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Workshop Goal

Articulate 2-3 high-impact experiments to make the science case 

for X-ray science with a new APS 10 years from now



Frame of Mind

Imagine you can dynamically visualize not only where the 

atoms are but also their electronic and magnetic state with 

high-precision over a macroscopic sample across a wide 

range of time-scales from nsecs to hours



The Agenda
9:00 am: Coherent X-ray Studies of Materials Synthesis
G. Brian Stephenson – Materials Science Division, Argonne 
National Laboratory

9:30 am: Opportunities at Oxide Interfaces: Using the 
Synchrotron to Open New Scientific Directions
Steve May - Materials Science and Engineering, 
Drexel University

10:00 am: TBA
Chris Marianetti - Department of Applied Physics, Columbia 
University

10:30 Break

11:00 am: XPCS: Beyond time correlations
Mark Sutton – Department of Physics, McGill University

11:30 am: Tracing spatiotemporal dynamics in flowing 
solids?
Robert Maass - Materials Science and Engineering, Univ. of 
Illinois, Urbana

12:00 pm: Let’s make the synchrotron an indispensable 
tool for materials physics
Rafael Jaramillo - Department of Materials Science and 
Engineering at Massachusetts Institute of Technology

12:30 pm Working lunch

1:30 pm: Where have all the ions and electrons gone? The 
case for observations of heterogeneity as descriptors of 
function
Jordi Cabana – Department of Chemistry, University of Illinois, 
Chicago

2:00 pm: The dynamics of ordering processes in 
condensed matter: the past, present, and future
Richard Averitt – Department of Physics, University of 
California, San Diego

2:30 pm: Opportunities for probing topological phenomena 
out of equilibrium
Greg Fiete – Department of Physics, University of Texas, Austin

3:00 pm Break

3:30 pm: Disentangling Spin, Charge, Orbital and Lattice 
Order Parameters: A Key for understanding Complex 
Materials
Luc Patthey, Swiss Light Source, Paul Scherrer Institute

4:00 pm: The unreasonable irrelevance of quantum 
mechanics in condensed matter physics (and what to do 
about it)
N. Peter Armitage – Department of Physics and Astronomy, 
The Johns Hopkins University

4:30 pm: Frontier Materials: Spin-Orbit Effects in Iridates
Gang Cao - Department of Physics, University of Kentucky

5:00 pm Wrap-up



Complexity

...indeed, complex cooperative 
behaviour can arise with even very 
simple individual units and very 
simple interactions.

D. Sherrington
Phil Trans Roy Soc 368, 1175 (2010)



Complexity in Condensed Matter

Non-homogeneous

H igh-performance piezoelectric materials are pivotal to
modern day ‘smart’ technologies that integrate ultra-
sensitive sensing and high-precision actuation functions

in biomedical devices, telecommunications and scientific
research1,2. Typically, such smart materials are complex lead-
based solid solutions that exhibit a so-called morphotropic
phase boundary (MPB), a compositional region separating two
competing ferroelectric phases, where an intermediate phase with
strongly enhanced functional properties arises3–6. To develop
viable alternatives to lead-based piezoelectrics, systems that
mimic the principal characteristics5–8 of morphotropic phase
boundaries (MPBs) have been pursued by means of com-
position9,10, pressure11, epitaxial strain12,13, multilayering14,15

and domain microstructure16–18. In classic lead-free materials
such as BaTiO3 and KNbO3 for example, creating frustrated
ferroelectric domains by external fields has been shown to
substantially enhance piezoelectric response16,17. However, the
exact mechanism of this phenomenon has been the subject of
extensive debate in recent years19–27; the possible existence of a
monoclinic phase in BaTiO3 single crystals has been
reported25,28,29, but it has never been directly imaged on a
microscopic level. As a result, the important question of whether
the observed phase is of intrinsic monoclinic symmetry, or in fact
corresponds to a symmetry-adaptive superlattice of nano-
domains21,30–37 (such as those observed in MPBs) remains open.

Here we use the mutual interactions inherent to a network of
competing domains to create MPB-like conditions across thermal
ferroelectric transitions in simple, lead-free ferroelectrics. We
provide direct experimental evidence of the resulting intermediate
phases of intrinsic monoclinic symmetry using several comple-
mentary imaging techniques, while simultaneously mapping their
enhanced nonlinear optical and piezoelectric properties on the
nanoscale. Thus, we reveal the thermotropic character of
thermal ferroelectric phase transitions in classic ferroelectrics.
The rationale for this terminology is twofold. On the one

hand it draws the analogy to MPBs while emphasizing that here
we consider thermal (‘thermo-’) instead of compositional
(‘morpho-’) phase boundaries. On the other hand it underlines
the similarity to the physics of thermotropic liquid crystals, which
exhibit different types of liquid-like orientational order (‘-tropos’)
in a certain temperature range38. In the following, we focus on the
well-known BaTiO3 and KNbO3 materials as representative
examples of simple, lead-free ferroelectrics.

Results
Thermotropic phase boundaries. In the bulk, single-domain
case, both these perovskite systems undergo a series of first-order
ferroelectric transitions upon heating, sequentially adopting
rhombohedral (R), orthorhombic (O) and tetragonal (T) ferro-
electric phases before reverting to the cubic parent phase (C). In
multi-domain configurations, however, phase-field simulations
predict the emergence of an intermediate phase if sufficient
competing mechanical and dipolar interactions between domains
exist. Figure 1a shows the temporal evolution of the phase frac-
tions in an orthogonally domain-twinned BaTiO3 system as it is
heated through its O–T phase boundary, calculated using phase-
field simulations (see Methods). As can be seen, these simulations
predict the emergence of a kinetically intermediate phase of
monoclinic (MC) symmetry39 which is defined by a spontaneous
ferroelectric polarization (PS) that significantly deviates (45!)
from the corresponding T and O directions. Moreover, as shown
in Fig. 1b, this MC phase is thermodynamically stabilized in
significant volume fractions (20–60%) over a wide temperature
range of over 100 K. This intriguing reduction of the polar
anisotropy40 is illustrated by the domain structure in Fig. 1c,
which reveals a persistent network of bulk MC regions at room
temperature (298 K). The thermotropic character of the ferro-
electric phase boundary originates from the in-plane shear stress
(s23) and transverse electric field (E2) components that are
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Figure 1 | Thermodynamically stabilized polarization rotation in multi-domain structures. (a) Volume fractions of orthorhombic (O, open blue triangles),
tetragonal (T, open orange circles) and monoclinic (MC, open red diamonds) phases in an orthogonally twinned domain structure, upon quench-heating
from 240 to 298 K. The phase classification in terms of discrete ferroelectric polarization (PS) orientation ranges is shown in the legend in (c).
(b) Stable volume phase fractions in the orthogonally twinned domain structure as a function of temperature. In both (a) and (b), the red shading
acts as a guide to the eye highlighting the evolution of the low-symmetry phase fraction. (c) Selected area of the thermodynamically stabilized
domain structure at 298 K. The legend indicates the colour coding of the different ferroelectric phases, as well as their definition in terms of
discrete polarization orientation ranges. Inset: zoom-in vector plot of a selected region showing local PS orientations.
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Brainstorming



Target Areas

Hidden Correlations and Functionalities 

Linking Disorder/Inhomogeneities to Properties

Creating New Dynamic States of Matter 



Quantum Spin-Liquids



Novel States of Matter

weak and strong correlation regions and the weak and strong SOC regimes, thereby generating
four quadrants. Conventional transition metal materials reside on the left-hand side of the dia-
gram, where SOC is weak l=t ! 1, and a conventional metal-insulator transition (MIT) may
occur when U is comparable to the bandwidth, i.e., a few times t. Upon increasing SOC, when
U=t ! 1, ametallic or semiconducting state at smallUmay be converted to a semimetal or to a TI.
What happens when both SOC and correlations are present? Several arguments suggest that, in
generating insulating states, l and U tend to cooperate rather than compete. Including SOC, we
have already remarked upon the splitting of degeneracies and the consequent generation of
multiple narrow bands from relatively mixed bands. The narrow bands generated by SOC are
more susceptible toMott localization byU, which implies that the horizontal boundary in Figure 1
shifts downwardwith increasingl. If we include correlations first, theU tends to localize electrons,
diminishing their kinetic energy. Consequently the on-site SOC l, which is insensitive to or even
reduced by delocalization, is relatively enhanced. Indeed, in the strongMott regimeU=t " 1, one
should compare l with the spin exchange coupling J } t2/U rather than with t. As a result, the
vertical boundary shifts to the left for largeU/t.We see that there is an intermediate regime inwhich
insulating states are obtained only from the combined influence of SOC and correlations—these
may be considered spin-orbit-assistedMott insulators. Here we are using the termMott insulator
to denote any state that is insulating by virtue of electron-electron interactions. In Section 4,
we remark briefly on a somewhat philosophical debate as to what should properly be called a
Mott insulator.

Terminology aside, an increasing number of experimental systems have appeared in recent
years in this interesting correlated SOC regime. A collection of iridates has received special inter-
est. These are weakly conducting or insulating oxides that contain iridium, primarily found in
the Ir4þ oxidation state. This includes a Ruddlesden-Popper sequence of pseudocubic and planar
perovskites [Srnþ1IrnO3nþ1 (n ¼ 1, 2, 1)] (9–16), hexagonal insulators [(Na/Li)2IrO3] (17–22),
a large family of pyrochlores (R2Ir2O7) (23–25), and some spinel-related structures (26, 27). Close
to iridates in the periodic table are several osmium oxides, such as NaOsO3 (28) and Cd2Os2O7

(29), which experimentally displayMITs. Apart from these materials where the microscopic SOC
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Figure 1

Sketch of a generic phase diagram for electronic materials in terms of the interaction strength U/t and
spin-orbit coupling l/t. The phases described in this review (bold text) reside on the right half of the figure.
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W. Witczak-Krempa, G. Chen, Y. B. Kim, and L. Balents, Annual Review of Condensed Matter Physics 5, 57 (2014).

Theoretical phase diagram for new materials



High-Pressure with Coherent X-rays
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H= 0 Tesla, T= 10 K 
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PM-I 

AFM2-I 

Pressure induced collapse of magnetic order in layered Iridates

Use coherence source to measure 
fluctuations in region of  quantum critical point!



Unravelling Synthesis



in-situ Oxide MBE

Q// 

QZ 

X-ray 

Sector 33 - Advanced Photon Source

T = 590o C
P = 5e-6 Torr O3

• Film thickness
• Unit cell size
• Lattice symmetry
• Composition
• Dynamics of growth

X-rays provide quantitative information!



Lattice Structure
Use COBRA to analyze the diffraction data and extract electron density
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Tracking Layer Formation
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Driven Matter



Spatio-Temporal Diffraction Microscopy
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Phonon Control

Fausti et al. Science  331 189 (2011)

LETTERS

Control of the electronic phase of a manganite by
mode-selective vibrational excitation
Matteo Rini1, Ra’anan Tobey2, Nicky Dean2, Jiro Itatani1,3, Yasuhide Tomioka4, Yoshinori Tokura4,5,
Robert W. Schoenlein1 & Andrea Cavalleri2,6

Controlling a phase of matter by coherently manipulating specific
vibrational modes has long been an attractive (yet elusive) goal for
ultrafast science. Solids with strongly correlated electrons, in which
even subtle crystallographic distortions can result in colossal changes
of the electronic and magnetic properties, could be directed between
competing phases by such selective vibrational excitation. In this
way, the dynamics of the electronic ground state of the system
become accessible, and new insight into the underlying physics might
be gained. Here we report the ultrafast switching of the electronic
phase of a magnetoresistive manganite via direct excitation of a pho-
non mode at 71 meV (17 THz). A prompt, five-order-of-magnitude
drop in resistivity is observed, associated with a non-equilibrium
transition from the stable insulating phase to a metastable metallic
phase. In contrast with light-induced1–3 and current-driven4 phase
transitions, the vibrationally driven bandgap collapse observed here
is not related to hot-carrier injection and is uniquely attributed to a
large-amplitude Mn–O distortion. This corresponds to a perturba-
tion of the perovskite-structure tolerance factor, which in turn con-
trols the electronic bandwidth via inter-site orbital overlap5,6. Phase
control by coherent manipulation of selected metal–oxygen phonons
should find extensive application in other complex solids—notably
in copper oxide superconductors, in which the role of Cu–O vibra-
tions on the electronic properties is currently controversial.

Manganites exhibit a number of exotic phenomena, including
charge-ordered and striped phases, orbital and magnetic ordering,
half-metallicity, phase separation and colossal magnetoresistance5,6.
Most of these phenomena stem from the strong interaction between
lattice, charge, orbital and spin degrees of freedom, which compete
on similar energy scales to determine the ground state of the system7.
Arguably, the most striking aspect of the physics of manganites is the
occurrence of a number of metal–insulator transitions, initiated for
instance via perturbations of temperature, magnetic field, pressure
and irradiation with light5.

Pr1 2 xCaxMnO3 is a unique example among manganites, exhib-
iting insulating behaviour over the entire chemical composition x
and over the entire temperature range8. This is a consequence of
the small ionic radius of Ca, which results in a pronounced ortho-
rhombic distortion (Fig. 1a) that favours charge localization6.
Notably, the insulating phase at x 5 0.3 adjoins a ‘hidden’ metallic
state of the system, characterized by enormous changes in resistivity.

In ABO3 perovskites, the orthorhombic distortion is quantified by
the geometric ‘tolerance factor’ that depends on the average A–O
(A 5 Pr, Ca) and B–O (B 5 Mn) distances:

C~
(A! O)ffiffiffi
2
p

(B!O)

where C 5 1 corresponds to an ideal cube, while C , 1 reflects a com-
pression of the Mn–O bond and an elongation of the A–O bond.
Moreover, C , 1 indicates a Mn–O–Mn angle h that is smaller than
180u, consistent with a symmetry-lowering rotation leading to ortho-
rhombic or rhombohedral structures. The tolerance factor is related to
the electronic properties of the solid via the one electron bandwidth W,
because the capacity for 3d electrons to hop between neighbouring
Mn-atoms depends on a super-transfer process via O(2p) states and on
the degree of overlap between orbitals in neighbouring sites6,9,10. The
hopping matrix element reaches its maximum at h 5 180u (cubic), and
decreases with h, vanishing at h 5 90u. Systematic studies of several
A0.7A90.3MnO3 compounds show that the tolerance factor controls the
competition between ferromagnetic metallic, paramagnetic insulat-
ing, and ferromagnetic insulating phases11.

Here we show that coherent excitation of specific infrared-active
modes can control the electronic phase of a manganite via direct modu-
lation of the tolerance factor. Figure 1b shows the low-temperature
optical conductivity spectrum of Pr0.7Ca0.3MnO3 with three dominant

1Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA. 2Department of Physics, Clarendon Laboratory, University of Oxford, Oxford OX1 3PU,
UK. 3ERATO, Japan Science and Technology Agency, Chiyoda-ku, Tokyo 102-0075, Japan. 4Correlated Electron Research Center, AIST, Tsukuba, Ibaraki, 305-8562 Japan. 5Department of
Applied Physics, University of Tokyo, Tokyo 113-8656, Japan. 6Central Laser Facility, Rutherford Appleton Laboratory and Diamond Light Source, Chilton, Didcot, OX11 0QX, UK.
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Figure 1 | Pr0.7Ca0.3MnO3 crystal structure and vibrational spectrum.
a, Unit cell of Pr0.7Ca0.3MnO3 with pronounced orthorhombic distortion
resulting from the small ionic radius of the Ca atoms. The Mn–O–Mn bond
is bent at an angle h , 180u, which varies linearly with the tolerance factor C
(ref. 10). The Pr/Ca doping results in an alternating network of Mn31 and
Mn41 ions. The crystal field splits the fivefold Mn 3d levels into t2g and eg

subsets. The electron hopping occurs between 3d eg levels of neighbouring
Mn31 and Mn41 species. The lattice distortion is related monotonically to
the one electron bandwidth W, because the effective hopping interaction of
3d electrons between neighbouring Mn sites depends on super-transfer
process via O(2p) states, and the p-orbital of oxygen cannot point towards
two manganese atoms simultaneously if h ? 180u (ref. 6). b, Low-
temperature (10 K) optical conductivity spectrum of Pr0.7Ca0.3MnO3. The
inset shows the atomic displacements within the MnO6 octahedra associated
with the 71 meV phonon mode that modulates the Mn–O distance, and
hence the tolerance factor.
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Controlling a phase of matter by coherently manipulating specific
vibrational modes has long been an attractive (yet elusive) goal for
ultrafast science. Solids with strongly correlated electrons, in which
even subtle crystallographic distortions can result in colossal changes
of the electronic and magnetic properties, could be directed between
competing phases by such selective vibrational excitation. In this
way, the dynamics of the electronic ground state of the system
become accessible, and new insight into the underlying physics might
be gained. Here we report the ultrafast switching of the electronic
phase of a magnetoresistive manganite via direct excitation of a pho-
non mode at 71 meV (17 THz). A prompt, five-order-of-magnitude
drop in resistivity is observed, associated with a non-equilibrium
transition from the stable insulating phase to a metastable metallic
phase. In contrast with light-induced1–3 and current-driven4 phase
transitions, the vibrationally driven bandgap collapse observed here
is not related to hot-carrier injection and is uniquely attributed to a
large-amplitude Mn–O distortion. This corresponds to a perturba-
tion of the perovskite-structure tolerance factor, which in turn con-
trols the electronic bandwidth via inter-site orbital overlap5,6. Phase
control by coherent manipulation of selected metal–oxygen phonons
should find extensive application in other complex solids—notably
in copper oxide superconductors, in which the role of Cu–O vibra-
tions on the electronic properties is currently controversial.
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lattice, charge, orbital and spin degrees of freedom, which compete
on similar energy scales to determine the ground state of the system7.
Arguably, the most striking aspect of the physics of manganites is the
occurrence of a number of metal–insulator transitions, initiated for
instance via perturbations of temperature, magnetic field, pressure
and irradiation with light5.

Pr1 2 xCaxMnO3 is a unique example among manganites, exhib-
iting insulating behaviour over the entire chemical composition x
and over the entire temperature range8. This is a consequence of
the small ionic radius of Ca, which results in a pronounced ortho-
rhombic distortion (Fig. 1a) that favours charge localization6.
Notably, the insulating phase at x 5 0.3 adjoins a ‘hidden’ metallic
state of the system, characterized by enormous changes in resistivity.
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the geometric ‘tolerance factor’ that depends on the average A–O
(A 5 Pr, Ca) and B–O (B 5 Mn) distances:
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pression of the Mn–O bond and an elongation of the A–O bond.
Moreover, C , 1 indicates a Mn–O–Mn angle h that is smaller than
180u, consistent with a symmetry-lowering rotation leading to ortho-
rhombic or rhombohedral structures. The tolerance factor is related to
the electronic properties of the solid via the one electron bandwidth W,
because the capacity for 3d electrons to hop between neighbouring
Mn-atoms depends on a super-transfer process via O(2p) states and on
the degree of overlap between orbitals in neighbouring sites6,9,10. The
hopping matrix element reaches its maximum at h 5 180u (cubic), and
decreases with h, vanishing at h 5 90u. Systematic studies of several
A0.7A90.3MnO3 compounds show that the tolerance factor controls the
competition between ferromagnetic metallic, paramagnetic insulat-
ing, and ferromagnetic insulating phases11.

Here we show that coherent excitation of specific infrared-active
modes can control the electronic phase of a manganite via direct modu-
lation of the tolerance factor. Figure 1b shows the low-temperature
optical conductivity spectrum of Pr0.7Ca0.3MnO3 with three dominant
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Figure 1 | Pr0.7Ca0.3MnO3 crystal structure and vibrational spectrum.
a, Unit cell of Pr0.7Ca0.3MnO3 with pronounced orthorhombic distortion
resulting from the small ionic radius of the Ca atoms. The Mn–O–Mn bond
is bent at an angle h , 180u, which varies linearly with the tolerance factor C
(ref. 10). The Pr/Ca doping results in an alternating network of Mn31 and
Mn41 ions. The crystal field splits the fivefold Mn 3d levels into t2g and eg

subsets. The electron hopping occurs between 3d eg levels of neighbouring
Mn31 and Mn41 species. The lattice distortion is related monotonically to
the one electron bandwidth W, because the effective hopping interaction of
3d electrons between neighbouring Mn sites depends on super-transfer
process via O(2p) states, and the p-orbital of oxygen cannot point towards
two manganese atoms simultaneously if h ? 180u (ref. 6). b, Low-
temperature (10 K) optical conductivity spectrum of Pr0.7Ca0.3MnO3. The
inset shows the atomic displacements within the MnO6 octahedra associated
with the 71 meV phonon mode that modulates the Mn–O distance, and
hence the tolerance factor.
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