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Foreword

This abstract book summarizes the scientific content of the 2016 X-ray Scattering Principal
Investigators' (Pls) Meeting 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 November 9-10, 2016, at the Hilton Washington DC North/Gaithersburg in
Gaithersburg, Maryland, is the fifth in the series covering the projects funded by the BES DMSE
X-ray Scattering Program. In addition to x-ray scattering, the Program and meeting include Pls
involved in ultrafast techniques and instrumentation as applied to materials science research. BES
DMSE has a long tradition of supporting a comprehensive scattering program in recognition of the
high impact these tools have in discovery and use-inspired research. Ultrafast sources have entered
the x-ray regime, and time-resolved experiments on the femto-second time scale involving
radiation across a broad energy spectrum have become an important part of the Program. Many
ultrafast projects are now included in the x-ray scattering portfolio.

The DMSE X-ray Scattering Program supports basic research using x-ray scattering, spectroscopy,
and imaging for materials research, primarily at major BES-supported user facilities. X-ray
scattering serves as one of the primary tools for characterizing the atomic, electronic and magnetic
structures and excitations of materials. Information on structure and dynamics becomes the basis
for identifying new materials and describing mechanisms underlying their unique behavior. Other
key aspects of this activity are the development and improvement of next-generation
instrumentation and data analysis tools, including the development of ultrafast techniques
involving pulsed radiation sources.

The purpose of the PI meeting is to bring together researchers funded by BES in the x-ray
scattering and ultrafast materials research area, to facilitate the exchange of new results and
research highlights, to foster new ideas and collaborations among the participants, and to identify
the needs of the research community. The meeting will also help DMSE to assess the state of the
Program and chart future directions. The success of the meeting results from the active
contributions of Program Pls in sharing their ideas and research accomplishments.
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DOE BES DMSE X-ray Scattering Principal Investigators’ Meeting
Hilton Gaithersburg MD
November 9 & 10, 2016

Wednesday, November 9

7:00 -8:00 Breakfast (Also poster setup, presentation loading on DOE computer. All
presentations for Wednesday need to be loaded onto the DOE laptop, and posters
for Wednesday should be set up under the corresponding panel label, both prior to
the start of the meeting on Wednesday.)

8:00-8:10 BES Welcome and Discussion of the Meeting Format
Lane Wilson, BES, X-ray Scattering Program Manager

8:10-9:15 Panel A (65-minute ensemble presentation)

e Venkat Gopalan, Penn State University, project lead
Roman Engel-Herbert (PSU), James Rondinelli (NWU), John Freeland
(ANL), Haidan Wen (ANL), Lane Martin (LBNL), Andy Millis
(Columbia), Dimitri Basov (Columbia), Rick Averitt (UCSD), Jacques
Chakhalian (Arkansas)

9:15-10:20 General questions followed by small group discussions at each panelist poster

10:20 — 11:25 Panel B

e Zahid Hasan, Princeton (8 mins)

e Tai Chiang, University of Illinois UC (8 mins)

e Peter Abbamonte, University of Illinois UC (8 mins)

e Jason Hancock, University of Connecticut, project lead (15 mins, ensemble
presentation), Maxim Dzero, Kent State

e Mark Dean, BNL (Early Career) (8 mins)

e Nuh Gedik, MIT (8 mins)

e Oleg Shpyrko, University of California — San Diego (8 mins)

11:25-12:30 General questions and panel discussion followed by small group discussions at
each panelist poster

12:30—2:00 **Working lunch with continued Discussions, Introduction by Helen Kerch,
Team Lead, Scattering and Instrumentation Sciences, DMSE, BES **



2:00-3:00 PanelC

e Thomas Devereaux, SLAC, project lead (45 mins, ensemble presentation)
ZX Shen, Tony Heinz, Aaron Lindenberg, Wei-Sheng Lee, Hong-Chen Jiang

e Valeri Petkov, Cent. Michigan University, project lead (15 mins, ensemble
presentation), Chuan-Jian Zhong, SUNY Binghamton

3:00-4:00 General questions and panel discussion followed by small group discussions at
each panelist poster

4:00-5:05 Panel D

e ZX Shen, Stanford/SLAC, project lead (50 mins, ensemble presentation)
Thomas Devereaux, Robert Moore, Brian Moritz, Patrick Kirchmann,
Jonathan Sobota, Makoto Hashimoto, Donghui Lu

e Haidan Wen ANL (Early Career) (8 mins)

e Charles Fadley, University of California — Davis (8 mins)

5:05-6:10 General questions and panel discussion followed by small group discussions at
each panelist poster

6:10-6:30 Working Dinner: End of day remarks, general discussion. Evening: small group
meetings, collaborative exchanges

Thursday, November 10

7:00-8:00 Breakfast (Also poster setup, presentation loading on DOE computer. All
presentations for Thursday need to be loaded onto the DOE laptop, and posters for
Thursday should be set up under the corresponding panel label, both prior to the
start of the meeting on Thursday.)

8:00-9:10 PanelE

e Xiaodong Xu, University of Washington, project lead (35 mins, ensemble
presentation), Haidan Wen (ANL), Nuh Gedik (MIT), Di Xiao (CMU)

e Denis Karaiskaj, University South Florida, project lead (25 mins, ensemble
presentation), David Hilton (UAB), Jie Shan (PSU)

e Paul Evans, University of Wisconsin (8 mins)
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10:15 - 11:25 Panel F

Aaron Lindenberg, SLAC, project lead (30 mins, ensemble presentation)
Will Chueh, David Reis, Mariano Trigo

Paul Fuoss, ANL, project lead (40 mins, ensemble presentation)

Brian Stephenson, Hoydoo You, Dillan Fong, Stephan Hruszkewycz,
Matthew Highland

11:25—-12:30 General questions and panel discussion followed by small group discussions at
each panelist poster

12:30 - 1:30 Working Lunch with Discussion

1:30-2:40 Panel G

Dimitri Basov, UC-San Diego/Columbia, project lead (30 mins, ensemble
presentation), James Hone (Columbia), Andy Millis (Columbia), Rick
Averitt (UCSD), Michael Fogler (UCSD)

Alessandra Lanzara, LBNL, project lead (15 mins, ensemble presentation)
Robert Kaindl

lan Robinson, BNL, project lead (25 mins, ensemble presentation)

Simon Billinge, Emil Bozin

2:40 - 3:45  General questions and panel discussion followed by small group discussions at
each panelist poster

3:45-5:00 PanelH

Wendy Mao, SLAC (8 mins)

Guoyin Shen, Carnegie Institute of Washington, project lead (25 mins,
ensemble presentation), David Mao (CIW), Viktor Struzhkin (CIW)
Margaret Murnane, University of Colorado, project lead (25 mins, ensemble
presentation), Henry Kapteyn (Colorado), Tom Silva (NIST)

Jeffrey Hastings, University of Kentucky (8 mins)

Steven Kevan, LBNL (8 mins), Sujoy Roy (LBNL)

5:00-6:10 General questions and panel discussion followed by small group discussions at
each panelist poster

6:10-6:30 Working Dinner: General discussion on new opportunities
End of meeting wrap-up
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Novel X-Ray Probes of Electronically Heterogeneous Quantum Materials

Peter Abbamonte
abbamonte@mrl.illinois.edu
Department of Physics and Seitz Materials Research Laboratory
University of Illinois, Urbana, IL, 61801

Program Scope

The objective of this project is to define a new approach to studying valence band
phenomena in materials in which the electronic structure is intrinsically heterogeneous or
disordered. The short-term focus will be on detecting charge order in optimally doped copper-
oxides and parameterizing the phenomenology of its intertwining with superconductivity. Our
strategy will be to use energy- and momentum-resolved resonant soft x-ray scattering technigues,
blurring the lines between what is traditionally called “resonant x-ray diffraction” (RXD) and
“resonant inelastic x-ray scattering” (RIXS). For this purpose, we will use a new generation of
energy-resolved soft x-ray spectrometers, particularly the new qRIXS instrument at the
Advanced Light Source (ALS). This approach may be readily adapted to IR pump-soft x-ray-
probe techniques, enabling study of collective bosonic excitations at LCLS.

Recent Progress: Reexamination of the effective fine structure constant of graphene as
measured in graphite

After four years of effort, we completed a refined and improved study of the influence of
screening on the effective fine structure constant of graphene, a*(q,®), as measured in graphite

using inelastic x-ray scattering. This follow-up 0
to our previous study [J. P. Reed et al., Science | o Experiment J
330, 805 (2010)] was carried out at the % Reedetal.[1] )
Advanced Photon Source using two times better 3 °°f el .
energy resolution, five times better momentum % | — ]
resolution, and an improved sample chamber 2 ol r - .
with lower background. We compared our % | 1 }

results to random-phase approximation (RPA) C’E | w ; I | 1
calculations and evaluated the relative 8 02f ) [ } 1
importance of interlayer hopping, excitonic i - J
corrections, and screening from high energy 00 s T

excitations involving the ¢ bands. We found 00 01 02 03 04 05 06 07 08 09 10

that the static, limiting value of a* falls in the
range 0.25-0.35, which is higher than our Figure 1 Asymptotic properties of the effective
previous result of 0.14, but still below the value fine structure constant of graphene, as measured in

graphite using inelastic x-ray scattering. Our study
expected from RPA. We show the reduced suggests a limiting value in the range 0.25-0.35,

value is not a consequence of interlayer hopping | \hich is significantly lower than the RPA value
effects, which were ignored in our previous and explains the absence of an excitonic transition

analysis, but of a combination of excitonic at low temperature.

Momentum (A™)




effects in the m — 7* particle-hole continuum and background screening from the o-bonded
electrons. We found that o-band screening is extremely strong at distances of less than a few
nanometers, and should be highly effective at screening out short-distance, Hubbard-like
interactions in graphene as well as other carbon allotropes. The conclusions of this study apply
not only to graphene but all Dirac and Weyl-type semimetals [2].

Future Plans: Resonant x-ray scattering using the qRIXS spectrometer at ALS

After 30 years of study, the origin of superconductivity in the copper-oxides is still
unknown, making these materials an excellent case study for the development of scattering
techniques that provide new insight into valence band phenomena. One of the key questions is
whether valence band charge order, which is now established to exist in all cuprates [1], is
somehow relevant to superconductivity. The challenge is that charge order in optimally doped
cuprates, in which superconductivity is most pronounced, is highly disordered. It therefore
cannot be studied with conventional soft x-ray scattering techniques, which are plagued by an
intense, inelastic fluorescence background, which masks diffuse elastic scattering. To address
this problem, we intend to use several new energy-resolved x-ray instruments, notably the
gRIXS instrument at ALS, to attempt to detect this order and study how it interacts with
superconductivity.
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Transient superconductivity at nano- and meso-scales (DE-SC0012592)

D.N. Basov, James Hone, Andrew Millis (Columbia University)
Richard Averitt, Michael M. Fogler (UCSD)

Executive summary

High-T. superconductivity is surpassed by few, if any, other unresolved problems in
contemporary physics in its richness, complexity, impact on other fields and potential
technological importance. Recent discoveries reveal that the highest transition temperatures
emerge under extreme experimental conditions such as ~200 GPa pressure, ~MV/cm electric
fields or femtosecond optical pulses. This avenue of research is challenging since it requires the
development of novel experimental methods and new theoretical tools suitable to tackle the
problem of external stimuli at the extremes.

Since August 2014 this team of investigators has been engaged in a program aimed at
exploring ultra-fast and nano-scale dynamics of complex materials driven by the goal to
investigate and elucidate non-equilibrium properties of superconductors under photo-excitation.
Our team has identified three essential pillars of this ambitious program: i) development of novel
ultra-fast optical techniques for pump-probe studies of materials at the nano-scale in the regime
of resonant photo-excitation; ii) development of meso-scale antenna structures and hybrid meta-
materials needed to obtain strongly enhanced optical fields at the surface of studied
superconductors and iii) the development of theoretical approaches suitable to explain and
predict the response of superconductors under ultra-fast photo-excitation. We have achieved
significant progress documented through publications in high impact journals that was only
possible because of complimentary expertise of team members covering all aspects of this
program. Capitalizing on these recent results, our team is uniquely positioned to make major
advances in the area of transient photo-stimulated superconductivity.

On-going and future research is focused on several different classes of exotic
superconductors integrated with metamaterials and multi-layered structures including high-Te
cuprates and chalcogenides superconductors. The experimental part is centered at pump-probe
experiments where the field of the excitation laser is concentrated in nano- and meso-scale
regions using optical antennas and/or using hyperbolic van der Waals (vdW) materials as sub-
diffractional focusing “lenses”. We interrogate the photo-induced state using an ample set of
spectroscopy and nano-imaging tools operational from THz through infrared (IR) frequencies.
This spectral range is particularly informative in the case of superconductors, providing direct
access to the electromagnetic signatures of superconductivity including the superfluid density
and energy gap. In combination, the material systems investigated by our team will establish a
comprehensive physical picture of non-equilibrium superconductivity.

The above experiments and their theoretical analysis will provide insights into non-
superconducting metastable states triggered by photo-excitation that compete/coexist with
superconductivity. As recently demonstrated by the co-investigators, nano-IR experiments with
10 nm spatial resolution are particularly informative in uncovering novel phases of complex
materials that only occur at nano- and/or meso-scale and therefore remain “invisible” for
common area-averaging probes. Basov and Averitt concentrate on pump-probe spectroscopy and
nano-imaging experiments. Averitt and Hone design and fabricate state-of-the-art meta-materials
and optical antennas structures. Theoretical and computational studies of ultrafast temporal
phenomena are being carried by Millis and Fogler. Analytical and numerical modeling of time-
resolved near-field effects are performed by Fogler.



1. Experimental and theoretical highlights.

In this section we will highlight some of the most significant accomplishments by our team since
August 2014. This research has resulted in one publication in Nature Photonics [1], articles in
Nature Materials [2] and Nature Physics [3], one paper in Physical Review Letters [4], articles in
Science [5] and Reports on Progress in Physics [6] along with three other publications in
Physical Review B and Journal of Applied Physics. among many other published and recently
submitted works. Publications [2], [3], [5] and [6] are co-authored by more than one co-
investigator.

1.1 Pump-probe spectroscopy: ultra-high optical fields and ultra-high stability.
Developmental work by Averitt and Basov has resulted in experimental ultrafast optical
capabilities using a 1KHz amplifier for mid-infrared pumping (1.2-17 um = 75 meV-1.0 eV)
achieving fluence of ~5 mJ/cm? and high-field terahertz pulse generation (0.1-2 THz) with ultra-
high peak fields in excess of 400 kV/cm. The dynamics initiated with phonon pumping or
electric field driving can be probed at THz, mid-IR, and visible frequencies. This new capability
for ultra-high electric fields has been implemented in a stabilized reflection geometry for
precision measurements of dynamics on single crystals down to 4 K. Initial phonon pumping
studies have been performed on nickelates. Experiments investigating photo-enhanced
superconductivity of La,xBaxCuOs (x =11.5%) are underway to corroborate and extend the
measurements of the Hamburg group [7] [8]. Our team is poised to initiate experiments on
phonon pumping in AsCeo superconducting samples and apical oxygen modulation studies in
underdoped YBa>CusOy and related materials. In parallel, Averitt has developed a high repetition
rate laser beamline (50KHz—1MHz) to obtained intense fields (up to 50 kV/cm) with ultra-high
stability needed for high finesse measurements including manipulation of phase coherence in
superconductors [9] [10].

1.2 Advanced nano-infrared spectroscopy and imaging. Basov and Averitt demonstrated for
the first time pump-probe nano-imaging using amplified lasers offering ultra-intense electric
fields utilizing a high repetition rate beamline to provide ultra-high stability. These innovations
facilitated the discovery of novel hidden phases in correlated oxides including manganites [2]
and VO.. Among many technological leaps that have enabled this work was the implementation
of magnetic force microscopy (MFM) simultaneously performed with nano-infrared
spectroscopy. MFM experiments are imperative for the nano-scale mapping of the variations of
the superfluid density in unconventional superconductors and for identifying magnetically
ordered domains. All of these scanning probe experiments are performed in the setting of a
unique cryogenic nano-infrared apparatus with ultra-high stability of the suspended scanner
developed by Basov [3]. Basov, Hone and Fogler reported for the first time on hyper-spectral
pump-probe nano-imaging [1]. This novel experimental technique combines broad-band infrared
spectroscopy with 10-nm spatial resolution imaging. This novel system is essential for the on-
going experiments on local pump-probe studies of transient superconductivity and in the search
for competing photo-induced phases.

1.3 Superconductors integrated with meta-materials and van der Waals heterostructures.
Simulation, synthesis, and terahertz characterization by Averitt, Basov, and Hone has enabled
sculpting, localization, and enhancement of electromagnetic fields in superconductors using
metamaterial resonator devices. These capabilities are crucial for nonlinear far-field and near-
field studies providing the means to achieve localized phonon pumping or field-driven effects in
superconductors. Our initial work has focused on THz frequencies and we have developed
metamaterial “tapes” that can be easily applied (and removed) to single crystals samples, an



example of which is shown in Fig. 1A. For La>SrCuOs (x =15%) single crystals we have
investigated coupling between the c-axis Josephson Plasmon Resonance (JPR) and split ring
resonators (SRRs). By creating a series of tapes with differing resonator dimensions, we were
able to sweep the SRR mode across the JPR to investigate mode coupling, analogous to plasmon-
phonon coupling in doped semiconductors [11]. THz spectroscopy data reveal a strong
interaction between the superconducting condensate and the SRRs (Fig.1B,C), providing a new
approach to interrogate and potentially augment superconductivity.
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Figure 1: A) Image of metamaterial tape for application to Laz-xSrxCuOs and Laz-xBaxCuOas crystals.
Bottom frame depicts a schematic of the structure with SRR tape attached to the ac-surface of La-based
high-T. materials. B and C): Experimental data along with model simulations. Black solid lines: c-axis
reflectance data for pristine Laz-xSrkCuOas (x =15%) at T = 8K revealing the characteristic JPR structure.
Red and blue solid lines are for structures with SRR tape attached to the same crystal. Red lines (panel
B): scale factor 1; blue lines (panel C): scale factor 1.8. The scale factor is proportional to the dimensions
of split rings. Simulations grasp the key features of the data attesting to strong interaction between
metamaterials resonators and the JPR. More accurate simulations are in progress.

1.4 Non-equilibrium phase diagram of correlated electron materials. Theoretical work of
Millis demonstrated [12] that the dominant symmetry-allowed coupling between electron density
and dipole active phonon modes implies an electron density-dependent squeezing of the phonon
state and provides an attractive contribution to the electron-electron interaction. This effect is
independent of the sign of the bare electron-phonon coupling whereas the magnitude of this
effect is proportional to the degree of laser-induced phonon excitation. Reasonable excitation
amplitudes lead to non-negligible attractive interactions that may cause significant transient
changes in electronic properties including superconductivity. The mechanism is generically
applicable to a wide range of systems, offering a promising route to manipulating and controlling
electronic phase behavior in novel materials.

1.5 Plasmon amplification. Theoretical work of Fogler, which is motivated experimental
results from our team [4], studies dynamical evolution of the collective modes of a photoexcited
electron-hole plasma. The key idea is that the gradual change of the instantaneous frequency of
the mode is analogous to the adiabatic variation of parameters of a harmonic oscillator. Based on
this analogy, Fogler showed that depending on the magnitude of the loss, the mode amplitude
may increase with time. We discussed several scenarios in which such an amplification of
(thermo)plasmons is possible. This amplification does not require any gain media; it occurs
during the natural relaxation of the plasma. The principle of adiabatic amplification is general; in
[4] we discuss a specific case of thin-film superconductors, which are expected to be low-loss



plasmonic media. We also analyzed the detection of amplified plasmons via pump-probe nano-
optical techniques in preparation for experimental studies of these effects.

2. Program objectives, team expertise and ongoing experiments.

Objectives of our proposed program include: i) performing systematic studies of ultrafast
dynamics of unconventional superconductors and related systems in the previously unexplored
regime of nm-scale spatial resolution and ultra-high optical fields; ii) developing a theory of a
near-field response of this class of materials known for their strong intrinsic and extrinsic
inhomogeneities; iii) training a new generation of researchers within a program at the
intersection of physics, nano-optics, and materials science.

The research tasks that are being addressed by our team are complex and can only be

accomplished by a collaborative team with a complementary expertise. Basov and Averitt will
carry out pump-probe experiments using instrumentation developed over the past decade in their
groups. Unique structures tailored for ultrafast experiments will be fabricated by Hone and
Averitt. Theoretical and computational studies of transient superconductivity will be carried out
by Millis and Fogler. Analytical and numerical modeling of time-resolved effects in the nano-
scale near-field optical phenomena will be accomplished by Fogler. Therefore, this team is
capable to carry out all elements of the program.
On-going research is focused on light-induced superconductivity. We have prepared, oriented
and characterized several crystals of La>.xBaxCuOas with ac-orientation in collaboration with Dr.
Genda Gu and Dr. Chris Homes (BNL). We have obtained THz and far-IR spectra as a function
of temperature. Pump-probe experiments are being performed with 800 nm excitation, mode-
selective excitation in mid-IR frequencies and strong THz fields. In parallel, we investigate
pump-probe behavior of hybrid structures (Fig.1) based on La.xBaxCuOas and LazxSrxCuQOa
crystals. Theory research is focused on the modeling of SRR-JPR coupling and on the
understanding of mode-selective ultra-fast excitation of unconventional superconductors.
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Electronic, Spin, and Lattice Structures and Dynamics of Nanoscale Systems
Tai C. Chiang, Department of Physics, University of Illinois at Urbana-Champaign

Program Scope: This program focuses on electronic effects in ultrathin films where quantum
confinement and dimensional crossover may lead to novel properties and phenomena. We perform
a systematic investigation of films with thicknesses ranging from a single layer (2D limit), to multi-
layers (quantum-confinement and transition regime), and to the 3D limit (bulk). Of current interest
are materials that exhibit charge density waves (CDWs), nontrivial topological states, and
superconductivity. Also of interest are composite film systems made of proximity-coupled layers
of different classes of materials where coherent quantum mechanical interaction, entanglement,
and competition for different types of electronic and lattice ordering may give rise to unusual
physical behavior.

Recent Progress: "Charge Density Wave Transitions in Single-layer, Multi-layer, and Bulk
Titanium Diselenide (TiSe2)"

In the bulk form, TiSe, exhibits a (2x2x2) commensurate transition at ~205 K. The nature of the
transition has been in debate for decades. There is no relevant Fermi surface nesting, and the usual
picture of a Peierls distortion does not apply. Two other mechanisms have been proposed, one
based on a band-type Jahn-Teller interaction and the other based on an excitonic interaction. We
have embarked on a study of single- and multi-layers of TiSe> grown on bilayer-graphene-
terminated SiC. A single layer, with a two-dimensional band structure, is a much simpler case for
electronic structure determination. Yet, it is unclear if a single layer would exhibit a CDW
transition and, if there is one, what the transition temperature would be, and how it is related to the
3D case. The single layer is potentially a promising platform for developing advanced electronics
beyond graphene. Our ARPES measurements show that the single layer exhibits a (2x2) CDW
transition at a transition temperature of Tc ~ 232 K, which is substantially higher than the bulk Tc
~ 205 K. An important finding is that band structure effects alone can explain the CDW transition;
there is no need to invoke excitonic or other high-order
interactions. The measured evolution of the gap as a function %
of temperature follows closely a BCS-like gap equation as
shown in Fig. 1(a). Similar measurements have been made
for films of 2, 3, ... 6 layers (see Fig. 1). The measured Tc at
3 layers and beyond is essentially bulk-like, but at 2 layers, B oo 20 o D il 7 o 3
the system exhibits a mixture of two Tc's, one bulk-like and

the other single-layer-like. The transition temperatures in the
bulk and single-layer have been confirmed by x-ray
diffraction measurements of the lattice distortion at Sector
33 of the Advanced Photon Source.
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where coherent quantum mechanical interaction, entanglement, and competition for different types
of electronic and lattice ordering may give rise to unusual physical behavior.
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Probing excitations in complex oxide heterostructures

M. P. M. Dean, Department of Condensed Matter Physics and Materials Science, Brookhaven National

Laboratory, USA, *mdean@bnl.gov

Program scope

This FWP focuses on using advanced x-ray scattering techniques to measure the electronic properties of
strongly correlated transition metal oxides and how they relate to the emergent phenomena observed in
these materials. The primary tool for this is resonant inelastic x-ray scattering (RIXS) measurements of
magnetic and orbital excitations, which encode the electronic structure and magnetic interactions in these
states. There is a particular emphasis on extending these studies to measure thin films and heterostructures
to gain further understanding of how interfacial effects and laser excitation can be used to further tune the
properties of these systems.

Fig. 1. Left: Conceptual experimental
layout. Right top: Excitation spectra
of Sr2lrO4 in the equilibrium state
(black) and 2 ps after photo
. PRETTE— excitation (red). Right bottom:
\#\ Fnergy Loss (mev) Difference spectra before and after
@ photo-excitation showing changes in
the magnetic excitation around 100
meV. This provides the first glimpse
of the presence and nature of 2D
o 200 0 200 A"jm ShOrt-range magnetic correlations in
Energy Loss (meV) .
transient states such as these.
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Recent progress

Measuring how the magnetic correlations evolve in doped Mott insulators has greatly improved our
understanding of the pseudogap, non-Fermi liquids and high-temperature superconductivity. Recently,
photo-excitation has been used to induce similarly exotic states transiently. However, the lack of available
probes of magnetic correlations in the time domain hinders our understanding of these photo-induced states
and how they could be controlled. We implemented RIXS at a free-electron laser, as illustrated above in
Fig.1, to directly determine the magnetic dynamics after photo-doping thin films of the Mott insulator
Sr2lrOs. We demonstrated that the transient state, 2 ps after the excitation, exhibits strongly suppressed
long-range magnetic order, but hosts photo-carriers that induce strong, non-thermal magnetic correlations,
which we used to construct a detailed picture of the magnetic recovery mechanism [1].

Fig. 2. Far left: lllustration of
the putative modification of Ni
3d orbitals in thin films and 200
heterostructures
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Transition metal oxide based heterostructures offer the tantalizing promise of being able to produce new
“designer electronic structures” that are unachievable via bulk synthesis. A prototypical example of this is
the prediction that it should be possible to drive LaNiO3’s electronic configuration into a state with large
orbital polarization in order to mimic the electronic configuration found in the cuprate high temperature
superconductors. To date, researchers have interpreted changes in LaNiOs’s electronic configuration in
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terms of orbital energy changes, which naturally generates preferential occupation of the lower energy
orbital. We applied resonant inelastic x-ray scattering (RI1XS) to LaAlOs-LaNiOs-LaTiOs heterostructures -
- a model system with very large orbital polarization. We find that orbital polarization is, in fact, driven by
anisotropic hybridization between the Ni and O orbitals and not by changes in orbital energies. This
provides an explanation for the limited success of theoretical predictions based on tuning orbital energy
levels and implies that future theories should focus on anisotropic hybridization as the most effective means
to drive large changes in electronic structure and realize novel emergent phenomena [2].

Future plans

We aim to extend our efforts to probe ultra-fast magnetism in the iridates. More specifically a similar
experiment to [1] is planned in which we will directly excite an Ir-O stretching phonon mode with mid-
infra-red excitation. In this way, we hope to exhibit direct control of magnetism at the most fundamental
level by perturbing and then directly measuring the strength of the magnetic exchange interaction.

Work on nickelate heterostructures is being extended to probe spin degrees of freedom. This includes
studies of spin spirals in LaNiOs-LaysSri3MnOs superlattices [3]. In particular, we aim to exploit resonant
scattering to determine the spin behavior in the LaNiOs3 layers and how this contributes to the formation of
the magnetic state. Going further, we aim to start studying magnetic excitations at these layers to quantify
the strength and directionality of the magnetic interactions. We are currently preparing a publication
reporting the first RIXS observation of dispersive magnons in a nickelate starting with layered crystals of
LazNiOs (See Fig. 2) [4].

In addition to nickelates, we are panning studies of LaCoOs-based superlattices in which we aim to explain
how the Co spin can be switched between different states by the combination of strain and charge transfer.
In parallel we are studying artificial Ruddleston-Popper iridates series based on layered combinations of
SrirOz and SrTiOs.
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Time-Resolved Soft X-Ray Materials Science at the LCLS and ALS

Thomas Devereaux, Zhi-Xun Shen, Wei-Sheng Lee, Zahid Hussain, Yi-De Chuang,
HongChen Jiang, Aaron Lindenberg, Tony Heinz

Stanford Institute for Materials and Energy Sciences
SLAC National Accelerator Laboratory and Stanford University, Lawrence Berkeley
National Laboratory

Program Scope

This FWP has its core activities in studying novel materials dynamics, with the goal of
understanding, controlling and formulating non-equilibrium phenomena and the emergent
dynamics of coupled charge, spin, lattice, and orbital degrees of freedom at their natural time-
and length-scales, utilizing advanced theory and numerical simulations and a unique set of light
sources spanning THz to x-rays, with particular emphasis on science that is enabled by the West
Coast light sources: the Linac Coherent Light Source (LCLS) & Stanford Synchrotron Radiation
Lightsource (SSRL) at SLAC National Accelerator Laboratory & the Advanced Light Source
(ALS) at Lawrence Berkeley National Laboratory (LBNL). We continue our vision to address
frontier science problems through advanced instrumentation, X-ray beamtime usage and theory
development.

Since the last contractor’s meeting, we have made major strides in resonant inelastic x-ray
scattering studies of high temperature superconductors as well as investigations of transition
metal dichalchogenides in the time domain. Our work has been and will continue to be strongly
synergetic with ARPES FWP led by Z.-X. Shen and others in SIMES and beyond.

We have been focused on characterizing symmetry-broken states in strongly correlated materials
and their dynamics in- and out-of equilibrium using novel x-ray scattering. Some of the recent
highlights are:

o Field-induced charge density wave in YBCO: Together with the scientists at SSRL and
LCLS, we have performed x-ray scattering with a pulsed magnet to study charge density wave
(CDW) in YBCO under high magnetic field up to 32 T. We found an incommensurate and uni-
directional CDW emerges at a finite magnetic field and at temperatures below zero-field Te, in
addition to the other CDW already exists at zero magnetic field. This discovery has provided
important missing link between low- and high-field measurements in YBCO [1,2]. We also
propose a scenario to explain the relation between the filed-induced and zero-field CDW [2].

J Lattice-driven dynamics in a striped nickelate Lai.7sSro.2sNiO4. We used tailored mid-IR
laser pulses to resonantly excite bond-stretching phonons and track the dynamics of both spin
and charge orders using femtosecond time-resolved resonant x-ray diffraction at LCLS. Together
with a Ginzburg-Landau theory, we conclude that the lattice is directly coupled to both spin and
charge orders. This works is currently under review [3].
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o Direct structural characterization of photo-induced coherent phonon oscillations in
BaFe»As, and FeSe. Ultrafast optical pulse can excite a coherent Aig mode, which corresponds to
coherent oscillations of Fe-AS-Fe bond angle. We directly characterize the time evolution of this
bond angle via femtosecond time-resolved x-ray diffraction at LCLS. This information is
correlated with the electronic behaviors obtained by time-resolved spectroscopy and theory [4].
We have also extended this methodology to the FeSe film and combined with the time-resolved
ARPES work to extract orbital dependent electron-phonon coupling strength. This work is
currently under review [5].

o Revealing Charge Density Wave Excitations in Bi-2212 via ultrahigh resolution RIXS:
Using the newly commissioned ultra-high resolution RIXS spectrometer at ESRF, we reveal the
underlying CDW, its excitation, and its influence on the bond stretching phonon. An intensity
anomaly due to the intersection of CDW excitations and phonon is also observed [6]. This work
provides a new perspective on understanding the origin of the CDW in cuprates.

o DMRG Simulations of Competing Order: We have performed a density-matrix
renormalization group (DMRG) study of the t-J-type model on a 4-leg cylinder with
concentration & = 1/8 of doped holes [7]. Despite the simplicity of the model, we have unveiled a
remarkably complex intertwining between at least 9 forms of order, with an astonishingly
complex interplay between uniform d-wave superconductivity (SC) and strong spin and charge
density wave ordering tendencies (SDW and CDW).

o Using RIXS to Uncover Elementary Charge, Spin and Lattice Excitations: In two PRX
papers, we reported the use of state-of-the-art, unbiased numerical calculations to study the low-
energy excitations probed by RIXS. The results highlight the importance of scattering geometry,
in particular, both the incident and scattered x-ray photon polarization, and they demonstrate that
on a qualitative level the RIXS spectral shape in the cross-polarized channel approximates that of
the spin dynamical structure factor. We showed how single phonon excitations can be symmetry
projected using RIXS [8,9].

o Modular soft X-ray spectrometer for applications in energy sciences and quantum
materials: Our FWP has also been supporting the development of modular soft X-ray
spectrometers for applications in energy sciences and quantum materials. Since the last
contractor’s meeting, we have presented a versatile design of spectrometer based on Hettrick-
Underwood optical scheme that has modular mechanical components. The spectrometer’s optics
chamber can be used with gratings operated in both inside and outside orders, and the detector
assembly can be reconfigured separately. The spectrometer can be de-signed to have high
spectral resolution, exceeding 10,000 resolving power when using small source and detector
pixels, or high throughput at moderate resolution [10].

In addition, our FWP is dedicated to the investigation of the ultrafast structural and electronic
dynamics properties exhibited in novel 2D transition metal dichalcogenides, with particular
emphasis on the ultrafast dynamics of structural and electronic modification induced by ultrafast
control pulses. Highlights include:
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LCLS, SSRL, and at the new SLAC Ultrafast Electron Diffraction (UED) experiments: We
have carried out a number of experiments probing atomic-scale dynamics in both monolayer
and multilayer TMDC materials [11-15]. In the monolayer limit, measurements at UED
provide direct information on electron-phonon coupling time-scales as reflected in the
transfer of energy from hot carriers to the lattice, and show first evidence for an ultrafast
rippling response developing on picosecond time-scales. At LCLS, we have carried out
femtosecond diffraction probes of carrier-induced changes in the out-of-plane lattice
response. These show an unexpected carrier-driven compressive response which we show
arises from an optical modulation of the van der Waals interaction. Measurements of the
monolayer response at LCLS have also been carried out and provide complimentary
information to the experiments carried out at UED.

Optical properties of atomically thin ReS, layers [16]: We have examined the electronic
properties of a new van-der-Waals layered material, ReS», in the limit of mono- and few-
layer thickness. In contrast to Mo and W compounds, ReS> forms in distorted tetragonal
phase. This gives rise to strong in-plane anisotropy in the transport and optical properties.
The characteristics of the anisotropic excitons were investigated as a function of layer
thickness using both reflection contrast measurements (absorption) and photoluminescence
spectroscopy.

Ultrafast control of valley pseudospin [17]: Access and control of the valley degree of
freedom of solids has been a subject of great recent interest. Recently the semiconducting
monolayer transition metal dichalcogenides in the MX> (M=Mo,W; X= S, Se) family were
identified as ideal materials to investigate this intriguing issue, since they exhibit strong
valley dichroism, i.e., selectivity of the different valleys to the state of excitation with
circularly polarized light. In our recent experimental investigation, we have taken the next
step towards control of the valley degree of freedom, demonstrating the possibility of optical
manipulation of valley excitation. Using the optical Stark effect with circularly polarized
light, we were able to dynamically tune the relative energies of the two valleys. This led to a
rotation in the pseudospin vector of a coherent state with weights in both valleys, as verified
by changes in the polarization state of photoluminescence induced by an ultrafast laser pulse.
Manipulating Electronic Transport with Light [18]: Using a materials-centric strategy for
understanding photo-induced out-of-equilibrium steady states directly from first principles
materials modelling, we have found a novel mechanism in which light can be used as a
switch for chiral conduction channels of topological origin that are localized at the sample
edges. The number of protected conduction channels can be selected by tuning the frequency
of the pump laser, where these channels are always localized at a single TMDC band valley,
with the other valley remaining trivial. This induced band gap, and thermal stability of the
edge modes, scales linearly in applied pump field, while red detuning to optical frequencies
below the bulk band gap limits absorption and heating, a major stumbling block in previous
proposals.
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Photo-induced, metastable state in TaS, [19]: We have investigated the recent observance of
photoinduced metastable states in tantalum disulfide. Notably, this state can only be induced
with a sub-ps laser pulse, which reversibly switches from the insulating equilibrium state to
the conductive metastable state. We employed a combination of ARPES, trARPES and low-
energy electron diffraction (LEED) to investigate this photo-induced state. ARPES evidences
that the metastable state is characterized by an ungapped Fermi surface near the I'-point.
trARPES suggests that the transition is driven by a transient imbalance of electron and hole
populations while LEED does not resolve dramatic structural changes. Our findings provide
a deeper understanding of non-equilibrium phase changes in complex materials.

We will update the following recent progresses at this meeting: i) updates on using the LCLS to
continue investigating the collective properties of quantum materials in high magnetic field
and/or in photo-excited none-equilibrium state; ii) investigating low energy elementary
excitations in the energy-momentum space using state-of-the-art RIXS instruments worldwide;
iii) updates on the structural dynamics exhibited by TMDC materials and their alloys iv) updates
on coherent control of the electronic and valley properties of transition metal dichalcogenide
monolayers by suitable ultrafast excitation pulses; v) complimentary theoretical efforts; vi)
updates on detector development and g-RIXS.
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Structure and Dynamics of Exotic Ferroic Polarization Configurations

Paul G. Evans, Materials Science and Engineering, University of Wisconsin-Madison, 1509
University Ave., Madison, W1 53706 pgevans@wisc.edu

Program Scope: Ferroelectric materials exhibit exotic polarization configurations that result
from a competition of nanoscale structural, electrical, and mechanical effects. A series of rapid
developments in the creation of ferroelectric thin films and nanostructures and in the theoretical
methods used to describe them has led to the discovery of vortices, intricate three-dimensional
structures of domain boundaries, striped domains and the proposal of even more exotic
configurations such as ferroelectric skyrmions. Advanced x-ray coherent scattering and time-
resolved diffraction techniques provide the opportunity to probe the fundamental properties of
these polarization configurations with excellent structural precision and picosecond-scale time
resolution. Our future work has three near-term goals: (1) To probe the atomic-scale structure of
exotic ferroelectric domain configurations using x-ray coherent scattering, (2) To obtain insight
into the dynamics of nanodomain configurations, and (3) To discover and apply novel x-ray
methods for coherent scattering from ferroic nanostructures and interfaces.

Recent Progress: Our current directions build on key recent accomplishments are reported in
publications,”"*2 and in work that is submitted or being prepared for publication.Rt-Ré.R8
Important areas in the context of our future plans are summarized here.

a. Patterns and stability of ferroelectric striped nanodomains. A ®
persistent challenge in x-ray scattering studies of ferroelectric e e
nanodomains has been that incoherent x-ray diffraction patterns
allow statistical parameters such as the period and coherence length
of the domain pattern to be measured, but do not provide insight
into the specific nanoscale configuration. In a series of simulations,

. P < ]
we have shown that x-ray coherent scattering can distinguish qul

Diffracted x-ray beam

between local configurations of random stripe domain patterns. &on

Following initial demonstrations with at room temperature, we have vk
used XPCS, in collaboration with Qingteng Zhang and Alec Sandy ni 5 2
(ANL), to discover that the decorrelation exhibits a temperature = ° 8%
dependent time constant, due to thermal creation and annihilation of = Mg e S I

pattern defects.R* Coherent scattering studies of domain patterns in ‘ ’
applied electric fields are in progress.R?

b. Stress and boundary condition effects on ferroelectric stripe
domain patterns. The domain pattern (rather than simply its
statistics) can be manipulated applied stresses and size effects can ~ Fig. 1. SEM image and x-ray

(s1unoo)

('Bep) un eome

[eimongs

(5%) uogexeies

be used to control the stripe nanodomain pattern. We have gi“mcﬁaﬁracéii?fzsemapssca‘t’tferi‘;‘g
fabricated ridges with hundreds-of-nanometer-scale dimensions intensity and lattice distortion

using focused ion beam lithography and found that domain walls in PTO/STO nanostructures.
are aligned along the long axis of the ridge (Fig. 1).** With Stephan

Hruskewycz and Paul Fuoss (ANL), we have described strategies in which the domain pattern in
ferroelectric nanodomain systems can be imaged using ptychographic techniques.™

c. Ultrafast nanodiffraction studies of complex materials. We have collaborated with scientists at
the APS to develop and apply ultrafast methods and to begin to understand the fundamental
phenomena associated with the above-bandgap optical excitation of ferroelectrics and other
correlated electron systems, resulting in a series of publications beginning in 2013.R#+P5P7.P8P11
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We have found that above-bandgap optical excitation of BiFeO3 yields a structural expansion
due to the screening of depolarization fields by excited carriers,?*P":"8P11 probed the dynamics of
the charge density waves in optically excited Cr thin films (with Oleg Shpyrko),™ and spatially
resolved the nanosecond-scale propagation of the insulator-insulator transition in VO2,™ and
found that THz excitation couples to long-duration distortion in BaTiOz (with Haidan Wen and
Aaron Lindenberg).?® (@)

d. Nanobeam instrumentation for local optical excitation. The
optical excitation of nanostructures presents significant
experimental challenges arising from heating and mechanical
instability. We have developed low-power optical pumping .
instrumentation that allows optical excitation with high intensity ®  «own
but very low total power to be combined with x-ray nanobeam :
techniques, as in Fig. 2.”® We have applied this approach to
optically excited striped nanodomain systems and found that
large optical fluences lead to electronic effects favoring a !
uniform polarization linked to the depolarization field.R® Fig. 2. (a) Optlcal pump/x ray

e. Nanobeam coherent diffraction simulation. We have recently ~Nanoprobe instrument. (b) 400 ps

" - . after and (c) 200 ps before above
generalized coherent nanobeam diffraction based on wave bandgap optical excitation in the 2

optical methods developed by Cev Noyan and collaborators 4m spot at the center of (a).

(R7) to include more complex thin-film heterostructures.” We

have used these methods to (i) characterize the crystalline quality of ultrathin SrTiOs crystals,?®
and (ii) to probe the structure of Si/SiGe heterostructures distorted by electrodes.”"2 We have
also disseminated these methods via a web-based simulation.R®

Future Plans: Our planned work has three components: (i) Structural study of exotic three-
dimensional ferroelectric patterns in equilibrium, in applied electric fields, and in applied
stresses; (ii) Studies of the ultrafast dynamics of nanodomain patterns in intense optical pulses;
and (iii) Extending of coherent diffraction pattern simulation methods from their present use in
layered thin film structures to three-dimensions, a crucial step for exotic domain configurations.
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Characterization of magnetic, nanostructured, and energy-relevant materials
using advanced photoemission and x-ray techniques

Charles S. Fadley, Dept. of Physics, UC Davis and Materials Sciences Division, LBNL
Program Scope

We will further develop standing-wave soft and hard x-ray photoemission and resonant
inelastic scattering and apply these techniques to magnetic, complex oxide, and superconducting
systems.

Recent Progress

In past studies, we have shown that standing-wave photoemission (SWPS) is a powerful
tool for studying the depth dependence of various properties (atomic concentration, chemical and
magnetic state, and valence electronic structure-including SWARPES) [1,2]. Particular
emphasis is on measuring interface-specific properties, which can be critical determinants of
behavior in many materials systems, including e.g. 2DEG formation [2]. In this prior work, the
SW has been generated by Bragg reflection from a multilayer (ML) either as the sample, or on
which the sample is grown. In the work to be discussed in this PI meeting, we have extended the
technique to make use of Bragg reflection from single-crystal/epitaxial systems (SC) to generate
standing waves that scan through the unit cell, thus providing a new dimension of sensitivity.
Specific studies carried out under the current DOE grant are:

e Soft- and hard- x-ray ML SWPS and SWARPES is applied to the oxide system
LaCrOs/SrTiOs (LCO/STO), for which there is interface-induced polarization and
ferroelectricity [Chambers, et al. PRL 107, 206802 (2011)]. Very large SW effects are found
and these permit determining the concentration profiles through the interfaces and the LCO
and STO contributions to the valence-band densities of states [3]. The analysis of soft x-ray
SWARPES is currently in progress.

e Following earlier work in which hard x-ray ARPES (HARPES) was first demonstrated [Gray
et al. Nature Materials 11, 957 (2012)], hard x-ray Bragg reflection from single-crystal (SC)
planes is used to carry out SWPS, including HARPES, from GaAs and the dilute magnetic
semiconductor (Ga,Mn)As [4]. By making use of core-level data, we have been able to
decompose the HARPES results into their atomic contributions, yielding for the first time
element- and k-resolved data. These results are compared with LDA theory in the coherent
potential approximation.

e Soft x-ray SC-SWPS, is used to study BSCCO, with preliminary results permitting the
decomposition of the valence-level density of states into atomic-layer contributions [5]. The
results are compared to LDA theory, including for the first time the superstructure
modulations along the crystallographic b axis.

e The ML-SW technique is applied for the first time to RIXS, in particular for the system
La1.85Sr0.15CUO4 (LSCO) and Lag.67S10.33MnO3 (LSMO) [6]. Thin films of LSCO develop
weak ferromagnetism associated with charge transfer of spin-polarized electrons from the
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ferromagnetic LSMO [De Luca et al., Nature Comm. 5, 5626 (2014)]. SW effects on the
different RIXS loss peaks (magnon, bimagnon, d-d excitations, charge-transfer excitations)
permit concluding that some do not have the same origin in depth, with more quantitative
analysis to determine their depth profiles in progress. The aim here is to give RIXS more
direct depth and interface sensitivity for the first time.

Future Plans

We will further analyze the results discussed above, follow these studies onward to obtain

additional data and theory, and and prepare publications for them. We will also apply the SC
SWPS and SWARPES methods to topological insulator materials, and continue the application
of ML SWPS to liquid-solid interfaces, based on pioneering work from prior DOE support [7,8],
as well as to semiconductor membrane materials.
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Synchrotron Radiation Studies

Paul H. Fuoss, G. Brian Stephenson, Hoydoo You, Dillon D. Fong, Stephan O.
Hruszkewycz, Matthew J. Highland, Materials Science Division, Argonne National
Laboratory

Program Scope

This program is focused on in situ studies of materials synthesis, interfacial chemistry, and the
nature and dynamics of the heterogeneities that drive exceptional properties of materials.
Through innovative use of the Advanced Photon Source, National Synchrotron Light Source 11,
the Linac Coherent Light Source and other internationally leading x-ray sources, our research
develops and utilizes new x-ray techniques such as Bragg coherent diffraction imaging and x-ray
photon correlation spectroscopy to understand fundamental aspects of processing and
functioning of materials. Through this work, the program develops x-ray tools that are necessary
to characterize complex materials systems; applies those tools to forefront problems in materials
science; and helps to provide the basic experimental understanding necessary for the
development of breakthrough materials.

Recent Progress

The power of in situ and operando x-ray techniques will be greatly extended by transitioning
from incoherent to coherent x-ray sources. Building on our recent studies of crystal growth,
phase transformations, and electrochemical reactions, we are exploring and developing coherent
x-ray techniques to resolve the arrangements and evolution of defects that determine behavior of
materials. We are developing surface-sensitive Bragg coherent diffraction imaging (BCDI) and
x-ray photon correlation spectroscopy (XPCS) techniques to look at dynamic processes on
surfaces. We have invented BCDI reconstruction algorithms that greatly reduce the required
amount of data and the complexity of data collection. Our goal is to exploit the latest x-ray
sources and detectors in experiments to reveal and control dynamic processes in materials.

In Situ Studies of Materials Synthesis and Transformation: Atomic layer deposition (ALD) is a
powerful technique for the conformal growth of thin films. However, much remains to be
understood regarding ALD growth processes, particularly during the earliest stages that are often
key to the resulting film structure and properties. We recently employed a suite of in situ
synchrotron x-ray techniques to study ZnO deposition by ALD [P15]. Comparing growth on
SiO; and c-plane Al>O3, we found that crystallographic texture development starts with the initial
deposits and evolves until reaching island coalescence. The in-plane strain was tensile, most
likely due to the formation of grain boundaries. Interestingly, while (001) fiber texture was
observed for ZnO/SiO, three distinct in-plane textures were observed for ZnO/Al>O3 (even at
low deposition temperatures), each of which exhibited the three-fold symmetric properties of the
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Al (0001) plane. This was mostly due to lowering of the interface energy by the formation of
dislocation networks and the Al-O-Zn bonds across the interface. The growth process was
studied further by in situ x-ray absorption near-edge and extended fine structure spectroscopy
[P7], which provided more information on the structure of the islands prior to coalescence. We
are now extending our investigations to other materials and metal-organic chemical vapor
deposition (MOCVD), with the goal of using coherent x-ray beams to monitor the dynamics of
epitaxial growth.

Complex oxide materials exhibit a wide range of functional behaviors, from ferroelectric
insulators to superconductors, arising from the natural competition between different underlying
ground states. By understanding how phase transitions occur in the complex oxides, novel states
of matter may be created by coupling various functionalities and reversibly modulating material
properties with an appropriate stimulus. We recently applied in situ XPCS toward the study of
SrCoOx, a correlated system that demonstrates profound changes in properties with oxygen
stoichiometry. It reversibly transforms from a ferromagnetic metal (SrCoQ3) to an
antiferromagnetic insulator (SrCo0O:2s) as oxygen is removed from the anion sublattice, providing
a model example of how redox chemistry may be used to manipulate electromagnetic properties.
Although we discovered that the transformation is fully reversible from a structural standpoint,
the XPCS results showed that the dynamics of oxygen vacancy ordering differs greatly for
reduction versus oxidation. These results are motivating further studies of dynamics as a function
of the SrCoOx misfit strain, where the substrate lattice parameter is used to tune overall phase
transition behavior.

Coherent X-Ray Studies of Surface Dynamics: Surfaces of Au crystals were thought not to
interact with gas molecules such as CO and Oz and were catalytically inactive for CO oxidation
reactions. Recently, we found that CO strongly interacts with Au(100) surface, adsorbs, and lifts
the hex reconstruction above ~1 Torr. We also studied

the interaction of Oz, and found that it also adsorbs and z ok ]
lifts the reconstruction at 1 Torr or higher pressures. = | ]
However, while CO adsorbs to the hex phase of the g W 1
surface, O, appears to adsorb to the part of the surface é °F
where the hex phase is lifted. As a result, O exhibits o f

volcano-type reactivity [P6] where the lifting reaction is & 10'3;‘
highest in an intermediate transition temperature (see 08 09 10 i1 12 13
Fig. 1). These results motivate our continued 1000/T (K7)
development of interface-sensitive ptychography in Fig. 1. Rate constants for hex to cubic
order to directly image the active areas during transition upon oxygen flow.

simultaneous exposure to CO and Oa.

Bragg Coherent Diffraction Imaging: Increasingly, Bragg coherent x-ray diffraction imaging
(BCDI) is being used to measure the evolution of nanoscale strain in crystals under working
conditions.? A significant accomplishment is our development of theoretical and computational
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frameworks for a new Bragg ptychography technique
that reconstructs 3D structural images of a single
crystal thin film from a set of 2D diffraction patterns
measured at a single angle [P4, P17]. To simplify and
accelerate strain measurement with complex sample
environments, we have invented 3D coherent
diffraction methods that require no sample motion and
substantially fewer measurements including 1)
utilizing polychromatic coherent x-rays to screen

InGaAs nanowire Nano-focused Bragg diffraction peaks

Bragg ptychography images

populations of nanoparticles [P8], 2) scanning energy e pr——— 2020 acs e
rather than sample angle to measure and invert 3D stelmsensiive Stsensiive
Bragg peaks [P3], and 3) invented a time-resolved i _,ﬁ‘

BCDI approach that integrates information from ,._;-" ‘_._
earlier time steps to reduce the experimental %
measurements required for image reconstruction 135 nm “%

[P10].

Phase

el

. . . Fig. 2. Bragg ptychography experiments
Ultrafast Dynamics: Understanding the evolution of performed at the HXN beamline at NSLS-11

atomic-scale dynamics of amorphous materials that reveal strain and stacking fault distributions
.. . in an InGaAs nanowire (with Northwestern’s
occurs at the glass transition has been recognized as Lauhon group). Two contrast mechanisms
outstanding fundamental problems for many decades.®> | were used by inverting scans at different
While theory and simulation have become Bragg peaks.
increasingly sophisticated, definitive experimental
observations remain a challenge because conventional scattering techniques are insensitive to the
relevant temporal and spatial correlations. Recently, LCLS developed the capability to create two
x-ray pulses at integer multiples of the linac RF frequency (i.e. 350 picosecond separation). We
used that capability, along with an x-ray split-and-delay instrument and the latest x-ray detectors
developed by LCLS, to measure double-pulse XPCS from supercooled ortho-terphenyl at high
wave number (e.g. up to 3 A1) and probe dynamics of liquids in this important, unexplored
spatio-temporal region.

Future Plans

New tools are on the horizon that can revolutionize the science of materials synthesis. Coherent
x-ray techniques such as XPCS will enable us to see beyond the average behavior of a
fluctuating system and reveal the microscopic arrangements, correlations, and dynamics via
complex space/time correlations that go beyond standard instantaneous pair correlations. We will
study MOCVD of GaN, to illustrate fundamental materials synthesis issues that are broadly
applicable as well as relevant to critical energy applications. We will observe dynamics of three
types of processes: a) island formation during layer-by-layer and 3D growth; b) island
coarsening after growth; and c) surface step dynamics during step-flow growth and at
equilibrium. Results will be compared with kinetic Monte Carlo simulations to provide guidance
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and interpretation. This set of experiments will provide the first XPCS measurements of island
and step dynamics during MOCVD growth, and will pave the way for future coherent x-ray
studies of materials synthesis mechanisms.

Surface reconstructions interact strongly with reactants in gas adsorption reactions or
electrochemical reactions as discussed, and influence critically catalytic or electrocatalytic
activities of the surfaces. Therefore, visualizing real space images of the reconstructed domains
and the domain dynamics are fundamental to understanding catalytic and electrocatalytic
behavior of the surfaces. Such real-space visualization becomes possible by applying
ptychographic imaging techniques to the surface reconstructions in high-pressure gas or in
electrolytes. Reflection ptychography, which we have developed for stepped surfaces, will be
further developed to image the domains of hex reconstruction.

Future work in Bragg coherent diffraction imaging (BCDI) will build on recent progress in
facilitating in-situ measurement of evolving strain fields in nanoscale crystalline volumes under
realistic conditions. By designing single-particle BCDI experiments that utilize simpler data
collection methods with improved time resolution, we will probe deeper into scientific questions
where in-situ 3D visualization is critical. Specifically, we will use the APS to reveal details of
catalytic activity on metal nanoparticle surfaces under different electrochemical conditions. We
will also explore strain fields and strain relaxation during annealing of quantum materials (e.g.
nanodiamonds) and work to enable simultaneous BCDI and optical characterization of nitrogen-
vacancy centers. In addition, we will continue to develop, at NSLS-11 and APS, Bragg
ptychography methods for 3D imaging of strain in extended crystals with a focus on correlating
3D strain distributions with compositional fluctuations in 111-V heterostructures.

Finally, initial experiments utilizing the ultra-fast pump-probe microscopy instrument at sector
71D of the APS made spatially and temporally resolved x-ray scattering measurements that
mapped metal-to-insulator transitions in VO2 [P12], studied the response if BaTiOz to enhanced
THz radiation, and examined in-plane ballistic thermal transport in complex oxides. We will
build on these results to develop materials and techniques for ultra-fast THz pump, x-ray probe
studies of nanostructured complex oxides. Particular emphasis will be placed on real-time studies
of filament formation in memristor materials and THz field enhancement through the formation
of metallic nanostructures.
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Ultrafast Electronic and Structural Dynamics in Quantum Materials
Nuh Gedik, MIT, Department of Physics, Cambridge, MA 02139
Program Scope

Topological insulators (TIs) are novel materials that do not conduct electricity in their
bulk but possess exceptional properties at the surface. When a topologically ordered phase is
interfaced with an ordinary phase that has a different topological invariant (including the
vacuum), dissipationless metallic states appear at the boundary, even if both materials are
insulating. These conducting surface electrons have a number of highly unusual characteristics:
(i) they behave like massless relativistic particles (Dirac fermions) similar to photons (ii) their
spin is locked perpendicular to their momentum and (iii) this state is robust against moderate
disorder. These surface states are topologically protected by time reversal symmetry (TRS).
When TRS is broken, the Dirac fermions acquire mass and the resultant state display highly
exotic properties such as quantum anomalous Hall effect or unusual magneto-optical effects.
Understanding and characterizing unique properties of these materials can lead to novel
applications such as current induced magnetization or extremely robust quantum memory bits.

The goal of this program is to use ultrashort laser pulses to probe and control properties of the
topological surface states. Utilizing the short duration of these pulses, we aim to use time
resolved techniques to probe the temporal evolution of optical and electronic properties with
time, energy and momentum resolutions in response to photoexcitation.

Recent Progress
Selective visualization of Floquet-Bloch and Volkov states in a topological insulator

Periodically driven systems are emerging as promising platforms to realize novel quantum states
of matter. Temporal modulation of a quantum system can be used to generate new phases via
Floquet theory. One way to achieve this in solid-state systems is to use the oscillating electric
field of intense laser light in a Time and Angle Resolved Photoemission Spectroscopy (Tr-
ARPES) experiment 2. In this case, photons coherently interact with Bloch electrons in the solid
to generate hybrid dressed states known as Floquet-Bloch states. Characteristic signatures of
Floguet-Bloch states in the Tr-ARPES spectra include replicas of the original band structure that
are separated by the driving photon energy

The challenge is understanding how these states dynamically interact with other equilibrium and
photo-induced states. In particular, another type of photon-electron dressed state arises when
light coherently couples to free electrons near the surface of the solid. These states are known as
Volkov states and they are used to study non-linear optics in atoms and semi-conductors. They
can be generated when light interacts with free electron-like final states in a Tr-ARPES
experiment. A central question is how Floquet-Bloch states interact with these VVolkov states.

We used Tr-ARPES on the topological insulator Bi>Ses to selectively study the transition
between these two states?. Figure 1a and 1b show the Tr-ARPES spectra along the kxand the ky
directions respectively, taken with linear P-polarized pump i.e. one that has both an in-plane
electric field component along kx and an out-of-plane electric field along k.. The spectra are
composed of a manifold of Dirac cones separated by the driving pump energy. Here we note that
the Dirac cones are not exact replicas of each other. Rather, the replication of the Dirac cone is
asymmetric between the +ky and — kx directions.
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This asymmetry is more evident in constant energy cuts separated by the driving photon energy,
taken along the original (no) and first order (n1) sideband (Fig. 1c, 1d). In order to minimize the
effects of spin-texture as well as detector non-linearities, we divide these constant energy cuts
(12/10) and plot the result in Fig.1e. If the n1 sideband were an exact replica of the no sideband,
then 11/lo would be constant as a function of the electron momentum. However, as can be seen in
Fig.1le and in Fig.1f, 11/lo is stronger along the — kyx direction than along the + ky direction
indicating that the dressed bands strongly depend on the direction of the electron momentum.

This observed asymmetry is directly related to electrons scattering from Floquet-Bloch to
Volkov states® which we confirm by performing numerical calculations of the Tr-ARPES
intensity using the non-equilibrium two time correlation function of the driven electrons*
combined with our experimental parameters. Fig. 1f shows the results of this calculation for three
different cases: (i) Floguet states only (ii) Volkov states only and (iii) Mixing between Floquet
and Volkoc states. As can be seen, case (iii) closely matches the observed angular dependence in
the intensity of the first order sideband. The calculation also captures the strong asymmetry in
11/1o between + kx and — kx, which would not be present for pure Floquet-Bloch (case i) or pure
Volkov states (case ii). These results not only imply the presence of both Floguet-Bloch and
Volkov states but also point to selective transitions between the two.These selective transitions
are a direct consequence of VVolkov states being generated primarily due to the out-of-plane E-
field for P-polarized pump while Floquet-Bloch states are generated by an in-plane electric field.
We recently published these results in ref 2.

Future Plans

We are currently studying formation and decay dynamics of Floquet-Bloch states. We
would like to understand whether the intensity of these states directly track the time evolution of
the laser pulse or there is an inherent timescale that sets their response. We are also working on
establishing these states in materials beyond topological insulators. We are using high harmonic
generation based light source with a custom monochromater to reach high (~30 eV) energies to
probe higher wavevectors.
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Heterostructures (Grant No. DE-SC0012375).

V. Gopalan & R. Engel-Herbert (Penn State), J. Chakhalian (Rutgers), L. Martin (Berkeley), D.
N. Basov & A. Millis (Columbia), R. D. Averitt (UCSD), J. W. Freeland & H. Wen (Argonne),
J. M. Rondinelli (Northwestern).

PROGRAM SCOPE

Transition metal oxides, also referred to as complex oxides, present a myriad of fascinating
ground states ranging from Mott-Hubbard insulator to correlated metal, ferroelectricity,
magnetism and superconductivity. A crucial finding is that these novel equilibrium phases,
although often robust, are typically proximal to other, equally fascinating states of matter that are
transient or metastable. Under these conditions only modest changes are necessary to switch
systems between drastically different ground-states, resulting in exquisite sensitivity to external
influences that include temperature, pressure or uniaxial strain, electric and magnetic fields.

In this review, we will present a few examples of discovery and teamwork, where transient or
metastable states have been observed in complex oxides. In a superlattice ferroelectric system,
we demonstrated the evolution of a metastable “supercrystal” phase with 15-20nm periodicity
using ultrafast laser excitation; this phase is not achievable by thermodynamic processes.
Terahertz tuning of novel vortex ferroelectric phases is demonstrated. In a manganite system, we
demonstrate the creation of photoinduced ferromagnetic metal phase not found in the equilibrium
phase diagram of this material, as well as the creation of a new phase that is as yet unidentified.
In a strained nickelate film system, a combination of LCLS and optical pump-probe studies
reveal a novel decoupling of magnetism and charge ordering on a 100 fs time scale. We present
theoretical advances in effectively coupling electromagnetic radiation to lattice modes in
complex oxides, in the switching of the metal-insulator transition in correlated oxides, and in
understanding the origin of negative correlation by lattice pumping.

The team has 26 publications, including the discovery of a polar metal (Nature 533, 68 (2016)),
correlated metals as transparent conductors (Nature Materials 15, 204 (2016)), polar vortices
(Nature 530, 198-201 (2016)), as well as theory development works by Millis (Phys. Rev. Lett.
115, 266802 (2015), Phys. Rev. B 93, 115126 (2016)) and Rondinelli (Sci. Rep. 6, 25121
(2016)). Overall 17 graduate students/postdocs have received training. Students and postdocs
have had an interdisciplinary, inter-institutional experience, including joint advising, working
visits to Argonne National Lab and LCLS. Biweekly teleconferences have created a strong team
spirit. Theorists and experimentalists are closely interacting with each other on a regular basis.
In-person team meetings have taken place at UCSD in February, and the American Physical
Society in March, 2016.

RECENT PROGRESS

This ultrafast team has really gelled together well. Progress is being made in completing
the theory-synthesis-characterization loop in the team. The key highlights of the past year are:

(1) Synthesis of a range of oxides is in full bloom in the team, between our three synthesis
members. These include manganites, nickelates, titanates, vanadates, zirconates, and
heterostructures,
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(2) A number of discoveries have been made with Ultrafast characterization using visible,
infrared, THz, and Xrays. These studies are described in more detail in the future plans section;
they will mature and be published in the coming year.

(3) Theory has played an integrated role with experiments in a number of publications, e.g.
discovery of polar metal (Nature 533, 68 (2016)), correlated metals as transparent conductors
(Nature Materials 15, 204 (2016)), polar vortices (Nature 530, 198-201 (2016)), as well as
theory development works by Millis (Phys. Rev. Lett. 115, 266802 (2015), Phys. Rev. B 93,
115126 (2016)) and Rondinelli (Sci. Rep. 6, 25121 (2016)).

(4) Our LCLS proposal on nickelates was successful. A recent run has exciting results that are
briefly mentioned below; the theory groups are at present working actively with experimental
team to formulate a model for the ultrafast magnetic order collapse.

Select Highlights from Published Articles:

Polar Metals by Geometric Design: (Nature (2016); Acknowledgment for Theory and SHG
work):

It is exceedingly unusual to find a polar metal that exhibits long-range ordered dipoles
owing to cooperative atomic displacements aligned from dipolar interactions as in insulating
phases. Here we describe the quantum mechanical design and experimental realization of room-
temperature polar metals in thin-film ANiOz perovskite nickelates using a strategy based on
atomic scale control of inversion-preserving (centric) displacements. We achieve both a
conducting polar monoclinic oxide that is inaccessible in compositionally identical films grown
on (001) substrates, and observe a hidden, previously unreported, non-equilibrium structure in
thin-film geometries. We expect that the geometric stabilization approach will provide novel
avenues for realizing new multifunctional materials with unusual coexisting properties.

Correlated Metals as Transparent Conductors (Nature Materials 15, 204 (2016);
Acknowledgment for Synthesis of CaVOs):

The fundamental challenge for designing transparent conductors used in photovoltaics,
displays and solid-state lighting is the ideal combination of high optical transparency and high
electrical conductivity. A new paradigm for identifying high-conductivity, high-transparency
metals is proposed, which relies on strong electron—electron interactions resulting in an
enhancement in the carrier effective mass. This approach is experimentally verified using the
correlated metals SrvVOs and CaVOs, which demonstrate excellent performance when
benchmarked against ITO.

Engineered Mott ground state in LaTiOs+s/LaNiOs heterostructure (Nature
Communications 7, 10418 (2016); Acknowledgment for synchrotron work and material
synthesis. Confirms earlier theory prediction by Millis)

In pursuit of creating cuprate-like electronic and orbital structures, artificial
heterostructures based on LaNiOs have inspired a wealth of exciting experimental and theoretical
results. However, to date there is a very limited experimental understanding of the electronic and
orbital states emerging from interfacial charge transfer and their connections to the modified
band structure at the interface. Towards this goal, we have synthesized a prototypical superlattice
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composed of a correlated metal LaNiOsz and a doped Mott insulator LaTiOs+-, and investigated
its electronic structure by resonant X-ray absorption spectroscopy combined with X-ray
photoemission spectroscopy, electrical transport and theory calculations. The heterostructure
exhibits interfacial charge transfer from Ti to Ni sites, giving rise to an insulating ground state
with orbital polarization and eg orbital band splitting. Our findings demonstrate how the control
over charge at the interface can be effectively used to create exotic electronic, orbital and spin
states.

Exotic Polar phenomena in oxide superlattices and compositionally graded films
(Acknowledgment for chemical studies while growing films).

Nature Mater. (2016): Whereas electric-field control has been demonstrated for ferroelectric 180
deg domain walls, similar control of ferroelastic domains has not been achieved. Here, using
controlled composition and strain gradients, we demonstrate deterministic control of ferroelastic
domains that are rendered highly mobile in a controlled and reversible manner in
compositionally graded PbZr1xTixO3 heterostructures

Nature 530, 198-201 (2016): In recent years, complex spin topologies have emerged as a
consequence of the electronic band structure and the interplay between spin and spin—orbit
coupling in materials. Here we produce complex topologies of electrical polarization—namely,
nanometre-scale vortex—antivortex (that is, clockwise—anticlockwise) arrays that are reminiscent
of rotational spin topologies—by making use of the competition between charge, orbital and
lattice degrees of freedom in superlattices of alternating lead titanate and strontium titanate
layers.

Magnetic Interactions at the Nanoscale in Trilayer Titanates (Phys. Rev. Lett. 116, 076802
(2016) & Appl. Phys. Lett. 107, 191602 (2015); Acknowledgment for synchrotron work):

We report on the phase diagram of competing magnetic interactions at the nanoscale in
engineered ultrathin trilayer heterostructures of LaTiOs-SrTiO3-YTiOg, in which the interfacial
inversion symmetry is explicitly broken and leads to the formation of a spatially separated two-
dimensional electron liquid and high density two-dimensional localized magnetic moments at the
LaTiO3-SrTiOs and SrTiOs3-YTiOs interfaces, respectively. Our results provide a route with
prospects for exploring new magnetic interfaces, designing a tunable two-dimensional d-electron
Kondo lattice, and potential spin Hall applications.

Ultrafast Terahertz Gating of a Multiferroic and Giant Nonlinear Optical Response: (Adv.
Mater. 27, 6371-6375 (2015); Acknowledgment for synthesis and synchrotron work)

We report measurements showing large amplitude modulations in the nonlinear optical
response and ferroelectric polarization in multiferroic BiFeOs thin films, driven by sub-
picosecond THz electric fields. Measurements with probe energies below the band gap where the
linear absorption is low show similar nonlinear responses, a key aspect with respect to device
applications. Measurements of the polarization dynamics at the morphotropic phase boundary
show possibilities for significantly enhancing the response of materials to ultra-fast bias fields.

Charge Order and Antiferromagnetism in epitaxial ultrathin films: (Phys. Rev. B 92,
235126 (2015); Acknowledgment for synchrotron work.)
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We present a study of reduced dimensionality on charge and antiferromagnetic orderings
in ultrathin EuNiOs films on NdGaOs substrates using hard and soft resonant x-ray scattering to
investigate the presence of electronic and magnetic orderings. Despite the ultrathin nature of the
films, they exhibit the bulk-like order parameters up to room temperature, suggesting that the
spontaneously coherent Mott ground state in the highly distorted rare-earth nickelates can be
successfully sustained even when constrained towards two-dimensionality.

Taming the Dynamical Sign Problem in Quantum Many-Body Problems: (Phys. Rev. Lett.
115, 266802 (2015); Acknowledgment for theory development).

Current nonequilibrium Monte Carlo methods suffer from a dynamical sign problem that
makes simulating real-time dynamics for long times exponentially hard. We propose a new
“inchworm algorithm,” based on iteratively reusing information obtained in previous steps to
extend the propagation to longer times. The algorithm largely overcomes the dynamical sign
problem, changing the scaling from exponential to quadratic. We use the method to solve the
Anderson impurity model in the Kondo and mixed valence regimes, obtaining results both for
quenches and for spin dynamics in the presence of an oscillatory magnetic field.

Ultrafast Correlated Electron Phenomena in Vanadates (Scientific Report, 6, 21999 (2016);
Acknowledgment for diffraction work at Argonne).

The ability to simultaneously track the spatial and temporal evolution of such systems is essential
to understanding mesoscopic processes during a phase transition. Using state-of-the-art time-
resolved hard x-ray diffraction microscopy, we directly visualize the structural phase progression
in a VO film upon photoexcitation. The time-dependent x-ray diffraction spatial maps show that
the in-plane phase progression in laser superheated VO is via a displacive lattice transformation
as a result of relaxation from an excited monoclinic phase into a rutile phase. The speed of the
phase front progression is quantitatively measured, and is faster than the process driven by in-
plane thermal diffusion but slower than the sound speed in VO..

FUTURE PLANS
Discovery of a New Ferroelastic Insulating Phase in Manganite
(Awveritt, Basov, Chakhalian, Freeland, Rondinelli, Millis, Wen)

We are investigating photo-induced transformations of the electronic and magnetic response in
complex oxides including strained Lao.s7Ca0.33MnO3 (LCMO). Our most interesting result is the
discovery of a metastable ferromagnetic ferroelastic phase that is obtained at higher excitation
fluence (~10 mJ/cm?) or with pressure from an AFM tip. We are currently investigating this new
photoinduced phase in detail and are working with theorists to determine what structural changes
are required to stabilize this novel state.

39



Fig.1: A combination of nano-IR and MFM data developed at UCSD enables complete characterization of the
electronic transport and magnetism in photo-induced domains of Laos7Cao.3sMnQOs. Panel A: experiment
schematics. We utilized Ti:Sapphire Regenerative Amplifier for switching and quantum cascade laser operating at
[J=11 pum to probe nano-IR contrast. Panels B and C show (MFM) and nano-IR contrast.

Decoupling of Electronic and Magnetic Properties at Ultrafast Timescales in Nickelates
(Ultrafast LCLS and Mid-IR pumping experiments; Freeland, Averitt, Wen, Millis, Rondinelli,
Chakhalian)

Nickelates are an intriguing class of materials where strongly coupled degrees of freedom
coordinate to create a transition from a metallic to insulating state. One of the key question is
which of the degrees of freedom (charge vs magnetism) is the important driver of the phase
transition. Using epitaxial growth to apply strain Chakhalian and Freeland have shown it is
possible to remove the charge degree of freedom from the problem. To push this understand
further, we have been pushing the measurements into the ultrafast realm using X-rays with Wen
and Freeland and Optical Probes with Averitt.

Optical pumping: The key experiment shown here was our LCLS beamtime at the end of
April 2016. During this experiment we were using a combined probe to explore both the
magnetism following optical excitation as well as the electronic structure using time-resolved X-
ray absorption. We simultaneously recorded the magnetic scattering and absorption resonances.
By sitting at the energy marked with a vertical line, we tracked the time delay between and
optical (800 nm) pump and the 100 fsec X-ray probe in both channels. We found that the
magnetism collapses in 250 fsec while the electronic structure evolves more slowly over 450 sec.
This shows that the magnetism is the first to collapse but that the electronic structure needs more
time to reconfigure. Optical pump — Thz probe data suggests that it might even take 2-3 psec
before the carriers free into a metallic phase. To our knowledge these are the first data to ever
show a disconnect on this time-scale and we are working with our theory team (Rondinelli and
Millis) to understand these very recent results.

Mid-IR Pumping: We were also able to collapse the magnetic state with direct phonon
excitation in the mid-IR region (15 um). As shown in Fig. 2(c), the timescale of phonon
excitation is much slower since the lattice degree of freedom needs psec timescales to evolve.
We believe this data might be too fast for substrate phonons launched into the film and might be
a direct excitation of the NdNiOs film.
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We also have preliminary results using Mid-IR pumping and THz probing. Importantly,
we now have sufficient mid-infrared pulse fluence (~1mJ/cm?) to enable phononpumping studies
with THz probe. We note that this experiment also operates for phonon-pump, optical-probe
which will enable even higher excitation fluence for optical excitation, the pump and probe
beams can be focused more tightly in comparison to probing with far-infrared THz pulses.
During the next performance period, this experiment will be used to investigate phonon pumping
in strained LCMO films (which exhibit metastable ferromagnetic metallic and insulating state
with optical excitation) to determine if other excitation pathways enable metastable phase
transitions in this intriguing material system. This experiment will also be utilized to investigate
other materials including the nickelate and
calcium vanadates.

Ultrafast Terahertz-field control of Novel
Vortex states in PbTiOs/SrTiOs super
lattice (Wen, Freeland, Martin, Basov, and
Gopalan).

Recently, a new state of matter, uni-

. - ] dimensional arrays of ferroelectric vortices
ot /YIRS with alternating chirality was created by

A INAZ £ leveraging the competition between charge,

\ / ~- E ll vortex e orbital and lattice degrees of freedom in

oS ¢ T PbTiOs/SrTiOs superlattices (Figure 2,a,b).
S I I available before in collinear ferroelectrics.

Delay (ps) Time delay (ps)

Figure 2. a) Transmission electron microscopy and
phase field simulation of confined vortex states in
PbTiOs layer from a (PbTiO3)10/(SrTiO3)10 Superlattice;
b) Reciprocal space mapping of the collinear and
vortex domains; ¢) Vortex diffraction intensity change
after a THz field excitation with an peak field of 1 MV
/ cm; The polarization of the THz field is either parallel
or perpendicular to the vortex chains as shown in a). d)
Vortex satellites intensity changes as a function of time

We demonstrate, for the first time, an
ultrafast electric field control of vortex states
using THz field excitation and hard x-ray
diffraction measurements. In sharp contrast to
the optical control, the ultrafast THz field
pulses can directly influence electric
polarization reversibly depending on the
relative polarization of the electric field and

upon 400 nm optical excitation. the vortex chains.
Design and Control of Mott Transitions in Vanadates (Engel-Herbert, Averitt, Wen,
Rondinelli):
We have fully optimized the growth of La:-xSrxVO3z using Hybrid molecular beam epitaxy for
any value of x, which provides a fully tunable platform to study the effects of the emergence of
the Mott insulating gap (LaVOz) from the strongly correlated metal phase (SrVVOs). In so doing
we have serendipitously found that at the phase boundary between the Mott insulator phase and
the metallic phase, there is a very interesting relation between the metal and insulator phases
with the application of disorder near the quantum critical point. Upon increasing disorder a
universal insulating phase emerges at low temperature, while disorder destabilizes the high
temperature-metallic non-Fermi liquid phase, and a Fermi liquid reemerges.

We now also have a well-proven and highly optimized algorithm for experiments to
extract the dynamics of octahedral rotations. This is the first step for phonon pumping
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experiments that directly pump octahedral modes. Rondinelli is exploring the effect of strain-
induced changes in the structure of LaVO3 on magnetic ordering temperatures using DFT.

Theory of Ultrafast Phenomena (Rondinelli, Millis):

Bandgap Engineering with Stimulated Raman Scattering . We have proposed a dynamical way
to control the electronic bandgap of a material by excitation of a first-order Jahn-Teller (FOJT)
Raman mode, utilizing impulsive stimulated Raman scattering. We find that when the phonon
modulation vector coincides with the antiferromagnetic vector, spin splitting occurs at the I'-
point. The total process can be described as a light-induced Zeeman-like effect, and allows a
light-induced transformation from an indirect to a direct transition.

Raman-Infrared Mode Coupling in d" Titanates. We are pursuing a systematic study to address
how the electronic state in orthorhombic titanates, ranging from d° to d?, tunes the interaction
strengths between IR and Raman modes. This understanding is sought to establish ‘design
guidelines’ for creating artificial superlattice structures. The guidelines will are to be used by
thin film growth team members to enable phononic excitations and designed electronic metal-
insulator transition. This work is in review at Phys. Rev. B.

Ultrafast control of magnetism by nonlinear coupling in d* systems. LaTiOsz (LTO) and YTiOs
(YTO) are isostructural titanates, however the amplitude of the octahedral rotations are
significantly different. Investigating the difference between these systems allows us to
understand the role of magnetic order on the electron-phonon interaction and to validate our
dynamical design rules.

Manipulation of the polar mode in the noncentrosymmetric metal CasRu.O7. CazRu207 is a
noncentrosymmetric metal with rich structural, electronic and magnetic phase diagrams. We
have investigated this system to explore the role of the polar mode to the metallicity and the
magnetism properties. Experimental collaboration in ongoing in Gopalan group.

Optical pumped non-equilibrium orbital states in Complex Manganites. Recent pump-probe
experiment carried out by Averitt’s group has shown that sufficient laser intensity can be used to
pump the Lai1.xCaxMnO3 (LCMO) to an abnormal ferromagnetic insulating state (FM-I), which
does not exist at that specific doping level in the phase diagram. By applying DFT-PBE+U
calculations we have spent portions of this period searching for possible atomic structures and
orbital states that stabilized this electronic phase.

Optical antiferroelectric-to-ferroelectric phase transition in Lead Zirconate.

PI Martin has grown lead zirconate (PbZrQOz) and our objective is to induce a phase transition
from the antiferroelectric ground state to a ferroelectric state via nonlinear phonon coupling
using laser light.

New methods for solving the nonequilibrium many-body problem: Monte Carlo methods
(which play a key role in equilibrium calculations) suffer from a severe dynamical sign problem,
motivating us to investigate other methods, in particular based on exact diagonalization methods
based on matrix product state methods for dramatically reducing the size of the needed Hilbert
space.
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RIXS investigations of correlated and topological phases in f-electron materials

Jason N. Hancock, Department of Physics and Institute for Materials Science,

University of Connecticut, Storrs, CT 06269, USA

Maxim Dzero, Department of Physics, Kent State University, Kent, OH 44242, USA

Program Scope

Due to strong scientific interest in high-temperature superconductivity (where it is known
to exist) and the large exchange energy scales in 3d materials classes, a natural historical
progression of the resonant inelastic X-ray scattering (RIXS) technique has left many stones
unturned further down the periodic table. Nowadays, energy resolution achievements motivated
by light metal science has positioned us to turn this developing technique on a broader range of
materials. f-electron materials host interesting phase competition and have exploded as an arena
for materials which may hold nontrivial electronic topology. Using current-generation
synchrotron techniques and facilities in the US and abroad, our collaboration has shown that
useful signal can be reaped in the context of Yb- and Sm-based materials in the soft and hard X-

ray regimes.
Recent Progress

We present recent and new
results on an exemplary
material YbInCus, which shows a first-
order phase valence transition where the
order parameter may be characterized as
the f-count. This temperature-driven
instability has been discussed in connection
to the Kondo valence collapse scenario, but
the relative insensitivity of volume to
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Color plot of the Yb-Ls RIXS plane of YbInCu, with the
absorption spectrum (solid white line) measured at (a) 70
and (b) 35 K. The arrow shows and enhancement of RIXS
scattering induced by the valence transition which appears
only through the +2 intermediate state.

valence change has left an open hole in this explanation. A density-of-states effect has long been
hypothesized, and only recently have we used RIXS to present strong evidence of a quasi-gap in
the itinerant state density, as probed through the Yb 5d-derived bands using Ls-edge (3p

to 5d) RIXS. This quasigap was not observed using optical spectroscopy and cannot be observed
using photoemission, due to the known surface-related phenomena in this class of materials. We
will also present a first look using related approaches to Sm-based materials.

Separately, we also present Mass-edge (3d to 4f) RIXS spectra on the same material and
show that a completely disjoint set of information can be determined by exciting primarily
4f states in the “direct” RIXS process. Here, we see spin-orbit excitations as well as signature of
the hybridization gap detected in optical experiments, but now with valence and orbital

selectivity and momentum control.
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Future Plans

This is a new program, but we have already investigated some rare-earth hexaborides
using L-edge RIXS. With collaborator Jian-xin Zhu (LANL), we show the relation between
calculation and experiment and plan to extend this theory-experimental cooperation to cluster
modeling. We are developing high-energy-resolution L-edge RIXS at rare earth edges in
cooperation with the APS IXS team and intend to investigate rare earth materials using the new
generation of soft RIXS instrumentation.
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Discovery of New Topological Phases of Matter: Platform for emergent Dirac,
Majorana and Weyl fermions

M. Zahid Hasan
Dept. of Physics, Princeton University

Email: mzhasan@princeton.edu

Topological materials can host Dirac, Majorana and Weyl fermions as emergent excitations and
possess unusual ultrafast (X-ray or optical) response. In topological insulators and related
superconductors, the topological fermions are robust in the presence of a gap (Hasan & Kane,
Rev. of Mod. Phys. 82, 3045 (2010)). A Weyl semimetal is the rare exception in this scheme
which is a topologically robust conductor whose emergent bulk excitations are Weyl fermions.
The chiralities associated with the Weyl nodes can be understood as topological charges,
leading to split monopoles and anti-monopoles of Berry curvature field in momentum space.
Due to this topology it is expected to exhibit Fermi arc states on its surface (Wan et.al., 2011).
These arcs are discontinuous or disjoint segments of a two dimensional Fermi contour with
non-trivial spin textures, which are terminated onto the projections of the Weyl nodes on the
surface observed recently in experiments. Our theoretical predictions (Huang, Xu et.al., Nature
Commun. 2015, Science Adv. 2016) and experimental demonstrations (Xu, Belopolski et.al.,
Science (2015), Nature Physics 2015, Science Adv. 2015, Science Adv. 2016) reveal that these
arc quasiparticles can only live on the boundary of a 3D crystal which collectively represents the
realization of a new state of quantum matter unlike Dirac Fermi arcs (Xu, Liu et.al., Science
(2015); Jia, Xu & Hasan (mini-review in); Nature Materials 2016). Strong spin-orbit interaction
and crystalline symmetries can also lead to a strong tilt of the Weyl cone which manifestly
break Lorentz invariance. We present evidence that the LaAlGe materials family host such a
state of matter which can be used to test ideas on quantum gravity and space-time geometry in
early universe. We obtained new results on a topological nodal-line semimetal state in
(Pb/TI)TaSe2 (Bian et.al., Nature Commun. 2016) which also superconducts at low
temperatures possibly suggesting a new platform to investigate the interplay of
superconductivity and topology leading to a new Majorana platform. | report recent results on
the ultrafast response of topological materials including the discovery of gigantic surface life-
time of an intrinsic topological insulator revealed via time-resolved (pump-probe) ARPES.

Our future work will involve search and discovery of novel topological materials and study of
their electronic ultrafast response phenomena.
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Magnetization Dynamics and Soft X-Ray Vortex Beam Formation in Nanoscale Magnetic
Metamaterials

Pl: J. Todd Hastings, Electrical and Computer Engineering, University of Kentucky
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Source, LBNL; Wai-Kwong Kwok, Materials Science Division, ANL

Program Scope

The current program seeks to understand the dynamics of magnetic artificial spin ices (ASI)
and to use this understanding to control the angular momentum of scattered x-ray beams. The ASI
of interest are periodic arrays of sub-micron-scale, elongated segments of ferromagnetic (FM) thin
films as shown in Figure 1. The frustrated topology and mesoscopic segment size causes them to
resist thermal equilibration into long-range order. The equilibration time for such ASI can be
varied over many decades, and, as a result, ASI canserveas v -‘
models for understanding systems far from equilibrium. SECEEat i : -
Moreover, control of these processes and engineering of it v i
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Recent Progress

This program started in September 2016; however, preliminary data obtained under other
support indicates that relaxation time for permalloy square ASI depends on film thickness as
expected from prior work with Kagome[2,3] and square ASI.[4,5] As shown in Figure 2, a 25-nm
thick ASI shows weak and slow relaxation while a 3-nm thick sample (passivated with 2-nm thick
Al/AlOy) shows greater relaxation over a similar time scale. Figure 3 shows magnetic scattering
from these structures can exhibit a minimum near the centers of Bragg peaks which is sensitive to
applied magnetic field. This is attributed to the formation of magnetically charged superdomain
walls.[1] However, structure factor calculations indicate that a texture consisting of four
superdomains of a certain type, shown in Figure 4, could give rise to similar structure in the Bragg
peak. In this case, the minimum arises from optical phase singularities, and introduces the
possibility of imparting controllable orbital angular momentum to the x-ray beam.
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Future Plans

XPCS will be used to characterize magnetic textures, topological

relaxation, spin ice behavior and possible phase
transitions in artificial frustrated lattices. ~ We
plan to tune the magnetic dynamics by
controlling (1) relaxation of the lattice
symmetries, (2) thickness of the FM film, and (3)
composition of the FM material. In addition, we
will seek geometries and field cycling protocols
that can produce central minima, and possibly
OAM, in the diffracted beams. Comparison of
experimental and simulated magnetic scattering
signatures will provide insight into the origin of
this phenomenon and means of controlling it.
This work will be complemented by MFM

measurement, and possibly manipulation,[6] of

ASI structures with static or slowly varying

magnetic textures that yield phase singularities.

defects, magnetic

Figure 2. Experimental geometry for XPCS with (a)
time series of the speckle intensity near the (2,2) Bragg
peak from a 25-nm thick square ASI, and (b) time
series from a 3-nm thick sample showing greater

evolution of the diffuse scattering.

References

[1] J. T. Lee et al., preprint arXiv:1609.07828 (2016).

[2] O. Sendetskyi et al., Physical Review B 93, 224413 (2016).
[3] L. Anghinolfi et al., Nature Communications 6, 8278 (2015).
[4] S. Morley et al. preprint arXiv:1603.09375 (2016).

[5] J. Perron et al. Physical Review B 88, 214424 (2013).

[6] Y.-L. Wang et al. Science 352, 962 (2016).

Publications There have been no BES supported publications to date.

@)t SOUION
AR R SO
l_j_J_j_J ¢ % OO EPE
‘1"“ u i& i&

e 58 ,
f o S
f<—f<-f<--f<—f<— - - 4—‘4—‘4—-‘4—l §
MM NOENE
M NN

Figure 3. (a) Bragg peaks from resonant x-ray
scattering for a square ASI at zero applied field.
(b) The peaks exhibit central minima when H~10? Oe
is applied along the beam propagation direction.

Figure 4. (a) A candidate magnetic texture that yields
phase singularities in a scattered x-ray beam.
(b) Simulated magnetic resonant scattering at a Bragg
peak from the structure in (a). A central minimum in
the Bragg peak intensity corresponds to two phase
singularities in this case.
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Understanding valley spin coupling and two-dimensional exciton gases in layered materials
at extreme magnetic fields

Denis Karaiskaj, University of South Florida, Tampa, Florida 33620, USA

David Hilton, University of Alabama at Birmingham, Birmingham, Alabama 35294, USA
Jie Shan, Pennsylvania State University, University Park, Pennsylvania 16802, USA
Program Scope

Exploring two-dimensional electron (hole) gases at extreme magnetic fields: The
objective is to perform coherent two-dimensional Fourier transform (2DFT) experiments at optical
and THz frequencies on several two-dimensional monolayer samples to understand the nature of
the inter Landau level coherence in these truly two-dimensional materials. Probing the valley
coupling in monolayer materials: The transition between two layers to single layers breaks the
inversion symmetry of the crystal and leads to spin-coupled valleys. The degree of spin correlation
between the degenerate K and K' valleys are a matter of intense debate. An important question is
whether coherent manipulation can be performed on such valley pseudo-spins. Understanding
exciton, biexciton, and trion formation: Recent theoretical studies have predicted a large exciton
binding energy on the order of 1 eV in monolayers of semiconducting transition metal
dichalcogenides. Such tightly bound excitons are expected to not only dominate the optical
response, but also play a defining role in the optoelectronic processes, such as photoconduction

and photocurrent generation in T
2D semiconductors. Charge . o 5
and spin phenomena in ™
charge density wave TMDS: ] ; ceNgeemopplenas § 24
Understand charge and spin 254 °
. . 204 2 3 2 3
phenomena in charge density ] N N'=1 61
wave TMDs. S0 \ /
210 =} N e et
Recent Progress ’ [ th ® )
= z = 104 3
Our experiment has | o 594 .
. -16664 //--\\ i% 9 4
demonstrated the unique e 11 g 5 T e .-
23 e e - o < K
Landau level (LL) structure in "™ 7 X 1
monolayer TMDs. The robust 61
valley and spin splitting of the R
zero-energy LL in TMDs,
resulted from inversion | Figure 1: (Left) The LL structure of monolayer WSe; at 9 T for doping

at 5.9x10%2 cm2. (Right) The doping densities a,* required to fill LL nx
=0 — 4 (at the K valley) and nx> = 1 — 4 (at the K’ valley) are shown as
a function of magnetic field B. Solid lines are linear fits to the
experimental data (symbols) [1].

symmetry breaking and spin-
orbit interactions, respectively,
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opens up new possibilities for studies of
unconventional LL  physics and
quantum Hall effect in a 2D
semiconductor [1].
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We have provided a detailed
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. . . Figure 2: (a) The four phase-stabilized linearly polarized
observed experimentally is well in . o ) :

) o . beams obtained from the multi-dimensional optical nonlinear
agreem_ent with the eff|C|ent_ e>_<C|ton spectrometer (MONSTR) instrument are focused on the
relaxation through phonon emission at | sample, which is held in the cryostat at 5 K. (b-d) Time-
all temperatures, reported in the | integrated FWM of atomic monolayers (a) MoS2 (b) MoSe2
theoretical studies [2]. and (c) WSe2. The black symbols are the experimental data
whereas the red line is the single exponential fit [2].

We have performed two-
dimensional Fourier transform spectroscopy on undoped and modulation doped quantum wells in
external magnetic fields as high as 10 Tesla. In the undoped sample we observe the formation of
a novel state of matter that is generated by the Coulomb induced nonlinear scattering of
quasiparticles. This state emerges under external magnetic fields due to nonlinear interactions
between Landau levels, which is described by a short-range broken translation symmetry leading
to memory effects. This is revealed by time-dependent density functional theory calculations
performed to simulate our experiments. As a result, the discrete and degenerate Landau levels are
coupled to a continuum state. The characteristic signature of this peculiar continuum state is the
emergence of elongated spectral line shapes at the Landau level energies shown in Fig 3 (C, left),
which are exposed by the multidimensional nature of our spectroscopic technique. This behavior
is expected to be further enhanced in the modulation doped sample by the increased probability of
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We observe a peculiar behavior of the quantum coherence originating from the lowest
Landau level LLO and next Landau level LL1. With increasing magnetic field, the quantum

coherence of LL1 decreases, Figure 3: (A) Schematic of the experimental setup: The four phase
and as a result the stabilized laser beams are provided by the MONSTR instrument. The
homogeneous linewidth | recently implemented experimental setup in Cell 5 at the National High
increases. Whereas for lowest | Magnetic Field Lab (NHMFL) in Tallahassee. (B) (Left) Absorption
Landau level LLO the opposite spectra of the lowest Landau levels. (Right) Homogeneous linewidth
effect occurs, the quantum versus magnetic fields up to 25 Tesla for LL1 and LLO. (C) Simplified
N . schematic of the Landau levels and band structure in the undoped (left)
coherence increases  with and modulation doped (right), leading the the 2DFT lineshapes observed
increasing magnetic fields. We | experimentally [3].
have investigated this effect in
cell 5 all the way to 25 Tesla and this observation seems to hold. The absorption data together with

the retrieved homogeneous linewidths are shown in Fig 3 (B).

Charge density waves (CDWs) are periodic modulations of conduction electron densities
and the associated lattice distortions in solids. Dimensionality has profound effects on CDW
instabilities, as in many other phase transition phenomena. On the one hand, reduced
dimensionality strengthens Peierls instabilities (due to Fermi surface nesting) and electron—phonon
interactions (due to reduced dielectric screening), favoring stronger CDWs. On the other hand,
stronger fluctuation effects from both finite temperatures and disorders tend to destroy long-range
CDW coherence in low-dimensional systems. Although long-range CDW coherence is well known
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4, top). The superconducting transition 100 S

temperature decreases on lowering the layer
thickness, but the newly observed charge-
density-wave transition temperature increases »
from 33 K in the bulk to 145 K in the monolayer. ' 1 aiiaal ’
Such highly unusual enhancement of charge p!
density waves in atomically thin samples can be ! 3
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enhanced electron—phonon interactions in two- -
dimensional NbSe> and is supported by the large :
blue shift of the collective amplitude vibration Figure 4: Top: A-channel Raman spectra of NbSe,
of varying thickness at 10 K (symbols). The dashed
observed in our experiment (Fig. 4, bottom). Our | jine illustrates the blue shift of the amplitude mode
results open up a new window for search and | frequency with decreasing layer thickness. Bottom:
control of collective phases of two-dimensional | Thickness—temperature phase diagram for NbSe..
matter, as well as expanding the functionalities of [4].
these materials for electronic applications [4].
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The properties of 2D TMDs arising from strong spin—orbit interactions and valley-
dependent Berry curvature effects have recently attracted considerable interest. Although single-
particle and excitonic phenomena related to spin—valley coupling have been extensively studied,
the effects of spin—valley coupling on collective quantum phenomena remain less well understood.
Here we report the observation of superconducting monolayer NbSe, with an in-plane upper
critical field of more than six times the Pauli paramagnetic limit, by means of magneto transport
measurements. The effect can be interpreted in terms of the competing Zeeman effect and large
intrinsic spin—orbit interactions in non-centrosymmetric NbSe> monolayers, where the electron
spin is locked to the out-of-plane direction. Our results provide strong evidence of unconventional
Ising pairing protected by spin-momentum locking, and suggest further studies of non-
centrosymmetric superconductivity with unique spin and valley degrees of freedom in the two-

54



dimensional limit. These results have been published in Nature Physics [5] (See Ref. 5 and figures
therein).

Future Plans

We will further investigate the increase of the quantum coherence with increasing magnetic
fields on monoatomic layer TMDs. Examining this effect at cell 5 under much higher magnetic
fields will help elucidate the underlying physics. We also have started a theoretical effort to better
understand this effect. Furthermore, improvement in material quality, in the CVD growth of
monoatomic layer TMDs will help the experiment. In addition to high quality CVD grown
samples, we have received very large exfoliated samples that can be optically located inside the
magnet. These samples exhibit superb material quality.

We will continue to study high mobility TMD semiconductor under high magnetic fields.
Systematic studies on the effect of doping, magnetic field, and electric field will be studied on
natural bilayer and artificial bilayers. Furthermore, we will investigate the terahertz (THz)
transport properties of monolayer MoS,. This will be done on wafer scale MoS> monolayer
samples grown by chemical vapor deposition. We will first study the effect of electrostatic doping
on the complex conductivity spectrum of MoS; up to a few THz’s and extract the transport
parameters such as the carrier density and scattering rate. We also plan to measure the non-
equilibrium transport properties, i.e. following ultrafast optical excitation by a visible optical pulse.

Investigate the interlayer excitons in semiconducting TMD heterostructures (such as
MoSe2/WSe>). We will use 2D optical spectroscopy to investigate the interlayer excitons in this
double quantum well system. Here we would like to emphasize a new capability we have
developed. We are now capable of using the MONSTR setup with a microscope objective and
reach a spatial resolution in the excitation spot size of 3-5 um, while taking advantage of the phase
stability that the MONSTR setup offers.
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Thermally Driven Spin Phases

Thermal fluctuations over broad spatial and temporal scales determine a system’s entropy and
therefore play a key role in phase stability, transport, and other target properties. For example, the role
of fluctuations is a defining feature in soft and biological systems, where many modes exist at energy
comparable to kT and therefore carry enough entropy to dominate the free energy. Similar thinking is
applicable to hard material systems in a limited context, when there are low energy manifolds of
strongly coupled modes - a defining feature of many complex oxide materials and structures that exhibit
unusual emergent properties. It is also true of magnetic and spin systems, e.g., artificial spin ices, thin
films near spin reorientation transitions, and in skyrmion systems stabilized by thermal fluctuations.

Fig. 1: Scattering a spatially coherent x-ray beam off a heterogeneous material produces speckle-
diffraction patterns that encode spatial and temporal correlations that are measured in x-ray
photon correlation spectroscopy (XPCS). Coherent diffraction imaging uses the same
experimental arrangement, but applies emerging phase retrieval techniques to provide real-
space images. Operating near x-ray core level resonances provides useful chemical and
magnetic scattering contrast.

In this project, we to apply resonant coherent soft x-ray scattering techniques (Fig. 1) to probe
nanoscale spatiotemporal correlations in magnetic films. Microscopic interactions in these systems
support spontaneous domain structures on the scale of a few to a few hundred nanometers that
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produce unusual and useful macroscopic properties and offer excellent models to probe emergent

behaviors. Operating at a soft x-ray wavelength in resonance with various absorption edges, we can

project nanoscale orbital, magnetic, and charge structures with elemental selectivity into a speckle-

diffraction pattern that can be analyzed to understand spatial and temporal correlations. Our progress

in the past year involved three complementary efforts:

1)

Applying phase retrieval algorithms to image magnetic imhomogeneities with <10 nm spatial
resolution. We have resolved the domain walls in a model amorphous SbCos film using an
emerging technique called ptychography and correlated their position to inclusions, probably of
nanoscrystalline inclusions of a Co-Sb phase of similar composition.

Measuring the phase behaviors and magnetic fluctuations in amorphous FeGd films. We have
observed Bloch skyrmions, and bound pairs of these, at room temperature. We have
determined the (T,H) phase diagram of these structure using magnetic scattering and have
probed their internal structures with Lorentz TEM and x-ray microscopy. In collaborative
studies, we have probed these films with magnetization and FMR techniques, and modeled
their existence with micromagnetic simulations. We have also observed and characterized
evidence for Barkhausen-like cascades in the stripe and skyrmion phases using magnetic x-ray
scattering.

We have probed and modeled the phase behaviors, ordering, and motion of square artificial
spin ice lattices. Using magnetic x-ray scattering, we have demonstrated the existence of
superdomains with magnetically charged domain walls at non-zero applied field.

Plans for the next year

1)

3)

Our plans for the future include

We will continue our studies of skyrmions, particularly of bound skyrmion pairs, in amorphous
FeGd films as a function of applied field and current density. We will study the
magnetoresistance of these films as a function of phase and skyrmion lattice orientation. We
will also try to control the in-plane orientation of the skyrmion pairs and measure associated
magnetoresistance.

We will continue to measure the real-space structure to magnetic textures of the skyrmion
phases using ptychography, full-field x-ray microscopy, and Lorentz TEM. We are particularly
interested in finding protocols that stabilize other exotic skyrmion structures — triplets, quartets,
anti-skyrmions, etc. The FeGd system is an unusually tunable system, and even the stripe phase
near has an unusual degree of spin canting that helps determine the skyrmion structures as the
field and temperature are varied.

We will study other 3d/rare earth alloy magnetic films, e.g., ToCo, GdFeCo, to look for unusual
spin structures.

We will continue our studies of artificial spin ices, particularly those with smaller and thinner
magnetic islands, which will exhibit superparamagnetic fluctuations that can be studied with
correlation spectroscopy.
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Ultrafast Materials Science Program
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Program Scope: The quest to study materials on extremely short intervals of time arises from the
fundamental scales of their quantum excitations and collective interactions. Ultrashort light pulses can
therefore act as a tool to unravel the intrinsic forces that drive correlated ground states, as well as to
generate novel phases that have no equivalent in thermal equilibrium. The Ultrafast Materials Science
program exploits advanced ways in which light can be used to interrogate and manipulate novel quantum
materials via short and intense light pulses. Scientific areas of current interest include the creation,
interrogation and control of quasiparticle distributions and topologies in materials with ultrashort and
intense light fields, as well as the use of tailored vibrational and electronic excitations to explore novel
light-induced phases. Materials of present interest include two-dimensional materials with non-trivial
band topologies and strongly correlated materials such as unconventional superconductors.

Our program includes a closely coordinated effort between experiment and theory and state of the art
advanced ultrafast tools, such as time, spin, and angle resolved photoemission spectroscopy, with spin
detection of unprecedented sensitivity and with a unique extreme-ultraviolet source yielding access to
electronic dynamics across the full Brillouin zone. Ultrafast optical and broadband THz setups enable
excitation and time-resolved studies of fundamental excitations and low-energy collective modes.
Experiments are guided by advanced theory of non-equilibrium dynamics.

Recent Progress:

* Development of an XUV HHG tr-ARPES system: We have completed the commissioning of a
unique setup for extreme-UV (XUV) trARPES at high repetition rates, and have applied it to first
experiments. The setup combines a unique 50-kHz source of narrowband XUV pulses with sophisticated
ARPES instrumentation [1]. High-harmonic generation with a cascaded UV-driven scheme results in a
bright XUV flux with up to 3x10?2 photons/s at the source (10%°-10*! photons/s at the sample), based on a
100-fold boost of the conversion efficiency. The 22.3 eV harmonic is narrowband and directly isolated
with metal foils, without the need for a complex XUV monochromator. This enables a new class of
trARPES studies with high sensitivity, energy resolution and momentum access throughout the Brillouin
zone. In first experiments, the high fidelity was demonstrated in studies of the photo-induced phase
transition of the CDW material TiSe; as well as via rapid Fermi surface mapping in Bi 2212.

* Mapping k-dependent recombination dynamics in TMD: Using XUV trARPES we studied the
electron dynamics across the full Brillouin zone of MoSe,. Fine band structure details such as the spin-
orbit (SO) splitting at the K-point were resolved in equilibrium, with quality approaching synchrotron
ARPES data. Photo-excitation around 1.5 eV revealed a rapid occupation of the K-point conduction-band
states, followed by momentum-space transfer to the X-point in 80 fs — representing the direct observation
of intervalley scattering. Moreover, an intriguing time-dependent energy shift is observed, along with an
energy difference when comparing the dispersion of photo-excited unbound electrons excited above the
conduction band threshold with the signature of resonantly-generated excitonic states. This points to the
first direct observation of bandgap excitons in ARPES, i.e. the extraction of the electron out of the
Coulomb-bound e-h pair via the photoemission process.
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* Revealing entangled spin and orbital texture of unoccupied states in Tl: Using UV time and spin
resolved ARPES (STARPES) we have studied the effect

of band inversion driven by spin orbit interaction on the Rl o
formation of a topological surface state, by measuring the oaf usa_ a 4
spin polarization of the transiently occupied states above . oz 8 >/ Ol
EF in a prototypical topological insulator Bi2Se3. The ioo:_"' "‘"’/ e ;
studies have been made possible by using a high = .3 \ /»/\Tss
efficiency ~ and  high-resolution  spin-resolved wl .| -
photoelectron  spectrometer. By measuring the e " spin orbit strength

dependence of the orientation of the photoelectron spin . . .
- L. Figure 1. (left) Spin resolved electronic

polarization on the photon polarization we observed a structure of occupied and unoccupied states

spin-polarized unoccupied surface resonance within the ¢ pgioges.

bulk conducting band, with an helical spin texture (right) Tight binding calculations showing

opposite to that of the TSS but entangled spin and orbital .+ the TSS and unoccupied spin resonance

textures similar to that of the TSS. We propose that the  eyolve into a trivial Rashba-pair through the

spin textures of the unoccupied surface resonance and  process of band inversion.

topological surface state are intimately related and

coevolve from a pair of Rashba-like states through the Spin orbit interaction band inversion [2].

* Stimulated emission of Cooper pairs in a Superconductor: Recombination dynamics of non-
equilibrium quasiparticles is usually understood within the phenomenological Rothwarf-Taylor (RT)
model, whose basic ingredient is simple bimolecular recombination. In a superconductor, short time scale
dynamics on the other hand, also play an important role, as it is directly related with the superconducting
gap formation. To better understand the mechanism behind gap melting and recovery we have performed
a VUV tr-ARPES experiments. We found that the non equilibrium quasiparticles population in the
superconducting state have a slower buildup than in the normal state, when the pump pulse is too weak to
deplete the entire superconducting condensate [3]. For pump pulse strong enough instead, the buildup
time is the same. These results, together with the peculiar momentum dependence can be explained with
a model of stimulated recombination of broken Cooper pairs into the superconducting condensate.

* Symmetry breaking and pseudogap in Nickelates: Complex oxides can exhibit an intriguing self-
organization of atomic-scale charge, spin and vibrational patterns, which can fluctuate in time and space.
Such broken-symmetry phases have recently attracted renewed interest due to the observation of charge-
density waves within the enigmatic pseudogap phase of
high-temperature  superconductors. However, the
dynamic coupling between the electronic and
vibrational constituents during melting and symmetry-
breaking formation of stripes has remained elusive so
far. We have carried out transient terahertz studies to oL heemee -

directly track the crystal lattice symmetry upon melting Wavenumber (cm) Wavenumber (cm)

of the atomic-scale electronic stripes in the model stripe  Figure 1. Dynamics of vibrational symmetry
system La»xSrxNiOs, to clarify the dynamic ‘glue’ that  breaking. Top: Ni-O bending mode with stripe-
holds together the stripe constituents [4]. For this, the induced side peaks. Bottom: Transient THz
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ordered stripe phase at low temperatures, phonon side peaks are optically activated due to momentum
back-folding of the phonon dispersion at the charge-ordering wave vector. We find a complex, multi-
component dynamics following the ultrafast optical quench of stripe order. Almost immediately, a
broadband conductivity increase occurs due to electronic charge dynamics. Instead, the sharp zone-folded
Ni-O side peaks disappear only with a significant time delay, revealing the reaction time of the crystal
symmetry, which remains initially “frozen”. The experiments thus expose a hidden complexity in the
dynamics of atomic-scale charge stripes.

Future Plans: We plan to pursue two main thrusts, distinguished by the materials physics and nature of
the excitation induced by the light pulses on the material. In the first, we aim to clarify the creation of new
quasiparticle distributions and topologies in materials with ultrashort light pulses. Here, ultrashort pulses
of varying intensities will be employed — starting from perturbative excitation and control up to field
strengths that are comparable to the lattice potential and enable modification of the electronic structure
itself. Materials of interest include low-dimensional layered systems and spin-orbit coupled materials
such as transition-metal dichalcogenides. In the second thrust, we plan to investigate the response of
unconventional superconductors to ultrashort light pulses. This includes studies that perturbatively excite
non-equilibrium dynamics of incoherent quasiparticles, and unveil different cooperative orders in the
correlated ground state (and their relationship to superconductivity). At higher intensities, tailored mid-IR
excitation can access entirely new regimes and emergent non-equilibrium phases.
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Program Scope

This is a new FWP focused on the goal of understanding and visualizing the role
structure and dynamics play in the functionality of materials. In-situ and in-operando approaches
are carried out to probe these processes as they occur, across a broad range of time-scales and
length-scales extending down to atomic-scale motions and femtosecond time-scales and up to
mesoscale length-scales / dynamics. A central focus is on tuning the emergent properties of
functional materials and resolving the intermediate and metastable phases that occur near phase
boundaries. Processes are triggered by light, by intercalation/ion doping, by fields, and by
pressure (and by combinations of these), making central use of the unique atomic-scale, real-time
characterization techniques enabled by facilities at SLAC and other DOE laboratories.

Recent Progress

(A) Switching processes in phase-change materials: We have carried out studies probing the
mechanisms underlying electric-field-driven switching processes in phase-change materials.
Picosecond THz-frequency electric pulses are used to excite amorphous AgalnsShes7Tezs. Field-
dependent reversible changes in conductivity (scaling nonlinearly with the applied field) and
THz-driven crystallization are observed. The results show that threshold switching can take place
within the electric pulse on sub-picosecond time scales, three orders of magnitude faster than
previously thought to be possible. This supports purely electronic models of threshold switching
and reveals potential applications as an ultrafast electronic switch. [1] Recent LCLS experiments
have enabled further measurements identifying intermediate states during the crystalline to
amorphous transition when triggered by optical pulses.

(B) Terahertz-field-driven ionic response in ferroelectrics. The dynamical processes associated
with electric field manipulation of the polarization in a ferroelectric remain largely unknown but
fundamentally determine the speed and functionality of ferroelectric materials and devices. In
recent studies we applied single-cycle terahertz pulses as an ultrafast electric field bias to
prototypical BaTiOs ferroelectric thin films with the atomic-scale response probed by
femtosecond x-ray scattering techniques at the Linac Coherent Light Source and at the Advanced
Photon Source. We show that electric fields applied perpendicular to the ferroelectric
polarization drive large amplitude displacements of the titanium atoms along the ferroelectric
polarization axis, comparable to that of the built-in displacements associated with the intrinsic
polarization and incoherent across unit cells. This effect is associated with a dynamic rotation of
the ferroelectric polarization switching on and then off on picosecond timescales. [2] We have

65



also investigated similar processes in multiferroic BiFeOs probing the atomic-scale response via
nonlinear optical techniques. [3]

(C) Photon-driven rotational disordering in the hybrid perovskites. Femtosecond resolution
electron scattering techniques are applied to resolve the first atomic- scale steps following
absorption of a photon in the prototypical hybrid perovskite methylammonium lead iodide.
Measurements of the time-dependent pair distribution function show an unexpected broadening
of the iodine-iodine correlation function while preserving the Pb-1 distance. This indicates the
formation of a rotationally-disordered halide octahedral structure developing on picosecond
time-scales. This work shows the important role of light-induced structural deformations within
the inorganic sublattice in elucidating the unique optoelectronic functionality exhibited by hybrid
perovskites and provides new understanding of hot carrier—lattice interactions which
fundamentally determine solar cell efficiencies. [4]

(D) Ultrafast Measurements Reveal Peierls-like Instability in PbTe:

We combine nonequilibrium lattice dynamics measurements and first principles constrained
density functional theory calculations to resolve the mechanism responsible for the incipient
ferroelectric behavior in the prototypical bulk thermoelectric PbTe. There has been renewed
interest in the materials community regarding the connection between ferroelectricity and
thermoelectricity in group IV-VI and related compounds. We find that ultrafast infrared
excitation across the direct band-gap transiently stabilizes the paralectric phase, coupling the
transverse optical and acoustic phonons propagating along the bonding direction. These near
band-gap electrons preferentially interact with the soft-phonons to induce ferroelectric
instability. Our results further reconcile the band and bond pictures of ferroelectricity, which has
broad implications for broken-symmetry states in materials with strong electron-phonon
interactions. [5]

(E) Mechanism of high-wavevector phonon generation by ultrafast light pulses:

We have recently demonstrated that long-wavelength (low-wavevector) optical pulses can
generate two-phonon coherences between pairs of phonons at high wavevector. These
coherences are the basis for our Fourier-transform inelastic x-ray (FT-1XS) studies of non-
equilibrium lattice dynamics. Here we used two-pulse coherent control to distinguish first-order
(coherent) phonon from second-order (squeezed) phonon generation. We find that for nearly
perfect semi-conductor crystals that the mechanism is dominated by second-order coupling
resulting in the generation of squeezed phonon states. We also describe the conditions for high-
wave vector coherent phonon generation. The results have implications for studies of electron-
phonon interactions and non-equilibrium lattice dynamics initiated by optical excitation. [6]

(F) Microfluidic cells for electrochemical liquid X-ray microscopy: We have developed
electrochemical liquid X-ray microscopy that probes ion-insertion nanomaterials in the soft X-
ray regime. The platform combines scanning transmission X-ray microscopy (STXM) with
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microfluidic electrochemical cells. The first demonstration was carried out on LixFePOs
microplatelet single crystals. The spatio-dynamics of lithium insertion was tracked by monitoring
the Fe oxidation state. By carefully optimizing liquid flow, X-ray dose, and sample preparation,
we minimized beam-induced interaction and achieved repeated imaging of the same particle at a
spatial resolution of ~ 50 nm. This achievement represents the first successful operando soft X-
ray imaging of lithiation/de-lithiation at the sub-particle length scale, and reveals the origin and
hysteresis of lithium insertion spatio-dynamics. [7]

(G) Soft-X-ray ptychography in liquids: In addition to electrochemical liquid STXM, we have
also demonstrated non-Bragg ptychography using the same microscope and microfluidic cell
setup, achieving a resolution < 10 nm. Mesoscale microstructural defects not visible in STXM
give rise to noticeable contrast, and are providing a rich dataset that correlates mesoscale
microstructure defects with redox reactions.

(H) New insights on ion-insertion-induced phase transformation: Simultaneously quantifying
nanoscale reaction kinetics and the underlying material composition at the solid-liquid interface
is a grand challenge in materials science. By tracking the same particles under multiple
lithiation/de-lithiation cycles, we show that nanoscale spatial variations in rate and in
composition control the lithiation pathway at the sub-particle length scale, beyond the well-
documented phase separation and solid solution pathways at the crystallographic level. Our real-
time measurements of the local ion-insertion current density reveal several electrochemical
domains within individual primary particles, each of which exhibits a different insertion rate.
Upon increased rates of lithiation, we directly observe a suppression of phase separation and
elimination of heterogeneity.

(1) Crucial role of surface diffusion in phase transformation of insertion solids: In nanomaterials,
surface transport at the interface of a solid and a fluid is significant in determining the overall
transport rate. Despite their crucial important to nanomaterials, the effect of surface transport on
solid-state phase transformations pathways is not well understood. We use LixFePO4 as a model
anisotropic ionic conductor for understanding solid-state phase transformations induced by ion
movement. Using STXM, we experimentally measure the time required for solid-solution
LiosFePO4 to separate into Li-rich and Li-poor phases. We observe that moisture and organic
solvents increase the rate of surface transport and thus the rate of phase separation by at least two
orders of magnitude compared to an inert environment. Our results show that surface diffusion is
a necessary prerequisite for phase separation in LiFePOas, and the relative rates of lithium
insertion and surface diffusion ultimately determine whether or not a particle phase-separates.

Future Plans

The above experiments are all connected by a focus on elucidating the atomic-scale structural
dynamics which underlie materials functionality. In addition to continuation of these efforts we
are currently working on new directions associated with probing the microsecond-picosecond
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dynamics associated with ion intercalation processes. Initial measurements underway involve
time-resolved optical (pump-probe reflectivity/transmission) and x-ray (Bragg / diffuse
scattering) studies of the strain fields and structural phase transitions that occur in 2D transition
metal dichalcogenides, carried out in-situ within a transparent battery structure to enable
reversible tuning of the ion concentration. These efforts connect standard ion impedance
spectroscopy to direct measurements of the local structural changes that occur during ion
insertion. In addition to intercalation, novel ionic conductors can be impulsively created through
optical excitation, through temperature jumps (which can occur on time-scales faster than an
ionic hop), or through carrier-driven processes which directly modify the energy barriers which
control ionic transport. This opens up possibilities for applying time-domain diffuse scattering
approaches (FT-IXS) to probe the interatomic forces that initiate the phase transition and
modulate ion transport.
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X-ray studies of functional materials under extreme environments

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

Program Scope

The overarching goal of our proposed research program is to develop general principles which
enable the design of new materials with enhanced performance by elucidating the relationship
between lattice and electronic structure and desirable materials properties. The key to being able
to address this scientific topic depends on our ability to characterize materials by static and
dynamic diagnostics in-situ and in-operando under extreme conditions over varying length- and
time-scales. A suite of X-ray probes will be coupled to static and dynamic compression methods
to investigate complex hybrid systems and beyond equilibrium states. More specifically, we are
studying hybrid halide perovskites and intercalated transition metal chalcogenide complexes
where extreme conditions can tune hierarchical structures with multifunctionality. We are also
investigating carbon-based nanomaterials and disordered systems, e.g., metallic glasses, where
extreme environments allow us access to expanded pressure-temperature-temporal space and
explore phase metastability with potentially enhanced materials functionality. This proposed
research could lead to improved understanding of transition mechanisms and the discovery of
new transformation pathways for the synthesis of novel phases that are not accessible otherwise.
A critical component to these studies is our efforts in X-ray technique development which
includes high pressure and variable temperature capabilities using nanoscale X-ray imaging at
synchrotron facilities and ultrafast X-ray characterization at LCLS.

Recent Progress

We have been working on a number of static and dynamic compression experiments to elucidate
the relationship between structure and material properties. Recent static compression work in a
diamond anvil cell on a 3D lead-free halide double perovskite of Cs2AgBiBrs shows a significant
pressure-induced photoluminescence (PL) enhancement. The PL intensity increases by an order
of magnitude as the pressure increases from 0 to 1.9 GPa. Detailed structural investigation is
ongoing for understanding the relationship between structural and optical/electronic property
changes. We have also conducted the first comparative study of the pressure effect on a series of
diamondoids with systematically varying molecular geometries and dimensionalities, ranging
from OD adamantane to 3D [1(2,3)4]pentamantane. We find that the bulk moduli of these
diamondoids strongly depend on the materials’ molecular geometry. Recent dynamic
compression work using an optical laser pump and ultrafast X-ray probe at the Matter in Extreme
Conditions (MEC) instrument at LCLS has explored disordered systems which show rapid
nucleation and growth of high pressure phases — nearly an order of magnitude faster than
previously thought. Shock freezing of liquid water to ice VII is seen in less than ten
nanoseconds. Crystallization of fused silica into stishovite is found to begin in only a few
nanoseconds suggesting a non-diffusion mediated process.

Future Plans

We plan to focus on a more holistic approach to material properties investigations using both
static and dynamic methods. Detailed comparative studies on lead-based and lead-free halide
perovskites with either organic or inorganic cations will be investigated to elucidate the role of
individual components in contributing to their promising yet still mysterious optoelectronic
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properties. Structural studies from both static and dynamic aspects on transition metal
chalcogenide intercalated complexes such as TaS2(NHs) compared with their pristine
counterparts will be carried out for understanding how the functionality of intercalated hybrid
materials can be tuned and enhanced to help design new hybrid systems. We are submitting a
number of proposals for beamtime at LCLS including investigation of the crystallization of
metallic glasses and amorphization of metallic compounds and the development of ultrafast X-
ray emission spectroscopy to study pressure-induced spin transitions under shock compression.
We will also continue to analyze and model our SiO> results from MEC to study its non-
equilibrium behavior under dynamic compression. We will work on implementing bright-field
imaging with negative absorption contrast and spectroscopic nanoscale transmission X-ray
microscopy in extreme environments in SSRL. Additionally, we will work with staff members at
both the LCLS and SSRL to refine phase contrast imaging algorithms to use in both the static
and dynamic compression work.
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Ultrafast Magnetization Dynamics and Spin Transport Probed by Polarization-Shaped

Coherent Soft X-Rays

Margaret Murnane and Henry Kapteyn, JILA, University of Colorado at Boulder

(i) Program Scope
Magnetism has been the subject of scientific inquiry for more than 2000 years; however, it is still
an incompletely understood phenomenon. The fundamental length and time scales for magnetic
phenomena are nanometers (nm) and femtoseconds (fs). Furthermore, a detailed understanding
of nanoscale magnetism has become much more critical in the 21st century with dramatic recent
advances in magnetic data storage applications, as bits on a hard disk are already packed at
scales of about 20nm. Moreover, a comprehensive microscopic model of how spins, electrons,
photons and phonons interact does not yet exist. This understanding is fundamentally constrained
in large part by a limited ability to directly observe magnetism on all relevant time and length
scales. Fortunately, by combining high harmonic sources with new and existing spectroscopic
techniques and theory, we implemented the following for the first time [1-11] —

Compared advanced
experiment and theory to
identify  the  multiple
microscopic mechanisms
that lead to magnetic
quenching on ultrafast
time scales.

Extracted the dynamically-
evolving  magneto-optic
tensor as a ferromagnetic
material demagnetizes for
the first time.

Extracted surprising spin-
dependent changes in the
full conduction band as a
material demagnetizes.

Generated the first
circularly-polarized  soft
X-ray high harmonics.
Implemented the first
tabletop XMCD.
Implemented the first
measurement  of  the

evolution of layer-specific
mechanical properties in
sub-10nm bilayer films.

Helped other groups in
academe and national labs
to duplicate our new high

Tom Silva, NIST Boulder Laboratories
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Fig. 1. First circular soft X-ray HHG and tabletop XMCD. (top)
Circular soft X-ray HHG produced by combining circularly polarized 0.8
um and 1.3 pm lasers of opposite helicities in a high pressure waveguide.
(lower) HHG spectra through a Gd/Fe multilayer as the direction of
magnetization is reversed. Strong magnetic asymmetry of opposite signs for
left and right circularly-polarized HHG enables XMCD at the N edge of Gd.

harmonic probe capabilities to uncover new understanding of magnetic materials.

73




(ii) Recent Progress
Bright Circularly Polarized High Harmonics and Tabletop XMCD [1-3]: For decades, high
harmonic sources were limited to either linear or slightly elliptical polarization. Although studies
of ultrafast phenomena have been highly fruitful for in-plane transition metals, another class of
magnetic materials that exhibit out-of-plane magnetic anisotropy is becoming increasingly
interesting for many applications. Fortunately, in recent work we demonstrated that we can now
generate circularly polarized HHG spanning the EUV and soft X-ray regions, to photon energies
~ 160 eV. Figure 1 plots the first circular soft X-ray HHG and tabletop XMDC measurements
enabled by combining circularly polarized 0.8 um and 1.3 pum lasers of opposite helicities in a
high-pressure gas-filled waveguide. In collaboration with the Cohen group at Technion and the
Fullerton/Shpyrko groups at UCSD, we can now

access materials with intrinsic perpendicular El;:]/lé);Obe
magnetic anisotropy (e.g. 4f elements such as Gd, ‘m n—
with an N edge near 145 eV) that exhibits a strong pump pulse

magnetic asymmetry, confirming that ultrafast
magnetic effects can be studied in 4f elements.

Nondestructive measurement of the evolution of
layer-specific mechanical properties in sub-10nm |
bilayer films [4]: In recent work, we used short
wavelength  extreme  ultraviolet light to
independently measure the mechanical properties of
disparate layers within a bilayer film for the first
time, with single-monolayer sensitivity. We showed
that in Ni/Ta nanostructured systems, while their
density ratio is not significantly changed from that
expected in bulk, their elastic properties are
significantly modified: the nickel softens while
tantalum stiffens relative to their bulk counterparts.
In particular, the presence or absence of the Ta
capping layer influences the mechanical properties
of the Ni film. This non-destructive nano-
mechanical measurement technique represents the
first approach to date able to distinguish the
properties of composite materials well below 100
nm in thickness. This capability is critical for
understanding and optimizing the strength,
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Fig. 2. EUV acoustic nanometrology for
extracting nanoscale mechanical properties.

flexibility and reliability of materials in a host of
nanostructured  electronic,  photovoltaic  and
thermoelectric devices.

Stoner vs. Heisenberg: Ultrafast exchange reduction
and magnon generation during laser-induced
demagnetization [7]: In recent work, we used time-,
energy-, and angle-resolved ultrafast extreme
ultraviolet (EUV) transverse-MOKE to extract the
dynamically-changing = magneto-optic  response
across the entire M2 3 absorption edge of a Co film
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(top) A series of Ni-Ta bilayers, with a constant
10nm of Ni and a Ta capping layer between 0
and 6nm, are excited by an 800nm pump pulse.
The change in EUV diffraction is used to extract
the mechanical properties of the bilayer. (bottom)
Resonant LAW periods of the bilayer structures
clearly are not well matched by predictions using
bulk material parameters (dashed red). Instead, a
least-squares optimization algorithm fits the data
in order to extract the effective nanoscale
longitudinal velocities of the Ni and Ta layers.




after excitation with a femtosecond laser pulse

dominant mechanisms that
contribute to ultrafast
demagnetization. Since EUV
MOKE probes the entire
demagnetization response of
the 3d bands, this provides a
complete data set, which we
can compare with first
principles  magneto-optical
calculations. We find that
both longitudinal and
transverse processes
contribute to ultrafast
demagnetization in Co on
timescales up to several
picoseconds.  Surprisingly,
the magnon contribution to
ultrafast demagnetization is
dominant on very short 700
fs timescales, while the
reduction in  exchange
splitting persists to several

. This allowed us to explicitly identify the
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Fig. 3. Microscopic mechanisms responsible for ultrafast

demagnetization for Co films on an insulating substrate. At 700 fs,
demagnetization is due to magnons Amy (2/3), exchange reduction Amy (1/4

pl.cosecond . timescales. signal), and Fermi smearing Am. (1/10). By 3 ps, there are equal
Finally, this work | contributions from magnons and exchange reduction. The timescales for
excitation and relaxation of both processes are similar. Note that the
demonstrates that each of |¢ ‘ xatior :
. insulating substrate inhibits fast spin currents.
these mechanisms has a

particular magneto-optical “fingerprint” that makes identification possible, as suggested forty
years ago by Erskine and Stern. They proposed that in principal, measuring the EUV magneto-
optic response across the entire Mz3 absorption edge would contain all the spin-dependent
information about the electronic structure in the conduction band. In our work, we demonstrate
that this is possible even for dynamically out-of-equilibrium materials.

(iii) Ongoing and Future Plans

Time- and Polarization-Resolved EUV magneto-optic Kerr effect (MOKE) [10]: We are
exploring a new approach for extracting the dynamic magneto-optic tensor, that will enable us to
increase the dynamic range and sensitivity of the measurement, enabling us to achieve better
time resolution for exploring coupled charge and spin dynamics in magnetic materials. A paper
that discusses this work is currently in preparation.

Spin-, time-, and angle-resolved photoelectron spectroscopy [5, 6, 9]: Capturing the dynamic
electronic band structure of a correlated material is a powerful capability for uncovering the
complex couplings between the electronic and structural degrees of freedom. When combined
with ultrafast laser excitation, new phases of matter can result, since far-from-equilibrium
excited states are instantaneously populated. In recent work in collaboration with Kaiserslautern
and just published in Nature Communications,[5] we uncovered a general relation between
ultrafast non-equilibrium electron dynamics and the size of the characteristic energy gap in a
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correlated electron material. We showed that carrier multiplication via impact ionization can be
one of the most important processes in a gapped material, and that the speed of carrier
multiplication critically depends on the size of the energy gap. In the case of the charge-density
wave material 17-TiSe,, our data indicated that carrier multiplication and gap dynamics mutually
amplify each other, which explains — on a microscopic level - the extremely fast response of this
material to ultrafast optical excitation.

More recently in collaboration with Kaiserslautern and Julich,[9] we used time- and spin-
resolved photoelectron spectroscopy to capture how the electronic properties of Cobalt change in
real time after excitation with an ultrashort laser pulse. This allows us to uncover for the first
time that demagnetization induces large transient changes spanning the entire conduction band of
Cobalt. We showed that the loss of magnetization is not only found around the Fermi-level,
where the states are affected by the laser excitation, but reaches deep into the electronic bands.
We find that the ferromagnetic-paramagnetic phase transition cannot be explained by a loss of
the exchange splitting of the spin-polarized bands, but instead shows rapid band mirroring after
the excitation, which is a clear signature of efficient ultrafast magnon generation.

Finally, we explored many-body electron-electron interactions, which are among the
fastest processes in materials, playing prominent roles in strongly-correlated electron systems
and quantum materials. In recent years, these interactions have become accessible to direct time-
domain studies by using femtosecond lasers. However, to date such measurements have been
limited to the femtosecond time scales that are characteristics of interactions involving low-
energy electrons. In recent work we showed that by using sequences of attosecond pulses
produced by high harmonic generation, we can observe and distinguish many-body electron-
electron interactions that occur on attosecond timescales during the photoemission process.[6]
We extract the time delays associated with photoemission from occupied bands in Ni(111) and
Cu(111) into free-electron final states, using photoemission selection rules to isolate the
contributions from individual initial bands. This allows us to show that photoemission from the d
band of Cu is delayed by ~100 attoseconds relative to photoemission from the same band of Ni.
We attribute this difference to the fact that the d band in Ni is not fully occupied, resulting in
enhanced electron-electron scattering during photoemission.

Coherent EUV Magnetic Scattering [11]: We recently demonstrated resonant magnetic scattering
of coherent, linearly polarized XUV light with 15 nm thick Gd/Fe multilayers provided by our
collaborators, Oleg Shpyrko and Ian McNulty at the University of San Diego and ANL. The
magnetic sample exhibits a serpentine domain structure in zero applied field. Such a domain
structure is known to yield purely magnetic diffraction peaks for the case of coherent forward X-
ray scattering. The XUV HHG scatter signal was measured at 54.9 eV that corresponds with the
M-edge for Fe. These results agree very well with both MFM data and L-edge resonant scattering
data in terms of both average domain size and angular distribution. These preliminary,
unpublished data are very promising for our ongoing development of coherent, lensless magnetic
imaging via either holographic or ptychographic methods with linearly polarized as well as the
recently developed circular polarized HHG beam:s.

Other plans: Dynamic spectroscopy and scattering of magnetic materials (collaborator John
Freeland, ANL); Dynamic XMCD spectroscopy of Gd at the N absorption edges (collaborators
Oleg Shpyrko and Erik Fullerton (UCSD).
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Research scope:

This project supports the Office of Basic Energy Sciences (X-ray scattering) mission through the
application and advancement of cutting-edge x-ray scattering techniques for determining the
atomic-level structure of nanosized catalysts vital for the development of clean energy
conversion and storage technologies. In particular, our research activities involve: i) design,
synthesis and optimization of metallic nanosized catalysts, ii) structure studies on metallic
nanosized catalysts in as-prepared state by ex-situ high-energy x-ray diffraction (HE-XRD) and
atomic pair distribution function (PDF) analysis, iii) element-specific structure studies on metallic
nanosized catalysts by resonant HE-XRD and atomic PDF analysis, iv) structure studies on
metallic nanosized catalysts in active state by in-situ and in-operando HE-XRD and atomic PDF
analysis, v) modeling the 3D atomic structure of metallic nanosized catalysts using Molecular
Dynamics and reverse Monte Carlo simulations guided by experimental PDF data and vi) using
the obtained structure knowledge as a rational basis for optimizing the nanosized catalysts
studied. Note, here the terms “alloy” and “intermetallic’ are used to describe any mixture of
distinct metallic species, irrespective of the degree of their mixing and way of mixing.

Present work: The group of Prof. Zhong (SUNY) synthesized and characterized catalytically
several families of nanosized intermetallics, including Pt-Au and Pt-Ni nanowires, Pd-Ni
nanotetrahedrons, Au@PtNi core-shell particles, Pd-Sn, Pt-Ni-Cu and Pt-V-Co nanoalloys. The
intermetallics are supported on substrates found useful in catalysis such as graphene
nanosheets, fine carbon, silica and titania powders. The intermetallics showed excellent
catalytic properties for chemical reactions (e.g. hydrogen oxidation and oxygen reduction
eactions) driving proton exchange membrane (PEMFC) and direct alcohol (DAFC) fuel cells,
oxidation of carbon monoxide, propane, and others.

The most promising of the nanosized catalysts listed above were characterized by ex situ
synchrotron HE-XRD and atomic PDF analysis. Results will be presented at the PIs’ meeting.

In February, 2016 we, that is the group of Prof. Petkov (CMU), conducted grazing incidence
atomic PDF studies at Sector 12, APS. Selected results will be presented at the Pls’ meeting.

In the summer of 2016 we conducted in operando atomic PDF studies on nanosized catalysts
as they function at the cathode of an operating PEMFC. We collected both HE-XRD data (2D
Dexela CMOS detector) and EDS spectra (Vortex detector) thus following the concurrent
evolution of the chemical composition, size, atomic-scale structure and functionality of the
nanosized catalysts. Also, we took data at several locations across the Membrane Electrode
Assembly (MEA) of the PEMFC thus obtaining information about both the progress of the
catalytic reaction and mass transport across the MEA during the PEMFC operation. For the
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purpose we used an x-ray beam (~ 90 keV energy) collimated down to 20 x 40 ym. Studies we
carried out at Sector 1, APS. Selected results will be presented at the PIs’ meeting.

Also, in the summer of 2016 we conducted combined in situ atomic PDF and Diffuse
Reflectance Infrared Fourier Transform Spectroscopy studies on nanosized catalysts in reactive
atmosphere, including oxygen, carbon monoxide and propane. The catalysts were studied at
temperature ranging from room to 300 C. Studies were carried out at Sector 11, APS.
Preliminary results will be presented at the Pls’ meeting.

We analyzed several data sets from resonant HE-XRD studies on Fe@Pt core-shell particles
and Pd-Au/Pt nanoalloys. Data sets were obtained at Sector 6, APS (Pd K edge) and Sector 1,
APS (Au & Pt K edges). 3D structure models of the respective samples were built by Molecular
Dynamics (MD) and refined by reverse Monte Carlo (RMC) simulations guided by the element-
specific atomic PDFs. Structure models were used to compute the electronic structure of Au-Pd
nanoalloys, in particular the width and energy position of the 4d-electron band of Pd and 5d-
electron band of Au surface atoms. The electronic structure (5d-electron band) of surface Pt
atoms in Fe@Pt core-shell particles was also computed and used to assess the catalytic
properties of the NPs. Selected results will be presented at the Pls’ meeting.

We continued developing improved potentials for metals and alloys confined to nanoscale
dimensions, in particular the Quantum-corrected Sutton-Chen potential. Potentials are needed
in the MD simulations. Also, we continued developing code for RMC simulations under non-
periodic boundary conditions. The latter are a must in modeling the 3D structure of finite size,
free surface nanosized metals and alloys. Selected results will be presented at the Pls’ meeting.

Near future activities: We will continue developing advanced nanosized catalysts and study the
relationship between their atomic-scale structure and functionality aiming at improving the latter
by modifying the former on a rational basis provided by HE-XRD/PDFs resonant, ex situ, in situ
and in operando experiments coupled to 3D structure modeling.

We will continue collaborating with staff scientists at Sectors 1 and 12, APS, in an effort to
develop grazing incidence PDF studies to a user-friendly level. The effort requires some
instrumental development. We hope APS will help in this respect.

We will carry out resonant HE-XRD experiments (Sector 1), in operando PEMFC and DAFC
experiments (Sectors 1 and 11, APS) and in situ PDF&DRIFTS experiments (Sector 11, APS).

We will continue our effort in modeling the 3D structure of nanosized metallic catalysts and
using the structure models for computing the electronic structure of the catalysts, thus
assessing the trajectories of catalytic reactions taking place the catalysts’ surface. The effort is
very involved computationally (MD + RMC + DFT). To facilitate it we applied for and were
granted computing time (2 million hours) at the 10-petaflops IBM Blue Gene/Q system (MIRA) at
the Argonne Leadership Computing Facility.
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Materials Structure Analysis by BCDI and PDF
[. K. Robinson, S. ]. L. Billinge and E. S. Bozin

Condensed Matter Physics & Materials Science Department, Brookhaven National Laboratory

Program Scope

Our program uses NSLS-II, currently the brightest synchrotron in the world, and other DOE
facilities to merge the strengths of two powerful, emerging X-ray techniques for structure analysis of
nano-materials. Bragg Coherent Diffraction Imaging (BCDI) can image individual nanoparticles with
sub-nanometer resolution in 3D, revealing information about local nano-scale domain structures; the
atomic Pair Distribution Function (PDF) method yields sub-angstrom resolution structural information
on nanometer length-scales from powders (ensembles of nanoparticles). The PDF yields rich
information about local atomic arrangements whereas BCDI shows how the domains of different
arrangements arrange in space. Both methods are being applied to study Grand Challenge science
problems, as well as being under active development. To date, these approaches have not been
combined in a systematic way to study the multi-scale structure on the same materials systems, but
this is a major goal of this program. We recently extended PDF analysis to study local magnetic
correlations and this will allow similar studies of charge, spin and orbital degrees of freedom.
Furthermore, we are developing the applications of both methodologies applied to nanomaterials in
thin layer format, which makes them then also suitable for time-resolved experiments by avoiding
laser shadowing.

The methods are sensitive to magnetic, charge-density-wave and orbital-ordered materials
under active exploration in the wider Condensed Matter Physics and Materials Science Department at
BNL. These are material systems with symmetry broken ground-states. On warming, or in the
presence of quenched disorder, the ordering mechanisms often leads to local structural correlations
and domain formation. Characterizing these structures on multiple length-scales using PDF and BCDI
together is critical for a full understanding of the physics giving rise to them and for potentially
exploiting them in devices. We will exploit the use of X-ray resonances to enhance signals from
charge-ordered states, notably at the CSX beamline of NSLS-II. Many of the symmetry broken states
begin with a lifting of orbital degeneracies on 3d, 4d or 5d ions, a concept we refer to in general as
Orbital Degeneracy Lifting (ODL). We aim to study how the entire hierarchy of effects where ODL
results in a symmetry lowering at the ionic site itself, which may then form into locally ordered
symmetry broken domains, or orbital molecules. Then we will investigate how these domains evolve
into the long-rang ordered structures seen by conventional approaches. We believe that many of the
physical properties of the materials, such as transport, magnetic and electric polarization, depend
sensitively on the local domain structures, how they arrange, and their dynamics, yet do not require
the order to be long-range in nature. Nano-scale characterizations are therefore at the center of efforts
needed to understand the physics of real nano-structured materials. Where necessary, we are
augmenting these structural results using techniques sensitive to structural and domain dynamics, for
example, inelastic neutron/x-ray scattering and x-ray photon correlation spectroscopy (XPCS),
respectively, using DOE national facilities.

Recent Progress
1. Phase Domain Structure of Manganites.

Nanocrystals of Lao.sCaosMnO4 were studied using BCDI at the 34-ID-C beamline of APS. It was
intended to establish the feasibility for low temperature imaging of the orbital-ordered domains, but
even the bulk crystal peaks revealed interesting new structure. A typical BCDI data set consists of a 3D
series of diffraction images passing through the center of the Bragg peak is obtained while “rocking”
the sample through a fraction of a degree at a coherent diffraction X-ray beamline [1]. The diffraction
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pattern is the 3D Fourier transform of the crystal shape, typically a set of fringes a compact solid object
and streaks attributed to its prominent facets and internal defects [2]. Once the BCDI diffraction
pattern is inverted [3], the strain is mapped in the resulting complex real-space 3D image as the phase
of the complex number at each location. This phase A corresponds to a projection of the local crystal
displacement vector u, according to the simple relation, A¢ = Q-u, where Q is the momentum transfer
vector of the Bragg peak measured.

Preliminary images show massive strain effects. Inversion of the BCDI diffraction patterns [3] gives
images of these crystals containing a mosaic of domains, which are laterally shifted with respect to
each other. The shifts, which are less than a unit cell in magnitude, show up as phase shifts in the
range -Ti<@<T and are conveniently represented on a color wheel. This is a little like traditional
picture of mosaic spread, except that the domains are only shifted (translated) and not rotated. The
behavior has not been noted before, except in the general language of “microstrain” used to explain the
pattern of broadening seen in powder diffraction, which can be explored through explicit modeling of
the PDFs.

Rather than the small surface distortions seen before, whole blocks inside the crystal have different
(real space) phase. Nanometer-sized blocks of crystal are laterally shifted with respect to each other
and acquire different phases with in-grown planar defects separating these blocks. We identify this
preliminary result as a new form of crystal mosaic disorder. Further investigation is planned to
discover whether these phase domains are fundamental in nature or coupled to the crystal growth and
subsequent treatment to prepare nanomaterials. Nanomaterials are frequently able to stabilize and
promote out-of-equilibrium states of matter in the form of core-shell or epitaxial structures.

In the near future we will use the CSX facility of NSLS-II to image LCMO crystals at %2-order or
fractional-order reflections on resonance at the Mn L-edge [4,5]. The orbital and magnetic cross
sections are around 10-¢ of the charge signal [4], so we will expect a weak but detectable signal from
the orbital ordering domains, which will be compared with the structural domains.

2. Revisiting the Metal-Insulator transition in CMR Manganites

The insulating state of the manganites in the low and intermediate doping range (0<x<0.5) is a classic
ODL state. At x=0 Jahn-Teller effects break the symmetry at the Mn site resulting in a long-range-
ordered LRO symmetry-broken antiferromagetic insulator. However, doping holes into the system
produces a disordered array of undistorted (non-ODL) sites that quickly break up the long-range
orientational order of the ODL sites. PDF reveals that the ODL sites persist locally even though they
are not seen crystallographically. However, when the sample passes through an insulator-metal (IM)
transition with increased doping at around x=0.2 at low temperature the local ODL state is quenched
and the MnOes octahedra become regular, even locally. For a long time this transition was thought to be
percolative in nature, with a large percentage of the sample remaining in the ODL state, but the IM
transition occurring when there was a percolating metallic pathway of undistorted metallic material
through a matrix of ODL material. However, we recently showed [7] that in high-quality samples there
is a very fast loss of ODL material at the transition that essentially rules out the percolative picture and
requires a reassessment of the nature of this transition in this ubiquitous of spin-charge-lattice
correlated material.

3. Dimerization transitions in iridium chalcogenides

In iridium chalcogenides, the metal-insulator (Culr2S4) and metal-metal (IrTe2) transitions ODL on

Ir 35+ leave dramatic structural footprints and play an essential role in the displayed properties. The
ODL results in observable symmetry lowering in the tetrahedral/triangular Ir sublattices which then
form metal-metal bonds between pairs of iridium ions at low temperature that move together as
dimers (diatomic orbital molecules) that are presumably spin singlets. X-ray based PDF analysis
reveals that in both systems Ir-dimers disappear in the high temperature metallic states. In Culr2S4,
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although the dimers disappear on all lengthscales, the local ODL state persists deep into the high
temperature metallic regime, with short-range orbital order limited only to the nearest Ir neighbors -
resembling orbital liquid-like state. This implies that the MIT proceeds on cooling via crystallization of
such orbital molecules into an orbital lattice with simultaneous formation of long range ordered
dimers [8]. In IrTez dimerization occurring on upon entering the low temperature metallic state affects
only a small fraction of Ir-Ir contacts, which causes enormous local structural distortions around the
affected sites. Bond valence analysis indicates that appreciable bond charge disproportionation at Ir
sites leads to the dimerized state, with ligand hole localization being a likely prerequisite for this
process [9].

Future Plans

The planned future approach is to merge the strengths of the Bragg Coherent Diffraction Imaging
(BCDI) to study the domain structure and Pair Distribution Function (PDF) methods to look at the
short range correlations. Our combined approach, applied to the same samples in the same in situ
sample environments addresses the properties of nanoparticles with complementary information
coming from the two approaches. Rationalization of these results will lead to new understanding of
the underlying materials physics. This will also require development of some in house laboratory
capabilities, for example to produce high-quality nanoparticles in uniform “thin layer” sample formats
for precise laser excitation free from shadowing effects.

While a number of nanosized crystals appear to be perfect when imaged by BCD], in the sense that the
crystal planes pass right through the crystal without defects, there is a rising number of examples
where this is not true. Especially common among oxides, there are nanocrystals which give speckled
diffraction patterns instead of ideal single peak lineshapes when they are illuminated by a coherent X-
ray beam. We plan to investigate the occurrence of this new phase domain mosaic behavior, initially at
the level of systematically varying the degree of crystal perfection in a number of ways and measuring
the result in the 3D images, for example in LCMO where bulk, charge and orbital ordering can all be
monitored independently though different Bragg peaks.

This information can provide insight in PDF studies of nanoparticles, where single-phase models often
give unsatisfactory fits. It can be very difficult to infer what distortions to put into the structural
models to account for the residual signal. These residuals are presumably coming from interfacial
structures and minority phases at the particle surfaces. Combining BCDI and PDF to build realistic
multiscale hierarchical models for nanoparticles holds great promise for understanding these details.

We aim to look at laser-induced materials phase transformations in the time domain, using XFELs to
the extent they are available to users. In parallel, we will attempt these experiments using the
Brookhaven Ultrafast Electron Diffraction (UED) facility, which has recently been incorporated into the
Accelerator Test Facility. We have already learned how to correct the electron diffraction data for
background and dynamical effects in order to obtain electron PDF (ePDF) distributions [6], whose time
domain evolution will be explored using pump-probe methods.

In order to gain more understanding of the ODL phenomenon, its relevance for the materials
properties, as well as its ubiquity, we propose to systematically explore the ODL aspects in a broad
class of TMCs. While such TMCs are seemingly unrelated/distinct from the standpoint of the displayed
properties, they do have a common thread: partially filled d-orbital sector, and high symmetry crystal
structures in the high-T regime. Material classes to be investigated include (a) 3D and 2D
chalcogenides exhibiting exotic electronic/magnetic transitions, such as Ir and Ti based spinels, (b)
pyroxenes exhibiting long range orbital-ordered ground states, (c) perovskites, such as Sr-doped
“113”-manganites exhibiting electronic transitions and (d) stannates, such as (A)3B4Sn13 (A=Sr/Ca,
B=Rh,Ir), exhibiting structural QCPs, where nanoscale signatures of the ODL states (nanoscale
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symmetry breaking) would be mapped out in (%, T, t) phase space by changing the electron filling
(doping), temperature and optical excitation.

Last but not least, we will continue our technique development of BCDI and PDF. We are extending
PDF methods to the study of short-range ordered magnetic structures with so-called magnetic PDF
(mPDF) [7,10]. We are also extending PDF analysis to thin-layers, which are thin-films made up of fine-
grained polycrystals or nanoparticles, that we call thin-layers [11]. This involves a multi-group
collaboration, supported by the FWP in collaboration with Kirsten Jensen, a post-doc funded by the
Villum Foundation in Denmark. These developments will be leveraged in the future plans, along with
our earlier developments of electron PDF (ePDF) analysis [12] which is vital for our plans to develop
ultrafast electron (UED) and X-ray methods.
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Advancing High Pressure Materials Science at the Advanced Photon Source

Guoyin Shen, Ho-kwang Mao, Viktor Struzhkin
Carnegie Institution of Washington

Pressure profoundly alters matter and materials. The development of ultrahigh-pressure devices, to
compress samples to sustained multimegabar pressures together with synchrotron x-ray techniques to
probe material properties in situ, has enabled the exploration of novel properties of materials at
extreme conditions. This collaborative project focuses on three thrust areas, (1) hydrogen and alkali
metals, (2) magnetic and superconducting materials, and (3) enabling x-ray techniques. These activities
are based on focused and cohesive collaborations between the HPCAT beamline scientists (led by Shen)
and two scientists (Mao and Struzhkin) and their high-pressure research groups at the Carnegie
Institution of Washington.

Hydrogen and alkali metals: The hydrogen research has been leading the advancement of modern
science and development of new energy applications. Our goals are (1) to conduct fundamental
investigations on hydrogen crystal structures and electronic band structures that are directly related to
the metallization of elemental hydrogen, and (2) to extend the hydrogen research to address the
fundamental problems in high-pressure physics related to alkali metal-insulation transition and phase
relations of the first column elements, namely, hydrogen, lithium and sodium. We have studied
synchrotron x-ray diffraction of H; to the near record of 160 GPa, and Raman and infrared spectroscopy
of hydrogen to the near record pressure of 358 GPa. Several hydrogen rich compounds, such as (Ar(H,),,
Xe(Hz)10, have been studied with Raman and x-ray diffraction to multi-megabar pressures. We have
discovered unexpected pressure-induced chemistry that water reacts with iron oxide to form iron
peroxide FeO; and release hydrogen, implying the Earth’s deep lower mantle a big hydrogen generator.
We will continue to study hydrogen, hydrogen rich systems, and alkali metals at higher pressures, to
determine the crystal structure of hydrogen above 200 GPa, and to perform inelastic x-ray scattering
experiments on hydrogen, Li, Na above 100 GPa for the evolution of electronic structures at megabars.

Magnetic and superconducting materials: Pressure is not only an important means to decouple
several competing interactions for understanding the nature of superconductivity, but also significantly
enhances materials superconductivity with higher T.. We have discovered new polyhydride materials
under pressure as precursors of conventional high-T. superconductors. Superconductivity and charge-
density wave competition has been studied in dichalcogenides and cuprates using pressure as a tuning
parameter. Colossal magnetoresistance in LaMnOs has been uncovered by high pressure. We will
continue to explore high-T. superconducting materials with predicted high T.s. We aim to establish the
universality of phonon, magnon, electron, and lattice anomalies in the vicinity of the critical points by
comparing to our previous extensive results in Bi-based materials.

Enabling technigues: We have developed several high-pressure synchrotron techniques tailored for
the proposed research. These include generating pressures over 400 GPa, high-pressure multigrain
crystallography, tight collimation for megabar x-ray spectroscopy, double stage configuration for >120
GPa in a large volume press suitable for weak scattering materials (liquid-H,,-Li, -Na), high-pressure
coherent diffraction imaging, and time-resolved studies with dynamic compression and decompression.
We will continue to optimize the anvil design, x-ray micro probes, and optical probes to increase sample
size and to further suppress background scattering. The newly developed spectroscopy system will be
optimized for measuring band-gap of hydrogen at multi-megabar pressures. Spin and magnetic ordering
properties of novel superconducting materials will be probed by x-ray emission, nuclear forward
scattering techniques with <5 micron x-ray beams.
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Electronic and Magnetic Properties of Quantum Materials

Z.X. Shen, T.P. Devereaux, D.H. Lu, R. G Moore, P. S. Kirchmann, M. Hashimoto,
B. Moritz, and J. A Sobota

Stanford Institute for Materials and Energy Sciences
SLAC National Accelerator Laboratory and Stanford University

Program Scope

This FWP has its core activities in studying novel properties of quantum materials using angle
resolved photoemission spectroscopy (ARPES) in various modes, and couple to in-situ materials
synthesis. The materials of focus are novel superconductors (such as cuprates and Fe-based
superconductors) and materials with strong spin-orbit interactions (such as topological insulators
and transition metal dichalcogenides). The main activity is synchrotron-based ARPES, with
complementary techniques such as laser-based ARPES, time-resolved ARPES, 2PPE ARPES
and spin-resolved ARPES being actively pursued.

We continue our vision to address frontier science problems through advanced instrumentation,
material synthesis and theory development. Since the last contractor’s meeting, we have made
major strides in commissioning the new beamline 5-2 at SSRL, the \7. A

first 11 eV ps laser for spectroscopy experiment, and two MBE
systems for oxides and chalcogenides. We are also making good
progress in developing an efficient spin spectrometer to match the
unique 11 eV laser. In addition, we have also actively engaged in
LCLS experiments, as well as contributing to the scientific
program development for LCLS-II. This aspect is strongly
synergetic with x-ray scattering/spectroscopy FWP led by Tom
Devereaux and others in SIMES and beyond.

[@Se
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The BES program support has enabled two unique aspects. The Bsng 1

first is the long term sustained support which permits us to .
systematically tackle truly challenging scientific problems of Combining time-resolved X-ray
scale. Our continued progress in understanding the electronic diffraction and photoemission
phase diagram of cuprate and iron based superconductors spectroscopy measures the

absolute electron-phonon

illustrated this. The second is a synergetic effort that optimally coupling strength

connects among different aspects of the FWP. Our recent

experiment on the electron-phonon lock-in is a good example. In this case, high-quality MBE
films permitted time-resolved x-ray scattering and time-resolved photoemission experiments
with sufficient accuracy to directly measure the deformation potential of an unconventional
superconductor. Comparison with theory provides the most compelling experimental evidence
for enhanced electron-phonon coupling by electron-electron interaction. All these experimental
results are under review now.
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We will update the following recent progresses at this meeting: i) updates on synchrotron based
experiments on electronic phase diagrams of superconductors, as well as an update on beamline
commissioning; ii) energy gap structure and interface role for superconductivity in FeSe/STO, as
well as MBE system commissioning and other material platforms; iii) time-resolved
photoemission emission experiments, combined effort of time-resolved photoemission
experiment and time resolved x-ray scattering at LCLS, as well as the development of spin-
resolved photoemission experimental effort; iv) complimentary theoretical efforts.

Recent Progress
| Synchrotron ARPES study of copper and iron based superconductors

Over the past decade, one of our focuses has been in understanding the complex cuprate phase
diagram, particularly from the perspective of the energy gaps, as further highlighted in recent
papers [1-2]. Our new study revealed that, in deeply overdoped Bi2212 beyond the pseudogap
regime, the superconducting gap follows that of a weak coupling superconductor with a simple
d-wave BCS gap, suggesting that the mean field picture applies. Paradoxically, such canonical
fermionic picture is in contrast with the more unconventional bosonic picture suggested by a
recent superfluid measurement. In addition, we observed an intertwined growth of both
superconducting and pseudogap with decreasing doping, synchronized with the increase
visibility of electron-phonon coupling feature. This suggests that electron-phonon coupling
plays an intimate role in the complex relationship between superconductivity and pseudogap. We
further propose that composite multi-channel superconductivity may pose as a generic new route
to the realization of higher Tc.

1) M. Hashimoto, I. M. Vishik, R.-H. He, T. P. Devereaux, Z.-X. Shen, "Energy Gaps in High-
Transition-Temperature Cuprate Superconductors”, Nat Phys 10, 483 (2014).

2) M. Hashimoto, E. A. Nowadnick, R.-H. He, I. M. Vishik, B. Moritz, Y. He, K. Tanaka, R. G.
Moore, D. Lu, Y. Yoshida, M. Ishikado, T. Sasagawa, K. Fujita, S. Ishida, S. Uchida, H.
Eisaki, Z. Hussain, T. P. Devereaux, Z.-X. Shen, "Direct Spectroscopic Evidence for Phase
Competition between the Pseudogap and Superconductivity in Bi>Sr.CaCu20s-+ 5", Nat Mater
14, 37 (2015).

A distinct feature of iron based superconductor is its multi-orbital nature. This influences the
role of electronic correlation, as well as the presence of various electronic phases. Understanding
these phases and their transitions in the phase diagram as the role of orbital is the theme of our
study here [3-7]. Progress has been made in studying the nematic phase in FeSe compounds, one
of the important competing phases in iron based superconductors [6, 7]. Without the
complexities induced by co-existing long-range magnetic order, the electronic signature of
nematicity has been clearly delineated. It is characterized by a distinctive orbital anisotropy in
both dx./dy; and dxy bands. The origin of such anisotropy holds the key to a microscopic
understanding of the nematicity. A related work further reveals a strong underlying correlation
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among superconductivity, inter-pocket scattering, and nematic fluctuation in a holistic phase
diagram of electron-doped FeSe superconductors [7].

3) M.Yi, Z.-K. Liu, Y. Zhang, R. Yu, J. Zhu, J. J. Lee, R. G. Moore, F. Schmitt, W. Li, S.
Riggs, J.-H. Chu, B. Lv, J. Hu, M. Hashimoto, S.-K. Mo, Z. Hussain, Z. Mao, C.-W. Chu, I.
R. Fisher, Q. Si, Z.-X. Shen, D. H. Lu
Observation of universal strong orbital-dependent correlation effects in iron chalcogenides
Nature Communications 6, 7777 (2015).

4) M.Yi, M. Wang, A. F. Kemper, S. K. Mo, Z. Hussain, E. Bourret-Courchesne, A. Lanzara,
M. Hashimoto, D. H. Lu, Z. X. Shen, R. J. Birgeneau
Bandwidth and Electron Correlation-Tuned Superconductivity in Rbo gFe2(Se1-zSz)2
Phys. Rev. Lett. 115, 256403 (2015).

5) Z.-K. Liu, M. Yi, Y. Zhang, J. Hu, R. Yu, J. Zhu, R. He, Y. Chen, M. Hashimoto, R. G.
Moore, S.-K. Mo, Z. Hussain, Q. Si, Z. Mao, D. H. Lu, Z.-X. Shen
Experimental observation of incoherent-coherent crossover and orbital dependent band
renormalization in iron chalcogenide superconductors
Phys. Rev. B 92, 235138 (2015).

6) Y. Zhang, M. Yi, Z.-K. Liu, W. Li, J. J. Lee, R. G. Moore, M. Hashimoto, N. Masamichi, H.
Eisaki, S. -K. Mo, Z. Hussain, T. P. Devereaux, Z.-X. Shen, D. H. Lu
Distinctive momentum dependence of the band reconstruction in the nematic state of FeSe
thin film
Phys. Rev. B 94, 115153 (2016).

7) Z.R.Ye, C.F. Zhang, H. L. Ning, W. Li, L. Chen, T. Jia, M. Hashimoto, D. H. Lu, Z.-X.
Shen, Y. Zhang
Simultaneous emergence of superconductivity, inter-pocket scattering and nematic
fluctuation in potassium-coated FeSe superconductor
arXiv:1512.02526.

In strong collaboration with SSRL, we continue our effort to improve the beamline for this
program and other users. The new undulator branch line BL5-2, complementary to the existing
branch line BL5-4, has been fully commissioned. The performance of the new beamline meets or
exceeds the design specification, including a resolving power of 40,000 and a small beam spot
size of 32um (H) x 5.4um (V) with a wide photon energy range and polarization control.
Meanwhile, the new ARPES end station with a 6-axes sample manipulator has also been
commissioned. The new beamline and end station was opened to general users in June 2016.
We have also designed and constructed the sophisticated sample transfer system to connect the
ARPES end station with the MBE thin film growth chambers to enable the in-situ
characterization of thin films fabricated by MBE, opening a wide possibility of new science. The
first in-situ ARPES measurement was carried out this year.

Il MBE-ARPES Study of Quantum Materials
in Confined Geometry

Quantum systems in confined geometries - 138 45
continue to be a rich playground for discoveries. 13 | /
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The MBE-ARPES combination permits us to explore a number of interesting topics [8-13]. Our
breakthrough discovery of shadow bands in our ARPES spectrum of monolayer FeSe on SrTiO3,
indicative of unusual electron-phonon coupling, continues to lead our understanding of the
enhancement of superconductivity in this material system. Further in-depth studies have
revealed the intertwined roles of the electron orbitals and the cross-interface coupling between
the film and the substrate and how it relates to other materials in the iron pnictide family.

Careful high resolution ARPES investigations unravel the anisotropy in the superconducting gap,
demonstrating orbital dependent pairing and placing strong constraints on the symmetry of the
order parameter in monolayer FeSe [9]. Our investigations are developing into a coherent
picture where two factors are necessary to enhance superconductivity in this multi-orbital
system: charge transfer and electron-phonon coupling. These ingredients are not necessarily
linked to FeSe and provide a pathway to develop new superconductors with enhanced properties.
We will continue to develop superconducting films of different material systems to learn how to
control the electronic structure for maximum Tc enhancement.

8) Y. T.Cui, R. GMoore, A. M. Zhang, Y. Tian, J. J Lee, F. T Schmitt, W. H. Zhang, W. Li,
M. Yi, Z. K. Liu, M. Hashimoto, Y. Zhang, D. H. Lu, T. P Devereaux, L. L. Wang, X. C.
Ma, Q. M. Zhang, Q. K. Xue, D. H. Lee, and Z. X. Shen, Interface Ferroelectric Transition
near the Gap-Opening Temperature in a Single-Unit-Cell FeSe Film Grown on Nb-
DopedSrTiO3Substrate. Physical Review Letters 114, 037007 (2015).

9) Y. Zhang, J.J. Lee, R. G. Moore, W. Li, M. Yi, M. Hashimoto, D. H. Lu, T. P. Devereaux,
D. H. Lee, and Z. X. Shen, Superconducting Gap Anisotropy in Monolayer FeSe Thin Film.
Physical Review Letters 117, 117001 (2016).

10) Y. Zhang, M. Yi, Z. K. Liu, W. Li, J. J. Lee, R. G. Moore, M. Hashimoto, M. Nakajima, H.
Eisaki, S. K. Mo, Z. Hussain, T. P. Devereaux, Z. X. Shen, and D. H. Lu, Distinctive orbital
anisotropy observed in the nematic state of a FeSe thin film. Physical Review B 94, 115153
(2016)

11) M. Yi, Z. K. Liu, Y. Zhang, R. Yu, J. X. Zhu, J. J. Lee, R. G. Moore, F. T. Schmitt, W. Li, S.
C. Riggs, J. H. Chu, B. Lv, J. Hu, M. Hashimoto, S. K. Mo, Z. Hussain, Z. Q. Mao, C. W.
Chu, I. R. Fisher, Q. Si, Z. X. Shen, and D. H. Lu, Observation of universal strong orbital-
dependent correlation effects in iron chalcogenides. Nature Communications 6, 7777 (2015).

12)S. L. Yang, J. A. Sobota, D. Leuenberger, A. F. Kemper, J. J. Lee, F. T. Schmitt, W. Li, R.
G. Moore, P. S. Kirchmann, and Z. X. Shen, Thickness-Dependent Coherent Phonon
Frequency in Ultrathin FeSe/SrTiO3 Films. Nano Letters 15, 4150-4154 (2015).

13) W. Li, M. Claassen, Cui-Zu Chang, B. Moritz, T. Jia, C. Zhang, S. Rebec, J. J. Lee, M.
Hashimoto, D. H. Lu, R. G. Moore, J. S. Moodera, T. P. Devereaux, and Z. X. Shen, Origin
of the low critical observing temperature of the quantum anomalous Hall effect in VV-doped
(Bi, Sh)2Te3 film, Scientific Reports 6, 32732 (2016).

Il Time and/or Spin resolved Photoemission program

We focused our time-resolved studies on the coherent response of bosons in charge density wave
systems [14,15] and unconventional Fe-based superconductors [16-18] using both ultrafast
ARPES and x-ray diffraction to obtain complete information on the interplay of electronic and
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lattice degrees of freedom. We quantify the electron-phonon coupling strength in high quality
MBE-grown thin FeSe films by combining x-ray diffraction to track the light-induced coherent
lattice motion, while photoemission monitors the related changes of the electronic bands.
Extracting oscillatory responses at a single phonon frequency defines a high-precision ‘coherent
lock-in” measurement of the electron-phonon coupling in the THz regime. Comparison with
theory reveals a strong enhancement of the coupling strength in FeSe due to correlation effects.
As the electron-phonon coupling impacts superconductivity exponentially, the uncovered
enhancement highlights the significance of the cooperative interplay of electron-electron and
electron-phonon interactions. In addition, we have investigated the scattering rates in correlated
material systems, and clarified the relationship between scattering dynamics and population
dynamics [19].

On spin physics, we are developing a scientific
program to address the rich physics associated with
electron spins. Our earlier work demonstrated that
topological states can be optically excited on
ultrafast timescales. We have expanded these
studies by using circularly polarized light to drive
spin-selective excitations. These experiments not
only demonstrate a means of spin manipulation via
optical control, but also provide a measure of spin
lifetimes and depolarization pathways in topological

materials. In addition, we collaborated with Prof. Photograph of the electrostatic lens
Alessandra Lanzara to directly probe the spin- system of the spin-resolved time-of-flight
polarization of these transiently populated states spectrometer during assembly.

[20]. We discovered an unoccupied spin-polarized surface resonance related to the material’s
topological phase transition, which is undetectable in photoemission measurements without both
spin and time resolution.

In parallel, we have made progress building a high-efficiency TOF based spin-resolved
photoelectron spectrometer (see figure), taking advantage of the time structure of modern lasers.
This spectrometer will be coupled with an 11eV laser source to permit direct measurement of
electron spin polarization over a broad range of momentum-space [21]. Its time-of-flight
detection scheme is well-suited to integration with pulsed ultrafast light sources, a critical
capability for extending our work on spin-dynamical phenomena in spin-textured materials.
Based on the success of the 11 eV ps laser, we are making progress on designing and building a
femtosecond 11eV laser than can reach a significant fraction of the Brillouin zone in most
quantum materials and in Fe-based superconductors specifically. This will also be useful for
other material systems.

14) D. Leuenberger, J. A. Sobota, S.-L. Yang, A. F. Kemper, P. Giraldo-Gallo, R. G. Moore, .
R. Fisher, P. S. Kirchmann, T. P. Devereaux, and Z.-X. Shen Classification of Collective
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Modes in a Charge Density Wave by Momentum-Dependent Modulation of the Electronic
Band Structure; Physical Review B 91 (2015) 201106(R)

15)R. G. Moore, W. S. Lee, P. S. Kirchman, Y. D. Chuang, A. F. Kemper, M. Trigo, L. Patthey,
D. H. Lu, O. Krupin, M. Yi, D. A. Reis, D. Doering, P. Denes, W. F. Schlotter, J. J. Turner,
G. Hays, P. Hering, T. Benson, J.-H. Chu, T. P. Devereaux, I. R. Fisher, Z. Hussain, and Z.-
X. ShenUltrafast resonant soft x-ray diffraction dynamics of the charge density wave in
TbTes;Phys. Rev. B 93 (2016) 024304

16) S.-L. Yang, J. A. Sobota, D. Leuenberger, A. F. Kemper, J. J. Lee, F. T. Schmitt, W. Li, R.
G. Moore, P. S. Kirchmann, and Z.-X. Shen; Thickness-Dependent Coherent Phonon
Frequency in Ultrathin FeSe/SrTiOs Films; Nano Lett. 15 (2015) 4150

17) S. Gerber, K. W. Kim, Y. Zhang, D. Zhu, N. Plonka, M. Yi, G. L. Dakovski, D. Leuenberger,
P. S. Kirchmann, R.G. Moore, M. Chollet, J.M. Glownia, Y. Feng, J.-S. Lee, A. Mehta, A. F.
Kemper, T. Wolf, Y.-D. Chuang, Z. Hussain, C.-C. Kao, B. Moritz, Z.-X. Shen, T.P.
Devereaux, and W.-S. Lee; Direct Characterization of Photoinduced Lattice Dynamics in
BaFe»As,; Nature Comms. 6 (2015) 7377

18) S. Gerber, S.-L. Yang, D. Zhu, H. Soifer, J. A. Sobota, S.Rebec, J. J. Lee, T. Jia, B. Moritz,
C. Jia, A. Gauthier, Y. Li, D. Leuenberger, Y. Zhang, L. Chaix, W. Li, H. Jang, J.-S. Lee, M.
Yi, G. L. Dakovski, S. Song, J. M. Glownia, S. Nelson, K. W. Kim, Y.-D. Chuang,

Z. Hussain, C.-C. Kao, R. G. Moore, T. P. Devereaux, W.-S. Lee, P. S. Kirchmann, and Z.-
X. Shen; Femtosecond electron-phonon lock-in via photoemission and x-ray free-electron
laser; Science (under review)

19) S.-L. Yang, J. A. Sobota, D. Leuenberger, Y. He, M. Hashimoto, D. H. Lu, H. Eisaki, P. S.
Kirchmann, and Z.-X. Shen; Inequivalence of Single-Particle and Population Lifetimes in a
Cuprate Superconductor; Phys. Rev. Lett. 114 (2015) 247001

20) C. Jozwiak, J.A. Sobota, K. Gotlieb, A.F. Kemper, C.R. Rotundu, R.J. Birgeneau, Z.
Hussain, D.-H. Lee, Z.-X. Shen, A. Lanzara; Spin-Polarized Surface Resonances
Accompanying Topological Surface State Formation; Nature Communications 7, 13143
(2016)

21) Y. He, I. M. Vishik, M. Yi, S.-L. Yang, Z. Liu, J. J. Lee, S. Chen, S. N. Rebec,

D. Leuenberger, A. Zong, C. M. Jefferson, R. G. Moore, P. S. Kirchmann, A. J. Merriam,
and Z.-X. Shen; Invited Article: High resolution angle resolved photoemission with tabletop
11 eV laser; Rev. Sci. Instrum. 87 (2016) 011301

IV Theory

Theory program of this FWP is closely integrated with the experiments, as reflected in many of
the papers above where theoretical model is critical to interpret the experimental data. In
addition, there is also the aspect of theory that develops codes and provides insights base on
model systems, whose focus falls broadly into two categories: strongly correlated materials
investigated through numerical simulations of model Hamiltonians, with a particular emphasis
on spectroscopy, and non-equilibrium dynamics in simple models, which may be captured by
pump-probe photoemission and x-ray techniques. We have continued in-house development of
our own charge-transfer hybridization, full atomic multiplet (CTHFAM) code, which links ab
initio materials modeling methods to our small cluster, exact diagonalization (ED) codes. With
additional algorithm improvements, including the Paradeisos index mapping algorithm to reduce
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memory requirements, the ED codes now can handle model simulations with several billion
elements in the effective Hilbert space.

We have continued to refine our state-of-the-art determinant quantum Monte Carlo (DQMC)
codes [22-24], significantly improving computational efficiency, for simulating single- and
multi-particle response functions in models of correlated materials. Utilizing clusters with
rectangular geometries, which inherently break C4 rotational symmetry, we recently have
studied formation of a stripe phase in multi-orbital Hubbard models of the cuprate high-
temperature superconductors. Stripe phases, or charge and spin density waves (CDW or SDW),
appear ubiquitously upon charge carrier doping Mott/charge transfer insulators from both x-ray
and neutron scattering experiments. In particular, CDWSs appear across a wide doping range in
the cuprates, in close proximity to the pseudogap and superconducting phases. Ground state
numerical studies using the density matrix renormalization group (DMRG) show the formation
of static stripes near 1/8th hole doping in a three-orbital Hubbard model of the cuprates. Limited
to high temperatures by the fermion sign problem in DQMC, we have demonstrated the
existence of fluctuating spin domains with extremely short correlation lengths and without
signatures of charge ordering across a very wide doping range. Additionally, we studied the
magnetic excitation spectrum for these models in the vicinity of the antiferromagnetic wave
vector to reveal hints of the “hourglass” dispersion — incommensurability of the soft magnetic
excitations as a function of doping. These findings cast a new light on the intertwined orders that
emerge from the normal state in cuprates and they provide a novel perspective on the nature of
the pseudogap and phase diagram. We will continue to refine these simulations, including
coupling to vibrational degrees of freedom representing oxygen phonons, to better understand
the stability of these fluctuating spin domains. These studies also will benefit from a new
collaboration established with T. Maier, Center for Nanophase Materials Science (CNMS),
ORNL, to study the charge and spin response of the Hubbard model using DCA++ code base,
allowing simulations down to significantly lower temperatures than currently accessible by
DQMC.

To make direct spectroscopic comparisons that require materials specificity, we utilize
commercially available first principles codes [25-27] or our own CTHFAM. Benchmark
CTHFAM simulations currently are underway on transition metal monoxides. Through a
collaboration with the group of K. Gaffney, SSRL, the CTHFAM code has been used to study
metal center-ligand spin crossover complexes with potential applications in spintronics or data
storage. The results help to better characterize the effect of different ligands on magnetic
properties in these complexes. In another collaboration with W. Yang, ALS, LBNL, and the
group of W. Chueh, Stanford/SIMES, the CTHFAM code is being used to simulate the electronic
states and x-ray spectra of transition metal oxide battery materials. These simulations highlight
changes in the x-ray spectra which can be linked to structural morphology during the charging
cycle due to lithiation/delithiation, with the ultimate goal of guiding materials design for
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improved battery performance.

In the area of non-equilibrium dynamics, we have investigated pump-probe dynamics in the
single-particle spectra of models with electron-phonon coupling, in particular for s-wave
superconductors and using approximations for d-wave superconductors [28-30]. We find strong
amplitude mode (Higgs) oscillations in the spectra, self-energies, and anomalous propagators,
which are uniform in momentum space and locked to the effective gap maximum as a function of
time. The results highlight the possibility of using photoemission to hunt for these oscillations,
as has been done in CDW materials. At the same time, we have used our ED codes and Krylov
time evolution to investigate the non-equilibrium dynamics in model systems with competing
interactions. In a model system tuned near the cross-over transition between Mott and Peierls
phases, we highlight the development of an effective momentum dependence in the charge
dynamics driven by the interplay between the electronic and vibrational degrees of freedom [31].
Using a similar approach, we will investigate “photoinduced” phase transitions in correlated
models, including “photoinduced” superconductivity, beyond effective bandwidth control.

22) Y. F. Kung, C.-C. Chen, Yao Wang, E. W. Huang, E. A. Nowadnick, B. Moritz, R. T.
Scalettar, S. Johnston, and T. P. Devereaux, “Characterizing the three-orbital Hubbard model
with determinant quantum Monte Carlo,” Physical Review B 93, 155166 (2016) (Editors’
Suggestion)

23) Y. F. Kung, E. A. Nowadnick, C.J. Jia, S. Johnston, B. Moritz, R. T. Scalettar, and T. P.
Devereaux, “Doping evolution of spin and charge excitations in the Hubbard model,”
Physical Review B 92, 195108 (2015)

24) E. A. Nowadnick, S. Johnston, B. Moritz, and T. P. Devereaux, “Renormalization of spectra
by phase competition in the half-filled Hubbard-Holstein model,” Physical Review B 91,
165127 (2015)

25) J.F. He, C.F. Zhang, N. J. Ghimire, T. Liang, C.J. Jia, J. Jiang, S.J. Tang, S. Chen, Y. He, S.-
K. Mo, C. C. Hwang, M. Hashimoto, D.-H. Lu, B. Moritz, T. P. Devereaux, Y.L. Chen, J. F.
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Nanoscale X-ray Imaging and Dynamics of Electronic and Magnetic Materials
Pl: Oleg Shpyrko, University of California San Diego
Program Scope

The overarching theme of our research is the development and application of coherent x-
ray scattering and imaging methods, which will serve as frontier of modern materials physics
research at the major synchrotron facilities.

The common thread among these areas of research is the development and application of
coherent x-ray methods to study complex materials, their structure, and dynamics, we pursue the
research directions lie at the intersection of materials physics research, energy sciences,
condensed matter physics, and materials science.

Recent Progress

Key Highlight: Among major scientific challenges related to energy storage materials is detailed
understanding of nanoscale processes involved in ionic diffusion, as well as deterioration of
battery electrodes that happens over many cycles. Repeated charge and discharge cycles

a=8.16A
c
a y b
u,,/A L : l
0 . - X !.‘,_,_.\.-.‘\
1 ; 30 nm l ,:_\""‘_‘_i_.w;;-‘
2 \‘: \,.a' \i. ,‘ "
LI e
) r Lohoa) ’
e \
-1 ¥ :,l e Vi
1/
5 100 nm
o | = 8167A
o
g l — 8166 A
— 5
100 nm - 8151A

Coherent X-ray Diffractive Imaging reconstructions of complex electron density showing the
formation of a dislocation pair (a) and (b), as well as motion of dislocation cores upon cycling (c).
Adapted from Ulvestad et al, Science 348 (6241), 1344-1347 (2015)

involving intercalation and extraction of ions a can lead to inhomogeneous distribution of strain,
nucleation of topological defects and structural phase transformations in the electrode, leading to
degradation of battery performance.

We have used coherent x-ray scattering and in particular Coherent X-ray Diffractive Imaging
(CXDI) experiments on operando lithium battery devices during charge/discharge. [9,12] The
approach of CXDI is a lens less alternative to lens-based techniques — the diffraction pattern
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formed by scattering a coherent x-ray beam from a sample is inverted numerically to form an
image of the object. By removing the need for the optics, the spatial resolution achievable is no
longer limited by the quality of the optical elements, but by the highest spatial frequencies
measured in the x-ray diffraction pattern.

The basic principle of these studies is to apply CXDI in Bragg reflection geometry. The
technique is extremely sensitive to the periodic arrangement of atoms and slight variations
thereof. Applying in-situ CXDI we reveal three-dimensional (3D) displacement field evolution
of a single LiNio.sMn1504 nanoparticle in a coin cell battery under operando conditions during
charge/discharge cycles. We also performed three-dimensional imaging of dislocation dynamics
in individual battery cathode nanoparticles under operando conditions using Bragg coherent
diffractive imaging. [9] Dislocations are static at room temperature and mobile during charge
transport. During the structural phase transformation, the lithium-rich phase nucleates near the
dislocation and spreads inhomogeneously. [9]

Additionally, we have performed a number of measurements that investigate strain and defect
formation in nanostructures, such as twin domain defects in gold nanocrystals [10], mechanisms
of growth of gold nanocrystals [4], imaging of defects in biophotonic crystals [3] and in-situ
studies of effects of radiation pressure [1], and avalanching dynamics due to catalytic processes
in palladium nanocrystals [5]. We have performed pump-probe studies at XFEL (LCLS, SLAC)
that lead to discovery of photoinduced enhancement in CDW amplitude in Chromium [2] (also
supported by pump-probe measurements at APS [11]). We have also performed
numerical/theoretical calculations and simulations regarding the proposals of using the coherent
properties of the beam to achieve the ultimate temporal [7] and spatial [8] resolution at the next
generation of light sources, as well as participated in development and applications of tabletop
coherent x-ray sources [6].

Future Plans

We plan to continue carrying out CXDI measurements of in-situ or operando processes in
energy storage, catalytic, photonic, electronic and other devices and materials. Additionally, we
plan to keep exploring the novel non-equilibrium states that can be created by ultrafast optical
excitations, at new x-ray facilities such as LCLS.
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Understanding Mesoscale Nonequilibrium Heterogeneity by Multimodal X-ray Imaging

Haidan Wen, Advanced Photon Source, Argonne National Laboratory

Program Scope

Heterogeneities in correlated matter are by nature
comprised of separate yet connected regions with distinct
properties, usually in the length scales of tens of nm to
um. This project is targeted at understanding and
controlling mesoscale heterogeneity and bridge the
knowledge gap from atomistic to macroscopic length
scales as a material evolves in time. The approach to
achieve this goal is to develop an in-situ, multimodal,
spatiotemporally resolved imaging system at the
Advanced Photon Source (APS) using suitable ultrafast
terahertz, optical and x-ray radiation (Fig. 1). Snapshots
of localized material properties with distinct structural,
electronic, and optical characteristics will be captured
simultaneously and  correlated  unambiguously.
Quantitative correlation of heterogeneous properties in
both space and time will provide crucial information with
which to understand and subsequently harness the
mesoscale properties of materials with new and enhanced
functionalities. The developed methodology and
instrumentation will be generalizable for use at other
large-scale synchrotron x-ray facilities and free electron
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Figure 1 (a) Multimodal, spatiotemporally
resolved imaging using THz, optical and x-
ray pump-probe techniques. (b) The
interaction of multiple degrees of freedom in
correlated materials. The colored squares
represent techniques that will be employed
for studying a particular degree of freedom.

lasers.

Recent Progress

This project is funded by DOE Early Career Research Program (FWP:52038) starting on
Aug, 15th, 2016. The first-stage design of the proposed instrument is completed. The integration
of a scanning near-field optical microscope (SNOM) on a time-resolved hard x-ray nanodiffraction
beamline is achieved by modifying a commercial available SNOM that allows the spatial clearance
for the incident and diffracted x-ray beam. The customized SNOM is in the process of
manufacturing and is scheduled to be delivered by the end of 2016. A partner user proposal has
been submitted to the APS for requesting the beamtime.

Toward the proposed in-situ multimodal imaging platform, we have recently developed
time-resolved hard x-ray diffraction microscopy (TXDM) technique and applied it to various
material science problems.

In the first example, we directly visualize the structural phase progression in a VO film
upon photoexcitation (Fig.2a). The sub-pm spatial and sub-ns time resolution allows us to reveal
the structural phase progression during the photo-induced phase transition. The inhomogeneous
structural phase transformation that develops from nucleation sites and subsequent progresses
laterally can be understood by a displacive lattice motion from the unstable high-energy
monoclinic phase into a metastable rutile phase. The visualization of phase transformation with
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time-resolved x-ray imaging technique enables the
study of nanoscale structural phase transition and
separation in correlated materials in the time domain.
In the second example, we demonstrate that
the THz field enhanced by metasurfaces can create a
highly inhomogeneous strain profile, directly
characterized by TXDM technique?. Meta-surface-
enhanced terahertz fields provide an important tool
to control the material properties not only on p
ultrafast time scales but also on nanometer length
scales. The transient lattice strain and its evolution
are imaged in a BaTiOs film upon localized THz
field excitation (Fig.2b). The maximum of the strain
is located close to the edge of the gold meta-surface
where the THz field is maximally enhanced. By
comparing the evolution of the strain profile with
molecular dynamics simulation (data not shown), we
found that an in-plane ballistic phonon transport
occurs within 100 ps on the length scale of 200 nm = x°(um)
upon THz excitation, while the out-of-plane heat Figure 2 Time-resolved x-ray diffraction imaging: (a)
transport dominates the strain recovery on longer 2D maps of diffraction intensity from monoclinic and
time scales. The ultrafast and localized THz field ~ Utile phases in photoexcited VO thin films at various
. . delay. (b) 2D map of strain profile ina 90 nm BaTiOs
excitation controllable by meta-surface design open  fiim on NdsrOs substrate at 100 ps after THz field
up opportunities for transient spatial engineering of  excitation.
nanoscale structural states for new functionalities.
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Future Plans

The first phase (2017-2018) of the ECRP project is to enable time-resolved in-situ SNOM
and x-ray diffraction microscopy measurement at room temperature. In 2017, leveraging the
support from the APS, we plan to redesign the endstation and x-ray optics at the 7ID-C beamline
for enhanced mechanical stability and x-ray beam quality. Meanwhile, the installation and testing
of the customized SNOM will be performed. The integration of SNOM on the 7ID-C beamline is
planned in the summer of 2017. Initial static characterization of ferroelectric domains and phase
separation in strained VO films will be performed in the fall of 2017. In 2018, we will develop
time-resolved SNOM and integrate the time-resolved optical and x-ray probe capability on the
beamline. Initial dynamical characterization of conducting domain walls in ferroelectric thin films
will be performed.

References:
1. Zhu, Y. et al. Mesoscopic structural phase progression in photo-excited VO revealed by time-
resolved x-ray diffraction microscopy. Scientific Reports 6, 21999 (2016).

2. Zhu, Y. et al. Imaging metasurface-enhanced terahertz-ferroelectric interaction by time-
resolved hard x-ray diffraction microscopy. in prep.
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Ultrafast Control of Emerging Electronic Phenomena in 2D Quantum Materials

Principle Investigator: Prof. Xiaodong Xu, Department of Physics, Department of Material
Science and Engineering, University of Washington, Seattle, WA 98195

Co-PI: Prof. Di Xiao, Department of Physics, Carnegie Mellon University, Pittsburg, PA
Dr. Haidan Wen, Physicist, Argonne National Lab, Chicago, IL
Prof. Nuh Gedik, Department of Physics, MIT

Program Scope

This team project is a collaboration between Pl Xiaodong Xu at U. Washington, Di Xiao
at Carnegie Mellon, Nuh Gedik at MIT, and Haidan Wen at Argonne National Lab. The objective
of this proposal is to combine both theoretical and experimental efforts to investigate emerging
ultrafast phenomena in novel two-dimensional (2D) quantum materials - monolayer transition
metal dichalcogenides (TMDs) and their heterostructures. We employ a wide range of state-of-
the-art ultrafast technologies involving terahertz, optical, x-ray, and electron pulses to investigate
2D quantum materials. Advanced large-scale x-ray user facilities such as the Advanced Photon
Source (APS) and the Linac Coherent Light Source (LCLS) play crucial roles of advancing this
research program.

Recent Progress

1. Optical Study of 2D valley excitons dynamics and their strong coupling with phonons

(@) In solid state systems, spontaneous anti-Stokes emission describes the scattering of low-energy
incident photons to higher energy by absorbing energy quanta of lattice oscillations (optical
phonons), while Stokes emission refers to the conjugate process of adding phonons to the lattice.
The efficiency of these processes can be
enhanced by a large optical transition
strength in the light-matter interaction, or by
realizing doubly resonant conditions,

meaning both incident and emitted photons \J U L # A SR
are in resonance with electronic transitions e
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negatively charged exciton (X-) has a binding energy of 30 meV matching the A; optical phonon,
i.e. X- plus an A; phonon is nearly energy degenerate with the neutral exciton (Xo), resulting in a
unique excitonic doubly resonant condition (Inset, Fig. 1a). Take advantage of this unique doubly-
resonant condition in monolayer WSe,, we observed spontaneous anti-Stokes scattering from the
negatively charged exciton to neutral exciton. The black data of Fig. 1a shows the standard PL
spectrum near intrinsic doping levels with 1.96 eV excitation. The spectrum consists of Xo and X-
peaks. Remarkably, when exciting 30 meV below the Xo resonance, nearly resonant with X-, we
find significant exciton emission (Fig. 1a, red data, hereafter we name it as reverse PL). The reverse
PL possesses the same line shape and peak energy as Xo obtained in standard PL. The up-
conversion is also valley selective and gate tunable (Fig. 1b).

(b) The Xu group investigate the role of exciton-phonon interaction in exciton dynamics using the
model system of monolayer? MoSe,. Performing photoluminescence excitation (PLE)
spectroscopy, we observe that the neutral exciton PL intensity (Fig. 2a), as well as its linewidth,
oscillates as a function of excitation energy with a period matching that of the longitudinal acoustic
phonon at the M point, LA(M). Nested within the oscillations are fine structures, with linewidths
one order of magnitude smaller than that of ordinary PL, originating from resonant Raman
scattering. Using time-resolved PLE, shorter rise-times are measured for excitation resonant with
multiple LA(M) phonon modes, a result of faster exciton formation via emission of a small number
of these high energy phonons (Fig. 2b). Conversely, fast decay of bright exciton states is observed
for off resonance excitation (Fig. 2c). This is attributed to the elevated lattice temperature arising
from the emission of long wavelength (small k-vector) acoustic phonons in the exciton formation
process, which facilitates the subsequent

()

exciton recombination process. Our results
clearly show that phonons near the LA(M)
mode play an important role in electron-phonon
coupling and hot-carrier cooling in monolayer
MoSe,, suggesting the involvement of
intermediate indirect excitonic states (i.e. Q-
valley electrons) in the formation of K-valley
excitons. The prevailing involvement of
acoustic phonons, rather than of optical
phonons, also implies that the deformation
potential coupling dominates over Fréhlich
coupling, although the converse is normally
expected.
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Figure 2 | Electron-phonon coupling on the ex0|ton
dynamics_(a) PLE spectra of monolayer MoSe; taken
at 5 K. (b) Excitation frequency-dependent rise-times
of trion (crosses) and neutral exciton (circles)
extracted from a series of streak camera
measurements. Shaded regions indicate phonon
resonances obtained from (a). (b) Excitation
frequency-dependent decay rate, v, of trion (crosses)
and neutral exciton (circles).

(c) Bloch-Siegert shift in monolayer WS»: Coherent light-matter interaction can be used to
manipulate the energy levels of atoms, molecules and solids. When light with frequency w is
detuned away from a resonance w,, repulsion between the photon-dressed (Floquet) states can
lead to a shift of energy resonance. The dominant effect is the optical Stark shift (x 1/(wq — w),
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Fig 3a), but there is an additional contribution from the so-called Bloch-Siegert shift (< 1/(w, +
w), Fig 3b). Bloch-Siegert shift is an important and delicate marvel of quantum electrodynamics
(QED). Due to its delicate nature, the Bloch-Siegert shift has so far never been observed in solids.
What makes it more challenging to observe is that it has always been inseparable from the optical
Stark effect.

Here, we discover an exceptionally large Bloch-Siegert shift in monolayer WS,. Our discovery
presents three groundbreaking highlights. First, this is the first observation of Bloch-Siegert shift
in any extensive condensed matter systems. Second, the shift (10 meV) is five orders of magnitude
larger than those found in atomic systems. This remarkably large shift arises from strong
interaction between light and excitons in monolayer WS,. Third, for the first time, the Bloch-
Siegert shift can be separated entirely from the optical Stark shift. Since these two effects are time-
reversed partners of each other, they can in principle be separated by breaking time-reversal
symmetry. We achieve this by utilizing the valley selection rules in monolayer WS;, a unique
feature in solids that is not present in atoms. That is, by using intense circularly polarized light in
the infrared, we can control the Bloch-Siegert shift to emerge only at one valley and the optical
Stark shift at the other valley.
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Figure 3. Observation of Bloch-Siegert shift in monolayer WS2. (a) Energy diagram for optical Stark shift,
inversely proportional to the energy separation (E, — Aw) between state |b) (black) and Floquet state of |a) (red). (b)
Energy diagram for Bloch-Siegert shift, inversely proportional to the energy separation (E, + hw) between state |b)
(black) and the reversed Floquet state of |a) (red). (c) Fluence and detuning dependences of the Bloch-Siegert shift at
K’ valley, induced using cross-circularly polarized pump pulses.

(d) The low-energy charge carriers in 2D TMDs behave like massive Dirac fermions with nonzero
Berry phase. This electron Berry phase can propagate to composite particles such as excitons and
trions, which opens the door to engineering topological photonic states. The Xiao group
theoretically discovered a fine energy splitting of 2D p-exciton state resulted from Berry phase
effect, a unique property of high angular momentum excitons in 2D quantum materials®.
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Specifically, this splitting is determined by the Berry curvature flux through the k-space area
spanned by the relative motion of the electron-hole pair in the exciton wave function. This result
reveals the importance of the Berry phase in exciton physics and calls for a thorough investigation
of its effect on interacting phenomena.

(e) THz spin dynamics in antiferromagnets: The spin dynamics in typical antiferromagnets fall
into the terahertz range, and therefore could be potentially used to generate terahertz signals. The
Xiao group considered the current-induced dynamics of insulating antiferromagnets in a spin Hall
geometry (Fig. 4). Sufficiently large in-plane currents perpendicular to the Néel order trigger
spontaneous oscillations at frequencies between the acoustic and the optical eigenmodes®. The
direction of the driving current determines the chirality of the excitation. When the current exceeds
a threshold, the combined effect of spin pumping and current-induced torques introduces a
dynamic feedback that sustains steady-state oscillations with amplitudes controllable via the
applied current. This findings open a route towards terahertz antiferromagnetic spin-torque
oscillators. The experimental realization and characterization of the spin-torque oscillator is
planned in Wen group.

04

Figure 4 Terahertz antiferromagnetic spin-Hall nano-oscillator. (a) Evolution of the eigenfrequencies and th
eigenmodes of an antiferromagnets with an increasing spin-transfer torque. (b) An insulating antiferromagnets/heavy
metal heterostructure (c) Phase diagram of a spin-Hall nano-oscillator as a function of the applied current density and
the feedback strength.

2. Investigation of structural and electronic correlation using ultrafast x-ray and ultrafast
electron diffraction technigues

We have achieved significant advances of the structural studies of TMDs on three forefronts. (a)
Investigation of electronic and structural correlation of TMD heterostructures using newly
developed in-situ photoluminescence (PL) and full-field x-ray diffraction microscopy technique
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by our team at the Advanced Photon Source; (b) Systematic studies of ultrafast structural dynamics
of TMDs from bulk to monolayers by ultrafast x-ray diffraction and spectroscopy using LCLS and
APS; (c) investigation of TMDs by ultrafast electron diffraction techniques.

(@) In-situ photoluminescence (PL) and full-field x-ray diffraction microscopy at the APS. In order
to understand the interplay of lattice structure and electronic properties of TMD heterostructures,
Wen and Xu directly measured the lattice structure and the corresponding PL spectra with a sub-
micrometer spatial resolution, revealing a strong correlation of PL intensity and lattice parameters.
Although various theoretical predictions

was made, no systematic experiemtal 2 Amoo;b‘ﬂ.g}. ]
studies yet performed. The spatially i
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measured by the full-field x-ray diffraction |
microscopy, while the electronic properties
are  characterized by the in-situ
photoluminescence  microscopic  probe
capability built by Xu group at the APS, as |
recently developed by under the support of Q
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this grant. The localized buried structural
configuration along the out-of-plane in
TMD heterostructures are revealed for the
first time. Correlating the structural
variation with the electronic properties of
the film shown as the PL intensity and
frequency variation, we found that the larger
the interlayer spacing of a bilayer
heterostructure yields a blue shift of the PL
peak from monolayer exciton and weaker
PL intensity from the bilayer exciton. The
guantitative analysis allows a direct
comparison between the theory and
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Figure 5 Ultrafast x-ray diffraction measurements of a

monolayer WSe; at the LCLS. (a) X-ray off-specular
diffraction of (10L) rod of a monolayer WSe; . The red box
indicates the region of interests for extracting plot in b and
c. (b) The differential intensity as projected to the Qx-axis
in the red box in a) shows a diffraction peak position shift
and the reduction of diffraction intensity at t=10 ps, in
comparison of the differential intensity of the ground state
before optical excitation (t<0). (c) The extracted change of
peak position, width and diffraction intensity of 10L rode
as a function of time. The left shows the fitting results of
the rise times associated with the changes in the diffraction
position and intensity.

experiments. The in-situ optical and x-ray imaging capability opens opportunity to monitor
interlayer spacing of heterostructures with in-situ applied stress or electric field. This technique
can be further developed by introducing an optical excitation, enabling ultrafast x-ray diffraction
studies with real-space imaging capability.

(b) Ultrafast x-ray diffraction measurements at LCLS. Our team led by Wen has performed a
successful ultrafast optical pump and x-ray probe experiment at the XPP hutch of the LCLS. A
series TMD samples with different thickness down to the monolayer limit have been systematically
studied, which is only made possible by the intense and ultrafast x-ray pulses at the LCLS. In
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monolayer WSe>, we found that the in-plane expansive strain develops in 3.8 ps, significantly
faster than the expected in-plane strain wave propagation (Fig. 5). This result indicates a short
range structural roughness or rippling that effectively confines the mechanical deformation. On-
going analysis of time-dependent crystal truncation rods may reveal ultrafast structural dynamics
along the out-of-plane direction that is challenging to be obtained by other means. In exfoliated
bulk WSe2 layers, we observed ultrafast structural factor modulation that arises within 1 ps upon
optical excitation as a result of reduction of W-Se bond length in the unit cell, in agreement with
the ultrafast x-ray absorption spectroscopy measurement at the APS. A compressive out-of-plane
strain develops as a result from ultrafast photodoping that modifies van der Waals interaction in
multilayer TMDs, in contrast to an expansion as expected from heating.

(c) Ultrafast electron diffraction experiment. In addition to X-ray studies, we have just started the

direct measurement of structural dynamics of monolayer TMDs by using Ultrafast Electron
Diffraction (UED) led by Prof. Gedik. Electrons scatter about a million times more strongly than
X-rays, which will enable the measurement of diffraction pattern of monolayer of TMDs. We have
obtained the static electron diffraction image of exfoliated WSe2, prepared in PI Xu’s group. Sharp
diffraction peaks are observed, indicating that the sample probed by the electron pulse is mostly
single-domain.

Future Plans

We will continue the investigation of spin and valley dynamics, and the role of phonons in 2D
semiconductors and heterostructures.

(a) The Xu group will investigate the interfacial phonon coupling at van der Waals interface, while
the Nuh group will probe the coupling dynamics by non-degenerate ultrafast pump-probe
spectroscopy.

(b) The Wen and Xu group plan to investigate ultrafast spin dynamics across 2D heterostructures
interfaces including ferromagnetic-metal, antiferromagnetic-metal and antiferromagnetic-TMD
interfaces, with theoretical investigations by the Xiao group. Preliminary data from Wen group
has shown that the THz emission spectroscopy, as the THz radiation is generated when the spin
current cross the ferromagnetic-metal interface, is an effective probe of ultrafast spin dynamics.
Based on the theoretical investigation by Xiao group, the initial study will be concentrated on the
experimental demonstration of ferromagnetic spin-Hall oscillator and the corresponding dynamics.

(c) Gedik group will study intervalley scattering using time and angle resolved photoemission
spectroscopy. We have demonstrated 30 meV energy resolution using high-harmonic generation
based light source. We will use this system to directly visualize intervalley scattering dynamics in
various sample structures developed in the Xu group.
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