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Foreword

This abstract book summarizes the scientific content of the 2028/ Xcattering Principal
Investigators' (PIMeeting sponsored by the Division of Materials Sciences and Engineering
(DMSE) of the Office of Basic Energy Sciences (BES) of the U.S. Department of Energy. The
meeting, held via Zoom on Januaryi 18, 2023, was the seventh in a series covering the gojec
funded by the BES DMSE-Xay Scattering Program. In addition toay scattering, the program

and meeting included PIs involved in ultrafast techniques and instrumentation as applied to
materials science research. BES DMSE has a long tradition of singparcomprehensive
scatteringprogramin recognitionof the highimpacttheseoolshavein discoveryanduseinspired
research. Ultrafast sources have entered 4@ xegime, and timeesolved experiments on the
femto-second time scale, involving radiion across a broad energy spectrum, have become an
important part of the program.

The DMSE X-ray Scattering Program supports basic researchusing xray scattering,
spectroscopy, and imaging for materials research, primarily at majorsBirted user
facilities. X-ray scatteringservesas one of the primary tools for characterizinghe atomic,
electronicand magnetic structures and excitations of materials. Information on structure and
dynamics becomes the basis for identifying new materiald@satibing mechanisms underlying

their unique behavior. Other key aspects of this activity are the development and improvement of
nextgeneration instrumentation and data analysis tools, including the development of ultrafast
techniques involving pulseddetion sources.

The purpose of the Pl meeting was to bring together researchers funded by BES-raythe x
scattering and ultrafast materials research area, to facilitate the exchange of new results and
researchnighlights,to fosternewideasandcollabaationsamongthe participantsandto identify

the needs of the research community. The meetings also help DMSE to assess the state of the
program and chart future directions.
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Dynamics and Control of Magnetic and Charge Order in Complex Oxides

Mark P. M. Deart, Matteo Mitrand, Robert M. Konik!
Brookhaven National Laboratoriarvard University

Keywords Resonant inelasticray scattering (RIXS); quantum materials; strong electronic
correlations; ultrafast physics:ray free electron laser (XFEL)

Research Scope

The identification and control @iovel electronic phases in quantum materials is a major theme of
modern science. Central to this challenge is that novel phases often involve multiple charge, spin,
orbital, and lattice degrees of freedom interacting in a complex manner at the atothictehe
Resonant inelasticray scattering (RIXS) offers unique advantages for probing quantum materials
as it is sensitive to all these degrees of freedom. Beingayscattering technique, it furthermore
encodes the spatial dependence of thesearttens, through the momentetiependence of the
scattering crossection.

The main goal of the Dynamics and Control in Complex Oxides field work proposal is to study
charge, spin, lattice, and orbital dynamics using advane&y xechniques irorder to better
understand the electronic properties of complex oxides and their manipulation via external stimuli.
We have particular strengths in time resolved RIXS and ultrafast physics and are working to extend
the state of the art in these technigaies to apply them to several prototypical quantum materials.
Our current areas of focus are excitonic and dimerized materials and the manipulation ef charge
transfer energy scales in complex oxides. These materials offer a richer set of active degrees of
freedom than the simpler magnets studied

previously within this field work proposal. We pla ® (®)
P | g e mpm gy oy e ppege ey
i i ic & > (xm) | E O
to study means to directly pheéxcite magnetic . ot *4 0 | S 3 +' a -
and orbital degrees of freedom to switch betwe = - +rF 3 kT I K e ¢
. . . ? -30 g
electronic states in quantum materials and 3 ., * ﬁ%* _____________
investigate the roleof hybridization in the ™ ° " 2.2 ° ° TN i
manipulation of electronic states in correlat
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1 We havebeen studying the model eaayis e o), s Sao),
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gapped antiferromagnetic insulator slI&O7 Figure 1: Ultrafast RIXS measurements of eas

and have measured the ultrafast magraxis gapped antiferromagnetsBeOz. [R1]. (a)&(b) show
the reduce magnon intensity and increased magnon

behavior of this material after phettmping iinewidth at both high symmetry reciprocal space locati
across its Mott gap with 2 micron |as(after photoexcitation. (c)&(d) Illustrate the magnon

e ; ibottlenecko effect
excitation [F5]. This allowed us to compare

directly with our prior measurements c
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essentially gapless magnet2l8D4 [R1]. The
results obtained, shown in Figure 1(a)&(k.
reveal that transient magnetic fluctuations ¢
trapped throughout the entire Brillouin zon
opposite to the behavior in nearly gaple
SrlrO4 [11]. The result was interpreted with
spinbottleneck scenario, in which the fu o
recovery of magnetism idelayed by the
existence of a large magnon gap as illustratet
Figure 1(c)&(d). Our results suggest th §
materials ~ featuring  isotropic magneti§
interactions are preferred to achieve raf®
manipulation of magnetic order. Spivave - )
theory modelling prové that magnetic order ir @9 @2 ©0 G0 G
Srlr207 is strongly influenced by the bilayer Figure 2: Top: Phase diagram showing the
structure of this material. To understand ttongitudinal magnetic exciton mode in cyan, which is
phenomenology more deeply, weagamined 20Tt S i Bk Fosen
the nature of magnetism ins8e07. We found Srirz0r. Points corresponding to the excitonic

. . . . longitudinal modes are colored in grefh.
that the material is a realization of a len
predicted antiferromagnetic excitonic insulatc
which we illustrate inFigure 2 [P1]. This state
forms when the magnetic binding energy between electrons and holes exceeds the energy cost
of creating the electrehole pair by exciting the particles across a narrow g Its key
signature is the appearance of ademergy longitudinal magnetic exaiion that is involved
in the formation of the ordered state below the magnetic transition temperature of 285 K, which
we detected using Ir-edge RIXS. We also explained the quantum spin liqguid magnetic
properties of BdrzO10. A cancelation of magnetimteractions was found to break up the
apparently twedimensional magnetic lattice to yield spinon excitations, which are
characteristic of quasinedimensional magnetic latticesgpP
We have succeeded in demonstrating the feasibility of ultrafeay Xair distribution function
(ufPDF) measurements by examining the dimer excitations ot&iuTihe very local structure
(first 10 A in PDF) has arpdominantly subpicosecond response, presumably immediately
following an induced change of electronic state of the dimers. Further distance neighbors
(intermediate lengtscale) respond with a ~35 ps decay which is the same time constant
measured in optitaeflectivity studies. PDF structure refinement shows a progressive Ir
dimer reconfiguration with an intermediate relaxation time. This demonstrates {RIDFin
contrast to single crystal diffuse scattering, which is restricted to a segment afiBrdbne,
can track the full sequence of events as i) electronic structure changes, followed by ii) rapid
response of the dimers, then finally iii) development of ioangge structural correlations.

(syun que) Aysuaju)




Seeing this progression demonstrates the unique padteintiee ufPDF method, mapping out
the combination of time and distance within a structure undergoing a transition.

Future Plans

1 Excitonic and dimerized materialsooking forwards we are aiming to extend our ultrafast
RIXS studies to materials with a more complex manifold of electronic and magnetic
transitions. We have identified dimerized [R2] and double perovskite iridates [R3] for this
purpose and have charactexd them with synchrotron RIXS. These materials host low and
high-spin electronic states, which offer a new route toward intrinsically switching magnetic
states via photoexcitation. XFEL beamtime has been secured for this project and schemes to
perform thephotoexcitation are currently being finalized. Theoretical calculations supporting
these efforts are underway.

1 Charge transfer physic€ontrolling the chargé&ransfer energy scale in quantum materials is
an important potential means to tune the eleatrgmoperties of quantum materials. We
recently measured the chatgansfer energy of lowalence nickelate material kdizOs [P4].

This parametedescribes the energy difference between the nickel and oxygen states and is
key to understanding the electronic properties of this class of materials. This parameter is also
key to the relatively strong magnetic exchange in this material, which we alsane@a a
separate study BP. A study of the charge dynamics of this material has been performed
recently at the SACLA XFEL, which is currentlging analyzed. We also plan to study how

the charge transfer energy scale can be modified transiently via photoexcitation using ultrafast
RIXS and have an upcoming experiment on this topic at SACLA.

1 Technique developmenWe have constructed a new harday RIXS spectrometer that has
been commissioned at the SACLA XFEL. This system uses a novel configuration in which the
detector position is actuated via linear translation stages, rather than a rotation centered around
the analyzer. We have also commissioned a new bent analyzer system at the Stanford
Synchrotron Radiation Lightsource. The initially constructed analyzer is of worse quality than
anticipated, so a new analyzer is being procured and will be tested in thgcoomths.
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Time-Resolved Soft XRay Materials Science at the LCIS and ALS

T.P. Devereaux? T. F. HeinZ3 H.-C. Jiang!, W.-S. Leé, A. R. Lindenberg-?, B. Moritz?,
Z.-X. Shen34 T. Cuk®®

1. Stanford Institute for Materials and Energy Sciences, SLAC, Menlo Park, CA94025

2. Department of Materials Science and Engineering, Stanford University, Stanford, CA
94305

3. Department of Applied Physics, Stanford University, Stanford, CA 94305

4. Department of Physics, Stanford University, Stanford, CA 94305

5. Department of Chemistry, Universty of Colorado at Boulder, Boulder, CO 80309

Self-identify keywords to describe your project: Quantum Materials, resonant inelasticay
scattering, time domain spectroscopy, theory/simulation, aag kee electron lasers

Research Scope

This program onnects concepts of ultrafast tirdemain science with those for momentwend
energydomain xray spectroscopy. The combined activities bring a synergy to explore how
materials behave under extreme conditions, driving lattice and charge conformatioggischya
applying short pulses or high fields. The purpose of this research is to develop alassld
program on the dynamics of complex materials using e/ beamlines available at LCLS and
other stateof-the-art synchrotrons to address the grandlehge problems of emergence, non
equilibrium dynamics, and to probe model systems for deep insights on materials for energy
conversion, transport, and efficiency.

Theoretical calculations and simulations conducted in parallel with experimental prodgiess wi
establish a formalism for describing nequilibrium physics of strongly correlated and related
materials and provide additional guidance to experiments. This activity requires the development
of novel theoretical and computational tools and as weledeployment of standard techniques
designed to uncover the nature of the mhagly state both in and out of equilibrium.

Recent Progress .

0.08 -

1 RIXS study of charge order in the highTc cuprate
superconductors- We have conducted temperature depend o
study of chage order (CO) and its influence on charge &% .,
phonon degrees of freedom in the nearyimally doped Bi2212 ¢
cuprate. The CO order parameter and the associated |
phonon anomaly exhibits a paradoxical temperature deper °*|
behavior. Namely, the anomalieshance despite the reductic o, .~ . .
of the CO order parameter in the superconducting state at  * T o
temperatures. We have attributed this paradoxical behavior Figure3: RIXS phonon
spectroscopic fingerprint of CO quantum fluctuation nealispersions for different temperature

o . . : gy at g=0.25 r.L.u.
critical point. We have also constructadmodel to mimic thepashed line indicates Tc.

behavior via the damping of the fluctuations/{S. Lee et alNature Physic47, 53 (2021).
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1 Magnetic excitations in new ni&elate superconductors-We have investigated magnetic
05,05) Wy excitations in the infinitéayer nickelate superconductors Nd
xNixOz, using RIXS at the NL-edge. We found the first evidence
of magnetic excitations with high energy scales (~ 200 eV
the parent compound of the nickelate superconductor. Upon
doping, the magnetic excitations become overdamped with slight
ol - softening of their energy scale. This suggest that strongly
025 correlated Mott physics should also play an important role in
= OB (elu) sculptirg the properties of the nickelate superconduc{étsLu
Figure 2: RIXS intensit ot g| Scienc@73 213 (2021)]
maps versus energy loss and proje
in-plane momentum transfer along t [ Ultrafast charge and energy

a
nighsymmetry directions, as ndical' - yransport across twodimensional \.-:-.

E (0,00 (050

with red arrows in the insets, wh
show a Brillouin zone with the fir gtomic junctions - F0||owing —
AFM zone shaded. Measurements v . s s oo SO W
taken at 20 K. The red circles indic S€lective excitation of WSe2, wi heN L SOBDIDD s
peak positions —of the magne megsyre unexpectedly concurre i\
excitation spectra. . PR R

heating of both WSe2 and WS2 0N b e sacionpuion -
1 picosecondimescale, an observation that is not explained
phonon transport across the interface. Using -firstciples
calculations, we identify a fast channel, involving an electro
state hybridized across the heterostructure, enabling pho
assisted interlger transfer of photoexcited electrons. Phonc
are emitted in both layers on femtosecond timescales via
channel, consistent with the simultaneous lattice hearigure 3: Top: Experimental set

. . . bing d i f 2D
observed experimentally. Taken together, our Work INdiCdyaaie hotoractictne Bottom: Elac
) i idi ic diffraction pattern of heterostructt

strong' electrosphonon couphg via layerhybridized electronlcshov\,ing hoy Selactive probing. of ca
statesi a novel route to control energy transport across atOatomic layer is enabled.
junctions. [A. Sood et al, Nature Nano. (2022).

https://doi.org/10.1038/s4156522-012537]

WS,(300)

WS,(110)

WS,(100)

hBN(110)

hBN,(110)

Intensity (a.u.)

Future Plans

1 Infrastructure and Equipment Development
w We will work closely with staff scientists at LCEHEfor commissioning the new gRIXS
instrument at NEH 2.2, LCL-8, as well as the planned early science experiments. These
activities are expected to ramp up in FY23 when the superconduchifCLat LCLSI
starts commissioning, and the initial construction of gRIXS endstation at NEH 2.2 finishes.
In addition, to gain firshand experience of timesolved RIXS at high repetition rate, we
have actively participated the usessisted scientificommissioning beamtime at the
hRIXS instrument/European XFEL, as well as requesting user beamtime. These activities
will directly benefit the commissioning and early science experiment at qRIXS,-LICLS
1 RIXS Studies of Quantum Materials
w We will continue © use RIXS to investigate the elementary excitations in representative
guantum materials. We will continue to explore novel transition metal oxides, such as
infinite-layer transition metal oxides, whose synthesis and characterizations are currently

broadlye x pl ored i n Hwangdés FWP. I n addition,
9
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for excitonic behaviors in van der Waal materials and collective excitations in topological
materials, such as the Kagome metal §&¥and the layered antiferromagnet NiPBhese
activities not only provide new fundamental information on these materials of current
interest, but also provide scientific cases for the upcomingr@s@ved RIXS experiment

at LCLSII.

1 Ultrafast THz Emission Spectroscopy and Ultrafast Electron Cffraction

w The capabilities for probing ultrafast charge transfer dynamics and ultrafast phonon
dynamics in heterostructures of 2D materials using, respectively THz emission spectroscopy
and ultrafast electron diffraction (UED), will be applied to gainlaunderstanding of the
role of twist angle on these fundamental dynamical processes. The regime in which moiré
effects and strong electron correlations emerge will be a subject of particular attention.

1 Synthesis of Quantum Materials

®w We have synthesized and characterized 1D cuprates, using MBE combined-rayth x
diffraction and ARPES, covering a wide range of doping for systematic saft RIXS
investigations. The goal moving forward is to further test Hubbkedand extended motle
descriptions for cuprate physics. Initial measurements are planned at APS antl. N8&S
have prepared several target oxide thin films with a diversity of properties for upcoming
RIXS experiments at LCL-8, with flat samples of large areas that makesthexperiments
much easier to perform.

w We have synthesized single crystals of electtoped cuprates and will perform synchrotron
RIXS experiments, in synergy with ARPES andRPES experiments in FWP10027. Such
activities will help set stage for fututine resolved experiments at LCILS

1 Theory Activities

w We will study the lightly doped Hubbard model on thelsx square ladders to search for
superconductivity and its interplay with secemeighbor electron hopping.dWe will
calculate its ground ate phase and compare it with that of tHeglsquare cylinder and look
for possible guidance for the phase diagram in two dimensions.

Publications

Publications that were primarily driven by this FWP
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S. Agrestini, Z. X. Shen, E. M. Been, B. Moritz, T. P. Devereaux, J. Zaanen, H. Y. Hwang,
Ke-Jin Zhou, W. S. Ledylagnetic excitations in infinitkayer nickelatesScierce373 213
(2021).

2. Wei-Sheng LeeX-ray Studies of the CDW Ground State and Excitations in -High
CupratesJ. Phys. Soc. Jap0, 111004 (2021).

3. W.S. Lee, K. J. Zhou, M. Hepting, J. Li, A. Nag, A. C. Walters, M. Gé&feianandez, H.
Robarts, M. Hashiwto, H. Lu, B. Nosarzewski, D. Song, H. Eisaki, Z. X. Shen, B. Moritz,
J. Zaanen, T. P. Devereau8pectroscopic Fingerprint of Charge Order Melting via
Quantum Fluctuations in a Superconducting Cuprbiture Physicd7, 53 (2021).
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Synchrotron Radiation Studies
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Materials Science Division, Argonne National Laboratory

Keywords
Coherent diffraction, timeesolved measurements;situ materials studies, XFEL, synchrotron
Program Scqe

The longterm goal of this program is to make novel use-tdylight sources worldwide to solve
prominent problems in materials science and condensed matter physics thrsitglaimd time
resolved measurements. This research promises to reveaiieinmidh processes central to the
nati onbés needs in strategic areas such as ene
to overcome critical challenges that can be addresserhgtligght source facilities through-situ
microscopic, spectrospic, and timeresolved measurements of materials that reveal fundamental
connections between structural heterogeneity, their dynamics, and materials properties. The
current focus is to take advantage of coherent and ultrafesysxto provide insight iot
fundamental mechanisms of structural evolutioguantum materials, materials for energy, and
structural materials under controlled conditiofisese insights will be enabled through pioneering
development of irsitu and timeresolved xray methods that take full advantage of transformative
improvements inxay light source characteristics, with a special emphasis on designing impactful
experimat campaigns at the coming upgraded APS.

Recent Progress

Coherent diffraction analysis method3eveloping new methods and approaches is integral to
harnessing the full potential of stadéthe-art light sources for materials scientée developed
new dgorithms and measurement methods for image reconstruction from coherapt x
diffraction patterns. These developments will enable improvements in the robustnesstwf in
ptychography experiments through better image convergence [1] and will enabge tbehigh
x-ray energies for BCDI, which affords greater penetrating power and better accesstdo in
environments [2, 3]. We have also developed new XPCS andhaisallows improved
determination of th@q function given broad distributions of pggame incident xray intensities

via appropriate weighting [4], and we recently were able to implement this method fomeal
analysis during an experiment at the MID instrument at theXEBL.

Imaging nanoscale crystal structure and evolutionsito: Establishing the governing
structure/property relationships and defect dynamics of nanoscale crystals undeorical
conditions requires methods that can access environments relevant to functioning and that can
resolve crystal defects in real time. Wavh made significant progress in enabling such studies
with x-rays and gained fundamental insights by utilizingiim BCDI to reveal strain dynamics in
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metallic grains and particles under local electrochemical control [5] and conditions relevant to
catalsis [6], as we highlight below.

In-situ Bragg coherent diffraction imaging (BCDI) combined with a nanopipette electrochemical
cell (NEC) [5] revealed previously unknown details of how the strain in a single Pt grain changes
in response to electrochemical polarization. The imaging studirsperformed under conditions
relevant to placexchangeoxidation and
oxygenevolution reactions. It was found
that the top 10 nm of Pt at the
electrode/electrolyte interface responded
sensitively to applied potentials, but,
surprisingly, this responsgas not fully
reversible. These observations we
afforded by the high strain sensitivity ¢
BCDI combined with the nearero Xray
scattering background of the submicron
scale NEC setup (Figure 1).

Hano
-~ pippeta

electrokyte
il

In-situ BCDI was also used to monitd

circumferential copressive strain and
i i i i 0.5 1.0 15 2.0

concomitant rqdlal tensﬂe strain o_n the £ vs.AHE [V]

surface§ _Of PNI nénopamc"es of V.aI’IOU.E Figure 1 Nonmonotonic evolution of subsurface tensile strail

compositions during Ni dissolutions in vs electrochemical potentials. Insets: a grain image and a

successive electrochemical cycles [6] schematic nanopipette electrochemical cell in a Bragg

. . . coherent diffraction setug5].

The initial compositional strain was

determined, and the elastic strairasv

monitored during successive voltametric cycles as a function of Ni dissolution, as deduced from

threedimensional images from BCDI and from measurements of the average lattice constants. The

results show that higher levels of initial Ni composition Heslin the more dissolution and higher

levels of compressive strain at the surface, forming asioe# structure with a Rich shell which

displayed improved oxygen reduction reaction activity. These studies complement our

understanding of electrochernily active surfaces of single crystals [7, 8].

Measuring local dynamics during thin film phase transitions and at interfadaesd xrays
provide the ability to interrogate crystal films and interfaces under conditions that induce structural
dynamics anghase transformations. In order to observe the local variations of these dynamic
processes evoked by driving forces such as optical excitation, elevated temperaturphasgas
chemical potential, we utilized focused hartay beams that provide locstructural information

and yield insights not accessible by ensemble measurements, as highlighted here.

When driven by ultrashort excitation, nanoscale phase regions evolve rapidly durHogdigrst
phase transformations, posing a significant charactemeahallenge. We utilized a newly

13



developedaserpumpedx-ray nanodiffraction imaging technique with tp8 temporal and 25

nm spatial resolutions to reveal new pathways of nanoscale structural rearrangement upon ultrafast
optical excitation which diffefrom those occurring during quassquilibrium transitions [9]. Using

the magnetostructural transition in FeRh as a prototypicaldiictr phase transition, we found

that the preexisting nanoscale variation in phase composition results in spatialipnodeneous
changes of phase fraction after ultrafast optical excitation. The spatial inhomogeneity leads to
nanoscale temperature variations and subsequgldme heat transport, which are responsible for
spatially distinct relaxation pathways on nanaenétngth scales.

We also developed a new spatially and temporally resolved method to study mesoscale energy
transport in materials with 100 ps and 300 nm resolution via optical transient grating pump and
focused xray diffraction probe (TGXD) measuremerd]. This was achieved by using a
spatially modulated optical excitation (i.e., transient grating pump) probed bydsuokred hard

x-ray microdiffraction to resolve the resultant crystal structural changes in real space. The
techni qgue s dempnstratedimaconparative atgdy of the multiferroic oxide BiFeO
which exhibits a photoinduced strain (structural grating) with an amplitude proportional to the
optical fluence, and FeRh, which undergoes a magnetostruptuaaé transformation found to

have a nodinear locatiordependent relaxation

We also utilized irsitu microbeam studies to study surface step dynamics on crystal surfaces [11,
12, 13]. The 1 | $tacking sequence of hexagonal clpaeked and relatecrystals typically
results in steps on vicinal {0001} surfaces that have alternating A and B structures with different
growth kinetics. However, because it is difficult to experimentally identify which step has the A
or B structure, it has not been possitd determine which has faster adatom attachment kinetics.
We showed thah situ microbeam surface -Xay scattering can determine whether A or B steps
have faster kinetics under specific growth conditions. We demonstrated this for-angtailic

vapor fhase epitaxy (OMVPE) of (0001) GaN-rdy measurements performed during growth find
that the average width of terraces above A steps increases with growth rate, indicating that
attachment rate constants are higher for A steps, in contrast to most pnediotim results have
direct implications for understanding the atoret@le mechanisms of GaN growth and can be
applied to a wide variety of related crystals, including wide bandgap host materials for quantum
information science [14].

Future Plans

The futue plan of the program is to continue to provide insight into fundamental mechanisms,
dynamics, and local ordering that control materials properties, phase transformations, and
interfaces via novel hsitu and timeresolved xray measurements at forefrolight sources.
Immediate program goals center on studying quantum materials, materials for energy, and
structural materials that reveal these connections with a special emphasis on developing and
demonstrating impactful experiments that capitalize onrtipraved brightness of the APS after
its upgrade. We plan to pursue area of study outlined here:
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Manipulation of quantum materialddarnessing the potential of quantum phenomena within
materials offers tremendous opportunities but requires understanding and control of the complex
atomic and nanoscale structure and dynamics over wide time scales that dictate properties. We
plan experimats that will provide such insights by targeting several exemplar systems in which
delicate manipulation and balancing of energetically similar states in a material provide
opportunities for control of state and properties. Using pprope scanning Bragg
nanodiffraction and ptychography, newly discovered optically induced ordered phases in
ferroelectric / paraelectric superlattice structures will be studied to reveal the mechanisms of their
formation and their dynamic properties. We will also study coiorestbetween electrical
properties and local order and dynamics in canonical claagsity wave materials and relaxor
ferroelectrics with advances in XPCS and scanning nanodiffraction data analysis and
interpretation. We will also pursue-gitu experimets aimed at developing optimal routes for
processing single crystal SiC for quantum information technologies where control-suneae

lattice structure, phase, defect content, and step dynamics are critical for functioning. These
research thrusts widlll establish and demonstrate capabilities for exploiting coherence combined
with wide-angle Bragg diffraction at ARB and at MHz XFEL sources.

Materials for energy and infrastructur&e will focus on studies aimed at control of nanoscale
materials sticture and dynamics at and near interfaces in materials relevant to energy and
infrastructure where Hsitu measurements are necessary to gain new fundamental insights. We
will perform studies of lattice response in nanoscale crystals of oxides suchaawitte BCDI

under cyclic electrochemical and galsase environments for energy conversion materials with the
aim of revealing the connection between internal strain and oxygen ion transport across the
nanoparticle interface. We will also develop metholdat tbuild on our recent successful
demonstrations of combined BCDI and SECCM to enable +Buiyg peak measurements
accessible by varying-say energy to conclusively determine surface strain in individual grains
undergoing electrochemical cycling. We mallso perform multiscale measurements of grains
within bulk polycrystalline higkperformance structural alloys by leveraging the significant
increase in coherent flux at highraty energies atgeneration light sources to gain insight into
strain fields at grain boundaries in embedded grains up to 10 microns in size. First measurements
at the ERSREBS will focus on tackling prominent method development challenges associated
with this new regime of BCDI and the challenges of integration of the resinitagges with coarse
resolution diffraction microscopy measurements of the bulk sample. This research thrust will pave
the way for early irsitu BCDI experiments at several feature beamlines of the upgraded APS.

Method development aredsitegrated within tese research directions is a focus on developing
enabling methods to make maximal use of coherent and ultrafiast. XSpecific areas of
development include ultrafast Bragg ptychography, variable wavelengthBnadjgpeak insitu
BCDI with SECCM, seriaKPCS at MHz XFELs, high energy BCDI extending terhizron
scale grains, mulBraggpeak image reconstruction algorithm advances, asdurcapabilities.
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Quantum algorithms for lowlimensional systems

Research Scope:This proposal aims to improve our understanding of the coherence and
entanglement properties of low energynsexcitations in mampody magnetic solidtate systems

based on rare earths. To accomplish this, our research has two thrusts. In the first, we will develop
pulsed laser experimental modalities to probe theawpnlibrium properties of rarearth based
magnetic chain systems. These modalities will exploit the unusually long lifetimes present in such
materials. Inelastic neutron scattering, magnetic force microscopy, and resonant ingkastic x
scattering and absorption will be used to probe the $match temporal evolution of the spin
correlations and their electronic multiplet structure. Long coherence times are inherent to rare earth
systems but may be enhanced in these materials by the presenceatédauantum scars,
eigenstates of the systewith athermal properties that violate the eigenstate thermalization
hypothesis. In this thrust, we will also develop the ability to determine quantum informatic
measures in neaquilibrium material systems. In the second thrust, we will develop quantum
algorithms informed by quantum information theoretic approaches to describe teéguldorium
dynamics of such rarearth materials. In particular, we will apply lessons obtained from the
structure of tensor networks to develop efficient quantum algositable to compute both their
ground state and negquilibrium behavior.

Recent Progress:

Preparations for Ultrafast Laser Studies at the SIX Beamline at NSLS I

We are planning ultrafast laser studies ofd@iped Yttrium aluminum perovskite and Yttrium

al umi num garnet samples at NSLS I106s SI X bean
experiments is expected to be delivered in January 2023. To prepanesfdelivery, we have

performed design construction and testing of the optics of the laser system compatible with the
constraint of the SIX experimental setup.
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The design is given in Fig. 1. Due to the physical
space available, the laser system will be placed on
e Ty Optics two specifically sized optical tables connected
SRS (g table through a fiber cable transporting the laser beam
x-raV' from the fAlaser tableodo to
tade accommodates the multiple laser sources
while the second one is dedicated to collimating,
Fibercable  focusing, and directing the beam inside the SIX

SIX Sample chamber

¥\ Lasers

table sample chamber and onto the sample. This second
Fig. 4: Experimental design of the laser ~ table also contains the beam diagnostics and will be
setup at SIX. used for testig our neutron pumprobe setup.

To prepare for our ultrafast studies, in the past year we have worked on performing experiments
on the Ybbased materials of interest in equilibrium conditions. The preliminary results are
important as currently no RIXS @ats available on the response of these materials due to the
uncommon edge used (Yb M edge) and the relatively young field of high resolution RIXS. To
this end, we have prepared -dbped yttrium aluminum perovskite (Yb:YAP) and yttrium
aluminum garnet (YXYAG) samples with optically polished surfaces suitable for our planned
experiments. Preliminary measurements of Ylddge resonant inelastieray scattering (RIXS)

have been conducted at Si>éee Fig. 2. As expected, a clear enhancement of intensigiisat

the Yb Mk resonance corresponding to exciting electrons from the ¥bcRude states to the Yb

4f valence states. Zooming in on these transitions, we see the fine structure of the spectra, which
vary between Yb:YAP and Yb:YAG.
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Fig. 2: Equilibium resonant inelastic-say scattering (RIXS) measurements of Yb doped materials. Left:
RIXS intensity of the 5% doped Yb:YAP sample as a function of incident energy showing that the signal resonates at
the Yb My edge of 1520 eV. The central and right panels show the fine structure of the low energy and 1.3 eV manifolds,
respectively, for the different samples of 100% YAG, 5% Yb YAG, and 5% YBY AP, in which differences arising
from changes in crystal field cagfirations are visible.
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DevelopingLasePu mp Neutron Spectroscopy Capability a

A coll aborative devel opment proposal, A-Optica
pump neutron spectroscopyo f orsubbntittedtdHOaSRdgeC a n d
National Laboratory in the 2022B proposal round and received an alternate status, allowing us to
initiate a collaborative development with the ORNL team. The possible technological routes of
how to setup an optical purgrobe samplenvironment for neutron scattering experiments were
identified and conceptual design work has begun. Regular meetings of the BNL and the ORNL
teams are being held. The collaborative development proposal has been resubmitted in the 2023A
proposal round witlthe goal of carrying out prototyping and testing measurements.

In preparation for our lasgrump studies, we are planning equilibrium neutron studies of the
relevant rare earth materials. High optical quality crystals of 100% and 5% substituted Yb:YAG
were obtained through collaboration with the Scintillation Materials Research Center at the
University of Tennessee; similar Yb:YAP crystals were made available for this work by the
collaborator Podlesnyak at ORNL. Proposals to measure the crystal figtidgof the lowest,

J=7/2 Yb spirorbit multiplet in these crystals on SEQUOIA spectrometer at the SNS were
submitted in the 2023A proposal call. Proposals to quantify the ground state and the effective spin
Hamiltonian in these materials were submitiedthe same proposal round to the CNCS
spectrometer. While we expect that some of our proposals will receive beam time, in view of the
reduced neutron availability due to the upcoming SNS shutdown to upgrade the power, we have
also submitted proposals thet LET spectrometer at ISIS, UK and are considering conducting
measurements atFIARC in Japan.

Measuring Entanglement in Quantum Materials

We have developed [P1] a theoretical framework by which the time dependence of entanglement
measures such as the RReantropies were able to be computed after a quantum quench in any
system that can be described by a 1+1d bosonic field theory (i.e. spin chains, 1d Hubbard models,
1d cold atomic systems).

Quantum Algorithms for Losimensional Systems

We benchmarkedP2] the use of deep mulicale entanglement renormalization (DMERA)
circuits as means to prepare ground states of spin chains on a quantum computer. As a model
system we considered quantum Ising spin chains. We found that DMERA circuits strongly
outperfom a standard Quantum Alternating Operator Ansatz for ground state preparation.
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Future Plans:

Ultrafast Laser Studies at the SIX Beamline at NSLS I

We expect delivery of the ultrafast laser system this January. We have been awarded beamtime
through the NSLSI user program to perform full experiments once the laser is delivered. We
thus plan to characterize the changes in the RIXS spectra asiarfuridaser fluence, time delay,

and sample temperature and build up a detailed spectroscopic picture of the physical principles
underlying the functioning of these materials.

DevelopingLasePu mp Neutron Spectroscopy Capability

As discused above, we have submitted/are in the process of submitting a number of beamtime
proposals both in order to develop the puonpbe capability at the SNS and to characterize the
equilibrium properties of our rare earth samples.

Measuring Entanglement in @otum Materials using Scanning Tunneling Microscopy

We are planning to measure entanglement in rare earth spin chains using scanning tunneling
microscopy techniques. In order to perform the measurements, it is necessary that the substrate is
at least mininally conductive. At the same time, to preserve coherence, it is essential that the spin
chain should not be too strongly coupled to a metal. We will therefore use as a sample an ultrathin
layer (£3 atomic layers) of aluminum oxide which is doped durirmngin with the rare earth of

choice. This aluminum oxide will be deposited on conductinglbibed SrTiQ substrates which

will serve both as a flat substrate and as a counter electrode for STM measurements.

Two methods for measuring entanglement will belesed. In the first technique, we will use the
Electron Spin Resonance techniques developed by the IBM group (C. Lutz, A. Heinrich) to probe
the quantum dynamics of a spin chain. In a very recent work, the group demonstrated that it is
possible to measuentanglement between two spins separated by a short distance on a substrate
by performing spirpolarized STM measurements on one of the spins [R1]. In the second
technique, we will use measurements of the STM LDOS spectrum to place bounds on the
multipattite entanglement in a spin chain. This spectrum can be connected to the quantum Fisher
information for a witness operator based on a stpglticle fermionic operator. This will extend
previous work on using the QFI to estimate the rpaiiite entanigment in bosonic spin systems

[R2].

Quantum Algorithms for Losimensional Systems

We give here two elements of our work on quantum algorithms. In the first, we plan to follow up
on our previous work [P2] on the modular design of state preparationtlahgsriior spin chains.

To this end, we plan to implement the algorithms on current generation quantum hardware to
enable accurate error benchmarking for algorithms of this type. We also plan further study of the
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incidental symmetndriven error mitigationstrategy discovered in [P2]. We will determine
whether it can be applied generically to rEam quantum algorithms.

In the second, we will explore algorithms for the preparation oftange entangled (LRE) states.
Such states are also essentialdpplications to quantum metrology, robust quantum memories,
and measuremetiased and fauliblerant quantum computation. It has been shown recently that
the introduction of nomnitary operations can lead to efficient, finttepth circuits for preparg

certain LRE states [R3]. Inspired by these recent results, we aim to develop tools to allow the
design of efficient quantum algorithms for the preparation of certain stahgnodels that are
universal for quantum computation. Stringts are a class lattice models that can realize all
two-dimensional topological phases of matter.
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Research Scope

The use of external knobs such as light and strain to control quantum materials is allowing us to
access on demand new quantum phases and collective excithéibafen exist only far away

from equilibrium. However, our lack of understanding of how and why these properties emerge
is limiting our ability to fully exploit this control. The main challenges lie in the access to how
microscopic processes drive maseopic changes, and under which regimes new states appear.

Our goal is to tackle these challenges by providing the first holistic approach to studying
guantum phase transitions and collective excitations with momentum resolution, by accessing
several ordex of magnitude in space and time, across which emergence develops. This will be
possible by advancing and coupling a portfolio of stdtthe-art angle resolved photoemission
spectroscopy (ARPES) tools, that span across many orders of magnitude Inmesatiion

(from mmnm), and in time resolution (from steashtate to femtoseconds), and across the
unexplored ranges of the combined capabilities.

To address the current needs and challenges in the field, our main line of research wiitlecover
exploration of northermal phases such as excitonic states, photoinduced phase transitions
through manipulation of electrerboson interactions and explorationhaterogeneity down to

its mesoscopic length scale at the onset of a phase transition

These works have benefitted uniquely from the combination of theddtttte-art spectroscopic

tools developed in the Pl &s I|-)apatorngwith micrans, t og
and submicron resolution, simultaneous capability of applyimgperando fields and currents,

tunable ultrafast pump laser with variable repetition rate and probe energy.

Recent Progress

Our work in the past year has focused on a) driving spin orbit coupling and Rashba splitting on
ultrafast time scale; b) invegation of momentum resolved formation of excitonic states in
guantum materials; c)

a) Electric field gating is one of the most fundamental tuning knobs for all modern solid state
technology and is the foundation for many salidte devices such as trastsers. Current methods
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for in-situ backgated devices are difficult to fabricate,

introduce unwanted contaminates, and, most importaf
cannot reveal dynamics induced by the onset of the fi
and are unsuited fopicosecond timeesolved electric
field studies. In our work we have discovered a new
to generate ultrafast bagating, by leveraging the
surface band bending i nh
materials. Our new architecture consists of a stanc
bulk semiconductor material and a layered material on
surface. Optical pulses generate picosecond time var
electric field on the surface material driving an ultraf
switching. We have successfully applied this method {

Figure 1: alJltrafast gating deze
diagram. Infrared excitations generate
excited eh pairs reducing the internal B
field; b) decreasing the slope of the QV|
potential (gray to orange) anetiy
changing their energy levels.

guantum well Rashba systeamong the most promising

candidates for spibased devices, to modulate spin orbit coupling and Rashba, followed by the

5 emi

creation of long lived states through a Liftschitz transitiofhe power of this method, is in the
generation of ultrafast electrieefd that allows switchinggpabilities faster than 10GHz, much
can be achieved
need any fabrication or lithography and will enable kdhven electronic and spintrms devices

faster than anything that

such as transistors, sgiransistors and photaontrolled Rashba circuitry. This method can be
applied with minimal effort to any twdimensional material, for both exfoliated and molecular

beam epitaxy grown samples. In theantiture we pan to adopt this methodology to modify

electronboson interaction through a phase transition.

b) Excitons have played significant roles in functionality of optoelectrical and ehearggsting

devices and in realization of exotic quantum phases involving Mott physics, charge density wave

formations and BosEinstein condensations. Leveraging owhouse higkresolution extreme
ultraviolet (XUV) time resolved angleesolved photoemission spectroscdmARPES) with
high energy, momentum, and time resolution we have studied the effect of exciton formation on

the band structure of a monolayer Mo8Ve revealed excitedriven renormalization of the
electronic structure in a similar fashion as

TR "5:: L, §°3: 1 in the case of other many body
?:Zeasel v ] e Bl [ iff interactiond.  Specifically, we saw a
ex:i:ond;;;n ieeeldnv\en - <imedela (fs)6 éimedelal;(of(;) SurpriSing eXCitOFdriven bandgap
' " increase, by as much as 40 meV, in
Figure 2: a)Schematic of an excitedriven band gap contrast to the typical bandgap decrease
increase and freearrierdriven decrease. b) Measured previously reported and associated to
bandgaK and effective mass following pump excitation screening (see figure 2), and a

simultaneousmhancement of the effective
mass GW calculations explained these findings in terms of screened vs unscreened interactions.
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In the future we plan to eapd these studies to other excitonic states and specifically to topological
excitonic states.

C) In recent years attention has been given to a class of TMD that exhibit peculiar CDW order due their
Aimi xed di mensionalityo. TaTe2 is one of such exa
2D, but electronically similar to a quakD material. he interest in these materials stems from the
similarity with the nematic phase and stripe order phase observed in a variety of correlated materials, with

the most famous erple being the stripe phase in cuprates.

e 7 - In a recent work we have shown that within the CDW state a
" * ‘ ‘b\ decoupuling between the structural and electronic peitgdi

; 5 occurs. The crystal has threefold symmetry in the plane and
k' therefore the question arisesvatfiat direction will be chosen at
: the electronic level to set the charge order among three
! ’// structurally equivalent and energy degenermates.By using
L8 / nanoARPES we succeeded in imaging three separate domains
b coexisting on the same sample, offset by 120 degrees.

Figure 1: aJTop panel: NanoARPES In the future we plan to look into the physics of the phase
spectra of Fermi surfaces of 3 separation, and namely whether the boundaries between
Isoenergetic CDW domains rotated by | - gitferent domains arerandomly directed and stem from
120)'_ B_ottom: spatial scan of 40x40mm impurities/defects, or if instead they follow a specific
providing the contrast among domains . .
crystallographic direction and how we can externally control of

the electronic anisotropy with light.

Future Plans

In the next year we plan to build upon on our reogork on excitonic states in topological
insulators and 2D materials to search for condensation and other exciton driven renormalization
phenomena. We also plan to investigate how microscopic inhomogeneities trigger one competing
order to emerge during phase transition by a combination of ARPES studies down to
heterogeneityéds own mesoscopic | engtinducisgc al e (
the phase transitions.

a) Excitonic landscape in momentum spad®y leveraging the recent discovery thatigonic

states carry unique signatures in the single particle spectral function measyried to

uncover the complex landscape of sHiwed excitons (psub ns) in van der Waals
heterostructuresnd topological materials. We will focus on the evioluf the excitonic state,

and its signature in the single particle spectral function across the exciton Mott transition with

the main focus on exciton dynamics, excithiven band structure and gap renormalization, and
exciton condensatién Along thesame line, we will expand our preliminary studies to the case

of indirect excitonic topological states. These states are appealing as they could host excitonic
condensation at high temperature and with topological protediighRPES is ideal to probe
condensation given its specific signatures on the band structure, such as bandgap opening in the
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topological surface state at the Fermi level and renormalization of the bulk valence band in the
form of a camel like dispersion.

b) Creation of transient nontiermal phases far from equilibrium Our objective is to use
ultrashort and intense pulses of light, tailored to vibrational excitationseéte new collective
statesand to disentangle degenerate competing orders hidden in static conditions anadghen st
the electronic response via tr ARPES. This study follows the proposal froifRrojatical
spectroscopy of transient induced superconductivi@ur focus will be on the study of doped
Ce0/STO and /BiSe; and FeSe/STO, throughodeselective #*tARPES experiments:or both
systems experiments will be conducted by coupling mid IR light pulses to excite the Raman
active phonons of the substrafEhe benefit of this method is that these excitations should act as
an indirect perturdtion of the lattice.The ability of trARPES to directly accessder parameter
dynamics and coherengarovides a unique means to solve ltveg-standing debate on the real
origin of these light driven states.

c) Coexisting structural and electronicrders in TaS: TaS is probably one of the first

examples where multiple first order phase transitions between four different CDW states were
observed as a function of temperature, thickness and external pressure, resulting in spatial
inhomogeneity and spally varying domains of different structural and electronic arde

Studies at the mesoscopic scales are sparse and mostly limited to the structural degrees of
freedom. Here we propose to fill this gap by studying the electronic structure of the thermall
induced transition(s) in £TaS both in its bulk form and for the monolayer case, grown by
chemical vapor transport. Temperature and uniaxial strain, up to 2%, will be used to trigger the
collapse from the Mott gap state to metallic state, and to édnd control different orders and

new non thermal electronic and lattice states.

d) Mixed dimensionality in TaTg In addition to Ta$§ theless investigated Tatés an
interesting compound due to its fAmixed di mens
electronically similar to a quagiD material. Given its threefold symmetry witiree structurally
equivalent and energy degenerate stitegjuestion is whetheharge ordering favors a specific

direction among the three structurally equivalent andggngegenerate oneS§pecifically, the

next immediate goal is to look into the physics of the phase separation, and namely whether the
boundaries between different domains are randomly directed and stem from impurities/defects,

or if instead they follow apecific crystallographic direction. This in turn will lead to the

external control of the electronic anisotropy.
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Research Scope

Our program is focused on understanding the role structure and dynamics play in the functionality
of materials. It is organized into two main interconnected areas: (1) Probing switching dynamics,
intermediate states, and metastable phaseslving short range, atomigcale distortions and (2)
Probing nanoscale and mesoscale distortions and dynamic heterogeneity. Combined with unique
tools at SLAC and close theoretical collaborations, these represent a new means for understanding
and maniputing the functional properties of materials and devices which in turn arise from atomic
and mesescale motions, processes typically blurred in time and in space by prior experimental
approaches. In this FWP we make central use of the user facilitief\@t i&tluding the Linac
Coherent Light Source as well as the Stanford Synchrotron Radiation Laboratory and the
Advanced Light Source at Lawrence Berkeley National Laboratory. Our team and the associated
scientific efforts have played a key role in the depetent of new facilities at SLAC, including
LCLS-II, LCLS-II-HE, and UED, and at ALS, including COSMIC. Experiments within this FWP
involve insitu studies of nomquilibrium metastable phases and materials at phase boundaries,
dynamic transition statespa the role of heterogeneity. Measurements of the first atomic/ionic
steps associated with how these transformations occur are key to understanding these intrinsically
dynamic processes, and are uniquely made possible by the facilities at SLAC/Stanftng and
collaborative team.
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Recent Progress

1. We carried out LCLS experiments probing the dynar s . @1l - Gon

- (470)

response of the layered 4Vl material SnSe under abov ; P
gap excitation, showing a new type afrrthermal lattice i 4
instability and the formation of a new Immm structur
phase not found in equilibrium. This structure is identifi
by measurements of the dynamic response of many B
peaks enabling reconstruction of the unit.CEflese results RS
suggest new strategies for using ultrafast lasers to ind ) Time [ps]

normally inaccessible neequilibrium structures. Y. Fig. 1. Timeresolved diffraction intensity

Huang et al ., fAObservati for various peaks from which transie@ t t i C e
ul trafast p h oPhys.eRewc XL2, €1d0295 structure is reconstructed.

(2022).

Electrical pump 6l (%)
T 3

2. Operando ultrafast electron diffraction studie
investigated the pulsed -field-induced pathway
underlying the insulateto-metal transition in V@within 5
an operating device. We demonstrate that pul -~
electrical excitation induces a transient isostructL %
phase which mediates the transition between t 3
structurallydistinct equilibrium phases. Ou
measurements also reveal a universal transition path
(comparing photoexcitation to electrical excitatio

across eight orders of magnitude in timescale. A. Soo Fig- 2. Transient changes as a function
time and momentum transfer during tt

a ., AUni versal phase dy1 feg.drven insulatoto-metal transiton in ¢ ¢ h €s

by ul trafast 0 pSienaeBtB30352d VO, Static diffraction pattern shown b
(2021). solid black curve.
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3. Experiments at the LCLS defined a new approach — ... ;Mefseesceo
visualizing the dynamic polaronic distortions that occur in O%W%G;%O
hybrid perovskites. Tie work used timelomain diffuse xay '~ % ° R o
scattering as a momentur@solved phonon spectroscopy of tis ™| % S8 o
locally distorted structure to probe chaigduced local ~+1 %o
. . . . . . 1 >

heterogeneous distortions and quantify the elastic strain fi s S, S &

: , : | g g ey
associated with these electrphonon coupling process, propost ————————————
to underlie the unique optoeleahic functionality of these Tme (s)
materials. We observe a radially expanding nanonseaée Fig. 3. Timeresolved diffraction
strain field associated with the formation and relaxation changes at selected momentL
polarons in photoexcited perovskites. Estimates of the magni transfers.
and shape of the polaronic distortion aatained, providing
direct insights into the dynamic structural distortions that occur in these materials. B. Guzelturk et
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al ., AVisualization of dynamic pol ar Haturec str a
Materials 20, 618 (2021).

4. We investigatedntercalationdriven transformations in 2D

materials using a combination of#itu xray scattering, cyclic g /‘;ﬁ g
voltammetry, and imsitu UED. This work reports on the fw 18
discovery of a new metastable phase of lithitmercalated L

WTe> featuring the largest iplane chemical expansion e
coefficient ever observed in a singlbase material. The unusual

Solid electrolyte

actuation of LyWTez is linked to the formation of a newly F“ "t"r-'-iml’ ;- ’2>

discovered metaable crystallographic phase. Further we show
that this response can be potentially used as a new type
straintronic device allowing for modulation of strain at hit Fig. 4. All-solid  electron
freqguenci es. P. Meffisiemthuaiaxial @it transparent setup for -itu ion

plane stretching of a 2D reial via ion insertion” Advancec intercalation.

Materials 33, 2101875 (2021); see also: A. Sood et

AEl ectrochemical i on i nsert iNaume RevieosMatertalé, at o mi
847 (2021).

5. Solidstate ionic conduction is a key enableetsdctrochemical energy storage and conversion
but the mechanistic, atomic scale properties that underlie this functionality remain poorly
understood. In this work, inspired by studies of fluids and biophysical systems, we carried out
purely theoretical effrts to reexamine anomalous diffusion in the iconic tdionensional fast

i on ¢ ondua h d-allbnimast Wegrovide a fundamental understanding of the AC ionic
conductivity and investigate the origins of persistant-difflasive ionic transport. Qr
characterization of memory effects in transport connects atomistic defect chemistry to macroscopic
performance with minimal assumptions and enables mechahism v e n -tood a v b me 6
optimization of fasion conductors."DefedDriven Anomalous Transpoirt Fastlon Conducting

Solid Electrolytes”, A. Poletayev et &lature Materials21, 1066 (2022). Ongoing efforts use
strongfield THz pulses to manipulate ions in these materials and probed&pendent
correlations and memory loss effects (A. Poletasteal.,arXiv: 2110.06522 (2022)).

Future Plans

1. Facility development: We continue to be active users at LCLS and other free electron lasers
around the world, as well as at synchrotrons such as the Advanced Photon Source and Advanced
Light Source, anat the SLAC Ultrafast Electron Diffraction Facility. At UED, operando studies
building on the work described above are now in analysis stage probing ultrafast dynamics in ion
intercalated 2D materials driven by optical and THz fields. A number of newsaiffieplving in
situ devicescale Efield-driven switching responses in ferroelectrics are also in progress, building
on the VQwork described above. Atthe LCLS, in collaboration with SLAC accelerator scientists,
we are working to enable electrbeambased THz pump Fray probe measurements. This setup,
now installed downstream of the LCLS undulators, uses the Coulomb field of the LCLS electron
bunch in conjunction with eimed femtosecond-ray pulses to probe subsequent structural
dynamics with edmental specificity using softray spectroscopy.
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2. Building on the work described above on the monochalcogenides, we are exploring new types
of optical control of materials using sglap excitation. Combining tabtep femtosecond
stimulated Ramascattering in conjunction with tim@omain xray scattering at the Advanced
Photon Source, this defines new opportunities for-opdéghanical control of materials and the
induction of new metastable phases with unique functional properties.

3. Ongoingefforts probing dynamics in charge density wave (CDW) systems reveal exquisite
details of the formation of topological defects (dislocations) of the CDW thanks to the extremely
high wavevector resolution of theray FEL. Topological defects are observed asimttive
powerlaw scaling of the structure factor S(k) vs k. These topological defects are controlled by
light pulses, and these measurements demonstrate that ultrafast excitation can create non
equilibrium states that are inaccessible by other meahgaTie, we have shown that the transient
CDW order is associated with these defects and the competindeaof LaTe exists in the
dislocation cores.

4. We are collaborating with groups at the ALS to employ ultrafast scanning transmissign X
microscopy to investigate ion transport and intercalatidniced phase transformation in 2D
materials such as WTe2. We have recently secured an Approved Program at ALS to carry out
this development effort.
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X-ray studies of complex materials at high pressure

Wendy L. Mao, Stanford University & SLAC National Accelerator Laboratory
Hemamala Karunadasa Stanford University & SLAC National Accelerator Laboratory
Yu Lin, SLAC National Accelerator Laboratory

Seltidentify keywords to describe your project:

diamond anvil cell

lattice compression

X-ray scattering

halide perovskites and analogs

Program Scope

The theme of our FWP is manipulating the ground and excited states of complex
materials by understanding their atomic and electronic structures at high pressure. Here, high
pressure studies infornyrsthetic design towards improved materials and novel lattice
architectures enable the realization of unprecedentedpnegsure phenomena. The overarching
goal of this research program is to disentangle the local anddmgg structural response to
presure and understand how their cooperative interactions contribute to the macroscopic
behavior of complex materials. Our proposed research program relies on our ability to
characterize materials using a suiteno$itutechniques in particular Xray prokesi at the
relevant energy, spatial, and temporal scales. As an archetypal materials family to pursue these
fundamental studies, halide perovskites are an ideal platform of crystalline semiconductors to
demonstrate how both thermodynamic properties aoidegbstate dynamics can be
systematically tuned through mechanical compression. Our activities will be closely tied to
SLAC facilities, and we will leverage expertise at SLAC through existing and new collaborations
with the many groups within the Divisiaf Materials Science working in condensed matter
physics, ultrafast science, and theory

Our research portfolio is organized under three main research tijyuStmtrolling lattice
heterogeneity and electronic dimensionalitio understand how latticmmpression affects the
local structural heterogeneity (i.e. defects, disorder, and dynamics) and orbital interactions across
ordered lattice vacancies; 2) Creating emergent electronic stedagenerate itinerant electrons
at high pressure, which canatk to interactions that yield novel electronic phenomena; 3)
Accessing metastability and beyond equilibrium matteer characterize and control matter away
from equilibrium and find pathways to novel phases not accessible otherWwgeall three
research thrusts, it is crucial that we continue to develop and enhasiteandin operandoX-
ray diagnostics along with extreme environment capabilities for the characterization and study of
these complex materials.

Recent Progress

1 Electronelectron interaction and a Ferrtiguid-l i k e mEdPhkl Weiobsenigd rare
electronelectron interaction induced by@se di at ed el ectron redi stri
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CsPbé. | n s uGsRbt tiamsfgrmgito a Fermliquid-like metal at high pressure,
concomitant with a structural transition from a 1D chain to a 3D pRassesure increases the

5d state occupation in Cs and I, which results in the ele@lectron interaction and renders

a Ferni-liquid-like state (Ke et al., Nat. Commun. 2022).

Onedi mensi onal ( 2d@39ni: Wie deraondtrated présgunsiuced 1D

met al | iCs3nk X¥RD iamd Raman spectroscopy indicate that the 1D chain structure of
U-CsSngis maintained in thligh-pressure metallic phase while the &rdtahedral chains

are distorted. Experiments and figginciples DFT calculations show that pressure induces
SnSn hybridization and enhances-Broupling within the chains that broaden theSprand

I-5p bandsand close the bandgap (Ke et al, J. Am. Chem. Soc. in press).

Charge reservoirs in an expanded halide perovskite analog (dmpX3[$X = Br' and )

and pressurenhanced conductivityVe described a novel strategy of using redotive

organic molecuds as stoichiometric electron acceptors in rasddile semiconductors.

Pressure enables the reelmotive organic cations to dope the material through internal
chargetransfer, enhancing the conductivity (Matheu etfatigew. Chem. Int. Ed. 2022).
Tuningdefects in a halide double perovskite with pressWfe report the first experimental
investigation on the effect of pressure on defects in halide perovskites. Modest compression
first increases the conductivity of ££gTIBre by an order of magnitude and decreases its
bandgap from 0.94 eV to 0.7 eV. Subsequent compression yields complex optoelectronic
behavior, wherein the conductivity ranges across at least four orders of magnitude. These
conductivity changes cannot be expk by the evolving bandgap. Instead, they can be
understood as tuning of the bromine vacancy defect with préssarging between a
delocalized shallow defect state with a small ionization energy and a spatially localized deep
defect state with a largenaation energy (Wolf et al, J. Am. Chem. Soc. 2022)
Superconductivity in compressed transition metal perovskite chalcogewidesbserved
intriguing insulatingto-metallic, and tesuperconducting transitions in Bat&hd BaTiSeat

high pressure. Botmaterials become superconducting at ~60 GPa witoa~3 K. Tc

increases with pressure and reaches above 9 K at 120 GPa fog &aX 5K at 80 GPa for
BaTiSe. Structural displacements in the quabBi network could be the origin of the change

in the dectronic structures.

Mixedvalence 2D perovskite§Ve studied higipressure structures and optical and

electronic properties of a layered halide perovskite with three different metal ions in the
octahedral sites: (BA)CU"(CuIn'"")o.s|Cls (1sa; BA* = butylammonium). CompressingA.
reduces the onset energy of intervalence charge transfer between the Cu(l) and Cu(ll) centers
from 1.2 eV at ambient pressure to 0.2 eV at 21 GPa, while the electronic conductigity of 1
increases by 4 orders of magnitudemnigompression to 20 GPa. Encouraged by the newly
emerged properties, we demonstrated an efficient mechanochemical synthesis to expand this
family of mixedvalence halide perovskites with complex compositions.

Data-driven approaches for highressure halid perovskite studie§Ve have introduced
datadriven approaches, complementary to the experiments and simulations, for
understanding the behavior of halide perovskites at high pressure and predicting new
materials. Our results from studying ariatbrganc CsPbi perovskite phase validated the

use of crystal graph convolutional neural network (CGCNN) for predicting materials
properties. The best CGCNN model predicts the bandgap and enthalpy with high fidelity
when the system undergoes uniaxial strain airdstatic compression.
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XFEL-DAC opportunitiesWe are continuing to make significant efforts in developing-high
pressure ultrafast-Xay characterization. We will have anry pump, Xray probe
experiment on DAC samples at HED, EuXFEL in June 2023. Amatiajor effort is to
enable the opticghump, Xray probe experiments in a DAC at LCUS

Future Plans

T

Exploring exotic electronic states in the perovskite andpenovskite metal halide§ve

plan to extend the successful structural and electronic studies ors @s&tédlogous

systems. For example, the ability to access a reliable perovskite phase of 10% Cs@(FA)Pbl
at ambient conditions along with the thermodynamically stablepeoovski e p hase of
(FA)Pbk allows us tgperform parallel measurements and analyses to search for states such
as a strange metal. The results can guide our efforts for studying halide perbaskite
superconductors.

Controlling the phase stability and accesgimetastabilityWe will study the competing

effects between octahedral tilting and octahedral volume shrinkage in perovskite
chalcogenides at high pressure and find design principles for the phase control. Structural
transitions resulting from these twactors alone or in combination are present across many
perovskite materials. We plan to study a series of perovskite chalcogenides with a goal of
obtaining a unified scheme to explain their structural evolution trends at high pressure. This
could offer fundamental insight into accessing and stabilizing perovskite structures and drive
the search for novel perovskite materials.

Understanding the superconductivitytransition metal perovskite chalcogenidesl

continuing the search for exotic electronictstain halide perovskite3he novel
superconducting transitions observed in B#TiSsand BaTiSemotivate us to uncover the
underlying structural origins and carrier scattering mechanisms. The exciting electronic
structures observed in these guHSinetworks in both halide perovskites and perovskite
chalcogenides at high pressure provide insight in achieving diverse electronic platforms in
the board family of lowdimensional perovskite systenihie unusual electrealectron

interaction and abnormal ekeonic transport behavior found in compressed Csmbtivate

the continued search for novel phases and states in halide perovskites and related lattice
architectures. We plan to conduct ultralemperature (down to 50 mK) electrical transport
measurements on Cskht high pressure.

Probing local disorder in single and double perovski®@itic and dynamic (local) structural
disorder have significant influence on the optoelectronic properties of halide perovskites. We
will continue to utilizeX-ray total scattering measurements for understanding the local
structural deviations that could be ubiquitous in halide perovskites, particularly at high
pressure. We will use advanced atbased modeling, e.g., reverse Me@@rlo simulations,

to undertand pressurenduced, partially amorphous phases of (FA}PA)PbBr3, and

CsPbBs. The nature of the partial amorphization in these 3D halide perovskites will shed
light on their structural and electronic origins at high pressure.

The highpressure prperties of perovskites containing three or more octahedral m&téds

have recently devised synthetic methods to access complex metal compositions in halide
perovskites, including mixedalence compositions with loenergy intervalence charge
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transfer tramitions. The effects of compression on these materials are expected to yield rich
electronic and magnetic properties that will be studied in detail.

The highpressure properties of gold perovskit#ge have recently synthesized gdidlide
perovskitesfdaur i ng unusual architectures and we
perovskite compositions that we reported in 2021. We plan on tracking their structural,
optical, and transport properties at high pressures to study the effects of compressing two
inorganic sublattices of different dimensionality.

The highpressure properties of perovskites with vacandiés:are continuing to study the

effect of compressing vacancies in halide double perovskites to understand the extent of
electronic communicatiom these OD materials with band structures that are reminiscent of
3D materials.

LCLSII and XFEL development&CLS-II HE is planned for 2022028, but with an initial

high energy upgrade to >20 keV using thel@ac (120 Hz) and the new LCLI$

unduldors available, and we are in discussion with beamline scientists at LCLS to propose
experiments at the XPP and XCS instruments. The process of enabling DAC measurements
at LCLSI will likely require a number of steps that can include modification of DAC

designs, feasibility tests with model materials at lower pressures, additional experiments with
more complex materials, pushing to higher pressures, etc. @ay pump, Xray probe
XFEL-DAC experiments in EUXFEL in June 2023 will provide significant guagafor
implementing and extending the capability at LCLS.
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ResearchScope

This projectinvestigatestructuralcorrelationsn a numberof materialsthathavestrongspin
orbit coupling,which undergocanomalos phasdransitions.Thegoalis to determinethe origin
of thosetransitionsandto resolvecontroversiesn the existingliteratureaboutthe underlying
physics.Thefocuson systemswith spin-orbit couplingis motivatedby thetheoreticawork by
Liang Fuandotherg[1,2], who predictthe existenceof novelelectronicphaseslueto multipolar
nematicityor metallicferroelectricity,andthelack of experimentaterification of thosetheories
in structuralstudieq3], with differentexperimentatechniqescomingto contradictory
conclusionsegardingthe natureof the primaryorderparametef4, 5].

Our grouphasbeendevelopingmethodsof measuringothlong andshortrangestructural
correlationsoy collectinglargereciprocalspacevolumesof data,comprisingseverakerabytes
perday,usinghigh-energyx-raysat the AdvancedPhotonSource(APS)[6] (Fig. 1), which
allow the detailedtemperaturelependencef structuralcorrelationgo bedeterminedn afew
hours.This hasrequiredthe developmenbf automatedvorkflows, which reducel00GBdata
setsinto recipro@l spacecoordinatesasfastasit is collected. We haveformedateamthat
combinesmaterialsscienceandx-ray scatteringexpertisewithin MaterialsScienceDivision with
expertisan two computationatlomainsmachindearningandspectraknalysisjn orderbothto
accelerateheidentificationof differentcontributionsto S(Q) asa functionof temperaturendto
providerobustandeasilyinterpretablemapsof structuraldistortionsusing3D-gp P Drirethods.

Incident
Beam

Fig. 1: Schematiaiagramof the experimentaketup.The sampleis rotatedaroundthe G-axis continuously

through360°in amonochromatix-ray beamwhile framesarecollectedin thefastareadetectorevery0.1°. This
sweeps sectionof the Ewald spherghrougha reciprocalspacevolumethatcancontainhundredsthousandsor
eventensof thousand®f Brillouin Zones.In theright-handfigure, everydot representameasuredBraggpeak.
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Fig. 2: (a) Temperaturerajectoriesof threeclusterswith intensitiesabovethe thresholdoroducedby X-TEC. (b)
Q-dependencef thethreeclustersshowingthelocationsof the superlatticgpeaks(blue).

RecentProgress

UnsupervisedachinelLearning

In orderto analyzeargevolumesof S(Q) without significantselectionbias,we havedeveloped
algorithmsbasedn unsupervisednachindearning[7]. Theraw datafrom a singlesampleat
eachtemperaturesettingis over 100GBin size,collectedin ~20 minutes,generating fine
reciprocalspacemeshof ~5 x 10® Q binsfrom severathousand3rillouin zones(BZ) (Fig. 1).
Our approachs to exploitthe fact thatour measurementaretypically madeat alargenumberof
temperature§20to 30 or more) Contributiongto the scatteringn eachQ bin will havea
differenttemperaturelependencdependingnits physicalorigin. If thereis a phasdransition,
for example superlatticgpeakswill appeaatthesamerelativeQ in manyBZs atthecritical
temperatureandwill increasen intensitywith commoncritical exponentasthetemperatures
lowered,whereaghermaldiffuse scatteringvill monotonicallydecreasén intensity(Fig. 2).
Unsuperviseanachindearningcanbe usedto groupall the binsinto afew clustersthat
representhesedifferentcontributionsto the scatteringprovidingareciprocalspacemapof the
Q-dependencef eachone.

Thealgorithmshavebeenimplementedn a PythonpackageknownasX-RayDiffraction
TemperatureClustering(X-TEQ) (https://github.com/KimGroupXTEC). X-TEC handleghe
wide dynamicrangein S(Q) by normalizingto eitherthe meanor the varianceof eachbin asa
functionof temperaturelt alsoaccountdor correlationdbetweemeighboringbinsto reduce
randomclusterassignmentsisinga methodcalledlabelsmoothing With theseenhancements,
we areableto identify both superlatticgpeaksandthe surroundingdiffuse scatteringeventhough
theydiffer in intensityby factorsof 10° or more.This is accomplishedisingtwo modesof
operationX-TEC smoothednode(X-TEG-s) is bestsuitedfor detectingorderparameters
reflectedin the peakcenterswhile X-TECdetailedmode(X-TEC-d) canprobefiner detailsin
thediffuse scatteringandrevealthe natureof fluctuationsin high-resolutiondata(SeeR€f. 7).

MultidimensionalSpectralAnalysis

Until recently diffuse scatteringvasusuallysimulatedby atomisticmodels which takealong
time to developandrefinewith large3D volumesof data.However therecentdevelopmenof
the3D-gp P Driethod athreedimensionalersionof pair-distributionfunction(PDF)analysis,
providesanalternativeapproactthatrequiresno prior modeling[8]. In 3D, it is possibleto
removethe Braggpeaksbheforeperformingthe realspaceransform,atechniqueknownas

i p awandf i khérebygeneratingnapsof interatomicvectorprobabilitiesthatonly include
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Diffuse trajectory (115 peaks)

2507

XTEC-s !
: Green Peak ATEGd b
= 2001 N . Yellow Peak Red diffuse ! ‘
< % g " --=- Blue diffuse '3 .
: e 2 .3
£ 1504 ’@ o ot /5".
g \ /dt T
8 i 8
21004 A
) f - g t
[ .l A
< Jv~
€ 50 Fit- 52 , # A,
Fit- &x \ & M gne
ol. -y o @ @ R L
50 100 150 200 250 300 50 100 150 200 250 300

T (K) T (K)

Fig. 3: (left) X-TEC Clusterddentifying two setsof superlatticgpeaksthatareforbiddenin the cubicpyrochlore
structureof CdbRe0, butemergebelowthe structuralphaseransitionat 200K. The peakintensitiesgrow with a
2D-XY critical exponentgconsistentvith atwo-componeng, orderparameter(Right) X-TEC clustersof diffuse
scatteringclustersaroundthe two setsof superlatticepeaksrevealGolddonemodefluctuationsthatareconsistent
with a Mexicanhatpotentialconnectinghetwo nearlydegenerat&, modeq7].

thosewhoseprobabilitiesdiffer from the averagestructure This allowsthedisorderto be
directly visualizedandvastly simplifies interpretation.

Our projectcontainsexpertisen 3D spectralanalysiswhichis notaswell developedasin 1D
and2D becaus®f arelativelack of applicationsn otherfields. As examplesye have
developechewmethodsof optimizing Fouriertransformtaperfunctionsusingthe Nystrom
methodandGausd_egendrantegration[9], in orderremoveanimportantsourceof leakage
artifactscausedy theasymmetryin measuredlatavolumes,andwaysof concentratingpectral
informationon specificscatteringeaturesusingtiled Gaussiarfilters [10]. We have
implemented many of these spectral analysismethodsin our data reduction software,
NXRefinghttps://github.com/axmas -anl/nxrefine), now usedregularly on Sector6-ID-D at
the APSand availableon QM2at CHESS.

MachineLearning Analysisof StructuralOrder and GoldstoneéModesin CckReOr

CdRexOy7, whichis acompoundhatundergoes$wo structuralphaseransitionsat 112K and
200K, wasoneof thematerialsdentified by Liang Fu aspossiblydisplayingmultipolarnematic
orderbecauseahedistortionsweretoo smallfor thetransitionsto be structurallydriven[1,4]. We
haveperformedmeasurementasa functionof temperatur@andusedX-TECto revealboththe
critical behaviorof the primary orderparameteandthe Goldstonemodefluctuationsthatdrive
symmetrybreakingat alowertemperaturé€Fig. 3) [7]. Boththecritical exponent®f the Bragg
peaksandthetemperaturelependencef diffuse scatteringaroundthemareconsistentith the
condensatiomf atwo-componenty orderparameteat 200K andGoldstonemodefluctuations
betweerthetwo nearlydegenerat&, modesbelowthetransition.Furthermoreananalysisof
theorderparametebehaviorusingthe X-TEG-derivedselectiorrulesrevealedananti-phase
distortionof the Cd andRe sublatticesnot seerbefore,andsuggestshatanadditionalfirst-
orderphasdransitionat 112K is dueto the competitionbetweerthesetwo distortions.

Order-disordertransitionsin (Ca,Sr3RhSnis

Forover60years structuralphaseransitiors haveusuallybeendiscusseadn termsof two
limiting categorie$11], dependingon the natureof theanharmonigotentialdriving the
transition.In thefirst categoryfi d i s p ltransitiongresaltfrom the condensationf soft
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Fig. 4: (left) Neighboringtin icosahedran SrsRh:Snys, showingthelocal distortionsbelowT.. Thesedistortions
areevidentin the 3D-gPDF maps(right) in the peaksplitting at X=0.4. Theamplitudeof the splitting is
temperaturéndependenbothbelowandaboveT. = 130K at (b) 30K (c) 100K, (d) 150K (e) 30-150K [10].

phononmodeswhereaghedistortedionsinfiorderd i s o trathstionéoccupysiteslocatedat
theminimaof deepmulti-well potentialsin the past,classificationsnto thesetwo categories
haveprovedambiguoudecauseheywerebasedn propertiesabovethe structuralphase
transitionwherethedistinctionbecomeblurred.Our improvementso the 3D-q?DF method
havealloweda determinatiorof thelocal distortionsboth aboveandbelowthetransitions,
becausét incorporatedoththe superlatticgpeakanddiffuse scatteringntensitieg10]. We
demonstratethis newcapabilityin the quasiskutteruditecompound(CaSn-x)sRhSrs, in
which structuralphasdransitionsaresuppressetb a quantumcritical pointwith eitherpressure
or chemicalsubstitutiong.g, by calcium[12]. It hasbeensuggestethatthesearecharge
densitywave(CDW) transitionswhich arerarein 3D materials putthe natureof thecharge
disproportionatiorhasneverbeenestablished Our resultsconclusivelyshowthatthetransitions
in thesequastskutteruditesreorderdisorderin characterpecausehe distortionamplitudeis
independenof temperatur€Fig. 4). This callsinto questionwhetherthesecompoundsrereally
CDWsdrivenby anelectronicinstability. We suggesthatthelossof structuralcoherenceat Tc
makesthe electronicexcitationsncoherentproducingpseudogafiuctuationsaboveTc, similar
to thoseseenin fi b andetalssuchasthecuprates.

Future Plans

Theprojectdepend®n the closeinteractionof materialsscientistsat Argonnewith expertsin
machindearningandspectralnalysisthreefields thatareusuallyonly weakly connectedThe
nextstepis to fully integrateall three.For example the Gawssiantiling methoddescribedabove
is aform of spectralconcentrationi.e., focusingon specificfeaturesof interestin Q-space
beforeapplyingthetransformto realspace Theresultsof X-TEC canbeusedto generalizehis
approachby selectivelytransformingspecificclustersthatrepresentlifferentcontributionsto
thedisorder.We alsoplanto explorethe useof advancedtatisticaltechniquessuchas
compressedensingto improvethe quality of 3D-gPDF maps,andmachindearningto identify
disordermodelsthatareconsistentvith the constraintof the spacegroupsof the undistorted
structuresWe arenow in the processf shifting our datareduction/analysiplatformto the
ArgonnelLeadershigComputingFacility, whereperformanceavould be suficient for more
computationallyintensiveapproaches/Ve believethatin the future,suchcomprehensive
methoddor studyingstructuraldisordemwill becomeanincreasinglyvital tool for the materials
sciencecommunity.
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X-ray Scattering
lan Robinson, Condensed Matter Physics and Materials Science Division, BNL
Emil Bozin, Condensed Matter Physics and Materials Science Division, BNL

Keywords: Quantum materials, Phase transitions, Nanocrystals, Coherent Diffraction
Research Scope

This program applies statd-the-art xray scattering techniques to the structure of
materials, especially the strongly correlated electron materials of interest to the Condensed
Matter Physics and Materials Science Division (CMENI&t Brookhaven National Laboratory.
The longterm goal remains to seek structural explanations for the properties of correlated
el ectron figuantumod material s, including the
and strained structural doma. Nanoscale fluctuations in strongly correlated systems are
studied to understand their intrinsic properties and thermal excitation. We aim to understand
phase transitions of materials through the role played by their nanoscale domains. Our
experimemal approach includes measuring hard and setiyXscattering from crystals,
nanocrystals, superlattices, powders and thin films, augmented by neutron powder diffraction
when scattering contrast is neededra} coherence is critical to some of the mdthwe are
developing, such as Bragg Coherent Diffraction Imaging (BCDYayptychography and-Xay
Photon Correlation Spectroscopy (XPCS). Our program contributes to the development of
beamlines at the NSL:B, especially the Coherent Softpay (CSX),Coherent Hard Xay
(CHX), X-ray Powder Diffraction (XPD), Pair Distribution Function (PDF), Harda)
Nanoprobe (HXN) and Coherent Diffraction
Imaging (CDI) beamlines.

@

vl
w“/-a

50 nm

Recent Progress

We have completed a combined PDF and BG
study of nanocrystallinBaTiOsz (BTO) using
hydrothermally synthesized samples, similar t¢
those used in multilayer capacitor technology.
These materials are commonly considered to
consist of either a single cubic average structy =
phase or a mixture of cubic and tetragonal
phases. Bgombining PDF and BCDI, we could £ 1

demonstrate that the material has local struct £+ A
symmetry breaking throughout its structure an| ] . !

that its apparent cubic lomange symmetry o I N R

arises from ~50 nm sized twin domains of Pl poskion b

tetragonal symmetry with 90° domain vl Figure 1. Isosurfac@) and crossection slice (b,c)

shown in Fig 1, which interact to give the net through a cubic BTO nanoparticle. The color
cubic structure and residual strain. The BCDI| indicates local displacement from a reference lattig
images strongly support a model of domain wq ©n ascale of2rad = d.o Line section (d) agrees
migration in response to an electric field. This| With merohedral twinning of tetragonal domains
resolves a longstanding question of why nano| ™Meeting at {110}domain boundaried].
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BaTiOs has a strogly enhanced dielectric constant, whitks important device applicatior$y.|

By using combined powder 1D Pair Distribution Function (PDF) and single crystabsh we
examined the evolution of local structure of RuP across itste electrom transition from
high temperature metallic to a low temperature nonmagneticatisig state via an intermediate

pseudegap phase. In both
distorted 3D-APDF undistorted experiments’ we Consistenﬂy

I found symmetnybreaking

' - distortions, shown for 3IPDF
in Fig 2, in the metallic regime
revealing electronic precursor
! [ - ' states associated with orbital
charge trimerization, a
fluctuation of pseudgap,
representing the local response
. = = to the Fermi surface instability

-20 -10 o 10 20

% (narrow flat degenerategt
Figure 2. Reciprocal space (left) and direct space (right) slices of 35( bands). Since RuP is the parent

data revealing presence of fluctuating Ru trimer in metallic phase of of binary ruthenim pnictide

superconductors where
superconductivity emerges upon Ru/Rh substitution, with superconduectmgximized around
the pseudayap quantum critical point, this discovery may be relevant to superconductivity.

We utilized temperature dependentay PDF measurements to study local structure of

AgGaTe, material exhibiting ultralow lattice thermal conductivity at elevated temperature. This
tetragonal system shows negative thermal expansion (NTE) of the tetragonal axis in diffraction.
The PDF analysirevealed a nanoscale symmetry broken state emerging from undistorted
ground state on warming. Local distortions, which grow continuously with temperature are found
to be correlated on stimnometer length scale, an effect leading to NTE behavior. Assthcia

DFT calculations suggests that a large difference in energy between the s and d electron orbitals
of the Ag leads to weak $drbital hybridization, which is the driving force of the local distortion

of Ag. This causes stroragoustit optical phonon coupling and ultralow lattice thermal
conductivity. Observations provida guideline to suppressing heat transport in diamondoid and
other electronic materials.

In the layered 19TaS charge density wave (CDW) system, we mappeddimidetailed
temperature evolution of the fAstar of Davido
incommensurate, nearly commensurate and commensurate CDW phases. At 50 K we observe a
novel response consistent with sginglet formation involving 8D orphan spins. At high
temperature (metallic phase) we found signatures of pol&®@precursor. Upon heating above

630 K, seen in Fig 3, the signature signal drops to ~50% aspéaSes through a polymorphic
transformation involving a 50:50 mixturé dT and 1H layers with octahedral and prismatic Ta
coordination, respectively. The persistence of precursors in the 1T layers sandwiched between
undistorted 1H layers unveil a 2D character of the underlying electronic instability. The findings
are relevanfor the recently observed coexistence of superconductivity and CDW in tha&R
polymorph.

In order to explore the time scales associated with phase transitions and to rationalize the
complicated sequence of events taking place, we performed XFElasitkaray Diffraction
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S B P e (XRD) experiments on Pd melting, both of which are
; explained by inhomogeneous spatial distribution of the
electronphonon coupling. Laser melting of 300nm Pd thin
films was studied at the PAKFEL and found to show
clear regimes ofdhavior in both time and fluence, with a
film compression found at higher fluences, which was not
seen in our earlier experiments on Au thin films. The
inhomogeneity was unexpected because it was not seen in
earlier experiments on Au melting/e found thaPd melts
very differently from Au with the formation of a transient
, compression wave. We suspect the kagarerated
2 3 4 5 g | electrons, responsible for carrying the heat away from the
Interatomic distance, r (A) Askin depth,d cannot travel as
Figure 3.Polarons in Tagin the results in compressioof the remainder of the material. We
high-T metallic phase (1-TaS, T> plan to transfer these ideas to understand the thisem
550K) and above the polymorphic | behavior of Pd nanoparticles.
transformation (6RraS, T > 730 K).

5

Atomic PDF, G (A?)
0

We explored whether the orbital degeneracy lifted (ODL)

state is a peculiarity of weakly coupled electronic systems in
proximity to a localizedo-itinerant crossover, or if it is more common. To achieve this local
structure of NaTiSDe clinopyroxene Mott insulator is examined across itglimerization
orbitalassisted Peierls transition at 210 K. ComplementargyXand neutron PDF analyses

reveal that, on warming, the dimers evolve into a stange orbital degeneracy lifted stafe o

dual orbital character, persisting up to the highest measured temperature. The state is correlated
over the length scale spanniDg sites of the Ti zigzag chains. Our observations show that the
ODL phenomenology does extend to strongly correlatedretesystems.

We used high energy-Kay beamlines PO7 and P21.1 at PETRA Ill at DESY to verify that the

ODL precursor state, originally observed in polycrystalline £4lkexhibiting octamer orbital

molecule singlet ground state, also occurs in a singkairspecimen. The study confirms the

presence of local distortions in the crystal at room temperature and revealditieasional

character of the orbitally fluctuating state resembling orbital ice. TheSulata were also

utilized to examine divse quite general but thus far unexplored aspects of reproducibility and

relative importance of various processing protocols and parameters of-thd®IDF anal ysi s.
This was explicitly achieved by varying dgieocessing order and included anahstisps.The

final 3D-pPDF product is found to be remarkably rot
method.

Future Plans

We plan to combine PDF and BCDI to investigate domain formation (~100 nm) and the

incommensurate character of the psegdp phase of Ruihplicated in HRXRD. Other

parents of binary ruthenium pnictides will be characterized, specifically RuSb, which exhibits a

superconducting ground state in the absencesté|2 electronic transition. We will carry out

local structure study of ZrEat 28-1D-1 of NSLS Il in magnetic fields of up to 5 T, to explore

the polaronic response, implicated by powder PDF, in relation to its reported giant

magnetoresistance, manifested as a large enhancement of the resistivity anomaly peak. Single

crystal Xray diffuse scattering experiments on ZgBee also planned to corroborate the powder

observations and establish the signatures of the Dirac polarons, and their response under uniaxial
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strain. A detailed temperature study of-BRS is planned to further undeasd the coexistence

of CDWs and superconductivity, in the context of the precursors observed in the 1T layers at
high temperature. Several new candidates for emergent broken symmetry states in high
performance thermoelectrics exhibiting ultralow thernaaiductivity will also be screened for
future detailed exploration.

Domain physics ideas will be developed using advanced sample preparation techniques, such as
Focused lorBeam and Reactive lon Etching, to explore domain formation in confined space and
to understand pinning mechanisms using BCDI. We will develgitinmethods to look at

domain formation alongside the macroscopic electrical and magnetic responses of the materials.
Domains of superstructure within the blocks will be imaged by BCDI andtémeperature
dependence will reveal the action of pinning forces arising at least from the cut surfaces and
possibly from strain. Domains (for example, magnetic) of lower symmetry than the parent
material will form twins whose spatial arrangement wifbrm us about strain relief

mechanisms, which will be studied using the BDF method to understand how the internal

strain patterns couple to the diffuse scattering. Epitaxial thin film superconductor devices,
notably of LaxSkCuQs (LSCO), show a remkable angular variation in transverse electrical
resistance, R which is believed to be connected with the 4filim structure, but not yet

completely understood]. Domains are known to form, associated with misfit dislocations in

the atomielayer epitaxial films provided by the Oxide MBE FWP in CMPMSD. We plan to start

a new study of domain formatiam such quantum materials, looking for a spatial pattern of
structural domain walls that could play a role in explaining the variation.oflits will employ

a 2D version of Xray Bragg ptychography, taking advantage of the fact thafitmrdiffraction

is extended in the owtf-plane direction so only 2D coherent diffraction patterns are needed.

This should lead to predictions of how &an ultimately be controlled for device applications.
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1. Research scope

This program is part of the BES funded FW@&n-Equilibrium Magnetic Materials (NEMM)

in the Materials Sciences Division at LBNL. The overall mission of NEMM is to understand the
fundamenthscience of magnetic materials and phenomena enabled by interfaces amdbpin
coupling (SOC) through design, fabrication, measuring, modeling of static & dynamic properties
of magnet/high SOC nemagnet heterostructures. TREMM program addresses d&

interrelated Thrusts: i) understanding and controlling the free energy landscape of2 and 3
dimensional chiral spin textures in thin films and multilayers, e.g. skyrmions, hopfions, chiral
domain walls, that result from SOC plus inversion symmetry lorgak) designing magnet/nen
magnet heterostructures with strong SOC that exhibit strong spin accumulation in response to a
charge current to achieve current and voltage control of magnetization; and iii) producing highly
nonequilibrium magnetic phases these (hetero)structures by external excitation.

Within the NEMM program we lead the coherentay scattering and-Xay Photon Correlation
studies of magnetic thin films and heterostructures. The equilibrium oregaibrium phase

of a system at nemero temperature is determined in part by energetic considerations and in part
by thermally driven fluctuations that store entropy. Magnetic skyrmions, for example, can be
stabilized by either mechanism. Our goal is to understand and control the figyelandscape

of chiral spin textures and address the effect of disorder and fluctuations which can lead to
topological states and rich phase diagrams. Our work takes advantage of unique capabilities at
the Advanced Light Source at LBNL and the LINAC Colmélaght Source at SLAC, and

focuses on applying emerging softay tools to probe phases of magnetic films that exhibit non
collinear and topologically distinct spin structures, e.g., skyrmions and helical domain walls. We
couple the high spin contradtrearedge soft xay spectroscopies to imaging and scattering
modalities to probe nanoscale spatial and temporal correlations in these spin structures.

2. Recent Progress:

a. Temporal heterogeneity and power law dependence of fluctuation amorphousFe-Ge
magnetic films

There is currently broad interest in utilizing the interesting properties of materials that exhibit
topological solitary fields like skyrmions for advanced low power microelectronic applications.
The NEMM group has applied a variety of tool to stadyorpghousFeGerx (a-FeGer %)

magnetic thin films. Amorphous K&e % thin films allow us to control and tailor different spin
textures and configurations by tuning its thickness, composition, applied magnetic field and
temperature [1]. At low, a-FeGer xis an insulator and nemagnetic; for increasing it first
becomes metallicx2 0.2), then magnetix@ 0.4), then ferromagnetic far2 0.55. We have
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probed the magnetic phase behxdvi0orms8 edigdthh éee L

resonant softxay scattering, Lorentz TEM, and magnetic measurements wéf magnetic
circular dichroism [2]. We showed that the samples ltaveplex spin textures such as stripes,
as well as isolated fluctuating skyrmions.

In a recent work we undertook coherentay scattering and-xay Photon Correlation
Spectroscopy studies offeaGer %, x = 0.50, 0.51 and 0.53. In these concentrations the sample is
a bad metal anthagnetic interactions are weak. We obtained resonant diffraction images
indicative of stripe domains. We found that there is an appreciable change in the intensity and
full width half maximum (FWHM) of the peaks as a function of Fe concentration anditiat s
disorder has a profound impact on the fluctuations.
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Two-dimensional @pace maps of the domain scatteri Fluctuation per unit magnetization as
and fluctuation heterogeneity in the strplease as a function of reduced temperature. The thr
function of Fe concentratio)( Red opertircles shown curves collaps¢ogether when normalized b
in two of these maps highlight the appearance their specific Tst and Ms.
|l ocal i zed hét$pot t u  tTi/drst N
temperature where Tst is the stripe transition temp.

We observe that well below the transition temperature, a small fraction of the sample fluctuates
substantially (these are shown by red circles). As the temperature increases or the iron
concentration decreases, the fluctuating fraction increases quickly eventually resulting in
isotropic fluctuations. Interestingly, we find that the fluctuating fraction, when normalized to
magnetization for different Fe concentrations, can be collapsed sihgle power law behavior,
suggesting that the nature of the transition can be fundamentally described in terms of the
underlying spatiotemporal heterogeneity. This work has been sabrfottpublication.

We also showed that a edénensional stripéattice in the dipolar Fe/Gd multilayer behaves like
a finite-sized chiral soliton lattice, as observed in DMI based magnetic systems [4]. Discrete
jumps in stripeperiodicity and intensity variation of 1st and 2nd order satellite diffraction peaks
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of thestripe lattice follow a soliton sinR@ordon model even though the stripe phase in the Fe/Gd
multilayer exhibits an equal population of coexisting opposite helicitysipipes.

b. Nanosecond correlation spectroscopy studies afFe-Ge
0.7 ns delay

We continue to remain deeply engaged in the
development of Dulse XPCS at LCLS2, We studied
fluctuation of the domains ia-FeGerx, x = 0.51 as a
function of temperature. We determined photon

: —+ 12K contrast as a function of delay for two different

\ i 1::E temperatures. At short time delays (around 350 ps), we
F" F + wx found the contrast is higher indicating that the sample

contrast
o
E;a

9% s static but as the delay betweerses is increased (~

- : 5-10 ns time scale), the sample starts to fluctuate. We
T mpetew also measured correlation as a function of temperature
Contrast as function of temperature fora| for a constant delay of 0.7 ns. An enhanced fluctuation
constant delay of 0.7 ns. The magnetic near the transition temperature (around 148 K) was
signal fluctuates as the sample passes observed. This wrk is Currently being prepared for

through the phase transition around 148 K publication.

3. Instrumentation development, collaborative and future work:

In the context of the NEMM science focus, we are actively planning for future developments in
coherence resonant sofray scattering techques. We are actively collaborating with several
groups (many of whom are PlIs ofrdy program) and actively engaged in developing new
techniques, and detectors. These efforts will be of major benefit to the task in the NEMM
program and will take full acantage of the ALS upgrade to diffraction limited operation through
the soft xray regime.

1 One of the major future endeavors within the NEMM program is understanding and
controlling the free energy landscape of chiral spin textures, and thus the emergkence a
stability of novel topological and complex spin textures and phases in amorphous materials.
A particular focus is on identifying the role of disorder in amorphous material, investigate
whether local symmetry breaking is impacted by topology. Variouset&gchiral systems

are expected to host topological spin textures, and an underlying question will be, how
chirality impacts or drives the topological properties and behavior. We will continue to use
coherent Xray scattering and XPCS to address aboestpns.

1 In collaboration with Josh Turner at LCLS, we have been engaged in the development of
the 2pulse XPCS approach at LCLS2. Shlhnosecond XPCS opens up a new time regime

to study fluctuations. These timescales for XPCS are not currently avatabig other X

ray light source worldwide, since for current synchrotron signal levels, even with a fast
CCD, the images do not contain enough photons for meaningful measurements in the short
time scale regime. Along with equilibrium fluctuation studies,would also like to pump

the system to drive the magnetic state into aexunlibrium state. We expect that a pump
XPCS probe experiment at sab will shed light into the neaquilibrium relaxation

behavior of the spin system.
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1 Complementing this-pulse XPCS program at LCLS, Roy is leading the commissioning
of a new XPCS beamline and end station at the ALS. Multiple detectors, cryogenic
temperature and applied magnetic field capabilities are available. Pl within NEMM and
several Pls of the Xay Scatering program (Josh Turner (SLAC), Riccardo Comin (MIT),
and Roopali Kukreja (UC Davis)) are already participating in early science commissioning
experiments. The beamline is welcoming general users starting Jan 2023.

1 Roy (lead PI), and others have funding from the BES Scientific User Facilities Division
Detector R&D program to develop a Timepix based new class of fastsftPCS

detector that will, after ALSJ, probe the entire secotid-nanosecond XPCS time domai

[4]. We are also developing new methods to calculate spigdon based correlation

curves.

1 In collaboration with Todd Hastings (U Kentucky), we fabricated a magnetic
nanostructure with engineered defects and showed generation and contralyadriial
angular momentum beam using applied magnetic field and temperature [5]. Roy (lead PI)
along with Hastings and Hellman (€d) have a LDRD from LBNL to carry out further

work on interaction of Xay OAM beam with magnetic and electronic orders in quantu
materials.

1 We have recently developed a probe that enables simultaneous measuremieyt of X
scattering and transport data (anomalous and Topological Hall effect). This capability will
allow us to correlate data from bulk with specific features on nat@mntength scale. For
example, our setup shows for the first time a clear topological Hall effect when a magnetic
sample enters a skyrmion phase.
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Tracking intergranular strain dynamics with near-atomic scale coherent xay imaging at
next generation light sources

Pl: Richard L. Sandberg, Department of Physics and Astronomy, Brigham Young
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Anastasios PateragDESY), Stephan HruszkewyczWonsuk Cha Ross J. Harder(Argonne
National Laboratory)

Selfidentify keywords to describe your project:x-ray coherent diffraction strain imaging

Research Scope

We seek to advantage of revolutionary new coherenatyxflux available at upgraded
synchrotrons to develop inteaind intragranular scale strain imaging of dislocation dynamics. A
critical missing understanding for improvements in many technologicarialatés how strain
such interacts with grain boundaries in polycrystalline materials. An understanding of these strain
dynamics across grain boundaries will be important for improving performance in additively
manufactured structural materials and bgtteraterials. We are working towards developing
Bragg coherent diffraction imaging (BCDI) and combine it with other techniques such as high
energy diffraction microscopy (HEDM through collaborator A. Rollet and B. Suter at Carnegie
Mellon University) and lgh energy BCDI (HEBCDI developed by collaborator S. Hruszkewycz
at Argonne National Laboratory) to image dislocations as they transit or otherwise interact with
grain boundaries. In order to accomplish this objective, the following key goals will nbed to
accomplished: (1) develop robust in siteray grain orientation grain mapping (via Laue
microscopy), (2) develop new BCDI algorithms for adjacent grains and atomic resolution, (3)
image dislocation dynamics across grain boundaries during in situetamsilcompression, (4)
perform complementary molecular dynamics studies, and (5) finally developdetdtitor/multi
peak BCDI to fully take advantage of the increasing available coherent flux.

Recent Progress

We have made major progress during ouwstfiull year in these areas: (1) making robust
Laue microscopy for grain orientation mapping, (2) developing joint reconstructions of adjacent
grains for BCDI and for atomic resolution, (3) and imaging strain dynamics across grain
boundaries during in sittompression. However, first | will give a brief overview of the general
accomplishments and progress during this year.

The major accomplishments this year included conducting 3 beamtimes at beamline 34
ID-C at the Advanced Photon Source (APS) at Argorat@Nal Laboratory (1 was purely remote
for BYU personnel, 2 with BYU personnel in person and virtually). Additionally, we developed a
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process to make dewetted gold nanopatrticles on electrically conductive niobium dopped strontium
titanate (Nb:STO) singlerystal substrates. These samples were developed by BYU undergraduate
Landon Schnebly who will be working on a journal article manuscript of this result over the next
few months. Development of the Au on Nb:STO samples also was critical to developing more
robust Laue diffraction microscopy as it has allowed for samples that are more easily mapped with
electron backscatter diffraction (EBSD) on a scanning electron microscope due to the reduced
charging. Also, these samples are more robustray xradiationpressure effects such as Au
nanocrystal rotation and moving under the beamline pink beam illumination for Laue diffraction
microscopy.

The next main progress we have made is with respect to goal (1) developing robust in situ
Laue microscopy for grain origation mapping at 34D-C. Recently, BYU graduate student Nick
Porter has made the code more robust with the development of the LauePy [1], a rapid grain
orientation mapping code that allows us to quicky find the location and orientation of grains. Our
progress in developing robust Laue grain orientation mapping will be presented in the journal
article currently under review [2].

The second major accomplishment this year was with respect to goal number (2) develop
new BCDI algorithms for adjacent grains and atomic reswlutWith Laue diffraction grain

Fig. 2: Joint reconstruction of a twinned (111)
oriented gold grains using recently developed joint
reconstruction algorithm. The colors represent the
atomic displacement field along the z or vertical
direction. Four Bragg peaks were measured from
each grain to image the complete strain tensor dut
repeated atomic force microscope (AFM)
indentation. Tk right grain was indented with an
AFM tip at two points indicated with purple circles.
This data was taken in midecember 2022 and
ongoing efforts to understand the effects of the str
field across the grain boundary continue. This is th
first demongtation of our multigrain reconstruction
during in situ indentation in support of object 3 in
our proposal.

mapping was working more robustly, we have routinely able to find twined gold grains of dewetted
gold on strontium titinate (STO) substrates. With the crystal orientations determined, we were able
to easy maneuver the fitdictometer to find several Bragg peaks from the parent grain and twinned
grain (upwards of 6 peaks from each twin for a total of 12 peaks). In a recent beamtime we indented
one of the grains with an atomic force microscope with up to 1 ANergton of foce (see Fig.

1). This is a first demonstration for BCDI of reconstructing adjacent grains in a joint manner. This

work was presented at the APS March meeting and in a paper soon to be submitted [3].
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Finally, progress this year was made in phase retrieaxadldpment of atomic resolution
BCDI (Goal #2) and develop complimentary molecular dynamics studies. BYU PhD student Jason
Meziere has developed a phase retrieval algorithm that combines molecular dynamics in order to
extract atomic positions from BCDI dafsee Fig. 2). This work will be presented in papers soon
to be submitted [4].
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Fig. 2: Simulated 2D near atomic resolution BCDI: (a) Simuléted) and {1, 1) Bragg peaks areised in the
near atomic resolution BCDI developmeéntisson pise is aded tothe peaks&nd therintensitiedess than a
cutoff thresholdareremoved from the diffraction patterfin) The final reconstruction of the objeiodbm the
Bragg peaks using the near atomic resolution BCDI algorithm. The colors show theaisitidn error
compared to the original object. As can be seematheage error of about 0.@mgstromswith the maximum
error of any atom position at around OArgstroms

Future Plans

In the second project year, we will continue to work on gdgls(R), and (4) through our
efforts in robust Laue diffraction grain mapping, joint reconstruction algorithms, and molecular
dynamics simulations, but will also expand to work on the imaging of adjacent grains under strain
and in multiple detector imaginé significant, but planned, change in our project will be the one
year shutdown of the Advanced Photon Source for the upcoming upgrade in 2023. We have one
more beamtime in April of 2023 at APS. Therefore, we will submit beamtime proposals at the
MAX -1V facility in Sweden and IDO1 beamline at the EBSRF facility in France. We do have
a planned beamtime at EEESRF with S. Hruszkewycz and S. Middali at Argonne to demonstrate
HE-BCDI and HEDM for large adjacent grains. We also plan on submitting addifiooi@osals
to ESRF for atomic resolution BCDI.
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Research Scope

To develop a world class experimental and theoretical program in understanding the electronic
and magnetic structures of quantum materials, to address BES grand scientific challenges
through the utilizatin o f  Dr@yRuesfaciities and modern photoelectron spectroscopy
with energy, momentum, and/or time and spin resolution. To complement these spectroscopy
experiments with irsitu materials synthesis and characterization, and with advanced theoretical

simulations. To complement experiments with theoretical investigations on key problems

derived from experiments.

We aim at the highest precision measurements of an electron's energy, momentum, and spin
guantum numbers and apply them to frontier quantum materials problems. We have had a
number of important progresses over the past two years, including importanapoidicn
Nature Science and Review of Modern Physidsrough these activities, we developed strong
synergy with two major scientific user facilities at SLACCLS and SSRL. In the following,
we outline selected examples of our progresses.

Recent Progess

1 ARPES study of the highTc cuprate
superconductors [1]

A, (arb. units)

0 We extended the study of overdoped

Bi2212 to span the entire Brillouin zone
across Tc, aiming to understand the
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direct connection between spectroscopy and thermodynamic experiments. This provides a
critical missing link between thermodynamics and microscopic quantities that have eluded
the community for more than three decades. Furthermore, the momentum dependence
provides further insights not feasible from bulk measurements. These observatioss sugge
that the superconducting transition in overdoped Bi2212 may be driven by phase
fluctuations..

ARPES study of other strongly correlated materials [2]
o We investigated the electronic structure of superconductirgcRelate thin films using

resonant photoemission spectroscopyhe discovery of infinitdayer nickelate
superconductors has spurred enormous interest. While theations possess nominally the
same &° configuration as Cii in cuprates, the electranstructure variances of the two remain
elusive. By identifying the Ni character with resonant photoemission and comparison with
density functional theory + U (esite Coulomb repulsion energy) calculations, we estimate U
D5 eV, smaller than the chargerra f e r eD8 eV, gonfirngmg the MotHubbard
electronic structure in contrast to chatgensfer cuprates. Near the Fermi leviek)( we
observe a signature of occupied raseth states in the parent compound, which is consistent
with a seltdopingpicture. Our results demonstrate a correlation between the superconducting
transition temperature and the oxyggnh¥bridization neaEr when comparing hotdoped
nickelates and cuprates.

ARPES studies of quantum thin films [3]

. .. . . 181 Attraction ~ 1t m
o Using instu oxide MBE method, we ysthesized 4| N OL
hole-doped 1D cuprate chains (9% to 40%) for the fi 14} exp. 14%

[t]

exp. 9% 7

time and conducted systematiin situ ARPES ¢ {.cUp,ates
measurements. The availability of doped 1D mate> 0.;'
provides an opportunity to benchmark the applicability os} 5

the Hubbad model for cuprates, a long standing issu 4| ol
Persistent spicharge separation featured by separ ° — ]
holon and spinon spectral branches is observed upto ~ t====---- e et it i
doping. A prominent holon folding spectroscopic featt ’ O'O?mdinZ'Leak?Q'Zuve i%énsnf'zs e

is observed for the first time. It revedlan anomalously comparison between the nea
strong neaneighbor attractiorV, which may arise from neighbor attraction strengths in t
phonons within reasonable experimental parametéc?uggg?édm;gﬂg: ?ﬂg r'galtrrfat:;‘;
considering extended electrphonon coupling. The manifest one order of magnitud
resulting Hubbard¥ model likely provides a holistic stronger attractive interaction the
picture for highTc cuprate pysics. g;teraifi'(‘;nge”erated supexchange

o We have synthesized and studied-1&xCuQ; thin '

films over a wide range of doping (x = 0.06.35) using oxide MBE and performaudsitu
ARPES measurements. The reduced tdigeensionality in our LaxSxCuQs thin films

permitted an accurate determination of a Lifshitz transition in a doping range near x = 0.21.
Using parameters determined from ARPES data, we were able to account for the observed

specific heat maximum as a function of doping, excluding thd teemvoke an additional
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1

guantum critical point to account for that anomaly. This has important implications on the
relationship between quantum critical phenomena and cuprate supercondy¥tivdtyong

et al., PNAS. 119, 32 (2022)].

Spin-resolved ARPESinstrument development and study of novel regimes of spiarbit
coupling and magnetism

0 We used sphresolved ARPES to characterize the spin texture of the Rashba
semiconductor BiTeCIThe significantly higher resolution of the data allows us to detect a
anomaly in the otherwise straightforward Rashka spin texture. We have successfully
modeled this anomaly by invoking high@mer terms in the Rashba sqirbit interaction
Hamiltonian, constrained by the crystal point group symmetry. The symmetrg of
Hamiltonian suggests that the observed states are localized surface states rather than
delocalized quantuswell states, which had been an unsolved problem in the field. This work
established a new data standard for spin resolved ARPES.

Time-resolvedARPES instrument development and studies [4]

o We continue to work closely with an international consortium to develop photoemission
capability at LCLSII using a momentum microscope based experimental end station. In the
meantime, we have upgraded our UH}tem and manipulator to accommodatglizne

sample rotations to fully leverage our newly developed bias capabilities that significantly
expanded momentum space coverage for time resolved photoemission experiments using 6
eV ultrafast laser

Theory Activities [5]

o0 We developed a minimal microscopic model in comparison iwigitu angleresolved
photoemission measurements in a doped 1D cuprate chain material. Simulations highlight the
contributions from extendeslph coupling, augmenting the standard Hald model. With
couplings and phonon energies in reasonable ranges, we demonstrated that a strong attractive
interaction exists between neighboring electrons. Considering chemical and structural
similarities between 1D and 2D cuprate materials, a mininaglel with extended-ph

coupling provided new insights on cuprate higisuperconductivity and related quantum
phasegRef 5, T. Tang et al, arXiv:2210.09288].

Future Plans

1

Infrastructure and Equipment Development
o We will continue to develop and improve modalities of ARRPE®all spot ARPES,
time and spirresolved ARPES, with the LCLSk Microscope development being an
important focus. We will continue to developsitu materials synthesis and numerical
simulatian capabilities in tandem with instrumental advancements.

ARPES study of novel superconductors
o0 We will continue to study the novel cupratgerconductors, expanding to electron
doped and multilayer cupraté&e will investigate the connection between spectroscopy and
thermodynamical quantities.
0 We plan to study the irofbased superconductors. An example is the heavilydmped
Baw-xKxFe2As2 around the critical doping level of x ~ 0.8, at which a spontaneous breaking of
time-reversal symmetry above the superconducting transition was reported recently.
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o Infinite layer nickelates is an important new superconducting material familyuginro
single crystals from the Max Planck Institute, we will perform ARPES studies of the
electronic structure.

1 ARPES studies of quantum thin films
o We will study electronic structure of multilayer oxides and material systems that cannot
be prepared by bkilsingle crystal methods using our oxide MBE system and perform
ARPES investigations. Following the success of synthesisxaS&u: thin films, we
will continue to explore other dopant and wider doping range for new phenomena. Other
material examples include St.axCuQ; electrondoped infinite layer cuprate thin films and
BaCuQ+/SrCuQ superlattices.

1 ARPES studies of 2D and Topologal Materials
o We will investigate several important 2D and topological materials. This includes
strongly correlated material families with both strong correlation and topological properties
such as EuG#P. and EuC@As, candidate topological insulator Fe sSe.s, exciton state of
monolayer ZrTg and other transition metal multilayers made possible by our new materials
preparation facility.

1 Time- and spin- resolved ARPES studies
o We will investigate the coherent response in cuprate superconductorstaanfonthe
number of layers, i.e. compare the-ofHplane coherent phonons in Bi2201, Bi2212, Bi2223
to gauge changes of the electfmmonon coupling as function of the number of Glayers.
Other systems include SmBnd FeTesSeas.

1 Theory Activiti es
o We will continue synergetic theoretical activities, including simulations for the single
band and multorbital Hubbard models, investigation of the influence of extended electron
phonon coupling, as identified from comparison to ARPES measurements;auns
ordering tendencies, including superconductivity and chdegsitywave states, as well as
polaron formation, using a combination of exact diagonalization, DQMC, and time
dependent density matrix renormalization group methods.
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Ultrafast Bursts of Coherent X-rays to Unveil Fluctuations in Quantum Matter
J. J. Turner, SIMES, Stanford University & SLAC National Accelerator Laboratory

keywords: Fluctuations, superconductivity, ultrafast, coherence, magnetdogy
Research Scope

We are developing novel ultrafastay techniques to study fluctuations in quantum matter
at times scales not accessible at traditional synchrotron sources. This is made possible by creating
two X-ray Free Electron Lase(XFEL) pulses of : '
femtosecond pulse duration, and varying them in ti
with respect to each other, on the relevant timescal
the physics one is after. This is only made possible
recent developments at XFEL facilities, such as #8
generation of fullicoherent xray pulses, and the abilit\ye
to adjust them on electronic time scales.

Though critical to many areas of science, one key
which will be impacted dramatically is unconventiorg
superconductivity. Tis is because the pairin
mechanism, and associated order parameters that
been shown to be important in these complex type
materials, can display fluctuations that are not w

. rays athe Mn L-edge of PysCa sMnOs at
understood. Furthermore, many theories preq ,osy 1 the ALS, featured in our review
fluctuations are parannot to understanding these typ{ article [1] and in the latest Basic Energy
of materials and their respective mechanisms which| Sciences Network Requirements Revi@lv
host surprising physics.

Orbital speckle pattern measured with seft

The full scope of this activity is broad in nature. This includes, but is not limited to, working
closely with accelerator physicists to delitke necessary capabilities, design, construction and
operation of new instruments to handle these types of experiments, work at other XFEL facilities
in addition to LCLS and LCL$, coherent xray scattering work, materials characterization, and
high-performance computing and sophisticated analysis techniques. Progress in all the above areas
is necessary to push the envelope in demonstrating and making this capability routine for future
XFEL experiments.

Recent Progress

The focal point of the researdirection outlined above is to make scientific progress on our
understanding of unconventional superconductivity with the tools we are developing. Because
these tools are early in their development, and are dependent on XFEL technology and the requisite
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sophisticated instruments, software, and analytical methods,
we have specifically pushed tlemvelope in three focus
areas: ultrafast -xay measurements on unconventional
superconductors, developing these 4pudse fluctuation
methods on related systems, and measuring fluctuations in
unconventional superconductors using synchrotrons at
much longettimescaled providing learning which will be
necessary to apply this to the faster timescales for
fluctuation studies at future or upgraded XFELs. The first
two are described in our recent publication Wandel et al. [3],
and the DOE hi ghlfrozenhgkyrmeont i t | e
fluctuati ons?o, respectivel y.
fluctuations in unconventional superconductors at slower
times, has recently provided some very intrigupiysics

in this area.

As an example, we show a very preliminary figure, which

should be noted has not been fully verified and has not yet been published irrevizsesd

journal article. This was a measuremem the eVIll doped YBCO system which shows
superconductivity below cE65K, and a charge density wave (CDW) state at abaut-TL30K,

which is thought to have a dynamic component. However, NMR studies have shown a static CDW
order sets in at aboutdic~ 50K +£ 10K [4]. We used XPCS to measure slow fluctuations of the
lattice in this YBCO system near the (005) Bragg peakitectly measure how the lattice
responds. This was carried out at the coherent beaml#@ atthe NLSL:II DOE user facility,

where speckle patterns were measured as a function of time after illuminating the system with a
coherent xray beam. We found ¢éhtemporal correlation functions were very dependent on the
phase (see Fig.), even though the lattice is thought to be very robust. Furthermore, by extracting
the correlation time as a function of temperature, preliminary data suggest a slowdown of the
fluctuations centered around the onset temperature for the static CDW observed by NMR [4].
While still preliminary observations, it looks like the slowdown could be due to locking of the
lattice to the CDW, while the fluctuations speed up on either sideedbas one moves away

from the CDW state, and beldwwhich could be due to competition with superconductivity.

70



Future Plans

We are in the process of solidifying the crowning achievement of this reseaadty,act
which is installing and commissioning a bramelw instrument at the LCLB which is focused
on fluctuation phenomena in quantum materials, theyXPhoton Fluctuation Spectroscopy
(XPFS) instrument. This is funded through the BES Division of N&g$Bcience and Engineering
and will be s separate, staatbne instrument designed by our B&E@ded team, and will be
stationed at the qRIXS beamline as part of the Resonant InelasticScattering (R1X) program,
part of the new LCLSI suite of instuments. This will consist of a UHV chamber which can
accommodate either the latest SL-A€veloped ePixM detector, or other options which may
become available, such as the MTimePix being developed at the Space Sciences Laboratory at
the University of Chfornia at Berkeley. This chamber will be able to float across the floor to a
precise location, while also being
capable of being under UHV for
soft x-ray scattering
measurements at an arbitrary
scattering angle. This is a
significant upgrade from
previols generations, which
were protetype  versions
constructed by our team [5], and
could only operate in a forward
scattering geometry, which has a

The design of the new XPFS chamber. This instrument is funded | mMore limited use for quantum
through the MSE part of BES at the DOE and will be compatiiite | materials studies. Once this
the current sample system in place at the L@LfScility to measure system is constructed and in
first fluctuation studies at the high repetition rate offered by the
upgraded LCLSI facility.

place, we plan on assisg with
commissioning of the instrument

and leading seal | ed OEar |
Scienced activities for first measurements us
exotic systems using the higapetition rate of the LCL-H.

Secondary to this instrumentat development, is the ongoing work being carried out by our team
using the hard xay capability at the LCLS, with three future LCLS experiments being planned
for the Spring of 2023. These include fluctuations at the ps timescale in LSCO to studyitee nat

of the superconducting order, as well as the strongly@iinn coupled materials in the family of
iridates, where the latter will be to demonstrate the equality of this type of method with the more
traditional techniques such as RIXS. The final expent planned this spring is in a completely
different area of physics. Mainly funded by the Fusion Energy Sciences (FES) arm of the Office
of Science, this project was initiated by a group at Oxford University in this area to use the methods
we have beedeveloping to measure viscosity in a high energy density system, important for this

71



field focused on fusion and shock wave physics in warm, dense states of matter. This effort,
through collaboration with our team, has even recently received an invitediorttie FES and
National Nuclear Security Administration (NNSA) Defense Program to submit a new FOA to the
DOE based on our experimental developments [6].

Parallel to our ongoing fluctuation studies are using the more traditionalprobp studies run

in a nontraditional way. For instance, our recent work on the “eghperature superconductor
YBCO found a unique CDW state exists for a brief time period under optical excitation, when the
superconductivity can be quenched [3]. The natural felipvto thisis to study fluctuations which

occur in these new, transient states, using our methodology. This will also be explored in addition
to the more traditional fluctuation spectra in equilibrium.

In addition to the mostly LCLS8entric activities, we are alstwdroughly engaged in other
synchrotron XPCS studies and other XFELSs across the globe. One aspect of this that is addressed
in our portfolio is how to handle large amounts of data and the need fopdiffirmance
computing (HPC), a critical aspect of thagpes of measurements. We have been especially
interested in developing codes [7] and simulated data [8], both availableepto speed up the
process of wunderstathediygyd.the axpecemeénEsr opea
a skrymionic gstem, we collected 1PB of higjuality data. Handling this amount of data,
transferring, reducing, and analyzing is a +#wwial task and is also helping us to develop
computing expertise, and is furthermore helping us to prepare for the future oflL@it&n we

reach the 1MHz data rates. This effort was presented recently at an invited talk at the HPC
conference XLOOP, with a manuscript posted on the arXiv [9].
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Automated sorting of coherent diffraction data from XFELs
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Research Scope

Coherent Xrays are routinely provided today by the latest Synchrotron aray Xree
electron Laser Sources (XFELS). When these diffract from a crystal containing defects,
interference leads to the formation of a modulated diffraction pattern calledl&sp&hen the
defects move around, they can be quantified by a correlation analysis technique calfed X
Photon Correlation Spectroscopy. But the speckles also change when the beam moves on the
sample. By scanning the beam in a controlled way, theagvbdtween the adjacent regions
gives redundancy to the data, which allows a solution of the inherent phase problem. This is the
basis of the coherent-May ptychography method which can achieve image resolutions of 10 nm,
but only if the probe positiongeknown. The goal of this project is to separate "genuine”
fluctuations of a material sample from the inherent beam fluctuations at the high data rates of
XFELs. Algorithms are being developed to calculate the correlations between all the coherent
diffraction patterns arriving in a time series, then used to separate the two sources of fluctuation
using the criterion that the "natural” thermal fluctuations do not repeat, while beam ones do. We
attempt to separate the data stream into image and beam "raattegatically.

Recent Progress

Under this FWP, we have made a significant
enhancement of Xay fluorescence microscopy
which is widely used to study functional materials
with variable compositions in 3D, both biological
and composite materials. Currentlyetspatial
resolution for a hard Xay nanoprobe fluorescence
microscopy is limited to the Xay probe size. We

Raw XFR tomogram ML enhanced XFR tomogram developed a machine |earning (ML) model to
Figure 1. Central slices of 3D-y overcome the resolution limit by deconvoluting the
Fluorescence Tomography images before and| -y oy hrobe from the Xay fluorescence (XRF)
after application of our Machine Learning ) ) . i
method of enhancing the resolution with detailg sigral. To do this, we combined a multimodal,
information about the scanning probe from simultaneous measurement of the probe using X
multimodal X-ray ptychography [1]. ray ptychography [1]. The enhanced spatial

75



resolution was observed for both simulated and experimental XRF data, showing superior
performance over the staté-the-art scanning XRF method with different naszed Xray

probes. Enhanced spatial resolutions were also observed for the accompanying 3D tomographic

reconstructions, such as that shown in Fig. 1 for an experimentalsMhi.2Cao.202 (NMC)

battery cathode partc | e, 5 em i n di

ameter.
using the proposed ML solution to enhance the spatial resolution of an XRF microscope will be

| t i s

broadly applicable across both functional materials and biological imaging.
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Figure2. (a)(c) Magnetic BCDI images of the antiferromagneti
domain of SArO, obtained at T=120, 140, and 160 K, respec
tively. (d) T=140 K after the thermal cycling. Translucent imag
of the crystal from the (116) peak and isosurface images from
antiferromagnetic (106) peak have been superimp@ed

We also explored the
temperaturalependent behavior of
magnetic domains, which play an
essential role in the magnetic
properties of materials, leading to
widespread applications. However,
experimerdl methods to access the
threedimensional (3D) magnetic
domain structures are very limited,
especially for antiferromagnets. We
investigated the spiorbit Mott
insulator iridate SirO4 which has
an interesting magnetic structure
because of its analogy t
superconducting cuprates. We
applied resonant Xay magnetic
Bragg coherent diffraction imaging

(BCDI) to track the reaspace 3D evolution of antiferromagnetic ordering insidelaCirsingle
crystal as a function of temperature, finding that the emtimagnetic domain shows anisotropic
changes. The anisotropy of the domain shape reveals the underlying anisotropy of the
antiferromagnetic coupling strength withinel®D4. This is the first reported magnetic BCDI
experimental result, which has takeneafed attempts at the statethe-art 341D-C beamline

of APS. To get enough magnetic scattering signal, we had to carefully optimize the sample size

ant i

cip

using Focussed lon Beam (FIB) sample cutting at the same time as enlarging the coherent beam

sizebyclosng the entrance sl

2.

t s. The size that

We have performed data clustering of the XFEL data measured fros8rk@uOs
(LSCO) epitaxial thin films in Hamburg. This was the original plan of our FWP propdsah w

has brought together computational capabilities from the inverse problem, image clustering and

data correlation fields. A distinct set of diffraction patterns, collected at the MID station of the
European XFEL, has been merged together from raw siltgted by crossorrelation analysis.
Stronger correlation was found between single XFEL shots within the same pulse train than
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Figure3. Testing of ML inversion of between trains. Recorded diffraction patterns were

simulated data used to model the BCDI found to repeat over the full 3@iute run, rather than
snapshot data obtained from LSCO thin

films at the European XFEL. Ground truth being clustered itime. This indicates the variations
and reconstructed amplitude andpé arise from beam/instrumengsility rather than
structures are reliably reproduced [3]. inherent fluctuations of the sample. The variations
ipiit could be either beam movement or wavefront changes
of the XFEL beam. Further, we have developed a
MachineLearning (ML) phasing algorithm which is
Ground i reproducibly able to invert these ddb images,
truth " ™ shown in Fig. 3. This required an accurate forward
« | model to describe the sample and diffraction process,
——— N l= | which was then used to train a Compietued
struction e | Convolutional Neural Network (CCNN). The major
o breakthrough was to develop a way to manage

Amplitude  Phase complex data arrays within the pyTorch package. By
retaining the physical correspondence of the

amplitude and phase of the images as complex numbers (rather than separate channels in the
earlier codes), the performance of the CCNN is significantly improiedare therefore able to
report the first time a beawcut area of a sample has been successfully inverted in BCDI.

Future Plans

Because of the unknown beam position in the LSCO XFEL experiments as described
above, we plan to work on training a CNN mode$tudy the position information of input
diffraction patterns. Diffraction patterns from overlappingaut regions of test images will be
used for the ML model as training datasets. We can then learn the absolute position information
for each diffractio pattern for the LSCO XFEL experiment described above. We will start with
our developed phasgomain model for the ML model training. Whether the distance of
separation or both its (x,y) coordinates will be recoverable is an important question to be
answeed. The success of the ML model will have a very broad application for the Synchrotron
and Xray Freeelectron Laser Sources (XFELS), for example, beam position monitor.

There are further developments to make on the single shot imaging discussed above
based on the CCNN. We plan to continue investigating the toffideassociated with the size and
shape of the realpace "support” function, which has a central role both in ML and classical
iterative phasing methods. Use of a support reduces the numtegreéd of freedom in the
inverse problem, so a smaller support will improve the reliability and noise sensitivity, but at a
cost of worse agreement with the data. Similarly, assumptions can be tested about the assumed
structure of the phase domains in slaenple, as well as other constraints. Generally, ML allows
much more control of the physical description of the experiment (via the training) than the
classical methods, so we are optimistic this will lead to further improvements.
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We also plan to developuopreviously published machine learning scheme for phasing
experimental BCDI data [4]. Additions to the PyTorch package have been developed to handle
complex numbers, which should greatly improve the performance of the method, which
previously returned hependent amplitude and phase images. We hope to expand the range of
BCDI phasing problems to exceed what is possible using the classical iterative projection
algorithms. This might include multiplehase domain array structures which produce multi
centere diffraction patterns, which are found repeatedly in BCDI experiments on synthetic
nanoparticles. We will start with the simpler problem of decomposing "twin" images -of non
centrosymmetric objects, which currently do not perform well with the ML tootstreen move
on to the phase domain array problem, which is famously intractable using the iterative methods.
Because of the success reported above for the shgleXFEL imaging of domains in LBCO
thin films [4] and our experience on different ML apprhodar practical application [1, 3], we
have some confidence that the ML approach, with sufficient training relevant to the samples
under study, will lead to the improved capability of solving the "phase problem”.
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Research Scope

Our research is to explore emergent properties in ultrathin film structures made of charge
density wave compounds, magnetic materials, superconductors, and topological materials.
Quantum confinement and proximity coupling in these structures can leadnpetition and
entanglement of the different ordering effects and give rise to novel functionality. Samples are
prepared by molecular beam epitaxy (MBE) and thedtip method [1,2]; the latter allows
heterostructures to be prepared from chemically nsactiomponent materials, which are
incompatible with MBE growth. We employ angkesolved photoemission spectroscopy
(ARPES) for characterizing the electronic structure, including band gaps, band splittings, and
surface states. -Xay diffraction is utilizedto characterize atomic displacements resulting from
electronlattice and electrophonon coupling as commonly observed in charge density wave
systems. We also collaborate with leading experts in scanning tunneling microscopy and
theoretical simulations fayreater impact. The synthesis, spectroscopic, scattering, and simulation
work paves the way for advanced measurements including (1) ultrafagtscattering at free
electronlaser facilities, which yields information about the dynamics of the congpetufering
effects, and (2) double photoemission spectroscopy, which yields information about particle
particle correlation, paring mechanisms, magnetic exchange coupling, etc.

Recent Progress

Our work has resulted in a number of publications as lisedolw. A common theme of
the publications is preparation of materials and ultrathin films and studies of entanglement and
competition of electron and lattice ordering effects. Particularly notable are the following three
projects:

1. Coherent electroniclnd structure of TiT#TiSez moiré bilayer [3]: Moiré structures, with their

often unusual properties, have attracted much interest in recent years. Our study/@dfSele
formed by sequential growth of Tisand TiTe monolayers, shows coherent emertgeectronic
structure as evidenced by ARPES band mapping (Fig. 1). The two monolayers adopt the same
lattice orientation but incommensurate lattice constants. Despite the lack of translational
symmetry, sharp dispersive bands are observed. The dispeigibtons are distinct from those of
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Side view

the component monolayers alone. Theoreti
calculations illustrate the formationof
composite bands by coherent electror”
coupling despite the weak van der Waz T_T
interlayer bonding, which leads to bar [} 2
renormalization and energy shifts. The wo L":
illustrates the rich physics in moiré structur:
and the potential of creating novel propes
from atomic layer engineering.
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Fig. 1 Left: schematictamic structure ofTiTex/TiSe
moiré bilayerand theTiTe; and TiSe; unit cells.
Lattice mismatch between the two materials result
moire modulation. Right: experimental an
theoreticaARPES band structures.

2. Emergent and tunable topological surfs
states in complementary Sbh/Bes and
Bi2Tes/Sb  thinfilm heterostructures [4]:
Epitaxial thinfilm heterostructures offer
versatile platform for realizing topological surfastates (TSSs) that may be emergent and/or
tunable by tailoring the atomic layering in the heterostructures. Sb afmes Biin films with
closely matched wplane lattice constants are chosen to form two complementary heterostructures:
Sh overlayers on BTes (Sbh/BikTes) and BiTes overlayers on Sb (BTes/Sb), with the overlayer
thickness as a tuning parameter. In the bulk form, Sb (a semimetal)-diegl(Bn insulator) both

host TSSs with the same topological order but substantially different decaysleagd
dispersions, whereas ultrathin Sb andTBs flms by themselves are fully gapped trivial
insulators. ARPES, aided by theoretical calculations, confirm the formation of emergent TSSs in
both heterostructures (see Fig. 2). The energy position abplodogical Dirac point varies as a
function of overlayer thickness, but the variation is-nwonotonic, indicating nontrivial effects in

the formation of topological heterostructure systems. The results illustrate the rich physics of
engineered compositpological systems that may be exploited for nanoscale spintronics
applications.
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Fig. 2 ARPES band mapping dbb/BkTe; and
Bi-Tey/Sb thinfilm heterostructures reveals a
topological Dirac point (indicated by an arrow), whi

with a predicted glide quantum spin Hall effeq
such linear band crossings connect to forn
nodal loop. The saddléke Fermi surface of

moves in response to clgas in the layering
configuration; the nontrivial evolution agrees wi
first-principles simulations.
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NbsSiTes observed in our resulthelps

unveil linear band crossings that could
easily missed in typical ARPES settings.

situ alkali-metal doping of
NbsSiTes facilitated the observation of othe  #%
band crossings and parabolic bands at «
zone center correlated with accidental not

loop statesOverall, our resultsomplete the
systemés band stru Fig. 3 Lgft: schematic shoyving the I.ayerec_i structure of el p
. . topologicalhourglass semimetal NBiTe;. Right: ARPES
explain prior Hall measurements, ar : . , , )

. band mapping confirms the predicted Dirac nodal line b
suggest the existence of a nodal loop at | g cture.

zone center of NiSiTes.

Future Plans

Our future plans include: (1) continued research on, and developing improved procedures
for the creation of, novel materials and composite thin film systems prepared by molecular beam
epitaxy (MBE) and the fligchip method [1,2], (2) dynamic studiesstihe femtosecond time scale
at free electron laser facilities, and (3) measurements using double photoemission spectroscopy to
extract information about particlgarticle correlations, paring mechanisms, and magnetic
exchange coupling effects, etc.

Theflip chip method allows the creation of novel heterostructures from a broad selection
of component quantum materials including charge density wave compounds, magnetic materials,
superconductors, and topological materials. Competition and entanglemeng diffdrent
ordering effects are expected to give rise to emergent properties and novel functionality. A new
Nb sputtering source has just been added to our system, which allows the preparation of fresh Nb
layers in situ. Nb is a superconductor with thghleist transition temperature in the periodic table.

We will test the Nbbased samples for supeconducting proximity effects. A nitrogen gas line has
been added for the preparation of NbN, which has a much higher superconducting transition
temperature tharhat of Nb. We also plan to add an iron (Fe) sputtering source, which will allow
us to incorporate ferromagnetic Fe into our flip chips. The exchange splitting in Fe is ~2 eV, a
large effect easy to detect with ARPES and fRPES. One experiment under mféng is to

couple Fe to ultrathin films of V3ewhich is predicted to be on the verge of a magnetic instability,

to create a ferromagnetic 2D system. A few other candidate materials in thiam8g will also

be tested for emergent magnetic and spoperties when they are coupled to Fe. We will look for
signatures of a topological ferromagnet, which is a subject matter of great prevailing interest.

Future studies will include dynamic measurements at the femtosecond time scale at free
electron laserdcilities. We (Yue Cao, Paul Evans, myself, and other collaborators) just finished a
run at EuroXFEL on the incommensurate charge density wave compoundOf@&8erest is the
depinning and sliding of charge density waves under an applied electridfieldnotions can be
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explored by measuring the dynamical behavior of speckle diffraction patterns. While beam time
at free electron laser facilities is still in short supply, the situation should improve aslILCLS
becomes available.

In many quantum matetls, electrorelectron correlation effects play a key role in giving
rise to unusual and useful properties. Example include the pairing interaction in superconductors,
exchange interactions in magnetic materials, magallator transitions, strange mekahavior,
and band structure renormalization in general. Traditional spectroscopic methods (such as ARPES)
yield a singleparticle spectral function; the partigbarticle correction effects are averaged out.
To extract the detailed twparticle correlatia, double ARPES is a promising method. We are
developing techniques and instruments for this purpose. The first step is to perform such
measurements using laboratory laser sources. On the longer term, it would be very desirable to
develop a special beanmé base on a singlaunch mode at a synchrotron. We will begin with a
conceptual development.
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Optical models and sample environments for resonant soft-Kay scattering of carbon
nanostructured materials

Brian A. Collins, Washington State University

Resonant Soft Xay Scattering (RSoXS), aqueaugelle nanocarriers, spectral analysis, density
functional theory optical tensor, organic electronic nanostructure

Research Scope Microfluidics

The  interactions  and"***|
structures of organic small molecule intet2 |7
and polymers on the naito- =

. . . Outlet |
mesoscale drive materials propertic——"

and represent a critical realm fc
investigation of new thnologies and medicines. F( Figure 1: Microfluidic flow cell enabling
example, successful OLED displays and orga sample environmental control in RSoXS.
photovoltaics represent a new class of printable and flexible devices that continue to drive
technological innovation, while polymer nanoparticles (now used in some vaccinesa hold
significant potential for next generation smart medicines or environmental remediation. In all
cases, moleculan-mesoscale assembly and ordering are critical for materials performance. In
particular norcrystalline molecular orientation has been shaowvsignificantly affect electronic
processes at junctions within organic electronic dev[@é¢sInfortunately, traditional techniques

to probe nanostructure suffer from poor resolution and/or contrast, resulting in little information
or requiring laborious and disruptive labeling. Near edgeayX absorption fine structure
(NEXAFS) spectroscopy canstinguish molecular species and bond orientation and has been
demonstrated to be potentially powerful in revealing such information at a local level when paired
with scattering[1,2] Such unique sensitivity is limited, however, by the low penetration depth of
soft X-rays and the delicate nanostructures involved that often require specific (agueous)
environments to from. The objective of tpeogram is to develop an environmental control
platform and scattering analysis methods for resonant softyXscattering (RSoX33] that

enable the quantitative measurement of molecular identities, concentrations, relative orientations,
and conformations within composite and hierarchical structures. In particular, lacatation of
molecular orientation and conformation without crystallinity is a capability not possible with any
other technique, but currently lacks detailed analysis methods. On the side of sample environment,
we aim to develop and demonstrate microflulgjaid flow cells that enable soft-¥ay penetration

while actively controlling temperature, flow, mixing, and concentration as well as applying
electrostatic fields. Toward novel analyses methods, we aim to develop optical tensors from
density functionatheory (DFT) that quantitatively capture the near edge absorption fine structure,
are chemically traceable, and enable characterization of molecular orientation within
nanostructures. Such models and methods will be immediately applied to better uddéestan

CCD Detector
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ordering mechanisms of selssembled molecular nanostructures and electronic devices such as

transistors, solar cells, and aqueous nanocarriers.
Recent Progress I

In the past two years, we have made considerable progre
advancing the capability of using microfluidic flow cells fortsx#
ray scattering to investigate the structure of-asffembled polymer
nanocarriersFigure 1 shows the microfluidic setup that mimics ir
situ cells developed for electron microscopy. In our init3
demonstratio4] we investigated the 1gitu structure and dynamic:
of aqueous nanocarriers based on a bmpolymer micelle used a:£
a delivery vehicle in applications such asdital therapeutics anc
oil-spill cleanup for environmental remediatipp] The self
assembly and dynamic internal structure of these nanoparticle
critical for hydrocarbon encapsulation, where, for example,
hydrophobic core must be accessed lep#inget molecule for captur
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and released under controlled conditions. Dynamic details of the ¢ 6

diameter and target concentrations in the core under varic
conditions are inaccessible by any diresasurement technique.
Small angle neutron scatteri@®ANS) has been historically used tc
probe micellesd internal str
molecule or the solvent environment. However, this chemic
labeling is known to alter the structure in either ci&é&]

Furthermore, the multiple samples required and slow nature of SA
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precludes monitoring dynamics. RSoXS at the carlFigure 2: RSoXSspectral analysis can extra(

edge is particularly well suited for lablebe [duantitative mo'e(‘;’)'ar

nanostructures

Simultaneous

composition  nsidg

mu

InVEStIgatlonS Of dynamICS Wlthln these StrUCtureS resonance fit to extract both structural stati

and molecular composition (inset) of a Plurg

Our initial study on these showed that this technigqF127 organic nanocarrier used in chdegivery
combined with a new spectral analysis (Ségure 2a) |[(P) F127 dynamics captured in a dilalv

experiment fit to adouble exponential mod

could indeed fully characterize spatiochemignset is the F127 molecular structure, highligh
information i including quantifying  chemicalthe single identifying chemical moietya methy

corcentrations within the micelle corona. Impressively,

the singular methyl group difference between the corona and core blocks of the polymer in the
micelle Figure 2binset) provided sufficient contrast to extract this information. This bodes well
for more complex multispecies nanostructures involving target encapsulants and functionalization

moieties. We, furthermore, were able to demonstrate characterization derdiggmics in this

study. Utilizing the dual microfluidic supply lines, we rapidly varied the concentration of micelles
while monitoring the micellenicelle interactions. Through this experiment, we revealed

characteristic dynamics on the order of 10 selsaas well as several minutes (Begure 2b).
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Finally, we have continued to apply this technique to novel charged polysoap micelles developed
for oil spill remediation[8] These micelles offer single molecule (unimeric) structures that
enhance surface area for capturedogters of magnitude. Our analysis of multiple molecular
weights and concentrations indicate an advantageous persistance of the micelle structure that may
be dictated by the electric double layer of charge that stabilizes the str{@jtdrkis provides
evidence for a design principle to enhance hydrocarbon capture of these nanoparticles.

Previouswork on DF Fbased optical ¥ 4 [:1;
tensors for RS0XS, established thg O ___'Q 7
TransitionPotential method as superior fo™ AL
gualitative accuracy of Xay optical 0
properties for molecular and polymeric, gg
systems. However, even these calculatio
would require refining the rentang
inaccuracies with angleesolved NEXAFS
measurements for quantitative agreement
they were to be used in analyses «
molecular orientation and conformation i
resonant Xray techniques. To accomplist ot
this, we proposed possible clusterin 40 77777 s
algorithms to reduce the numerous DF1 %5 5 |
molecular orbital (MO) transitions to a set ¢ O 0 ‘
parameters that could be refined t 285 290 295 300 305 310
spectroscopy measurements. Recently, \ Photon Energy [eV]

have explored and identified an algorithfFigure 3: Experimentally Refined DFT Optical Tensor of

that best groups and refines the transitiqCu-Phthalocyanine Transitions are algorithmically clusés

into principle fesures for a sinale o ticainto principle features retaining chemical origin and TDMs
P P g P he primary MO (examples inset & color coded). Inaccurac

model in quantitative agreement with anrglthe model (dashed lines) are refined to amglved NEXAF
resolved NEXAFS spectroscopy of the spectroscopy (solid lines) for quantitative agreement.
molecules in different packing structures ($égure 3). [10] This model strategically includes
transition dipole moments (TDM) that can be used to extractamla@leorientation or molecular
conformation from flexible molecules. Each TDM is additionally assigned to a major MO that is
chemically traceable to moieties within the molectgre 3 inset) to aid in identification of
chemical substituents involved @mergent electronic structures from conformational effects.
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Future Plans

Moving forward in our development of-gitu RSoXScapabilities we plan to branch out
in two primary ways. The first is to further develop our spectral analysis to quantify systems with
many unique molecular components to enable routine investigation of target concentrations in
complex nanocarrier systen¥his leap would require combining our measurements with absolute
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scattering calibration. We have accomplished this in a separate previous study and are ready to
combine it here. We plan to demonstrate this analysis on micelles containing moleculandargo
cross compare with other ledsect methods measuring uptake. The other branch advancing this
technique is to develop capabilities to control sample temperature and electric fields. This will
enable investigations of micelle stability and ion/electransport in organic electronic materials.
Both heating and field capabilities have been developed for analogous electron microcopy
instruments involving electrodeteposited on the SiWindowed cells. Our custom system
already incorporates electrical t#broughs for these anticipated capabilities. We expect that
temperature studies will reveal polymer architectures leading to ideal stability of micelle
nanocarriers at body temperatures or even pH and tempettaggesed capture and release
molecular ofcargo. Studies investigating mixed conduction in organic electronic devices will
target localization of ion transport within the polymer nanostructure.

Next steps in our optical model development involve further demonstrating the power of
optical tensorswe have generated in resonantray reflectivity measurements on organic
electronic thin film devices and RSoXS orientation characterization within organic nanostructures.
Here we target prototypical systems and devices such as phthalocyanine smalllamolecu
transistors and thiophene based organic photovoltaics. Molecular orientation has been shown to be
important in such devicefl] but quantitative characterization of orientation angle, population,
and proximity to device interfaces has not been possible to date. In addition, we will edatinu
expand the library of organic molecules with chemically traceable optical tensors, and in doing so,
develop standard best practices for accurately and easily generating tfsepfical models
such that the practice can be utilized by other séiefields studying molecular materials.
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Resonant coherent diffractive imaging of complex materials
Riccardo Comin, Massachusetts Institute of Technology

Keywords: Resonant Xay scattering; lensless Bragg imaging; sirghet imaging;
electronic/magnetic textures.

Research Scope

This project is centered on the development of nexayXmicroscopy methodologies combining
resonant Xray scattering and coherent lensless imaging to visualize nanoscale charge/spin textures
in complex materials. Strongly correlated electron systems Vagius forms of electronic
symmetry breaking which can be directly accessed in reciprocal space, but whose granular real
space domain structure is beyond the reach of scattering probes. The main goal of this research
work is to develop and apply new-rdy microscopy approaches for spatial and spatiotemporal
imaging of quantum materials at the nanoscale. We focus on two main directions: (1) establishing
robust resonant coherent imaging methods to map out electronic domains in sybroiatry
guantum solidsvith finite-Q orders (chargdensitywaves; antiferromagnetism; skyrmions); (2)
developing singleshot phase retrieval approaches to perform stroboscopic imaging en non
isolated samples using ultrafastray probes.

Currently, most efforts are directeitlae demonstration of Bragg imaging and sirgjiet imaging

using a Randomized Probe Imaging (RPI) approach that we developed at the start of this research
program [1,2], alongside other efforts including maskless Fourier transform holography [3]. RPI
relies on a special type of structured illumination to enable solving the phase problem from a single
X-ray diffraction (speckle) pattern. The probe carries the information that produces redundancy in
the experimental dataset and obviates the need for useiltple exposures (as done, e.g., in
ptychography) or support constraints (e.g., use of prepatterned masks). RPI is being actively used
within this project for both projects (1) and (2). At the ALS, we are working in collaboration with

S. Roy and D. Sham at the COSMIC beamline to demonstrate siiiglemne Bragg imaging with
synchrotron Xrays. On a parallel track, we have been developing special optics to demonstrate
singleshot imaging using RPI at free electron laser sources.

These ongoing efforts atenely as they are poised to leverage the recent developments of new
highly coherent Xray sources at both synchrotron (ABS ALS-U) and freeelectronlaser
facilities (LCLSII). Developing new Xray tools for the visualization of electronic textureshat t
nanoscale remains a major frontier that has already revealed key details of functional materials
(semiconductor chips, batteries, catalysts, etc.), and whose application to quantum solids is the
main scope of this work.
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Recent Progress

To push forward the use of Randomized Probe Imaging (RPI) for stroboscogycriXicroscopy,

in 2022 we performed a demonstration experiment at the DiProl beamline of the FERMI Free
Electron Laser (XFEL). Singlshot imaging is essential for studying thaamical evolution of
electronic and magnetic domains at the nanoscale and in systems undergoing spontaneous
(thermal) fluctuations or subject to external drives such as photoexcitation or current/voltage bias.
Because RPI operates based on single fraihas, natural to implement it for singlehot
spatiotemporal imaging applications at FEL sources.

FEL sources are ideal for dynamicalry studies with high temporal resolution, however, they
suffer from a variety of issues that are uncommon at synchrbaised sources. The primary
challenge is the instability of the photon beam between consecutive pulseso{sihot
variations), due to the stochastic nature of the lasing process. This is a potential issue for
propagatiorbased phase contrast imaginginoels [4], and also for RPI, which requires a detailed
calibration of the input wavefield to operate. Consequently, we designed this experiment to study
the feasibility and limitations of performing RPI at FEL sources. We succeeded in demonstrating
that, o strongly scattering samples, it is straightforward to achieve the nurregpalire (NA)

limited resolution of RPI, even without correcting for wavefront variations. We imaged a Siemens
star test target, using 20 nm light, achieving a 400 nnpftdh resolution over a 40 um field of

view [Fig 1a]. This corresponds to a spdendwidth product of over 30,000, nearly an order of
magnitude larger than the highest sphaadwidth product achieved using CDI at an FEL [5].
Furthermore, we demonstrated thaith an addition to the algorithm that account for unstable
illumination, we could recover the shimtshot variations in the input illumination [Fig 1b].
Finally, we turned to a weakly scattering magnetic multilayer of Co/Pt, imaged under circularly
polanzed illumination to reveal the magnetic domain structure. While these samples could not be
imagedtoanNA i mi ted resolution, we found that the
producing shehoise limited images with a lower effective resmnt This contrasts with methods

like CDI, which typically fail by completely failing to converge.

phase (rad)
Amplitude (a.u.)

Figure 1 a) An example singlshot RPI reconstruction of the Siemens Star, with ptychography in the
left for comparison. b) The distorted phaseh## tecovered illumination of a single FEL pulse. ¢) An H
reconstruction of magnetic domains in a Co/Pt sample, synthesized from 200 shots.
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Figure 2 The reconstructed phase of a flake
Fe3GeTe2 containing doped regions, show
the magnetic domain texture

To highlight the broader applicability of
ptychography based on randomized illumination,
we studied thin samplesf exfoliated 2D magnet
FesGeTe using the COSMIa@maging beamline of
the ALS, where we imaged their magnetic domain
structure. In this case, the ptychography imaging
was accelerated by the large, highly structured
probe, and RPI was used to speed upatgnt and
overview scans following temperature stephe
sample itself contained pristine regions, as well as
regions which had been modified using Au
implantation via focused ion beam. We obtained
clear images of the magnetic domain structure at a
variety of temperatures [Fig 2], as well as evidence

that the domain structure changes as the Curie temperature is approached. We ahg curren
analyzing these data to generate full images at each temperature point and understand the scientific

implications of our measurements.

We have also been working to enable Bragg imaging of electronic phases with synaaking

orders. The prototypeystem that our work has oriented around is NdiNEDrare earth nickelate
which undergoes a transition from a paramagnetic metal to antiferromagnetic insulating state. This
is an interesting system to study because the antiferromagnetic order produggecrBaagg

peak which is welseparated from the structural diffraction, and existing resonaay Xcattering
experiments and nanodiffraction confirm the presence of a rich nanoscale domain structure.

200 pixels

b)
!

200 pixels

Figure 3a) An example exposure from the Bragg ptychography dataset, showing the smearing due to th
bandwidth. b) The top four modes of the reconstructed probe, used to allow for simultaneous incoherg
instability. ¢) An example reconstruction of tiebject, showing a realistic texture that nonetheless is
repeatably reconstructed. d) Diffraction data simulated from the texture in ¢, showing the plausibility (
unigueness) of the result.

In previous years, we had collected several datasets thin films of NdNiQ on NdGaQ@
substrates, using 850 eV light tuned to thé Nedge. These data suffered from several issues, the
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most egregious being a wordwnnominal energy bandwidth, and instability in photon beam
energy. This caused smearinfjtbe diffraction pattern along a characteristic direction, while
simultaneously inducing the diffraction pattern to jitter [Fig 3a]. Because of these issues, the data
resisted analysis with basic ptychography algorithms. More recently, we worked topdamelo
algorithm capable of modeling and (in principle) overcoming this kind of simultaneous instability
and incoherence. Reanalyzing the original data using this algorithm revealed insights into the
structure of the probe [Fig 3b] but failed to producerpretable images of the sample due to the
significant degradation of the data.

Future Plans

We have a manuscript currently in preparation, reporting on our shgteRP| experiments at

the FERMI FEL. Our results realize the highest sgsedwidth producphase images ever
extracted from singlshot xray experiments at a comparable resolution, and we are thus excited
about the applications of this method as we continue to develop it, improving its quality and
resolution. We have proposed further workhet same beamline, this time to incorporate this
method into a pumprobe experiment to study the dynamics of ultrafast demagnetization. We
intend to continue refining and supporting this application until we can be allocated time. Further,
we will be appying to other FELs to extend our method to higher energies (s@y3.

Regarding the Bragg imaging project, we have been performing pilot experiments at the COSMIC
Scattering beamline of the ALS, as part of an ongoing collaboration with Sujoy Royillhat w
continue for the foreseeable future. This project builds on the methodological improvements taking
place at this beamline to enable hignality ptychography data in the Bragg geometry. The Pl has
been involved in the development of the science casthéofuture FLEXON beamline of the
ALS-U, and these pilot experiments are an important part of this process. We are excited about the
prospects of applying our improved algorithms to fresh data coming from these experiments.
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Elucidating structural changes and nonradiative pathways of semiconductor nanocrystals
under photoexadtation

Benjamin Cotts, Assistant Professor, Department of Chemistry and Biochemistry,
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Research Scope

This program focuses on investigating the structural signatures of nonradiative relaxation in
colloidal semiconductor nanocrystals as a function of composition and ligand chemistry. Studies
haveshowh hat a nanocrystal 6s s u-phbr@rcceuplohgaadecarter c al |
cooling in nanocrystals, including the availability of nonradiative recombination pathways [1]. By
employing ultrafast structural techniques at DOE user facilities cadbinith alloptical

correlative measurements and atomistic simulations, we aim to quantify the structural features and
origins of colloidal semiconductor nanocrystal nonradiative pathways. We make use of the user
facilities at Argonne National Laboratory déanced

Photon Source as well as the SLAC MeV Ultrafast elect %107 CdSeCdS NC .
diffraction instrument (MeWUED, part of SLAC LCLS oy |
user facility) to measure the nanocrystal structure ur B
nortequilibrium conditions. Systematic variation ¢ 2
sample preparation is monitorevith quantum yield as ;é; S
well as time and temperatureesolved fluorescence i | “A«Jg
spectroscopy to work towards generalizable des W'JHHi*"w”“"‘_ww»\q
principles. Close theoretical feedback is provided ‘W L\ ‘\‘ '
collaboration between Middlebury College and Univers : : : :
of Vermont researchs. 2 ‘o 6 8
Scattering Vector
Recent Progress (FY2023) Figure 1.CdSe:CdS transient x
ray diffraction data. Scaled down
Timeresolved Xray Diffraction measurementin reference integrated intensity vs.

. . . scatteriig vector data is shown in blue.
collaboration with Burak Guzelturat Argonne National Differential intensity at a time delay of 5

Laboratory we recently conducted preliminary| psis plotted in red followed by a time
measurements of semiconductor nanocrystals in a liquid j| deays of 1000 ps in green. The strong

. | Vsis i differential signal to noise is indicative of
at BL 1}ID-D. Strong signal was observed and analysis i{ oy apility to discern transient structural
ongoing to connect transient disorder to the surfacq changes tthe NC. Data was taken at
chemistry, composibn, and size of the nanocrystal ANL APS BL 11ID-D in 2022.

samples. In patrticular, in collaboration with the Olshansky group at Amherst College, we have
98




varied the surface chemistry of CdSe:CdS nanocrystals to systematically control their radiative
efficiency and measure the resaffisamples at BL :ID-D.

Correlative in situ pair distribution function measurements and molecular dynamics simulations.

I n coll aboration with Uta Ruett and OI-l®f Bor ki
B as well as beamline scientist Burakz&lturk, we recently conducted temperatdependent

pair distribution function measurements of nanocrystal samples as a function of size and surface
chemistry. These studies will provide valuable inputs into our molecular dynamics simulations and

help usto deconvolve thermal and excitphhonon coupling effects on nanocrystal structure
following photoexcitation.

Molecular Dynamics Simulations to understand atomistic structural changfes.employ

molecular Dynamics (MD) simulations to help ooy g“g&g:%%
understand the atomistic origins of the time Ug:gzgaagﬁgoﬁé 648,
dependenttsuctural response of the NCs. Our o ole e ohoBudel et S

H . - . e 0‘609"0 060(3%4 “\‘:“UJ
goal is to acquire an atomistic understanding of < bo:.:‘,zof:gbgﬁcggw_%

. . . o L) 4 vy
the differences between baseline simple Debye P X ‘.g:c:uguzegqgo:%"ig
Waller heating responses and anomalous non &%c{cgow::o:::e“::::%}%}

- - . &/ %, 0 §
thermal results arising from strong excion gzxgé‘g:o‘?o:&é:g'gvvo@ od
phonon coupling. Largscale simulatios are Wojé%@ftgugocéu: U“{‘é&:‘o

. . . . ) %
carried out with equilibrium molecular wff“fﬁ‘wg .23
dynamics (MD) using LAMMPS [2]Current
efforts are focused on adapting published 5 —412%
potentials to fit our needs for the systems of AT 00K /\ | |
! . ] . A R_A & AA N A &P\
interest. An example preliminary differentials o7/ ‘ \ vay VAVA'RY
pair distribution function &5(r, &T)) of PbS v v v v
nanocrystals is included in Figure This 7 1

simulation focuses on®7 nmPbS nanocrystal s 3 4 s 7 8 9 10
containing 4151 atomequilibratedin vacuum :

?t 20 K ”Sing the Langevin thermostat bare equFiII%T;?e?ﬂ;QSMgDSCV?tESgiZtr:;tZr ~
implemented in LAMMPS. The same 5.7 nm A differential pair distribution
thermostat was subsequently appliedgattthe functi on f¢re@dsentativeeT|) )
nanocrystal to 298K, 318K, 338K, and 358K in | [omPeraure jumps of 20, 40, and 60 K
1 million timesteps, with each timestep of 1 fs.

A snapshot of an equilibratednocrystaat 338 K is presented in kige2. A 1.5million-timestep
of equilibration was conducted at each temperaturerbehe radial distribution function [g(r)]
calculation, which was averaged over 1 ns. The Veloddslet time integration algorithm was

applied throughout the simulation.

6
r(A)
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Future Plans

Future work includes further timesolved and temperaturesolved photoluminescence
studies to prepare optimized samples for study at DOE user facilities. We plan to continue to use
correlative measurements suchrasitu pair distribution function measements in order to tune
our atomistic simulations to our target systems and understand their fundamental behavior. Further
simulation work will target a better understandofithe thermal relaxation behavior of nanocrystal
thin films following photoexdation.

I n coll aboration with Burak Guzelturk at Ar g
Source, we plan to carry out tianesolvedX-ray diffraction measurements of semiconductor
nanocrystals in liquid jet and thiiim samples using the higher eggrof the upgraded time

resolved research beamline at BL=IEZb We aim to understand the prevalence of transient disorder

and nonradiative recombination pathways as function of semiconductor nanocrystal surface
chemistry.
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Multidimensional Coherent Spectroscopy of van der Waals materials and heterostructures
Steven T. Cundiff, Department of Physics, University of Michigan

Keywords: transition metal dichaclcogenides; spectroscopy; excitons; heterostructures; ultrafast
optics; ultrafast microscopy

Research Scope

Although stable bulk materials provide a rich palette with diverse properties, man made
nanostructures provide an avenue to achieving properties and functionality that cannot be found in
bulk materials. Examples include semiconductor quantum wells , ssthoicior quantum dots and
recently, van der Waals heterostructuresl][3Nanostructures display not only unique static
properties, but, in addition, the excitation dynamics can be strongly modified from that of the
constituent materials.

Optical spectrosquy is particularly well suited to studying excitation dynamics in
nanostructures because the dynamics often occur on ultrafast time scales (roughly defined as being
less than a few picoseconds) and optical methods based on ultrashort light pulse areéhesuall
best, if not the only, method of accessing these timescales. In semiconductor nanostructures, the
optical response is often dominated by the formation of excitons, Coulomb bound efetéron
pairs, because excitons have a large oscillator stremgththerefore interact strongly with light
causing them to display a nonlinear response at relatively low excitation levels. In traditional
semiconductor nanostructures the exciton binding energy is of order 10 meV, so the excitonic
response is only impamt at low temperatures. However, in transition metal dichalcogenides
(TMDCs) the exciton binding energy is much larger, such that excitons are stable even at room
temperature for single monolayers.

The excitonic resonances serve as sensitive probe afiahpteperties, but are also very sensitive

to manybody interactions. For example, the excitonic resonance often displays inhomogeneous
broadening due to structural disorder in nanostructures because fluctuations in size result in
fluctuations in the quaum confinement energy, which in turn causes the optical transition
frequency to fluctuate. Since the exciton binding energy is sensitive to the dielectric environment,
in 2D layered materials such as TMDCs, it can vary dramatically depending on thratsudnstl

the presence of any adjacent layers. TMDC heterostructures can be made by statk#g)][3
Typically the excitonic resonance is sensitive to excitation level, shifting and/or broadening as the
number of carriers changes.

While linear optical pectroscopy, such as absorption spectroscopy or photoluminescence
spectroscopy, can provide significant information about exciton resonances, coherent
spectroscopy provides a more complete picture, in part because of its ability to remove the effects
of inhomogeneous broadening. The most common forms of coherent spectroscopy, generally
based on transient fowwavemixing, have been used for several decades to study excitonic
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resonances in semiconductors. However over the last decade, multidimensionahtcohere
spectroscopy (MDCS) has become the dominant meth8H [6

In conventional approaches to coherent spectroscopy, including MDCS, a coherent signal is
separated from the excitation beams by arranging for it to be emitted in a unique direction. This
iwavcetvoer sel ectiono of the signal restricts t
tightly focused spot requires a large range of waaetors, which is incompatible with having

well defined wavevectors for the excitation beams and signal.

We have dveloped and implemented a new approach to MDCS that relies on frequency selection,
rather than wavevector selection, to separate the signal from the incident pulses. In this approach,
the incident pulses are nfr eqlihasmmdrgquencg thag sd "™ s u
unique from all of the incident pulses and all paise interactions of them. This approach allows

all the beams to be qaropagating, along with the signal and focused down to a diffraction limited

spot. The observable can beaderent signal [&], which is heterodyne detected, or a photocurrent

or luminescence signal.

Performing MDCS with diffraction limited spots is critical for studying TMDCs because these
layered twedimensional materials have an indirect band gap in the but a single monolayer

has a direct gap, resulting in strong photoluminescence. However, single monolayers are typically
prepared by exfoliation, just like graphene, resulting in relatively small flakes, of order a few
microns to a few 10s of microng/hile traditional MDCS with wavevector selection has been
performed on TMDCs, much of the work has been done on CVD grown samples where the spot
spanned multiple flakes, possibly adding extrinsic broadening and dynamics due to flake
boundaries. Thus realiy MDCS with diffraction limited spots is necessary to observe the
intrinsic response. In addition, fouravemixing microscopy results show significant variation
within a single flake.

In this project, we apply these recently developed methods for penfpMDCS with diffraction

limited spots to TMDC heterostructures, including heterostructures that display lateral
confinement due to moiré effects. In the TMDCs we will address fundamental questions regarding
nature of the broadening of the excitonic &msh resonances, how the broadening depends on the
dielectric environment, on temperature, on excitation density and on material quality.

Recent Progress

This project started last year, thus this is the first update for it. Prior to it start, we built
laserscanning microscopy setup and demonstrated it use on TMD monolayers and
heterostructures [5]. This work demonstrated that there is significant heteitggerthe optical
properties of the materials. For some optical parameters (e.g., homogeneous and inhomogeneous
widths) the properties maybe (anti)correlated. Some parameters, such the coupling between layers,
is remarkably robust and shows much lessigidaeterogeneity.
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As the first result supported by this project, we demonstrated rapid imaging based-eaveur
mixing (FWM) by assessing the quality of TMD materials through measurement of their nonlinear
response, exciton dephasing, and excitoniifes. We use a WSenonolayer grown by chemical

vapor deposition as a canonical example to demonstrate these capabilities. By comparison, we
show that extracting material parameters such as FWM intensity, dephasing times, excited state
lifetimes, and distbution of dark/localized states allows for a more accurate assessment of the
quality of a sample than current prevalent techniques, including white light microscopy and linear
micro-reflectance spectroscopy. We further discussed future improvementsuttf aifeest FWM
techniqgues by modeling the robustness of exponential decay fits to different spacing of the
sampling points. Employing ultrafast nonlinear imaging in-timaé¢ at room temperature bears the
potential for rapid irsitu sample characterizatioof advanced materials and beyond. The
experimental concept for FWM imaging is shown in Fig. 1.

An image of the sample acquired with @
conventional whitdight microscope is showr
in Fig. 2(a). The sample is a commercial
available CVDgrown flake of WSe2
(6Carbon Technologies), grown on a separ
substrate and transferred onto a rselvstrate
of SiO2/Si. The monolayer shows an unev
structure due to residue remaining from t
transfer process, a common problem in GV
grown materials. A resonant (with th
exciton) integrated reflectance image |
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M
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Fig. 1. (a) Schematic of a thrpalse FWM

shown in Fig. 2(b). Here, we use a s&m|
point on the substrate to referencea reflecta
of one and integrate over the laser spectr
spanning a range from 1600 meV to 17
meV. The sample reflectance is influenced
both reflections from the sample and the ba
reflected signal from the sstrate that is
absorbed in the sample. The spatial structurg
the integrated reflectance coincides with t
spatial structure visible in the white ligh

experiment. The FWM is emitted after tiérd pulse
6. By varying different time delays, we can access tlf
dephaing of theexciton coherence and decay of the
exciton density. (b) Temporal evolution of the FWM
signal for varyingt andodelays. Dephasing time and
inhomogeneous linewidth cée extracted by taking
slices along the axes spanned by the bluer@ad
dashed lineqc) Schematic of the custehuilt laser
scanning microscope. The andwGalvos argelayed
onto each other using eéixis parabolic mirrors before
being relayed onto theack of the microscope
objective with a combination of scan autbe lens.

microscopy image in Fig. 2(a). Nonetheleds;

differences (e.g., at the bottom of the sample) remaiRWM intensity image of the sample is
shown in Fig. 2(c). It indicates a strong spatial dependence of the FWM strength, which has been
attributed to local strain profiles, changes in the dielectric environment, doping, trapped charges,
impurities, defect ensities, and distribution of dark states. Some regions of stronger FWM
correlate with areas of weaker reflectance (e.g., the bright center structure). In contrast, some areas
of weaker reflectance (e.g., towards the cel@irof the sample) show an oadirweaker FWM
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signal. Moreover, some areas @

stronger reflectance, such as tl d
bottom of the sample, show a strong %
FWM signal. These observation

highlight one of the benefits o

nonlinear FWM imaging: while Fig. 2. (a) Whitdight microscopy image (false color) of a CVD
grownWSe monolayer(b) Resonant integted reflectance frorm|

. i 1600 meV to 1700 meV of theWgmonolayerHere, we set the
resonant linear micreeflectance substrate to have a reflectance of one. (c) FWM intensity im4g
spectroscopy can be helpful fq of thewSe monolayer

sample characterization, the
sensitivity of FWM to material changes, including doping, defects, strain, dielectric environment,
and dark state distribution changes, ysatabre detailed information about the quality of a sample.

oouealeY

('n "que) Ausueiu; WM

white light microscopy and ever

Future Plans

We have begun efforts to study an new van der Waals material, NiPS3, which shows strong
excitonphonon coupling. It has a much weaker optical nonlinearity, thus we were not able to
obtain a signal. We discovered a digital signal processing artifact that was producing a false signal,
setting a detection threshold, we have developed a solution. However the cryostat failed, so we are
currently waiting for it to be returned by the maraifeier before we can try again to measure
spectra and images from the N#PSample. In addition, we are planning to study TMD
heterostructures that show hybridized electronic states.
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Detecting Indistinguishable Photons at an Xay Synchrotron Source

Pl. Stephen M. Durbin, Department of Physics and Astronomy, Purdue University
Collaborators: XianRong Huang, Thomas Gog, Zahir Islam, & Jorg Strempfer, Argonne

Keywords: Multi-photon interference, photon degeneracy, indistinguishatagss entanglement
Research Scope

Indistinguishable photons are a prerequisite for observing certain quantum optical
behaviors, including the creation of entangled photon pairs with an interferometay. X
synchrotrons should produce indistinguishable photons; the probability that axgagmphoton
has an indistinguishable counterpart depends on tha
photon degeneracy factogn, which is proportional 9111 analyzer, set tg
to brightness. This factor exceeds 10% for 8 keV diffract 16 keV x-ray
rays at the APS, so in principle the APS is alread
copious source of indistinguisHabx-ray photon — - _
pairs. This research effort aims to make the fi .----—~" monochromatic

. N ? 8 keV beam
observation of indistinguishable synchrotrofray
photons by taking_ _advgntage of muphoton Can 8 keV x-rays be diffracted
interference: two indistinguishableray photons at 8 |y a9 111 analyzer set to 16 keV?
keV, for example, will diffract from arystal as if
they were one photon with an energy of 16 keV Figure 1: Analyzer crystal configuration for
phenomenon previously observed with opti{ observing multiphoton interference. A Si (111
photons). This is an example of myptioton | crystalis oriented to diffract 16 keVirays;
interferencé. We utilize an xray interferometer to| Single 8 keV photons will not be diffracted. Th

. . observation of diffracted 8 keV photons
produce monochromatic -rays, and a simplg . - .
) indicates a multphoton respose.

analyzercrystal to search for photons that diffract
if they had double the single photon enetfgy.

Recent Progress

A preliminary experimental test was conducted at the APS Sector 6 ID beamline in
December 2022. A Si (220) Bonstart Laue interferometer, faloated by collaborators at the
APS, was installed and set to diffract the 8 keV incident beam (plus harmonics) from the upstream
Si (111) monochromator. An interferometer was utilized only because it could be a future testbed
for creating entangled photors;simpler diffractive element would likely suffice for this study.
The forwarddiffracted Laue beams were subsequently analyzed by a Si (111) crystal. The detector
was a scintillator/photomultiplier tube with energy discrimination that distinguished dret@ve
and 16 keV pulses. When the analyzer Bragg angle was set for 8 keV, the detector observed the
expected 8 keV peak plus a contribution from harmonics (16, 24 keV). When setting the analyzer
angle to diffract at 16 keV, however, none of the 8 keV plotoe expected to diffract from it.

Preliminary results show rather convincingly that a significant peak at 8 keV is routinely observed.
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This is taken as initial evidence for myftinoton e difracied
. . . agg-diffracte:

diffraction at an xray synchrotron beamline, Lave beams

signature of indishguishable photons generate

by a synchrotron source.
Forward-diffracted

Laue beams
Future Plans
The preliminary results suggest that mul Transmitted through 8keV x-rays
. . . . interferometer & harmonics
photon diffraction is readily observable at tt slicon 220
APS. These results should be taken with cauti Bonse-Hart Laue

Interferometer

however, since nothing like this habeen
previously reported. Our group will be repeati| Figure 2: Configuration of the Boné¢art Laue
and extending these measurements at the APS interferometer for generating diffracted beams

. ) for subsequent mulpphoton diffraction analysis
time before the long shutdown for the ABI®€EgINS | (see Fig. 1. The three forwadiffractedLaue

this April. beams were then diffracted by a Si (111)
analyzer set to 16 keV.
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Dynamics of Complex Magnetic and Ferroelectric Polarization Configurations

Paul G. Evans University of WisconsinMadison, pgevans@wisc.edu

Keywords: Dynamics, magnetism and ferroelectricity, coherence, nanodiffraction
1. Research Scope

Our program has the goal of developing noveay scattering methods and applying them to
challenging scientific problems in the materials science and materials physics of complex oxide
electronic materials exhibiting magnetic or ferroelectric order. &ke advantage particularly of
recent advances ultrafastay scattering methods to study the structural evolution and dynamics
of thin-film oxide materials. The project considers three interconnected and related problems in
the structure and dynamics adnoscale order in ferroic materials:

1. Characterization of nanoscale structural and magnetic coupling in magnetic insulatys. X
nanobeam magnetic diffraction and nanobeam imaging methods allow unanswered questions in
the nanoscale magnetism of #fim magnetic insulators to be addressedra)X magnetic
diffraction techniques provide precise local magnetic information from materials and devices with
nanoscale dimensions, a regime in which combined structural and magnetic information has not
been prewusly available.

2. Understanding and controlling the dynamics of structural features associated with nanoscale
ferroelectricity. Recent developments in materials design and epitaxial synthesis techniques have
made it possible to create systematic vanegian the orientation of oxygen octahedra with
perovskite oxide thin films. Control of the octahedral orientation promises to yield a new approach
to the control of functional properties such as ferroelectricity and magnetism, but systematic
exploration faes artifacts due to subtle variations among substrates with different strain and
symmetry. The project employs ultrafast tinesolved diffraction techniques to probe the rotation

of octahedra systematically as a function of ultrafast optically inducdriitbn in BiFeQ, a

model perovskite for which octahedral rotation predictions are already available. The resulting
structural probe promises to be widely applied to problems associated with octahedra in thin films
and at interfaces, including in improgderroelectricity in superlattices.

3. Finitewavevector magnetic dynamics and magnetic excitations. We are characterizing the
magnetic excitations of thifim magnetic materials using a novel combination of the
developments in-xay magnetic diffractiorand ultrafast methods described in the previous two
activities. Previous work has shown that the acoustic phonon dispersion can be accurately
measured using higtlynamic range thifilm diffraction techniques. This ultrafast scattering
approach is beingombined with magnetic diffraction to measure the dispersion of spin waves in
magnetic garnets. The dispersion and lifetimes of these excitations are key components
underpinning models of spintronic devices based on theSgmibeck effect but are preserdlyt

of reach for optical probes and inelasticay or neutron scattering techniques.

Together, these experiments present new directions in bathscattering and materials research.

The complementary use of ultrafast and nanobedated techniqueslalvs these problems to be
addressed in ways that would not otherwise be possible. The research directions benefit from
recent developments in the capabilities @by sources, particularly through the dramatic recent
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improvement in the emittance of elemwstoragering based synchrotron light sources and the
femtosecond time resolution of freéectron lasers (FELS).

2. Recent Progress
2.1 Optically induced stress and distortion in ferroelectric thin films

We have conducted a series of studies that padseribe, and exploit the distortion arising from
optical excitation of ferroelectric and multiferroic oxides. The optical excitation of ferroelectrics
leads to a norquilibrium distribution of electrons among excited states. These states have a wide
range of energies, up to approximately 1 eV above the band edge. Tegunbbrium electron
population leads to the development of a mechanical stress and a resulting strain. Recent theory
and computation studies have predicted that stress dependsliomethich states are populated.

We have used FEL-say diffraction at the Pohang Accelerator Laboratory to study the distortion
arising from femtosecond optical excitation of the multiferroic complex oxide BiF&e
combination of the experimental réisuand a detailed acoustic model reveal that a large
component of the stress develops at-giglesecond timescales. This component of the stress
develops before the relaxation of the excited electrons to the band edge and provides insight into
the mecharsim through with the carriers couple to mechanical stress [P1].

The properties of the BiFeCQayers depend sensitively on the structure of the material, in
particular, on the orientation of the Fe((a) ¢  —PrOsTOSL —smo  —sTo
oxygen octahedra  within  the _™ N4
rhombohedral unit cell A second
experiment at the Pohang Accelerat
Laboratory FEL showed that th
intensities of the xay reflections
associated with the oxygen octahedl < [NA _ _ NXA/ Nz :
rotation vary after optical excitation oy o8
These experiments and the subsequ _

. . (b) AQ=0.07 A"
analysis were challengingecause the
reflections have low intensity and thu
required the development of precis
data normalization and analysi
techniqgues. An analysis of th — T i 00} T ¥ o
intensities of several-r)ay reflections t(ps) Angular frequency (THz)

has shown that the intensity variation Figure 1. Dispersion of excitations in PTGSTO superlattice.

: : : (a) Schematic of phonon dispersion a PS0O superlattice on ¢
a systematic functionf the strain. We SRO bottom electrode on an STO substrate anddineain

are in the _procegs of C(.)m.paring .ﬂFourieFtransform of intensity in the indicated waveveetor
observed intensity variation Withrequency range. (b) Dynamics at the value®findicated by th
densityfunctionattheory predictions ofarrow in @). A new mode at 1.5 THz does not appear in the

the dependence of the octahediPredicted dispersion.

orientation on strain [R1].

2.2 Polarization and excitation dynamics in ferroelectric/dielecuperlattices

The ferroelectric polarization in ferroelectric/dielectric superlattices with nanoscale periodicities
has a complex configuration. We have completed a series of studies of the dynamics of the
polarization in these materials. The first tvad these studies were conducted in oxide
heterostructures with a metallic STRUSRO) bottom electrode layer, a key experimental detail.
Optical absorption in the SRO layer is extremely strong, resulting in a distinct mechanical
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arrangement. The optical pulse launches an intense strain pulse from the SRO layer, which perturbs
the structure of the ferroelectric/dielectric heterostructuree @acoupling of structural and
ferroelectric responses was a key component of a collaborative study of tpairiged dynamics

of ferroelectric vortices at LCLS [P2]. Ti@dependence of the intensity oscillations due to the
propagating strain pulse foll@rthe phonon dispersion (Fig. 1(a)), providing the means to probe
this dispersion experimentally. The tirdependence of the intensity at a wavevector
corresponding to the m#uMrillouin zone center, measured at LCLS, is shown in Fig. 1(b). The
Fourier transform of this intensity reveals a new mBrillouin-zonecenter mode of excitation,

also shown Fig. 1(b) [R3].

Crucially, however, the optically induced screening effect also induces polarization phenomena in
the ferroelectric/dielectric superlattices.si&ries of experiments at the PAL XFEL revealed a
polarization rotation phenomenon in a PbI®TIOz (PTO/STO) superlattice that led to a
distinctive variation of the xxay scattering from the ferroelectric domain pattern [P3]. In
comparison with the PTGTO system, BaTi&@CaTiOs (BTO/CTO) superlattices exhibit far
stronger electrical coupling between the component layers. The optical screening induces a unique
effect in BTO/CTO: an optically induced expansion in the BTO layer and a compression of the
CTO|[P4].

2.3 Magnetic dynamics and tirg®main studies of magnetic excitations

Magnetic dynamicsni ferrimagnetic and ferromagnetic materials underpins important magnetic
and magnetoelectric phenomena, including notably the-Spaibeck effect and other
spincaloritronic phenomena. There is a significant challenge in understanding the magnetic
excitatiins of these systems because previous probes rely on magtetd effects limited to a
narrow range of wavevectors near the center of the Brillouin zone. We have developed time
resolved xray magnetic diffraction techniques with the ultimate goal of ipgpbmagnetic
dynamics, including possibly the spectrum of spa) ,,
wave excitations. The spimave excitations, often 5 . —— I
termed the magnon dispersion, across a wide rang & | '
wavevectors and are particularly important £ 05r
insulating crystalline magnetic materialgVe are é -
focusing on epitaxial gadolinium iron garnet (GdIC = o3t o L
thin film, for which magnormmediated spin transport i:(b)
a proposed mechanism for the sfieebeck effect. 0.0 T 1

We conducted an experiment at LCLS in Decemt

2022 using an ultrafast optical pulse to gete an .° 0 Wﬁm’ A[» Wi
acoustic excitation in a Pt/GdIG thin filn g3l W W i
o 10 20 = 3

Yy

0.03

heterostructure. We had already conducted a-tii

resolved diffraction study at the FemtoMAX facility ¢

the MAX-1V light source to determine the therm: delay (ps)

properties of the Pt/GdIG/GGG heterostructure [PFigure 2. Magnetic dynamics in GdIG.

We have further conducted a low temperature magnDy?amiCPSt f|0”0WngOOptica-l eéQit_?tion 0f5az y
H H H I r iredini =

scattering study at the APS to verify the pred|clf5r‘(1)ma‘;f’G g éﬁ’n o @ﬁﬂﬂhieckne;?go iy

temperature dependence of the magnetic scatte(a) Intensity at fixedgQ with left (L) and right

signal. Based on those studies, we have hypothes(r) circular polarization. (b) The circular

that the acoustic excitation is transferredatdoroad flipping ratio (I.- Ir)/ (I.+Ir) reflects the

spectrum of magnetic dynamical phenomena excitation of magnetic dynamics following
optical excitation.
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inverse magnetostriction phenomena. Magnetic information can be readily separated from the
simultaneous measurements of the acoustic distortion. Both effects are measured simultaneously
Notably, a lesofterru s e-plolarized linear polarization contrast is available in Bragg diffraction
geometries and provides complementary information [P6]. This work builds on our previous
detailed xray magnetic diffraction and nanobeam characterization of thin GdéBslaythe ESRF

[P6] and APS. The LCLS experiments included fabricating and characterizing a skaduum
electromagnet at the University of Wiscondiadison. The magnet was employed to establish the
initial magnetic configuration of the GdIG thin filend to switch the magnetic state between
initial configurations of opposite magnetization. The measurements shown in Fig. 2(a) employed
a field saturating the magnetization of the GdIG layer in a direction maximizing the magnetic cross
section and simphlfing the analysis of the magnetic scattering signal. Measurements were
conducted using left and right polarizations generated using a recently construayedhase

pl ate setup at the LCLS6s XPP beamlinewn Measu
show approximately opposite values of the flipping ratio. Initial analysis of the results of the LCLS
experiments show that there are both acoustic and magnetic effects and reveal signatures of the
coupling between them. In Fig. 2(b), for example, itiegnetic contradkcir varies during the

period from 0 to 20 ps in which the acoustic pulse is propagating through the GdIG layer.

3. Future Plans
3.1 Magnetic dynamics

We plan to follow up the ultrafast magnetic diffraction experiments shown in Rigro8gh
analysis extracting the magnetic dynamics. Further experiments will expand the range of magnetic
dynamic phenomena, for example, through probes of magnetic heterostructures, with a broader
range of temperatures, and in systems relevant to magtiead@henomena.

3.2 Magnetic contrast in coherent scattering

We have conducted a resonant Braffraction ptychography experiment to probe the magnetic
microstructure of GdiG. The experiment used the same GdIG L2 resonance as our previous
nanobeam diffection study [P6] and the December, 2022 LCLS experiment. The pytchography
experiment was conducted in June 2021 at the European Synchrotron Radiation Facility (ESRF)
in collaboration with Dr. Danny Mannix (European Spallation Source), Dr. Gerardina @arbon
(MAX-IV), and Prof. Virignie Chamard (Aix Marseille University). The ptychrography
experiments relied on the large increase in brilliance arising from the upgrade of the ESRF to a
multi-bend achromat storge ring. An initial analysis of the results loasstat the reconstruction

of the structure (i.e. the conventional Bragg ptychography) was excellent. Analysis of the magnetic
contribution to the signal is continuing.
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Research Scope

The objective of this prograns to develop and exploit-pay scattering and coherent
diffractive imaging techniques that rely on twisteday beams that carry orbital angular
momentum (OAM) with opposite phase helicity to probe chirality in structural and electronic order
parametersAn important manifestation of chirality is the interaction between materials and
photons with handedness. The focus of this project is to develop new, coherent scattering and CDI
techniques, whose scattering contrast mechanism reliesray helical diclhoism and circular
helical dichroism of resonant scattering on elemental edges. The project will integrate theory and
computational methods of electronic properties of chiral crystals, synthesis of chiral structures
with the desired blueprint, and novelray characterization techniques of such crystals using
twisted xray beams to develop a new contrast mechar@m.approach will be to utilize-say
optics such as spiral zone plates that produ@gy/beams with OAM at synchrotrons and XFELs
to probe prtotypical and emergent materials that host chirality in either the structural and/or
electronic phases.

Recent Progress

Probing the domain structure of DyMaOhosting chiral magnetoelectric vortex lines

We start by usingPtychographic Xay Computed Tomography (PXCTand X-ray
fluorescent tomography with twisted beams to probe the structubyMhOs (DMO) at the
CSAXS beamline of the Swiss light sourcelexagonal manganites RMnO3 (R= Ho, Y, Dy)
belong to an exciting class fefrroic materids exhibiting strong interactions between a highly
frustrated magnetic system, the ferroelectric polarization, and the lattice. DMO possesses two
major microscopic mechanisms for ferroelectricity (FE) generation, i.e., the inverse
Dzyaloshinskii Moriya interaction between Mn spin pairs and the exchange striction betwé&en Dy
Mn spin pairs, making it an aggressive model to address various opportunities for magnetoelectric
(ME) controls. However, experimental research on operando probing of microscopic effects
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associated with ME such as the local domain (FE, and ME) structure is hindered by technical the
limitation of available optical, electron and standairay diffraction probes. This motivated us to
attempt to resolve the chiral vortex lines in bulk DMOstays at Synchrotrons.

Our first attempt at the CSAXS beamline was to resolve the structure of a bulk DMO using
twisted Xray beams with no external perturbations such as electric or magnetic field on the
sample. This will allow us to understand gtieengths and limitations of -Kay twisted light matter
interaction. Our core assumption is that the interaction of twisted wavefrontraysXwith a
singularitylike changes in the materials complex electron density (associated with dislocation
cores orthe cores of topological polar vortices) will manifest differerta) scattering signal for
different helicity of the beam.

O Median electron density
@ Low electron density

O Cracks

© Bubble pores

.

Aperture i

Pty e
Sample ChOgr, ,
(onpin)  etegy Py

Logarithmic intensity, (a.u.)

o

Figure 1. (a) Spiral Fresnel Zone Plates (SFZ) are used to genematd®am carryin@®AM. A central
beam stop and aperture ensure that only the first diffraction order of the zone plate reaches the samy
which is brought into the focus of the beam in solid form on a pin. Spectra are recorded using a total
fluorescence yiel@TFY) detector that is mounted on the saliese to theOMO sample(b) volume rendering
of DMO. (c-e) Measured transmission intensity for different OAM of beam.
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Ptychographic Xray Computed Tomography (PXCT) and-pdy fluorescent tomography with
twisted beams

In order b perform highresolution ptychographic tomography the entire sample volume needs to
be confined within a cylinder with a maximum diameter of about 100 microns, such that there is
air at both sides of sample for all rotation angles from 0 to 180 degreass&tl focused ion beam
(FIB) to cut a portion of a bulk DMO sample. Fig. 1a displays the PXCT acquisition setup: a
Pilatus 2M detector was positioned 7.2 m downstream p
DMO sample with a flight tube in between filled wit
helium. Another 500k Eiger detor (see Fig. la) was
positioned at ~90 degrees from the sample at a distan:
70 mm for the total fluorescence vyield (TFY
measurements. The hardry regime offers two major
advantages. First, the increased amplitude of the w
vector k has the comguence that higher multiples ce ‘
contribute to the measured signal. These higher multipi &
interact with spatial derivatives of the exciting fields a i’
are thus more sensitive to their spatial variation, that is,
phase vortex in the present case.oBeg the short wavelengths ofrdys enable much smaller

focal spots than in the optical domain, leading to a phase gradient in the illuminated area that is
orders of magnitude higher. This enhanced phase gradient is favorable since, in actual experiments,
the vortex beam and the chiral DMO under investigation are not perfectly aligned.

© Median electron density

@ Low electron density
O Cracks
@ Bubble pores

At CSAXS we acquired multiple datasets of ptychograp| F'9ure 2.Preliminary analysis of acquire
data. (a) and (b) are the slices through

X-ray computed tomography and-r&y fluorescent

) ) ) o reconstructed tomograms of the electro
tomography with twisted beams of different helicity fro| gensity. Scale bars are 1um. (c) is the 3
a sample of DMO shaped into a pillar by FIB. The d{ rendering of the sample volume acquire
guality appears to be sufficient for tiegaluation of the| with ptychographic computed-kay
stated experimental goal]| tomography. ve r
high quality ptychographic data with resulted resolution of
50nm (see Figure 2a & b). With this resolution we can clearly identify the overall structures of the
DMO sample such as p&s, cracks and regions of lower electron density (see Figure 2c).We can
also resolve the sumicron textures of the material. This data will be used to interpret the
tomograms acquired in fluorescence mode where we expect signatures of the topolaggtal def

Future Plans

We are currently working on the alignment, fitting, and analysis of the fluorescence data
from DMO sample. The beamline apparatus delivered exceptional data quality that allowed us to
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reconstruct and visualize the mesoscale defects asighternal cracks and pores with ~50nm
spatial resolution.

The next step is to collect and analyze helical dichroism for differagat/Xeam helicity
as a function of energy. We shall probe across thed}y.£90 keV, & L2 (8.581 keV), Mn (K,
L-edgesf attainable). Next, we shall attempt operando (electric and/or magnetic field) BCDI using
twisted Xray beams collected in the vicinity of specific (h, k, I) reflection in individual grains or
nanocrystals. BCDI will provide much higher spatial resofutand we anticipate to see the
manifestation and crosupling of chirality in each of these individual ferroic orders. For
instance, in ferroelectric domains, chirality can manifest itself in the spontaneous ferroelectric
polarization order parametes a seHorganized array of vortices (ldfianded) and antivortices
(right-handed) summ structures formed at the intersection of FE domain walls.

Such vortex/antivortex core are expected to be in the paraelectric phase in the monolith of
ferroelectricnanocrystals. Also, in hexamanganites, the structural phase transition from one space
group to another may lead to structural trimerization with six@itia s e d 6, mafi, ,4&J ( U
b*, 9). We shall study the nature of FE domains near the obsenesignat voids. We used BCDI
to probe possible materials that could potentially harbor chirality in the electronic and/or structural
order parameter(see publication #1 and Publication #2)

Once the methodology is understood, we shall use twist&y Keama study other chiral
systems using helical dichroic (B)CDI and other new techniques at synchrotrons such as the ALS,
PSI, SOLEIL, MAX-IV, and the ESRF.

Publications from work supported by the DOE BES grant

1. Elijah Schold, Zachary Barringer, Xiaowen SBkye Williams, Nimish Prashant
Nazirkar, Yiping Wang, Yang Hu, Jian Shi & Edwin FohtunBhreedimensional
mor phol ogy and el astic strain revealed in
MRS Bulletin,48 (2092

Abstract: Antimony sulfoiodide (Sbéxhibits great promise for photovoltaic applications
due to it being optically active in its ferroelectric phase. Previous studies on the SbSI
system have relied largely on ensersderaging techniques and/or computational
studies, wherein true volumirenumeration of atomic displacement has remained
ambiguous at the nanoscale. Here, we have mapped strain and the complex Bragg
electronic density among the (002) planes in an individual SbSI nanowire using Bragg
coherent diffractive imaging in hopes otiiding efforts to strain engineered SbSI
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nanostructures for photovoltaic and other optoelectronic applications. We have found that
the asgrown nanowire showed sharp faceting and high crystallinity, with no evidence of
point or line mechanical defects ihet (002) atomic displacement mapou There is
evidence, however, of planar defects in the wire that separate regions of positive and
negati ve shwhere thesetdommin walls(até parallel to the (@yg facets.
Increased Bragg electronidensity near the center of the nanowire shows that the
nanowires could have additional dangling bonds present there, increasing the likelihood
that shells could bond to the wire for straimgineering purposes.

Acknowledgements: E.F. and J.S. acknowledgpport from the US Department of
Energy, Award NoDE-SC0023148, and from the National ScieRoeindation under
Award N0.2024972. E.F. also acknowleddesds from Rensselaer Polytechnic Institute.
This research used resources of the Advanced PhotoneS@\RS), a US Department of
Energy (DOE) Office of Science User Facility operated for the DOE Office of Science by
Argonne National Laboratory (ANL) under Contract No.-BE02-06CH11357. We
thank the staff at ANL and the APS for their support.

. Xiaowen Sk Nimish Nazirkar, Zach Barringer, Skye Williams, Ross Harder, and Edwin
Fohtung. Topological defects and ferroelastic twins in ferroelectric nanocrystals MR S
Advances 10 (), 2022

Topological defects (TDs) are at the heart of many intriguing phenomena in fields as
diverse as biology and materials science. Emergent functionalities emanating from
topological defects such as the ability of domain walls to host itinerantteten® make

them potential hosts for charge conductivity, as well as superconductivity, as measured in
twinned crystals of W@ Thus, ferroelastic domains and domain boundaries are intriguing
objects of study in fundamental and applied sciences. HeretivzediBragg coherent
diffractive imaging (BCDI) to capture ferroelastic twins in an individual
BaFa-Oi9nanocrystal. BCDI is a leAsss diffractive imaging technique that relies on
coherent properties of-Kay beams to resolve deformation fields in undiial nanocrystals

from measured coherent diffraction pattern. Here, we reconstruct the morphology and
displacement field of (200) planes. Our reconstructions identify ferroelastic domains with
homogenous displacement fields separated by domain bounddreesfficacy of BCDI

in studying TDs in three dimensions is demonstrated.

Acknowledgements: This work was supported byUWlseDepartment of Energy (DOE)

Office of Science under award No. BEEC0023148. This research used resources of the
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User Facility operated for the DOE Office of Science by Argonne National Laboratory
(ANL) under contract No. DEAC02-06CH11357. The Bragg coherent Diffraction
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the Advanced Photon Source SectorlB4C and are permanently deposited there. The
data supporting the findings of this study are available from the corresponding author upon
request. We thank the staff ANL and the APS for their support.
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Ultrafast Electronic and Structural Dynamics in Quantum Materials
Nuh Gedik, MIT

Keywords: Photoinduced phase transitions, time and angle resolved photoemission spectroscopy,
high harmonic generation, ultrafast electron diffraction

Research Scope

Discovery and control of novel phases of quantum materials has beerstdndmg goal
in condensed matter physics. Historically, a plethora of exotic phenomena has been realized by
inducing phase transitions in thermal equilibrium through chemical substitution or via the
application of external stimuli such as pressure or magnetic fiettl.thé advent of time resolved
techniques based on ultrafast laser pulses, realizing novel phases through nonequilibrium phase
transitions induced by | ight has -bduedphase a hot
transiti ons o0 esthatmayeramy nbt@xishiretermaltequitibrium.

Despite several examples of this phenomena in different systems, there are still many unanswered
guestions and the overarching principles (if any) that govern these phase changes are still not well
known. For example, what are the similarities and differences in terms of physical mechanisms
between the regular phase transitions and the ones that are induced by light? How do the properties
of new phases created by light compare to the equilibrium pHastemnay exist in different parts

of the equilibrium phase diagram? What determines the relaxation timescales and under what
circumstances can these phases be made metastable? Could the coherence of light be utilized to
engineer new band structures to fis@ie these phase transitions?

The goal of this program is to answer these and related questions in light induced phase transitions
and optical manipulation of order parameters. This is done by using and developing advanced time
resolved optical and eleon-based spectroscopies. Our main scientific trusts are studying
photoinduced phase transitions in model charge density wave systems, using light to optically
manipulate order parameters of complex phases, and realizing Floquet topological phases. In term
of technique development, we are working to improve the capabilities of high harmonic
generatiorbased time and angle resolved photoemission spectroscopy (trARPES). Below, we will
present examples of one published work and one ongoing work.

1. Role of equlibrium fluctuations in light -induced order (PRL 127 227401 (2021))

Engineering novel states of matter with light is at the forefront of materials research. An intensely
studied direction is to realize brokeny mmet ry phases t hat are fAhi
conditions but can be unleashed by an ultrashort laser pudspit® a plethora of experimental
discoveries, the nature of these orders and how they transiently appear remain unclear. To this end,
we investigate the ratearth tritellurides RTes), in which we have previously reported a
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nonequilibrium charge densityave (CDW) that is suppressed in equilibrium and only appears
after photoexcitatiof.

DyTe.
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Figure 1 | Parallels between critical state in equilibrium and lightinduced state out of equilibrium.(a)(b) Static
electron diffraction patterns of DyT €T = 306+3K) at 100K and 307K. (c)(d) Time-resolved diffractions of Lake
before (c) and after (d) photoexcitation by anf80800nm laser pulse, measured at 307 K. Blue and red arrows
indicate the CDW peaks along tbheanda-axis, respectively. (e)( Schematic UED setups for Dy and LaTe.

Both samples were kept at 3R7 The incident fluence was 3mJ/cnt in (e) and 1.0nJ/cn? for each pump in (f).

(9)i (j) Changes in the integrated intensities doand c-axis diffuse CDW peaks after photoextita. Integration
areas are marked by solid circles in the insets. Traces are normalized by the averagé\mdier@photoexcitation.

In (h)(j), vertical lines indicate the arrival time of pungpt t = 23 ps. For reference, dynamics in the absesfce
pump is shown in gray.

This lightinduced CDW is evidenced in ultrafast electron diffraction (UED) measurements on
LaTes [Fig.1(c)(d)], where photoexcitation gives rise to new CDW peaks along the
crystallographica-axis (red arrows) while the equilibrium CDW peaks along d¢fexis are
transiently suppressed (blue arrows). Remarkably, we found that the diffraction pattern of this
photoinduced state is almost indistinguishable from that of a critical state irs DgaFehe CDW
transition temperaturd¢) in equilibrium [Fig.1(b)], both of which carry the hallmark of a restored
symmetry between tha- and c-axes. Motivated by this parallel between the critical state in
equilibrium and the photoexcited state out ofigpium, we further perturbed these two states
with a femtosecond nediR pulse and compared their responses [Kig)(f)]. Again, the
photoinduced dynamics in these two regimes bear striking similarities, both featuring a transient
reduction of the pealntensity followed by a swift recovery, an evolution perfectly mirrored in
botha- andc-axes [see dashed rectangles in E{@)i (j)].

Our results offer a generic mechanism for the creation of photoinduced states, which can emerge
as order parameter flumtions in the absence of longnge order. This insight suggests that
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materials with strong fluctuations in equilib

after laser excitation. Similar to an equilibrium critical point, this -afegquilibrium
phenomenology should hold regardless of microscopic details, providing a guiding principle in
our search for other lighhduced orders.

2. Investigation of FloquetBloch states in graphene

FloquetBloch states are photairessed Bloch states which app@s replicas of the electronic

band structure in energy axis. Just as spatially periodic crystal structure results in electronic bands
that replicate along the momentum axis, temporally periodic electric field of a pump beam gives
rise to band structutdat repeats itself in the energy axis. Previously, we have observed Floquet
Bloch states using timeand angleresolved photoemission spectroscopyARPES) on the two
dimensional surface state of a topological insulataS&?tand, we succeeded iamarating them

from Volkov states which are photaitessed states of phetmitted electrond

Although the manifestations of the FloquBdoch states have since been detected in other materials
such as graphene and transition metal dichalcogenidest, abservation using-kRPES has not

been conclusively achieved yet in systems beyond topological insulators. Recently, there was an
attempt to observe FloguBloch states at room temperattiie graphene. The authors could not
detect FloqueBloch states and attributed it to a short scattering time which destroys the Floquet
Bloch states.

We performed HARPES measurements on graphene onuSi@g linearly polarized 0.6 eV

pump and 26.4 eV probe pulses at a temperature of about 35 K. Fig. 2a present the static spectra
showing the Dirac cone at the K point. In Fig. 2b, the delay time snapshots-potar&ed

pump pulses show the birth anccdg of the replica as a function of delay time (static bands

were cut in this figure to improve the visibility of the replica bands). To understand if the replica
bands are caused by Flogqigdoch or Volkov states, we searched for hybridization gaps. We di

not observe hybridization gaps possibly due to low fluence of the available pump intensity. We
are currently working on alternative ways of differentiating the signatures of FBtpadt

states. In particular, the intensity distribution of replica instant energy cuts evolves as the

pump polarization rotates.
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Figure 2| Light dressed electronic bands in graphenga) Ek, cut from static spectrum. (b} cuts from
delay time snapshots.is the delay time when pump and probe pulses overlaje fdat the vertical axis
ranges in Eky cuts of (a) and (b) are different. The color scale in (b) is saturated to clearly show the weak
replicated bands. The color scale ranges f&y &uts in (b) are all same. In (b), at(l) indicates the excited
states of the original band and (2) indicates the replica of the original band and the excited states.

We currently believe that parts of features in the evolution cannot be explained if we only
consider Volkov states. To check whether this can be explained by FBlgoétstates, we are
currently collaborating with theorists to perform simulations.

Futur e Plans

We will continue to investigate coherent lighatter interaction and lighbduced phase
transitions in different materials. In particular, in order to increase the visibility of Fl@joeh
states in graphene and other materials, we will ggmtly improve our #tARPES setup by
installing a second synchronized laser that will be dedicated for generating low frequency high
fluence pump pulses. Secondly, we will use combination of ultrafast electron diffraction and tr
ARPES to study the compeg a and ¢ axis charge density waves in RVée will focus on the
members of the REBdamily that display both orders in equilibrium. We will track evolution of
these orders by overserving the gaps in the electronic dispersion and the satellite pleaks in
diffraction. Beyond the charge density waves in RWe will also Finally, we will investigate the
possibility of realizing a light induced topological phase transition in in situ grown thin films using
molecular beam epitaxy (MBE). We will specifigafocus on topological crystalline insulator
Phu-xSnSe in which there exist a temperature and doping induced topological phase transition.
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Elucidating Emergence in Strongly Coupled Hierarchical Functional Materials

Naomi Ginsberg PI, David Limmer, coPIl, University of California, Berkeley; Dmitri
Talapin, co-Pl, University of Chicago; Samuel Teitelbaumco-Pl, Arizona State University

Research Scope

This project aims to establish new pathway€datrol emergence of structure and function in
optically driven bottom up assembly of nanomaterials. We focus on important emerging complex
material heterostructures where symmetries and bonding interactions are important on multiple
scalesstrongly couptd nanocrystal superlattices in ionic solutiovge seek to relate the structure

and symmetries of the individual components of the heterostructure to the structure and
symmetries of the superlattice that emerges. We study the bottom-apsatibly of querlattices

made from a promising new form of Coulosstabilized nanocrystals and how laser illumination

can aid this selassembly. To do so requires probing the structural and electronic properties over
multiple scales in space and time, which we dodiggiand advancing a series of complementary
X-ray scattering experiments. Primarily, we characterize the microscopic fluctuations of the
solution of nanocrystals using MHz-pdy photon correlation spectroscopy (XPCS); we
characterize the transient chamgstructuring of the electrolyte at the nanocrystal surface using
time-resolved wide angle-Xay scattering (TRVAXS); and we characterize the unusual structural
and mechanical properties of the superlattices with coherent diffractive imaging (CDI) and tim
resolved small angle -Xay scattering (TFEAXS). We support and test our models derived from
these XFEL measurements that we are advancinginvighu SAXS and inrhouse optical studies

of the selfassembly phase transition, both with and without oplicahination. The ability to not

only observe but to also develop new strategies to create and control emergent phenomena and
functional materials will open new possibilities for complex materials functionalities from
renewable energy supply and storageltraselective catalysts.

Recent Progress
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analysis approaches and fit tirdependent scatteg patterns to determine the relative proportions

of different phases as a function of time throughout the assembly process. We discovered that
superlattices can form via a estep process (superlattices form directly from colloidal phase) or

a two-step pocess in which a metastable colloidal liquid forms from the colloidal phase and then
the superlattices nucleate from within the liquid. This enabled us to determine the phase diagram
and the kinetics of the associated assembly processes that targét peatibns on the phase
diagram for this enigmatic system. By directly validating these results with theoretical simulations,
we uncovered the thermodynamic and kinetic parameters, e.g. nanocrystal density and solution
properties, that determine the estep or twestep formation pathway of superlattices and their
associated design principles [1]. This effort allows us not only to exquisitely predict and control
the products of selissembly but also to develop analysis tools to rapidly identify phageuia
locations during XFEL experiments to ensure efficiency and success.

Microsecond XPCS of -Bhase
colloidal nanocrystal systemn situ SAXS a™
experiments revealed kinetics on timesc g o
of msmin of transitions between colloic%,
nanocrystal, liquid, anduperlattice phase
To uncover the dynamics of these phase: e
the fluctuations associated with transiti (s) (s)
between them, we used MHz XPCS at thgure 2.MHz XPCS of Fl’th né}tn?r?trgﬁsltl Cgﬂ?;ﬂ;?ﬂq“id

hases afj = 0.01625 A'. Intensi
European XFEL (EuXFEL). MHZ XPC.:%onfunc?iuon with fits of colloid A and li yid b) phases
enables determination 3f" " e%s dy%amoiucal t
scales on nm length scales, whis welt
matched to the characteristic fluctuations of diffusing nanocrystals. By taking time autocorrelation
functions of the coherently scattereekXay patterns as a function of
sube s ti me scal es asdadifatsa d nwiatnld rra nlo cersy sttianhe
fluctuations of the metastable liquid phase that are distinct from free nanoparticle diffusion in
solution. This is the first example of XPCS on a liquid that accesses the constituent particle scales,
and wehope to extract microscopic details of the nanocrystal interactions within the liquid phase
with further experiment and simulation.

Hydrodynamic
diameter

1.05 ~7.0 nm

1.00

i me

lon restructuring. While high dielectric "
nanocrystals like PbS (~ 170) sekassemble intcs a) b)
superlattices, nanocrystals of semiconductors Vif N
more typical dielectric constants like Cd$e~(10) & *°
aggregate. Simulations [2] suggest theten the ™' T _ ™ ]
dielectric of the nanocrystal is larger than that of r (&) r(A)
solvent, ions in solution form shells of ion densityFagure 3: PDFs of ion reconstruction at the surfa
the nanocrystal surface. We have carried out s M9n dielectric and b) low dielectric nanocryst:

. . . . from static WAXS.

WAXS at NSLSII to obtain pair distribution
functions (PDFs) of ion reorganizatiahthe surface
of PbS Fig. 38 and CdSeKig. 3b) nanocrystals. lons around PbS nanocrystals exhibit radially
decaying oscillations of ion density, while ions around CdSe surfaces show no radial dependence,
supporting our hypothesis that differences am idensity at the nanocrystal surface lead to
differences in selassembly of highand lowdielectric nanocrystals.
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Quantitative measurements of nanocrystal interactidBsact interaction potentials
between highly charged nanocrystals is not possildetermine, but the integrated potential can
be estimated by a Zimm analysis ofr&y scattering that is represented as the second virial
coefficient (B2).[3] We find that for PbS nanocrystals, the repulsive potential is significantly
higher using chargedglnds in polar solvents than with native organic ligands inpubar
solvents. Interestingly, the B2 dependence on nanocrystal size reveals opposite behavior between
the two different surface chemistries, decreasing (increasing) as nanocrystal siasesdos
charged (organic) surface ligands. This diverging behavior at small sizes may suggest that charged
ligands organize themselves with a higher density around smaller nanocrystals leading to a higher
surface charge density. Quantitative measurenwntsnocrystal interactions have rarely been
reported and provide new insight into the nanocrystal surface chemistry which ultimately
determine the solution properties of these materials.

Theory.In the last year, the Limmer group in close collaboratiaih wie Talapin and Ginsberg
groups has continued to develop computational approaches for inverting time depenagnt X
scattering measurements to real space structure evolution in the context of driven colloidal
assembly. These efforts have been paribmto two thrusts. In the first, we have developed
coarsegrained modeling approaches to simulate colloidal asseimisijico. Structures sampled

from these dynamic models form a basis for fitting scattering patterns. Such a basis has allowed
us to extact mechanistic information, allowing for the first time the demonstration of nonclassical
two-step nucleation. Validating the structures with the scattering patterns also admits real space
interpretation, as the full configuration space and all of iteesponding many body correlation
functions are measurable within the molecular dynamics simulations. In the second thrust, we have
further developed simulation tools to allow for the study of rare events in driven systems. This is
a canonically hard prohte, as traditional equilibrium tools used to span timescales in thermal
systems require knowledge of the specific form of the stationary distribution and the ability to bias
it directly. Leveraging recent advances in machine learning techniques, we halepddv
methodologies to access rare but important events in driven, assembling systems of colloids. This
technigue employs reinforcement learning approaches to optimize a guiding force that, when
acting upon the system, drives it through the rare fluctonati a manner consistent with the way

the system would have naturally accessed the rare fluctuation. This has been used to begin studying
in more detail the nonclassical nucleation pathways discovered previously in this collaboration.

Future Plans

Extending MHz XPC®ur results at EUXFEL show that we can correctly quantify the fluctuations
associated with nanocrystal diffusion and more complex phases using XPCS. While we were able
to obtain dynamical timescales for the colloidal and metastabld fipases, these were acquired

at small wavevector (Q = 0.01625A By performing more measurements and optimizing our
analysis pipelines, we will obtain timescales at higher wavevectors approaching the interparticle
separation between nanocrystals quid and superlattice phases. This will enable us to determine
key features of the interparticle interactions that we can directly compare with simulation to
uncover the key dynamical processes that enableass#imbly of higltielectric nanocrystal
supetfattices. We will compare these results with XPCS of-thelectric nanocrystals to uncover

the microscopic processes leading to arrest, which will help inform our nonequilibrium
illumination protocols.
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Photoinduced effects on TWAXS. Following our recent work on WAX®DF
reconstructions of ion organization around PbS and CdSe nanocrystals, we intend to gain insight
into how light can mediate sedissembly through photoexcitation driving ion reconstomctiOur
hypothesis is that photoexcitation will increase the dielectric constent »f
the nanocrystal, thereby triggering a rearrangement of the surrou
ions to generate more distinct ion solvation shells characteristic of €
is at a metallic nanocrial surface. We were recently awarczs
beamtime at APS BioCARS beamline {I%-C) to perform TRWAXS
with subnanosecond temporal resolution and have pending “ow o o o5 om0 0
picosecond proposals at XFELs for -WRAXS to extend these resuItT:L _ a4
especially at LCLS, wheréé new undulators enable hifjbix 25 keV P'ggre 4aa§§§§5tﬂfsttems§ff
photon energy capabilities for liquid scattering are a pPromigii@mmd with and without
approach to reveal ion shell rearrangements that may mediate §ght abovebandgap laser
driven selfassembly. illumination.

Photoinduced effects on se$semblyRecently, we carried out
preliminary work usingn situ SAXS at ALS to study the effect of continuous wave (CW), above
bandgap excitation on sedssembly of PbS nanocrystals. We found that photoexcitation slowed
assembly kinetics and led to more ordered superlattices with larger lattice consSign®, (
swggesting that the laser manipulates the interactions between nanocrystals due to some
combination of heating and electronic effects. In upcoming experiments at SSRL, we will vary the
illumination period and wavelength to elucidate the role of heatindadrenic effects. We will
also study the potential of illuminating CdSe nanocrystals to alter their interactions to promote
selfassembly.

Far-from-equilibrium seHorganization of magnetically driven nanoparticle$he
combination of tight synthetic ctwol of nanocrystal size and shape, colloidal stability, and
precisely engineered magnetic properties make nanocrystals a unique platforoefathistudies
of nonequilibrium active matter. Although some encouraging results have been reported for
drivenmicronsize particle realizations of active matter and chiral fluids, nanocrystals have several
advantages owing to the higher tunability of their chemistry and interactions [1,4,5]. We will
perform SAXS and XPCS of the structure factor S(q) and dynaaficaagneticallydriven
superparamagnetic $&4 colloidal nanocrystals to reveal yet unknown relations between activity,
structural correlations, possible order formation and energy dissipation rate. The experimental data
will be analyzed using theoreticalethods developed by the Limmer group.
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Transient and Metastable Order Created by Ultrafast Light (DESC0012375)
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Research Scope
The central focus of the current project

ortices upercrystal namre e
to study the emergence and dynamics ¢ . mate““_%«.

rich portfolio of complex topological
structures. The ongoing project (DE
SC0012375) was triggered b
experimental successes of members
this team in designing polar complexity i
(PbTiOs)n/(SrTiOs)n oxide superlattices
that led to the emergence ¢

SuPerqryStalé" polar _vorticesz,_ gnd Fig. 1: Ferroelectric Supertexturesin (PbTiOs)/(SrTiOs)n
skyrmions.  These firsof-theirkind  pere the polarization can twist, turn and tumble in the fc

Synthe_tic topological polar structures a of (a) vortices, (b) supercrystal (c) skyrmidis
collectively dubbedpolar supertextures

These polar textures involve structural modolasi ranging from subngstromto-tens of
nanometer scales and are created in a succession of stimulated phenomena from femtoseconds to
milliseconds. The design space in these prototypical testbed structures is large engugh (
materials, substrate stmaiduty cycle,m/n, periodicity, andm+n) and the underlying physical
interactions are established enougle.( ferroelectricity, elasticity, electrostriction, boundary
conditions) to poise the system on the verge of instability. We then drive suclera syigh an
appropriate impulsea.é., an ultrafast pulse of light and/or field) to realize a very rich spectrum of
complexity. It is essential to monitor ultrafast lighatter interaction processes at relevant
timescales using statd-the-art experimentsat synchrotron (at Advanced Photon Source and,
during the APS upgrade, at NSilSand SSRL) and XFEL (at LCLS, Sprir& and PAL) facilities
complemented with ultrafast optics and atomic and mesoscale computational methods. Using such
an integrated approh, our team has uncovered the intricate structure of a polar supercrystal and
emergent collective dynamics of polar vortices and skyrmions. This has driven our efforts in the
past two years towards a deeper understanding of the science behind the emeirdhase
complex, extended structures as well as their collective behavior that is more the sum of its
components.

Recent Progress

Our current grant (DESC 0012375) has been boosted by a cutr€htS Campaignvhich
has granted us six runs since 2018 for a total number of 25 shifts (eight runs since 2016 for a total
of 32 shifts). This has led to some spectacular results and stimulated our ideas for renewal
presented below. These runs were complemented wighdinhe SACLA, FERMI, PAL, and Paul
Scherer XFELs and over 40 runs at the APS. Besides the published work (see annual report and
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separate document of publications list), we highlight below three exciting discoveries relevant to
the renewal that are in tfi@al stages of manuscript preparation:

(1) Singleshot studies of supercrystal formationWe investigated the irreversible dynamics of
supercrystal formationsing singleshot measurements at LCLS and SACLA. These experiments
are based on the ability bCLS to measure the evolution of lattice structure with a singtayX

pul se by combining 1006s of such spots on the
phase conversion process. The early momemngs(fsn the creation of the superdalsusing
ultrafast light reveals the critical role of the initial microstructure as well as that of charge transfer
to the interfaces on syts time scales in driving a deterministic pathway that evolves over
timescales into the msec regime where the peases form. In the regime of optical excitation
that promotes the supercrystal formation, we identified a decouplepsscbllapse of phases,
where the emergent vortex phase responds faster (at ~0.5 ps) than the ferrcaleetineglane
polarized naodomains) phase (at ~1 pB)d. 2b).

The subps dynamical response of the polar superstructures shows the critical role of charge
migration towards the superlattice interfaces. The resulting photoinduced electron population in
the conduction band is @emulated rapidly in the interfacial region assisted by the photovoltaic
effect and further transferred to the Sr7i@yers to become lonlived therein Fig. 23).
Furthermore, before the supercrystal nucleation and growth is observed at the tenaesaceadi
and beyond, we have recorded the formation of transient metastable states such as a high
temperature vortekke (V) phase where it should have been erased in equilibrium as well as a
transient labyrinth phase (L) as indicated by experimentaltr@ssét,Fig. 2b). The transient L
phase is erased by the spatially adjacent V phase that subsumes the L phase into a new vortex
supercrystal (VSC) phasB®ynamical phaséeld modeling Fig. 20 describes the spatial and
temporal evolution of charge cewrs and the strain relaxation, predicts the evolution of
heterogenous polarization, charge, and strain dynamics.
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Fig. 2: The genesis of a supercrystafa) Photocarrier redistribution at the [(SrE@(PbTiOs)16]7.5interfaces across

the derived bandstructure using stroboscopic transient absorption spectroscopy that recorded the time dependence of
enhanced carrier concentration at the band offsets of the interfaces as indicated by the dashed lines. (b) The satellite
peak dynamics captured with single shot XFEL measurements of irreversible phase conversion dynamics stimulated
with optical pulses. (c) A dynamical phase field modeling capturing the underlying dynamics.

(2) Singleshot XPCS reveals hidden fluctuation dynmics: A new approach for visualizing
dynamic heterogeneity and the internal structure and motion of domain walls is established in the
creation of a supercrystal through single shat)X photon correlation spectroscopy (XPCS) that

is missed in tracking ahdard diffraction intensity.
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Figure 3 shows the results of probing th
nucleation and growth of the supercrystal phe
within a (PbTiQ)16/(SrTiOs)16 Superlattice in a
singleshot geometry. From the measurement
transient speckle patterngig. 39, a ime
dependent correlation analysis reveals n
dynamics unresolved by standal
crystallographic analyses e.§, integrated
Bragg peak intensity)Hg. 3b). We furtherfind
that this twetime correlation analysis provide
a direct window into the dynamica
heterogenejt of the phase transition, showin
sensitivity to the nucleation and growth of tt T e
new phase’ the merging of different Spatia Fig.3: Hidden dpmain wall dynamics reveal.ed b){
separated domains, and direct sensitivity to ' XPCS: a) transient speckle patterns at various ti

. . scales. b) Comparison of Bragg peak integrate
nanoscale structure of the domain waksg( intensity (red) to dynamic twbme correlation function

3c,d). This approach prOVid_eSﬁaSt att_empt 10  analysis (black) showing new dynamics extending
connect temporal and spatial evolution in su millisecond time scales not resolved by stand:
complex structures and represents a new toc crystdlographic approaches. (c,d) Simulation involvir

our ultrafast arsenal to probe materials nucleation and coarsening of heterogeneous bubble
' new phase which closely matches experimental dat

T
Expected Final Value

(3) Ultrafast coherent dynamics of polar

skyrmions: We have revealed unique terahertz phason modes in polar skyrmions. Gafritgst

kind study of THz dynamics of polar vortiéegover of Naturg 2021;Fig. 1) revealed a sub
Terahertavortexon modewhere, upon THz excitation, adjacent vortices twist counterclockwise
relative to each other producing a mode that carries angular momentum. We have also explored
the THz dynamics of skyrmions, which are qu@Bi objcts. To characterize the ultrafast
structural dynamics of polar skyrmions, we have performed-gdiiap, femtosecond -Xay

Fig. 4: Ultrafast phason mode observed in polar skyrmions(a) Diffraction pattern around one of the 0C
(PbTiGs)1¢/(SrTiOs)16 superlattice Bragg peaks (log scald)) Top: Differential diffraction intensity with THz
excitation as a function of delay at 220 K. Bottom: Dynamical pfiakksimulation showing the difaction intensity
changes as a function of time) Top: The FFT spectrum of the top panell ithat shows the dispersion of tr
observed modes. The dashed lines are color coded to show the dispersion relation prob&drad tPediffraction
satdlites. The slopes of the dispersion relation correspond to the speed of acoustic modes. Bottom: The
simulation that shows the collective modes dispersion of a vodéemode at the SLdiffraction satellite and a
phason mode at thé%atelite. (d) Top: Temperaturdependence of the mode amplitude (left axis) and the skyrr
satellite diffraction intensity (left axis) and peak width (right axis). Bottom: pfiakk simulation captures ¢
topology change from the polar skyrmions at 300kahbyrinthlike structures at 360K.
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