter and the order parameter gradient
points from the core to the boundary of the nucleus. ii) Nuclei undergo growth, fluctuation,
dissolution, merging and/or division, which are regulated by the order parameter and its gradient.
iii) Early stage nuclei are anisotropic. Our experimental results indicate that a theory beyond CNT
is needed to describe early-stage nucleation at the atomic scale. More recently, we has applied
AET to determine for the first time the 3D atomic structure of monatomic amorphous materials,
including a Ta thin film and two Pd nanoparticles*. Despite the different synthesis methods, we
observed that pentagonal bipyramids are the most abundant atomic motifs in these amorphous
materials. Instead of forming icosahedral order, the pentagonal bipyramids are closely connected
with each other to form networks that extend to medium-range scale. Looking forward, we
anticipate that the series of experiments opens the door to studying the structure and dynamics of
crystal defects and amorphous materials at 4D atomic resolution.

Recent Progress

Correlating the 3D atomic defects and electronic properties of 2D materials. 2D materials and
heterostructures exhibit exceptional electronic, optical and chemical properties, promising to find
applications ranging from electronics and photovoltaics to quantum information science. However,
the exceptional properties of these materials strongly depend on their 3D atomic structure
especially crystal defects. Using Re-doped MoS; as a model, we developed SAET to determine the
atomic positions and crystal defects such as dopants, vacancies and ripples with a 3D precision
down to 4 picometers? (Fig. 1). We measured the full 3D strain tensor and quantified local strains
induced by single dopants. By directly providing experimental 3D atomic coordinates to DFT, we
obtained more truthful electronic band structures than those derived from conventional DFT
calculations relying on relaxed 3D atomic models, which was verified by photoluminescence
spectra measurements. Furthermore, we observed that the local strain induced by atomic defects
along the z-axis is larger than that along the x- and y-axis and thus more strongly affects the
electronic property of the 2D material. We anticipate that SAET is not only generally applicable to
the determination of the 3D atomic coordinates of 2D materials, heterostructures and thin films,
but also could transform ab initio calculations by using experimental atomic coordinates as direct
input to reveal more realistic physical, material, chemical and electronic properties.

Direct observation of crystal nucleation at 4D atomic resolution. Nucleation plays a critical role
in many physical and biological phenomena ranging from crystallization, melting and evaporation
to the formation of clouds and the initiation of neurodegenerative diseases. However, nucleation
is a challenging process to study especially in the early stage when several atoms/molecules start
to form a new phase from its parent phase. Here, we trapped the same nuclei at different annealing
times and applied AET to capture the structure and dynamics of the nuclei at 4D atomic resolution?®.
We revealed that early stage nuclei are irregularly shaped, each has a core of a maximum order
parameter, and an order parameter gradient points from the core to the boundary of the nucleus.
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We captured the structure and dynamics of the same nuclei undergoing growth, fluctuation,
dissolution, merging and/or division, which are regulated by the distribution of the order parameter
and its gradient. These experimental observations were corroborated by molecular dynamics
simulations of heterogeneous and homogeneous nucleation in liquid—solid phase transitions of Pt.
Both our experimental and molecular dynamics simulation results are inconsistent with CNT,
indicating a new theory is needed to explain early stage nucleation at the atomic scale.

Direct observation of 3D atomic packing in monatomic amorphous materials. Liquids and solids
are two fundamental states of matter in nature. Although the structure of crystalline solids has long
been solved by crystallography, the 3D atomic structure of liquids and amorphous solids could not
be determined by any experimental method. We have recently advanced AET to resolve the 3D
atomic arrangement of an amorphous Ta thin film and two amorphous Pd nanoparticles®. We
observed that pentagonal bipyramids are the most abundant atomic motifs in these amorphous
materials. Contrary to the traditional understanding, these pentagonal bipyramids do not assemble
full icosahedra, but instead connect with each other to form networks that extend to medium-range
scale®. Molecular dynamic simulations further confirmed that pentagonal bipyramid networks are
prevalent in monatomic liquids and rapidly grow in size during the quench from a liquid to a
metallic glass state, providing a possible new picture of structural evolution through the glass
transition.

Future Plans

Probing emerging 3D topologies of ferroelectric order at the single-atom level. In recent years,
the research frontier of ferroelectricity has been the spatial downscaling of ferroelectric materials
to the nano-architecture regime, aiming for a significant enhancement of device efficiency.
However, since ferroelectric properties are strongly related to the size and dimensionality as well
as their polar nature, it is challenging to fully utilize them in nanoscale devices without a
comprehensive understanding of the low-dimensional behavior of ferroelectrics. We will apply
AET to reveal the polar topologies in PbTiOs and BiFeOs nanoparticles and thin films in three
dimensions. Solid state synthesize/pulsed laser deposition will be used to fabricate PbTiOz and
BiFeOs nanoparticles/thin films from several to tens of nanometers in size, which is ideally suitable
for AET studies. High-quality tomographic tilt series will be acquired using the TEAM
microscopes at NCEM at LBNL's Molecular Foundry. After post-processing on the measured tilt
series, 3D atomic coordinates and chemical species will be reconstructed and traced with high
precision. The large Z contrast among the cations in PbTiO3 (Pb: 82, Ti: 22) and BiFeO3 (Bi: 83,
Fe: 26) will greatly benefit the determination of the atom species with high precision. From the
experimental 3D atomic coordinates, ferroelectric polarizations will be directly calculated using
relative displacements between cations and their Born effective charges within each perovskite
unit cell. The cation displacements are expected to be larger than 30 pm for both PbTiO3 and
BiFeOs, which is larger than our current 3D AET precision of 4-20 pm. The precision can be
further improved through convoluting with a Gaussian kernel at a sacrifice of resolution.
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Ptychographic AET as the frontier of 3D atomic metrology for low-Z and dose- sensitive materials.
Through numerical simulations, we have demonstrated the combination of ptychography and AET
(termed pAET) as an effective method for low dose imaging of individual low-Z atoms in three-
dimensions®. After generating noisy diffraction patterns with multislice simulation of an
aberration-corrected scanning transmission electron microscope through a 5 nm zinc oxide
nanoparticle, we achieved 3D imaging of individual zinc and oxygen atoms and their defects by
performing tomography on ptychographic projections. We have also numerically applied pAET to
2D materials, resolving individual sulfur atoms in vertical WS/WSe, van der Waals
heterostructure with a low total electron dose where annular-dark-field images fail to resolve®.
Building upon these numerical simulation results, we will apply pAET to study complex oxide
SrTiOs, one of the prototypical perovskites that possesses extraordinary dielectric properties and
is widely used in transducers, capacitors. The oxygens in SrTiOz form corner connected octahedra,
which can distort and rotate, strongly mediating the properties of SrTiO3, even inducing
paraelectric to ferroelectric phase transition. Resolving the oxygen octahedra distortion in SrTiOs
is critically important for understanding its phase competition and can provide a guideline for
engineering high performance dielectric devices. SrTiOz nanoparticles and thin films will be
fabricated using solid states synthesize and modern thin film deposition techniques. Ptychographic
tilt series will be performed using the TEAM microscope at LBNL's Molecular Foundry under
different temperatures and strain conditions with the specially designed sample holder. By
combining the ptychographic projections with tomographic reconstruction, high-quality 3D atomic
information of each individual atoms, including oxygen, will be resolved. A multidisciplinary
approach will be employed to correlate the 3D atomic structure of SrTiO3 with its electronic and
dielectric properties, including metrologies of energy dispersion spectrum and first-principle
calculation at atomic level. This exemplary demonstration of the performance and power of the
pAET is anticipated to inspire its broad application in dose-sensitive inorganic and organic
materials.
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Magnetic imaging of topological phases of matter
Katja C. Nowack, Laboratory of Atomic and Solid State Physics, Cornell University
Research Scope

The overarching goal of this project is to advance our understanding and control of topologically
nontrivial materials. A variety of electronic phenomena can occur in these materials including
topological insulating phases, the quantum anomalous Hall effect and topological
superconductivity.

Our experimental approach consists of magnetic imaging using scanning superconducting
quantum interference devices (SQUID) combined with electronic transport. Local magnetic probes
enable several ways to probe topological phases of matter ranging from basic material
characterization to advanced measurements on mesoscopic structures. The goals of this project
include exploring, characterizing and controlling new materials predicted to realize topological
phases of matter and to gain a deeper understanding of topological phenomena such as the quantum
anomalous Hall effect in established material systems.

Recent Progress
Spatial control of electronic order through strain fields in microstructures

To date, only a fraction of materials predicted to have a topologically non-trivial electronic
structure have been experimentally explored in detail. A challenge is that often novel compounds
are first available as bulk crystals; limiting options for their characterization and device fabrication.
Micromachining using a focused ion beam (FIB) is a versatile approach to fabricate devices on the
micron scale from bulk crystals.

Using scanning SQUID microscopy, we studied FIB defined microstructures fabricated from
single crystals of heavy fermion superconductor Celrlns. This work revealed a new opportunity
for spatially modulating superconductivity: Differential thermal contraction between Celrins and
the substrate results in strain in the microstructure. The strain field can be controlled in a
predictable way by changing the geometry of the microstructure. The strain field induces a
complex pattern of superconductivity due to the dependence of the superconducting transition
temperature, T¢, on the strength and direction of strain. Strain can have significant effects on the
electronic properties of materials beyond superconductivity. These results therefore showcase a
generic approach to manipulating electronic order on micrometer length scales without
compromising the cleanliness, stoichiometry, or mean free path.

In the following, we provide more details about this work. The microstructures were prepared from
lamellas of typical dimensions 100pum x 50pum x 2-3um carved from a single crystal which are
joined to a sapphire substrate by a thin layer of epoxy and further patterned with a FIB. Fig.1 (a)
and Fig.3 (a) show scanning electron microscope images of two devices. We use scanning SQUID
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microscopy to image the local diamagnetic susceptibility, which is enabled by a field coil
integrated in the SQUID that is used to apply a local magnetic field. Superconducting regions
exhibit a strong diamagnetic response, allowing us to distinguish them from metallic and insulating

regions.
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Fig. 1: (a) SEM-image of the device. Au contacts are yellow. Center square is 25x25x3 pm?. Crystallographic
axes as indicated. (b-d) Magnetic susceptibility images at three temperatures illustrate spatially modulated
superconductivity. Lower panels show superconducting patterns extracted from simulated T, map in (e).

Susceptibility images as a function of temperature (Fig. 1b-d) show that superconductivity
develops in a non-uniform pattern. The first superconducting regions form along the edges aligned
with the c-direction of the crystal (Fig. 1d). These regions extend towards the center of the structure

Temperature (K)

Fig. 2: (a) Schematic for transport
measurement. (b) Transport of
device shown in Fig. 1.

at lower temperature, eventually connecting in the middle of the
device. The observed patterns lead to three distinct regimes in
transport through the imaged device (Fig. 2): a) all contacts are
separated by metallic regions, b) only the contact pairs along the
c-direction are connected by superconducting regions, c) all
contacts are connected by a single superconducting region
leading to the striking differences including different
temperatures at which zero resistance is reached when measuring
in the two different configurations shown in Fig. 2a.

The observed pattern arises due to a combination of a strain field
in the structure and the strain sensitivity of T¢ in Celrlns. The
latter can be extracted from uniaxial pressure measurements
performed on single crystals': T (400mK) increases (decreases)
by 56mK/kbar (-66mK/kbar) for compression along the
crystallographic a- (c-) direction. Using finite element methods,

we simulate the strain field originating from differential thermal contraction of the substrate and
the structure. Combined this allows us to compute a local T, map (Fig. 1e). We find remarkable
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agreement between the simulation and the observed spatial modulation. We fabricated and imaged
a second device in which the contacts connect in the middle of the sides of the central square,
which displayed a qualitative different spatial pattern compared to the first device. This contrast
shows that the spatial structure can be tailored through the geometry of the microstructure. This
approach offers opportunities to manipulating electronic order through strain on micron length
scales in quantum materials including topologically non-trivial materials.

Penetration depth measurements of thin film SroRuO4

For the past two decades, Sro.RuOs has been a leading candidate to realize an intrinisc topological
superconductor, yet the nature of its superconductivity remains controversial. Until recently, only
high-quality bulk single crystals of Sr.RuO4 showed superconductivity due to its sensitivity to
disorder and impurities. Using scanning SQUID microscopy, we characterize superconducting
Sr2RuQq4 thin films that have recently been synthesized by collaborator Darrell Schlom. Thin films
open the door to more advanced measurements on mesoscopic devices in the future. We extract
the penetration depth from measurements of the diamagnetic susceptibility of the superconducting
state; our preliminary results show that the penetration depth follows a linear dependence on
temperature suggestive of line nodes in the order parameter. The power law we observe is different
from what has been observed on bulk single crystals — an aspect that we are analyzing further.

Imaging of current distributions in quantum anomalous Hall effect (QAHE) devices

The key signatures of the QAHE are a quantized Hall and vanishing longitudinal resistance without
requiring an applied magnetic field. The QAHE was first realized in magnetically doped
topological insulators such as Cr-doped (BixShix)2Tes®. Similar to the quantum Hall effect, the
QAHE is typically understood to result from the presence of dissipationless, chiral edge states and
an insulating two-dimensional bulk. However, from the quantum Hall effect it is known that the
current can also be present in the bulk of the device despite the values of the resistance.
Furthermore, in the QAHE an interplay between magnetism and the current distribution is
expected.

Here, we image QAHE devices from collaborator Nitin Samarth defined by optical lithography
from Cr-doped (BixSbix)2Tes thin films. Scanning SQUID microscopy allows us to image the
magnetic field produced by both the magnetization and the current flowing in the devices. We
modulate a transport current at low frequency to separate its contribution from the static magnetic
fields and reconstruct the corresponding current distribution. In our initial images, we observe that
the transport current is concentrated at the edges of the devices. Opposite edges carry current only
in opposing directions and the directionality switches, when the magnetization of the device is
inverted. These observations are consistent with the expected presence of chiral edge states.
However, the simplest picture is not sufficient to explain the observed behavior: we see indications
of current also in the bulk of the device and application of a transport current causes circulating
currents within the device that are larger than the applied current.
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Future Plans

The possibility of tailoring strain fields in FIB defined microstructures opens up a number
of interesting opportunities. Strain can have a significant effect on the electronic structure of e.g.
half-Heusler compounds, which include candidate topological insulating phases combined with
intrinsic magnetism and superconductivity®*. We are currently exploring which compounds are
suitable and interesting for strain engineering using microstructures.

We plan to continue studying the QAHE both in well-established magnetically doped topological
insulators and to extend our imaging to stoichiometric materials with intrinsic magnetic order that
exhibit or may exhibit the QAHE such as MnBi>Tes® and CoSn,S:°.
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Probing the Atomic Scale Structure and Electronic Properties of Ferroelectric Interfaces
Xiaoging Pan

Department of Materials Science & Engineering and Department of Physics & Astronomy,
University of California, Irvine, CA 92697

Research Scope

Oxide heterostructures with unusual physical properties have attracted intense
interdisciplinary research with a focus on controlling different degrees of freedom at the interface
to tailor the functionality of heterostructures. One of the most prominent examples is the discovery
of two-dimensional electron gas (2DEG) and ferromagnetism at the interface of LaAlO3/SrTiO3
(LAO/STO) with an interfacial polar discontinuity. On the other hand, ferroelectric materials can
provide an intrinsic spontaneous polarization and cause polar discontinuity at the
ferroelectric/insulator interface that can also lead to a 2DEG or a spin-polarized 2DEG for certain
ferroelectrics. An immediate advantage of the 2DEG at a ferroelectric/insulator interface is that it
allows modulation of the interfacial properties such as electronic conductivity and magnetic
ordering via polarization switching, enabling unprecedented control of multiple degrees of
freedom. Thus, multiple orderings can emerge at the same interface, offering opportunities for the
advancement of ferroelectric memories, tunnel functions and magnetoelectric devices, in addition
to the design of novel functionalities.

A major challenge of this research was a direct measurement of multiple properties,
including the local electric dipole moment, electric field, charge, and conductivity at the same
interfaces or domain walls as those imaged by atomic resolution transmission electron microscopy,
which is critical to unravel the fundamental mechanisms for the formation of 2DEG at interfaces
in oxide heterostructures. To address this challenge, we have developed a unique multimodal
approach based on probing the cross-sectional specimens of the same sample by a combination of
atomic resolution scanning transmission electron microscopy (STEM), electron energy loss
spectroscopy (EELS), piezoresponse force microscopy (PFM) and conductive atomic force
microscopy (CAFM). With this method, the macroscopic functional properties of oxide interfaces
can be directly correlated with atomic scale observations of both structure and electronic
properties. In addition, we have developed several methods for analyzing the atomic scale electric
field, charge distribution and dipole moment at ferroelectric interfaces based on sub-A resolution
four-dimensional STEM (4D STEM). We showed that direct analysis of the local electric field and
charge density images can reveal the formation mechanism of the polarization in ferroelectrics and
and the evolution of polarization across interfaces in ferroelectric/multiferroic heterostructures. By
comparing the positive/negative charge separation calculated from the charge density map with
the atomic structure obtained from the same 4D STEM data set, we demonstrated that the evolution
of the atomic lattice and the charge distribution across the interface can be separated. Finally, we
also showed that integrating the charge of individual atomic columns can reveal their charge state.
These new methods for studying interfacial properties based on the charge density map allow us
to measure the polarization state with greater detail and accuracy than is possible from the atomic
structure alone.
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Recent Progress
Anisotropic polarization-induced conductance at a
ferroelectric-insulator interface

To investigate the electrical properties of a
BiFeOs/TbScO3z (BFO/TSO) interface, we developed a
multimodal approach based on probing the cross-
sectional specimens with a combination of STEM, PFM,
and cAFM [1]. We studied the interface in the 400 nm
thick (001), BFO thin films grown on insulating (110),
TSO single-crystalline substrates (where the p and o
subscripts represent pseudocubic and orthorhombic
indices, respectively). To observe the domain structures,
the specimens were prepared by cutting perpendicular
and parallel to the 109° domain stripes in the BFO film,
respectively. As shown in Fig. 1, cAFM of the specimen
cutting perpendicular to the 109° stripe domains revealed
that the interface exhibits regions of alternating low and
high conductivity parallel to the domain stripes. By
correlating with PFM images, the alternating
conductivity was found to correspond with the alternating
polarization in the domain stripes. cCAFM of the specimen
cutting parallel to the 109° stripe domains showed that
there is no conductivity at the interface perpendicular to
the domain stripes [1].

Combined atomic resolution STEM and EELS
measurements from the interface reveal that the regions
with upward polarization are hole doped, while the
regions with downward polarization are electron doped
(Fig. 1d and e). These results were further confirmed by
first principles calculations [1]. Since holes and electrons
have different conductivities in BFO, this alternating
doping pattern leads to the high and low conductivity
states observed at the interface parallel to the domain
stripes. The alternating doping also leads to the formation
of a series of pn-junctions along the interface that block
conduction perpendicular to the domain stripes while
allowing it along the stripes.

Using similar methods, we also studied the
conductivity of the 71° and 109° domain walls in (001),
BFO thin films grown on (110), TSO substrates [2]. 71°
domain walls are insolating when measured in plan-view,
but conducting in cross-section, indicating high
conductivity along the film surface/interface. This was
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further supported by EELS measurements across
domain wall which showed a charge build-up at 71°
domain walls. Based on phase-field simulations, the
anisotropic conductivity of 71° domain walls results
from a pn-junction forming in the middle of the
domain wall. This finding of intrinsic anisotropy in
conductivity of 71° domain walls indicates that the
domain wall conductance measured in the direction
normal to the film surface—experimental geometry
used in most of the previous works—does not reveal
the true conductance of the 71° domain walls in BFO.

Electronic properties of ferroelectric interfaces
studied by 4D STEM

The redistribution of electrons to form
chemical bonds is a fundamental process which
determines the characteristics of materials. Thus, the
measurement of electron charge density is critical for
understanding structure-property relationships in
solids. 4D STEM provides one avenue for directly
imaging the local electric field, from which the charge
density can be derived [3, 4]. By studying the behavior
of the electric field as a function of the electron probe
focus and sample thickness, we have found that
optimal placement of the probe focus can improve the
accuracy of the electric field measurement in thicker
samples and local charge density can be determined
with sub-A resolution [3].

We have used this 4D STEM technique to
study the electric field and charge density at a
BFO/STO interface (Fig. 2) and, in the process, we
have developed new methods for analyzing the
polarization and charge state based on the electric field
and charge density [4].

We found that changes in the atomic structure and
charge distribution are not synchronized across the
interface. By measuring the displacement of the Bi
and Sr columns, we can see that the polarization in the
BFO is decreased at the interface and also persists a
few unit cells into the STO (schematically shown in
Fig. 2b, quantified in Fig. 5e). The electric dipoles are
visible in the electric field map (Fig. 2c) in BFO,
particularly near the Bi columns. On approaching the
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interface, the electric dipoles become weaker in the bottom BFO layers and some induced dipoles
appear around the Sr columns of top STO layers in the substrate.

Using the charge density map (Fig. 2d), we found that the onset of the atomic structure
changes in both cation displacement and oxygen octahedral rotation occur 1-2 u.c. from the
interface. However, based on the separation of positive and negative charge centers in each unit
cell, changes in the charge distribution occur 3-4 u.c. from the interface, resulting in a charge build-
up at the interface. This was further confirmed by integrating the charge of each B-site atomic
column, a measure of the charge state of the atom. EELS was also used to measure the charge
distribution by identifying the change in valence state of B-site cations; changes in both Ti and Fe
valence near the interface also confirm a charge accumulation. This asynchronous response shows
that the electrons are more responsive to the electric field of the polarized BiFeOgz, while the atomic
displacement is more rigidly affected by the atomic strain. This leads to the phenomenon of
interface charging which is the key for understanding and engineering the 2D electron or hole gas
emergent at the interface.

Future Plans

The recent development of 4D STEM and vibrational EELS have further expanded the
avenues for characterizing the structure and properties such as local charge, field, electric and
magnetic ordering and their coupling to the lattice vibration (phonon) of the material. In addition,
the successful synthesis of freestanding 2D ferroelectric oxide films has unlocked a new frontier
in the study of ferroelectrics and their applications. The future plan of our research will focus on
the further development 4D STEM and vibrational EELS towards studying the novel polarization
states and properties of freestanding ferroelectric oxide films which are under different boundary
conditions in comparison with bulk crystals. For examples, freestanding films have been shown to
host exceptionally large strain, it is necessary to measure the cation and anion positions, as well as
the change in electric field and electronic charge distribution to accurately describe the
polarization. In addition, changes to the vibrational spectra may elucidate aspects of the
polarization that are hidden in the projection direction as they are sensitive to the vibrational modes
of the 3D structure. The combination of 4D STEM with vibrational EELS may reveal the novel
polarization states and emergent functional properties of freestanding ferroelectric films.
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Keywords: STEM, STM, proximal probes, DFT calculations, nanostructures

Research Scope

Research under this project focuses on highlighting the power of combining microscopy or
proximal probes with quantum calculations based on density functional theory (DFT) to unveil the
structural, electronic, magnetic, electromechanical, and optical properties of complex materials
and nanostructures. Theoretical research is conducted collaboratively with experimentalists in the
U.S. and abroad. Focus areas in the last two years include ferroelectrics [studied experimentally
primarily via piezoresponse force microscopy (PFM)], complex-oxide heterostructures, and two-
dimensional (2D) materials [studied by scanning transmission electron microscopy (STEM)].

Recent Progress
Novel and unique properties of the ferrielectric layered material CulnP2Ss (CIPS)

A series of three papers' on the ferrielectric van-der-Waals (vdW) layered material CulnP2Ss
(CIPS), published jointly with Nina Balke et al. (ORNL) are anchored on an initial theoretical

prediction that was validated by PFM
16— measurements: Unlike conventional ferro-
' electrics that feature a double-well total-
energy profile (Fig. 1a,b,c): Sheets of Cu
atoms spontaneously displace from the
central planes of layers to stable sites near the
layer surfaces [low-polarization states (LP)]
or further out just outside the layers [high-
polarization states (HP)]. Calculations of the
quaduple-well evolution with longitudinal
strain (Fig. 1d) vyield values of the
longitudinal piezoelectric constant d = d335
(Fig. 1e,f). PFM d-maps (Fig. 1g) led to the
25 histogram of Fig. 1h, which confirms both
the existence of the predicted four
polarizations phases (stabilized by local
strains as per Fig. 1d) and the calculated
values. The theoretical d-P connection
served to convert measured d values to
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Figure 1. a,b. The relaxed structure of CIPS in the +LP

and +HP states. ¢; The quadruple well of CIPS as a
function of the polarization extracted from the Cu
displacements. d. The quadruple well for different values
of uniaxial strain, which are used to predict the
longitudinal piezoelectric constant d for the LP and HP
phases. ¢. Quantified piezoelectric-constant map
measured by PFM at room temperature. h. Histogram of
the measured d values with Gaussian fits of the four peaks.
Dotted lines are the four theoretically predicted d values.
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polarization values to explore polarization
loops in subsequent work.

Extensive experimental data and DFT
calculations subsequently built synergi-
stically on the foundation laid out by the
above results. Measurements of polarization
switching by an external electric field
(polarization loops) confirmed normal
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Fig. 2. a. Structural images of Cu sheets crossing the On.00s 07 ‘08
vdW gaps. b. Total energy and ¢ polarization as Fig. 3 a. PFM maps of d values for different voltage
functions of Cu-sheet displacement across layers and pulse durations. b. A particular polarization
vdW gaps. The red line in ¢ indicates a regime of sequence extracted from a, converted to a sequence
negative capacitance (dP/dE o dP/dz <0). d. Quantum of Cu-sheet positions in ¢ and d, demonstrating
MD simulation of Cu-ion trajectories with an excess Cu POlar'Za"Q" alignment against the electric field
ion (dark blue) and an external electric field. when the Cu sheets cross the vdW gaps.

transitions between positive and negative polarizations, but also unveiled novel, complex bahavior
that is predicated on the total energy curve for Cu-sheet displacements through the layers and then
across the vdW gaps as depicted in Fig. 2a,b, the way a constant external electric field would drive
the Cu sheets. The energy barrier for Cu sheets crossing the vdW gaps is double the size of the
barrier for displacements across the layers, but it is small enough to be easily overcome at room
temperature, which is consistent with the fact that CIPS is an ionic conductor, with Cu ions again
generating the ionic currents. Figure 2c shows the evolution of the polarization P for the same
sequence of Cu-sheet displacements as in Fig. 2b. In Fig. 2d, we show the trakjectories of Cu ions
obtained by quantum molecular dynamics, demonstrating the feasibility of crossing the vdW gap
under an applied electric field, here facilitated by an excess Cu atom.

In Fig. 2c, we note the drop of the polarization from its maximum value just past the HP
configuration, its passing through zero when the Cu sheets cross the mid-planes of the vdW gaps,
where the system is again centrosymmetric as when the Cu sheets occupy the mid-planes of the
layers, and the negative polarization when the Cu sheets finally arrive at the next layers in their
stable -HP and -LP configurations. Negative polarization means that the polarization aligns
opposite the electric field that continuously drives the Cu sheets in the forward direction. This
highly unusual feature is clearly enabled by the layered structure of CIPS and has been
demonstrated experimentally by the PFM data shown in Fig. 3.

Figurre 3a shows a series of PFM d-maps obtained by applying a sequence of -6 V voltage
pulses of increasing duration, in each case preconditioning the system using a 2-second voltage
pulse of +6 V, which sets the system at the -LP polarization state. The d maps show the remnant
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domain structure after each negative pulse. A comparison of the theoretical and experimental d
values at the HP and LP states allowed the assignment of ranges of d values in Fig. 3a to -HP, -
LP, +LP, and +HP states as indicated above the PFM maps. It is straighforward to recognize
regions that transition from red (+HP) to green (-HP), which, as illustrated in Fig. 2, correspond to
transitions that result in the polarization aligning against the external field. In Fig. 3b, we show
the polarization evolution of a particular small region in the maps through the ten pulse durations
and in Fig. 3c we show the corresponding sequence of Cu-sheet positions.

The final novel and unique property of CIPS is unveiled by Fig. 2c. The part of the polarization

curve that is colored red signifies the presence of negative capacitance (C~Z—Z~3—IZ) < 0). By

applying suitable continuous electric fields, PFM-obtained “d loops” were converted to
polarization loops, which then demonstrated the existence of a transient negative-capacitance
regime. The mechanism that underlies this manifestation of negative capacitance is distinct from
previously identified mechanisms in other ferroelectrics, but the posssibility of fabricating
negative-capacitance devices still remains to be explored.

Interface-induced magnetic polar metal phase in complex oxides

In this project, we combined theory with growth and magnetic measurements by Ward
Plummer’s group and STEM/ EELS by Yimei Zhu’s group to unveil novel magnetic behavior in
Laz/3Sr1sMnOs films on a SrTiOs (001) substrate (LSMO/STO), governed by the interface.

Atomic-resolution STEM imaging revealed a structurally perfect heterostructure (Fig. 4a,b),
tracked octahedral tilt angles and the out-of-plane lattice constant (not shown), which revealedd
small departures from bulk values at the two interfacial LSMO unit cells. Atomic-resolution EELS

found that LSMO is stoichiometric

except for the two interfacial unit cells
: where it is Sr-rich (Fig. 4d). In those
same two interfacial unit cells, the
b} nominal Mn oxidation state, as ex-
ﬁ § tracted from the L2 3 ratio, dips from the
! = bulk value of 3.2 to 3.0 (Fig. 4c).

(d ] Magnetic measurements found the
o 58 { following unusual behavior. A sample
“ : ' is first cooled to 2 K in the presence of
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Fig. 4 (@) and (b) HAADF and ABF STEM images of
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interface. (c) Lz3 ratio and Mn nominal oxidation state. (d)
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and schematic process for SMR (inset). (f) Calculated average
magnetic moment per LSMO layers. (g) Valence charge Q(r)
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an in-plane magnetic field, which
aligns all magnetic moments in the
direction of the magnetic field. Under
zero-field warming, the remanent
magnetization M(T) is found to first
decrease slowly, then rapidly at 60 K,
exhibiting a sharp spontaneous mag-
netic reversal (SMR) at ~75 K (Fig.
4e). SMR is a common phenomenon in
multimaterial magnetic heterostruc-
tures, but here it is observed in a
monolithic film. Phenomenological
concepts provided a posssible expla-
nation (inset in Fig. 4e), but DFT



calculations offered an atomic-scale explanation. A key result is that a Sr-rich interface (Fig. 4d)
and suppression of octahedral tilts at the interface are essential to obtain the Mn magnetic moments
that yield an account of the observed SMR (Fig. 4f). In the LSMO film, the Mn magnetic moments
align ferromagnetically except for the first interfacial layer where they align antiparallel. The
surface termination of the LSMO film has no ingfluence on this magnetic ordering. The interfacial
spin alignment causes SMR in a domino-like fashion during zero-field warming from 2 K.* The
final theoretical result is that, despite the Mn oxidation-state drop at the interface, no charge is
trasnsfered to the interface: Figure 4g shows that the spherically averaged charge distribution is
identical around Mn atoms at the interface, in the film’s middle layers, and in bulk LSMO. SMR
and other magnetic properties of the LSMO/STO heterostructure* may have uses in applications.

Monolayer amorphous carbon (MAC)
A collaboration with Barbaros
Ozyilmaz’s  growth-and-characteriza-
tion group (Singapore) and STEM
microscopy by the PI’s former student
Junhao Lin in Kazu Suenaga’s group in
Tokyo produced the first truly amor-
phous monolayer carbon sheet (Fig. 5).°

Theory provided understanding of the | Fig. 5. aand b. TEM imaging of MAC. Fourier transform of
structure and properties of the amor- the red-dash square (inset) reveals an amorphous structure. The

hous monolaver and cast the results as atomic-resolution image in b reveals cry-stallites embedded in
P ) Y Jo a CRN. Amorphization of a graphene model by a Monte Carlo
aresolution of the long-standing issue of | <cheme leads to the structure in c.

the structure of amorphous solids, at
least for 2D materials: the MAC is not a contiuous random network (CRN) — it contains graphene-
like nanocrystallites, embedded in a CRN network.

Future plans

Current and future work focuses on combining DFT calculations with PFM data to explore
the coupling of ferrroelectric switching and ionic current in CIPS and the role of the electrodes in
the polarization switching process; explore the existence of CIPS-like materials that are
multiferrroic or polar metals, explore the role of defects, etc. On complex oxides, we are exploring
magnetism in utlrathin ruthenate layers and will explore unusual properties of SmNiO3z and
superlattices where STEM low-loss EELS can detect localized phonons.
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Nano-optical imaging, spectroscopy, and control of quantum materials
Markus B. Raschke, Department of Physics, and JILA, University of Colorado, Boulder

Research Scope: Optical tip-based scanning probe microscopy has emerged as a frontier in
optical imaging, proving intrinsic few-nanometer spatial optical resolution through near-field
enhancement, localization, and coupling between the tip and sample. Unique to our approach in
this project is the extension into a wider range of optical spectroscopic modalities including
linear (vis to far-IR/THz), inelastic (Raman), nonlinear (second-harmonic generation SHG, and
four-wave mixing FWM), and ultrafast spectroscopy with as high as few-femtosecond temporal
resolution to probe and control structure, coupling, and dynamics of elementary excitations in
different quantum materials on the nanoscale (see. Fig. 1).

With the combinations of different
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macroscopic material response by and thermal driving and probing systems out of equilibrium.
spatial and ensemble averaging,
local optical probing and nano-imaging can resolve the origin of the underlying heterogeneity.

Recent Progress: We have used the optical antenna tip properties, also in combination with
broadband spectroscopy [1,2,7], nano-mechanical tip-sample force interaction [3-5], and ultrafast
coherent spectroscopy [6], for nano-scale excitation, imaging, and control of polaritonic and
excitonic properties in graphene, transition metal dichalcogenides (TMDs), and their
heterostructures, with the following exemplary highlights:

A) Anisotropic flow control and gate modulation of hybrid phonon polaritons [1,2]

Light-matter interaction in two-dimensional photonic or phononic materials allows for the
confinement and manipulation of free-space radiation at sub-wavelength scales. Following our
work on the nano-confinement of surface plasmons in graphene (G) [Phys. Rev. Lett. 113,
055502 (2014)] and surface phonon polaritons in hexagonal boron nitride (hBN) [ACS Photonics,
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2, 790 (2015)], we aimed to combine their unique attributes. In G-hBN heterostructures the
hybrid hyperbolic plasmon phonon polariton (HP3) of reduced damping have been predicted
theoretically to exhibit gate-tunable directional and rectified flow of polariton waves. Using
ultra-broadband s-SNOM we demonstrated the anisotropic flow control and gate-voltage
modulation of HP3 modes in GhBN on an air-Au micro-structured substrate [1,2]. The HP3
hybridization is modulated by varying the gate voltage between graphene and Au. This modifies
the coupling of continuum graphene plasmons with the discrete hBN hyperbolic phonon
polaritons, which is described by an extended Fano model. This work represents the first
demonstration of the control of polariton propagation and augments the degree of control of
polaritons in G-hBN and related hyperbolic metamaterial nanostructures.

B) Nano-optical cavity imaging and control of interlayer exciton emission [3]

Building on our earlier work on the nano-imaging of both bright [Park et al. Nano Lett. 16, 2621
(2016)] and dark excitons [Park et al. Nature Nanotechnol. 13, 59 (2018)] we have pioneered the
use of plasmonic scanning probe
tips as optical nano-cavities to | [q
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Fig. 2 Tip enhanced nanocavity PL imaging and spectroscopy. (a)
Experimental setup. (b) Type Il band alignment with interlayer exciton

layers, and ultra-fast interlayer
charge transfer. To realize the
potential of heterobilayers for,

formation. (c) PL spectra of the TMD monolayer excitons Xmosez
(orange) and Xwse2 (red) and the heterostructure (blue) with additional
interlayer IX emission and localized tip plasmon PL and corresponding
fits (gray). (d) Far-field micro-PL image of the sample and cartoon

e.g., optoelectronic applications,
the ability to tune and control
their properties is highly desirable. Tuning the relative decay rates of both intra- and interlayer
excitons in a WSe2/MoSe2 heterobilayer over six orders of magnitude in tip-enhanced
photoluminescence spectroscopy (TEPL) (Fig. 2) reveals cavity-induced crossover from
nonradiative quenching to Purcell-enhanced radiation. Rate equation modeling with the
interlayer charge transfer time as a reference clock allows determination from the long interlayer
exciton radiative lifetime (94 = 27) ns to the five orders of magnitude faster competing
nonradiative lifetime (0.6 + 0.2) ps. This technique of nanocavity clock spectroscopy (NCS) thus
provides a new approach to quantify complex and competing dynamics of multi-excitonic
systems complementing conventional ultrafast time-domain spectroscopy.

showing the constituent layers (inset), scale bar is 20 um [3].

C) Photothermal nano-imaging of dissipative surface polaritons [4,5]

We have extended our initial work on heterodyne tapping AFM-IR from nanoimaging of
chemical heterogeneities [4] to the real-space characterize of photo-induced thermo-physical
processed in graphene/SiOz/silicon structures [5]. The key question we addressed is how to
image the non-radiative thermal energy decay that inevitably accompanies the excitation of
surface polariton modes? Most current experimental approaches to visualize hybridized states of
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strongly confined light fields and dipolar matter excitations (e.g. plasmons, excitons, phonons)
are essentially ‘blind’ to the local decay of excited SPs. To address the dissipation into the
thermal bath, we have developed a multi-modal imaging approach to locally excite and visualize
dissipative surface plasmon-phonon polaritons in graphene exfoliated on SiO,. Based on
correlative AFM-IR and IR-sSSNOM measurements, we could illustrate (Fig. 3) that photo-
thermal expansion forces uniquely facilitate the direct mechanical detection of SP modes with
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Fig. 3 Multimodal s-SNOM and AFM-IR nano-spectroscopic imaging of graphene/SiO, surface polaritons (a-d).
The resonance at 1120 cm! corresponds to the SiO; substrate surface phonon polariton, with red-shift induced by
the coupling to the graphene SPP. The graphene SPP image in AFM-IR is the result of a thermo-mechanical
substrate expansion due to the SPP dissipation. Notably the interference fringe is at a maximum at the edge of the
graphene when the excitation wavelength is tuned off-resonance to the substrate polar phonon mode [5].
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down to single-atom layer sensitivity. By revealing the reflection of SPs at graphene edges in
both imaging modalities, we found distinct differences between the location and the intensity of
radiative and non-radiative processes, in good agreement with a phenomenological cavity model.
Our observations indicated that the heat source density of the locally excited SPs could be
controlled via free-carrier mobilities and geometrical interference effects of the traveling modes.
Beyond the fundamental relevance to understand the details of SP decay in 2D material systems,
this opens a promising route towards the dynamical shaping of nanoscale temperature fields.

D) Ultrafast coherent nonlinear nano-optics and nano-imaging of graphene [6]

Graphene exhibits unique coherent and nonlinear optical properties due to its linear energy
dispersion and large dipole matrix element of the optical transitions, leading to promising
optoelectronic applications. However, many details regarding the mechanism underlying the
strong nonlinear response, its ultrafast coherent dynamics, and the effect of heterogeneities have
remained elusive. Here, using our unique approach of femtosecond adiabatic nanofocusing and -
imaging, we explore the nonlinear response of graphene in the nanometer and femtosecond
regime in broadband four-wave mixing (FWM) (Fig. 4). We detect distinct edge enhancement
and layer dependence with a strong nonlinear response from nanoscopic areas of less than 10*
carbon atoms. Femtosecond spatio-temporal FWM nano-imaging and concomitant frequency
domain measurements reveal dephasing on T. = 5-6 fs timescales which we attribute to strong
electron-electron interaction. We further identify an unusual non-local FWM response on length
scales as large as 100-300 nm, which we attribute to a Doppler effect controlling the nonlinear
interaction between tip plasmons with large near-field momenta and the graphene electrons with
high Fermi velocity. These results highlight the distinct nonlinear nano-optical properties of
graphene, expected also in related classes of 2D materials, which may pave the way for new
nonlinear and ultrafast nano-photonic devices.
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Fig. 4 Graphene four-wave mixing (FWM) nano-imaging. (a) Schematic of grating-coupling and femtosecond
adiabatic nanofocusing combined with pulse shaping for nano-localized FWM excitation. (b) Nonlocality of the
FWM response in graphene, with (b) length scale of delocalization as a function of Fermi velocity. (e) fs spatio-
temporal FWM images as a function of inter-pulse delay, with extremely short decoherence time of 5-6 fs due
to strong electron-electron interaction [6].

Future Plans: Interlayer excitons: We will extend the work above (B) and investigate the effects
of plasmonic nanostructure proximity and layer separation on charge transfer and interlayer
coupling in a variety of other TMD heterobilayers. Localized states: We will extend TEPL to the
study of localized excitons and their quantized emitting state. These experiment will provide
insight into the single photon emitting quantum devices at room temperature with active control
on the nanoscale. Coherent nano-imaging: Continuing to address competing relaxation pathways
in TMDs we are extending the few-fs coherent nonlinear nano-imaging of graphene (D) to the
study of the nanometer-spatio and femtosecond-temporal of incoherent-2PPL and coherent-
FWM characteristics in monolayer WSe,. Ultrafast pump-probe nano-imaging: To extend
spatio-temporal imaging with far-from equilibrium excitation to also probe the full transient
optical response function which encodes electronic and phonon dynamics and their coupling, we
recently developed ultrafast heterodyne pump-probe nano-imaging through this program. With
access to space, time, and frequency of the elementary interactions, we will probe from the
distinct strain vs. doping controlled heterogeneity in the photoinduced insulator-to-metal
transition in VO3 to intrinsic and extrinsic exciton relaxation pathways in WSeo.
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Research Scope

In this project we are seeking to both develop and employ novel scanning probe approaches to
answer key questions regarding energy transport, conversion and dissipation at the nanoscale.
Specifically, we propose to elucidate (a) the limits to energy conversion at the molecular scale by
tuning the electronic structure of molecular junctions (MJs) via quantum interference and
electrostatic effects and (b) probe non-equilibrium distributions of hot carriers in nanostructured
plasmonic systems by leveraging MJs’ unique transport characteristics. Molecular junctions,
created by trapping organic molecules between inorganic electrodes, are of great current interest
due to the novel quantum phenomena that arise in them. In fact, a number of recent computational
studies have suggested that quantum interference effects that arise in MJs make them ideal
candidates for performing energy conversion at thermodynamic limits—i.e. the Carnot limit,
which describes the maximum possible efficiency achievable via reversible operation, and the
Curzon-Ahlborn (CA) limit, which describes the thermodynamically maximum efficiency under
conditions where the power output is maximized. However, all these predictions remain
experimentally unresolved due to serious experimental challenges. A second problem of great
current interest is the highly non-equilibrium distributions of charge carriers that are created when
surface plasmon polaritons (SPPs) or when localized surface plasmon resonances (LPSRs) decay
non-radiatively. While radiative decay pathways have been extensively explored, non-radiative
decay has largely remained unexplored, because currently no experimental approach is available
for quantitatively probing the carrier distributions with nanometer spatial resolution.

Recent Progress

Probing Hot Carriers in Plasmonic Thin Films (H. Reddy et al., Science (2020)) Plasmonic
nanostructures are of great current interest due to their potential for controlling and tailoring light-
matter interactions at unprecedented length scales. More recently they have drawn significant
attention due to their potential for generating hot carriers that can be exploited for use in a number
of important applications, including novel energy conversion approaches, catalysis, photo-
detection and photo-thermal therapy. However, experimental elucidation of steady-state hot carrier
energy distributions, which is key for systematically advancing and evaluating competing
theoretical frameworks as well as for rationally engineering the aforementioned technologies, has
not been possible to date. In recent work, we developed a novel scanning probe-based method that
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overcame this outstanding challenge and showed first direct measurements of hot carrier
distributions under steady-state conditions.

In our approach, we combined single molecule charge transport measurements with
nanoplasmonics making possible quantitative measurement of hot carrier distributions generated
from the excited surface plasmon polaritons. The central idea of this technique is to create single
molecular junctions (SMJs) by trapping single molecules between the gold surfaces of the tip of a
scanning probe and an excited plasmonic nanostructure. With appropriately selected molecules,
the SMJs feature sharp resonances in their transmission characteristics and serve as tunable
voltage-controlled energy-dependent filters—which in turn are used to directly quantify the hot
carrier distributions from charge transport measurements through the junctions. From our
measurements we provide the first direct experimental evidence that hot carrier generation is
significantly enhanced in nanostructures due to “Landau damping” that arises from surface
scattering in tightly confined nanostructures.

Probing Thermal Transport in Atomic and Molecular Junctions (L. Cui et al., Science (2017);
L. Cui et al., Nature (2019)): One of the central goals in the last two decades in nanoscale energy
transport was to extend thermal transport measurements all the way to the atomic scale and to
elucidate the ultimate limits of energy and heat flow. However, while it has been possible to study
charge transport and thermoelectric effects in junctions formed by single atoms and molecules,
quantum thermal transport measurements in such systems involve formidable challenges that had
been insurmountable previously. In 2017, we achieved (L. Cui et al., Science (2017)) direct
measurements of the thermal conductance of metallic atomic contacts at the single-atom limit and
reported the first observation of quantized thermal transport at room temperature. More recently,
we further enhanced the resolution of our approach and achieved the first direct measurements of
the thermal conductance in single-molecule junctions (L. Cui et al., Nature (2019)). Specifically,
we reported the first observation of length-independent thermal transport in molecular junctions.

Probing Energy Transport via Photons in Nanoscale Gaps and Nanodevices (B. Song et al.,
Nature Nanotechnology (2016); L. Cui et al., Nature Communications (2017); A. Fiorino et al.,
Nano Letters (2018); A. Fiorino et al., ACS Nano (2018); D. Thompson et al., Nature (2018)): We
recently achieved important breakthroughs in exploring nanoscale radiation. Specifically, we
overcame several technical challenges to demonstrate that it is possible to achieve almost three
orders of magnitude enhancements in the heat flux above the blackbody limit when the gap size
between objects is reduced to the nanoscale. (B. Song et al. Nature Nanotechnology (2016), A.
Fiorino et al., Nano Letters (2018), A. Fiorino et al., ACS Nano (2018)). In addition, by employing
nanofabricated calorimeters we achieved detailed experimental evidence to demonstrate that heat
transfer rates between sub-wavelength nanodevices located in the far-field of each other can
surpass the blackbody limit by 100 times (D. Thompson et al., Nature (2018)). In addition to the
results described above we also explored nanoscale thermal radiation in single-digit nanometer
gaps and demonstrated that current theories are capable of describing nanoscale thermal radiation
down to 1 nm gap sizes (L. Cui et al., Nature Communications (2017)).

Probing Energy Conversion in Nanoscale Gaps (A. Fiorino et al., Nature Nanotechnology
(2018); L. Zhu et al., Nature (2019)): We also made key contributions to elucidate the potential of
nanoscale thermal radiation for energy conversion. We showed for the first time, by employing
microfabricated scanning probes and a novel nanopositioning platform, that the power output for
thermophotovoltaic energy conversion at the nanoscale can exceed that at macroscopic gaps by
~40 times due to strong contributions from evanescent modes (A. Fiorino, et al., Nature
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Nanotechnology (2018)). Next we accomplished an important breakthrough when we
experimentally showed for the first time that photonic cooling can be accomplished using
incoherent radiation from a semiconductor diode. This demonstration of active cooling
(refrigeration) is based on controlling the chemical potential of photons in a photodiode and by
taking advantage of enhanced photon transfer rates (due to photon tunnelling) that are possible in
the near-field. Given the importance and novelty of these results they were published recently in
Nature (L. Zhu et al., Nature (2019)).

First Observation of Quantum Interference Effects on Thermoelectric Properties (R. Miao et
al., Nano Letters 2018): Recently, we reported first experimental evidence that quantum
interferences can be used to enhance the thermoelectric properties of molecular junctions.
Specifically, we performed both single-molecule and ensemble measurements of the electrical
conductance and thermopower on molecular junctions using novel scanning probe tools. Our
experiments showed that meta-OPE3 junctions, which are expected to exhibit destructive
interference effects, yield a higher thermopower (a factor of two larger) compared to para-OPE3
junctions which do not feature quantum interferences. These results show that quantum
interference effects can indeed be employed to enhance the thermoelectric properties of molecular
junctions at room temperature.

Future Plans

In the next two years we plan to leverage the advances described above to address open questions
critical in energy conversion and non-equilibrium distributions at the nanoscale. Specifically, we
seek to answer the following key questions: 1) Can the electronic structure of MJs be controlled
to achieve thermoelectric energy conversion efficiencies at or near the Carnot limit? 2) Can
quantum interference effects be employed to achieve operation at the CA limit by creating MJs
with transmission characteristics that feature both a sharp gradient and a finite width as proposed
theoretically? 3) What are the thermal conductances of molecular junctions? Can phonon quantum
interference effects strongly influence the heat transport properties of MJs? 4) What are the non-
equilibrium distributions of hot carriers in plasmonic nanostructures when plasmons decay non-
radiatively by generating electron-hole pairs? 5) What is the role of geometry of plasmonic
nanostructures and plasmonic hotspots on hot carrier generation? 6) Can confinement-induced
Landau damping lead to the generation of highly energetic and long lived hot carriers?
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Symmetry-breaking mechanism and metastable states in charge-ordered systems
probed using femtosecond electron diffraction and spectroscopy
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Research Scope

The scope of this project encompasses fundamental sciences centered on strongly correlated
electrons confined in one or two-dimensional potential leading to novel phases, as well as
technical development necessary to address underlying scientific questions. Our research
methods are time, spatial and momentum resolved ultrafast electron probes designed to
resolve light-induced transient states and associated processes. Our project will leverage on
the high-brightness electron beam technology for high-throughput to critically address key
aspects of photo-induced phase transition (PIPT). Our research project consists of two main
thrusts centered on the different aspects of PIPT. The first thrust is to continue on the
research initiative for elucidating the hitherto unresolved processes of spontaneous
symmetry breaking (SSB) leading to long-range states in the charge-density waves (CDW)
and strongly correlated electron systems. In this research, we will detail the subtle phonon
modes tied to CDW, and the fluctuating short-range orders and emergent states through
momentum and time-resolved diffuse scattering and diffraction with high-brightness
electron pulses. The second thrust will address the universal nature of the nonequilibrium
steady states, which exhibit scaling behaviors far from equilibrium. We seek to classify their
dynamics near the nonthermal critical point.

Recent Progress

We have applied the newly developed next-generation instrumentation of femtosecond
electron diffraction and microscopy systems to study PIPT phenomena in the density-wave
systems and the transient state of plasma matters. The high resolutions and sensitivity of our
experiments make it possible to address hitherto-unresolved dynamical features that lead to
new ways of understanding and controlling non-equilibrium phases in these systems.

M On the study of quantum material phase transitions: universal behavior out of
equilibrium. Identifying universal behavior far from equilibrium is a central goal in diverse
areas ranging from quantum gases, to condensed matters(1). Here, we report the universal
self-organization dynamics of charge-density waves (CDW) using coherent electron
pulses(Al). The material is 1T-type tantalum disulfide, which harbors a variety of CDW
states. We probe the evolution upon applying ultrafast laser pulses from the near-
commensurate (NC) to the incommensurate (IC) state. We show that the CDW, after an
ultrafast relaxation, is trapped in a nonthermal state over a long period of time, orders of
magnitude longer than microscopic timescales. We can identify the remarkable universality
of these non-thermal states across different laser fluences and characterize their robust
dynamical criticality. Additionally, we demonstrate a sharp onset of thermalization and its
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distinct universal behavior. A key phenomenon is the emergence of ‘slow’” modes of the
CDW dynamics that are responsible for the long prethermalization timescales and the
universal kinetics of the phase transition upon thermalization. A remarkable feature is the
emergence of a hidden chiral state where a diffusion constant, characteristic of coarsening,
increases by an order of magnitude. Our observation of the universal dynamics ensuing an
interaction quench provides new insight beyond relevant quantum gas experiments(2); the
high resolution of our experiment makes it possible to see several stages of the evolution at
timescales spanning several orders of magnitude.
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(i)  On the study of quantum material phase transitions: light-induced spontaneous
symmetry breaking. The remarkable feature associated with spontaneous symmetry
breaking (SSB) is emergent scale-invariant critical dynamics in approaching a thermal
critical point(1). There have been strong incentives to understand how this self-organization
may proceed out of equilibrium upon approaching a nonthermal critical point(2). Here, we
demonstrate a non-equilibrium SSB process where the system breaks an additional
symmetry to evolve from a uniaxial order into a hidden bi-directional state. The system is
cerium tritelluride in which the naturally occurring SSB ground state is the stripe-phase c-
CDW order near room temperature(3). The ability to disentangle subtle changes in the
scattering functions with a fs coherent electron probe lead to the rare opportunities to
investigate the non-equilibrium physics during SSB. To this end, we resolve the non-
equilibrium dynamics involving the early stage of structural formation of the new
incommensurate density wave state: the spontaneous emergence of soft-mode instabilities of
the new CDW order, followed by a slow onset of the coarse-graining stage to develop the
long-range correlations(4). Finally, after the system relaxation back to the thermal ground
state the remnants of transient orders survive as longer lived topological defects for more
than 1 ns.
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(iii))  On the technological development: Incorporating femtosecond electron pulses into
electron microscopes has enabled ultrafast electron microscopy (UEM) of solids and
macromolecules with unprecedented temporal resolutions. With their ingrained field
sensitivity to the local electrodynamics, ultrafast electron imaging of plasma matters or the
metamaterials represents yet another frontier. In particular, retrofitting high-brightness
electron sources into an UEM system may boost the sensitivity for resolving dynamics on
the fs-nm scale. We have achieved both time and energy compressions in a generation |1
ultrafast electron microscope (UEM-II) implementing the radio-frequency cavities to
establish a longitudinal optical system. This addition allows the electron microscope to
utilize a large number of electrons while achieving high temporal and energy resolutions. A
femtosecond field imaging modality based on this new development is introduced. Here, we
employ a fine mesh close to field objects to sort out the imaging-forming electron rays,
which facilitates a direct mapping between the local field perturbations and dynamical
images regardless of the optical settings.

Using such a new approach, we have conducted studies of plasma waves and non-
linear dynamics of the free electrons emitted from micro-structured copper surfaces upon
applying intense fs laser pulses under a range of applied magnetic fields (A3). This
experimental system represents a prototype for demonstrating the robustness of a field-
imaging protocol for extracting the dynamical field profile from micro-structured plasma
objects. The dynamics of non-equilibrium states are resolved with details of mode
structures, field strengths, damping, and effective temperatures. A key finding is the
cyclotron echo phenomenon underpinned by microscopically reversible cyclotron dynamics
in warm plasma systems. The relatively long decay time of echoes features the weakly
collisional nature and the ability of the laser-generated plasma to support new wave modes
out of equilibrium. Ultimately, the image resolution is limited by the probe beam transverse
emittance, which is estimated to be ~0.02 mm-mrad(5). This gives a resolution at least on
the 10 nm scale, as demonstrated by charactering the step-edge of the supporting mesh.
Time-compression of the pulses to 100 fs however leads to increase energy spread
degrading the resolution to ~100 nm. Reducing particle numbers in the electron pulses will
decrease both the transverse and longitudinal emittances, leading to better performance at
the cost of beam flux. We thus envision the highly flexible beam parameters and robust
field-imaging protocol as demonstrated here to be very useful in efforts of directly resolving
the fs/nm scale phenomena essential for studying microscopic field-active systems, from
plasmonics, electrodynamics of microwave-resonators, to high-speed micro-electronics.

Future Plans

We will pursue the leads on the establishment of non-thermal critical points to understand
the nature of emerging orders, which would have been destroyed had the system maintained
its thermal equilibrium. The robustness of this transient ordering phenomena is closely
linked to the emergent slow mode dynamics near the nonthermal critical point(1), and their
protection from rapid thermalization. The theoretical understanding of the
prethermalization phenomenon has been limited to relatively small systems and at low
dimensionalities based on the cold atom simulator experiments(2). The non-equilibrium
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universal responses from the macroscopic quantum material systems to sudden quench of
the system parameters by light may serve as effective platforms to explore the non-
equilibrium physics in the large condensed matter settings (A4), which will have important
ramifications.  Here, in the nonperturbatively driven regime, the electron and lattice
distributions are strongly displaced from those at nonequilibrium. In such an environment,
we expect new nesting conditions and different types of electron-lattice couplings could
play a part in introducing the hidden states. To further the understanding, one would also
like to know the electronic properties pertaining to the new states and understand how they
would co-evolve along with the changing structural orders of the system. To this end, we
will also pursue the ultrafast electron energy loss spectroscopy experiments on these
systems. Providing both spectroscopic and spatial fingerprints of the hidden or transient
meta-stable phases will be critical for their understanding.
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Research Scope

The overarching goal of this project is to acquire new fundamental understanding into the
evolution of the electronic structure, electrical transport and nanomechanical properties of single
polymer chains and bulk organic photovoltaic (OPV) devices, which operate under practical
working conditions, where uncontrollable static and dynamic stresses exist due to thermal or
mechanical perturbations. This work is complementary to studies focusing on highly controlled
laboratory conditions. Specifically, we seek (i) to explore the degradation of OPV device
performance under the application of static and dynamic mechanical and thermal stresses, studied
through scanning probe microscopies, explaining such phenomena in terms of the electron physics
in bulk disordered systems, and (ii) to develop a simulation platform that combines virtual
scanning probe microscopy with electronic structure and transport methods, with specific
application to disordered polymeric systems, such as those found in OPV devices. The project
also includes SPM methodology developments for enabling intermittent-contact electrical
measurements.

Recent Progress
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molecule BHJ model. The standard deviation introduced to the conductance in
broadening the calculated peaks (in eV) is provided in the figure legend. (b) Experimental
macroscale I-V curves at different temperatures.

experiments
(Figure 4). To
explain the
discrepancies, we applied simple models of few-molecule conductance, based on the quantum
mechanics results of molecular structures similar to those of Figure 3, but including only one
molecule (either PCDTBT or PCBM). Bulk behaviors were estimated assuming a large set of
permutations of PCDTBT and PCBM molecules in a hypothetical conductive path containing
many molecules, whereby the conductance at a specific voltage was calculated through a
probabilistic combination of the conductance of the individual molecules involved in the current
path. In doing this, we paid particular attention to effects such as spatial experimental length scale,
spatial molecular arrangement, and localized electronic states. We also considered inelastic charge
transport, allowing carrier thermalization and decay to lower-energy transport paths, as well as
electron-phonon coupling, which was modeled as a low-order approximation through broadening
of the conductance peaks of the molecules. Incorporation of these effects into the models led to
smoother calculated I-V curves, which exhibited closer (although not perfect) resemblance to the
experimental results. Figure 5 illustrates results for varying temperatures. A particularly important
conclusion of this work is that no elastic conduction is expected in the positive-bias region of the
I-V curve for the polymer blend (see Figure 3), and that conduction at positive bias requires the
electrons to cascade down different energy levels in order to find a current path that connects the
required orbitals of the polymer blend to the electrodes.

Regarding SPM methodology developments, an intermittent-contact, conductive AFM
imaging mode has been developed computationally using Fourier methods, an analysis of which
has been recently published [3].

Future Plans

On the experimental side, future plans will focus on the completion of the experimental
matrices considering different levels of mechanical stresses (bending, uniaxial stress, etc.),
considering also different solvents for the spin casting sample preparation steps, which in the past
have led to different behaviors. On the computational side, larger systems will be explored through

179



million-atom systems using massively parallel linear-scaling density functional theory (DFT),
considering explicitly electron-phonon coupling, which was only approximated statistically in the
above results. These calculations will reveal the gradual perturbation of the BHJ electronic
properties, which will be referenced to specific molecular deformations, rearrangements and/or
segregation within the films. On the experimental methodology development front, efforts will
focus on the experimental implementation of the intermittent-contact conductivity measurement
scheme using AFM, whereby mechanical and electrical properties will be characterized
simultaneously during a single 2D raster scan.
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Probing Quantum Materials with Quantitative STEM
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Research Scope

The goal of the project is to use quantitative scanning transmission electron microscopy
techniques to advance our understanding of correlated quantum materials. A second important
goal is to further develop quantitative STEM techniques, with a particular focus on point defects.
We aim at establishing quantitative correlations between defects, local lattice distortions, global
changes in crystal structure and macroscopic properties that arise from strong electron correlations.
The overarching premise is a quantitative understanding of the pathways between different
quantum states and the predictive description of their properties.

Recent Progress

The competition between itinerant carriers and polar crystal distortions is a problem of
longstanding interest and relevance to the development of a quantum theory of ferroelectricity.
Elucidating the nature of this competition is also of great interest for polar superconductors, which
have attracted significant interest for their potential to host unconventional superconducting states.
One such candidate is doped strontium titanate (SrTiOsz), which can undergo successive
ferroelectric and superconducting transitions (Fig. 1). Recent experimental observations of a
factor of two enhancement of the superconducting transition temperature in ferroelectric samples
[1,2] and the fact that both ferroelectricity and superconductivity vanish around the same carrier
density, hint at common physical interactions that are relevant for both phenomena.

Although the ferroelectric transition of strained, undoped SrTiOs is usually described as a
classic displacive transition, we showed that it has D
pronounced order-disorder characteristics. A hallmark - \ '
of an order-disorder transition is the presence of a ¥ 1™
correlated symmetry-breaking distortions that are
present already above the Curie temperature. In this
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Fig. 2: Local polar domains in different regions of a compressively strained, undoped SrTiOs film. The color
overlay shows the direction of the Ti-O column displacements from the unit cell center, in 30° intervals (see color
wheel). From publication #2 in the publication list.

Next, we studied the evolution of polar distortions and nanodomains in the paraelectric
phase of epitaxially strained SrTiOz films as a function of doping density, e.g., across the phase
diagram in Fig. 1. We investigated films with carrier densities in a regime where both ferroelectric
and superconducting transitions are observed (Fig. 3). We showed that the Curie temperature is
inversely proportional to the size of the nanodomains in the paraelectric phase. Increasing the
carrier concentration (Fig. 3), causes the polar nanodomains to break up into smaller clusters. The
polar domains are separated by regions of randomly displaced Ti-O columns. The Ti-O column
displacements become completely random in the film with the highest carrier density. No
ferroelectric transition is observed in the highest doped film with only random distortions and no
nanodomains. The first important conclusion, which is consistent with results from undoped films,
is that polar domains in the paraelectric phase are a necessary condition for ferroelectricity to
emerge at low temperature. The nanodomain size scales with how close the film is to the phase
transition temperature. The results show that a high configurational entropy makes the
ferroelectric phase transition energetically unfavorable.

nsp = 6x10¥cm?2 T,=924K ngp =1x1029cm3 T,=39.1 K nsp =3x1020cm2 T,=0K

Fig. 3: Local polar domains in strained, doped SrTiOs film as a function of carrier density. The color overlay
shows the direction of the Ti-O column displacements from the unit cell center, in 30° intervals (see color wheel).
From publication #1 in the publication list.
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Moreover, we found a second, distinct type of Ti-column displacements, which are
uncorrelated and are directly associated with the Sm dopant atoms (Fig. 4). Figure 4 shows that
region 1, which contains fewer dopants, has fewer large displacements. As a result, region 1
contains a large region (nanodomain) of correlated Ti-O column displacements. In contrast, region
2 only contains small polar regions that are disrupted by the random local distortions. The
locations of the large displacements due to the dopants coincide with the disordered regions that
break up the nanodomains.

Our results elucidate the microscopic mechanisms by which doping suppresses the
ferroelectric transition. The decrease in size of the nanodomains with increasing carrier
concentration is indicative of screening of long-range Coulomb interactions, which give rise to the
correlated displacements, by the free carriers. While the nanodomains and displacements
gradually shrink with increasing carrier density, reflecting the electronic screening, there is a
second factor, namely the disorder caused by the dopant atoms themselves. Evidence of the
importance of disorder is clearly seen in the overdoped sample, as discussed above. It is this
second factor that contributes to the complete destruction of the nanodomains at high doping, e.g.,
by frustrating the dipole interactions leading to the polar displacements, thereby completely

suppressing the ferroelectric transition.
a9 1_}'“11'

Fig. 4: Correlation between random, large displacements of Ti-O columns caused by Sm dopant atoms and
breaking up of the correlated nanodomains. The top row shows the displacement values and the bottom row
their directions. Images are taken from two different regions of the overdoped film (right image in Fig. 3).
From publication #1 in the publication list.

[010]

Additional research in this project: We also carried out advanced STEM characterization of thin
films a topological semimetal, cadmium arsenide. For example, in publication #3, we elucidated
the role of dislocations in the transport properties of bulk and topological surface states,
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respectively. In publication #5, we used CBED to determine the point group symmetry, which
had been controversial.

Future Plans

Our immediate future work concerns the role of different types dopant atoms in the
superconductivity of the SrTiOz films discussed above. We also continue to investigate the role
of point and extended defects in topological materials.
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Intrinsic Topological Superconductors for Next-Generation Quantum Systems

Susanne Stemmer, Leon Balents, Stephen Wilson, Andrea Young, University of California,
Santa Barbara
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Research Scope

The drive to create robust, next generation quantum computing systems relies on the
discovery and development of new materials capable of both hosting entangled electronic states
and protecting them from rapid decoherence. Topological superconductors are an exciting frontier
for realizing such protected states, but are exceedingly rare and many details remain controversial.
Progress in topological band theory, recent advances in the synthesis of quantum materials and
novel in-situ techniques that can detect the signatures of topological superconductors promise to
accelerate the discovery of new candidate materials. Towards this objective, this project
undertakes a coupled theoretical and experimental search for materials hosting topological
superconductivity. Efforts focus on the prediction, growth, and characterization of topological
superconductor candidates as well as the study of their exotic electronic properties. Promising
new classes of materials are explored theoretically, complemented by high purity bulk crystal and
tunable thin film synthesis of candidate materials and explored via novel, in-situ imaging
techniques. Ultimately, the project looks to demonstrate new intrinsic topological superconductors
as components for next-generation quantum devices.

Recent Progress

Synthesis of Topological Superconductor Candidate Materials: Single crystal synthesis
focused on antiperovskites Dirac materials (such as SrsSnO), SroRuQa, FeTexSe1.x and MnBisTesr.
The Wilson group developed a novel, flux-based technique for large, high-quality single crystals
of Sr3SnO. Large crystals were characterized via magnetization and heat capacity measurements.
Weak diamagnetism was observed, consistent with Landau diamagnetism; however, no
superconductivity could be stabilized in single crystals. Experiments with polycrystalline samples
determined that superconductivity appears only as a partial volume fraction of a metastable phase.
The Wilson group also grew high quality SroRuO4 single crystals via high-pressure floating zone
method. Using this technique, crystals can be grown without the need for excess RuO2 during
growth, yielding ultrapure single crystals that are currently being explored by the collaboration.
The Wilson group also synthesized superlattices of MnBi>Tes and Bi>Tes that form within the
material MnBisTe;. They are working to engineering dopants, such as Pd, to induce
superconductivity within the Bi>Tes spacing layers. Potential topological superconductivity in
FeTexSe1x alloys is an ideal materials platform for new detection schemes for topological
superconductivity. Tuning the composition (x) in this system allows for the ground state to be
tuned between and antiferromagnet (FeTe) and a bulk superconductor (FeSe). Recent work
suggests that at x=0.5, a new superconducting phase emerges characterized by higher order
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topology, in particular one where gapless helical edge modes appear on certain crystal boundaries
protected by crystal symmetries. Because of the high T¢ = 14K and low interlayer bonding allowing
for exfoliation, the crystals ideally suited to van der Waals heterostructuring and scanned probes.
Wilson developed a process of producing uniform Fe concentrations through an iterated anneal-
and etch process in which Fe is driven to the surface and removed by a chemical etch, leaving a
nominally pristine bulk. This is an important advance because unreacted Fe is ferromagnetic and
can lead to spurious magnetic signatures that are easily confused with unconventional
superconductivity.

Development of Characterization Methods and Measurements: Superconductors that possess
both broken spatial inversion symmetry and spin-orbit interactions exhibit a mix of spin singlet
and triplet pairing. The Stemmer group focused on measurements of the superconducting
properties of electron-doped, strained SrTiOz films. These films were previously shown to
undergo a transition to a polar phase prior to becoming superconducting, making spin orbit
coupling important. The Stemmer group found that that some films showed signatures of an
unusual superconducting state, such as an in-plane critical field that is higher than both the
paramagnetic and orbital pair breaking limits. Moreover, nonreciprocal transport, which reflects
the ratio of odd vs. even pairing interaction, was observed (Fig. 1). These characteristics indicated
that these films provide a tunable platform for investigations of unconventional superconductivity.
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Fig. 1: Large nonreciprocal current signatures are observed in polar, superconducting SrTiOs films.

The central goal of the Young group is to detect thermal signatures of edge states in topological
superconductors, providing direct evidence for protected energy transport in a topological
superconductor, in a collaborative effort between single crystal synthesis, van der Waals assembly,
and scanned probe thermometry. The Young group has patterned mesoscopic-thickness FeTeSe
flakes into devices suitable for scanning probe thermometry measurements as well as mesocopic
transport measurements. Error! Reference source not found.Error! Reference source not
found.a shows a resistance trace in which a sharp transition at the expected superconducting Tc is
evident, measured in an exfoliated flake ~50 nm thick. The superconducting transition does not
reach zero resistance, due to high contact resistances and, potentially, mesoscopic phase separation
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between superconducting and non-superconducting regions. To explore this further, the Young

group has begun to perform nanoSQUID on tip

microscopy of these devices. This is a
scanning tool capable of resolving

Bpc+Thermal  Thermal

a5 Device A
deep submicron gradients in both | £ e
magnetic field and local temperature. | “,;

Error! Reference source not
found.Error! Reference source not
found.b shows an atomic force
micrograph of a patterned device with
five electrical contacts and, at right, a
patterned heater, designed to allow for
controlled introduction of heat
currents. Figures 2c-e show

comparisons ~ of  topography, o —

Span ImT

magnetic, and thermal images of this [TFig 2: Flake measurements. (a) R(T) of a ~50 nm thick device
flake. Notably, significant | showing a sharp superconducting transition. (b) Atomic force

microscopic structure is evident in the

consistent with only small pockets of [ regime.

micrograph of a different device. (c) Section of the AFM image
] . compared to (b) nanoSQUID image including both magnetic field
magnetic and thermal images, | and thermal contrast and (c) nanoSQUID image in a B-insensitive

superconductivity amid a largely ferromagnetic matrix, with neither magnetic not thermal contrast
observed in thinner regions of the flake. These preliminary results point to significant
inhomogeneity in the material, and are being investigated in more thoroughly annealed flakes.

Theory: Theoretical investigations focus on the response to
magnetic fields and to thermal gradients, and how these may
be used to prove their topological nature. To seek signatures
of topological superconductivity in topological metals, the
Balents group built a model for a planar junction between
two intrinsically topological superconducting metals, and
calculated the resulting Josephson effect. The Balents group
is also building theoretical models for the effect of
unconventional superconductors on phonon transport. They
have developed formalism to show how electronic degrees
of freedom can induce phonon Berry phases leading to
observable effects on heat and sound propagation. They
have developed a theory for unconventional
superconductivity induced by saddle points in two-

E — Er = —0.00945eV

Fig. 3: Constant energy contour of
band structure in CsV3Sbs showing
saddle point 9 meV from the Fermi
energy, which can generate topological
superconductivity.

dimensional band structures. The new theory is more general and should apply also to intrinsic
bulk (but quasi-two-dimensional) materials studied in the experiments described above.
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Future Plans

The main focus in the experiments will be the optimization, characterization and tuning of
the materials described above. Theory will be applied to materials synthesized in the Wilson and
Stemmer groups.
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Research Scope

Atomically thin semiconductors offer extraordinary opportunities for the manipulation of
charge carriers, many-body optical excitations, quantum light emitters, and non-charge based
quantum numbers. Confinement and reduced dielectric screening in these two-dimensional (2D)
materials give rise to large characteristic energies so that many-body and quantum effects are
important even at room temperature. Optical excitations in extended homogeneous areas have been
investigated intensely, albeit mostly focusing on a limited set of materials, particularly transition
metal dichalcogenides. Much less understood are light-matter interactions for other classes of 2D
semiconductors, as well as effects that arise in heterogeneous materials, either near naturally
occurring defects, impurities, edges and grain boundaries, or as a result of intentional interface
formation in heterostructures. Addressing such systems experimentally involves significant
challenges: Understanding the atomistic growth mechanisms of 2D semiconductors, so that novel
systems with designed properties, specific ‘imperfections’, or controlled interfaces can be realized,;
and probing of local excitations at scales that match the relevant (micrometer to nanometer) length
scales in heterogeneous materials. Here, we address these challenges by harnessing quantitative
in-situ microscopy to study the growth of 2D and layered semiconductors and heterostructures,
combined with local spectroscopic measurements of quasiparticles excited at the nanometer scale.
An integral part of the research is the development of novel experimental approaches, both for in-
situ microscopy of synthesis and for nanometer-scale spectroscopy. Experiments are guided and
analyzed via computations of structure, chemistry, and excitation spectra. The particular materials
focus is on group IV chalcogenides, a family of less explored 2D/layered semiconductors whose
diversity in crystal structure and properties promises access to novel materials architectures and
the discovery of phenomena that can support emerging technology needs.

Recent Progress

The combined probing of structure and optoelectronics with nanometer spatial resolution,
a key capability developed under this program (Fig. 1), has been applied to nanostructures and
heterostructures of group IV chalcogenide van der Waals semiconductors (MX, MX2; M: Ge, Sn;
X: S, Se). Correlated (scanning) transmission electron microscopy ((S)TEM), nanobeam electron
diffraction, and an expanding suite of cathodoluminescence capabilities in STEM (STEM-CL)
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have enabled advances in our understanding of novel van
STEM-CL der Waals architectures and the discovery of interfacial
phenomena in heterostructures.

i. Twisted van der Waals interfaces: Van der
Waals stacks with variable interlayer twist have attracted
interest as a platform for studying correlated electron
phenomena supported by moirés with weakly dispersive
electronic bands at specific twist angles. Such twisted
nanobeam layers have previously been realized only by
p diffraction 1 icromechanical stacking. We demonstrated van der
Waals nanowires as an unconventional system for
Figure 1: Combined nanobeam electron obtaining precise interlayer twists (Publication 2). Using
diffraction and STEM-CL on van der . . C
\Waals materials and heterostructures. nanobezflm electron d.|ffract|0n along I|nd|V|dua_I layered
germanium monosulfide (GeS) nanowires, we discovered
a chiral structure caused by Eshelby twist due to an axial screw dislocation. STEM-CL identified
variations in optoelectronic properties due to progressive changes in twist moiré registry along the
nanowires. These results demonstrated an elegant alternative to mechanical stacking for realizing
quantum materials based on twist moirés at van der Waals interfaces. Furthermore, in-situ
microscopy combined with calculations allowed us to identify a process for synthesizing planar
twisted van der Waals stacks. Our approach uses the growth of a 2D crystal with fixed azimuthal
alignment to the substrate, followed by the solid-state transformation of this intermediate. Low-
energy electron microscopy (LEEM) during growth of ultrathin orthorhombic SnS on trigonal
SnSz showed that van der Waals epitaxy yields azimuthal order even for non-isotypic 2D crystals.
Excess sulfur drives the spontaneous transformation of the few-layer SnS to SnS;, whose
orientation — rotated 30° against the underlying SnSo crystal — is defined by the intermediate rather
than the substrate. Preferential nucleation of additional SnS on such twisted domains can repeat
the process, paving the way for the realization of complex twisted stacks by bottom-up synthesis
(Publication 5).

ii. Interfacial optoelectronics in novel van der Waals heterostructures: Major advances in
the bottom-up synthesis of van der Waals heterostructures under this program have provided
unique materials for probing optoelectronic phenomena at interfaces. The existence of several
stable crystal phases with different chalcogen content (e.g., SnS and SnS;) formed the basis for
new wrap-around heterostructures in which spontaneous phase separation produces a layered
(SnS) core surrounded by a few-layer (SnSz) shell, yielding interfaces with parallel and
perpendicular van der Waals stacking (Publication 3). STEM-CL spectroscopy near such core-
shell interfaces shows a type Il band alignment with anisotropic charge separation. Spatially
indirect interfacial absorption provides infrared sensitization, extending light absorption to photon
energies far below those of the two constituent materials. Similar properties were realized in GeS-
GeS».x core-shell structures, albeit with an amorphous shell. Here, the shell provides chemical
protection that makes the encapsulated GeS van der Waals flakes long-term stable in air, in contrast
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Figure 2: STEM-CL spectroscopy on GeS and GeS-SnS heterostructures. GeS-GeSz.x core-shell crystals:
a. (Left) HAADF-STEM of a wedge-shaped GeS flake; (right) STEM intensity profile demonstrating the
continuously varying thickness. b. Hyperspectral CL linescan across the wedge (line in a.), and corresponding
integrated CL intensity profile. c. Fitted CL peaks as a function of position across the wedge, analyzed to extract
the minority carrier (electron) diffusion length, (9", Valley physics in multilayer SnS-GeS lateral
heterostructures: d. HAADF-STEM of a SnS-GeS heterostructure. e. Schematic illustrating the lateral
heterostructure between multilayer GeS and SnS. f. (Left) Hyperspectral STEM-CL linescan showing the
luminescence across the lateral GeS-SnS interface (IFiaera); (right) corresponding STEM intensity. g. CL
intensity profiles at the energies of the X- and Y- valleys of SnS, showing a valley-selective luminescence
quenching due to anisotropic electron transfer across the interface.

to exfoliated GeS that decomposes within hours (Publication 4). A type Il core-shell interface
again provides efficient charge separation, as demonstrated by STEM-CL. Nanometer-scale CL
spectroscopy on wedge-shaped crystals allowed measuring the minority carrier diffusion length in

the synthetic p-type GeS, yielding values ¢4 =0.27 um, on par with reported diffusion lengths
in the highest-quality chalcogenide semiconductors (Fig. 2a-c).

Going beyond the traditional vertical stacks and lateral heterostructures of 2D crystals, we
demonstrated the integration of anisotropic layered Ge and Sn monosulfides into multilayer
heterostructures with seamless lateral interfaces that intersect many individual layers (Fig. 2d, e).
The anisotropic lattice mismatch at the lateral interfaces between GeS and SnS is accommodated
by alloying and relaxed via dislocations. STEM-CL shows the characteristic light emission of
joined high-quality van der Waals crystals. Using CL spectroscopy across the lateral interfaces,
we discovered a valley-selective luminescence in the bulk SnS component that arises due to
anisotropic electron transfer across the interface (Fig. 2f, g). The results demonstrate the ability
to realize high-quality lateral heterostructures of multilayer van der Waals crystals that show
fundamentally new behavior, e.g., in valleytronics (Publication 8).

iii. Understanding synthesis through in-situ microscopy: Using in-situ LEEM, we
established the fundamental growth mechanisms of group 1V monochalcogenides that are of broad
interest due to properties such as strongly bound excitons, ferroelectricity, and optically
addressable valley spins. Few-layer crystals showing these properties have been challenging to
obtain by exfoliation and synthesis. Real-time microscopy during growth identified the enhanced
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reactivity due to an open surface structure as the origin of a fast vertical growth that hinders the
synthesis of ultrathin crystals. We demonstrated several avenues for overcoming this challenge,
e.g., via surface passivation by excess chalcogens, and thus achieved unique few-layer crystals for
exploring ferroelectricity, phonons, valley physics, etc. (Publication 9).

Future Plans

Combining in-situ microscopy of synthesis with nanometer-scale optoelectronic probes
creates unique opportunities for exploring emerging phenomena in atomically thin energy and
guantum materials. Building on our understanding of the fundamental growth processes, we are
now able to create materials and engineered heterostructures that realize properties of interest for
energy conversion and information processing, including ferroelectricity in small bandgap van der
Waals semiconductors and novel photonic architectures. Continuing our focus on layered group
IV chalcogenides, we will explore how phase-conversion, alloying, and phase separation produce
novel heterostructure architectures, and study their interfacial light-matter interactions at the
nanometer scale using STEM-CL spectroscopy and mapping. Fully addressing these opportunities
also involves the development of spectroscopic microscopy techniques. For example, we will
develop LEEM into a powerful tool for probing ferroelectric polarization; and we will realize new
spectroscopy capabilities in STEM-CL to quantify valley polarization, excite and measure hybrid
light-matter states, and characterize single photon quantum emitters in our anisotropic van der
Waals crystals and heterostructures. Through these combined thrusts, we will realize the
overarching goals of this program: A fundamental understanding of the ways in which defects and
judiciously placed interfaces affect the interactions between light and many-body excitations, and
its translation into robust materials platforms that harness imperfections for new functionality in
energy conversion and information processing.
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Research Scope

Atomic and nanoscale defects, such as charged point defects, are suggested to be
responsible for the electric breakdown in dielectrics which typically fail at 2~3 orders of magnitude
below their intrinsic dielectric breakdown strengths in electric devices. In order to improve the
dielectric strength of the next-generation materials for critical applications, a better understanding
of the behavior of these defects in solid dielectrics under intense electric fields is needed. The
scope of this project is to develop advanced techniques to characterize and study the generation
and migration of defects under high electric fields in situ at nanoscales. This is in compliance with
the goal of achieving higher energy efficiency in energy storage and distribution to meet the
increasing demands in renewable energy consumption, which relies on ultimately the innovation
of materials to operate reliably in extreme environments.[*

Under this project, we explore the potentials of the in situ biasing TEM technique to study
responses of dielectric oxides to extreme electric fields at the nanoscale level. Enabled by the
newly designed Hysitron P195 specimen holder, we can apply electric fields up to the intrinsic
strength of most dielectrics to different nanomaterials so as to observe the premature dielectric
breakdown processes as well as identify the defect kinetics and mechanisms with ps temporal
resolution. Samples are coated on a heavily doped Si Si wedge
wedge substrate which serves as one electrode. The in  (cross-section view)
situ holder uses a W probe with tip radius readily below
50 nm which is capable to move along the front edge of
the Si wedge to serve as the other electrode. For thin film
types of materials, the probe tip induces local strong
electric field at pre-selected areas of the specimen to
confine the breakdown region (Fig. 1). Below, we show
briefly our findings on electrically induced directional
crystallization in amorphous TiO», conductive filaments
characterization in CuOx films, field strength dependent
breakdown mechanisms in TiOz single nanocrystals, | Fig- 1. Schematic illustration of the
and electron beam induced amorphization in electrically EXperi.m enFaI setup for dielectric breakdown

) study in thin films.
stressed BaTiOs nanocrystals.
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Fig. 2. Successive expansion of the field-induced structural transformation zone upon applying a series of
square pulses. The green-dashed line indicates the Si (upper)/TiO. (lower) interface. The early-stage new
phases are highlighted within the yellow-dotted lines.

Recent Progress

Using sol-gel deposition, we prepared amorphous TiO, (“a-TiO2”) thin films on the Si
wedge. Upon the application of 7V short pulses (100us duration), a crystalline region forms at the
Si/a-TiOz interface and gradually expands upon the application of additional bias pulses. Preferred
growth orientation of rutile TiO2.x with respect to the Si substrate is observed. Under a reversed
polarity of the electric field, the amorphous to crystalline transition initiates near the W/a-TiO-
interface, showing a polarity-dependent crystallization process. The crystalline region is found to
be composed of sub-stoichiometric rutile TiO2.x and the Magnéli phase TizOs. We associate the
TiO> crystallization process with the electrochemical reduction of TiO; at the anode side, polarity-
dependent oxygen migration, and Joule heating. The experimental results are supported by our
phase-field modeling.

By using cathodic reduction of Cu(ll) tartrate solution, we electrodeposited copper oxide
thin films on Si wedge substrate. For two types of copper oxides (CuO and Cu.0), dynamic
conductive path formation and dissolution under intense fields are noticed. Formation of CusO3
phase is observed in the CuO film where the electric field strength is highest upon the application
of electric bias as the resistance of CuO is dropping. By placing the W probe tip in several different
parts of a Cu20 film, we find that the decrease in resistivity of Cu20 film is more extensive and
occurs in an area whose size depends on the level of current compliance.

NeXt-, We- focuseq our TiO, colloidal nanéparticles TiOQ nan crystals

work on dielectric behavior of Ll .
individual nanocrystals. The TiO: |, _
colloidal  nanocrystals  were A _

. i /- coat plasma+sintering
coated on the Si wedge in a —

P . water Tlift—up

process similar to Langmuir- Si wedge

Blodgett coating and then cleaned | Fig. 3. Schematic illustration of the experimental setup for dielectric
and sintered to a larger size (Fig. | breakdown study in nanocrystals.

3). As the intensity of applied
electric field on the nanocrystal increases, rutile-to-anatase phase transition (Fig. 4), local
amorphization and melting (Fig. 5), or ablation are identified as the corresponding breakdown
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processes based on synchronized electrical
and structural characterizations. The field
intensity thresholds of different behaviors are
found to be related to the probe tip position
and the duration of the applied bias relative to
the time of charged defects accumulation.
Such intensity-dependent dielectric response
of crystalline oxides suggests that the
initiation of premature breakdown in
nanocomposite dielectrics can be suppressed
through a tight control over the interface
between nanocrystals and the matrix to
mitigate or eliminate field modifiers.
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Fig. 4. Progressive dielectric breakdown and
phase transition in a TiO; nanocrystal. (a) TEM
micrographs of the nanocrystal after constant bias
for different times. (b) Recorded current-time
profile of the nanocrystal under the constant bias.
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Fig. 5. Partial amorphization and melting of a TiO;
nanocrystal. (a) TEM micrographs of the nanocrystal
showing the morphology change under bias. (b)
Recorded current-time profile under the constant bias.

In a similar way, we loaded BaTiOs
perovskite nanocrystals on the Si wedge. We find
in BaTiOs nanocrystals that formation of oxygen
vacancies due to electrical stressing makes the
oxide prone to amorphization under electron beam
illumination in TEM. The same amorphization
process is also observed in BaTiOs nanocrystals
annealed in reduced atmosphere, suggesting that
accumulation of oxygen vacancies caused either by
electric stressing or chemical reduction can affect
the structural stability of BaTiOs nanocrystals upon
high energy radiation. The resistivity of the
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i @ amorphization without applying bias 1| b pre-breakdown amorphization

Fig. 6. Time-lapse TEM micrographs showing the amorphization process in BaTiOs nanocrystals after
different treatments. (a) Annealed in argon atmosphere with high oxygen deficiency. (b) Applied with a
constant bias of 2V for 5s. (c) After dielectric breakdown introduced by applying a constant bias at 25V
for 5s to the nanocrystal. The electron beam dose rate is 2.09%10* e/(nm?-s). Scale bar: 5nm.

nanocrystal, on the other hand, seems not to be affected by the amorphization process, at least in
the early stage. Electric stressing tends to induce clustering of oxygen vacancies in perovskite
oxides!? and leads to an inhomogeneous amorphization process in contrast to the homogeneous
process in oxygen deficient BaTiOs nanocrystal (Fig. 6). Electrostatic charging from the electron
beam on the insulating nanocrystals is proposed to create a local electric field that drives the out-
diffusion of oxygen and is accountable for the amorphization process. This finding suggests that
oxygen vacancies should be monitored and controlled closely to ensure long term structure
stability of the material and the extended service life of the device for future applications of
perovskite nanocrystals in extreme environments.

Future Plans

The dielectric strength of materials is affected heavily by dopant type and concentration.
In the remaining period of the project, we will focus on the dielectric behavior of donor and
acceptor doped BaTiOsz nanocrystals. By directly placing the doped nanocrystals on the Si wedge
substrate, we will use the in situ TEM technique to evaluate the effects of doping on breakdown.
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Research Scope

The primary goals of the projects involve the creation and detection of Majorana states in
topological-superconductor proximity systems. Moreover, understanding the physics of the
topological insulator (T1)/superconductor interface is key for all of the proposed projects. Working
as a close collaboration between experiment and theory, we are advancing three interconnected
studies: Probing Majorana States in Josephson-Junction Devices; Electronic and Magnetic
Imaging of MF States; Development of Scanning Majorana Microscopy.

Recent Progress
Development of Scanning Majorana Microscopy

Majorana bound state candidates can be identified in experiments by the emergence of the
zero-energy resonances. However, a critical challenge of these measurements is to exclude
the other false-positive contributions to zero-bias peaks that are ubiquitous in condensed
matter systems. In addition to tunneling conductance signatures of Majorana states, theory
predicts that full counting statistics could provide unambiguous identification of these elusive
states. Of particular use is a study of a mesoscopic device consisting of a quantum dot (QD)
coupled to a Majorana bound state and two symmetric normal leads [1]. The Keldysh path-integral
approach was used to compute the frequency dependence of the cumulants Cn(w) of the current
fluctuation flowing through the QD. The most remarkable property of cumulants is that they
exhibit plateaus corresponding to the universal sequence of values {C1(w), C2(w),..., Cs(w)}={1/2,
1/4, 0, -1/8, 0, 1/4, 0, -17/16} in the frequency range w < min{T’, «%T}, where I'(x) is tunnel
coupling between the leads (Majorana mode) and the QD. The sequence of universality is governed
by Cn(0) = En-1(1)/2 where En(X) is the Euler polynomial. Interestingly this result is independent
of the microscopic parameters such as the QD energy level and QD-MF coupling strength. The
measurement of such cumulants has the potential to uniquely identify the presence of the Majorana
modes, excluding false-positive signatures in the tunneling transport.

We are developing a new scanning probe microscope based on this theoretical insight: the
Scanning Majorana Microscope (SMM). Fig. 1 shows a schematic of the instrument, consisting
of a quantum dot and two electrical leads fabricated onto a glass tip. The counting statistics
of electrons entering the dot can be measured, similar to the operation of a scanning SET
microscope. However, by employing a capacitance-based single-electron detection method, the
technique only requires one tunneling lead which is protected from mechanical contact with the
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Figure 1. (a) Scanning Majorana Microscope
schematics. (b) Optical and SEM images of the probe
tip. (c, d) Capacitance measurement versus voltage
across the dot, V»-Vi. Part (c) shows a roughly
periodic charging pattern superposed with its
dominant Fourier component. Part (d) shows similar
data at an expanded scale. The sharp peaks are
highly reproducible. The fit to the right shows a well-
isolated peak (star) compared to the shape expected
for single-electron resonances. These data were
acquired in a top loading helium-3 cryostat at a
temperature of 280 mK.

surface. In this way the microscope allows
the quantum dot wavefunctions to hybridize
with surface states, including candidate
Majorana states, without compromising the
single-electron detection circuit. Hence this
microscope represents a tool for detecting
Majoranas that can reach beyond other
experimental probes. As shown in the
figure, the capacitance characteristics
demonstrate that we can detect single
electrons. Moreover, we have shown that
single-electron detection is robust; similar
capacitance data are observed before and
after allowing electron tunneling from the
apex of the tip to a conducting sample. We
have applied for a patent for this method.

Scanning SQUID Microscopy Imaging
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We have continued to use the technique of scanning SQUID Microscopy, which we helped pioneer
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Figure 2. Scanning SQUID Microscope designed for operation at ultralow
temperatures, showing details of the scanning stage and the custom
superconductor pickup coil coupled to a dc SQUID detector.

200

[2], to image Josephson
vortices that support
Majorana fermions in S-TI-S
(superconductor-topological

insulator-superconductor)
Josephson junctions in a
magnetic field [3,4]. Prior to
the shutdown of ours labs
due to COVID, we had
installed our SQUID
scanning stage into a wet He-
3 system and verified
operation of the laser
interferometry that is used to
monitor the location of the
SQUID probe and its



distance from the sample surface. Most of the attention has been on sensor development, a
challenging component of our system since we require spatial resolution not standardly achieved
in SSM detectors. We developed a technique based on electron-beam lithography and FIB (focused
ion beam etching) to fabricate superconducting pickup coils with submicron dimensions at the
corner of a crystal, designed to allow the sensor to be located close to the sample, as shown in
Figure 2.

When were not able to continue experiments, we carried out extensive simulations of the spatial
distribution of supercurrents in the S-TI-S junctions to determine the expected location and
signatures of the Majorana states. These will valuable for designing our sensors and interpreting
SSM imaging data.

Semiclassical Theory for Superconducting and Topological Proximity Effects

Experimentally, Nb/Bi>Sez nanostructures were probed cryogenically with scanning tunneling
microscopy. We observed clear spectroscopic features of the topologically-protected surface states
of the Bi»>Sez leaking into the superconducting material [5]. This section describes the theoretical
development of a semiclassical theory for the description of superconductivity in multi-band
metals that is applicable to the experimental system, Project (2), below.

We developed semiclassical theory that covers both systems hosting correlated electronic states as
well as topological materials. The approach is based on deriving Eilenberger equations with
general boundary conditions at heterostructure interfaces. We revealed the connection between our
theory and the circuit theory of Andreev reflection and extended it to superconducting junctions
of arbitrary nature. In particular, our approach allows to account for competing interactions and
consider spatially inhomogeneous problems of superconducting state with coexisting order
parameters. We used this formalism to consider two types of problems.

For Project (1), we considered the Josephson effect between two multiband superconductors with
competing superconducting and magnetic interaction. As a particular example, we studied a
proximity circuit between two disordered extended s-wave superconductors allowing for the
coexistence between superconductivity and spin-density-wave orders. The intra- and inter-band
disorder-induced scattering was treated within the self-consistent Born approximation. We
calculated the spatial profile of the corresponding order parameters on both sides of the interface
with a finite reflection coefficient and used our results to evaluate the local density of states at the
interface as well as critical @ ™ To =" To =
supercurrent through the junction i T

as a function of phase or applied
voltage. Our methods are
particularly well suited for
describing spatially - -
inhomogeneous states of w/D

superconductors  where e.g.  Figure 3. Panel (a) shows density of states for the Fu-Kane model (solid

controlled structural disorder can ~ black Ii_ne) and for the standard BC_S model (dashed red line). F_or
be created b an electron ~ comparison, panels (b,c) show the density of states for our full model with
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proximity effects by studying the hybridization mechanism between corresponding surface states.
We found that not only superconducting correlations can be induced into topological insulator, but
the reverse effect occurs as well when Dirac surface states leak into the adjacent superconductor.
To describe this physics, we considered experimentally relevant geometry of superconducting
droplets deposited on the surface of the topological insulator. To determine an effective properties
of topological surface states we integrated out superconducting degrees of freedom in the effective
model that enables us to determine renormalized density of states. Conversely, by integrating over
the topological insulator we find an effective density of states in the superconductor that reveals
linearly dispersing behavior at energies above the superconducting coherence peaks. We find that
this effect is extremely sensitive to the strength of hybridization and details of the band structure.

SET electrodes

Future Plans

SQUID loop

With respect to scanning Majorana Microscopy,
our plan for the coming year is to apply the SMM
method to probe Majorana candidates in topological
insulator/superconductor samples, including
Josephson junctions and vortex geometries. These
studies have been delayed significantly by the COVID
disruptions.

tunnel
junction

Hybrid SSM/SET detector for

quantum
dot

Figure 4.

With respect to Scanning SQUID Microscopy Imagin,
our initial plan for the coming year is to complete the
Josephson vortex imaging measurements that have

simultaneous magnetic imaging of Josephson
vortices and charge imaging of the parity of
Majorana bound states bound to them.

been considerably delayed by the disruption of lab

access during COVID. In addition, we will target two development projects in the next year: (1)
to install the SSM in a dry dilution refrigerator, which we believe will be necessary to track the
Majorana fermion states in braiding and hybridization experiments, and (2) to incorporate a SET
(single-electron transistor) onto the pickup coil of our SSM to enable simultaneous charge sensing
designed to readout the parity of the Majorana states bound to the Josephson vortices. Figure 4
shows the design of the hybrid SSM/SET sensor.
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Research Scope

4D STEM is a powerful and rapidly developing method for characterizing the structure and
functional properties of materials.® In it, a probe is scanned across a sample to provide spatial
sampling while a high speed pixelated camera acquires a convergent beam electron diffraction
(CBED) pattern at every position to provide reciprocal space sampling. The resulting data sets are
large, rich, and often noisy. They can be analyzed to create bright-field, dark-field, or synthetic
images of the sample, to measure local strain fields or ferroic distortions, or to measure internal
electric and magnetic fields.!

This project supports development of mathematical and software tools for analyzing large
4D STEM data sets and applications to characterization of the structure and functional properties
of materials, especially involving point defects. In the past two years, tools we have developed
include convolutional neural networks (CNNSs) for directly extracting local TEM sample thickness
from atomically-resolved 4D STEM data and tensor singular value decomposition (SVD), a fast,
effective method for denoising 4D STEM data. We have applied 4D STEM to study the geometry
of WS, multilayer mesostructures with interlayer twists governed by the cone-shaped morphology
of the crystals, not by a central screw dislocation, and to study the lattice distortions and
ferroelectric polarization in hexagonal Heusler alloys, a new class of functional materials.

Recent Progress

4D STEM Methods

We have developed convolutional neural networks (CNNs) for direct determination of a
property of interest about the sample from 4D STEM data.© We selected TEM sample thickness
as the easiest property for a first attempt, since it has the greatest influence on the CBED patterns.
We also determined thickness from patterns averaged over only a single atomic column, rather
than the unit cell averaging used in similar previous.? We used multislice simulations to generate
labeled data for SrTiOs [100] as a function of thickness, then augmented that data by adding
randomly-generated Poisson noise, rotations, center shifts, shears, and scale shift distortions.

Figure 1 shows the performance of two different types of CNNs. One is a classification
network (c-CNN), which assigns each pattern to a 2 nm wide range of thickness (the class). The
other is regression network (r-CNN), which assigns each pattern a real-valued thickness, based on
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Figure 1: CNN analysis of 4D STEM data. (a) Example column-resolved PACBED patterns compared to the matches
from simulated training data selected by the classification CNN. (b) Performance of the regression and classification
CNNs as a function of local sample thickness estimated from quantitative HAADF STEM.

interpolation between thicknesses in the training data set. Figure 1(a) shows example matches
between experimental and simulated CBED patterns for the c-CNN. Figure 1(b) shows the CNN-
derived thickness versus the thickness independently determined from quantitative HAADF
STEM. The networks perform well, with root mean square deviation from the HAADF thickness
of 1.0 nm for thicknesses up to 35 nm. CBED simulations and network training are
computationally intensive, but the CNNs execute on a single pattern in ~1 ms, making real-time
feedback to the microscope operator possible.
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As direct electron cameras increase in speed and lower electron doses are sought to avoid
beam damage to sensitive materials, 4D STEM data sets grow noisier and noisier. However, the
size of 4D STEM data poses challenges to state-of-the-art denoising schemes that depend on non-
local methods (see, e.g. Ref. 3). Non-local methods render the data into “patches”, which are
overlapping subsets of the data, which explodes the data size, rendering processing of even a few
GB 4D STEM datasets impractically slow. We have collaborated with Anru Zhang’s group to
developed tensor SVD as an approach to denoising 4D STEM datasets.” Tensor SVD estimates a
low-rank representation of a the 4D STEM data, making it similar in spirit to the widely-used
principle component analysis (PCA) approach. Unlike PCA, which works only for 2D matrices,
tensor SVD works with matrices (tensors) of any size and shape, which allows tensor SVD to make
use of structure in the data in both (x, y) and (kx, ky), leading to better denoising performance. Figure
2 that tensor SVD outperforms other commonly used and state-of-the-art approaches, quantified
by peak signal to noise ratio (PSNR), a suitable image quality measure for Poisson-noise corrupted
data. Tensor SVD can be executed in GB-scale datasets
in a few minutes on a desktop computer. e s e

NLPCA Optimized Tensor SVD
=  BMaD

&

Figure 3(a)-(h) show examples of tensor SVD
denoising of experimental 4D STEM data on a SrTiOs
[100] test sample and a LiZnSb Heusler ferroelectric thin
film. Both the reconstructed ADF images and the single
CBED patterns are significantly improved, although this -
primarily reveals the lower quality of the LiZnSb TEM T

sample. In particular, the arcs of the objective aperture Figure 2: Denoising performance of various
algorithms for a simulated SrTiO3z [100] 4D

STEM data set corrupted by Poisson noise.
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edges outside BF disk are clearly
visible in Figure 3(d) but not in
Figure 3(b). Tensor SVD also
improves more complicated signals
derived from 4D-STEM data. Figure
3(i)-(I) show the recently-developed
symmetry STEM signal,* for the case
of a 180° rotation. SrTiO3 has 180°
rotation symmetry on all the atomic
column sites, as reflected in the
image computed from noiseless
simulations (Figure 3(I)), but with
corrupting noise artifacts appear as
lower computed symmetry on the Sr
sites (Figure 3(j)). The denoised
results (Figure 3(k)) recover the
correct pattern of symmetries.

Reconstructed ADF

Materials Applications
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Figure 3: 4D STEM denoising with tensor SVD. Experimental data on
(a)-(d) SrTiOs, (e)-(h) LizZnSb, showing a reconstructed ADF image
and CBED pattern before and after denoising. The right half of each
CBED is shown a square root intensity. (i)-(I) Symmetry STEM signals
for simulated SrTiO3 and a 180° rotation, showing artifacts in the noisy
data that are removed with denoising.

We have worked with Song Jin’s group to understand the structure of WS> and WSe>
twisted, mesostructures they observed in samples fabricated by chemical vapor deposition.B The

morphological interlayer twist in these structures
is large and highly variable, in strong contrast to
the small twists achievable in Eshelby twist
structures.® As shown in Figure 4, we used 4D
STEM to show that the lattice orientation of the
WS crystal exhibits the same interlayer twist as
the morphology. The atomic moiré patterns
arising from the twist (Figure 4(d)-(f)) create
novel optical second harmonic generation,® and
are expected to create other properties.

The origin of the twist in these structures
is a small protrusion from the substrate, visible as
a bright feature in the center of Figure 4(a). The
protrusion nucleates the crystal, which then
grows in a cone shape draped over the protrusion.
The geometry of the cone determines both the
twist angle and screw dislocation crystallography
of the spiral, with a shaper cone angle resulting in
a larger interlayer twist. Controlled introduction
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Figure 4: (A) HAADF image of a twisted WS, plate (B)
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using WS, atomic models (W in red, S in blue).



of protrusions offers an avenue
for tailoring the twist angle of
the resulting structures. Thus,
this growth method offers a
clean, in situ path to synthesis of
twisted transition - metal
dichalcogenide structures.
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Figure 5: High precision HAADF STEM images of buckling distortions of
(a) LaPtSb and (b) LaAuGe. (c) and (d) 4D STEM COM images of the

Hexagonal Heusler internal electric field along the [1100] and [0001] directions in the LaPtSh.
alloys with the chemical

formula ABC and the LiGaGe structure type (space group P6smc) can exhibit buckling of the BC
(0001) planes which creates a polar distortion of the crystal structure. If the material is
semiconducting, the buckling has been predicted to create hyperferroelectric materials which can
maintain high polarization in the face of large depolarizing fields. If the material is metallic, the
buckling has been predicted to create a polar metal. We have studied both types of buckled
hexagonal Heuslers. LiZnSb is a hyperferroelectricE and LaPtSh and LaAuGe are polar metals.®
Figure 5 shows the structure of LaPtSb and LaAuGe films. The polar buckling has a mean value
of 22 pm for LaPtSb and 18 pm for LaAuGe. Figure 5(c) and (d) show 4D STEM center of mass
images of the electric field of the LaPtSbh, averaged over a unit cell of the crystal to reduce the
effect of the nuclear charges. Naively, mobile charges in a polar metal should screen the intrinsic
field, but that does not seem to be the case. The average field is ~2 V/nm and is maintained even
when the entire dataset is averaged together.

Future Plans

Under separate support, we are developing an ultrafast direct electron camera, capable of
data acquisition at up to 120,000 frames per second and ~2.5 pA / pixel. Installation has been
substantially delayed by COVID-19 disruptions, but is now anticipated by mid-November. In its
last six months, this project will support integration of the camera with our 4D-STEM acquisition
system and characterization of the camera performance for 4D STEM. Farther in the future, we
plan to use the new camera for time-resolve ptychographic imaging experiments on defects in
twisted and pristine transition metal dichalcogenide materials and functional Heusler and half
Heusler alloy thin films and membranes.
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Visualizing emergent phenomena in topological and quantum materials

Weida Wu
Department of Physics and Astronomy, Rutgers University, Piscataway, NJ, 08854
Keywords: MFM, topological insulators, domain walls, antiferromagnets, chiral edge states
Research Scope

The objective of this proposal is to visualize emergent topological quantum phenomena
such as chiral spin texture, antiferromagnetic domain walls and chiral edge states to understand
the fundamental mechanisms. Combining magnetic imaging and other complementary techniques
such as in-situ transport, the P1 will investigate magnetic domains, domain walls and chiral edge
states in magnetic topological insulators, surface magnetism and possible surface spin-flop
transition, and chiral spin texture in two-dimensional ferromagnets.

Recent Progress

e Magnetic imaging of domain walls in the antiferromagnetic topological insulator MnBi>Tes

The control of domain walls or spin textures is crucial for spintronic applications of
antiferromagnets. Despite many efforts, it has been challenging to directly visualize
antiferromagnetic domains or domain walls with nanoscale resolution, especially in magnetic field.
In a recent work, ' we report magnetic imaging of domain walls in several uniaxial
antiferromagnets, the topological insulator MnBi>Tes (MBT) family, using cryogenic magnetic
force microscopy (MFM). The MBT family was predicted and confirmed to be an
antiferromagnetic T1 that may host QAH and axion-insulator states in thin films with odd and even
numbers of septuple layers (SLs) respectively.r™> Our MFM results reveal higher magnetic
susceptibility inside the domain walls than in

. . . 0.05 .-
domains. Domain  walls in  these i
antiferromagnets form randomly with strong 000 5
thermal and magnetic field dependence. The | .o,osgcn
direct visualization of these domain walls and : ! P

|
|

domain structures in the magnetic field will not
only facilitate the exploration of intrinsic
topological phenomena in antiferromagnetic : —— . _
topological insulators but will also open a new E'e?al IQll_;hﬁt “S;'g”p':)‘gfsgffm&i'ifjv‘; ﬁtggﬁ;‘ all-é’n;
path _toward Contro_l and man_lpulatlor) of the red dash line in MFM image. Cartoon shows the
domain walls or spin textures in functional | sysceptibility contrast origin of antiferromagnetic

antiferromagnets. domain wall between two domains.

e Robust A-Type Order and Spin-Flop Transition on the Surface of the Antiferromagnetic
Topological Insulator MnBi>Tes

Recent transport measurements on exfoliated thin flakes provide compelling evidence for these
predictions,*® suggesting gapped topological surface states. On the other hand, recent high-
resolution angle-resolved photoemission spectroscopy (ARPES) studies reveal gapless (or small
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gap)  surface  states  below  the
antiferromagnetic  ordering temperature,
suggesting a surface relaxation of the A-type
order and/or the formation of nanometer-
sized magnetic domains.®® The domain
structure of MnBi>Tes was revealed by
imaging of antiferromagnetic domain walls
by our MFM studies.! The observed domain
size is on the order of 10 pm, excluding the
speculated nanometer-size domain
scenario.® In this work, we present
microscopic evidence of the persistence of
uniaxial A-type antiferromagnetic order
tothe surface layers of MnBi2Tes single
crystals using magnetic force microscopy."
Our results reveal termination-dependent
magnetic contrast across both surface step
edges and domain walls, which can be
screened by thin layers of soft magnetism.
The robust surface A-type order is further
corroborated by the observation of
termination-dependent  surface spin-flop
transitions, which have been theoretically
proposed decades ago. Our results not only
provide key ingredients for understanding
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Fig. 2 | (a) Topographic image (5 K) of one and two
septuple layer (SL) steps on an as-grown MnBi2Te4
single crystal. (b),(c) MFM images taken at 0.3 and —0.3
T, respectively, after field cooling at 0.6 T, at the same
location as in (a). The applied magnetic field is
perpendicular to the sample surface. A curvilinear domain
wall cuts through the SL step. The domain and SL step
contrast were reversed when the tip moment was flipped
(dark is attractive and bright is repulsive). (d),(e), Line
profiles of the topography (black) and MFM (green and
red) data. The frequency shift in (d) was measured across
the domain wall over flat topography, while in (e) it was
taken across the SLs. The color scale for the topographic

(MFM) image(s) is 6 nm (0.3 Hz).

the  electronic  properties of  the
antiferromagnetic topological insulator MnBi>Tes, but also open a new paradigm for exploring
intrinsic surface metamagnetic transitions in natural antiferromagnets.

e Spin chirality fluctuation in 2D ferromagnets with perpendicular magnetic anisotropy

Non-coplanar spin textures with scalar spin chirality can generate an effective magnetic field that
deflects the motion of charge carriers, resulting in a topological Hall effect (THE). However, spin
chirality fluctuations in two-dimensional ferromagnets with perpendicular magnetic anisotropy
have not been considered so far. In a recent work, we reported evidence of spin chirality
fluctuations by probing the THE above the Curie temperature in two different ferromagnetic ultra-
thin films, SrRuO3 and V-doped Sh,Tes."' The temperature, magnetic field, thickness and carrier-
type dependence of the THE signal, along with Monte Carlo simulations, suggest that spin chirality
fluctuations are a common phenomenon in two-dimensional ferromagnets with perpendicular
magnetic anisotropy. Our results open a path for exploring spin chirality with topological Hall
transport in two-dimensional magnets and beyond. This work was published in Nature Materials.

e Giant topological Hall effect in correlated oxide thin films

Strong electronic correlations can produce remarkable phenomena such as metal-insulator
transitions and greatly enhance superconductivity, thermoelectricity or optical nonlinearity. In
correlated systems, spatially varying charge textures also amplify magnetoelectric effects or
electroresistance in mesostructures. However, how spatially varying spin textures may influence
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electron transport in the presence of correlations remains unclear. In collaboration with M. Bibes’
group at CNRS, we demonstrate a very large topological Hall effect (THE) in thin films of a lightly
electron-doped charge-transfer insulator, (Ca,Ce)MnOs."Y Magnetic force microscopy reveals the
presence of magnetic bubbles, whose density as a function of magnetic field peaks near the THE
maximum. The THE critically depends on carrier concentration and diverges at low doping, near
the metal—insulator transition. This work was published in Nature Physics.

e Two-channel anomalous Hall effect in SrRuO3

The Hall effect in SrRuQO3z thin films near the thickness limit for ferromagnetism shows an extra
peak in addition to the ordinary and anomalous Hall effects. This extra peak has been attributed to
a topological Hall effect due to two-dimensional skyrmions in the film around the coercive field,;
however, the sign of the anomalous Hall effect in SrRuOz can change as a function of saturation
magnetization. In collaboration with Robinson’s group at UK, the PI and his student reported Hall
peaks in SrRuOs in which volumetric magnetometry measurements and magnetic force
microscopy indicate that the peaks result from the superposition of two anomalous Hall channels
with opposite sign.” These channels likely form due to thickness variations in SrRuQs, creating
two spatially separated magnetic regions with different saturation magnetizations and coercive
fields. The results are central to the development of strongly correlated materials for spintronics.

e Seeing is Believing: Visualization of Antiferromagnetic Domains

Understanding and utilizing novel antiferromagnetic (AFM) materials has been recently one of the
central issues in condensed matter physics, as well as in materials science and engineering. The
relevant contemporary topics include multiferroicity, topological magnetism and AFM
spintronics. The ability to image magnetic domains in AFM materials is of key importance for the
success of these exciting fields. While imaging techniques of magnetic domains on the surfaces of
ferro-(ferri)magnetic materials with, for example, magneto-optical Kerr microscopy and magnetic
force microscopy have been available for a number of decades, AFM domain imaging is a
relatively new development. In a recent review article, the Pl and colleagues review various
experimental techniques utilizing scanning, optical, and synchrotron X-ray probes to visualize
AFM domains and domain walls, and to unveil their physical properties."' We also discuss the
existing challenges and opportunities in these techniques, especially with further increase of spatial
and temporal resolution.

Future Plans

Magnetic imaging of antiferromagnetic domain walls and surface magnetism

The PI and his students will continue explore the magnetic imaging of antiferromagnetic domain
walls in other topological antiferromagnets using the susceptibility contrast mechanism established
by the PI’s group. The PI and his students will also explore the surface spin-flop transitions in
other A-type antiferromagnets, which would have substantial impact on spintronic devices using
antiferromagnetic thin films.

Magnetic imaging of QAH systems and chiral edge states

The PI and his students will investigate ferromagnetic domain behaviors in magnetic TIs, using
VT-MFEM with in situ high magnetic/electric field capabilities. The ultimate goal is to visualize
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one-way conduction of chiral edge states in these fascinating systems. Another direction is to
investigate Axion insulators in magnetic TI heterostructure to explore the Axion physics.

Design and development of an ultra-low temperature MEM

The Pl was awarded a DURIP grant to develop a He3 temperature MFM with 14 T magnet.
However, the DURIP grant doesn’t provide personnel support. With BES renewal support, the Pl
and his student are designing the scanner head to be integrated with the He3 refrigerator. The
delivery of cryostat and magnet is delayed 3-4 months by the impact of COVID-19 pandemic. The
Pl and his student will construct and perform preliminary cryogenic tests before the arrival of He3
refrigerator with 14 T magnet.
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Machine Learning-Enabled Advanced Electron Tomography for Resolving Chemical
Inhomogeneity and Materials Dynamics

Huolin Xin, Department of Physics and Astronomy, University of California, Irvine, CA

Keywords: machine learning, artificial intelligence, electron tomography, fast and statistical
imaging.

Research Scope

The development of lithium-ion batteries (LIB) is one of the key innovations in the past
several decades that have revolutionized many aspects of our lives and changed how we interact
with machines and the environment. However, building safe, high-energy, long cycle-life and
low-cost batteries is still a grand challenge for the research community. Many of the long-
standing issues in the field are due in part, if not entirely, to the lack of characterization tools to
resolve the electrode materials’ failure modes and degradation mechanisms. Although
conventional (scanning/) transmission electron microscopy (S/TEM) has proven effective at
imaging battery electrode materials at high spatial resolution in two dimensions, the technique
remains unable to fully characterize 1) chemical heterogeneity at the atomic scale in three
dimensions (3D); and 2) how electrode materials grow and transform during electrochemical
reactions or under external stimuli in real time, at nano- and atomic-scale resolution, and in 3D.

The central goal of this Early Career project is to develop machine learning-enabled 1)
low-dose and chemically sensitive atomic-resolution electron tomography (ET) as well as 2) high
temporal resolution electron nanotomography. This project will result in three-dimensional
imaging of atomic species, bonding, and electronic structures at the single-atom scale as well as
unprecedented sub-10-second temporal resolution for probing battery materials’ transformation
dynamics. When realized, this technique will offer a significant improvement in ET’s capability
in imaging chemistry as well as temporal resolution compared to the state of the art and will
offer opportunities to directly visualize unseen transformations of electrode materials in energy
storage devices during electrochemical reactions. It also will enable us to address three of the
five Transformative Opportunities defined in the 2015 DOE-BESAC reports “Beyond Ideal
Materials and Systems: Understanding the Critical Roles of Heterogeneity, Interfaces, and
Disorder?,” “Revolutionary Advances in Models, Mathematics, Algorithms, Data, and
Computing,” and “Exploiting Transformative Advances in Imaging Capabilities across Multiple
Scales,” as well as the Grand Challenge, “How do we characterize and control matter away—
especially very far away—from equilibrium?”

This project aims to use this advanced 3D imaging technology to reveal novel phenomena
related to the dynamic evolution of the surfaces and interfaces in compositionally complex oxide
electrodes as well as alkaline metal anodes. Fundamental descriptions of interfaces’ energy,
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structure, chemistry, and mechanical/functional behavior are sought to help uncover
characteristics that improve the electrodes’ performance in order to devise ways to optimize their
performance and design rules for future development.

Future Plans

The achieve the ambitious project goals within a 5-year funding period, we will combine
the PI’s strength in machine learning and in situ ET and imaging technique development as well
as ready access to state-of-the-art transmission electron microscopes and detectors at the PI’s
institution. Specifically, in the next two years, we will develop novel tomography acquisition
schemes and algorithmic development using deep learning-based machine learning methods to
enable fast, low-dose, and statistically significant electron tomography and to push the boundary
of chemically sensitive electron tomography. The methods developed will first be tested on dose-
resistive materials, such as multielement rock salt/spinel oxides. Once proven effective, we will
apply them to dose-sensitive materials such as multielement catalysts, compositionally complex
layered oxide materials, and alkaline electrodes.
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Transport and Imaging of Mesoscopic Phenomena in Novel Low-Dimensional Materials

Yacoby, Amir - Harvard University, yacoby@physics.harvard.edu
Jarillo-Herrero, Pablo — MIT, pjarillo@mit.edu

Project Scope

Layered materials offer a new playground for exploring novel physics in reduced dimensions. In
particular, they allow exploring interacting electron physics in new regimes unexplored previously. Our
focus in this proposal is to use innovative methods to fabricate ultra-low disorder graphene and other novel
2D materials devices, in conjunction with ultra-sensitive scan probe, local tunneling, and capacitance
methods, as well as low-temperature electronic transport techniques in order to explore new and spatially
varying mesoscopic phenomena in graphene and TMD devices and heterostructures.

Recent Progress

In this talk we will focus on two new regimes of graphene multilayers where interactions play a crucial
role. The first is the exploration of hydrodynamic flow in single layer graphene near the charge neutrality
point studied using a scanning Nitrogen Vacancy magnetometer and the second is the observation
interaction physics in correlated moiré heterostructures. Below we elaborate in detail on each topic:

Imaging Viscous Flow of the Dirac Fluid in Graphene. Manuscript published in Nature

The electron-hole plasma in charge-neutral graphene is predicted to realize a quantum critical system
whose transport features a universal hydrodynamic description, even at room temperature. This quantum
critical “Dirac fluid” is expected to have a shear viscosity close to a minimum bound, with an inter-particle
scattering rate saturatingl at the Planckian time %/(k_B T). While electrical transport measurements at
finite carrier density are consistent with hydrodynamic electron flow in graphene, a clear demonstration
of viscous behavior at the charge neutrality point remains elusive. In this work, we directly image viscous
Dirac fluid flow in graphene at room temperature via measurement of the associated stray magnetic field.
Nanoscale magnetic imaging is performed using quantum spin magnetometers realized with nitrogen
vacancy (NV) centers in diamond. Scanning single-spin and wide-field magnetometry reveals a parabolic
Poiseuille profile for electron flow in a high-mobility graphene channel near the charge neutrality point,
establishing the viscous transport of the Dirac fluid. This measurement is in contrast to the conventional
uniform flow profile imaged in a metallic conductor and also in a low-mobility graphene channel. Via
combined imaging-transport measurements, we obtain viscosity and scattering rates, and observe that
these quantities are comparable to the universal values expected at quantum criticality. This finding
establishes a nearly-ideal electron fluid in charge-neutral, high-mobility graphene at room temperature.
Our results pave the way to study hydrodynamic transport in quantum critical fluids relevant to strongly-
correlated electrons in high-T_c superconductors. This work also highlights the capability of quantum
spin magnetometers to probe correlated-electronic phenomena at the nanoscale.

215


mailto:yacoby@physics.harvard.edu
mailto:pjarillo@mit.edu

a 0.51 b e
= =E ]
E ‘:'Ii _ o%’-‘j@oo
@ 0.0 & 0- . ¥\
1 rmrrrrrrrrt rrrrrorrrrrid 1 __ B ::O'Joo';..n-'o'geg'_
0 1 0 154 e
Ve v) v £ 3 [k
¢ [
—~ . . g
50'5- ch ]
3, Q 0 —
moo- II|IIII|IIII|II
-IIIIIIIIIII o_l T T
0 1 05 0 05 0.5 0.0 0.5
VX (V) n (1 012 Cm-Iz) X/W
fo1e— ®
—1 (o]
S 5o ﬁ\i Fyog
S
- e ‘
0.0 - @ Iamm @
I I I I I I I I I I I I
05 0 05 -05 0 05-05 0 05 -05 0 05
xIW

Fig. 1 Scanning magnetometry of the projective stray field B) measured with a, the Pd channel, b, the low-
mobility graphene device, and ¢, a standard (hBN-encapsulated) graphene device at the CNP. Horizontal
axis is the piezo voltage that drives the scanning probe in the x-direction. Lines: B}, from reconstructed
current density J,.. d, Transport measurement of resistivity p vs. carrier density n for hBN-encapsulated
graphene device, same as in ¢. The standard graphene device is set to the CNP by tuning the gate voltage
to achieve maximal resistivity. Data for the Pd channel is measured with optically-detected magnetic
resonance (ODMR) and a sourced current of 1 mA. Data for the low-mobility and standard graphene
devices are measured with spin-echo AC magnetometry (Details of the measurement technique described
in Methods). A source-drain voltage V,q=50 mV is applied for the low-mobility device and 5.8 mV for the
standard device. The width is 1 um for the low-mobility and standard graphene devices and 800 nm for
the Pd channel. Pd channel is 30 nm thick and 100 ym long. All the graphene devices measured in this
work have lengths > 5 um. For all devices, scanning magnetometry is performed at a y position near the
mid-point along the length of the channel. For graphene devices, we ensure the y position of the scan is
within 1 ym of the longitudinal mid-point via atomic force microscopy with the diamond probe. e,
Reconstructed current density J,, (x). J, is normalized by the average charge carrier flux I/W, where I =
[ dx Jy(x) is the total flux and W is the width of the channel. The spatial coordinate x is normalized by W
and centered on the channel. Red points: graphene at the CNP. Gray points: Pd channel. Orange points:
low-mobility graphene. Error bars correspond to the relative deviation of /, that generates 2 x2, where
x? is the cost function. Blue (green) lines: ideal viscous (uniform) flow with 5% error band. Purple dashed
curve: current profile of non-interacting electrons with diffusive boundary condition and momentum-
relaxing mean free path [,,,, = 0.625W, which corresponds to the maximum possible curvature for a non-
interacting flow (see Supplementary Information2¢). f, Current profile at the CNP from four different
standard hBN-encapsulated graphene devices. Second profile from left is for current of 20 yA and is
measured with ODMR, whereas other profiles have current < 2 yA and are measured with spin-echo AC
magnetometry.
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Unconventional ferroelectricity in moiré heterostructures. Manuscript in press in Nature

Moiré superlattices, as exemplified by magic-angle twist
bilayer graphene, have emerged as a powerful platform to
study electron correlations and (spontaneous) symmetry
breaking in a controllable way. Despite the extremely
active studies, the correlated phenomena examined have
been so far focused on correrlated insulating,
superconducting, and ferromagnetic states. Our recent
experimental work discovered emergent ferroelectricity in
graphene-based moiré heterostructures, a surprising but
welcome addition to this rich set of phenomena.

Ferroelectric materials exhibit an electrically-switchable
electric dipole, which is usually formed by spatial
separation between the averaged centers of positive and
negative charge within the unit cell. Based on this, it is
difficult to imagine graphene, a material composed only
of carbon atoms, exhibiting ferroelectricity. However, in
this work, we indeed realize switchable ferroelectricity in
Bernal-stacked bilayer graphene sandwiched between two
hexagonal boron nitride (BN) layers (Fig2.a-b). By
introducing a moiré superlattice potential (via aligning
bilayer graphene with the top and/or bottom BN crystals),
we observe prominent and robust hysteretic behavior of
the graphene resistance with an externally applied out-of-
plane electric field (Fig2.c-d). Our systematic transport
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Fig. 2: Emergent ferroelectricity in bilayer

graphene-BN moiré superlattices. a, Lattice

structure of Bernal bilayer graphene. b, Schematic

of a bilayer graphene-BN moiré device. c-d,

Hysteretic resistance switching behavior with the
gating field in two representative devices.

measurements reveal rich and striking response as a function of electric field and electron filling, not
previously observed in any 2D systems, and beyond the framework of conventional ferroelectrics. We
further directly probe the ferroelectric polarization through a nonlocal monolayer graphene sensor. Our
results suggest an unconventional, odd parity electronic ordering in the bilayer graphene/BN moiré
system. This emergent moiré ferroelectricity may pave the way for ultrafast, programmable, and
atomically thin carbon-based memory devices. This work is currently in press in Nature.

Future Plans - Our research effort for the next years will focus on the following topics:
1. Imaging electron compressibility in twisted bilayer graphene devices
2. Exploring magnon transport in quantum Hall phases of twisted bilayer graphene
3. Imaging magnetism and current flow in twisted bilayer graphene devices.
4. Measuring chemical potential and compressibility in correlated moiré systems
5. Measuring thermodynamic properties (e.g. entropy and magnetization) of correlated moiré

systems.
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Probing Correlated Superconductors and Their Phase Transitions on the Nanometer Scale
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Research scope:

Studies of correlated and topological quantum states of matter are at the forefront of
research in condensed matter physics. Superconductivity in these systems continues to be among
the most exciting topics — from the recent discovery in magic-angle twisted bilayer graphene
(MATBG) near correlated insulating phases— to continued interest in realization of Majorana
fermions in various platforms for topological superconductivity. Understanding how
superconductivity emerges from correlated normal or insulating phases — long considered in
heavy fermions and high-Tc cuprate superconductors — is now a critical question in understanding
properties of electrons in two-dimensional (2D) moiré lattices realized in twisted bilayer graphene
(TBLG). If correlations play a key role in superconductivity of this system, its structure lends
promise that a chemically pristine platform can extend our understanding of superconductivity
beyond that of cuprates, heavy fermions, and iron pnictide. Similarly, demonstrating topological
superconductivity in new compounds and finding ways to probe the non-Abelian properties of
Majorana zero modes (MZMs) or the chiral Majoranas they host, are currently among the most
studied topics in condensed matter physics.

This program builds on our previous advances in spectroscopic techniques with the
scanning tunneling microscopy (STM) on cuprates and heavy fermions systems to understand the
properties of novel insulating and superconducting phases of 2D materials. The application of
these techniques, in addition to those recently developed with density-tuned STM spectroscopy, is
being applied to understand many key questions concerning the electronic correlation, topology,
and superconductivity of MATBG and related 2D systems. Unlike other novel, bulk
unconventional superconductors, where angle-resolved photoemission spectroscopy (ARPES) or
neutron scattering techniques have provided rich spectroscopic information to understand the
nature of those states, the device-based structure of MATBG and other 2D systems makes STM’s
spectroscopic techniques easier to apply than other methods. Under this program, we are also
exploring the properties of monolayers of WTe2, which has been discovered to be both a
topological insulator and a superconductor depending on the doping level. This system provides a
unique opportunity to create hybrid structures in which the two phenomena may be combined to
create topological superconducting phases. Finally, we are developing a new capability to perform
atomic force microscopy (AFM) techniques for device-like structures at millikelvin temperatures.
AFM measurements will make it possible to examine complex devices with insulating and
conducting regions and provide new types of measurements for probing the correlated insulating
phases in 2D materials proposed in this program.
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Highlights of breakthroughs under the DOE grant in last two years:
e Demonstration of spectroscopic signatures of strong electronic correlation in magic-angle
graphene (Nature 2019).
e Discovery of a cascade of transitions between the correlated electronic states of magic-
angle twisted bilayer graphene (Nature 2020)
e Direct visualization of multi-channel topological boundary modes in a quantum Hall valley
system (Nature 2019).

Recent Progress:
Fabrication of MATBG samples for high resolution STM studies

The first important technical breakthrough in the proposed program has been the
development of the in-house capability to fabricate MATBG devices that are specifically designed
for STM studies. While the transport studies can work with stacks of buried MATBG structures,
development samples with MATBG exposed, which are of sufficient cleanliness for high-
resolution STM studies, has taken considerable time and effort. The first generation of the samples
(Figure 1) allowed us to perform high resolution imaging of the moiré superlattice in MATBG
samples, with which we were able to demonstrate the presence of two peaks in the density of states
of this system associated with its valence and conduction flat bands (Fig. 1d). In these experiments,
we were also able to characterize the local strain in this moiré lattice and show that when this is
taken into account, we can fully understand the non-interacting spin particle density of states of
MATBG. This non-interacting description accurately explains the properties of this system, when
its two flat conduction and valance bands are either fully occupied or completed empty.[1]
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Figure 1. a) Schematic of typical device and, b) an optical picture of it. ¢) atomic scale image of moiré pattern in a
MATBG device. d) electronic band structure using lattice parameter from c. d) STM spectra showing peaks in DOS
for the flat bands. f) calculation of DOS for the lattice parameters that are extracted from STM measurements.

Signature of strong electronic correlations and cascade of electronic transitions in MATBG

Along with the development of the MATBG device-like structures, we have also developed
the capability to perform density-tuned scanning tunneling spectroscopy (DT-STS) of the MATBG
system in these devices. The remarkable opportunity afforded by the 2D material platform is that
in situ electrostatic tuning can be used to study their electronic properties as a function of carrier
density tuned by the gate. DT-STS of MATBG has revealed a wealth of important information on
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the nature of electronic correlations in this system. In a paper published in Nature in 2019, we
reported that when the flat bands of MATBG are tuned to be partially filled, sharp density of states
associated with the flat bands of this system (Fig. 1d) develop substantial broadening (see Figure
2c¢ and discussion below).[1] This broadening is a direct consequence of a strong Coulomb
interaction in this system, which cannot be captured by the mean field models of such an
interaction. Exact diagonalization of a Hubbard-like model of MATBG carried out on small
clusters confirms that a strong correlation can indeed give rise to such broadening features in STM
spectroscopy measurements. This broadening signals the importance of correlation is significant
as it shows that MATBG is a correlated system at all partial filling of its flat bands, not just when
corresponding correlated insulating phases have been discovered in this system. They show that
superconductivity emerges in this system in the presence of such strong correlations, thereby
strongly suggesting that it has an unconventional pairing mechanism.

Following this work, with improvement in device quality (image in Fig. 2b), in a second
Nature paper that appeared earlier in 2020, we showed that despite the broadening, DT-STS
measurements (Fig.2c-d) show a sequence of sharp features in spectroscopy that could be further
analyzed. These features, that correlate with integer filling of the valence and conduction flat band,
indicate a cascade of transitions in the spectroscopic properties of this system, and demonstrate
the interplay between the strong correlation and quantum degeneracies of this system. By including
the spin and valley degrees of freedom in the electronic description of electronic interactions of
MATBG in Hubbard-like modes, we elucidated an understanding of these findings. The
underlying reason for these transitions is due to a rather sharp change in the chemical potential of
this system at each integer filling of its flat bands — signaling the role spin and valley play in
determining electron addition and removal in the system. The outcome of this analysis was to
recognize that such measurements can provide a direct means to measure the strength of electron-
electron interaction strength in MATBG at partial filling of its flat bands. The remarkable
discovery is that we showed that this strength is estimated to be about 23meV, which far exceeds
the bandwidth of this system, thereby quantitatively establishing MATBG as a strongly correlated
system.

Visualizing a_topological edge mode of a guantum Hall liguid and new microscopy
technigues:

In other efforts during the last two years, we have also extended our use of STM to directly
visualize quantum Hall states to visualize a spontaneously formed topological edge mode that
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emerges at the interface between two valley polarized quantum Hall phases formed on the surface
of Bi at high magnetic field. These experiments (published in Nature in 2019 [3]) are the first of
their kind to show the development of such edge states emerging from closing and reopening a
topological gap that can be spatially mapped with the STM. They also establish a new type of
Luttinger liquid in which electron conduction in such channels along the edge is protected due to
valley symmetry of the associated quantum Hall phases. We explored the physics of this problem
in collaboration with Prof. Siddharth Parameswaran (University of Oxford, UK) in a theoretical
paper.[4]

Finally, as part of this program we will also augment our arsenal of STM/STS techniques
with the application of high-resolution imaging of their properties with cryogenic non-contact
AFM. We are developing a millikelvin AFM (tuning fork Q-plus with both AFM/STM modes),
which will be integrated with our versatile modular ultra-high vacuum (UHV) scanning probe
system that is capable of studying gated devices. The instrument itself was developed under this
program; the details, including its design, methods of construction, testing, and performance, have
recently been published.[5] The AFM module for this instrument has also been designed and we
are in the process of fabricating and testing the components.

Future plans:
Our plans moving forward will focus on the following key ideas:

1. Our work on MATBG will focus on understanding the nature of superconducting phase
with high resolution spectroscopy. We will determine how the correlated normal phase of
this system (as described in this report) transforms into the superconducting phase.

2. We have developed a new technique for probing topological phases with finite a Chern

number using DT-STS spectroscopy. Application of this technique to MATBG will reveal

a sequence of very exciting Chern phases that we are currently exploring.

An AFM module will be built and tested with our millikelvin instrumentation.

4. We have carried out some measurements on WTe, samples, probing their electronic
properties with DT-STS. These are challenging experiments as WTe> has to be protected
with a monolayer of BN after fabrication. This work is being carried out in collaboration
with Prof. Wu at Princeton.
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Publications supported by the DOE-BES (2019-2020):

In addition to publications directly related to DOE-BES projects, the DOE funding supports
the instrumentation in our lab that has also assisted other projects. The publications from these
projects benefiting from DOE support are also included in the list below (marked as partially
supported by DOE).
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Spin-polarized scanning tunneling microscopy and spectroscopy of iridium-oxides
Ilija Zeljkovic, Boston College
Keywords: spin-polarized STM, iridates, antiferromagnetic ordering, magnetic transition.
Research Scope

A complicating factor in unraveling the interplay between magnetism, electronic correlations and
chemical doping in complex oxides lies in the inhomogeneous nature of these systems prone to
phase separation upon doping. The overarching aim of this project is to use spectroscopic imaging
spin-polarized scanning tunneling microscopy (SP-STM) to simultaneously visualize atomic-scale
magnetic and electronic structure in these materials, initially focusing on doped iridium-based
oxides (iridates) Sr2lrO4 and Sr3lr207.

While it is well-established that the undoped parent state of many iridates hosts an
antiferromagnetically (AF) ordered spin-orbit Mott phase, the evolution of the AF order with
doping and its relationship to the local electronic structure remains difficult to extract. Specific
objectives of our project include: (1) visualizing the evolution and collapse of the AF order as a
function of charge carrier doping and temperature, (2) elucidating the relationship between the
inhomogeneous electronic structure and the AF order at the nanoscale, and (3) searching for new
spin- and pseudospin-ordered phases.

The comprehensive experimental approach we aim to establish here will provide a foundation to
the SP-STM studies of other families of complex oxides in which spin, charge and orbital degrees
of freedom intertwine to create new states of matter.

Recent Progress

1) Preparation of robust spin-polarized STM tips

We prepare spin-polarized STM tips from a bulk Cr
wire (~1 mm? cross-section), by electrochemically
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of the surface of a UHV-cleaved single crystal of
Fei+yTe (Fig. 1). If the tip is spin-polarized, the well-
known diagonal double-stripe AF order with 2ag
period will be observed in STM topographs of
Fei+yTe [1]. To achieve sufficient spin sensitivity
and atomic resolution, we typically modify the tip in-
situ by fast scanning over Fe impurities and/or
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Fig. 1. STM topographs of Fei+,Te measured at
(a) 2T and (b) -3T. (d,e) Fourier transforms (FTs)
of the topographs in (a,b). Green circles in (d-f)
denote peaks arising from the AF order. (c) Spin-
resolved magnetic contrast map M(r) obtained by
subtracting (a) and (b). (f) FT of M(r) map in (c).




pulsing the tip with several Volt bias on top of Fei+yTe. This results in a rearrangement of the
atoms at the tip’s apex, and likely in the tip picking up one or more excess Fe atoms from the
Fei+yTe surface. To check that the tip’s spin polarization can be changed by varying the direction
of magnetic field B, we acquire STM topographs with different B applied perpendicular to the
sample surface (Fig. 1(a,b)). By subtracting the topographs acquired at different B (negative sign
denotes the reversal of field direction), we get a spin-resolved magnetic contrast M(r) map (Fig.
1(c)). Its Fourier transform (FT) shows primarily the AF ordering peaks (Fig. 1(f)), consistent with
the two topographs being taken over an identical field-of-view with only tip polarization being
different, and the structural information being subtracted out.

2) Imaging melting of the antiferromagnetic order in a doped Mott insulator Sr2IrO4
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of the AF order. (e) Histograms of the gap size and (inset) cross-correlation
between the AF order and the gap size, showing a weak cross-correlation.

doped Mott insulators,
spatially inhomogeneous
electronic states, varying
on nanometer length scales, have been observed in several systems [2, 3]. However, a major
experimental failing over the past few decades has been the inability to measure how the AF order
evolves over the same length scales, and what is its relationship to the single-particle gap (charge
gap) closing as the Mott state is tuned away from half filling.

We apply SP-STM to visualize periodic spin-resolved modulations originating from the AF order
in a Mott insulator (SrixLax)21rO4, and study these as a function of La doping concentration x (Fig.
2). We find that near the insulator-to-metal transition (IMT), the long-range AF order melts into a
fragmented state with short-range AF correlations. Importantly, we discover that the short-range
AF order is locally uncorrelated with the observed spectral gap magnitude [4] (Fig. 2(b-€)). This
strongly suggests that the short range AF correlations are unlikely to be the culprit behind
inhomogeneous gap closing and the emergence of V-shaped “pseudogap” regions (red regions in
the gapmap in Fig. 2(b)) near IMT.
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3) Investigating magnetic “memory” in iridates

One of the crucial questions in inhomogeneous magnetic systems remains what sets the
distribution of magnetic domains, and to what extent the domains are robust to thermal cycling
through the magnetic transition. We focus on (SrixLax)slr.O7 near the AF transition at x~3%,
where nanoscale AF puddles are clearly distinguishable (Fig. 3(a)). Similarly to procedure in Fig.
1, we acquire a spin-resolved magnetic contrast map M(r). Then, we track an identical area of the
sample as a function of temperature (Fig. 3(a-d)). We warm up the sample to ~10 K, where the AF
signal appears to be gone, and cool it back down to ~5 K. Our first observation is that the average
intensity of the AF modulations quickly lowers with temperature, and bounces back up upon
cooling down the sample again (Fig. 3(f)). In sharp contrast to the rapid evolution of the AF order,
we find that the spectral gapmap over the same region of the sample shows almost no change (Fig.
3(g,h)), thus corroborating our previous conclusion that the two observables are not spatially
correlated.
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Fig. 3. The AF texture evolution during thermal cycling. (a-d) Evolution of the [M(r)| maps (local intensity of the
AF order map) as a function of temperature, acquired over an identical field-of-view in the x~3.4% (SrixLay)3lr207
sample. The AF-ordered puddles are outlined by black lines in (a,d). (€) The outline of AF puddles before thermal
cycling on top of the AF intensity map after thermal cycling. (f) The average AF intensity from |[M(r)| maps as a
function of temperature. The gap map over the same area as (a-d) at (g) 9 K and (h) 5 K, showing nearly identical
gapmaps despite a dramatic change between M(r) maps in (c,d). Red regions in (g,h) represent metallic puddles
within an insulating matrix.

Surprisingly however, the comparison of M(r) maps before and after thermal cycling shows a
pronounced difference (Fig. 3(a,d)). This can be visualized by overlaying the two maps on top of
each other (Fig. 3(e)). While there are some similarities and the cross-correlation is still substantial
(inset in Fig. 3(f)), we can clearly observe new puddles forming and disappearing. This suggests
multiple stable configurations of the low-temperature AF state, and prompts future experiments
on the origin of this change.
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Future Plans

We will proceed to investigate to what extent chemical substitutions are responsible for the
inhomogeneous distribution of the AF order in iridates. To do so, we will image other defects and
dopants not immediately seen from STM topographs, such as Ir site defects and La substitutions
in subsurface SrO planes. We will also investigate the AF distribution as a function of other types
of chemical substitutions. For example, we will explore substituting Ir for Ru, which in contrast to
the expected electron doping by La at the Sr site, effectively hole dopes the system. Finally, we
will investigate if the AF-ordered puddles in this system exhibit scale-invariant texture, as seen in
other inhomogeneous correlated electronic states, such as the charge-ordered phase in cuprates [5].
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Emerging Functionality in Transition-Metal Compounds Driven by Spatial Confinement
Jiandi Zhang, Department of Physics and Astronomy, Louisiana State University

Keywords: High-resolution STEM/EELS, Interfacial phenomena, Collective excitations,
Multiferroic, Magneto-electric coupling

RESEARCH SCOPE: The broken symmetry at an interface and spatial confinement in
heterostructures can drive reconstruction of the lattice, charge, or spin, thus generating fascinating
properties that are fundamentally different from their parent materials. Advances in atomically
resolved electron microscopy and spectroscopy have allowed researchers to “visualize” the atomic
structure, the chemical identity, and the bonding character between the atoms. In this project, we
have come together as a team aiming at understanding and predicting new properties of interfaces
at the atomic level. The group at LSU and UTK/ORNL carry out material growth, modification,
and properties characterization. High-end electron microscopy/spectroscopy and theoretical
studies are undertaken through the collaboration with Dr. Yimei Zhu’s group at BNL and Prof.
Sokrates Pantelides’s group at Vanderbilt University, respectively.

Recent Progress:
e Interface-induced magnetic polar
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Fig. 1: (a) Schematic of the designed heterostructure. (b)

. . Inversed ABF-STEM cross section image of the heterostructure
BaTiOs(BTO)/SrRuOs(SRO)/BaTiOs with enlarged ABF-STEM images showing polar distortions in

_heterOStrUCture grown on SrT'O:”_ (ST_O) the BTO and SRO blocks. Green arrows indicate polar direction.
in (001), shown schematically in Fig. () schematic view of polar displacements in SRO. (d) Variation
1(a). Atomically resolved scanning of polar displacements dg.o across the whole film. The polar
transition electron microscopy (STEM)  displacements, ds.o, refer to relative displacements between B
reveals induced non-centro-  site cations and O anions. () T-dependence of longitudinal
symmetricity  arising from polar resistivity p, (f) T-dependence and (g) field-dependence of
distortions of Ru atoms in 3 u.c. SRO  Mmagnetization M for the BTO-sandwiched 3 u.c. SRO as
sandwiched between BTO layers. The compared with non-polar, bare 3 u.c. and 60 u.c. SRO films.
annular bright field (ABF) images are shown in Fig. 1(b) with the polar distortion indicated
schematically below the image [Fig. 1(c)]. Figure 1(d) is a plot of the measured distortions across
the interfaces for 3-u.c. SRO between BTO (9/3/10). As shown in Figs. 1(e-g), electrical transport
and magnetization measurements reveal that this heterostructure possesses a metallic phase with
high conductivity and ferromagnetic ordering with high saturation moment as compared with a
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non-polar, bare 3 u.c. SRO film on STO. The bare 3 u.c SRO film is insulating and almost non-
magnetic [Fig 3(e-f)]. The non-polar 60 u.c. SRO films (bulk), is metallic but has a much smaller
M-H hysteresis loop than the BTO-sandwiched 3 u.c. SRO. The high conductivity in the SRO layer
can be attributed electrostatic carrier accumulation induced by the BTO layers. Density-functional-
theory (DFT) calculations through our collaboration with Pantelides’s group at Vanderbilt
University provide insights into the origin of the observed properties of the thin SRO film. Polar
distortions are found to be responsible for the emergent ferromagnetism, revealing the intrinsic
structural property relationship.

e Spontaneous magnetic reversal in oxide films [2]

Local change on atomic scale in structure and composition at interface can trigger new interactions
which are absent in bulk. We have found that a new magnetic coupling appears at the interface of
half-metallic Laz/3Sr13MnOs films grown on a diamagnetic insulating SrTiOz (001) substrate
(LSMO/STO), which governs the macroscopic properties of the entire monolithic thin film.
Although the effect stems from the interface, it propagates to regions far beyond it. The STEM
electron energy loss spectroscopy (EELS) and density-functional-theory (DFT) are employed to
elucidate the physics. STEM-EELS reveals altered interfacial composition, subtle lattice
distortions, and oxidation-state changes. Magnetic measurements combined with DFT calculations
demonstrate that a unique form of antiferromagnetic exchange coupling appears at the interface,
generating a novel exchange-spring-type interaction that results in a remarkable spontaneous
magnetic reversal of the entire ferromagnetic film, and a total inverted magnetic hysteresis,
persisting above room temperature. Results from electron-spectroscopy data show that interfacial
oxidation states are not consistent with nominal charge counting. The STEM measurements
provided tractable guidelines for theoretical calculations to help further understand how the
structure and composition gradient can exhibit this type of peculiar magnetic interactions. DFT-
calculated electrostatic potential is flat in both sides of the interface, indicating the absence of polar
mismatch and of charge accumulation at the interface. This work exemplifies that it is possible to
manipulate the macroscopic properties using interface driven interactions on microscopic scale.

e Exchange bias and inverted hysteresis in monolithic oxide films [3]

We uncover a previously unseen part of the phase diagram of a monolithic epitaxial thin film of
LSMO on SrTiOs, which exhibits inverted hysteresis, spontaneous magnetic reversal, and
exchange bias due to a structural gradient in the oxygen-octahedral network. The atomic-scale
structure is determined using STEM in high angle annular dark field (HAADF) and ABF imaging
modes [1, 3]. Varying the growth conditions, we have mapped the phase diagram of this material
and discovered that at a specific oxygen pressure and above a critical thickness, a complex
magnetic behavior appears. Atomic-scale characterization shows that this peculiar magnetism is
closely linked to a continuous structural gradient that creates three distinct regions within the
monolithic film, each with a different magnetism onset. We found that large Mn-O bond angle
leads to lower Curie temperature, opposite to that expected from the standard double exchange
model. Another important observation was the dependence of the exchange bias on the LSMO
film thickness and oxygen pressure during growth. This study illustrates the importance of the
octahedral geometry, pointing to the importance of coupling atomically controlled growth with
STEM atomic imaging.

e Probing the interfacial symmetry using rotational second-harmonic generation [4]

Atomically resolved electron microscopy and spectroscopy is revolutionizing our ability to “see”
the structure and composition of an interface. Yet, a significant challenge remains: how to directly
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measure the electronic properties of the buried interface? Rotational second-harmonic generation
(RSHG) is a powerful nonlinear optical technique for probing electronic symmetry originating
from broken symmetry at the interface. Here we characterize the novel electronic properties at a
buried interface due to the broken symmetry, using epitaxially grown high-quality LSMO thin
films on SrTiO3 (STO) (001) substrates, whose properties has been reported previously [3]. The
unusual 4-fold anisotropy in RSHG originates from the buried interface, indicating that the
interface symmetry cannot be higher than C», while both the film and substrate have C4v symmetry.
Given the STEM images and the RSHG results, it is possible to create an interface structural model
whose symmetry is as low as C: [4]. Combining STEM and RSHG opens up a new world for
determining interface symmetry, which has the possibility to extend to magnetic symmetry.

e Phase transitions and magneto-electric (ME) coupling of epitaxial heterostructures [5]
Pb(Feo.sNbo.5)O3/Nio.esZno.ssFe204 (PFN/NZFO) multilayer heterostructures were grown and the
structure and morphology characterized via XRD SAED, STEM and piezoresponse force
microscopy (PFM) and then correlated to the measured dielectric, ferroelectric, magnetic, and ME
properties. Fig. 2(a) is a cross-sectional TEM image of a (001) - oriented heterostructure where the
PFN and NZFO layers appear as dark and bright bands, respectively. PFM measurements reveal
the monodomain structure and polarization switching behavior. These nanostructures show well-
saturated polarization (~ 52 uC/cm?) and magnetization (~ 62 emu/cm?®) at RT. The magnetic and
ferroelectric transitions occur well above RT. These heterostructures exhibit relaxor behavior and
undergo a 2"-order ferroelectric phase transition.
Magnetodielectric  measurements  show  significant
variation of capacitance with increasing static magnetic
field indicating strong coupling between the magnetic and
electrical order parameters at RT (Fig. 2(b)). The observed
ME coupling is attributed to various coupling mechanisms:
(i) strain developed at different interfaces due to the inverse
piezo electric/magnetic effect, (ii) spin exchange between
the multiferroic (PFN) and magnetic (NZFO) layers, (iii)
charge coupling at the interface, and (iv) strong strain
transmission due to epitaxial growth and well defined sharp
interfaces. The RT characteristics make them suitable as
candidates for ultra-low power memory, spintronics, and
different  multifunctional  (micro)nanoscale  device
applications.

Future Plans:

e Nature of magnetic ordering in structural confined .
SrRuOs (SRO) 10° 10° 10° 10° 10°
. . o . Frequency (Hz)
SRO is often considered as an itinerant ferromagnet in bulk e

NZFO

NZFO

250

—05T
—T

N
o
o

Capacitance (pF)
=
a
o

[
o
o
©

........

00 02 04 06 08 10
HM

Cross-sectional  high

[Rev. Mod. Phys. 84, 253 (2012)] while both magnetism  Fig. 2: ()
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(CRO) heterostructures, the FM persisits down to one unit
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cell, evidensing prominent role of structural distortion and spatial confinement. The grand question
remains as how localized and itinerant moments behave in SRO in cubic and orthorhombic
octahedral network. We grow SRO-CRO superstructures with different thickness and stacking
sequences to understand the interrelationship between magnetic and lattice structures. Especially,
we will exploit electron magnetic chiral dichroism with STEM to produce a real-space map of
magnetization with subnanometer resolution [see Nano Lett. 12, 2499(2012)], thus allowing to
reveal the spin density of states (DOS) distribution at interface from Ru and possible from O sites
[PRB 100, 054413 (2019)]. Complemented by theoretical modeling based on experimental
determination of lattice structure as well as spin DOS we aim at understanding the nature of
magnetism by systematically changing the structure.

e Interface electron and lattice dynamics with STEM low electron energy loss spectroscopy

Two important excited states in dimensionally confined materials are the lattice phonons and the
electronic plasmons. Recent advances in valence electron loss spectroscopy (VEELS) developed
by TEM community have offered the opportunity to probe interface collective excitations such as
interface phonons and plasmons. We have also developed a surface EELS with energy- and
momentum-mapping and solid expertise in measuring phonon and plasmon dispersion with
electron beams and neutrons. The collaborations with BNL and ORNL give us access to the
newest and highest resolution STEM and the theory group at VVanderbilt has calculated in detail
the loss spectrain STEM [PRB 92, 125147 (2015)], and can apply to the study of interface phonon
and plasmon. We will develop test systems to critically examine our ability to measure and
understand interfacial phonons and plasmons. We will use the FeSe/SrTiO3 system (enhanced
superconductivity in a single layered FeSe) as our test system, since we already know the structure,
phonons, and plasmons. With our surface EELS, we reported that the ~90 meV Fuchs-Kliewer
STO phonons penetrate into the FeSe film [PRB 94, 081116(R) (2016)] and strongly couples with
the electrons in FeSe layer [PRB 97, 035408 (2018); PRL 122, 066802 (2019)]. Prof. Pantelides
collaborating with the electron microscopy group at ORNL reported an interfacial layer of Tiix
O2 layer between the FeSe and SrTiOs, which is key to the enhanced superconductivity. Knowing
the lattice structure, they can calculate the vibrational energies, so we can probe vibrational
energies layer by layer in this system, testing the capabilities of VEELS.

e Interface electronic, magnetic and structural symmetries of interfaces

Nonlinear optical techniques, specifically second harmonic generation (SHG) is important to
characterize and contrast the symmetry of the electrons and spin states at the interface with the
structure determined with STEM. When the materials being investigated are centrosymmetric
(vast majority of complex oxides), the nonlinear signal comes from the regions of broken
symmetry at the interface. We have constructed a UHV cryo-cooled sample system for in-situ
studies of surfaces and interfaces. We have shown that the electronic symmetry at LSMO/SrTiO3
(001) interface is different from the crystal symmetry [J. Phys. Chem. C., 119, 2300 (2019)]. We
want to expand this capability to a broader range of materials such as SRO heterostructure that
host magnetism, superconductivity and 2D electron liquid. Direct simultaneous access to the
electronic and structural symmetry is our goal.

e Optical control of magnetoelectric coupling and non- contact domain engineering

Multiferroic magnetoelectric (MF-ME) materials, exhibit simultaneous ferroelectric and magnetic
behaviors and permit control and switching of the magnetic order parameter via an electric field
and electric polarization. Ferroelectric/multiferroic materials can also exhibit a photovoltaic effect,
where control of the domain structure can modify the photocurrent of these materials. Therefore,
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as the ferroelectric and magnetic domains are coupled in ME materials, illumination can modify
both the ferroelectric and magnetic domain structures. This could lead to non-contact engineering
of ferroelectric and magnetic domain structures and tuning of ME coupling by light. Using our
new optical delivery system equipped on our TEM/STEM/EELS, we will explore the effect that
light has on ferroelectric and magnetic domain structure and ME coupling of Bio.gLao.1FeOz thin
films (single-phase room temperature ME material). Complementary PFM scanning probe
measurements under optical illumination will also be compared.
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