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Foreword 

 
 

This book of abstracts summarizes the scientific content of the 2014 X-ray Scattering Principal 

Investigators' (PIs) 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 5-7, 2014, at the Hilton Washington DC North/Gaithersburg in 

Gaithersburg, Maryland, is the fourth 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 PIs 

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 PIs in sharing their ideas and research accomplishments. 
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10:00 Overview talk – Z. X. Shen (SLAC National Accelerator Lab)  (Poster J1) 

  

10:25 (8 minute talks, followed by a poster) 

 Donghui Lu (SLAC National Accelerator Lab)    (Poster J2) 

 Robert Moore (SLAC National Accelerator Lab)    (Poster J3) 

 Brian Moritz (SLAC National Accelerator Lab)     (Poster J4) 

 Patrick Kirchmann (SLAC National Accelerator Lab)   (Poster J5) 

 Jonathan Sobota (SLAC National Accelerator Lab)    (Poster J6) 

 

11:05 Poster session and break 

  

12:00 Brief parting remarks and discussion, Adjourn 



v 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table of Contents



vi 

 

 



vii 

 

Table of Contents 

 
 

Foreword .................................................................................................................................... i  

Agenda ....................................................................................................................................... ii  

Table of Contents .................................................................................................................... vii  

 

Abstracts 

Resonant Soft X‐ray Scattering Studies of Spontaneous and Engineered Electronic Order 

in Transition Metal Oxides 

Peter Abbamonte....................................................................................................................... 3 

 

Multifunctional Materials Research using Ultrafast Optical Spectroscopy 

R. D. Averitt .............................................................................................................................. 6 

 

Ultrafast Infrared Nano-spectroscopy and Nano-imaging of Unconventional 

Superconductivity in High-Tc Systems 

D. N. Basov, R. Averitt, M. Fogler, J. Hone, and A. J. Millis .................................................. 9 

 

Towards Understanding and Control of Nano-scale Fluctuations in Strongly Correlated 

Electron Systems 

S. J. L. Billinge, E. S. Bozin, J. P. Hill, and J. M. Tranquada ................................................... 10 

 

Inelastic X-ray Studies of Highly Correlated Systems 

Clement Burns ......................................................................................................................... 15 

 

Interfacial Bonding and Properties of Ultrathin Topological Insulator Films  

Tai C. Chiang .......................................................................................................................... 18 

 

Oxide Interfaces: Emergent Structure and Dynamics 

Roy Clarke............................................................................................................................... 22 

 

Time‐Resolved Soft X-ray Materials Science at the LCLS and ALS 

T. P. Devereaux, Z.-X. Shen, A. Lindenberg, T. Heinz, D. Reis, W. Mao, W.-S. Lee,           

M. Trigo, and H. Jiang ............................................................................................................ 25 

 

Terahertz Control of Electrons and Spins on the Nanoscale 

Hermann Dürr, Matthias Hoffmann, Alex Reid, and Joachim Stöhr ................................... 31 

 

Dynamical Control of Nanoscale Order in Complex Oxides 

Paul G. Evans .......................................................................................................................... 35 



viii 

 

Interfacial Reactivity and Dynamics 

Dillon Fong, Paul Fuoss, Stephan Hruszkewycz, Brian Stephenson, and Hoydoo You ....... 39 

 

Control of Emergent Phases using Nickelate Heterostructures 

John W. Freeland .................................................................................................................... 41 

 

Evolution of Heterogeneous Materials: Atomic-Scale Surface Structure and Dynamics            

during Growth 

Paul Fuoss, Dillon Fong, Stephan Hruszkewycz, Brian Stephenson, and Hoydoo You ....... 43 

 

Ultrafast Electronic and Structural Dynamics in Quantum Materials 

Nuh Gedik ............................................................................................................................... 48 

 

Dynamic Visualization and Control of Emergent Phases in Complex Oxide Heterostructures 

V. Gopalan, R. Averitt, D. Basov, J. Chakhalian, R. Engel-Herbert, J. Freeland,  

L. Martin, A. Millis, J. Rondinelli, and H. Wen ..................................................................... 51 

 

Dynamic Visualization and Control of Emergent Phases in Complex Oxide Heterostructures: 

Metastable Low Symmetry Phases in Ferroelectrics with Enhanced Properties 

Venkatraman Gopalan............................................................................................................ 55 

 

Fundamental Physics of Topological Matter and Novel Excitation Modes 

M. Zahid Hasan ....................................................................................................................... 57 

 

X-ray Scattering Studies of Strongly Correlated Electron Systems 

J. P. Hill and M. P. M. Dean ................................................................................................... 58 

 

Design of Molecular Solar Cells via Feedback from Soft X-ray Spectroscopy 

F. J. Himpsel ............................................................................................................................ 64 

 

Localized Structures and Strains in Materials 

Stephan Hruszkewycz, Dillon Fong, Paul Fuoss, Brian Stephenson, and Hoydoo You ....... 66 

 

Dynamics, Imaging, and Reactivity of Heterogeneous Interfaces 

Hoydoo You, Dillon Fong, Paul Fuoss, Stephan Hruszkewycz, and Brian Stephenson ....... 68 

 

Understanding Valley Spin Coupling and Two-Dimensional Exciton Gases in Layered  

Materials at Extreme Magnetic Fields 

Denis Karaiskaj, David Hilton, and Jie Shan ......................................................................... 70 

 

Nanoscale Dynamical Heterogeneity in Complex Magnetic Materials 

Steve Kevan ............................................................................................................................. 73 

 

Ultrafast Spectroscopy of Complex Materials 

Alessandra Lanzara, Joseph W. Orenstein, and Robert A. Kaindl ...................................... 76 

 



ix 

 

Collective Dynamics in Strongly Correlated Materials 

Wei-Sheng Lee......................................................................................................................... 82 

 

Ultrafast Studies of Nanoscale Structural Dynamics 

Aaron Lindenberg ................................................................................................................... 87 

 

Fundamental Mechanisms of Roughening during Thin Film Deposition 

Karl F. Ludwig and Randall L. Headrick .............................................................................. 90 

 

HPCAT – Pressure-Induced Phenomena in Elements, Compounds and Nanomaterials 

Ho-kwang Mao, Guoyin Shen, and Viktor Struzhkin ........................................................... 94 

 

X-ray Scattering Studies of Energy Materials at Extreme Conditions 

Wendy L. Mao ......................................................................................................................... 98 

 

Surface and Interface Physics of Correlated Electron Systems 

Andrew Millis ........................................................................................................................ 101 

 

Ultrafast Magnetization Dynamics and Spin Transport Probed by Coherent Soft X-rays 

Margaret Murnane, Henry Kapteyn, and Thomas Silva .................................................... 104 

 

Low Coordination of Extreme Oxide Melts 

John B. Parise and Lawrie B. Skinner ................................................................................. 108 

 

Atomic Structure of Nanoalloy Catalysts in As-Synthesized and Active State 

V. Petkov and C.-J. Zhong .................................................................................................... 112 

 

Femtosecond Nano-magnetism  

Alex Reid, Joachim Stöhr, and Hermann Dürr ................................................................... 116 

 

Nonequilibrium Phonon Dynamics 

David Reis and Mariano Trigo ............................................................................................. 118 

 

Dynamical Materials Design using Atomic Scale Anharmonic Interactions  

James Rondinelli ................................................................................................................... 121 

 

HPCAT – Advances in High Pressure Melting and Polyamorphism in Liquids 

Guoyin Shen, Ho-kwang Mao, and Viktor Struzhkin ......................................................... 123 

 

Electronic and Magnetic Properties of Quantum Materials 

Z. X. Shen, T. P. Devereaux, D. H. Lu, Rob Moore, Patrick Kirchmann, 

M. Hashimoto, and B. Moritz ............................................................................................... 127 

 

In-Operando Imaging of Strain, Ionic Diffusion and Topological Defects in Nanoscale 

Materials 

Oleg G. Shpyrko .................................................................................................................... 136 



x 

 

Measurement of Transient Spin Accumulation in Copper by X-ray Spectro-microspopy 

J. Stöhr, H. Dürr, and A. Reid .............................................................................................. 139 

 

Magnetic and Superconducting Materials at High Pressures 

Viktor V. Struzhkin, Guoyin Shen, and Ho-kwang Mao ..................................................... 141 

 

Toward Multimodal Spatiotemporally Resolved X-ray Imaging for Mesoscale Science 

Haidan Wen ........................................................................................................................... 145 

 

Theoretical Investigation of Valley Dynamics and Berry Phase Effect in 2D Materials 

Di Xiao ................................................................................................................................... 147 

 

Photon-Electron Interactions in Dirac Quantum Materials 

Xiaodong Xu .......................................................................................................................... 149 

 

 

Author Index ......................................................................................................................... 155 

Participant List...................................................................................................................... 159 

 

 

 

 

 

 

 

 

 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Abstracts 
 

 

1



2



Resonant Soft X‐Ray Scattering Studies of Spontaneous and Engineered Electronic Order 
in Transition Metal Oxides 

Peter Abbamonte 
abbamonte@mrl.illinois.edu 

Department of Physics and Seitz Materials Research Laboratory 
University of Illinois, Urbana, IL, 61801 

Program Scope 
 The goal of this project is to understand the interplay between engineered nanoscale 
order, created artificially by nanofabrication techniques, and the innate electronic instabilities in 
transition metal oxides. By “instability” we refer here to spontaneous electronic order such as 
stripe phases, charge or spin density waves, orbital order, or intrinsic electronic inhomogeneity 
due to proximity to a quantum critical point. The long‐term goal is to understand what role 
inhomogeneous phases play in the fundamental properties of interacting electron systems, and 
how such inhomogeneity could interact with artificial structures to create new phenomena.  

An integral part of this activity the development of new x-ray scattering techniques and 
their application to targeted problems in interacting electron systems.  

Recent Progress: Discovery of charge density wave domain walls in the vicinity of the 
superconducting dome in 1T-TiSe2 
 Unconventional superconductivity is nearly always found in the vicinity of another 
ordered state, such as antiferromagnetism, charge density wave (CDW), or stripe order. This 
suggests a fundamental connection between superconductivity and fluctuations in some other 
order parameter.  

To gain a deeper insight into this phenomenon, we used high-pressure x-ray scattering to 
study the CDW order in the layered 
dichalcogenide TiSe2, which is known 
to exhibit superconductivity when the 
CDW is suppressed by pressure [1] or 
Cu intercalation [2]. These experiments 
use a new setup in which x-ray 
scattering can be carried out in a 
diamond anvil cell at low temperatures.  

We succeeded in suppressing 
the CDW in TiSe2 fully to zero 
temperature, establishing for the first 
time the existence of a quantum critical 
point (QCP) at Pc = 5.1 ± 0.2 GPa, 
which is more than 1 GPa beyond the 
end of the SC region (Fig. 1). 
Unexpectedly, at P = 3 GPa we 

Figure 1 Pressure-temperature phase diagram of 1T-TiSe2, 
showing the existence of an incommensurate phase, 
indicating the presence of domain wall fluctuations in the 
vicinity of the superconducting dome.
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observed a reentrant, weakly first 
order, incommensurate phase, 
indicating the presence of a Lifshitz 
tricritical point somewhere above the 
superconducting dome. Our study 
suggests that superconductivity in 
TiSe2 may not be connected to the 
amplitude QCP itself, but to the 
dynamics of CDW domain walls. 
This study was recently published in 
Nature Physics [3]. 

Future Plans: Scattering with 
superconducting TES detectors at the 
Advanced Photon Source 

After many years of effort, 
our new IEX-CDT soft x-ray beam line at the Advanced Photon Source is running and has 
entered the commissioning stage (Fig. 2). First light was achieved in February and photons were 
admitted into the scattering endstation in June. This facility will transform the way resonant soft 
x-ray scattering (RSXS) experiments are done, and will—for the first time—allow studies of 
fluctuating or glassy charge and spin order in correlated materials. 
 They key innovation at IEX-CDT will be the first ever use of transition edge sensor 
(TES) detectors (built at NIST in Boulder, CO) to perform scattering experiments at a 
synchrotron (Fig. 2). A TES is a microcalorimeter that detects individual x-ray photons through 
the temperature change of a micron-sized, superconducting island. These detectors exhibit unit 
quantum efficiency and intrinsic energy resolution of 1 eV. Previously, such detectors have 
mainly been used for cosmic microwave background experiments, notably at the BICEP2 
experiment at the South Pole Telescope. These detectors will solve the vexing fluorescence 
problem in RSXS, i.e., the presence of fluorescence that swamps the elastic and quasi-elastic 
scattering of interest. This will allow studies of disordered phenomena such as glassy charge or 
spin order, which is believed, for example, to be relevant to the mechanism of superconductivity 
in many unconventional superconductors.   

References 
1. A. F. Kusmartseva, et al., Pressure Induced Superconductivity in Pristine 1T-TiSe2, Phys. 

Rev. Lett. 103, 236401 (2009) 
2. E. Morosan, et al., Superconductivity in CuxTiSe2, Nature Phys. 2, 544 (2006) 
3. Y. I. Joe, et al., Emergence of charge density wave domain walls above the superconducting 

dome in 1T-TiSe2, Nature Phys. 10, 421 (2014) 
4. P. Abbamonte, et al., Spatially modulated Mottness in La2-xBaxCuO4, Nature Phys. 1, 155 

(2005) 

Figure 2  New RSXS endstation at the IEX-CDT beam line at 
the Advanced Photon Source, showing the 240 pixel TES array 
detector installed last summer. TES detectors were previously 
used study the cosmic microwave background, e.g., at the 
BICEP2 facility at the South Pole Telescope. IEX-CDT will be 
the first facility to use these detectors for scattering experiments. 
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Publications (Oct. 2012 – present | this activity only) 

1. L. K. Wagner, P. Abbamonte, Effect of electron correlation on the electronic structure and 
spin-lattice coupling of high-Tc cuprates: Quantum Monte Carlo calculations, Phys. Rev. B 
90, 125129 (2014) 

2. A. Kogar, S. Vig, Y. Gan, P. Abbamonte, Temperature-resolution anomalies in the 
reconstruction of time dynamics from energy-loss experiments, J. Phys. B, Invited Issue on 
Ultrafast Electron and Molecular Dynamics 47, 12 (2014) 

3. J. C. T. Lee, A. R. Damodaran, R. Ramesh, L. W. Martin, P. Abbamonte, X-ray diffraction 
studies of stripelike ferroelectric domains in thin films of BiFeO3, Phys. Rev. B 89, 214104 
(2014) 

4. Y. I. Joe, X. M. Chen, P. Ghaemi, K. D. Finkelstein, G. A. de la Peña, Y. Gan, J. C. T. Lee, 
S. Yuan, J. Geck, G. J. MacDougall, T. C. Chiang, S. L. Cooper, E. Fradkin, P. Abbamonte, 
Emergence of charge density wave domain walls above the superconducting dome in TiSe2, 
Nature Physics 10, 421 (2014) 

5. J. L. McChesney, R. Reininger, M. Ramanathan, C. Benson, G. Srajer, P. Abbamonte, J. C. 
Campuzano, N. Inst. Methods A 746, 98 (2014) 

6. C.-C. Lee, X. M. Chen, Y. Gan, C.-L. Yeh, H. C. Hsueh, P. Abbamonte, W. Ku, First-
Principles Method of Propagation of Tightly Bound Excitons: Verifying the Exciton Band 
Structure of LiF with Inelastic x-Ray Scattering, Phys. Rev. Lett. 111, 157401 (2013) 

7. D. Benjamin, D. Abanin, P. Abbamonte, E. Demler, Microscopic theory of resonant soft x-
ray scattering in systems with charge order: The Example of Charge Stripes in High-
Temperature Cuprate Superconductors, Phys. Rev. Lett. 110, 137002 (2013) 

8. S. Smadici, B. B. Nelson-Cheeseman, A. Bhattacharya, P. Abbamonte, Interface 
ferromagnetism in a SrMnO3/LaMnO3 superlattice, Phys. Rev. B 86, 174427 (2012) 

 

See also (Listing of funding info not permitted by journal): 

9. P. Abbamonte, Picking up fine vibrations, Nature Physics 9, 759 (2013) 
10. P. Abbamonte, Resonant Inelastic X-Ray Scattering, Synchrotron Radiation News 25, 2 

(2012) 
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Multifunctional Materials Research Using Ultrafast Optical Spectroscopy 
DE-FG02-09ER46643 
 
R. D. Averitt, UC San Diego and Boston University, Department of Physics 

Program Scope 

     A major challenge in condensed matter physics is photoactive control of quantum phases. 
Correlated transition metal oxides are particularly sensitive to external control because of energy 
degeneracy in a complex degree-of-freedom landscape. Photoexcitation provides a route to 
dynamically explore this landscape, initiating 
reconfiguration of the microscopic electronic 
and structural properties, resulting in the 
enhancement or emergence of novel phases. It is 
increasingly possible to precisely tune the local 
environment in complex materials providing the 
means to control macroscopic functionality and 
offering a glimpse into how microscopic 
interactions conspire towards emergent 
behavior. Dynamic tuning with pulsed 
electromagnetic fields can reduce or overcome 
energetic barriers enabling access to transient or 
metastable states [1-4]. Transition metal oxides 
(TMOs) are of considerable interest with regards to 
dynamic tuning because of strong structure-function 
coupling arising, predominantly, from octahedral 
rotations and distortions [5]. In this program, these 
ideas are being experimentally explored in the 
vanadates, manganites, and nickelates with a 
primary emphasis on exploring the insulator-to-
metal (IMT) transition using terahertz time domain 
spectroscopy, which includes optical-pump 
terahertz-probe spectroscopy (OPTP) and terahertz-
pump terahertz-probe spectroscopy (TPTP). 

Recent Progress  

     Results have been obtained on strained 
La2/3Ca1/3MnO3 (LCMO), V2O3, and NdNiO3 
(NNO) thin films. For LCMO, we have observed a 
metastable photoinduced IMT that does not require 
external stimuli to be maintained. In particular, 
below 100K, photoexcitation (with 1.55 eV pulses) recovers a strain-hidden ferromagnetic 
metallic phase, similar to what can be achieved with applied static magnetic fields (Fig. 1) [6]. In 
addition, single shot measurements reveal that the transition is not a cumulative effect, but rather 
arises from a cooperative process requiring a critical absorbed photon density. Analysis reveals a 
step-wise transition with a distinct threshold with magnetoelastic coupling playing a primary role 
in stabilizing the photoinduced metallic phase.  

Photo-induced IMT in LCMO thin film. 
With decreasing temperature, two 
measurements of the THz conductivity are 
taken at each temperature. The first is in the 
absence of photoexcitation. The second 
measurement is following photoexcitation 
with sub-50fs 1.5eV pulses. At 100K and 
below, photoexcitation results in an increase 
in the conductivity. The conductivity at a 
given temperature reaches a final state that is 
robust, yielding a step-like progression as the 
temperature is decreased. Further, the value 
of the conductivity is maintained upon 
removal of the photoexcitation. With 
increasing temperature (in the absence of 
photoexcitation) the conductivity decreases 
with a return to the insulating phase at 130K. 
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     For V2O3, we have investigated (using OPTP) the dynamics of the IMT. We have identified a 
scaling of the conductivity dynamics upon renormalizing the time axis with a simple power law 
that depends solely on the experimentally determined temperatures. The dynamics arise from 
nucleation and growth of the metallic phase, which can be described by the Avrami model. This 
shows that the temporal scaling arises from spatial scaling of the growth of the metallic volume 
fraction, highlighting the self-similar nature of the dynamics [7]. 
     Our studies of NNO films also utilize OPTP to investigate the IMT. The dynamics are in stark 
contrast to V2O3, exhibiting a larger and faster conductivity increase with no evidence of 
nucleation and growth. It appears that the conductivity dynamics closely follow the 
magnetization dynamics [8,9]. These results are currently being written up for publication. 

Future Plans 

     During the next year of this program, we are pursuing terahertz-induced dynamics in V2O3 
and NNO, and LCMO to compare with our previous work on VO2 with a goal of determining the 
energy density thresholds of THz electric field induced IMT. This will utilize our expertise in 
sculpting the spatio-temporal profiles of THz pulses using metamaterials. In addition, the 
metastable nature of the transition in strained LCMO will be investigated focusing on micro-to-
meso scale aspects of the IMT. This will include nano-probe x-ray studies at the Advanced 
Photon Source and ultrafast scattering at the Linac Coherent Light Source in collaboration with 
H. Wen and J. Freeland, and near-field studies in collaboration with D. Basov at UCSD. These 
new experiments are funded under the program "Dynamic Visualization and Control of 
Emergent Phases in Complex Oxide Heterostructures", DE-SC0012375 (V. Gopalan, PI). The 
expertise in OPTP and TPTP developed in this single-PI program will also be utilized to 
investigate photoinduced superconductivity under the program “Ultrafast infrared nano-
spectroscopy and nano-imaging of unconventional superconductivity in cuprate and pnictide 
high-Tc systems”, DE-SC0012592 (D. Basov, PI). 

References 

[1] J. Orenstein, “Ultrafast spectroscopy of quantum materials,” Phys. Today 65, 44–50 (2012). 
[2] J. Zhang, R. D. Averitt, “Dynamics and Control in Complex Transition Metal Oxides,” Ann. 
Rev. Mat. Res. 44, 19 (2014). 
[3] D. Fausti et al., “Light-induced superconductivity in a stripe-ordered cuprate,” Science (New 
York, N.Y.) 331, 189–91 (2011). 
[4] L. Stojchevska et al., “Ultrafast Switching to a Stable Hidden Quantum State in an Electronic 
Crystal,” Science 344, 177–180 (2014). 
[5] J. M. Rondinelli, S. J. May, J. W. Freeland, “Control of octahedral connectivity in perovskite 
oxide heterostructures: An emerging route to multifunctional materials discovery,” MRS Bulletin 
37, 261–270 (2012). 
[6] J. Zhang, et al, “Cooperative photoinduced metastable phase control in strained manganite 
films,” submitted. 
[7] E. Abreu, et al , “Dynamic conductivity scaling in photoexcited V2O3 thin films,” submitted. 
[8] E. Abreu, et al, “Coupled conductivity and magnetization dynamics during the photoinduced 
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Ultrafast infrared nano-spectroscopy and nano-imaging of unconventional 

superconductivity in high-Tc systems  

 

D.N.Basov (UCSD), R. Averitt (UCSD), M. Fogler (UCSD), J.Hone (Columbia University), 
A.J. Millis (Columbia University) 

 

Program Scope 

 High-Tc superconductivity is surpassed by few, if any, other unsolved problems in 
contemporary physics in terms of its richness, complexity, impact on other fields, and potential 
technological importance. This multi-PI effort is focused at the investigation of the intrinsic 
spatio-temporal electromagnetic response of unconventional high-Tc superconductors including 
copper oxides and iron pnictides. One goal of the proposed work is to carry out pump-probe 
infrared (IR) spectroscopy and imaging studies with 10-nm spatial resolution and a sub pico 
second temporal resolution using fundamentally novel instrumentation developed by the team. 
Ultrafast nano-IR measurements augmented with more conventional diffraction-limited pump-
probe experiments will allow our team to study several ongoing problems central to the 
mysteries of unconventional superconductivity. We will critically examine the hypothesis of 
local superconductivity at temperatures above the bulk Tc and investigate the possibility for 
enhancing superconductivity through intense illumination at infrared and THz frequencies. This 
program will enable an entire suite of experiments previously either impossible or technically 
implausible, and deliver critically important insights not only for unconventional 
superconductivity but across the entire field of correlated electron systems.  

 Recent Progress  

We designed and modeled hybrid metamaterial-cuprate structures for the exploration of photo-
induced effects in high-Tc superconductors. The initial experiments will be performed using a 
series of La2-xSrxCuO4 (LaSr214) and La2-xBaxCuO4 (LaBa214) single crystals revealing 
interesting interplay between spin/charge ordering and superconductivity. Earlier static infrared 
data obtained by co-PIs set the stage for modeling. We have chosen to utilize split ring resonator 
(SRR) implementation of metamaterials for our hybrid structures.   

Future Plans 

We will investigate photo-induced effects in hybrid SRR-LaSr214 and SRR-LaBa214 structures. 
We will use a combination of far-field and near field nano-IR methods applied to the same 
structures.  
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Towards understanding and control of nano-scale fluctuations in strongly correlated 
electron systems 
 
S. J. L. Billinge, E. S. Bozin, J. P. Hill and J. M. Tranquada 
Condensed Matter Physics & Materials Science Department, Brookhaven National Laboratory 
 
Program Scope 
 Our goal is to understand the role, ubiquity and importance of nanoscale fluctuations in 
determining the properties of complex electronic materials.  To do this we develop novel nano-
sensitive probes and apply them to three scientific objectives: understanding the relationship 
between nanoscale broken symmetry states and the pseudogap phenomenon in cuprates and 
charge density wave (CDW) materials, understanding the relationship between nanoscale 
fluctuations and emergent properties such as superconductivity in cuprates and CDW materials, 
and understanding the nature and origin of emphanisis, the 
emergence of local fluctuating distortions on warming, in high 
performance thermoelectric materials.  
 

Recent Progress  
Local symmetry breaking in the pseudogap regime: The focus 
here is to determine local phase diagrams of these systems that 
exhibit, metal-insulator transitions, emergent behavior and 
pseudogap phenomena.  Using powder diffraction and atomic 
pair distribution function (PDF) methods, we have discovered 
evidence for local, fluctuating broken symmetry states well 
above long-range charge ordered states in La1.67Sr0.33NiO4 and 
La2-xBaxCuO4.  We are beginning the process of mapping these 
out as a function of temperature and doping, and relating them to 
spectroscopic measures of the pseudogap.  These are described in 
references [1,2].  In addition manuscripts are submitted, or close 
to submission, showing local dynamic C2 symmetry breaking in 
La2-xBaxCuO4 over a wide range of temperature and doping, and 
the first observation of an intraunitcell nematic CDW state in 
BaTi2(As,Sb)2O, which is a compound that is intermediate in 
structure and properties between the cuprate- and iron-based 
superconductors.  
 

Metal-insulator transitions in spinels: These are model systems for studying the importance and 
ubiquity of competition and nanoscale heterogeneities in complex electronic materials.  They 
illustrate how the study of local structure and local phase diagrams is essential for understanding 
the physics of complex materials [3,4].  A comparison of the local and long-range average phase 
diagrams of Cu(Ir1-xCrx)2S4 is shown in Fig. 1 (top two panels, respectively) and the resistivity of 
the material (bottom panel) which follows the local phase diagram and not the average one.  We 
believe similar principles operate in the strongly correlated electron systems.  
 

Origin and ubiquity of emphanisis: Following our discovery of emphanisis (defined in the scope) 
in 2010, we have worked to establish and further characterize the effect.  From inelastic neutron 
scattering study we found evidence of dynamic local fluctuations in incipient ferroelectric PbTe 
[5], and further found similar effects in the related SnTe system, the first non-lead containing 

Fig. 1 Cu(Ir1-xCrx)2S4 Average 
vs local phase diagrams of long 
range (top) and short range 
(middle) dimer order. 
Evolution of charge transport 
(bottom) [3]. 

10



system to show the effect [6], which also suggested that the 
ferroelectric and emphanitic responses are of different origin, 
an issue that needs further exploration.  The emphanisis in 
SnTe is illustrated in Fig. 2 where the PDF peaks become 
highly non-Gaussian and multi-valued at high temperature.  
 

Technique development: This period saw a number of 
important developments to the PDF technique for studying 
local structure, all supported by BES.  Notably, we combined 
PDF with computed tomography (ctPDF) allowing for 
spatially resolved (with resolution on the 10-100 m scale) 
studies of local structure [7].  This is illustrated in Fig. 3. We 
also demonstrated that it is possible to get semi-quantitative 
PDFs from electron diffraction data (ePDF) [8].   
 

Future Plans 
 Local symmetry breaking in the pseudogap regime: We will 
concentrate next on the important YBa2Cu3O6+d compound 
which was recently shown to have robust charge order 
competing with superconductivity in the underdoped regime.  
We are interested to know whether, as we showed in the 
nickelate and LBCO systems, local fluctuating charge/orbital 
orders persist over a wider range of temperature and doping 
using PDF and powder diffraction approaches that were 
successful in those other systems, and determine its character. 
 

Symmetry breaking in CDW systems: A similar competition 
between charge order (in this case a “conventional” charge 
density wave) and superconductivity has been observed in a 
number of CDW systems.  We will concentrate on two families 
of such CDW systems initially, 2H-Ta(Se1-xSx)2 and Zr(Te1-xSex)3, in an attempt to find one with 
a sufficiently robust structural response that we can see the local symmetry broken state in PDF.  
2H-TaSe2 and ZrTe3 end-members will be assessed first. In both doping destabilizes long range 
CDW order and superconductivity emerges, with possible CDW fluctuations persisting. 
 

Origing of Emphanisis: We are now trying to further understand the relationship of emphanisis 
to ferrolectricity by studying doped PbTe that shows both ferroelectricity and emphanisis. The 
doping can happen on the metal site (Ge in Pb1-xGexTe) or the chalcogen site (S,Se in PbTe1-xSx).  
In both cases, a few percent of dopants induce ferroelectricity.  
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Fig. 2 Local off-centering symmetry 
breaking in the high temperature 
regime of SnTe from x-ray PDF and 
neutron PDF measurements [6]. 

Fig. 3 Distribution of Pd 
nanoparticle size within the 3mm 
Φ catalyst body from ctPDF [7]. 
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Inelastic X-ray Studies of Highly Correlated Systems  
 

PI: Clement Burns, Western Michigan University 

Program Scope 

 Our work involves studies of strongly correlated systems using synchrotron x-ray 

sources. Much of the work involves using inelastic x-ray scattering (IXS) and Resonant Inelastic 

X-ray Scattering (RIXS) to study electronic and vibrational excitations.  

 A goal of our current work is to measure polarization of the scattered x-ray during RIXS. 

Scattering can change the energy, wavevector, and polarization of the x-ray. Currently, only the 

first two are measured. This is unfortunate, since polarization carries valuable information about 

the states involved in the scattering, including symmetry information. Specifically, we wish to 

develop polarization analysis for materials with strong spin-orbit coupling such as the iridates. 

We have previously developed a curved graphite polarization analyzer for measurements at the 

copper K-edge
1
, but polarization effects are likely to be more interesting at the L- and M- edges.   

 

Some Recent Progress  

 We have been creating and characterizing bent single crystal Si polarization analyzers for 

the iridium L3-edge.  Recently, we have bending very thin Si single crystal wafers to limit the 

strain. The Si is bent in a double toroidal shape which is a good approximation to the logarithmic 

spiral which is the exact shape required to have the curved surface 

meet the Bragg condition. The advantage of using a good crystal is 

that it keeps the good energy resolution of the main analyzer. So 

far, we have been able to achieve resolutions of about 140 meV 

but only with an efficiency of about 0.5%. 

 We have also carried out measurements and simulations to 

study the polarization of the incident x-ray synchrotron beam 

above the plane of the electron beam.  We find good agreement 

with standard models of synchrotron radiation as shown in Fig. 1. 

Characterizing the beam polarization is necessary in order to know 

the ratio of the initial polarization components, and may also be 

useful for aligning the polarization analyzer in the polarization 

flipped channel.   

Sector 30 of the APS has been devoted to inelastic x-ray 

scattering since its inception, with both medium (~100 meV) and 

high (1 meV) resolution endstations.  Recently, the APS has 

decided to split the inelastic scattering program with the medium 

resolution instrument moving to its own beam line at Sector 27. 

Polarization analysis capabilities for medium resolution will be 

available for all users on the new sector.  The polarization setup on the beam line will initially 

use flat graphite, which is suitable for studies that do not require good energy resolution.  The 

flat graphite has an efficiency of a few percent.   

We have also carried out studies of the magnetic excitations in BaIrO3. BaIrO3 is an 

interesting 5-d transition metal system.  It contains Ir atoms in both quasi 1-d zigzag chains and 

2-d planes.  It has a combined ferromagnetic and charge density wave (CDW) transition
2
 at 180 

K, and the system displays unusual non-linear voltage characteristics that may or may not be 

Fig. 1. Polarization measurements 

and simulations for radiation out of  

the plane of the synchrotron. 
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related to the CDW
3
.  In addition to the transition at 180 K, there is a second magnetic transition 

at 26 K, which leads to a different ferromagnetic 

state, along with a small increase in the local 

magnetic moment as seen by muon spin 

relaxation
4
. We have begun a study of the 

magnetic excitations in this material throughout 

the Brillouin zone as a function of temperature 

and with different levels of Sr doping (on the Ba 

site) using RIXS at the iridium L3-edge.  The data 

in Fig. 2 show magnetic excitations near 50 meV 

in the phase at 180 K, but the excitation is not 

visible at 7 K in our (limited) data, probably 

indicating a change in magnetic structure at the 

26 K phase transition. We are not certain if the 

magnetic excitations are completely gone or just 

located at different points in reciprocal space. 

The excitations do not appear to disperse, which 

is probably indicative of localized magnetic 

excitations. 

 

Future Plans 

o We will take measurements on iridates using the polarization analysis at the new inelastic 

scattering sector (Sector 27) being built as part of the APS upgrade when the sector becomes 

available.  

o We will carry out further studies of the magnetic excitations in BaIrO3; in particular, we are 

interested in seeing how the magnetic excitations change at the transition and with Sr doping 

on the Ba site.  

o For the 2015-2016 academic year I will be on sabbatical at SSRL and Stanford.  At SSRL I 

will mostly work on resonant scattering (with Jun Sik Lee) and I will be collaborating with 

Ian Fisher and his group in Applied Physics at Stanford. 
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Fig. 2. Magnetic Scattering from excitations in 
magnetically ordered BaIrO3 at 180 K. The dark red 

corresponds to elastic scattering and the magnetic 

excitation is visible near 50 meV along certain 

directions. 
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Interfacial bonding and properties of ultrathin topological insulator films 
 
Tai C. Chiang, Department of Physics, University of Illinois at Urbana-Champaign 
 
Program Scope 
  
 Our work has focused on ultrathin topological insulator (TI) films, their interactions with 
the substrates, and their unusual properties. Topological order is a bulk property, but interesting 
physics happens at surfaces and interfaces. When topological insulators are prepared as ultrathin 
films on substrates, coupling between the surface and the substrate states becomes important, and 
so does quantum confinement of the bulk states. Our work aims to clarify the interplay of 
interfacial bonding, quantum coupling, and dimensional crossover effects that may lead to 
interesting physical behavior.    
 
Recent Progress  
  
 Interfacial topological states are 
a key element of interest for 
topological insulator thin films, and 
their properties can depend sensitively 
on the atomic bonding configuration. 
We employ in situ non-resonant and 
resonant surface X-ray scattering to 
study the interfacial and internal 
structure of a prototypical topological 
film system: Bi2Te3 grown on Si(111). 
The results reveal a Te-dominated 
buffer layer, a large interfacial spacing, 
and a slightly relaxed and partially 
strained bottom quintuple (QL) layer of 
an otherwise properly stacked bulk-like 
Bi2Te3 film. The presence of the buffer 
layer indicates a nontrivial process of 
interface formation and a mechanism 
for electronic decoupling between the 
topological film and the Si(111) 
substrate.  
 
 In prior studies using angle-
resolved photoemission, we have 
established that Bi2Te3 films grown on 
Si(111) exhibit an electronic structure 
that resembles what is expected for a 
freestanding film. The implied very 
weak interfacial bonding is verified by 
our x-ray scattering experiments 

 
 
Fig. 1. (a) Experimental geometry for surface X-ray 
scattering. ki, and kf are the incident and reflected photon 
wave vectors. A hexagonal surface coordinate of Si(111) 
substrate is used in this discussion. (b) Intensity oscillation at 
(H, K, L) = (0, 0, 1.352) in Si reciprocal lattice units (r.l.u.) as 
a function of film thickness. The chosen L value is close to 
an anti-Bragg reflection of Bi2Te3. (c) Specular reflectivity 
data (H = 0, K = 0) for the Si(111)-(7x7) surface (0 QL) and 
buffer-layer-capped surface (0.2 QL). A fit to the latter data 
set is shown. (d) A line scan along K (H = 0, L = 0.2) for the 
Si(111)-(7x7) surface, buffer-capped Si(111), and the same 
with the addition of 1 and 2 QLs. The inset shows the data 
near a bulk Bi2Te3 peak (K = 0.88), which is very close to the 
6/7 fractional peak (K = 0.86) from the 7x7 reconstruction of 
Si(111). The intensity variations of the two peaks indicate 
that the 1 QL film is partially strained relative to the bulk 
case, but additional QLs are unstrained. (e) Schematic atomic 
structure. A buffer layer, commensurate with the Si(111)-7x7 
substrate, is formed prior to the growth of Bi2Te3 films. 
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carried out at the Advanced Photon Source. A schematic diagram of the experimental 
configuration is shown in Fig. 1(a). Figure 1(b) shows measured real-time oscillations in the 
reflected intensity near an anti-Bragg position of Bi2Te3 during the film growth. The intensity 
increases rapidly to a maximum at a nominal film thickness of ~0.2 QLs, after which it 
undergoes damped bi-QL oscillations. The sharp peak at 0.2 QL is unusual and indicates a 
nontrivial growth mode. It is caused by the formation of a buffer layer. The ensuing bi-QL 
oscillations indicate QL-by-QL growth above the buffer layer. The measured specular 
reflectivity (H = K = 0) from the (7×7) substrate and buffer-capped surface (0.2-QL coverage) is 
shown in Fig. 1(c). In regions away from the Si Bragg peaks at L = 3 and 9, the reflectivity 
increases substantially with the addition of the buffer layer. Fitting of the data (blue curve over 
red data points) reveals a buffer layer sitting at ~2.7 Å above the top Si layer. This buffer layer 
has a (7×7) structure commensurate with the Si(111)-(7×7) substrate, as evidenced by 
simultaneous intensity increases for all of the 1/7 fractional peaks in in-plane scans; an example 
of K-scan at H = 0 and L = 0.2 is shown in Fig. 1(d). Further deposition beyond 0.2 QL results in 
intensity increases only at K ~ 0.87 and 1.74, indicating formation of 1×1 Bi2Te3 films. A close 
inspection of the peak at K ~ 0.87 [inset in Fig. 1(d)] reveals that there are actually two closely 
spaced peaks at K = 0.86 and 0.88, which correspond to the Si 6/7 fractional peak and the bulk 
Bi2Te3 peak, respectively. Evidently, this near-6/7 fractional match determines the epitaxial 
relationship. The intensities of both peaks grow with the film thickness increasing from 0.2 to 1 
+ 0.2 QL, but further deposition of another QL results in increase of the bulk Bi2Te3 peak only. 
A similar behavior is observed for the peak near K = 1.74. Thus, the first QL is partially strained 
by the substrate, and additional QLs assume the bulk structure within the plane. The deduced 
sample configuration at 1 + 0.2 QL is shown schematically in Fig. 1(e). Further experimental 
work based on resonant scattering confirms the presence of the buffer layer.  
 
 In summary, our X-ray study shows that the growth of the topological insulator Bi2Te3 
on the most important electronic substrate material Si is epitaxial with a near 6/7 fractional 
lattice match. The buffer layer keeps the Bi2Te3 film atop essentially bulk-like and largely 
decoupled from the substrate, in agreement with our ARPES observations of a tunneling gap in 
this system when the film is thin.  
    
Future Plans 
  
 We will continue the work on various topological insulator films with a focus on the 
entanglement of effects related to topological order, quantum confinement, surface chemical 
reactions, and interfacial bonding. ARPES spectroscopy, x-ray diffraction, and ab-initio 
calculations will be performed, where appropriate, to extract the essential physics of these 
systems. Circularly polarized light and spin detection will be employed for ARPES mapping of 
the surface band structure and spin texture. A spin-ARPES system is under construction at the 
Advanced Light Source. 
 
 Future work will also include thin film systems involving topological crystalline 
insulators, metals, semiconductors, Dirac semi-metals, highly correlated materials, and charge 
density compounds. Our theoretical modeling has indicated interesting behavior in some of the 
combinations. Experiments will follow to test the predictions and to explore new frontiers where 
detailed and quantitative theoretical predictions are not available or difficult.  
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Fig. 1: COBRA map of interface 
between SrTiO3 and LaAl3. 

Oxide Interfaces: Emergent Structure and Dynamics   
  

PI: Roy Clarke, Applied Physics Program, University of Michigan, Ann Arbor MI 48109 
 

Program Scope 

   The overall goals of this program are focused on the behavior of epitaxial oxide 
heterostructures at atomic length scales (Ångstroms), and correspondingly short time-scales (fs -
ns). We aim to achieve a better basic understanding of structural and electronic correlations and 
how these can be exploited for technological applications, especially energy conversion and 
harvesting. Topics of interest include:  probing the microscopic behavior of epitaxial interfaces 
and buried layers; novel materials structures that emerge from 
ionic and electronic reconfiguration at epitaxial interfaces; 
ultrahigh-resolution mapping of the atomic structure of 
heterointerfaces using synchrotron-based x-ray surface 
scattering,  including direct methods of phase retrieval; using 

ultrafast lasers to study the effects of transient strain on 
coherent manipulation of multi-ferroic order parameters; and 
investigating structural ordering and relaxation processes in 
real-time.  Fig. 1 illustrates the atomic-scale detail that can be achieved by direct methods 
(COBRA), a capability that made possible the recent accomplishment of a new ferroelectric 
heterostructure [1] based on the SrTiO3 – LaAlO3 interface [2,3].  

 Recent Progress  

We have studied the thickness dependence of the BiFeO3 thin film structure in the ultra-thin 
regime under moderate compressive strain (~ -1.4%) from (001) SrTiO3 substrates. The samples 
were prepared in Schlom’s MBE lab at Cornell.  We found that a structural transition occurs 
from monoclinic to tetragonal, accompanied by a change in the octahedral tilt pattern from a-a-

b0 to a0a0c- when the film thickness is less than 20 unit cells. This definitively establishes the 
ultrathin-film structure as tetragonal which is important for several reasons:  first, device 
applications normally require a single-domain state, which the lower-symmetry bulk-like 
mononclinic phases do not generally support; and secondly, the new tetragonal phase favors a 
polar alignment normal to the plane of the film, a geometry that is favorable for planar devices.    
The work reveals a novel “untilting” mechanism driven by the epitaxial heterointerface with 
SrTiO3, which itself is untilted under ambient conditions. This in turn drives the transition to 
tetragonal symmetry.   The work is published in APL materials. [4]  We also studied the effect of 
epitaxial strain on this structural transition. Samples of BiFeO3 grown on LaAlO3 substrates, 
grown by pulsed laser deposition in the group of Hans Christen at Oak Ridge National 
Laboratory have a significantly larger mismatch (-4.3% ). Interestingly, these highly strained 
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Fig. 2:   Time-resolved x-ray scattering : 
transient relaxation after a 100 fs laser  
demagnetizes LSMO (P3) followed by 
slow lattice relaxation (P4) and spin-
ordering . [5]   

films grown on LAO also show the disappearance of the monoclinic peak splitting in the 
ultrathin regime. The larger compressive stress apparently drives the transition thickness to 
smaller dimensions, indicating again that the substrate interface plays a crucial role in the 
formation of the tetragonal phase.  We have also studied the structure of these ultrathin samples 
down to low temperatures (~30K).  These studies are ongoing.  

Future Plans 

Continuing experiments are planned at the Advanced Photon Source, focusing on multiferroic 
systems.  In particular we are planning to investigate the role of strain in more detail by 
preparing epitaxial samples (in Christen’s lab) on a range of different substrates to determine if 
we can stabilize the tetragonal phase of BiFeO3 over a wider range of thicknesses relevant to 
devices.  A detailed study of the atomic structure of the 
ultrathin tetragonal phase of BiFeO3, using the COBRA 
direct phase retrieval technique, is continuing.  
Experiments on the dynamics of the metal-insulator 
transition in LSMO are also continuing at Sectors 11 and 
7 at the Advanced Photon Source using time-resolved 
laser pump- x-ray probe techniques.  We are particularly 
interested to study the intruiging effect shown in Fig. 2 
where the laser-induced demagnetization of LSMO 
drives a transient structural transition on a ~130 ps time 
scale. This may point to a strong magnetoelastic 
coupling somewhat similar to the Invar effect in FePd 
and Fe-Ni alloys.  We will investigate the dynamics of 
this coupled spin-lattice transition using x-ray pump-probe techniques correlated with 
asynchronous optical sampling (ASOPS) [6] measurements of the magnetization dynamics. 
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SIMES: Time‐ Resolved Soft X-ray Materials Science at the LCLS and ALS 

T. P. Devereaux, Z.-X. Shen, A. Lindenberg, T. Heinz, D. Reis, W. Mao, W-S Lee, M. 

Trigo, H. Jiang 

Program Scope 

This program connects concepts of ultrafast time-domain science with those for momentum- and 

energy-domain x-ray spectroscopy. The combined activities bring a synergy to explore how 

materials behave under extreme conditions, driving lattice and charge conformational changes by 

applying short pulses, high fields, or high pressures. The purpose of this research is to develop a 

world-class program on the dynamics of complex materials using the x-ray beamlines available 

at LCLS to address the grand challenge problems of “emergence”, non-equilibrium dynamics, 

and to probe model systems for deep insights on materials for energy conversion and transport.  

Theoretical simulations conducted in parallel with experimental progress will help to establish a 

formalism for describing non-equilibrium physics of strongly correlated materials and provide 

additional insight to the generated experimental data. This activity requires the development of 

novel theoretical and computational tools designed to uncover the nature of the many-body state 

both in and out of equilibrium. 

A new project aims to provide a fundamentally new approach to the modification and probing of 

key symmetry and topological properties of matter in the transition metal dichalcogenides 

(TMDCs. The focus will be on the use of circularly polarized light pulses to engineer electronic 

and structural response to combined dynamical breaking of sublattice and time-reversal 

symmetries. The research proposed provides a rich playground to explore the interplay of non-

trivial quantum geometry with transport and optical measurements on one hand, while on the 

other hand serving to establish a firm theoretical and experimental basis to design and access 

practical valleytronics. 

Recent Progress (emphasis on theory) A few examples of recent progress are illustrated below: 

A. Theory for Resonant Inelastic X-ray Scattering in Strongly Correlated Materials 

Using large-scale exact diagonalization, we investigated the nature of resonant inelastic x-ray 

scattering (RIXS) at the L-edge in cuprates, in particular the ability of RIXS to measure spin 

excitation in heavily-doped systems [1]. Utilizing large-scale numerics, we demonstrated that the 

experimental RIXS signal indeed corresponds to persistent spin excitations at high-energies 

along the anti-ferromagnetic zone boundary.  Our results reconcile the RIXS experiments with 

previous investigations using inelastic neutron and Raman techniques. We predicted a striking 

asymmetry between hole- and electron-doped materials, which was recently confirmed in two 

separate experiments, one by members of the present FWP [2]. We have also demonstrated the 

ability of non-resonant and resonant inelastic x-ray scattering to provide both real-space and real-

time information about the flow of energy and charge in condensed matter systems [3].  

B. Numerical Algorithm and Code Development for Spectroscopy 

We have developed numerical routines to obtaina microscopic understanding of lattice effects 

and the manifestation of electron-phonon coupling in RIXS spectra with the prospect of precisely 
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determine the mode coupling in condensed matter systems [4]. Our codes are scalable and 

adaptable to high performance computing (HPC). We have utilized HPC resources both in-house 

at SLAC as well as those available at DOE HPC centers (13,500,000 CPU-hrs allocation). 

Future Plans (emphasis on theory and TMDC project) 

The research will focus on the novel class of direct-gap two-dimensional materials provided by 

monolayer crystals of TMDCs. Recent findings have demonstrated experimentally the predicted 

valley-selective population of the energetically degenerate K and K’ valleys. What is only 

beginning to be explored experimentally, however, and is of crucial importance, is the lifetime 

and relaxation channels for the valley polarization. This is both an important fundamental 

physics issue and critical for the use of the valley degree of freedom in solids. We will address 

this issue using time-resolved optical spectroscopy and time- and spin-resolved ARPES. In 

addition, the production of strongly nonequilibrium electronic populations, with an induced 

asymmetry between the K and K’ points in the Brillouin zone, can lead the production of unusual 

nonequilibrium phonon populations that will be examined both through the use time-resolved 

Raman scattering and structural probes using short pulse x- rays at LCLS, the Advanced Photon 

Source (APS) and SSRL. It is the aim of these measurements with above-gap radiation to 

develop, in concert with theoretical efforts, a comprehensive understanding of the robustness of 

the valley degree of freedom. This will be achieved not only by direct measurements of the 

valley lifetime, but also by identifying decay channels (and retention of lowered symmetry 

characteristics) under conditions of varying temperature, carrier density, and magnetic field 

strength. This program thus aims at developing the physical principles that determine the 

importance and utility of the valley degree of freedom. 

The investigations of the response of the material induced by circularly polarized above-gap 

radiation will be complemented by a new research direction motivated by theoretical predictions 

from our team. Theory predicts that for accessible field strengths with below-gap circularly 

polarized radiation the band structure of 2D materials can be dramatically modified. In addition 

to the identification of Floquet bands first reported for the surface states of topological insulators, 

recent theoretical work shows that the breaking of time-reversal symmetry provided by a 

circularly polarized optical pump beam can be transferred into a lifting of the K/K’ degeneracy in 

the band structure of 2D materials. Thus, below gap-circularly circularly polarized radiation is 

also directly coupled to the valleytronic properties of the solid. 

We will examine induced changes in the band structure of transition metal dichalcogenide 

monolayers by intense sub-gap electromagnetic fields. Particular emphasis will be given to the 

expected breaking of the K and K’ to examine the energy of bands at the K and K’ points as 

probed by optical absorption spectroscopy, time-resolved ARPES methods, and time-resolved 

RIXS. These approaches will be complemented by probes of nuclear displacement based on 

time-resolved Raman techniques and time-resolved x-ray diffraction at SSRL, APS and LCLS.  
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Program Scope 

 The ‘Magnetization & Dynamics’ FWP at SLAC focuses on the emergence of nanscale 
spin & charge order in the far from equilibrium states that occur when solid-state devices used 
for instance in information technology are operated near their speed limits given by the 
fundamental laws of physics. We aim at addressing the grand scientific challenges related to 
these areas by developing a fundamental understanding of the evolution of materials properties 
determined by the flow of energy and angular momentum as the magnetic and charge state is 
switched by external stimuli. We employ the unique x-ray capabilities at SLAC to access the nm 
lengthscale on the complementary fs (LCLS) and ps (SSRL) timescales for probing: (1) all-
optical magnetic switching in metallic alloys (see abstract by Alex Reid), (2) spectroscopy of 
non-equilibrium spin transport in spintronics (see abstract by Joachim Stöhr) and (3) electric 
field driven metal-insulator transitions in strongly correlated materials (this abstract). The latter 
aims at making use of intense THz fields generated by fs lasers and the relativistic electron 
beams available at SLAC. A timely basic understanding developed in this FWP leading to the 
control of such phenomena is expected to influence future generations of magnetic data storage 
devices and field effect transistors possibly to the 
same degree as the discovery of giant magneto-
resistance and basic semiconductor research did in 
the past. 

 Recent Progress  

 We studied the insulator-metal transition 
in magnetite (see Fig. 1), the first oxide in which a 
relationship between electrical conductivity and 
fluctuating/localized electronic order was 
discovered. Recently, three-Fe-site lattice 
distortions called trimerons were identified as the 
characteristic building blocks of the low-
temperature insulating electronically ordered 
phase [Senn 2012]. Investigating the Verwey 
transition in the time domain demonstrates how 
trimerons become mobile on a 1.5 ± 0.2 
picosecond timescale to yield residual insulating 
and metallic regions. This establishes the speed 

Figure 1: Sketch of the local ordering in magnetite 
as it goes through the Verwey transition following 
laser excitation (blue – insulator phase, red – 
metallic phase). [Jong 2013] 
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limit for switching in future oxide electronics 
[Jong 2013].   

An important ingredient in the external control 
of conductivity is the material’s propensity to 
display phenomena such as insulator-metal 
transitions. We used the archetypal correlated 
oxide compound vanadium dioxide (VO2), to 
show that the metal–insulator transition 
temperature of thin can be changed 
continuously by varying the orbital occupation 
via epitaxial strain as probed with soft x-ray 

spectroscopy (see Fig. 2) [Nagaphani 2013].  

 

Future Plans 

 We aim at driving insulator-metal transitions by intense, ultrashort electric field pulses [Liu 
2012]. On the one hand this serves to demonstrate if energy efficient switching, i.e. without 
energy dissipation to the lattice, can be achieved in field-effect devices based on oxide 
electronics. On the other hand, transient electric field pulses shorter than typical electronic 
relaxation times offer a new way to modify the electron kinetic energy and control electronic 
interactions on an ultrafast timescale. 
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Program Scope 

The rapid evolution of x-ray coherent scattering and time-resolved diffraction techniques 
provides the opportunity to obtain new insight into the dynamics of ferroic complex oxides.  The 
response of ferroelectric and multiferroic oxides spans a range of length scales and time scales, 
and depends on the interaction of local atomic distortion with long-range order.  We have 
focused on the electric field excitation of dynamics, which allows an accurate thermodynamic 
interpretation of the applied perturbation.  In addition, coherent scattering techniques allow us to 
search for equilibrium dynamics that are not apparent in incoherent scattering studies.  Here we 
summarize recent results in two areas and plans for the near future. 

I. Recent Progress  

I.1. Equilibrium dynamics of striped domains   

Thin layers of ferroic materials often have a complex 
nanoscale domain structure that reduces the total 
electrostatic or magnetic energy. We have extensively 
studied the atomic-scale structural distortion induced by 
applied electric fields in these systems, including 
observations of slow piezoelectric dynamics in 
disordered materials.1 At a larger scale, superlattices 
consisting of alternating PbTiO3 and SrTiO3 layers 
exhibit a striped domain pattern in which the 
polarization is either along or opposite to the surface 
normal, with a short in-plane coherence length and a 
nearly isotropic distribution of the orientations of 
domain walls. Applied fields distort the structure of the 
domains,5 and subsequently produce a uniform 
polarization state. In equilibrium, in the absence of 
applied fields, we have used coherent x-ray nanobeam 
scattering to show that the ferroelectric nanodomain 
system exhibits a disordered spatial pattern 
accompanied by fluctuations of the domain pattern at 
room temperature. Coherent synchrotron x-ray 
nanobeam scattering yields a diffuse scattering pattern 
shown in schematically in Fig. 1(a), which exhibits a 
speckle pattern when illuminated by coherent x-ray 
radiation. Speckle patterns, as in Fig. 1(b) and (c), lack correlation between spatially separated 
locations, indicating that the domain pattern does not have a repeating geometric pattern. Fig. 

 
Fig. 1 (a) Reciprocal space schematic 
showing the intersection of the Ewald 
sphere (green surface) with the 002 
superlattice Bragg reflection (red 
sphere) and the ring of domain diffuse 
scattering (blue ring). (b) Coherent 
scattering pattern with speckles from 
disordered domain structures. (c) Line 
profile along the dashed line in (b). (d) 
Intensity histogram for the single 
speckle indicated by the blue circle in 
(c) and blue bar in (d) and for the entire 
domain scattering satellite indicated by 
the red circle in (c) and red bar in (d). 
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1(d) shows that histogram of the intensity of a single speckle is varies over a wide range as the 
position of the beam is scanned, and that the total domain diffuse scattering intensity is constant. 
The scattering patterns become increasingly decorrelated as a function of elapsed time following 
a compressed exponential time dependence, typical of disordered systems in which metastable 
states are formed in part due to the distortion of the spatial pattern away from equilibrium. The 
rate of decorrelation varies among samples produced with same structure but varying defect 
densities, suggesting that the dynamics are related to the microstructure of the superlattice.12  

I.2. Ultrafast structural dynamics in complex oxide ferroelectrics 

In a collaboration with Haidan Wen, Yuelin Li, and others at 
the Advanced Photon Source and at Argonne’s Center for 
Nanoscale Materials we have shown that intense fs laser 
pulses can induce transient strains of up to 0.5% in 
multiferroic BiFeO3 thin films.4,6 Further study in 
collaboration with Matthias Bargheer’s group at Univ. of 
Potsdam shows that the time interval over which the strain is 
developed is not sufficient for carrier transport to the surface 
and interface, thus pointing to a mechanism for strain 
generation in which carriers are not separated by more than a 
few nanometers.9  

II. Future Plans 

II.1. Dynamics in confined systems 

We have begun to test the hypothesis that mechanical 
boundary conditions can be used to modify dynamics and 
geometry of ferroelectric superlattice striped nanodomain 
patterns by patterning striped domain structures in which the 
physical extent of the entire PTO/STO crystal is not 
significantly larger than the typical coherence length of the 
domain pattern, as in Fig. 2. Pillars created by FIB have 
ranged from 150 to 800 nm, or approximately 10 to 200 
coherence lengths of the domain pattern. Initial coherent 
scattering studies show that the stripe domains persist in the 
pattern structures and that their geometric distribution is modified by the boundaries.  

II.2. Facilities and Instrumentation 

We are developing instrumentation for nanodiffraction that allows optical pumping using a 

highly stable <2 µm diameter fs laser spot is produced by delivering the pulse to the sample stage 
via a single mode fiber optic and focusing with precisely positioned objective.  This instrument 
permits precise control of the optical geometry and introduces far smaller total power to the 
sample, improving the stability of optically pumped nanobeam experiments.  We have also 
contributed to the scientific cases of future time-resolved and coherent scattering facilities.7,8,11 

 
Fig. 2 (a) and (b) Side and plan-view 
SEM images of a 625 nm × 2 µm 
ridge designed to provide lateral 
confinement for the stripe domains in 
a PTO/STO superlattice. The location 
of the PTO/STO layer beneath the W 
and C thin films protecting the 
surface during ion milling is indicated 
by the arrow in (a). (c) Domain 
coherent x-ray diffraction pattern of 
the 625 nm × 2 µm PTO/STO ridge, 
acquired with a photon energy of 11 
keV. Domain diffuse scattering 
satellites appear at chi=±0.8° (red 
arrows). The areas of low intensity at 
the center of the diffraction pattern 
arises from the attenuation of the 
superlattice Bragg rod that would 
saturate the detector at chi=0. 
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Interfacial Reactivity and Dynamics 
 

Dillon Fong, Paul Fuoss, Stephan Hruszkewycz, Brian Stephenson, Hoydoo You 
Materials Science Division, Argonne National Laboratory   
 

Program Scope 

Hard x-rays from third generation sources permit the study of catalytically active surfaces 
under realistic conditions. Complex oxides, in addition to exhibiting a wide array of 
electromagnetic functionalities [1, 2], have recently demonstrated high activities for 
different redox reactions [3, 4]. In this thrust, we employ multiple synchrotron x-ray 
techniques for in situ studies on the redox behavior of model complex oxide surfaces.  

Recent Progress 

Redox reactions are essential to a wide range of energy technologies, from storage to 
conversion [5-7]. Currently, there is substantial interest in developing and optimizing 
oxide materials for driving these technologies since they are generally chemically and 
thermally stable, cheaper than many metallic catalysts, and many of them can be tuned 
for electronic / ionic transport, depending on the particular application [8, 9]. However, 
most of the reaction pathways for these materials remain unknown and their activity-
stability relationships have yet to be established. 

We have grown and conducted the first catalytic 
studies of SrCoO2.5, a complex oxide that is 
catalytically active but has been difficult to stabilize 
as a single phase in bulk form [10]. Utilizing the 
technique of epitaxial strain stabilization and a new 
apparatus built for in situ catalytic studies employing 
gas chromatography and mass spectrometry [11], we 
have shown that the material can exhibit high activity 
for the CO oxidation reaction even at temperatures 
approaching 300°C (Figure 1) [12]. The activities are 
higher than that of other well-known oxide catalysts 
and depend strongly on the crystallographic 
orientation of the film. More recently, with real-time 
in situ synchrotron x-ray scattering and exploiting a 
reflection highly sensitive to the oxygen form factor, 
we observe that CO removes oxygen from the 
SrCoO2.5, while an oxygen environment serves to 
replenish the SrCoO2.5 (Figure 2a), as may be 
expected for a Mars-van Krevelen reaction mechanism.  

Figure 1. Gas phase catalysis. 
Temperature-programmed CO 
oxidation reaction over a SrCoO3-δ / 
(La0.3Sr0.7)(Al0.65Ta0.35)O3 (001) 
heterostructure. CO2 production 
shows catalytic activity above 
320°C. 
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Future Plans  

In the next two years, we will investigate the kinetics 
and dynamics of reactions on (La, Sr)CoOx oxide 
surfaces, looking at the effects of temperature, strain 
and orientation, CO/O2 ratios, and total pressures. We 
will employ in situ resonant scattering and x-ray 
absorption spectroscopy techniques to examine which 
films are the most catalytically active and structurally 
robust and study which oxygen ions participate in the 
reaction (e.g., those in the CoOx plane vs those in the 
SrO plane). For detailed studies on the Mars-van 
Krevelen mechanism [13], we intend to perform a 
series of isotopic oxygen experiments to isolate the 
degree of film-supplied oxygen to CO2 production. 

Figure 2b shows the 0 0 ½ reflection from a SrCoOx 
film held at 200°C under 0.1 mbar of oxygen partial 
pressure, as it undergoes reduction. We have 
monitored the behavior of this reflection as a function 
of temperature and oxygen partial pressure. In future 
studies with a coherent beam, we will be able to 
monitor time correlations in the speckle from this 
reflection, enabling studies of the space-time 
correlations in the evolving oxygen vacancy 
superstructure. 
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Figure 2. (a) Intensity of the 1 0 ½ 
reflection during reduction (CO) 
and oxidation (O2). (b) In situ XPCS 
measurements from a SrCoO3-δ / 
(La0.3Sr0.7)(Al0.65Ta0.35)O3 (001) 
heterostructure held at 200°C under 
0.1 mbar oxygen partial pressure. 
The time dependence of the speckle 
will be used to determine the 
dynamics of oxygen tetrahedral 
ordering. 
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Control of Emergent Phases using Nickelate Heterostructures 

John W. Freeland, Advanced Photon Source 

Co-PI of Dynamic Visualization and Control of Emergent Phases in Complex Oxide 
Heterostructures, DE-SC-0012375 

Program Scope 

Dynamic processes in materials underpin many facets of energy science such as efficient energy 
conversion and transport.  We propose an interdisciplinary team to explore the physics of 
transient and metastable states in complex oxide films and heterostructures at ultrafast time 
scales studying two broad classes of phenomena: (1) strongly electron correlated oxides 
exhibiting metal-insulator transitions, and (2) “hidden phases” in ferroelectrics and multiferroics. 
Fundamental research goals that will be addressed by the team are to: (a) Establish materials 
design principles beyond the ground state paradigm to control and tailor material responses at 
ultrafast time scales. (b) Identify phase competition mechanisms to stabilize phase coexistence 
and engineer enhanced susceptibilities. (c) Use spatio-temporal methods to gain new insights 
into creation and destruction of phases that arise from strongly competing interactions.  

Recent Progress  

Oxide heterostructures offer new opportunities to control the phases of strongly correlated 
electrons and to seek out phases that do not exist in the bulk counterparts (see Ref. 1 and 
references therein). Through the utilization of strain, 
confinement, interfacial charge transfer, and putting 
distinct phases in close proximity, one can create new 
boundary conditions in the search for new quantum 
many-body phenomena. Of the many materials of 
interest to our project, here I will discuss the use of 
epitaxial nickelate architectures created with unit cell 
precision to illustrate our understanding to date of 
how one can control the static phases in this class of 
materials. As a starting point, consider the bulk phase 
diagram (see Fig. 1) that shows how one can move 
from purely metallic and paramagnetic phases in 
LaNiO3 to systems that display strong metal-insulator 
transitions (MIT) associated with charge and 
antiferromagnetic order (for a review see Ref. 2).  

In moving to epitaxial layers, strain becomes an important control parameter as seen in the phase 
diagram in Fig. 2a (work together with co-PI J. Chakhalian). As one crosses from tensile to 
compressive strain it is possible to sweep across the entire available phase space from phases still 

Figure 1 Phase diagram for the bulk nickelates illustrating  
the variety of phases with chemical pressure, which range 
from metallic (M) to  insulating (I) together with charge order 
and antiferromagnetism (AFM).  Reproduced from J.-S. 
Zhou, J. B. Goodenough, Phys Rev B 68, 144406 (2003). 
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possessing an MIT to purely metallic phases with strong non-Fermi liquid behavior [3], which is 
indicative of possible quantum critical behavior in the cross-over regime. The shift to 
superlattices (Fig. 2b and c) 
makes use of the interfacial 
interactions, which can be 
harnessed to control the orbital 
character that is normally not 
active in bulk nickelates[4,5]. 
Recent predictions suggest 
topological phase can be created 
by altering the epitaxial 
orientation to the hexagnonal 
lattice of the (111) orientation 
(see references in Ref. 1).  

Future Plans 

To this point the focus has been on the control of static phases. Now we want to utilize this phase 
control to expand understanding into the dynam ic realm in the search of materials with tunable 
response to mode selective excitation with the goal of designing energy efficient photo-
responsive materials (Lead-PI V. Gopalan). Since many degrees of freedom are active in 
complex oxides, one needs to explore the structural, electronic, and magnetic behavior in the 
time-domain using the ultrafast X-ray tools at the LCLS and APS (with co-PI H. Wen), which 
will be directly correlated with findings of optical probes (co-PIs R. Averitt, V. Gopalan, and D. 
Basov). However, in this project we want to go beyond simply tracking behavior to integrate the 
experimental findings within a theoretical framework to provide a mechanistic understanding 
needed for the rational design of new mode selective materials (co-PIs J. Rondinelli and A. 
Millis). As well we are seeking pathways to suppress particular degrees of freedom in the system 
(e.g. structure) to simplify the problem and enable use to disentangle the nature of photo-excited 
correlated electron states.   
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Figure 2 Architectures for control of  strongly correlated electrons arising from the 
Ni 3d states that range from strain (a) to ultra-thin superlattices with dielectric (b) 
and electronically active (c) spacers  
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Evolution of heterogeneous materials: Atomic-scale surface structure and dynamics during 

growth 

 

Paul Fuoss, Dillon Fong, Stephan Hruszkewycz, Brian Stephenson, Hoydoo You 

Materials Science Division, Argonne National Laboratory 

 

Program Scope 

The development of high flux coherent x-ray sources opens new domains for study of 

equilibrium and non-equilibrium fluctuations in materials. We now have the opportunity to study 

phase transitions, nucleation and synthesis processes not only as statistical averages, but also as 

events resolved in both time and space. This thrust uses advanced synchrotron x-ray techniques 

for in situ studies of epitaxial film growth. 

Recent Progress  

To date, wurtzite-structure GaN thin films have most 

often been grown with a c-plane (0 0 0 1) surface 

because high quality epitaxial films are most easily 

grown in this orientation. However, the inherent 

polarization-induced electric field normal to the c-plane 

impedes the efficiency of light emitters because of the 

poor overlap of electron and hole wave functions in 

quantum wells [1]. Non-polar GaN with m-plane (1 0 -1 

0) and a- plane (1 1 -2 0) surface orientations have 

attracted significant interest as a route to minimize 

polarization-induced fields across device interfaces [2].  

We have carried out the first studies of homoepitaxial 

growth modes on m-plane GaN single crystals during 

metal-organic vapor phase epitaxy (MOVPE) using 

real-time in-situ synchrotron x-ray surface scattering 

[3]. On the m-plane surface, we observe all three 

growth modes (step-flow, layer-by-layer, and three-

dimensional) as a function of temperature and growth 

rate. In contrast, the c-plane surface exhibits a direct 

crossover between step-flow and 3D growth, with no 

layer-by-layer regime. The apparent activation energy 

of 2.8 eV observed for the growth rate at the layer-by-layer to step-flow boundary on the m-
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Figure 1: X-Ray CTR measurements 
demonstrating different growth modes as a 

function of temperature but at the same 

growth rate on a) +c-plane and b) m-plane 

surfaces of GaN. The m-plane shows a 

window of 2D layer-by-layer growth absent 

for the +c-plane surface. 
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plane surface is consistent with those observed for MOVPE growth of other III-V compounds 

[4,5], indicating a large critical nucleus size for islands. 

Future Plans 

Using our recently enhanced facility for in situ x-ray studies, we 

will compare growth on the polar c-plane surface, the semi-polar 

r-plane, and the non-polar m-plane, to understand effects of 

anisotropic transport, dislocation dynamics and catalytic 

decomposition of ammonia that differ with orientation.  

Figure 2 shows time dependent oscillations of diffuse scattering 

measured around the CTR anti-Bragg position of an m-plane 

crystal during layer-by-layer growth. Study of coherent x-ray 

speckle in such diffuse scattering will reveal the space/time 

correlations of island positions, providing unprecedented insight 

into the atomic-scale mechanisms of growth in the MOVPE 

environment. 

In addition to probing homoepitaxial growth, we will use x-ray 

techniques, and in particular coherent diffraction imaging, to 

probe the complex behavior associated with growing InGaN 

alloys. The alternative GaN crystal planes have shown distinct and promising results in terms of 

indium incorporation and device performance [6,7]. Despite these promising results, the 

underlying mechanisms that determine film crystal quality, composition, and defect 

incorporation are still poorly understood [8] since these different crystal faces vary in electronic 

properties, crystal symmetry, and catalytic properties.  
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(a) 

Figure 2: The time-resolved 

diffuse scattering near a CTR 

anti-Bragg position (½ 0 -½ -2) of 

m-plane GaN surface as surface 

islands form and coalesce under 

layer-by-layer growth conditions. 

Coherent x-ray techniques will 

reveal space/time correlations in 

island positions and potentially 

allow imaging of island 
evolution. 
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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  

 We have used time and angle resolved photoemission spectroscopy to probe the evolution 
of the band structure of a TI after excitation by a laser pulse. When the energy of the excitation 
pulse is higher than the bulk band gap, we observe generation of photoexcitations across the bulk 
band gap. Subsequent relaxation dynamics of bulk and surface excitations reveal that the 
interaction between the two populations is mediated by phonons [1].  

When the energy of the photoexcitation pulse is below the bulk band gap of the TI, we 
observed that surface electrons and laser photons form hybrid states known as Floquet-Bloch 
states [2]. These photon-dressed surface bands exhibit polarization-dependent band gaps at 
avoided crossings. Circularly polarized photons induce an additional gap at the Dirac point, 
which is a signature of broken time-reversal symmetry on the surface. These observations 
establish the Floquet-Bloch bands in solids and pave the way for optical manipulation of 
topological quantum states of matter. 
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Floquet theorem states that a Hamiltonian periodic in time has quasistatic eigenstates that 
are evenly spaced by the drive photon energy. These so-called Floquet states can be regarded as 
a time analog of Bloch states, which are the eigenstates of a Hamiltonian periodic in space. 
Combining the two situations, a periodic excitation on a crystalline lattice induces Floquet-Bloch 
bands that repeat in both momentum and energy. Just as different Bloch bands hybridize and 
develop band gaps at the crossing points, the crossing points between different orders (n) of the 
Floquet-Bloch bands open dynamic gaps.  

 

Figure 1 Evolution of the 
surface band structure of 
Bi2Se3 under strong linearly 
polarized mid-infrared (MIR) 
light with photon energy 165 
meV. White arrows show the 
Floquet-Bloch bands.   

 

Future Plans 

 We will use this new ability to break TRS with light to achieve experimental realization 
of several fascinating effects in 3D TIs. First, we hope to achieve a complete understanding of 
the nature of Floquet-Bloch states and the photoinduced TRS broken phase in topological 
insulators. Then, we will use this light induced TRS broken state to realize several theoretically 
predicted exotic phenomena in TIs. In particular, we will search for light induced quantum 
anomalous hall effect, low frequency magneto-optical effects and one-dimensional chiral edge 
modes. This new field of Floquet physics in TIs is ripe for exploration, the importance of which 
extends well beyond understanding topological materials. The ability to change electronic band 
structure with light could fundamentally change the way we think about generating materials 
with novel properties. 
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Dynamic Visualization and Control of Emergent Phases in Complex Oxide 
Heterostructures (Grant No.: DE-SC0012375, Start Date: 8/15/2014) 

V. Gopalan (PI, Penn State), R. Averitt (UCSD), D. Basov (UCSD), J. Chakhalian (U. 
Arkansas), R. Engel-Herbert (Penn State), J. Freeland (Argonne), L. Martin (Berkeley), A. 
Millis (Columbia), J. Rondinelli (Northwestern), H. Wen (Argonne) 

Program Scope 

 Dynamic processes in materials underpin many facets of energy science such as efficient 
energy conversion and transport.  Our project aims to address two of the grand challenges of 
materials research put forth by the BES, namely to uncover hidden phases in transition metal 
oxides by controlling dynamic trajectories in a complex energy landscape by preferentially 
exciting specific degrees of freedom, while developing the experimental and theoretical tools to 
control matter away from equilibrium.  We propose an interdisciplinary team to explore the 
physics of transient and metastable states in complex oxide films and heterostructures at ultrafast 
time scales (Figure 1) studying two broad classes of phenomena: strongly electron correlated 
oxides exhibiting metal-insulator transitions, and “hidden phases” in ferroelectrics and 
multiferroics. Fundamental research goals that will be addressed by the team are to: (a) Establish 
materials design principles beyond the ground state paradigm to control and tailor material 
responses at ultrafast time scales. (b) Identify phase competition mechanisms to stabilize phase 
coexistence and engineer enhanced susceptibilities. (c) Use spatio-temporal methods to gain new 
insights into creation and destruction of phases that arise from strongly competing interactions.1,2 
In order to probe transient states, the team has assembled experts in a new generation of ultrafast 
and ultrabright light sources in terahertz, infrared and hard X-ray free electron lasers, as well as 
pioneers in the development of nanoscale diffraction, spectroscopy, and ultrafast multimodal 
microscopy techniques such as ultrafast infrared near-field nanospectroscopy3. The team consists 
of experienced users and resident scientists at national X-ray user facilities including the Linac 

 
Figure 1: Pathway for photoinduced phase transition. (a) along the dynamical free-energy landscape as a 
function of time after pump excitation. (b) Ultrafast spectroscopy and switching of materials. A pump pulse 
(red) creates a nonequilibrium state. By sweeping the probe pulses (blue) at different delays (labeled with 
numbers) and by measuring the reflection or transmission of a probe beam, snapshots of the transient state are 
taken to temporally resolve the nonequilibrium dynamics. Pump beam may be in the visible, mid-IR, or the THz 
and determines mode selectivity. (c, right) Energy scales associated with different optical and elementary 
excitations in complex oxides for the proposed mode selectivity. 
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Coherent Light Source (LCLS) and the Advanced Photon Source (APS). They are complemented 
by material growers, who utilize state-of-the-art hybrid and laser molecular beam epitaxy with 
unit cell level control, and theorists who bring materials-by-design density functional and non-
equilibrium dynamical mean field theories to the team.4,5   

Recent Progress  

This team has recently discovered new electronic phases in strained nickelate films,6 
“hidden” magnetic phase in a paramagnetic manganite film through photoexcitation,7 and low 
symmetry metastable phases in classic ferroelectrics exhibiting large property enhancements that 
can be created and melted with fields. 8   These will be some of the building blocks going 
forward.  Our recent progress (in the past few months) has been as follows:  (1) Established 
regular biweekly teleconferences for research planning, updates, and team building for the past 
two months.  (2) Interviewing and hiring of students and postdocs is being actively pursued. (3) 
We have developed a plan for direct phonon pumping (both experiments and theory) through 
extensive team discussions.  A document with the current plans was submitted to Lane Wilson. 
(4) Successfully secured beamtime for Advanced Photon Source towards probing hidden states 
in ferroelectrics and nickelates.  Experiments are planned this Fall. (5) Ultrafast optical exper-
iments for phonon pumping are being setup.  

Future Plans 

 Our central goal is to use irradiation to create (transiently, i.e. for the duration of the 
irradiation) a system with enhanced or new properties not found in presently known equilibrium 
bulk materials.  We will explore the phenomena of metal insulator transitions, charge ordering, 
magnetism, ferroelectricity, and multiferroicity in complex oxides. 9  The specific materials 
systems are:  Manganites, Nickelates, Tintanates, Vanadates, Ferrites, and Cobaltites. Chakhalian 

(thermal MBE), Engel-Herbert 
(Hybrid MBE), and Martin (Laser 
MBE) will synthesize samples. 

Pump-probe techniques using 
optical/infrared/THz pumping, and 
Xray/optical/infrared/THz probing 
will be performed (Figure 2). We 
plan to employ two broad 
modalities:  Electronic excitation 
and Phonon excitation.  The phonon 
pumping will be achieved with 
direct infrared and THz pumping, as 
well as impulsively stimulated 
coherent phonon pumping.  Synergy 

 
Figure 2: Ultrafast X-ray and optical techniques proposed by this 
team and how UCSD, Penn State and Argonne team members 
complement each other. 
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between proposed techniques between different team members (Gopalan, Averitt, Basov, Wen, 
Freeland) is depicted in Figure 2. 

The key questions to be addressed with theory (Rondinelli and Millis) are: which materials to 
investigate? Which phonons to excite? How hard does the electronic and atomic systems need to 
be driven to have the potential of producing an interesting effect? What are the other effects of 
the excitation?  Our approach will be the computation of phonon nonlinearities,10 computation of 
dipole matrix elements, and the computation of effects and material responses from pumping. 
 
The details of the proposed work above and our approach are in the original proposal, as well as 
in the “Phonon Pumping plan” submitted to Lane Wilson.  
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Dynamic Visualization and Control of Emergent Phases in Complex Oxide Heterostructures 
(Grant No.: DE-SC0012375, Start Date: 8/15/2014) 

Metastable Low Symmetry Phases in Ferroelectrics with Enhanced Properties 

Venkatraman Gopalan, Pennsylvania State University 

Program Scope 

Dynamic processes in materials underpin many facets of energy science such as efficient energy 
conversion and transport.  We propose an interdisciplinary team to explore the physics of 
transient and metastable states in complex oxide films and heterostructures at ultrafast time 
scales studying two broad classes of phenomena: strongly electron correlated oxides exhibiting 
metal-insulator transitions, and “hidden phases” in ferroelectrics and multiferroics. Fundamental 
research goals that will be addressed by the team are to: (a) Establish materials design principles 
beyond the ground state paradigm to control and tailor material responses at ultrafast time scales. 
(b) Identify phase competition mechanisms to stabilize phase coexistence and engineer enhanced 
susceptibilities. (c) Use spatio-temporal methods to gain new insights into creation and 
destruction of phases that arise from strongly competing interactions.1  

Recent Progress  

Gopalan group has recently discovered metastable low symmetry phases in single 
crystals of classic ferroelectrics of BaTiO3 and KNbO3 (Supported by the NSF DMR-
0820404). 2, 3  While both these materials show a series of 
rhombohedral-orthorhombic-tetragonal-cubic (ROTC) phase 
transitions upon heating, the equilibrium phase diagram does 
not indicate any other phase. Nonetheless, using optical 
second harmonic generation microscopy (developed in 
Gopalan’s lab) combined with nanoscale Xray diffraction 
imaging (at Argonne National Labs), we have discovered that 
low symmetry monoclinic phase exists at room temperature 
coexisting with the tetragonal phase.  This phase is 
metastable, and can easily be perturbed with temperature and 
field.  Using phase-field modeling, we show that this phase is 
(meta)stabilized through local fields and stresses generated 
by domain microstructure, or externally applied.  Such 
susceptibility is shown to lead to an increase in nonlinear 
optical coefficients and piezoelectric coefficients in this 
phase by a factor of up to 440%.  

 

 
Optical second harmonic generation 
microscopy reveals a new metastable 
monoclinic phase (bright regions) 
coexisting with conventional tetragonal 
phase (darker regions). 
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Future Plans 

In this DOE project, we plan to broadly explore metastable and transient ferroelectric phases in 
crystals, thin films and heterostructures (grown by Martin and Engel-Herbert) on ultrafast time 
scales and nanometer length scales.  In particular, we plan to excite phonon modes that can break 
inversion symmetry and lead to a ferroelectric order, as well as couple it to magnetism in 
multiferroic systems.  Phonon pumping (Gopalan, Averitt) will be performed through 
impulsively stimulated Raman Scattering, as well as direct pumping with THz and infrared 
radiation (details of the phonon pumping was plan separately submitted to Lane Wilson).  Both 
John-Teller distortion mechanism, as well as improper mechanisms involving oxygen octahedral 
rotations (Rondinelli predictions) 4 will be explored through phonon pumping. The ferroic order 
will be probed on ultrafast time scale with nonlinear optics, Raman spectroscopy and Xray 
diffraction imaging.  The optical second harmonic generation microscope at Penn State now has 
variable temperature stage for imaging down to 4K with ~500nm spatial resolution. We will 
complement the system with pump-probe microscopy, where optical and THz pumping and 
nonlinear optical and Raman probing will be performed in the confocal microscopy mode.  In 
parallel, we have successfully acquired beamtime at the Argonne National Labs in Fall 2014 
(with Wen, Freeland, Averitt) for ultrafast pump-probe experiments using THz and optical 
pumping / Xray diffraction imaging probe.  Nanoscale imaging spectroscopy of metastable phase 
creation will be performed in collaboration with Basov.  
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Fundamental Physics of Topological Matter and Novel Excitation 
Modes 
 
M. Zahid Hasan  

Department of Physics, Princeton University, Princeton, NJ 08544, USA 

Tel: +1-609-258-3044    Fax: +1-609-258-1006 
email: mzhasan@princeton.edu  

 

In this talk, report our recent results on topological quantum phase transition leading to 

the realization of 3D Graphene, topological Dirac semimetals (TDSM), topological 

Crystalline Insulators (TCI), topological Kondo Insulators (TKI) and topological 

superconductors (T-SC) [1-11]. Some recent results on thin-film topological 

superconductors as a robust platform for exotic fermions would be presented. These 

new phases of electronic matter collectively reveal the emergence of a topological 

revolution in condensed matter physics with potential for application. I also briefly 

describe our recent results on the ultrafast (time-resolved ARPES) electron 
dynamics observed in topological matter. 
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Fig 1. Scattered intensity 

arising from stripe order 

in La1.88Sr0.12CuO4. The 

split peak shows the 

stripe order is rotated 

away from the CuO 

bonds. 

 

X-ray Scattering Studies of Strongly Correlated Electron Systems  

J.P. Hill and M.P.M. Dean,  

Department of Condensed Matter Physics and Materials Science, Brookhaven National 

Laboratory 

Program Scope 

The central objective of this program is to carry out basic studies of the structural, electronic and 

magnetic properties of strongly correlated electron systems using advanced x-ray scattering 

techniques. Particular emphasis is placed on electronic and magnetic structure and phase 

behavior, on collective excitations and on non-equilibrium dynamics and how these relate to 

high-temperature superconductivity. The proposed research has a long-term goal of 

understanding and ultimately controlling the properties of these materials. Inelastic x-ray 

scattering and hard and soft x-ray resonant scattering experiments will be carried out as part of a 

broader effort within CMPMSD and more generally at BNL to address these questions. To carry 

out these objectives, the X-ray Scattering Group also develops instrumentation and is involved in 

the development and use of two sectors at the APS, and three beamlines at NSLS-II. 

Recent Progress  

The ubiquity and importance of short-range charge correlations in the 

cuprate phase diagram has recently become clear. We have used soft x-

ray resonant scattering to show that these correlations in the so-called 

“214” system of La2-xBaxCuO4 and in the “123” system YB2C3O6.6 

have order parameters of a similar size, despite having different wave-

vectors [1].  Further, we have observed rotated charge stripe ordering 

for the first time in orthorhombic La2-xSrxCuO4 and showed that again 

this ordering has a similar integrated intensity [2]. These results lend 

strong support to the idea that there is a common motif to the charge 

order in all cuprate families. Our ultra-fast experiements on La2-

xBaxCuO4, show that this charge order is melted with an mid-IR photon 

pump on a time scale of a few hundred femtoseconds [3]. This is much 

faster than the response of the LTT structural distortion, which in 

equilibrium is tied to the charge order. This is significant because 

similar MIR pumps have previously been shown to induce 

superconductivity in non-superconducting, stripe ordered 

La1.675Eu0.2Sr0.125CuO4 [4] and to increase the strength of the 

superconducting condensate in La1.875Ba0.125CuO4 [5]. Our results are 

consistent with a picture where, in equilibrium, the charge order inhibits 

the 3D phase coherence the 2D planes (even though these have strong 

superconducting correlations). The mid-IR pump then destroys charge order and allows the 

formation of 3D phase-coherent superconductivity [4]. Using inelastic scattering, we have also 

looked for renormalization of the spin correlations as a result of the charge correlations. With 

resolution available today, no such effects were observed [6].  
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Fig 2.Possible phase diagrams for the charge 

correlations as a function of doping. The intensity 

at NSLS-II will allow these various scenarios to 

be distinguished (taken from ref [7]). 

 

Future Plans 

There are a number of central questions that need to be addressed in regard to the charge 

correlations in the cuprates. First, what is their doping dependence? Several scenarios are 

possible (see figure). Current experiments can only detect charge order when the correlations 

length is relatively long. Higher sensitivity is required in order to definitively determine whether 

the presence of such correlations is related to a quantum critical point, or to the pseudogap phase. 

The CSX beamline at NSLS-II, which will have a factor of 500x the flux of the NSLS where the 

previous experiments were performed [1,2], together with MBE films grown by Ivan Bozovic, 

will enable the first such comprehensive studies. 

Second, what is the real space organization of these charge correlations and what is their 

dynamical behavior? Key issues include what determines the correlation length, are there glassy 

dynamics at any temperature, and what, if any, is the role of impurities? By observing the time 

dependence of the “speckle” pattern in coherent 

x-ray scattering experiments at CSX, we will 

extract real-space movies of the charge 

correlations on time scales to 1 s (the limit of 

NMR experiments) and length scales to 5 nm.   

Third, is the superconducting condensate in fact a 

pair density wave state? If so a new pair density 

wave diffraction peak should be observed at half 

the wavevector of the charge density wave.  With 

the large flux of NSLS-II, we will carry out a 

search for this peak. Observing it would be a 

significant advance in our understanding of high-temperature superconductivity. 

In a parallel thrust, we will investigate doped iridates such Sr2Rh1-xIrxO4. These large spin orbit 

coupled systems have many analogies with the curpates. Here key questions include, do these 

systems also exhibit incommensurate charge and spin correlations? More generally, how do the 

spin excitations evolve with doping? Unlike the cuprates, the useful resonance, the Ir L3, is in the 

hard x-ray regime (11.2 keV) allowing the full Brillouin zone to be probed. Related to this, we 

will also investigate the evolution of the magnetic and orbital excitation spectrum of Sr2IrO4, 

following the application of at MIR pulse. This will both reveal the microscopic mechanism of 

the MIR pump for the first time, and allow the evolution of the magnetic Hamiltonian to be 

followed in real time. 
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Design of Molecular Solar Cells via Feedback from Soft X-ray Spectroscopy 

F. J. Himpsel, Department of Physics, University of Wisconsin-Madison, 1150 University 
Ave., Madison, WI 53706-1390 

Program Scope 

 While most work on photovoltaics has aimed at improving the efficiency of a specific 
design, this project asks a more general question: What limits the performance of a generic solar 
cell, which consists of a light absorber sandwiched between an electron donor and an electron 
acceptor. There are two distinct contributions, one from the position of the four relevant energy 
levels and the other from the dominant mechanism for carrier loss. In the past we have addressed 
the first contribution by combining synchrotron-based XAS and XPS with optical and 
electrochemical techniques [1]-[3]. 

Recent Progress  

 Recently, we have pursued two avenues (with different sets of collaborators). The first 
has been the search for a transparent, wide-gap electron donor material that can act as 
counterpart to the widely-used TiO2 acceptor. Highly boron-doped diamond films were be able 
to play this role. The combination of diamond with CIGS, a well-studied solar cell material, was 
investigated by building working solar cells and measing their energy levels. A combination of 
many techniques was used, including XAS and hard X-ray photoemission at the ALS, in order to 
allow for cross-checks between different methods (see [3]). The lead author is the postdoc who 
was supported by this starter project.        
 The other program involves nanostructured photoelectrodes for solar fuel synthesis, such 
as hematite (a-Fe2O3) nanorods, a collaboration with Lionel Vayssieres. In that case we wanted 
to see how dramatic changes in device performance (for example two orders of magnitude in the 
photocurrent after annealing) are reflected in the energy level structure (see [2]). The observed 
changes generally were subtle. This led us to the conclusion that the determination of carrier 
lifetimes and loss mechanisms will be critical to fully understand and optimize such devices.  

Future Plans 

 Looking forward, it has become clear that the lifetimes of the photo-generated carriers 
and their decay mechanisms are at least as important as the energy levels. Ultrafast pump-probe 
experiments have been performed for quite some time in the UV/visible [4],[5]. But these would 
greatly benefit from the atom- and bond-specific character of core level spectroscopy with soft 
X-rays [6]. A dream experiment will be discussed where the carriers are followed in real time on 
their way from the absorber to the contact electrodes, using atom-selective pump-probe 
techniques at a future generation of laser-like soft X-ray light sources. It is proposed to prepare 
for such experiments using available UV lasers and fluorescent markers, as used in biochemistry 
experiments. 
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Localized Structures and Strains in Materials 

Stephan Hruszkewycz, Dillon Fong, Paul Fuoss, Brian Stephenson, Hoydoo You 

Materials Science Division, Argonne National Laboratory 

Program Scope 

 This thrust of the Synchrotron Radiation Studies program at ANL focuses on the devel-

opment and use of coherent diffraction imaging techniques that can map, with unprecedented 

sensitivity and resolution, strain fields around both isolated objects and within continuous films. 

We aim to measure, with nanoscale spatial resolution, heterogeneous strain and lattice distortions 

in thin films and correlate these strains with the properties and performance of energy materials 

in realistic environments, thereby capitalizing on the ever-improving coherence properties of cur-

rent and next generation DOE light sources.  

 Recent Progress  

 In recent years, we have developed a new coherent x-

ray diffraction structural microscopy method, Bragg projec-

tion ptychography (BPP) [1], and we have used it to measure 

nanoscale lattice distortions associated with local polariza-

tion in a single crystal ferroelectric thin film [2] and strain 

fields within nanoelectronic device components [3]. BPP 

applies 2D ptychographic phase-retrieval principles [4,5] to 

the Bragg geometry, such that the advantages of 

ptychography (i.e. nanoscale spatial resolution, numerical 

robustness, flexible field of view) are combined with the ex-

quisite structural sensitivity of x-ray diffraction. BPP maps 

the projected in-plane spatial distribution of the complex 

Bragg structure factor, a quantity that can be linked to spe-

cific distortions in a crystal lattice. 

 As shown in Figure 1, using BPP, a set of overlap-

ping, scanning probe coherent Bragg diffraction patterns was 

reconstructed into a quantitative, complex real-space image 

of the structure factor in a ferroelectric film. We developed a 

method to quantify this image in terms of unit cell distor-

tions responsible for local polarization in ferroelectric materials, and mapped polar domains with 

a spatial resolution of 5.7 nm. Similarly, in a nanoelectronic prototype device, we used BPP to 

simultaneously resolve two distinct lattice deformations – lattice contraction and lattice rotation 

– near the vertical interfaces between two heterogeneous device materials in a study that further 

demonstrated the versatility and potential of BPP for noninvasive structural imaging.  

Figure 1: The top panel shows ferroe-

lectric stripe domains reconstructed 

from coherent diffraction images taken 

on a spiral grid indicated by the gray 

points. The reconstructed footprint of 

the beam is superimposed on the re-

construction. The bottom panel shows 

a typical coherent diffraction pattern 

from which the image is reconstructed. 
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Future Plans 

 We plan to explore the develop-

ment and application of new three-

dimensional Bragg ptychography methods 

that enable 3D structural imaging from 

two-dimensional diffraction patterns. We 

will build on BPP with new algorithms that 

make 3D imaging possible from coherent 

diffraction measurements that currently 

yield only two-dimensional (2D) images. 

In collaboration with the Institut Fresnel, 

we have invented a highly dose-efficient 

Bragg ptychography method, 3D Bragg 

projection ptychography (3DBPP). This 

technique uses a major conceptual advance 

achieved by integrating concepts of tomog-

raphy (back-projection and Radon trans-

formations [6]) with ptychography to ena-

ble 3D imaging of nanoscale crystals from a 2D array of Bragg diffraction patterns. 3DBPP 

greatly simplifies 3D structural imaging of nanoscale crystals, decreases sample measurement 

time, and reduces sample dose by two orders of magnitude. 

 Based on our preliminary results in which we imaged the 3D distribution of out-of-plane 

lattice displacement within a nanoelectronic prototype device component (Figure 2), we plan to 

further develop the 3DBPP method and apply it to imaging 3D strain distributions of faceted is-

lands that form during the growth of InGaN [7]. We will also use 2D and 3D Bragg projection 

ptychography to visualize local surface structures that play crucial roles during catalysis, synthe-

sis, and decomposition. Finally, we also plan to develop innovative experiments and algorithms 

that allow dynamic structures in materials to be imaged, opening new doors to understanding 

transient structural states via time-resolved ptychography.  
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Figure 2: A 3DBPP reconstruction of the lattice structure 

within an embedded crystalline SiGe component of a 

nanoelectronic device is shown in terms of (a) scattering 

electron density and (b) lattice displacement along [001]. 
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Dynamics, Imaging, and Reactivity of Heterogeneous Interfaces 
 

Hoydoo You, Dillon Fong, Paul Fuoss, Stephan Hruszkewycz, Brian Stephenson  
Materials Science Division, Argonne National Laboratory  
 
Program Scope  
 The dynamics of heterogeneous materials and their interfaces is one of the important 
characteristics governing physical and chemical processes directly relevant to energy conversion 
processes. While dynamics measurements alone can be sufficient for some systems, combination 
with imaging can greatly enhance our understanding of reactivity and selectivity. In this thrust 
we will further develop interface-sensitive coherent x-ray techniques and apply them to hetero-
geneous interfaces of energy materials such as electrocatalysts. 

Recent Progress  
 In coherent x-ray scattering studies, we developed an interface-sensitive ptychographic 
imaging technique.1 We established a proof-of-concept by imaging atomic-scale surface mor-
phology of Pt(111) using reflection ptychography. We showed that ptychography can be used to 
image atomic steps from coherent diffraction patterns recorded along the crystal truncation rod. 
Due to the penetration power of x-rays, this method can find interesting applications for the 
study of atomic surface structures under buried interfaces or in harsh environments. In electroca-
talysis research, we found that a nanoscale platinum surface with bilayer oxides exhibits a signif-
icantly higher and more stable CO oxidation activity than a bare platinum surface. A series of 
electrochemistry and x-ray measurements showed that a high-index Pt surface can form stable 
nanoscale oxides that can oxidize carbon monoxide (model fuel) efficiently at low voltages and 
sustain indefinitely the reactivity.2 We proposed a bifunctional mechanism where the metallic 
part activates carbon monoxide while the oxide part activates water to OH, allowing efficient 
reactions between CO and OH.  

Future Plans  
 In coming years, by expanding the bi-functionality mechanism, we will take an electro-
deposition approach for understanding and possibly improving electrocatalysts. We will deposit 
submonolayer platinum on inexpensive metal substrates, where the platinum islands and the sub-
strate perform separate reactions, using the self-limiting monolayer-level electrodeposition of 
platinum observed on gold substrates.3 First, we will characterize the dynamics of electrodeposi-
tion of platinum from a precursor complex. We will also determine the structure and oxidation 
states of the precursors and substrate surfaces. These x-ray studies will be complemented with 
electrochemical activity measurements. Ultimately, we aim to identify the self-limiting deposi-
tion mechanism and expand the knowledge to other inexpensive metal substrates such as nickel 
and tungsten. We plan to apply the reflection ptychography technique that we developed to im-
age the topography of the electrodeposition.   
 Dynamics measurements using coherent x-rays can reveal hidden order parameters of 
phase transitions. During phase transitions, driven thermally, chemically, or electrochemically, 
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we hypothesize that materials can exhibit properties qualitatively different from their stable, 
equilibrium, or steady-state phases. Here, we plan to explore the use of coherent x-rays to direct-
ly probe the dynamics of the phase transitions to investigate hidden order parameters. In work to 
date, we have shown that a previously unidentified transition of surface dynamic states exists on 
gold surfaces4 and that there is a remarkable dynamic behavior at the previously known roughen-
ing transition on platinum surfaces.5 In coming years, we will investigate whether it is possible 
to have a transition-like behavior of dynamic properties in the absence of established phase tran-
sitions. An example is an isosymmetry transition of multiferroic hexagonal manganites where 
domain dynamics manifests a discontinuity. The hexagonal manganites, such as ErMnO3, are a 
class of multiferroic materials that are simultaneously ferroelectric and antiferromagnetic. They 
are ‘improper’ multiferroics6 because a high-temperature transition sets the ferroic structure. 
However, the nature of high-temperature transition itself is still in dispute, despite that it is re-
sponsible for the improper multiferroic behavior. An ongoing debate is whether the para-to-ferro 
transition is actually two successive transitions as seen in lattice constants and dilatometry meas-
urements, or simply a single phase transition.7 A re-
cent neutron powder diffraction experiment showed 
that there is no symmetry change 8 near the second 
transition temperature. Our preliminary measurements 
indicate that the second transition is an iso-symmetry 
transition with only a jump in the dynamics at the 
transition, as shown in Figure 1. The correlation time, 
measured from x-ray speckles on a specular surface 
rod sensitive to domain fluctuations, was found to 
have an order-of-magnitude jump at 880°C. We will 
complement this interesting time-domain dynamics 
study with energy-domain measurements such as high-
resolution inelastic phonon scattering. 
 

1 C. Zhu, et al. Appl. Phys. Lett., submitted (2014) 
2 V. Komanicky, et al., Electrochim. Acta, 109, 440 (2013) 
3 Y. Liu, et al., Science 338, 1327 (2012) 
4 M. S. Pierce, et al., Phys. Rev. Lett., 103, 165501 (2009) 
5 M.S. Pierce, et al., , Phys. Rev. B 86, 184108 (2012) 
6 S.-W. Cheong and M. Mostovoy, Nature Materials 6, 13 (2007) 
7 G. Nenert, et al., Journal of Physics-Condensed Matter 19 (2007). 
8 A. S. Gibbs, K. S. Knight, and P. Lightfoot, Physical Review B 83 (2011). 
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Figure 1. De-correlation of ferroic domains 
in ErMnO3. There is a large discontinuity at 
880° C as well as at the known transition at 
1200° C. 
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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 

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, 
analogous to that implemented using true spins 
in the quest for quantum technologies.      
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 2D semiconductors.               
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. 

Figure 1: (a) Magnitude of the 2DFT spectra of 
atomically thin GaSe 1s exciton using co-linearly 
(XXXX) polarized excitation. The polarizations 
correspond to A*, B, C, and detection, respectively. 
Diagonal peaks are labeled as A and B, whereas the 
weak cross-peak in the 2DFT spectra above the 
diagonal is labeled as C (b) Magnitude and the 2DFT 
spectra of the GaSe 1s exciton using cross-linearly 
(XYYX) polarized excitation. Using the cross-
polarized sequence the diagonal peaks are 
suppressed, revealing the existence of an off-
diagonal peak, labeled as D. (c) The four phase 
stabilized linearly polarized beams obtained from the 
MONSTR instrument are focused on the sample, 
which is held in the cryostat at 5 K. 
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Recent Progress  

 Using nonlinear two-dimensional Fourier transform (2DFT) spectroscopy we examined 
the electronic structure of the excitonic ground state in GaSe. The polarization dependent 2DFT 
spectra shown in Fig 1 (a-b) reveal a spitting of the ground state into a singlet A and triplet B. By 
cross-polarizing the excitation beams, moderate biexciton formation is revealed (peak D). The 
Penn State U. group has recently performed two-photon photoluminescence excitation 
spectroscopy to investigate the exciton binding energy in monolayers of tungsten diselenide 
(WSe2). These studies have determines the exciton binding energy to be 0.37eV, which renders 
the exciton excited states observable even at room temperature [1]. Furthermore, the Penn State 
group is working on several approaches including both sample transfer and CVD growth for 
achieving large samples of high quality for these measurements. The UAB team has developed a 
pump-probe setup and has demonstrated measurements at magnetic fields up to 25 Tesla [2]. A 
2DFT THz apparatus is currently being completed.  

Future Plans 

 

The 2DFT technique will be applied to several atomically thin and monoatomic materials, which 
include GaSe, InSe, MoSe2 and WSe2. The valley coupling in monolayer in MoSe2 will be 
studied using polarization dependent 2DFT. A replica of the MOSTR operational at USF is being 
set up at the NHMFL in Tallahassee for measurements under high magnetic fields up to 25 Tesla 
(Fig. 2). THz measurements on bulk samples will start immediately since large samples are 
available. In order to study trion formation samples doped with both, donors and acceptors will 
be studied.    
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Figure 2: (a) Four phase stabilized laser pulses are obtained the MONSTR. (b) The magnet shown is a realistic 
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Nanoscale Dynamical Heterogeneity in Complex Magnetic Materials 

Steve Kevan, Physics Department, University of Oregon, Eugene, OR.  97403 

Program Scope 

 In this project, we to apply resonant, coherent soft x-ray 
scattering techniques we probe nanoscale spatiotemporal 
correlations in magnetic films and transition metal oxides.  
Microscopic interactions in these systems support spontaneous 
domain structures on the scale of a few to a few hundred 
nanometers that 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 (Fig. 1).1  Our 
program is divided into two complementary efforts:   

1) Measuring nanoscale correlations in thin film magnetic domains to relate field-driven 
Barkhausen cascades to recently observed field-driven changes in local domain 
symmetries. 

2) Measuring nanoscale correlations in helical spin structures, with particular focus on 
probing the structure and motion of topological skyrmions.   

 

 Recent Progress  

 Fig. 2 illustrates progress on the first topic above.  This shows ‘q-resolved Barkhausen 
intermittency’, probed with 2-field correlation functions of speckle patterns collected from a 
CoPd films having perpendicular anisotropy.  The square structures along the diagonal reflect 
field-driven magnetic intermittent cascades.  We are trying to understand the relationship 
between these cascades and ‘hidden symmetries’ also evident in the speckle patterns.2,3  Such a 
relationship appears to be present, but we are hampered by the need for a statistical number of 
speckle patterns to isolate the underlying trends (see next section). 

Fig. 1: Projecting orbital 
correlations in a PCMO 
manganite crystal. 

Fig. 2:  Barkhausen intermittency 
in a CoPd magnetic film revealed 
in two-field correlation functions 
of magnetic speckle patterns. 
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 Fig. 3 illustrates progress on the second topic above.  These results are the first 
observation of a skyrmion phase using soft x-ray scattering, in this case in the ferrimagnetic 
compound Cu2OSeO3.4  These data were collected at the Cu L3 resonance on the lowest order 
Bragg peak, and the skyrmion phases is reflected by the satellite peaks surrounding the blocked 
Bragg peak.  We observed and explained a T- and H-dependent splitting of the skyrmion peaks.  

Future Plans 

 Our plans for the future include 

1) An extensive investigation of the relationship between intermittency and hidden 
symmetries in perpendicular magnetic films.  We will benefit from commissioning the 
COSMIC beamline at the ALS in 2015, which will provide higher coherent flux and will 
have a faster detector so that a much larger data set will become possible.   

2) We have recently started to image magnetic domain walls using soft x-ray ptychography.  
The COSMIC beamline will increase our capabilities in this area as well.  In particular, 
the variable polarization undulator will enable sensitivity to the vector magnetization. 

3) We plan increased focus on skyrmion systems.  For example, we recently observed a 
skyrmion lattice in FeGe films at room temperature, and look forward to investigating the 
structure of this phase and it’s response to applied fields. 
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Fig. 3:  Soft x-ray Bragg 
scattering off the skyrmion phase 
in Cu2OSeO3.  The skyrmion 
superlattice peaks slit 
systematically as a function of T 
and H. 
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Ultrafast Spectroscopy of Complex Materials 

Alessandra Lanzara, Joseph W. Orenstein, Robert A. Kaindl 
Materials Sciences Division, E. O. Lawrence Berkeley National Laboratory,  

1 Cyclotron Road, Berkeley, CA 94720 

Program Scope: The ultrafast materials program is focused on the application of ultrafast 
techniques to understand, control and induce novel properties in complex materials.  Scientific 
areas of interest include understanding the emergence of unconventional superconductivity , 
metal-insulator transitions (lattice vs electronically driven), interplay of Coulomb correlations 
and spin-orbit coupling, and the formation of unusual collective electronic properties at 
interfaces. The generation of new phases of matter via tailored excitations (transient 
photodoping, vibrational pumping, and spin excitation) is of long-term interest. 

This program utilizes a combination of state of the art spectroscopic tools to measure 
quasiparticle dynamics, including time-, spin-, and angle-resolved photoemission spectroscopy 
(trARPES and Spin-trARPES) to access quasiparticle dynamics throughout momentum space, 
and THz to visible optical  spectroscopy.  tr-ARPES experiments utilize two different but 
complementary setups, one in which 6 eV pulses are created using second harmonic generation 
in nonlinear crystals and the other using high harmonic generation (HHG) in Kr gas to generate 
photon energies above 20 eV.  While former system features very high energy and momentum 
resolution, momentum space access is limited.  In contrast, the latter system permits access to the 
entire Brillouin zone, but at present with less energy resolution.  The all-optical pump probe 
tools are complementary to trARPES in that they can be used rapidly scan the vast space of 
materials, temperature, and pump laser intensity to identify those regimes (for example near 
phase transitions or crossovers) that are most promising for the more time-intensive studies by 
ARPES. 

Recent Progress: An important science driver of recent work in this program has been the quest 
to understand the emergence of charge-ordered and superconducting phases in 
strongly-correlated oxides and their relation with the pseudogap phase. To first understand the 
dynamics of charge-ordered phases in isolation, we have studied the nickelate compound La2-

xSrxNiO4 (LSNO) – a model system that is isostructural to the cuprate superconductor LSCO, 
yet exhibits charge and spin stripes without superconductivity. Our experiments – which 
comprise the first ultrafast mid-IR study of a stripe-phase correlated system - revealed ultrafast 
charge localization and lattice vibrational coupling as dynamic precursors of stripe formation 
[Cos13]. We found the opening of an infrared “pseudogap”, appearing at a crossover temperature 
T* far above long-range stripe formation, that acts as a dynamic precursor to long-range stripe 
formation.  As illustrated in Fig. 1, the pseudogap is characterized by femtosecond charge 
localization - which in turn drives the strong enhancement of electron-phonon coupling [Cos13].  
When combined with transient THz spectroscopy studies, we capture snapshots of both the 
electronic and structural dynamics relevant to charge ordering, revealing an intriguing two-
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component response, composed of a slower, picosecond-scale phonon splitting (stripe formation) 
and fast electronic dynamics (pseudogap).  

The nature of the pseudogap phase and its interplay with superconductivity has also been 
investigated in cuprate superconductors by ultra-broadband THz and optical pump-probe 
spectroscopy. We observe significant ultrafast reflectivity changes in a Hg-based cuprate related 
to the condensate, gap dynamics and pseudogap formation. We found that as the pseudogap 
signal is suppressed there is a growth of the quasiparticle signal, which onsets near T* and 
evolves smoothly upon cooling.  By looking at the relaxation dynamics we observe an increase 
of the PG relaxation with increasing doping and a cusp in the qp relaxation time at Tc which is 
washed out by a magnetic field. We propose that these results are evidence of the slowing down 
of fluctuating CDW order, which couples to the QP recombination time via coherence factors.  
Moreover, the doping dependence of this peak suggests that there may be multiple charge 
ordering instabilities at different points in the phase diagram. 

As it is becoming more clear, electron-phonon interaction might be the precursor toward CDW 
formation in these materials.   To investigate the nature of electron-boson coupling and how this 
is related to the relevant energy scale in the system, we have performed trARPES experiments 
[Zha14] that reveal that ultrafast laser excitation triggers a synchronous softening of the electron-
boson interaction and the closure of the superconducting gap. The measurements show that this 
process culminates in a weakening of electron-boson coupling when the superconducting gap is 
fully quenched. In contrast, electron-boson coupling is unresponsive to ultrafast excitations 
above Tc.  

 

Figure 1 – Pseudogap dynamics in the transient reflectivity ∆R of the stripe-phase compound La1.75Sr0.25NiO4 
reveals ultrafast hole localization (left panel) inducing a rapid synchronous increase of electron-phonon coupling, as 
revealed by the ultrafast suppression and recovery of the Fano lineshape asymmetry (right side) of the Ni-O 
stretching mode. This provides new insight to the precursor role of charge localization in stripe ordering and 
demonstrates a dynamic dependence of electron-phonon coupling [Cos13]. 
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Figure 2 – Dynamics of electron-boson interaction and superconducting gap in optimally doped Bi2212 
superconductor by tr-ARPES [Zha14]. A synchronous softening of the el-boson interaction and superconducting gap 
is observed.  
 

In the study of materials with strong spin orbit coupling, our main focus has been on the 
topological insulators and specifically to understand how the spin texture is preserved when the 
system is excited away from equilibrium and Floquet type of states are induced above EF. By 
taking advantage of our unique tr-ARPES system we have mapped the spin texture for both the 
occupied and unoccupied states.  In line with previous work [Joz13], we observe a strong 
dependence of the spin texture from polarization and we can discern two well defined time scales 
associated with different states. 

Future Plans: In the near term we plan to investigate quasiparticle interactions and the 
relationship between different low-temperature phases in high-TC superconductors [Hin13]. In 
these experiments, these properties can be tracked across all of momentum space via HHG 
trARPES, particularly at the antinodal point in the case of cuprates. Time-resolved optical and 
ultrabroadband THz studies will provide complementary insight into the low-energy collective 
modes and their timescales. Such studies promise powerful new insight into the physics of phase 
competition and superconductivity by helping determine the momentum-space signatures of the 
interactions and their energy spectral functions. Systems of interest include Bi-2212, LSCO, and 
Hg-based compounds, as well as iron-based superconductors.  

In a second area of focus, the physics of materials with strong spin-orbit coupling will be 
investigated. We will study the interplay between spin-orbit and Coulomb interactions, and the 
possibility to optically control momentum and spin of the electrons quasiparticles. The concept 
of tailored excitations can be initially tested using THz/mid-IR excitations combined with optical 
probes and – in the longer view – applied in time-resolved ARPES studies with the aim of 
control of structural and electronic order in complex materials. 
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Collective Dynamics in Strongly Correlated Materials  

Wei-Sheng Lee, SIMES, SLAC National Accelerator Laboratory  

Program Scope 

 This program (PIs: W. S. Lee, Y. D. Chuang, Z. X. Shen, Z. Hussain, and T. P. 
Devereaux) is a subtask of “Time-resolved Soft X-ray Materials Science at the LCLS and ALS 
(FWP 10017)” led by T. P. Devereaux. In this subtask, our goal is to understand the emergent 
phenomenon in strongly correlated materials by measuring elementary excitations at various 
energy, length (i.e. momentum), and time scales. Our work is focused on the new capabilities 
offered at the Linac Coherent Light Source to study novel x-ray spectroscopies in both the time 
and frequency domains, in equilibrium and in response to tailored light pulse stimuli. We 
combined that work with other x-ray and optical based activities at other light sources and local 
laboratories, and utilize DOE tier I computational facilities to carry out numerical investigations. 
The techniques developed are important to the fundamental understanding of non-equilibrium 
physical processes and the origin of emergence but also open the ability to control novel 
properties in materials for energy and other technology applications. 

 Recent Progress  

• Asymmetry of collective excitations in electron- and hole-doped cuprates [1]. We 
performed high-resolution momentum-resolved RIXS measurements on electron-doped high 
temperature superconducting cuprates. Surprisingly, upon electron doping, the energy scale of 
magnetic excitations increases. Furthermore, an unexpected branch of collective modes was also 
observed. Temperature and doping dependence of these modes indicate the existence of a distinct 
quantum phase. These behaviors are notably different from those in hole-doped compounds [2, 
3]. Nevertheless, despite their differences, the persistence of magnetic excitations well beyond 
the antiferromagnetic phase boundary and the existence of a distinct quantum state appear to be 
universal for both hole- and electron-doped cuprates.  

• Lattice-driven dynamics in a striped nickelate La1.75Sr0.25NiO4. To elucidate the relation 
between the lattice and stripe state, 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. Surprisingly, spin order is found 
to response more dramatically than the charge order. In addition, the relaxation dynamics is 
different from the dynamics induced by optical-excitations [4, 5]. Our results imply an intriguing 
collective coupling between the lattice and stripes. Theoretical investigation is now in progress. 

• Direct structural characterization of photo-induced coherent phonon oscillations in 
BaFe2As2. Upon the excitation of ultrafast optical pulse, the Fe-AS-Fe bond angle, which plays 
an important role in determining low energy electronic structures, can coherently oscillate. Time-
resolved electronic probes have demonstrated that this coherent transient state can be a new 
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pathway to manipulate the band structure [6], or even the emergence of the spin-density wave 
state [7]. However, a direct structural characterization is still missing. Our work provides this 
missing information by performing femtosecond time-resolved x-ray diffraction at LCLS to track 
the time-evolution of Fe-As-Fe bond angle. Upon photo-excitation the Fe-As-Fe bond angle first 
decreases and then oscillates with the amplitude of approximately half of the maximal 
displacement. This information is crucial for theoretical estimations of the associated transient 
electronic structures. Next experiment at LCLS to further investigate the temperature and doping 
dependence of this coherent transient state will be conducted in March, 2015. 

Future Plans 

 Using the unique capability of LCLS, we will continue to explore how to use light-matter 
interaction to manipulate collective dynamics in the strongly correlated materials. Photo-
excitations using tailored light pulses, such as terahertz and mid-IR, will be further explored to 
achieve a better control on the photo-induced non-equilibrium state. In parallel, riding on the tide 
of RIXS’s rapid development, we plan to continue investigating low energy elementary 
excitations in the energy-momentum space using state-of-the-art RIXS instruments. We plan to 
map out elementary excitations for the entire cuprate phase diagram; meanwhile other novel 
materials will also be explored.  We anticipate some of these activities will be conducted using 
the q-RIXS endstation funded via this program, which will be completed before year 2015. 
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Ultrafast Studies of Nanoscale Structural Dynamics (part of FWP: Time-resolved Soft X-
ray Materials Science at the LCLS & ALS) 

 

Aaron Lindenberg (Stanford University / SLAC National Accelerator Laboratory) 

 

Program Scope 

 In this sub-task, we are interested in resolving the first atomic-scale steps in how 
materials transform and exploring means of manipulating specific degrees of freedom with 
respect to elucidating their functionality.  Techniques spanning the range from x-ray scattering 
and spectroscopy to far-infrared terahertz spectroscopy are applied with focus on understanding 
the dynamics of thin film ferroelectric and multiferroic oxides, phase-change materials and 
related chalcogenides, and solid-solid structural phase transitions in semiconductor nanocrystals. 

 Recent Progress  

Femtosecond x-ray scattering studies at the LCLS have enabled the first snapshots of a 
previously predicted but not experimentally observed intermediate phase associated with 
pressure-induced structural transformations in semiconductor nanocrystals (CdS and CdSe), 
related to a class of martensitic phase transformations.  A stress-dependent transition path is 
observed with evidence for a transient 
five-coordinated intermediate structure 
observed on ten’s of picosecond time-
scales, consistent with first principles 
modeling (Publication 9).  Additional x-
ray studies have recorded anisotropic 
strains, morphological changes, and 
breathing mode responses in the same 
materials corresponding to percent level 
strains, occurring simultaneously with the 
melting transition on hundreds of 
femtosecond time-scales (submitted). 
Femtosecond soft x-ray spectroscopy 
studies have been used to investigate the first 
steps in superionic phase transitions in 
nanoscale Cu2S, an important material for 
electrochemical energy storage exhibiting fast 
ionic transport of the Cu cation through a 
fixed anion sublattice.  Measurements show 

Fig. 1. Time-resolved x-ray diffraction data showing 
emergence of new structural phase in CdS nanorods 
driven by picosecond shock waves.  Previously 
forbidden diffraction peak turns on at t~250 ps.  
Aluminum diffraction peak at Q~2.8 allows for 
extraction of magnitude of pressure. 
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that the time for the phase transition to occur is determined by the ionic hopping time 
(Publication 14).  Additional ongoing experiments have measured THz-driven responses in 
phase-change materials, revealing the first steps in the electric-field-driven switching between 
amorphous and crystalline structural phases (Publications 7, 12, submitted).  Recent x-ray 
scattering experiments at the LCLS and the APS have revealed novel THz-driven structural 
responses in ferroelectric BaTiO3 thin films associated with both long-lived strains and ultrafast 
modulations in the unit cell structure factor, scaling quadratically with the applied THz field.  
Related experiments in multiferroic BiFeO3 show first evidence for the generation of large 
amplitude changes in the ferroelectric polarization on ultrafast time-scales and dramatically 
enhanced responses near a morphotropic phase boundary, enabling giant THz-driven 
modulations in the nonlinear optical properties.   

Future Plans 

 Recent work has shown preliminary evidence for THz-driven crystallization in phase-
change materials and we are carrying out THz pump / mid-IR, THz, and x-ray probe studies of 
these responses. These studies have the potential to answer long-standing questions regarding the 
mechanism for threshold switching in these materials.  Ongoing work in collaboration with other 
members of the FWP is focused on the dynamical structural response of PbTe and related 
materials (with Reis, Trigo et al), and on the dynamical structural and electronic response of 2D 
materials.  Preliminary work in MoS2 monolayers (Publication 1) using the second order 
nonlinear optical susceptibility as a structural probe have shown evidence for unexpected 
increases in the second harmonic under extreme non-equilibrium excitation conditions 
(corresponding to of order 1 electron-hole pair per unit cell) opening up new possibilities for 
reversible all-optical modulation and control of the opto-electronic properties of two-dimensional 
transition metal dichalcogenide materials. 
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Fundamental Mechanisms of Roughening During Thin Film Deposition 

 

Karl F. Ludwig, Boston University 

Randall L. Headrick, University of Vermont 

 

Program Scope 

 The Scope of our current research program is 

the study of thin film growth mechanisms, 

particularly related to surface roughening and strain 

relaxation during growth.  In-situ time resolved 

growth studies utilizing Grazing Incidence x-ray 

Diffraction (GID) and Grazing Incidence Small Angle 

Scattering (GISXAXS) are emphasized, and the 

studies include several physical vapor deposition 

methods and materials systems ranging from epitaxial 

complex oxides to amorphous metal thin films. 

 Recent Progress  

 In this collaboration between Headrick and 

Ludwig, we are developing time-resolved Coherent 

GISAXS  (CoGISAXS) techniques to study hard 

condensed matter systems, particularly the dynamics 

of surfaces and thin films evolving during deposition 

or processing.  In an initial round of experiments, we 

have performed coherent hard x-ray studies of the 

temporal correlations of surfaces during sputter 

deposition of amorphous WSi2 and Si thin films.  A 

vacuum deposition system with the capability to 

perform time-resolved Coherent Grazing Incidence Small Angle X-ray Scattering (CoGISAXS) 

during the deposition process was developed and utilized for these measurements. During film 

deposition, the average statistical properties of the surface saturate in the steady-state regime. We 

have demonstrated that X-ray Photon Correlation Spectroscopy (XPCS) temporal correlations 

derived from CoGISAXS data yield information about fluctuations around the mean surface 

profile.  This demonstration of the use of XPCS to study growing surfaces can be extended to 

additional materials systems, and additional phenomena that may include both steady-state and 

heterogeneous dynamics. 

Figure 1. Coherent GISAXS data for 

sputter deposition of WSi2 thin films at 

various Ar pressures showing the q-

dependence of the time constant of the 

surface dynamics.  The upper inset shows 

a single frame of GISAXS data with 

speckle, and the lower inset shows an 

AFM image of the final rough surface. 
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Time constants for fluctuating surface roughness during growth of WSi2 are shown in Fig. 1. 

These time constants are derived from fitting the time-averaged temporal correlation functions 

from X-ray Photon Correlation Spectroscopy (XPCS) analysis of time-resolved co-GISAXS 

data. A two order of magnitude variation in the time 

constant of the fluctuations is observed as a function 

of the in-plane length scale. The time constant 

exhibits a power-law behavior over a narrow range, as 

we expect from kinetic roughening theory, but does 

not drop below a certain level.   

The saturation behavior observed at large q in Fig. 1 

is evidently due to background from the bulk of the 

film.  We have discovered striking effect that is 

unique to coherent x-ray scattering that occurs when 

scattering from the bulk of the film interferes with 

scattering from the surface during thin film growth.  

The effect can be observed in time-correlation plots 

as a function of time delay.  Fig. 2 shows an example, 

where the signals beat against each other temporally, 

a phenomenon known as heterodyning.[1, 2] The 

frequency of the oscillations is determined by the 

growth velocity and the component of the scattering q 

vector perpendicular to the surface as w = v qz. 

 The lower panel in Fig. 2 is from the same series of 

data, but at a lower exit angle where the escape depth 

of x-rays is limited to a few nm.  In this case the 

signal from the bulk is significantly attenuated, and 

the interference effect disappears almost completely, 

confirming that the reference wave is from the bulk of 

the film.  This effect may be of use to monitor film 

growth in many thin film systems since it is very 

common to have a source of bulk scattering from 

defects even for crystalline materials.   

We have also made significant progress on the interpretation of coherent GISAXS data of 

evolving surfaces. We have found that CoGISAXS directly measures the dynamic roughening 

exponent from dynamic scaling theory.[3] In particular, the dynamic roughening exponent can be 

extracted from measurement of the q-dependence of the fluctuation time constant (Fig. 1).  This 

suggests the applicability of XPCS techniques more broadly in studies of the evolution of 

surfaces.  We have also made significant progress in simulation of surface dynamics from 

Figure 2.    Heterodyne effect observed 

during sputter deposition of a WSi2 thin 

film.  The top panel shows the g2 temporal 

correlation versus time delay.  The effect 

is clearly observed, and it can be modeled 

as the interference between the GISAXS 

signal from the surface of the film 

interfereing with a reference wave.  The 

lower panel is from the same series of 

data, but at a lower exit angle at the 

critical angle of the surface, which 

extinguishes the effect. 
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continuum equations and have found that simulations of the noisy Kuramoto-Sivashinsky 

equation reproduce previous computational results,[4] and exhibit features that correspond to our 

recent experiments.    

 

Future Plans 

 These initial results point the way toward future development in this area that we will 

continue to explore.  In the near future we will extend our experimental capabilities to perform 

coherent x-ray experiments during pattern formation by ion erosion of surfaces, during growth of 

clusters from a thermal source, and epitaxial growth during off-axis sputter deposition.  This will 

enable us to study a broader range of phenomena.  Ion erosion of surfaces produces patterns of 

ripples or dots, which saturate at late times but continue to fluctuate locally.  This is a natural 

extension of our work on sputter deposited thin films.  Another area is droplet nanoclusters on 

surfaces, which may exhibit heterogeneous dynamics.    
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HPCAT – Pressure-induced phenomena in elements, compounds and nanomaterials  

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

Program Scope 

 Our programmatic mission is to advance the high-pressure materials sciences 
using synchrotron radiations. The HPCAT beamline facility provides a comprehensive 
platform with x-ray diffraction, spectroscopy and imaging capabilities optimized for 
high-pressure research, that enable us to explore novel high-pressure phenomena in many 
directions as summarized in a group of three companion abstracts.  The present abstract 
focuses on highlights of elements, compounds and nanoscience under pressures. 

 Recent Progress  

Complexity of simple elements and compounds under pressures: Our experiments have 
shown that under pressure the simple metal Li behaves in a manner that is rather complex 
(1). Above 40 GPa, not only does Li melt at room temperature, but then remains molten 
down to 190 K, below which it crystallizes into a range of highly complex structures. 
Plasmon excitations of the next alkali metal, Na, (2) were measured up to 97 GPa using 
the momentum-dependent inelastic x-ray scattering technique.  The results, however, 
showed that even under multiple fold densification, the solid Na of both bcc and fcc 
symmetry can still be regarded as simple metals. Our experiments show that Ca-III, the 
first known superconducting Ca phase under pressure is not exactly sc as previously 
thought, but sustains the sc-like, primitive unit by a rhombohedral distortion at 300 K, a 
monoclinic distortion below 30 K and β-tin structure (3) at 35 GPa in a small temperature 
range below 10K. The experimental observation establishes a new phase diagram for 
calcium up to 110 GPa and 5-300 K. By focusing ultrafast laser to induce confined 
micro-explosion inside a sapphire, we created a high P-T plasma, drove away the oxygen, 
and reduced the sapphire to Al which has been confirmed with x-ray micro-diffraction at 
HPCAT as the superdense bcc phase (4) 

We showed that at pressures above 40 GPa, the arrangement of the bonds between the C 
atoms in the glassy carbon had completely shifted from sp2 to sp3 representing a new 
superhard carbon allotrope (5). Our experiments show that a precursor lattice of the high-
pressure β-phase of Si appeared at pressures far below the transition pressure around 
13GPa (6), providing a new mechanism for the α−β Si phase transition. Our results show 
that under a pressure of 66 GPa, elemental Ge undergoes a structural change from a 
metallic white tin structure to an orthorhombic Imma structure. It then undergoes another 
change under pressure of 90 GPa to the simple hexagonal structure (7).  

Even the common salt NaCl can be changed to cubic and orthorhombic NaCl3 and two-
dimensional metallic tetragonal Na3Cl at high pressures (8). These experiments establish 
that compounds violating chemical intuition can be thermodynamically stable even in 
simple systems. Around 32.5 GPa at 300 K, we observed a novel pressure-induced 
corundum-to-monoclinic transition between two metallic phases of V2O3, showing that 
the structural phase transition can be decoupled from the metal-insulator transition (9).  
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High-pressure nanoscience: When solvated C60 buckyballs were subjected to high 
compression, individual buckbulls were crushed into disordered clusters, while the 
clusters were still arranged in an ordered crystal structure (10). This discovery creates a 
new category of material with a long-range ordered structure formed by clusters of short-
range disordered carbon atoms.  

Knowledge on the size limit of dislocation grain rotation is fundamental for 
understanding the strength and plastic deformation of nanomaterials. We observed 
significant texturing in 3 nm nickel when compressed above 18.5 GPa. The observations 
of pressure-promoted texturing indicate that under high external pressures, dislocation 
activities can be extended down to a few-nanometer length scale. Hence, the strength of 
even small nanocrystals may be limited by dislocation activity (11). Meanwhile, active 
grain rotations are observed in very small nickel nanocrystals down to 3 nm size (12). 

Ding et al (13) developed a novel high-P technique by integrating the DAC with a 
nanoscale XRD contrast-imaging probe which has been successfully employed for 
mapping antiferromagnetic domains in wüstite during high-P transition. Yang et al (14) 
successfully de-convoluted the 3D internal strain distribution of a 400 nm gold single 
crystal in a diamond anvil cell from the mixed Bragg coherent diffraction imaging. The 
3D morphologies and strain evolutions of the same particle at different pressures up to 
6.4 GPa were obtained with better than 20 nm spatial resolution.  

Pressure induced amorphization in Ta2O5 nanowires.  The resultant amorphous Ta2O5 
nanowires show significant improvement in electrical conductivity compared to that in 
the traditional amorphous compound (15). Likewise pressure enhances electron transport 
in Nb-doped TiO2 nanoparticles. The pressure-induced conductivity evolution provides 
direct evidence for rationalizing the correlation of packing factors with electron transport 
in semiconductors (16). 

Future Plans 

We plan to address the most fundamental problems in high-pressure physics related to 
alkali metal-insulation transition and phase relations of the first column elements.   

1. We plan to develop maximum pressure capabilities beyond the current limit of 
400 GPa, by improving the miniature designs of diamond anvils and testing the 
designs with x-ray microprobes with nanoscale resolutions.  

2. We plan to solve the novel high-pressure crystallography of hydrogen and alkali 
metals with our recently developed multigrain crystallography method (17, 18) 

3. We plan to studied the hydrogen bandgap and follow its pressure-induced changes 
up to metallization with the x-ray inelastic scattering capabilities at HPCAT. 

4. We plan to extend the monitoring of Na plasmon and K-edge IXS spectroscopy 
beyond 100 GPa to enter the exciting regime of metal-insulator transition. 

5. We plan to use the IXS instrument at HPCAT to study the lithium plasmon 
dynamics, and lithium K edge dipolar to monopolar excitations through the series 
of high-pressure phase transitions.   
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X-ray scattering studies of energy materials at extreme conditions 

Wendy L. Mao 

Photon Science, SLAC National Accelerator Laboratory 

Geological and Environmental Sciences, Stanford University 

Program Scope 

Extreme environments broaden the arena in which to search for materials with desirable 
properties.  Emergent phenomena observed in strongly correlated electron systems (e.g., colossal 
magnetoresistance (CMR) and superconductivity) may play a crucial role in future energy 
applications and next-generation electronic and spintronic devices. Understanding and 
harnessing these phenomena remains a challenge because of the complex coupling between 
lattice, orbital, electronic, and spin degrees of freedom. High pressure has proven to be an 
effective variable for decoupling these interactions and revealing the mechanisms behind the 
macroscopic properties of these compounds.  Our program seeks to use both static and dynamic 
compression methods coupled with a suite of in-situ characterization tools to improve our 
understanding the changes wrought by high pressure which in turn illuminates the underlying 
physics and chemistry.  Such insights are critical for controlling desired properties, which in turn 
enables the design of dramatically improved materials.  

Recent Progress  

Ultrafast optical and X-ray pulses are powerful tools to study various dynamic processes. We 
have been conducting time-resolved high pressure XRD on systems with structural transitions 
that can be probed on sub-ns timescales (e.g. phase change memory materials like GST (Hsieh et 
al., APL 2013), and also working to develop THz experiments in a diamond anvil cell (DAC). 
We are also performing high-pressure ultrafast pump-probe differential reflectivity 
measurements with the hope of helping understand phase transition physics in other strongly 
correlated systems and discovered a novel, transient metallic state in VO2 (Hsieh et al., APL 
2014).  

My group has been involved in a number of experiments at the Matter at Extreme Conditions 
(MEC) end station of LCLS. We have investigated the kinetics of laser-shock induced phase 
transitions in metals SiO2 (Gleason et al, in review), and we also have preliminary results from 
MEC on laser-shocked ice and water. This temporal approach has yielded new information on 
the structural dynamics of plastic yielding and nucleation and growth during phase transitions 
with ns resolution.  

We are also involved in activities looking at static high pressure behavior both to discover and 
understand new phases and phenomena and as complement for dynamic experiments and as a 
basis for understanding the systems out of equilibrium. We continue to look at a wide range of 
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strongly correlated systems including mixed valence compounds (Wang et al., PRB 2013), high 
Tc superconductors like Hg cuprates (Wang et al, PRB 2014), binary chalcogenides (Zhao et al, 
PRB 2014; Zhao et al, PRB 2013), post-spinel manganese and cobalt oxides (Hirai et al, PRB 
2013; Hirai et al., APL 2013a), and more exotic materials like the ferromagnetic Kondo lattice 
system CeRuPO (Hirai et al., APL 2013b).  We have also studied the high pressure behavior of 
nanostructured Si for use as high capacity anode materials (Zeng et al., J. Power Sources 2013). 
For all of these studies we are working closely with various theory groups to interpret our high 
pressure synchrotron x-ray results. 

My group has also been continuing to collaborate with researchers at SLAC and APS to develop 
high pressure nanoscale x-ray computed tomography (nanoXCT). Using this powerful, in-situ 
3D imaging tool, we have also demonstrated the potential for nanoXCT to determine the 
equation of state of amorphous phases (Lin et al., APL 2013; Zeng et al, PRL 2014) with an 
accuracy rivaling XRD.  

Future Plans 

We plan to continue our work on ultrafast optical and x-ray measurements coupled with static 
and dynamic compression techniques on strongly correlated systems and on technique 
development related to nanoXCT. For all of these studies we will work closely with various 
theory groups to interpret our high pressure experimental results. In addition to the large number 
of synchrotron x-ray projects, we have submitted proposals to MEC to look at laser-shocked H2O 
at high pressure conditions as well as at the dynamic strength of materials.  
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Dynamic Visualization and Control of Emergent Phases in Complex Oxide 
Heterostructures, DE-SC-0012375  
  
Ultrafast infrared nano-spectroscopy and nano-imaging of unconventional 
superconductivity in high-Tc systems " DE-SC0012592 
 
Surface and Interface Physics of Correlated Electron Systems, DE-ER-046169 

Andrew Millis, Department of Physics, Columbia University 

Program Scope: 

Dynamic processes in materials underpin many facets of energy science such as efficient energy 
conversion and transport.  This project supports an interdisciplinary team including experts in 
new generations of ultrafast/ultrabright light sources in terahertz, infrared and hard X-ray 
frequencies, nano-diffractio and ultrafast infrared near-field nanospectroscopy to explore the 
physics of transient and metastable states in complex oxide films and heterostructures at ultrafast 
time scales as well as theory. Fundamental research goals are to: (a) Establish materials design 
principles beyond the ground state paradigm to control and tailor material responses at ultrafast 
time scales. (b) Identify phase competition mechanisms to stabilize phase coexistence and 
engineer enhanced susceptibilities. (c) Use spatio-temporal methods to gain new insights into 

creation and destruction of phases that arise from strongly competing interactions.   

Recent Progress  

The interesting electronic phenomena in transition metal oxides are often described using 
intuitively appealing terms such as ``charge order’’, and modeled with simple models such as the 
Hubbard model, the real physics is typically richer and involves lattice degrees of freedom in an 
essential way.  The Millis DOE research program 
develops the methods needed to address this physics and 
applying them to new situations. Progress relevant to the 
current (ultrafast) project includes (numbers refer to DOE 
supported publications): determination of  the origin of 
the metal-insulator transition in rare earth nickelates [1] , 
elucidation of the conditions for magnetism in oxide 
superlattices [4] , establishment of  the fundamental 
importance of the double counting correction and 
construction of a realistic theory of the metal-insulator 
transition in oxides [2,9], studies of the charge transfer in 
oxide superlattices [3], demonstration of   how surface 
termination controls the phase behavior of oxide 
superlattices [5] and implemention of realistic total energy 
calculations in DFT+DMFT [10], showing quantitative 

Calculated [10] structural and metal-
insulator phase diagram of rare earth 
nickelates as function of rare earth ion 
(expressed as tolerance factor) and unit 
cell volume ;compared to data (black 
symbols) and DFT+U (dashed lines). 
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agreement with the structural and metal-insulator phase diagram of the rare earth nickelates  

Future Plans 

A key open issue in theory of ultrafast experiments is the development of methods that provide 
access to the long-time behavior of pumped correlated systems. By combining Keldysh-contous 
diagrammatic Monte Carlo [A], bold-line resummations [B] and memory function methods we 
are now becoming able to compute Greens functions [C] enabling us to fully solve the equations 
of nonequilibrium dynamical mean field theory [D] beyond the short time [A,B] or perturbative 
[E} limits.  The power of our methods 
is demonstrated by our ability to 
resolve the current-induced peak 
splitting in the nonequilibrium 
Anderson model (see Fig.). We plan to 
build on these methodological 
developments to implement a full 
nonequilibrium dynamical mean field 
theory of pumped correlated systems. 
Simulataneously,and in close 
communication with experimental groups,  we will use phenomenologoical and time-dependent 
hartree methods building on the real-materials work described above, to obtain a 
phenomenological description of phonon-pumping experiments for controlling charge and orbital 
order in correlated materials.  
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Calculated [D] electron spectral function (many-body 
density of states as function of frequency for voltage-
biassed Anderson model demonstrativing current-
induced splitting of central peak.  
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Ultrafast Magnetization Dynamics and Spin Transport Probed by Coherent Soft X-Rays 

Margaret Murnane, Henry Kapteyn and Thomas Silva 

University of Colorado Boulder and NIST 

 

Program Scope 

 A detailed understanding of nanoscale magnetization dynamics for 3d metals has become 
critical for spintronics-based memories as a low-power, non-volatile, ultrafast replacement for 
DRAM and SRAM in ubiquitous computing applications. However, we only have a crude 
understanding of magnetization dynamics of the transition metals because a comprehensive, self-
consistent, microscopic model for metals that rigorously includes the spin, electronic, photonic 
and phonon-degrees of freedom and their interactions does not yet exist. While the fundamental 
length- and time-scales for magnetic phenomena are nanometers (exchange length) and 
femtoseconds (exchange splitting), tools that enable the exploration of dynamics at these scales 
have only recently become available. Our joint JILA-NIST program is exploring the fastest and 
smallest dynamics in magnetic materials by use of high harmonic generation (HHG) sources. 

 Recent Progress  

Using HHG sources, we made several advances in uncovering new understanding of spin 
dynamics on the fastest timescales.[1-9] First, we uncovered evidence of quasi-ballistic, laser-
generated spin-currents in magnetic multilayers that are generated during laser-driven ultrafast 
demagnetization.[3-5] Such pure spin-currents are of great interest for technological applications, 
where the information is encoded in the form of angular momentum rather than charge. By 
exciting a magnetic multilayer (Fe/Ru/Ni) with a ultrafast laser pulse, and then probing the 
magnetization of individual Ni and Fe layers using EUV tuned to the magnetically sensitive 3p-
3d transitions, we found that optically-induced demagnetization of Ni causes the buried Fe layer 
to undergo a surprising transient enhancement of magnetization. We explain this as the result of 
an intense, majority spin-current that propagates from the Ni top-layer into the buried Fe layer at 
near-ballistic velocities. The data are consistent with the notion that the exchange-splitting of the 
Fe bands is enhanced by longitudinal spin-currents, thereby stabilizing the increased 
magnetization against fluctuations. This suggests that the far-from-equilibrium spin dynamics 
can result in novel magnetic states that cannot be accessed by conventional means.[1-5,8,9] 

In a related vein, we solved a controversy regarding the microscopic mechanisms 
contributing to ultrafast demagnetization.[5] Two theoretical mechanisms had been proposed to 
explain ultrafast laser-induced magnetization dynamics: non-local quasi-ballistic spin-currents 
and local spin-flip scattering. Spin-currents would remove spin angular momentum from a given 
layer, whereas local spin-flip scattering results in a direct transfer of angular momentum between 
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spins and lattice. Our data conclusively showed that both spin-currents and spin-flip scattering 
contribute with similar efficiency to ultrafast demagnetization in these multilayers.  

 Finally, in work in collaboration with Oren Cohen’s group at Technion, we demonstrated 
the first bright, phase-matched, extreme UV circularly-polarized HHG and used this new light 
source for magnetic circular dichroism (MCD) measurements at the M-shell absorption edges of 
Ni (see Fig. 1). For decades it was assumed that HHG from atoms was brightest when both the 
driving laser and HHG fields were linearly polarized. While the use of passive optical 
components can convert from linear- to circular-polarization, these are far too inefficient to be 
practical. Using combined blue and red driving lasers with opposite polarity, we showed that 
phase matching of circularly-polarized HHG is unique and robust, producing a photon flux 
comparable to the linearly polarized high harmonic sources that we have successfully used for 
ultrafast, element-selective, magneto-optic experiments.[6] This work thus represents a critical 
advance that makes possible element-specific imaging and spectroscopy of multiple elements 
simultaneously in magnetic and chiral media with high spatial and temporal resolution, using 
tabletop setups. To date this capability was available only at large-scale X-ray facilities. 

Future Plans 

 We are exploring how the electronic configuration is modified in laser-induced 
demagnetization on fs timescales.[8] In particular, there is strong disagreement in the field as to 
whether electron-electron scattering mediates the spin-flip process during ultrafast 
demagnetization, or whether only spin-phonon scattering dominates. We are also studying the 
correlation of the charge- and spin-dynamics after ultrafast laser transient, non-equilibrium, 
heating of a magnetic material. We are investigating magnetization dynamics in a variety of 
ferro- and anti-ferromagnetic multilayer systems and, in particular, coupled charge-spin-phonon 
transport. We also started collaborations with Frances Hellman, Peter Fischer, Jeff Kortright and 
Hermann Durr from LBNL and SLAC. 

 References 

 See publication list below. 

Fig. 1 First demonstration of bright circularly-polarized HHG. (left) The combined field of counter rotating red 
and blue lasers is a three-fold cloverleaf shape (purple). This gives rise to circularly polarized HHG where orders 
q=3m+1 rotate right, while q=3m-1 rotate left. (center) HHG from Ne where each successive order has opposite 
circular polarization and every 3rd harmonic is missing. (right) Transmission- and XMCD-spectra for Ni.  
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Fig. 1. The M-O coordination of the liquid (red) or glass (black) 
compared to their crystalline phases (M=Al, Si, Te, Ge, Ga, Ti, 
La ,Y, Mg, Ca ,Sr Ba, Pb, Na, K). Inset is the coordination drop 
divided into three groups of differing cation field strength. 

 

Low coordination of extreme oxide melts. 

John B. Parise & Lawrie B. Skinner 

Mineral Physics Inst. Stony Brook University, Stony Brook, NY 11794, USA. 

Program Scope 

The Current program is to investigate liquid, glassy and disordered crystalline materials 
at extreme conditions, high temperatures and/or pressures (T~3000K P~GPa), and metastable 
conditions (supercooled or supersaturated). 

 Recent Progress  

This year we have produced high 
impact publications in Physical Review 
letters, PNAS, and Nature communications, 
all concerning oxide melt structure. 
Understanding and controlling oxide melts is 
important to natural phenomena such as 
magmas, and technologies where materials are 
processed via the liquid phase. High 
temperature ceramics, glass displays and 
lenses, laser garnets, and the fiber optic cables 
which connect countries, are a few 
technologies which stand to benefit from the 
improved knowledge provided.  

Our PRL publication reveals a general 
trend that oxide melts and glasses have lower 
coordination than their crystalline counterparts 
[5]. This coordination drop (Fig. 1.) has 
important consequences for the behavior and properties of these melts. Melts with low cation 
field strength, such as ZrO2, and UO2 are found to have a particularly large coordination drop on 
melting. Highlights discussing our work can be found here [1-3]. 

Our PNAS paper provides a Pressure-Temperature map for predicting the density and 
pressure where coordination increase occurs in oxide glasses and melts [6]. Highlighted here [4]. 

Our Nature communications paper provides a structural explanation for the viscosity 
minimum in silicates melts [7]. This unusual behavior, where silicates initially become less 
viscous (thin) under pressure, is relevant to processes within Earth’s mantle.  

We also collaborated on a recent Nature paper studying liquid water at extremely low 
temperatures (-40 ºC) [8]. This is relevant to the debates about the amorphous and liquid phase 
transitions in water at these conditions, relevant to conditions in clouds and the behavior of water 
in interstellar space, which is expected to be amorphous. 
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Future Plans 

 We are currently working on high impact work where we measured the structure of 
molten UO2 for the first time (this draft is currently under review for publication in Science). 
UO2 is important technologically and to anthropological climate change since it is the fuel used 
in most nuclear power reactors, yet relatively little is known about the melt due to the very high 
temperatures (3200 K) and radiation controls required. Alongside this we have collected data on 
iron oxides and iron silicate melts, combined with control of the oxidation state. Understanding 
these melts is relvant to the deep Earth, steel production and slag waste.  

In the next 3 months we will perform studies on water under negative pressure (under 
tension). This work will improve our understanding of water at these conditions. In nature, these 
negative pressure conditions occur in plants such as tall trees as the liquid drawn up the xylem, 
and inside minerals such as quartz, where fixed-volume water pockets are formed at high 
temperatures. Also control of cavitation, which occurs when liquids are momentarily stretched 
past their tensile limit, is critical to the design of turbines, propellers, and coolant lines in 
combustion engines. 

Longer term we aim to extend our studies of high temperature, high pressure, melts 
beyond simple oxides, into carbides, nitrides and oxynitrides, New oxynitride glasses could be 
made with continuously tunable refractive indices between there oxide and nitride values. While 
carbides and nitrides such as TiN, and B4C are used as cutting tools, radiation shielding, and 
semiconductor devices. Hence turbine engines, glass lenses, and the fiber optic cables, are just a 
few technologies that would directly benefit from improved knowledge of these materials around 
their melting point. 

Many of the measurements we will perform are difficult, with complex sample 
environments that can potentially compromise data.  We are working closely with the XPD 
beamline team at NSLS-II to apply modulation Enhanced Diffraction (MED) to our systems.  As 
part of a BNL LDRD project we are applying MED, which requires a periodic perturbation 
applied in real time and observation of systems’ diffraction response, we are applying the 
technique to gas separation materials [16-19].  We will expand these measurements to truly 
challenging H-isotope separations and melt studies as well. 
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Atomic Structure of Nanoalloy Catalysts in As-Synthesized and Active State    
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Program Scope 

The project aims at i) synthesizing a series of technologically important binary and ternary 

nanoalloy catalysts, ii) determining their atomic-scale structure and how it evolves under realistic 

reaction conditions by high-energy x-ray diffraction (XRD), including element specific resonant 

XRD, coupled to atomic pair distribution functions (PDF)s analysis and 3D structure modeling, 

ii) revealing synthesis – atomic structure – catalytic properties relationships in the nanoalloys  

and  iii) using the unique knowledge obtained as a feedback loop for streamlining their synthesis 

thus drafting a roadmap to nanoalloy catalysts by rational design. Work on the project will push 

forward high-energy synchrotron XRD and atomic PDFs analysis, in particular resonant XRD, 

provide new hardware for in-situ high-energy XRD studies of catalytic reactions and perfect 3D 

computer modeling of nanometer-size materials, such as nanoalloy catalysts, of DOE interest.   

 Recent Progress  

In the last two years we carried out a series of ex- 
1,3,5,6,8,11 

and 

in-situ
 4,7,12

 high-energy XRD experiments on 3-7 nm NM-TM 

alloy catalysts, where NM = Au, Pt, Ir, Rh, Pd, Ag and TM= Fe, 

Co, Ni, Cu, V, Sn. In situ experiments involved mostly catalytic 

reactions under reactive gas (H2, O2 and CO) atmosphere. 

Atomic PDFs analysis and 3D structure modeling guided by the 

experimental data shed much-needed extra light on the gas-

phase reaction mechanisms at atomic level opening up new 

avenues for optimizing nanoalloy catalysts with respect to their 

activity, selectivity and stability. Recently we extended our in-

situ studies toward Proton Exchange Membrane Fuel Cell 

(PEMFC) applications. We designed a fully functional PEMF 

reaction cell (see Fig. 1). The cell was used to study the 

structural evolution of Pt45Ni33Co22, Pt62Co38 and Pd26Ni74 

PEMFC cathode catalysts upon prolonged (~12 h), heavy duty usage (~3000 cycles) of the cell.  

Experimental PDF data (see Fig. 2) indicated that nanoalloy atomic structure changes 

significantly with PEMFC usage time. Structure changes were found to go hand in hand with 

changes in the nanoalloy chemical composition, due to “leaching” of TM species, and nanoalloy 

activity for Oxygen Reduction Reaction (ORR) taking place at the PEMFC cathode. Findings 

hint a strategy for optimizing PEMFC cathode catalysts and so improving PEMFC viability.  

    Also, in the last two years we put a lot of effort into developing 
2,10

 computational procedures 

for generating realistic 3D models of nanoalloy catalysts, in particular into the so-called hybrid 

reverse Monte Carlo (RMC) simulations. RMC-based models proved 
3,4,5,6,8,9, 12  

very useful in 

assessing how structural characteristics of nanoalloys, in particular those of nanoalloy surface, 

relate to their catalytic properties.   

       Furthermore, we kept demonstrating the great potential of resonant high-energy XRD. A 

study on Au-Cu and Au-Ag nanoalloy catalysts 
9
 revealed that Cu and Ag atoms change in size  

Figure 1. PEMFC cell as used at 

beamline 11-ID-C, Argonne. 

112



 
 

Figure 2. Experimental PDFs for 

Pt45Ni33Co22 nanoalloy catalyst used at 

the cathode of PEMFC cell of Fig. 1. 

Vertical lines (in red) emphasize 
increased structural disorder and 

change in interatomic distances with 

PEMFC usage time given in terms of 

number of cycles (in blue).  

Figure 3. Core-shell interface in RMC models of ~ 5 nm in 

size Ru core-Pt shell catalysts. First neighbor Ru and Pt 

layers can be packed hcp- (a) or fcc-like (b) rendering Ru 

core and Pt shell structurally incoherent and coherent, 

respectively.  Note bulk Ru is hcp- and bulk Pt - fcc-type 

metal. Also, neighboring Ru and Pt atoms may inter-diffuse 

forming “nanoalloy-type” interface (c) or (d) segregate.    

substantially when alloyed with Au atoms at the nanoscale 

and so do Cu- and Ag-Au atom bond lengths and strengths. 

As a result, oxygen inactive Au and oxygen very active Cu 

and Ag species form nanoalloys exhibiting greatly 

enhanced activity for low temperature CO oxidation.   

    Very recently we conducted resonant high-energy XRD 

studies on ~ 5 nm in size Ru core-Pt shell type catalysts 

explored for energy conversion applications based on 

electrolytic oxidation of ethanol and methanol. Special 

attention was paid to characterizing Ru core-Pt shell 

interface in terms of structural coherence and inter-

diffusion of Pt and Ru species since those had been found 

to have a dramatic effect on the rate of ethanol and 

methanol oxidation reactions. 3D models based on 

differential and partial atomic PDFs extracted from the 

resonant XRD data proved very useful in quantifying the 

structural and chemical “uniformity” of Ru core-Pt shell 

interface (see Fig. 3) opening the door to using resonant 

high-energy XRD for characterizing “buried” interfaces in 

nanomaterials.   

 

Future Plans 

We are planning on studying a variety of 

so far largely unexplored binary and 

ternary nanoalloys such as, for example, 

Pd-(Cu/Ni), PtCo(V/Fe), PtIrSn, and 

others, aiming at reducing the amount of 

scarce Pt as much as possible. Also, we 

are planning on studying the effect of 

nanoalloy support (e.g. Carbon vs TiO2 

vs SiO2 vs Al2O3 vs CeO2) on the atomic 

structure of usually supported nanoalloys 

and, hence, on their catalytic properties. 

Both ex-situ and in-situ high-energy 

XRD experiments will be carried out. 

The latter will concentrate on electrolytic 

reactions. For the purpose we will be using designed by us PEMF (H2-based) reaction cell. Also, 

we are planning on designing and testing a reaction cell for in-situ studies of nanoalloy catalysts 

for direct ethanol oxidation (DEF). Yet nanoalloy catalysts for gas-phase reactions, mostly 

involving CO oxidation, will be subjected to in-situ studies as well. For the purpose we will be 

using the gas-phase reaction cell available at the beamline 11-ID-B, Argonne. The increased 

complexity of envisioned nanoalloys will require experimental PDF data with increased element 

specificity. For the purpose we applied for and have been given beamtime for resonant high-

energy XRD experiments at Sectors 1 and 6, Argonne. Instrumentation at the former will allow 

us probe K edges of Au, Pt and Ir while that at the latter – K edges of Rh, Pd, Ag and Sn. We 

will continue upgrading our software for hybrid RMC.  
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Fig. 1: (left) Element resolved dynamics of magnetization in 

GdFeCo follow laser excitation. (right) Time resolved spin 

transfer into Gd-enriched regions in GdFeCo. [Graves2013] 

 

Femtosecond Nano-Magnetism 

Alex Reid, Joachim Stöhr, Hermann Dürr  

SLAC National Accelerator Laboratory, Stanford University 

 

Program Scope 

 Magnetism is virtually unexplored at its fundamental few-nm length and few-fs time 

scales as set by the exchange interaction since the spatial resolution of conventional fs optical 

[Kirilyuk2010] and VUV laser [Mathias2012] sources are limited by their respective 

wavelengths. Yet a deeper understanding of magnetism at this level is becoming essential as 

future magnetic recording aims at exactly this regime: Tbit densities switched at THz rates. We 

employ the unique x-ray capabilities at SLAC to access these sub-10 nm lengthscale on the 

complementary fs timescales. The next generation of magnetic data storage devices is thought to 

be heat assisted magnetic recording where the high magnetic anisotropy of recording media has 

to be overcome by a laser integrated into the read/write head. This technology is being 

implemented now. The generation after this could be all-optical switching if we can figure out 

now how it works. We propose to use the unique x-ray capabilities available at SLAC to study 

all-optical magnetic switching in novel metallic alloys and synthetic magnetic structures to 

develop a fundamental understanding of the ultrafast manipulation of the exchange coupling. 

This knowledge base will ultimately be used to tailor future generations of data storage devices. 

Recent Progress  

 We have made fundamental progress in understanding the flow of angular momentum 

and energy in the all-optical switching process in GdFeCo. Using the fs time and nm spatial 

resolution of resonant x-ray scattering, we have been able to extract the signature of nanoscale 

angular momentum transfer between distinct chemical regions of the magnetic alloy. This study 

was the first to show the existence of 

chemical segregation within this metal 

alloy, and further highlight its 

importance to the light induced 

switching of magnetization. Figure 1 

shows the measured local reversal of the 

Gd moments within the Gd-enriched 

regions 1 ps after excitation. This 

reversal is driven by a net spin current 

into these enriched regions. This first-of-

its-kind study, points to new ways of 

engineering materials at a nanoscale 

level to add new dynamic functionality. 
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Fig. 2: Resonant x-ray holographic reconstructions of 

magnetization in TbFeCo. (left) A reversed magnetic domain of 

<1nm in size is written below the gold antenna structure, 

outlined in gold. (right) A further laser shot erases the magnetic 

domain. [Liu2014] 

 

 We have further studied the ability of light to switch nanoscale domains by using near-

field optical confinement. By using plasmonic antennas deposited directly onto the magnet film 

we can selectively excite a nanoscale region of the film above the energy threshold for all-optical 

switching to occur. Our results demonstrate this as a proof of concept all-optical recording, and 

further show that the process is reversible. Analysis of the switching shows that in film 

properties are fundamental in determining the size of switched regions which cannot be 

explained by the near-field enhancement alone.  

Future Plans 

 Our understanding of the 

important of spin and energy transfer on 

short length has been illuminated by the 

currently progress in our program. 

However, there is still not a full 

understanding of how spin-reversal 

nucleated at a nanoscale evolves into a 

switched domain. This is highlighted by 

the unexpected inhomogeneity in 

TbFeCo. We propose to try and 

determine how the first ps dynamics 

links to the final state we observed. 

The recent discovery of all-optical switching in the technologically important system of granular 

FePt [Lambert2014] has raised questions about how the process can occur in ferromagnet. We 

are undertaking to explore this system and understand if the process is radically different. 
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Nonequilibrium Phonon Dynamics (part of FWP: Time-resolved Soft X-ray Materials 
Science at the LCLS & ALS) 

David Reis1,2 and Mariano Trigo1  
1SLAC National Accelerator Laboratory 
2Stanford University 

Program Scope 

 The goal of the nonequilibrum phonon dynamics subtask is to understand the complex 
dynamics of advanced materials at the level of atomic-scale interactions of phonons and other 
collective modes with photons, electrons,  and other phonons.  Under DOE support, we are 
developing and applying novel ultrafast optical and x-ray scattering techniques that are necessary 
to resolve these interactions both near and far from equilibrium on their natural time and length 
scales.  In particular we make use of the bright femtosecond bursts of x rays from LCLS and 
SACLA to make high-resolution measurements of phonon dispersion and non-equilibrium 
phonon populations in photo-excited materials.  This program is responsive to the grand 
challenge problems of “emergence”, non-equilibrium dynamics, and to probe model systems for 
deep insights on materials for energy conversion, transport and efficiency. 

 Recent Progress  

We have made substantial progress in using optical and x-ray scattering from non-equilibrium 
coherent and squeezed phonons for studying materials dynamics in several prototypical materials 
including VO2, Bi, Sb, and other materials (see publication list).  Of particular relevance to the 
goals of this FWP, we have published the first results on our Fourier transform x-ray inelastic 
scattering (FT-IXS) method [Trigo et al., Nat. Phys. 9, 790, 2013]. The experiments made use of 
the hard x-ray beamline at LCLS to achieve sub-meV resolution of collective modes in 
photoexcited germanium spanning a large portion of the Brillouin zone.  In these experiments, an 
ultrafast light pulse couples to pairs of phonons with equal and opposite momentum and 
produces temporal coherences in the mean square displacements at a given momentum transfer.  
The subsequent evolution of the coherent atomic motion is read off as a function of time by 
femtosecond x-ray scattering using a massively parallel detection. While these experiments can 
easily measure low energy excitations, the results were limited by the timing jitter of the XFEL 
to modes with frequencies below a couple THz (<8meV). By resorting the data based on arrival 
time, we have been able to beat the jitter-limited resolution and can resolve acoustic phonons 
spanning the full Brillouin zone.   We have used this technique to study anharmonic phonon 
interactions in the incipient ferroelectric PbTe on both LCLS and SACLA. Some of our results 
are shown in Fig. 1.  In this case, the material response includes two-phonon coherences 
involving mixed modes that can be connected to a differential change in the dynamical matrix 
involving forces between like and unlike atoms.  These results can then be used to compare with 
first principle calculations from our colleauges at Tyndall to help elucidate the nature of the 
anharmonicity and stability of the paraelectric phase.  
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Fig. 1. FT-IXS spectrum 
of transverse two-phonon 
excitations in PbTe along 
Γ-X following near band-
gap excitation which 
increases the stability of 
the paraelectric rock-salt 
structure.  The spectrum is 
obtained via Fourier 
transform of the time-
domain inelastic x-ray 
scattering signal using 
LCLS.  The white lines 
show assignments based 
on various combinations 
of phonon branches from 
published inelastic neutron 
scattering data of Cochran 
et al., Proc. R. Soc. Lond. 
A 293: 433 (1966). 
 

 

Future Plans 

 We have shown that non-resonant time-domain inelastic x-ray scattering can measure 
near-equilibrium dynamics with extreme resolution in both highly harmonic and anharmonic 
systems.   This paves the way to studying not only more complex materials where macroscopic 
properties “emerge” due to strong electron-phonon and phonon-phonon interactions, but also 
functional materials for energy conversion and transport applications, since they operate far from 
equilibrium in modern devices.    In the near term, we plan to submit the results from the jitter-
corrected FT-IXS data, the results on anharmonicity in PbTe, as well experiments on coherent 
acoustic phonons and demagnetization in thin Fe films (in collaboration with Hermann Dürr). 
We have two upcoming beamtimes scheduled on LCLS: the first is to study the mechanism for 
generation of two-phonon coherences, so that we can understand under what conditions we 
expect the FT-IXS technique to be operable;  in the second we will study charge density wave 
(CDW) dynamics (amplitude and phase modes) in the rare-earth tri-telluride system with the 
goal of resolving: (i) how the anisotropy in the electron-phonon coupling determines the CDW 
wavevector and (ii) the relationship between the Fermi surface structure and the two CDW 
orderings (1D and 2D) observed in the system.  We also continue to work with Mao and 
Lindenberg groups on dynamics of materials near phase transitions.   
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Dynamic Visualization and Control of Emergent Phases in Complex Oxide  
Heterostructures, DE-SC-0012375 

Dynamical Materials Design Using Atomic Scale Anharmonic Interactions 

James Rondinelli, Dept. of Materials Science and Engineering, Northwestern University 

Program Scope 

Dynamic processes in materials underpin many facets of energy science such as efficient energy 
conversion and transport. This project supports an interdisciplinary team including experts in 
new generations of ultrafast/ultrabright light sources in terahertz, infrared and hard X-ray fre-
quencies, nano-diffractio and ultrafast infrared near-field nanospectroscopy to explore the phys-
ics of transient and metastable states in complex oxide films and heterostructures at ultrafast time 
scales as well as theory. Fundamental research goals are to: (a) Establish materials design princi-
ples beyond the ground state paradigm to control and tailor 
material responses at ultrafast time scales. (b) Identify phase 
competition mechanisms to stabilize phase coexistence and 
engineer enhanced susceptibilities. (c) Use spatio-temporal 
methods to gain new insights into creation and destruction of 
phases that arise from strongly competing interactions. 

Recent Progress  

Rondinelli has developed new theories for how competing 
electronic interactions may be controlled in bulk and thin film 
perovskites to produce new phases. The concept relies on lev-
eraging the anharmonic interactions among lattice normal 
modes in ferroic and correlated oxides, which are character-
ized by various lattice instabilities (Figure 1). Progress rele-
vant to the DOE program builds on prior support from ARO (W911NF-12-1-0133) and ONR 
(N00014-11-1-0664), includes discovery of novel ferrielectric phase transitions [1], polar con-
ductors [2], emergent ferroelectricity in superlattices and layered oxides [3], and control of 
charge-ordered breathing distortions in materials exhibiting metal-insulator transitions [4]. Many 
of these studies were performed with the High Performance Compute (HPC) facilities at the Cen-
ter for Nanoscale Materials (CNM, Argonne). Recently, Rondinelli was awarded a 220,000 hour 
HPC allocation (CNM 40077) for FY 2015 on “Dynamical Materials Design for Non-
equilibrium Phase Discovery,” for studies planned in DE-SC-0012375. 

Future Plans 

Rondinelli will computationally explore the extent to which instabilities of the octahedral rota-
tions in perovskite oxides may be used as a new structural “sand box” to design dynamic phases 

 
Figure 1. Common distortions to the 
ideal  BO6 octahedral framework of 
the perovskite aristotype (a). The 
physical distortions manifest as rota-
tions (b), tetragonal distortions with 
2-short and 4-long B–O bonds (c), or 
vice versa, and cooperative dilation 
and contraction (d) of the octahedra. 
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of matter. Using group theoretical methods and density functional theory computations, he will 
identify key unit cell level features that give rise to large lattice anharmonicity between IR-active 
and Raman active modes (rotations, Jahn-Teller distortions, etc., that dictate functionality 
through the orbital degrees of freedom). It is hypothesized that through electron-lattice interac-
tions, it will be possible to stabilize new non-equilibrium phases by mode-selective excitation of 
IR modes indirectly coupled to the Raman modes, through effective static ionic displacements.   

The proposed calculations will first explore oxides in bulk close to metal-insulator or ferroic 
phase boundaries. Total energy surface calculations as a function of the amplitude of the 
IR/Raman modes will be performed on nickelate, manganite, and vanadate oxides synthesized by 
experimental team members, Chakhalian, Martin, and Engel-Hebert, respectively. Rondinelli 
will identify the nature and strength of the coupling between the various IR and Raman phonons. 
The electronic and magnetic properties will be determined as a function of IR-R coupling to con-
struct “non-equilibrium” phase diagrams, forming the basis for advanced calculations with dy-
namical fluctuations by Millis. These results will guide the subsequent selection of material sys-
tems for growth in thin films/superlattices and guide targeted excitation of resonance frequencies 
in the THz range (or ranges accessible by the available optics) by Averitt, Gopalan, Freeland, 
Wen, and Basov. Together we will formulate design rules for light-induced transitions, and pro-
vide an understanding of how to extend the lifetime of the dynamical states in heterostructures. 
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HPCAT – Advances in High Pressure Melting and Polyamorphism in Liquids 

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

Program Scope 

 HPCAT’s mission is to advance compression science in multidisciplinary fields using 
synchrotron radiation. HPCAT has played pioneering role in enabling many new capabilities and 
establishing new ways of conducting experiments.  This abstract summarizes one development 
area on high pressure melting and polyamorphism in liquids. 

 Recent Progress  

 High pressure melting anchors the phase diagram of a material and is fundamental in 
thermodynamics. However, large controversial results, differing over thousands of degrees, still 
exist in recent literatures, due to the lack of reliable melting identification, large temperature 
gradients, and chemical reactions between the sample and the pressure media or anvils.  

In the past two years, we have made considerable developments in establishing a robust 
method in determining the high-pressure melting curves of materials. Although x-ray diffraction 
promises to be the most robust to document the loss of long range order upon melting1-3, 
observing diffuse scattering from molten areas has been experimentally challenging, largely 
because of small heating area, small x-ray probe, and their mutual alignment. The “tail” of the x-
ray beam, which is 2-5 times larger than the size at FWHM, may scatter from relatively cold 
unmelted region. While the scatter from crystalline portion by the tail is weak in general, it could 
be comparable to the weak diffuse scattering from the central molten area, resulting in 
inconclusive mixed diffraction patterns. This important detail is often not described in the 
published literature, but is one major factor responsible for the large controversies. We have 
developed a new melting criterion using pulsed laser heating (Figure). When the peak power was 
adjusted to above melting temperatures followed by fast quenching, a continuous diffraction ring 
is observed arising from fine grains of the sample. Obviously, the nucleation process from liquid 
is fast enough relative to this quenching rate, but the grain growth is largely prevented, leaving a 
signature of the molten history. The advantages of this method include unambiguity in melting 
detection, only short heating duration needed, and strong diffraction signals from crystalline 
sample (rather than based on weak diffuse scattering). In addition, with the use of powerful 

lasers, large temperature gradients can be eliminated by having large hot spots (>80 µm in 
diameter) on the sample which effectively reduce the effect of chromatic aberration4, 5 in 
temperature measurements. Our developments in encapsulated sample configuration clearly 
reduce unwanted chemical reactions.  

The developed method is also applicable to study polyamorphism in liquids, a 
fundamentally important yet unresolved phenomenon6. One example is the simple alkali 
elements like Li and Na. Our previous results show that both Li and Na display melt-down and 
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complexity of crystal structures at high pressure7, 8. This is contrary to the conventional wisdom 
that the crystal structures at high pressure became simple arrays of closely packed balls. High 
pressure increases the interaction of the inner electrons, and atoms become irregularly-shaped 
and non-spherical, resulting in very complicated crystal structures, and very large unit cells7-9. 
Currently, their liquid counterparts are simply treated as a blank, randomly disordered void. With 
the new developments, we will address the role of increased interaction of the inner electrons at 
high pressure and possible polymorphism in these liquids. 

 

               

 
Future Plans 

 The newly enabled methods will be applied to determine high pressure melting of 
transition metals of Fe, Mo, Ta, and W up to multi-Mbar pressures. In addition, we will study 
liquid-liquid transitions at high pressure using x-ray diffraction and x-ray inelastic scattering 
techniques to address the polyamorphism, both gradual and abrupt, in liquids. 
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Electronic and Magnetic Properties of Quantum Materials 
 
Z.X. Shen, T.P. Devereaux, D.H. Lu, Rob Moore, Patrick Kirchmann, M. Hashimoto and 
B. Moritz 
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 the cuprates and 
Fe-pnictides or iron chalcogenides) or materials with strong spin-orbit interactions (such as 
topological insulators or transition metal dichalcogenides). The main activity is synchrotron 
based ARPES, but modern methods such as laser-ARPES, time resolved ARPES, 2PPE ARPES 
and spin-ARPES are also been actively pursued.  
 
Recent Progress 
 
A few examples of recent progress are illustrated below: 
 
A. Quantum systems in confined geometries have been a 
very rich ground for discoveries. We have made a number 
of breakthroughs in uncovering new physics at the 
atomically thin limit – such as monolayer superconductor 
FeSe and monolayer semiconductor MoSe2 [1-3]. We will 
focus on mono-unit-cell (UC) superconductor FeSe grown 
on SrTiO3, where the Cooper pairing temperature has been 
reported to have dramatically enhanced from its bulk value 
of 8K to ~ 60-70K. A challenge is to understand the cause 
of the enhanced pairing strength, and possibly increase 
superconducting Tc. We show angle-resolved 
photoemission spectroscopy (ARPES) data that provide 
clear evidence (as the shadow band highlighted by the dash blue line in the figure) for strong 
cross-interface electron-phonon coupling in single UC limit, suggesting a likely pair 
enhancing mechanism [1]. This provides a pathway of “integrated functional components” 
approach to boost superconducting properties.  
 
B. The unusual phase diagram containing the so-called pseudogap in cuprate superconductor 
remains a key puzzle in physics today. We have made substantial progress in understanding 
the electronic phase diagram and the relationship between the pseudogap and the 
superconducting gap [4-6], after the earlier progresses in showing distinct doping, temperature, 
and symmetry properties among them [7-10]. In particular, we show clear evidence that the 
pseudogap and superconducting gap has an intertwined but competing relationship [6, 10]. 
The long term and sustained support of BES enable a systematic and scholarly study that is 
necessary to make substantial progress on such a hard physics problem. 
 
C. The Fe-pnictide superconductors offer a new window into the physics of strongly correlated 
electron system and its connection with superconductivity. The multi-orbital nature of the 
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materials reveals new physics that is absent in single orbital materials such as cuprates. At the 
same time, the highly metallic nature of the materials raises the question whether the 
correlation effect plays an important role in pnictides. We have systematically studied the 
physics of strong correlation as a function of material parameters [11-12]. In particular, we 
have uncovered orbital select Mott physics that reveals a new dimension of electron 
correlation effect not well appreciated before [11]. 
 
D. Combining modern ultrafast UV laser and state of the art 
ARPES system, we have embarked in the development of time 
resolved photoemission spectroscopy, and have uncovered a 
number of interesting new physics on topological 
superconductors [13-15]. In particular, we demonstrated an 
efficient method to elucidate empty band structure with 
unprecedented precision and efficiency. In it, we discovered a 
second non-tivial Dirac cone above the conventional topological 
Dirac cone, as illustrated in the figure. [14].  
 
E. In parallel with experimental developments, we have performed Keldysh-Wigner 
time-domain simulations to explore the out-of-equilibrium dynamics of pump driven systems 
[16].  We have investigated how decay rates in electron-phonon coupled systems can be 
related to microscopically derived quantities [17] and continued to investigate the influence of 
driving fields on broken symmetry phases such as the “melting” of charge or spin density 
waves [18] and the emergence of collective modes in pump driven superconductors and other 
materials. 
 
Future Plans 
 
With the commissioning of the new beamline at SSRL, we should be able to perform better and 
more sophisticated experiments, including the utilization of circularly polarized beam, to 
address a number of open issues in novel superconductors.  At the same time, we will be able to 
take advantage of the investments in the oxide MBE system that has received general support 
from BES. We also plan to expand our time resolved ARPES experiments into other materials 
systems, including charge density wave and superconducting materials. Leveraging the newly 
developed 11 eV laser and other tools, we will expand on our chalcogedide film success.  We 
will also develop spin resolved ARPES experiments. The theory effort will proceed in parallel 
with experiments, but an additional component that involves theoretical tool development and 
conceptual issues derived from experiments. 
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In-operando imaging of strain, ionic diffusion and topological defects in Nanoscale 
Materials. 

PI: Oleg G. Shpyrko, University of California San Diego 

Program Scope 

 The current program scope is to develop and apply novel coherent x-ray imaging probes 
for studies of a variety of nanoscale phenomena. In particular, we have applied Coherent X-ray 
Diffractive Imaging and ptychography in Bragg geometry to image shape and strain distribution 
in metallic nanowires, nanoparticles, domain structure in magnetic thin films as well as lithium 
diffusion in operando battery materials 

 Recent Progress  

 Coherent x-ray diffraction imaging is used to map the local three dimensional strain 
inhomogeneity and electron density distribution of nanostructures, in particular metallic nanowires, 
nanoparticles as well as individual LiNi0.5Mn1.5O4−δ cathode nanoparticles in both ex-situ and in-situ 
environments. We observed strain inhomogeneity due to multiple competing effects, such as shape, 
surface curvature, interactions with substrate, magnetostrictive effects etc. [1,2] In Li-ion cathode 
nanoparticles, we report direct observation of evolution of both stripe morphologies and coherency strain 
resulting from ionic diffusion. [3, 4, 5] Our results suggest the critical size for stripe formation is 50 nm. 
Surprisingly, the single nanoparticle elastic energy landscape, which we map with femtojoule precision, 
depends on charge versus discharge, indicating hysteresis at the single particle level. [4] 

 

We also were able 
to observe a 
single edge 
dislocation under 
operando 
conditions in a 
Lithium ion 
battery via 
coherent x-ray 
diffractive 
imaging. [6] We 
were able to track 
single dislocation 
movement in 
response to 
applied current 
and observe it act 
as a nucleation 

Figure: Edge dislocation pairs induced by repeated cycling in a single nanoparticle. Scalebar 
is displacement in Å and applies to all color images. Section (a) is a cross-section through the 
particle of the u111 displacement field in Å. (b) shows magnified region in (a) with Burgers 
vector orientation relative to [111] sketched. Edge dislocations are indicated by symbol “T”. 
F  R f  [6]  
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point during the structural phase transformation. 

Future Plans 

 We aim to continue application of Coherent X-ray Diffractive Imaging with specific 
focus on imaging of operating devices, as well as CXDI and ptychographic imaging in Bragg 
geometry. We recently demonstrated the ability to image not only total shape/electron density of 
nanostructures, but also 3D distribution of lattice strain, magnetic domain structure, ionic 
content, topological defects, phase transitions, etc. Our future plans involve more detailed 
investigation, of the coupling between these order parameters, including, for example, the role 
played by dislocations and other defects in ionic transport in operando battery materials, or 
magnetic domain dynamics. We would also like to explore the possibility of optimization of 
defect density or location in order to obtain desirable materials properties. 
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Measurement of Transient Spin Accumulation in Copper by X-Ray Spectro-Microspopy  

J. Stöhr, H. Dürr, and A. Reid 

Stanford Institute for Materials & Energy Sciences, SLAC National Accelerator 

Laboratory, Stanford University 

Program Scope 

 The results reported below were obtained under the umbrella of our larger program on 

investigating magnetic nanoscale phenomena with x-ray spectroscopy and microscopy. The 

results open up a completely new area and will form the basis for incorporating a new direction 

into our next FWP. 

 Recent Progress  

 It has increasingly become clear that transient spins can be generated and used in 

revolutionary new ways. Besides their use for reading information through the GMR effect, spin 

currents can also be used to write information by spin-torque switching of magnetic bits [1]. 

Through discovery of the spin-Hall effect [2], spin accumulation can now be generated even in 

non-magnetic materials consisting of heavy atoms such as Pt with a large spin-orbit coupling [3]. 

While the presence of spin transport and diffusion can often be sensed through its coupling to an 

adjacent ferromagnet, direct detection of the transient spins is extremely difficult due to the small 

size of the spin polarization, which is expected to be of the order of 10
- 4

 of the large atomic 

moments. We have now accomplished the detection of transient spins in nanostructures by use of 

time resolved x-ray spectro-microscopy. This opens the door to the direct investigation of many 

spin-current related phenomena with x-rays. 

In our experiment we used a nanopillar of 250 nm diameter that contained a perpendicularly 

magnetized Co layer (~10nm thick) and a non-magnetic Cu layer (~20 nm). A pulsed current 

supplied to the pillar by top and bottom leads (see Fig. 1), could be sent either from Co into Cu 

or vice versa.  We used the new scanning transmission x-ray microscope at SSRL BL 13.1 and 

circularly polarized x-rays from an undulator to obtain images of the Co and Cu layers in the 

nanopillar by tuning to the Co (778 eV) and Cu (932 eV) L3 edges (Fig. 1). We then recorded 

current-on/off magnetic images of the magnetization in both the Co and Cu layers. The 

difference images and the change in the magnetic contrast was then measured by scanning the 

photon energy through the L3 edges.   

On the right side of Fig. 1 we show the magnetic signal induced by the spin current in the Cu 

layer. The size of the signal can be converted into the spin-imbalance or magnetic moment per 

Cu atom in the presence of the current. For a current of 5 mA, we found a transient moment of 

8x10
-5

 B on the Cu atoms and 3x10
-4

 B on the Co atoms, with both signals scaling linearly with 

current, as expected.  
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The detected spin polarization is less than expected for a perfect interface and has a surprising 

energy dependence shown on the left of Fig. 1. When the photon energy scale is referenced to 

the Fermi level, we see a narrow peak (fits shown as dashed lines) with the intrinsic core hole 

line width centered around the Fermi level. This is the spin polarization of the itinerant electrons 

that flow at the Fermi level, as expected.  A second broader peak is observed at an energy of 

about 0.7 eV above the Fermi level. Its position coincides with the peak in the Cu absorption 

spectrum shown as a solid gray line. We presently interpret the occurrence of two peaks as a 

spitting of the electronic states induced by the large exchange field of the transient spins. 

Future Plans 

 We plan to extend our measurements of spin currents to laser-induced currents and spin 

accumulation in metals induced by the spin Hall effect. We also plan to investigate the use of the 

spin Hall effect for magnetic switching.  
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Publications (see submission by H. Dürr) 

Figure 1:  Left: X-ray microscopy image of the Au contacts and blown-up image of the nanopillar.  Right: 

Spectroscopic x-ray magnetic circular dichroism signal of the transient spins in the Cu layer within the 

nanopillar , plotted as a function of energy relative to the Fermi  level.  Note the tiny value of the Cu spin 

polarization which is more than four orders of magnitude smaller than a typical magnetic moment in a 

ferromagnet. 
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HPCAT – Magnetic and Superconducting Materials at High Pressures 

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

Program Scope 

 HPCAT’s mission is to advance compression science in multidisciplinary fields using 
synchrotron radiation. HPCAT has played pioneering role in enabling many new capabilities and 
establishing new ways of conducting experiments.  This abstract summarizes developments in 
the new thrust area under HPCAT umbrella – exploratory science in the field of novel 
superconducting and magnetic materials.  

 Recent Progress  

Alkali metals polyhydrides: Hydrogen rich 
polyhydrides of alkali metals and alkaline earth have 
been predicted to have high hydrogen content (1,2) 
and they hold promise for metallization and high-Tc 
superconductivity (3) at high Alkali metals polyhydr                                 
pressures. We have studied formation of Li and Na 
polyhydrides in a diamond anvil cell at pressures up 
to 70 GPa assisted with laser heating to 2000K. 
These experiments are very demanding since 
hydrogen at high pressure-temperature conditions is a 
very chemically and physically aggressive pressure 
medium. However, we succeeded in producing Na 
polyhydrides, and characterized them with Raman 
and x-ray diffraction experiments (submitted). 
Raman measurements in the vibron region clearly 
indicate formation of a compound which contains H2 
structural units (Fig. 1). Future plans are to access 
higher pressure range and to combine sample 
synthesis with transport measurements. We are also planning to study recoverable polyhydrides 
at low pressure, low temperature conditions. This work is performed in close collaboration with 
our theory group.  

Notably, these materials are predicted to exhibit high-temperature superconductivity at very 
high pressures (above 100 GPa) (3). We have developed a suite of techniques that will allow 
experimental tests of theoretically predicted high critical superconducting temperatures (3).  
Superconductivity and magnetism in transition metals and compounds: A novel quantum 
critical point (QCP) has been discovered in BaFe2As2 superconductor.  In this material, (NFL) 
and Fermi-liquid (FL) regimes have been determined by the exponent n in the formula of 
ρ=ρ0+ATn with ρ0 the residual resistivity. In Fig.2, the squares and circles represent the 
antiferromagnetic (AFM) and superconducting (SC) transition temperatures, respectively. The 
black dashed lines represent the crossover temperatures. The results indicate the presence of a 

Fig. 1. Raman spectra of NaHn sample, showing 
higher-frequency vibrons from H2. The left panel 
shows the structure of NaH7, which contains H3 
complexes. The top panel shows calculated 
Raman intensity for NaH3 and NaH7.  Raman 
from pure H2 vibron is indicated by asterisk. 
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quantum critical point (QCP) at a pressure around 5.0 GPa. Synchrotron spectroscopic 
techniques will be used to probe structural and magnetic properties near the QCP (4). 

 

 
Fig. 2. Left panel – resistivity , right panel -phase diagram of BaFe2As2 under pressure. Red and blue colors 

represent non-Fermi liquid.  

 
Future Plans 

 The new thrust area will focus on several high priority topics, e. g. insulator-metal 
transition and superconductivity in compressed hydrogen and hydrides, insulator-metal 
transitions in correlated materials and related superconducting properties of the metallic phases. 
We will study in detail magnetic and superconducting properties of transition metals and 
compounds (including high-Tc superconductors), that are potentially important for fundamental 
science and applications as high-temperature/high-critical parameter superconductors. Important 
part of the proposal is further improvement in the resistive and magnetic techniques based on 
Focused Ion Beam (FIB) technologies and photolithography tools, and implementation of the 
advanced sensing techniques with NV- cenetrs in diamond.  The measurements will be 
performed at the static limit of the diamond anvil cell at high and very low temperatures, thus 
greatly expanding the horizon in the search for novel physical phenomena at ultrahigh pressures. 
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 Toward Multimodal Spatiotemporally Resolved X-ray Imaging for Mesoscale Science 

Haidan Wen, Advanced Photon Source, Argonne National Laboratory 

Program Scope 

 Heterogeneity highlights the complexity of mesoscale materials science where the 
collective behavior and interaction of individual members prevail. Imaging heterogeneity in the 
time domain is the key to understanding and harnessing this aspect of real materials for their 
functionality. The program scope is to visualize the mesoscale dynamics that spans a hierarchy 
of time (10-10-10-3 s), space (10-8 to 10-4 m) and energy (1-100 meV) scales by multimodal 
spatiotemporally resolved x-ray imaging. This program is at the proposal stage and will greatly 
benefit two newly funded proposals by DOE-BES (Grant No. DE-SC0012375 and DE-
SC0012509). 

 Recent Progress 

 Two recent studies led 
by the PI demonstrated the 
importance of spatiotemporal 
resolved measurements. The 
first is a study of photoinduced 
structural phase transition in a 
VO2 and the second is a study 
of near-field THz-driven lattice 
dynamics in BaTiO3.  

In the first example, we 
show that the structural phase 
transition of a VO2 thin film 
(Fig.1a) upon a homogenous 
optical excitation occurs 
inhomogeneously. Upon 800 
nm, 100 fs pulse excitation, the 
monoclinic and rutile Bragg 
intensity were simultaneously 
monitored by either an 
unfocused or focused hard x-
ray probe (Fig.1b). The 
scanning probe by a 300 nm x-
ray beam revealed two-
dimensional (2D) intensity 
maps of the corresponding 
structural phases at each time 
delay (Fig. 1c). As marked by 
the red arrows in Fig. 1c, the region showing prominent increase of the rutile intensity were 
accompanied by a decrease of the monoclinic intensity. Since each point in the 2D maps was 
obtained by averaging 10000 pump-probe events, if the phase transition occurs at random 
nucleation sites for each pump-probe event, these inhomogeneous features would be washed out. 

 
Fig. 1 a) The lattice structure of monoclinic and rutile phases of VO2. The 
bottom plot shows the 002 Bragg peak of VO2 below and above the 
transition temperature of Tc=340 K measured by x-ray diffraction probe of 
10 keV at the APS; b) The Bragg intensity as a function of delay using 
unfocused (solid) and focused (open squares show integrated intensity of 
the 2D maps) x-ray probe at θ=25.61 degree. The inset shows the 
diffraction peak on an area detector where the monoclinic and rutile peaks 
are well separated along 2θ direction and can be simultaneously 
monitored. The yellow and red rectangles show the integration areas of 
monoclinic and rutile Bragg intensities respectively. The intensity spread 
along χ-direction is due to mosaicity of the film. c) The 2D Bragg intensity 
maps as a function of delay. The arrows point to one of the pinning sites. 
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The fact that we observed this inhomogeneous increase of Bragg intensity supports that the rutile 
phase developed at pinning sites during photoinduced phase transition. The on-going analysis 
will reveal the spatiotemporally resolved dynamics of the 
structural phase transition.   

In the second example, we demonstrated that a 
localized THz excitation created an inhomogeneous 
structural profile that was mapped by a focused x-ray 
probe. A THz pulse, when coupled with metamaterials, 
can create a localized ultrafast and intense electric field. 
In this experiment, a THz pulse with a peak field of 100 
kV/ cm was incident on a 100 nm-thick gold bowtie 
structure with a 400 nm-wide slit on top of a 90 nm 
BaTiO3 film. Since the excitation volume is confined by 
the enhancement region across the slit, we employed a 12 
keV x-ray pulse focused by a zone plate to 400 nm 
FWHM to probe the THz-induced structural change 
within the slit. The diffraction intensity at the low angle 
side of 002 Bragg peak was monitored by a gated area 
detector as a function of delay between the THz and x-
ray pulses (Fig.2 a). The increase of diffraction intensity 
is a result of Bragg peak shift to the lower angle, 
corresponding to a lattice expansion. By scanning the 
sample across the x-ray probe, an enhanced THz-induced 
diffraction signal was observed across the slit (Fig.2b). 
The differential signal before and after excitation was 
normalized to the signal measured at a bare film without 
the gold slit and shows 13 folds enhancement of the 
structural change in the slit. The structural change is a 
result of localized THz field coupling to ferroelectric 
polarization in the film, paving a new way to manipulate 
material properties using confined ultrafast electric fields.  

 
Future Plans 

 These initial efforts as supported by Argonne LDRD Grant 2013-036 provide essential 
methods and tools to two recently funded projects led by Dr. Gopalan (DE-SC0012375) and Dr. 
Xu (DE-SC0012509). For example, the time-resolved hard x-ray nanodiffraction will be used for 
ultrafast grazing incidence x-ray diffraction study of small WSe2 flakes grown by Xu group. It 
also provides an ideal x-ray probe for localized near-field THz excitation with metamaterials 
designed by Averitt Group and ferroic thin films grown by Martin Group. The resulted structural 
dynamics can be correlated with the localized electronic properties measured by Basov group. 
The experiments will be guided by and corroborate the theoretical prediction provided by Millis, 
Rondinelli and Xiao. Besides these funded activities, the future plan is to combine time-resolved 
capabilities with state-of-the-art coherent x-ray imaging and in-situ near-field optical microscope 
together to enable multimodal simultaneous spatiotemporally resolved optical, THz and x-ray 
imaging for visualizing mesoscopic dynamics.  

 

 
Fig. 2 a) The diffraction intensity at low angle 
(θ=14.825°) of 002 Bragg peak of the (BTO) 
film as a function of delay between THz pump 
and x-ray probe pulses. The red line is an 
exponential fit with a time constant of 1.2 ns. b) 
The THz enhancement factor measured by the 
structural response of the (BTO) film as a 
function of probe position across the slit. The 
inset shows the side view of THz near-field 
excitation enhanced by a 400 nm wide, 100 nm 
thick Au slit. 
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Theoretical Investigation of Valley Dynamics and Berry Phase Effect in 2D Materials 

Di Xiao, Department of Physics, Carnegie Mellon University 

Program Scope 

In many crystals the Bloch bands have degenerate but inequivalent energy extrema in the 
momentum space, known as valleys. The valley pseudospin, which enumerates degenerate 
energy extrema, constitutes a well-defined discrete degree of freedom for low-energy carriers 
that may be used to encode and process information. The primary goal of this program is to 
theoretically investigate the valley dynamics in a family of novel two-dimensional (2D) 
materials–monolayers of transition metal dichalcogenides (TMDs), particularly phenomena 
pertaining to the Berry phase of Dirac electrons. This program is supported by the newly funded 
DOE-BES proposal (Grant No. DE-SC0012509). 

Recent Progress  

 Although the investigation of valley pseudospin dates back to the late 1970’s on 2D 
electron gases in silicon inversion layers, dynamic control of valley pseudospin has not been 
realized in solid-state systems because of a lack of intrinsic 
valley properties which can couple to external fields. In a 
recent breakthrough,1 we predicted that in monolayer 
TMDs, due to the lack of an inversion center, the valley 
pseudospin can be associated with a number of valley-
contrasting phenomena, such as the valley magnetic 
moment, the valley Hall effect, and the valley-dependent 
optical selection rule. The unique valley physics has its 
roots in the Berry phase theory of electron dynamics2 
developed by the PI and others–by breaking the inversion 
symmetry, the Bloch electrons in opposite valleys acquire 
opposite Berry phase, a quantity that also plays a central 
role in the theory of topological insulators. Soon after our 
prediction, the optical generation of valley polarization by 
circularly polarized light was experimentally verified in 
monolayer MoS2.3-5 Working with PI-Xu, we have also 
demonstrated the ability to electrically control the degree of 
valley polarization in bilayer MoS2.6 In the following we 
present two recent studies on the valley dynamics and 
Berry phase effect.  
 
 In addition to valley polarization, an equally important quantity is valley current. So far 
only valley-polarized electric current has been reported. In analogy to spintronics, it would be 
desirable to generate a pure valley current, in which there is no net motion of charge; carriers in 
opposite valley move in opposite direction. Such a pure valley current would generate minimal 
Joule heating. Recently we proposed a new approach to the generation and detection of a pure 
valley current by optical means (Figure 1). Based on both symmetry analysis and an effective k·p 
Hamiltonian, we show that a pure valley current can be generated by linearly polarized light in 

Figure 1 Linear valley and spin 
photogalvanic effect (PGE) of monolayer 
MoS2. (a) Schematics of band dispersion 
around valley K(K’) along the kx axis. Red 
(green) curves denote states with spin up 
(down). Thick (thin) solid blue arrows 
depict strong (weak) optical transition rates 
in each valley. Fermi energy EF = 0. (b) 
Angular dependence of valley current on 
the polarization angle θ along zigzag 
direction. (c) Valley and spin current as 
functions of photon energy. 
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monolayer TMDs. The generating mechanism parallels that for spin current. However, the role 
of spin-orbit coupling is replaced by the trigonal warping in the band structure, which is entirely 
a lattice effect. Due to the unique spin-valley coupling in this system, the generated valley 
current is accompanied by a spin current. We also developed a theory for valley diffusion that 
takes into account the spin-valley coupling, and show that the pure valley current can be detected 
by either photoluminescence measurements or the ultrafast pump-probe technique. Our method, 
together with the previously demonstrated generation of valley polarization opens up the exciting 
possibility of ultrafast optical-only manipulation of the valley index. 
 
 The other unique feature of monolayer TMDs is the 
giant exciting binding energy (~ 0.5 eV), which offers us 
an ideal platform to investigate exciton physics. Recently, 
we studied the Berry phase effect on exciton formation and 
energy spectrum of massive Dirac fermions. We showed 
that the presence of the Berry phase generally leads to an 
energy splitting between valley exciton states with opposite 
angular momentum (Figure 2). This splitting is caused by 
the chiral nature of Dirac fermions. We also show that a 
gauge-invariant angular momentum quantum number 
should be used to correctly label the exciton states and to 
interpret theoretical calculations. The chiral nature of the 
Dirac fermions also leads to an unusual optical selection of 
the valley excitons. This study reveals the importance of 
Berry phase in exciton physics, and calls for a thorough 
investigation of its effect on many-body phenomena. 
 
Future Plans 

 Rapid experimental and theoretical progress based 
on 2D quantum materials points to an outstanding new 
direction–investigation of valley quantum dynamics and Berry phases effect of composite 
particles such as bound electron-hole pairs. While early investigations of valley physics were led 
by theoretical predictions, recent experiments have brought out new challenges and 
opportunities. The original MX2 theory was developed based on the non-interacting electron 
model with an infinite valley lifetime. These assumptions are obviously too simplistic to describe 
real materials. Developing theories to take into account various factors that can affect the valley 
life time and many-body interactions will be the next step. We will also investigate the Berry 
phase effect on exciton dynamics.  

1. D. Xiao, G.-B. Liu, W. Feng, X. Xu, W. Yao, Phys. Rev. Lett. 108, 196802 (2012). 
2. D. Xiao, M.-C. Chang, Q. Niu, Rev. Mod. Phys. 82, 1959 (2010). 
3. K. F. Mak, K. He, J. Shan, and T. F. Heinz, Nature Nanotechnol. 7, 494 (2012) 
4. H. Zeng, J. Dai, W. Yao, and X. Cui, Nature Nanotechnol. 7, 490 (2012) 
5. T. Cao et al, Nature Commun. 3, 887 (2012) 
6. S. Wu, Nature Phys. 9, 149–153 (2013). 

 
Figure 2 a) The top panel shows the 
evolution of exciton energy vs the band 
coupling parameter x. The bottom panel 
depicts their momentum space wave 
functions. 
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Photon-Electron Interactions in Dirac Quantum Materials 

Xiaodong Xu, Department of Physics and Department of Materials Science and 
Engineering, University of Washington, Seattle, WA 98195 

 

Program Scope 

 The objective of this proposal is to understand and control electron, photon, and phonon 
interactions in new classes of Dirac quantum materials, such as graphene and atomically thin 
transition metal dichalcogenides (TMDs), for new energy harvesting technologies. These 
materials have unusual physical properties which allow us to probe unprecedented quantum 
phenomena otherwise not assessable in other material systems. Graphene is a gapless Dirac 
material with linear energy momentum dispersion for low energy carriers. It has unusual 
quantum Hall effects with large Landau level spacing, which enables us to investigate non-
equilibrium carrier dynamics in the quantum Hall (QH) regime. Monolayer TMDs have a 
honeycomb lattice structure like graphene. This fact gives them analogous Dirac-like electronic 
valleys at the corners (K-points) of the hexagonal Brillouin zone. A key difference from 
graphene is that TMDs possess inversion asymmetry, which gives rise to direct band gaps in the 
visible regime and non-trivial Berry-phase related physics3. But more profoundly, ±𝐾𝐾 valleys 
have circularly polarized optical selection rules, providing the first solid state system for 
dynamic control of the valley degree of freedom. A second important difference, arising from the 
transition metal, is large spin-orbit coupling which spin-splits the valence band by 150 ~ 450 
meV. Combined with the inversion-symmetry breaking, this truly two-dimensional (2D) 
semiconductor affords new possibilities for manipulating charge, layer (dipole), spin, and valley 
degrees of freedom to explore exotic physical phenomena1.  

Recent Progress  

 Non-equilibrium Quantum Hall Carrier Dynamics: The QH effect is probably the most 
famous and dramatic phenomenon in the physics of 2D systems. However, remarkably little is 
known about non-equilibrium carrier dynamics in the QH regime, either theoretically or 
experimentally. We have recently performed the first measurements of hot-carrier relaxation in 
graphene with fully quantized Landau levels. We found that carrier relaxation is dramatically 
different from the classical regime which is dominated by disorder assisted cooling. Further, by 
tuning the carrier density, we observed that the carrier relaxation time oscillates with the period 
of the Landau level spacing (Fig. 1a). This observation implies the tuning of carrier diffusion by 
controlling the longitudinal resistance.  

 Optoelectronic Control of Spin and Pseudospin Dynamics: A central theme in condensed 
matter physics is to study and understand the consequences of the interplay between distinct 
quantum degrees of freedom of electrons. In bilayer WSe2, we discovered a new coupling effect 
between spin, valley, and layer pseudospins. Here, both spin and valley degrees of freedom are 
associated with magnetic moments. The layer degree of freedom is associated with electrical 
polarization, which corresponds to electrons either in the upper or lower layer. We both 
theoretically2 and experimentally3 demonstrated the strong coupling effects between spin and 
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layer pseudospin. Due to the strongly suppressed interlayer hopping, these strongly coupled 
indices lead to a long spin relaxation time. We were also able to show electrical control of spin 
Zeeman splitting without any applied magnetic fields (Fig. 1b).  

Electroluminescence from Valley Excitons: How electronic energy can most efficiently 
be converted into light emission remains one of the DoE’s greatest challenges. We address this 
by investigating electroluminescence 
at the single atomic layer limit. We 
identify light emission from the 
radiative recombination of valley 
excitons4, i.e. excitons localized at 
the corners of the hexagonal 
Brillouin zone, which is important 
for further investigation of polarized 
light emission using unique spin-
valley coupled physics in TMDs. By 
tuning the amplitude of the electrical 
current, we observe 
electroluminescence from impurity 
bound excitons, negatively charged 
excitons, positively charged 
excitons, and neutral excitons (Fig. 
1c). Such rich excitonic 
electroluminescence arises from the 
strong Coulomb interaction between 
electrically injected electrons and 
holes.  

Future Plans 

 We plan to further illuminate the energy relaxation of hot-carriers in the integer QH 
regime in graphene, and possibly in the fractional QH regime, which is beyond the single particle 
picture. We will also investigate the single particle, composite particle, spin, and pseudospin 
dynamics in 2D TMD heterostructures5,6, which may lead to new physical phenomena not 
accessible in current studies of monolayers.  
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Figure 1. (a) Top: two-terminal conductance of graphene at 
B=7.5T. Bottom: Hot-carrier relaxation time constant as a function 
of gate voltage, showing oscillation. (b) Photoluminescence 
spectrum of bilayer WSe2 at a gate voltage of 150 V. Inset: energy 
separation of the doublet as a function of gate voltage. (c) 
Electroluminescence intensity plot of monolayer WSe2 as a 
function of injection current and emission energy. Xo, X+, X- and 
XI denote neutral, positively charged, negatively charged, and 
impurity bounded excitons.  
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