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Revealing momentum-dependent
electron—phonon and phonon—phonon
coupling in complex materials

with ultrafast electron diffuse scattering

Hermann A. Dirr*®, Ralph Ernstorfer®, and Bradley J. Siwick

Despite their fundamental role in determining many important properties of materials, detailed
momentum-dependent information on the strength of electron—-phonon and phonon—phonon
coupling across the entire Brillouin zone has remained elusive. Ultrafast electron diffuse
scattering (UEDS) is a recently developed technique that is making a significant contribution
to these questions. Here, we describe both the UEDS methodology and the information content
of ultrafast, photoinduced changes in phonon-diffuse scattering from single-crystal materials.
We present results obtained from Ni, WSe,, and TiSe,, materials that are characterized by
a complex interplay between electronic (charge, spin) and lattice degrees of freedom. We
demonstrate the power of this technique by unraveling carrier-phonon and phonon-phonon
interactions in both momentum and time and following nonequilibrium phonon dynamics in
detail on ultrafast time scales. By combining ab initio calculations with ultrafast diffuse electron
scattering, insights into electronic and magnetic dynamics that impact UEDS indirectly can
also be obtained.

Introduction Highly anisotropic (momentum-dependent) electron—pho-
Elementary excitations and their mutual couplings form the non coupling (EPC) has been identified as a key feature of
fundamental basis of our understanding of diverse phenomena  superconductivity in MgB,.” It is also intertwined with elec-
in materials. The interactions between collective excitations tron correlations in the iron-based superconductor FeSe® and
of the lattice system (phonons) and charge carriers, specifi- has been shown to contribute to the selection of the electronic
cally, are known to lead to superconductivity, charge-density ordering vector in some charge-density wave materials,
waves (CDW), multiferroicity, and soft-mode phase transi-  including ErTe;” and NbSe,.* Spin-dependent EPC plays an

tions.! These carrier—phonon interactions are also central to important role in nonequilibrium angular momentum exchange
our understanding of electrical transport, heat transport, and between electrons and lattice’ during ultrafast, laser-induced
energy-conversion processes in photovoltaics® and thermo- quenching of ferromagnetic order.'” On the other hand, pho-
electrics.> Phonons can themselves be intimately mixed into ~ non—phonon coupling (PPC) dictates the thermalization path-
the very nature of more complex elementary excitations, as way of carrier/quasiparticle excitation energy, is a primary
they are in polarons or polaritons, or intertwined with elec- determinant of thermal conductivity in materials, and can con-

tronic, spin, or orbital degrees of freedom, as it now seems is tribute to stabilization of known phases in various materials
the case for the emergent phases of many strongly correlated (e.g., thermoelectrics such as SnSe and CsSnly).

systems that exhibit complex phase diagrams like high-T, Our inability to fully characterize the nature of these
superconductors.* elementary excitations and to quantify the strength of their
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Electron pulse
t=t+7

Figure 1. Ultrafast electron scattering experiment. The material to be studied is first
“pumped” with a femtosecond laser pulse whose frequency is suitably chosen to selectively
excite specific degrees of freedom (e.qg., carriers or phonons). After a precisely controlled
time delay, 1, an ultrashort electron pulse is scattered off the laser excited material and forms
a scattering pattern. The pump-induced changes to scattering intensity, Al(g,7)=/(q,7)-/,(q),
where /, is the intensity before photoexcitation, can be determined at all scattering vectors,
q. Encoded in the scattering pattern is a “snapshot” of the instantaneous crystal structure
through the time-dependent intensity of Bragg peaks (blue). Changes in phonon mode ampli-
tude at all momenta throughout the Brillouin zone (shown as black lines) are encoded in the
time-dependent phonon-diffuse scattering intensity between the Bragg peaks (red).?*

one of several of ways (Figure 1).
First, it is now well established
that detailed information on atomic
and charge reorganization can be
followed with femtosecond time
resolution using ultrafast electron
diffraction (UED)."'~!* Via UED, it
is now possible to watch the coher-
ent, directed motions of atoms and
the associated reorganization of
electrons in materials on their natu-
ral time scales in response to opti-
cal excitation, enabling “molecular
movies” of fundamental dynam-
ics (other articles in this issue will
describe such applications). Second,
incoherent vibrations of the atoms
following optical excitation can be
directly measured through the time-
dependent Debye—Waller effect by
monitoring the intensity of Bragg
scattering peaks.'> More recently,
improvements in ultrafast electron

momentum-dependent interactions has been one of the pri-
mary barriers to our understanding of these phenomena, par-
ticularly in complex anisotropic materials. Ultrafast pump-
probe techniques provide an opportunity to study couplings
between elementary excitations in a direct way. Photoexcita-
tion can prepare a nonequilibrium distribution of quasipar-
ticles or other selected modes whose subsequent relaxation
dynamics and coupling to other degrees of freedom can be
followed in the time domain. Ultrafast electron scattering has
proven to be extremely powerful in this regard, due to the
direct connection between the scattering observables and the
structure and dynamics of the lattice.

In this article, we highlight the potential of ultrafast electron
diffuse scattering (UEDS) for three examples: The case of ferro-
magnetic Ni illustrates the influence of ultrafast electronic struc-
ture changes on the energy flow between electrons and phonons.
We show how UEDS reveals momentum-dependent EPC and
PPC for two-layered crystals, the semiconductor WSe,, and the
semimetal TiSe, featuring laser-induced phonon softening. We
stress that these processes are initiated by nonequilibrium laser
excitation and are therefore inaccessible to near-equilibrium
techniques such as inelastic neutron scattering. The following
section describes the basic ideas behind UEDS.

Ultrafast electron diffraction

and phonon-diffuse scattering

UEDS is based on a pump—probe technique, whereby a fem-
tosecond laser-pulse “pumps” (or excites) the sample and an
ultrashort electron pulse “probes” the subsequent dynamics in
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sources' '8 have provided access to
the small scattering signals outside
of Bragg peaks. It is now possible to reliably make use of the
information contained in the time-dependent diffuse scattering
signals between the diffraction peaks of a UED pattern (Fig-
ure 1). It has been demonstrated that this ultrafast electron dif-
fuse scattering (UEDS) can be used to determine the nonequi-
librium occupancy of phonon modes across the entire Brillouin
zone (BZ) in a single-crystalline material with femtosecond
time resolution.'”2 This information can be used to deter-
mine the strength of the wavevector-dependent (or momentum-
dependent) coupling between electrons and phonons and the
strength of anharmonic coupling between phonons themselves.
The information UEDS provides is analogous to time- and
angle-resolved photoelectron spectroscopy (TR-ARPES),?6-28
but for the phonon system rather than the electron system.

These capabilities are entirely due to the profound sensi-
tivity of UEDS signals to nonequilibrium phonon dynamics
and occupancies. The diffuse scattering from phonons, appear-
ing between the Bragg peaks, is described by the following
equations:2%3°

; 1/2
Iq) = ij’ﬁ}(q)
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w;(q) ’

1
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Equation (1) shows that /(gq), the diffuse intensity at scat-
tering vector ¢, depends on the occupancy of phonon modes

Fi@)| = ’ZSexp(—Ws(q))
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n;(q) divided by the mode frequencies w;(g) summed over all
phonon branches j (please see Figure 1 for a definition of the
k-vectors). The intensity of scattering at ¢ also depends on
the one-phonon structure factor, £, defined in Equation (2).
Fi(q) depends only on the polarization vectors e, of each
basis atom s for the phonon mode in branch j with momentum/
wavevector k (where k depends on the position relative to the
closest Bragg peak, H, according to g=H — k). Only phonon
modes with wavevector k contribute to the scattering intensity
at ¢. F,(q) can be robustly computed using density functional
theory methods.?> UEDS probes the time-dependent changes
to I(g) that are induced by photoexcitation, and therefore
directly measures changes in phonon amplitude 7;(q)/w;(q)
at all phonon wavevectors in the BZ. This includes phonon
creation/annihilation in response to laser excitation at all
wavevectors via n;(q), as well as the possibility of measuring

Linewidth

ph-ph coupling \

oo}

Frequency (THz)
(=)

(=]

Diffuse Intensity, A/(q,7) (arb. units)

Figure 2. Electron—phonon energy transfer during a magnetic
phase transition. Ultrafast demagnetization leads to characteristic
changes in the spin-resolved electronic structure within 300 fs as
illustrated in the inset. The process of energy transfer is governed
by phonon-phonon coupling (PPC) (a), and electron-phonon
coupling (EPC) (b), shown in the figure overlaid to the phonon
frequency dispersions along a direction in reciprocal space.

(c) Measured (symbols) and calculated (lines) diffuse scatter-

ing intensity, Al(q, 1), for the indicated times, 7, from a Ni film

that undergoes a femtosecond laser-induced magnetic phase
transition as described in the text from Reference 25. The solid
(dashed) lines correspond to calculations without (with) a mag-

netic phase transition, respectively.

the renormalization of mode frequencies w;(¢q). We give exam-
ples of these novel observations from previous work next.

Ultrafast nonequilibrium energy flow

between electronic and lattice degrees

of freedom in crystalline nickel

Ferromagnetic Ni has been the first material where in 1996
an unexpected subpicosecond quenching of the ferromagnetic
order upon laser heating was discovered.'® Since then, this
process has been a basic ingredient for a plethora of addi-
tional ultrafast optomagnetic phenomena.>' However, the
direct observation of ultrafast energy transfer between laser-
heated electrons and the lattice has remained enigmatic. Here
we describe for this prototypical metallic ferromagnet how
electron-lattice energy transfer is influence by nonequilibrium
demagnetization.

Figure 2 shows an example of measured and calculated Ni
phonon properties for phonon wavevectors along the I'-X-I"
high-symmetry line in reciprocal space. This can be probed by
measuring the UEDS intensity between the (220) and (400)
Bragg peaks.?® Figure 2a-b displays the calculated phonon
dispersions along this line. The experimentally detectable pho-
non dispersions are overlaid by computed phonon linewidths
due to PPC and EPC that ultimately determine the energy
flow from laser-exited electrons to phonons. Figure 2b shows
that the largest EPC takes place predominantly for the modes
around the BZ edges (X points) at high momentum values.
In contrast, the PPC shown in Figure 2a provides the larg-
est linewidth contribution for the phonon modes with highest
frequencies.

The resulting transient phonon populations are probed
in Figure 2c¢ for the indicated times following excitation
with a femtosecond laser pulse. The individual time traces
are offset vertically for clarity. The curves correspond to the
laser-induced changes in the phonon population described
by Equations (1 and 2). The wavevector ranges are limited
approaching the I' points due to appearance of Bragg peaks
with intensities significantly larger than the diffuse scatter-
ing. The UEDS intensities display characteristic changes
with time delay: The total amount of scattering increases and
the intensity distribution shifts toward the I' points. This is
qualitatively expected for a thermalized phonon population.'
However, a quantitative description reveals that the transient
phonon populations display significant nonequilibrium char-
acter for all times displayed in Figure 2.2 Lines in Figure 2¢
represent two calculated scenarios, transient phonon excitation
for ferromagnetic Ni (dashed lines) and for a ferromagnetic
to nonmagnetic phase transition (solid lines). It is evident that
the purely ferromagnetic case does not reproduce the experi-
mental observations. In this case there is a fast transfer of elec-
tronic energy into phonons resulting in a much higher mode
occupation, and also a faster relaxation within the lattice, than
experimentally observed at all pump-probe delay times. It is
important to note that only one single global scaling factor
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has been applied to match experimental and theoretical diffuse
scattering intensities, which demonstrates the predictive power
the UEDS approach.

This demonstrates how ultrafast changes in magnetic order
can influence lattice properties. Ni demagnetizes upon ultra-
fast laser excitation within several 100 fs.'” The collapsing
exchange splitting on demagnetization changes the electronic
structure of Ni.2%%® This situation is depicted schematically in
the inset of Figure 2c. When the exchange splitting of spin-up
(1) electronic states (red) and spin-down () states (blue) is
reduced, the density of states around the Fermi level mainly
responsible for EPC changes dramatically. In ferromagnetic
Ni, the EPC is mainly caused by spin-down d-electrons close
to the Fermi level. It is these spin-down states that are affected
most by demagnetization. These time-dependent changes of
the EPC strength can be accounted for by a reduction of its
strength (solid lines in Figure 2c). This results in an excel-
lent agreement with the measurements for all time delays and
phonon modes.

A further surprising result is the appearance of a backflow
of energy from high-energy phonon modes to electrons at
times larger than 1 ps. This process is caused by the max-
ima of EPC and PPC occurring at different wavevectors (see
Figure 2a—b). Thus, a transient phonon population can sur-
vive near the X-point until the electrons have cooled down
far enough to be reheated by energy transfer from phonons.
Experimentally, it leads to a maximum of the X-point UEDS
intensity for times around 1 ps, while for smaller wavevectors
only a monotonous intensity increase is observed (see Figure 3
in Reference 25).

These results demonstrate a robust and straightforward way
to disentangle the complex nonequilibrium interplay between
electrons and phonons that can be extended to more complex
materials. The energy exchange between electrons and lattice
has an explicit dependence on the magnetic character of the
system, and magnetization changes entails significant modifi-
cation of the lattice dynamics. We expect significant implica-
tions also for the nonequilibrium electron and spin motion

which can be investigated using, for instance, momentum-
resolved detection of spin wave dynamics.*?

Revealing energy dissipation pathways
in the semiconductor WSe,
The development of new materials and device concepts
advancing device performance at reduced energy consump-
tion is a persistent challenge in materials science. On the
microscopic level, device functionality arises from con-
trolled motion of electron wave packets in nonequilibrium
states of crystals, typically semiconductors. Microscopic
interactions lead to constant scattering of the wave packets
in energy—momentum space with EPC being the governing
dissipative channel®® and the key process for realizing low-
dissipation devices. WSe, in the 2H crystal structure is a lay-
ered transition-metal dichalcogenide semiconductor that can
be viewed as a model compound to study these processes.
Figure 3 illustrates how UEDS provides momentum-
resolved information on EPC for the case of optically excited
WSe,. Optical excitation generates hot electrons accumulat-
ing in the lowest conduction band valleys at the six X points
of the BZ,* as indicated by the energy contours in Figure 3a.
Energy dissipation occurs through the emission of phonons
and eventually condenses the electrons at the conduction band
minima.?? The electron-transport properties in the excited state
depend on the nature of the electron—phonon scattering pro-
cesses (e.g., if these are governed by intravalley or intervalley
scattering between neighboring X valleys), as indicated by blue
arrows. While TR-ARPES cannot distinguish these processes,
the momentum distribution of the emerging phonon popula-
tion reveals the phase space of the electron scattering pro-
cesses. Figure 3b shows an UEDS image with the material’s
hexagonal BZs indicated around the Bragg spots. According to
Equation (1), the time- and momentum-dependent scattering
intensity /(q,7) reflects the evolution of the branch-integrated
phonon population n(q). Figure 3¢ shows the build-up of
phonon population at selected momenta in the outer part of
the BZ.?2 The pronounced rise of signal at the M (dark red)
and K (dark blue) points reveals the strong contribution of
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1.01

Scattering intensity /(q,t)//,(q)

second- and third-nearest X
valleys, as these are connected
by M and K valley phonons,
respectively, as indicated by
red arrows in Figure 3a. The
initial phonon population is
nonthermal, as evidenced by

intervalley scattering between

nential fits of the data. Reproduced from reference.?

Figure 3. Ultrafast electron diffuse scattering of WSe,. (a) lllustration of electron intervalley scatter-
ing processes between X valleys of the conduction band (blue arrows) and the associated phonon
wavevectors (red arrows). For instance, second-next X valleys are connected via M-point phonons.
(b) Ultrafast electron diffuse scattering (UEDS) pattern of photoexcited WSe,. Hexagons indicate
the Brillouin zone surrounding the Bragg spots. (c) The time-dependent diffuse scattering signal
I(q,7) (circles) for g-values along high-symmetry lines as indicated in (b). Solids lines show biexpo-

5 10
Time (ps)

20 4060 80100 the differences in the relative

scattering intensities at early
times (see Figure 3c). Ther-
mal distribution is established
through phonon—phonon scat-
tering within tens of picosec-
onds. The time scales retrieved
from UEDS therefore provide
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Figure 4. Ultrafast electron diffuse scattering in the normal phase (300 K) of TiSe,. (a) The
laser pump (35 fs, 800 nm, 4 mJ/cm?) photo-dopes carriers into the electron pocket at

the Fermi level as shown in the inset. Electron scattering intensity change, Al/l,, following
photoexcitation at a pump-probe time delay of 400 fs. /,, the equilibrium (300 K) electron
scattering pattern, is overlayed. Regions of decreasing intensity are only found at (1) M
points where strong phonon-diffuse intensity from the soft mode appears at equilibrium

and (2) Bragg peaks due to the transient Debye-Waller effect. (b) Transient diffuse intensity
at several points in the Brillouin zone (BZ) indicated in (a). The pronounced dip in diffuse
intensity at the My point (green symbols) is due to the renormalization (stiffening) of the
zone-boundary soft-mode frequency following photoexcitation. At other BZ-boundary points

scenario is best understood as an
exciton condensate predicted more
than 50 years ago.*’ In the Cu-inter-
calated species, Cu,Ti, Se,, CDW
order is quenched, yielding a super-
conductor,** which suggests a deli-
cate relationship between the carrier
concentration and the lattice stability.

UEDS measurements on TiSe,
in the normal phase at 300 K have
revealed the fundamental mecha-
nisms that underlie the observed
softening of the zone-boundary
transverse phonon branch along
M-L of the BZ, which is associated
with the three-dimensional CDW
transition at lower temperatures.
In these experiments, photoexci-
tation at 1.55 eV (800 nm) effec-
tively “photo-dopes” additional
carriers into the electron pockets
near the Fermi level (see Figure 4a
inset). The response of the lattice
to this photocarrier doping was fol-
lowed by UEDS. Figure 4a shows

soft-mode frequency versus time following photoexcitation.*®

(K, red symbols and M, yellow symbols) there is mainly a monotonous increase, while the
I'-point (black symbols) shows a Debye-Waller-like decrease in intensity. (c) The inferred

the diffuse scattering intensity,
1(g), at a pump-probe time delay
of 400 fs. Immediately evident is

benchmarks for first-principles calculations for both EPC and
PPC. Due to the high scattering cross section of electrons,
the approach can straightforwardly be extended to quantify
exciton-phonon coupling® in true 2D materials.

Strong electron-phonon coupling and soft
phononsinTiSe,

This section describes the increased complexity of EPC in the
presence of soft phonon modes using TiSe, as a model system.
A layered transition-metal dichalcogenide,*® TiSe, in the 1T
crystal structure exhibits a rich phenomenology emerging from
EPC." TiSe, is an indirect semimetal at room temperature with
electron pockets located at L points and a hole pocket at I*®
A commensurate CDW phase forms below 7, &~ 190 K that
exhibits a 2 x 2 x 2 superlattice reconstruction.*® This transi-
tion is preceded by the observable softening of the entire M-L
transverse phonon branch over a temperature range greater than
150 K above T, suggesting that EPC could play an important
role in the emergence of CDW order and the selection of the
ordering vector.* This softening has been investigated by both
diffuse and inelastic x-ray scattering*' and static momentum-
resolved electron energy-loss experiments.*? These works along
with other studies point to the strong influence of electron—hole
correlations that in turn may drive the CDW transition. This

the anticipated reduction in Bragg
peak intensities at the I" points (BZ
center) due to the Debye—Waller effect. In addition, however,
a striking and surprising intensity decrease is found at cer-
tain BZ-boundary M points (two such points are indicated in
Figure 4a). The only points showing this effect are those that
also exhibit strong phonon-diffuse signal from the soft trans-
verse zone-boundary phonon mode (previously described) at
equilibrium. Figure 4b shows the complete time-dependence
of the change in scattering intensity at M, K, and I" points
in the BZ (indicated in Figure 4a) following photoexcita-
tion. These data revealed that the rise-time for diffuse scat-
tering intensity from phonons increases at all points outside
the selected M points of the BZ previously mentioned are
in agreement with those shown at K and M, within the
reported uncertainties. Phonons of all wavevectors appear
to be excited at the same rate. The most striking and unusual
feature of these data, however, is the quasi-impulsive aniso-
tropic suppression in diffuse intensity at specific M points
(green symbols in Figure 4b). This feature was assigned to
carrier-induced renormalization (stiffening) of the soft zone-
boundary (M and L) transverse phonon mode frequency
wr(q9 = M,L). The carrier-induced increase in frequency of
this mode leads directly to a decrease in diffuse intensity at
the M points as can be understood from Equation (1). This
phenomenon can be distinguished from the heating of phonon
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modes throughout the BZ, which is observed as an increase
in diffuse intensity (Figure 4b, red and yellow symbols) and
occurs on an order of magnitude slower time scale than the
observed stiffening.

Together, these data lead directly to the conclusion that
the rate at which energy is exchanged between photo-doped
carriers and phonons is not significantly enhanced for the
soft zone-boundary phonon. By contrast, the phonon fre-
quency renormalization associated with photoexcitation is
strongly wavevector specific (i.e., only observed at BZ posi-
tions associated with the soft transverse phonon).

Photo-doping free carriers into the electron pocket of
TiSe, appears to selectively “decouple” the soft zone-bound-
ary transverse phonon at M, thereby stiffening the lattice
vibration. The change in frequency of this mode, ®y, can be
directly determined from the UEDS signals, and is directly
correlated with the free-carrier density in the electron pockets
at M and L points (Figure 4c). The presence of free carriers
in the electron pockets are intimately connected to the mode-
softening/stiffening, suggesting that the primary microscopic
mechanism is dielectric screening or photocarrier modifica-
tion of the many-body electronic susceptibility.*’

In striking contrast to graphite where the phonon modes
that exhibit Kohn anomalies are also those into which elec-
tronic excitation energy flows most rapidly,*** in TiSe, there
is no evidence of such an anisotropy. From the perspective of
the rate at which energy is transferred between free carriers
and phonons, electron—phonon coupling is isotropic.

These results point to a highly anisotropic electronic sus-
ceptibility, strongly dependent on the free-carrier density in
the electron pockets, as the dominant microscopic mechanism
driving the temperature-dependent phonon softening observed
in measurements of TiSe, at equilibrium.

Summary and outlook

Ultrafast electron diffuse scattering has emerged as a power-
ful tool for the investigation of phonon dynamics in crystals.
By utilization of the phonon-symmetry dependence of the
inelastic scattering process in addition to the intrinsic resolu-
tion of ultrafast scattering, transient phonon populations of
nonequilibrium states can be resolved in time, momentum
and phonon branches. Despite the lack of explicit energy
resolution, UEDS provides the equivalent information on
ultrafast phonon dynamics as time-resolved ARPES does for
electrons. The method can be implemented with nonrelativis-
tic tabletop as well as facility-based relativistic UED setups
and promises new levels of microscopic insight to vibra-
tional excitations and microscopic interactions in nanoscale
quantum materials and heterostructures. Recent experimen-
tal advances demonstrated pulse length compressing using
THz laser pulses*’*® as well as single-electron detection.*’
This will significantly improve time resolution, dynamical
range and ultimately also the momentum resolution of future
UEDS experiments.

6 B MRSBULLETIN o VOLUME 46 o AUGUST 2021 o mrs.org/bulletin

Acknowledgments

H.D. acknowledges support from the Swedish Research
Council (VR). Work at the SLAC MeV-UED is supported in
part by the DOE BES SUF Division Accelerator & Detector
R&D program, the LCLS Facility, and SLAC under Contract
Nos. DE-AC02-05-CH11231 and DE-AC02-76SF00515.
R.E. acknowledges support from the Max Planck Society
and from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation
program (Grant Agreement No. ERC-2015- CoG-682843).
B.J.S. acknowledges support from the Natural Science and
Engineering Research Council of Canada (NSERC), the Can-
ada Foundation for Innovation (CFI), Fonds de Recherche du
Québec—Nature et Technologies (FRQNT) and McGill Fes-
senden Professorship in Science Innovation.

Funding
Open access funding provided by Uppsala University.

Conflict of interest
On behalf of all authors, the corresponding author states that
there is no conflict of interest.

Open Access

This article is licensed under a Creative Commons Attribu-
tion 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Com-
mons license, and indicate if changes were made. The images
or other third party material in this article are included in the
article’s Creative Commons license, unless indicated other-
wise in a credit line to the material. If material is not included
in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit
http://creativecommons.org/licenses/by/4.0/.

References

1. F. Giustino, Rev. Mod. Phys. 89, 15003 (2017)

2. W.A. Saidi, A. Kachmar, J. Phys. Chem. Lett. 9, 7090 (2018)

3. F.Caruso, M. Troppenz, S. Rigamonti, C. Draxl, Phys. Rev. B99, 081104(R) (2019)
4. E. Fradkin, S.A. Kivelson, J.M. Tranquada, Rev. Mod. Phys. 87, 457 (2015)

5. T.Yildirim, 0. Gilseren, J.W. Lynn, C.M. Brown, T.J. Udovic, Q. Huang, N. Rogado,
K.A. Regan, M.A. Hayward, J.S. Slusky, T. He, M.K. Haas, P. Khalifah, K. Inumaru, R.J.
Cava, Phys. Rev. Lett. 87, 37001 (2001)

6. S. Gerber, S.-L. Yang, D. Zhu, H. Soifer, J.A. Sobota, S. Rebec, J.J. Lee, T. Jia, B.
Moritz, C. Jia, A. Gauthier, Y. Li, D. Leuenberger, Y. Zhang, L. Chaix, W. Li, H. Jang, J.-S.
Lee, M. Yi, G.L. Dakovski, S. Song, J.M. Glownia, S. Nelson, K.W. Kim, Y.-D. Chuang, Z.
Hussain, R.G. Moore, T.P. Devereaux, W.-S. Lee, P.S. Kirchmann, Z.-X. Shen, Science
357,71 (2017)

7. H.-M. Eiter, M. Lavagnini, R. Hackl, E.A. Nowadnick, A.F. Kemper, T.P. Devereaux,
J.-H. Chu, J.G. Analytis, I.R. Fisher, L. Degiorgi, Proc. Natl. Acad. Sci. USA 110, 64
(2013)

8. X.Zhu,Y. Cao, J. Zhang, E.W. Plummer, J. Guo, Proc. Natl. Acad. Sci. USA112, 2367
(2015)

9. C. Dornes, Y. Acremann, M. Savoini, M. Kubli, M.J. Neugebauer, E. Abreu, L. Huber,
G. Lantz, C.A.F. Vaz, H. Lemke, E.M. Bothschafter, M. Porer, V. Esposito, L. Rettig, M.
Buzzi, A. Alberca, Y.W. Windsor, P. Beaud, U. Staub, D. Zhu, S. Song, J.M. Glownia, S.L.
Johnson, Nature 565, 209 (2019)


http://creativecommons.org/licenses/by/4.0/

MOMENTUM-DEPENDENT ELECTRON—PHONON AND PHONON—PHONON COUPLING IN COMPLEX MATERIALS

10. E. Beaurepaire, J.-C. Merle, A. Daunois, J.-Y. Bigot, Phys. Rev. Lett. 76, 4250
(1996)

11. G. Sciaini, R.J.D. Miller, Rep. Prog. Phys. 74, 96101 (2011)

12. M. Gao, C. Lu, H. Jean-Ruel, L.C. Liu, A. Marx, K. Onda, S. Koshihara, Y. Nakano,
X. Shao, T.H.G. Saito, H. Yamochi, R.R. Cooney, G. Moriena, G. Sciaini, R.J.D. Miller,
Nature 496, 343 (2013)

13. V.R. Morrison, R.P. Chatelain, K.L. Tiwari, A. Hendaoui, A. Bruhacs, M. Chaker, B.J.
Siwick, Science 346, 445 (2014)

14. A.H.Reid, X. Shen, P. Maldonado, T. Chase, E. Jal, P. Granitzka, K. Carva, R.K. Li, J.
Li, L. Wu, T. Vecchione, T. Liu, Z. Chen, D.J. Higley, N. Hartmann, R. Coffee, J. Wu, G.L.
Dakowski, W. Schlotter, H. Ohldag, Y.K. Takahashi, V. Mehta, 0. Hellwig, A. Fry, Y. Zhu,
J. Cao, E.E. Fullerton, J. Stohr, P.M. Oppeneer, X.J. Wang, H.A. Diirr, Nat. Commun. 9,
388 (2018)

15. L. Waldecker, R. Bertoni, R. Ernstorfer, J. Vorberger, Phys. Rev. X6, 21003 (2016)
16. S.P. Weathersby, G. Brown, M. Centurion, T.F. Chase, R. Coffee, J. Corbett, J.P.
Eichner, J.C. Frisch, A.R. Fry, M. Giihr, N. Hartmann, C. Hast, R. Hettel, R.K. Jobe, E.N.
Jongewaard, J.R. Lewandowski, R.K. Li, A.M. Lindenberg, |. Makasyuk, J.E. May, D.
McCormick, M.N. Nguyen, A.H. Reid, X. Shen, K. Sokolowski-Tinten, T. Vecchione, S.L.
Vetter, J. Wu, J. Yang, H.A. Diirr, X.J. Wang, Rev. Sci. Instrum. 86, 73702 (2015)

17. L. Waldecker, R. Bertoni, R. Ernstorfer, J. Appl. Phys. 117, 44903 (2015)

18. M.R. Otto, L.P. René de Cotret, M.J. Stern, B.J. Siwick, Struct. Dyn. 4, 51101
(2017)

19. T. Chase, M. Trigo, A.H. Reid, R. Li, T. Vecchione, X. Shen, S. Weathersby, R. Coffee,
N. Hartmann, D.A. Reis, X.J. Wang, H.A. Diirr, Appl. Phys. Lett. 108, 41909 (2016)
20. M. Harb, H. Enquist, A. Jurgilaitis, F.T. Tuyakova, A.N. Obraztsov, J. Larsson, Phys.
Rev. B93, 104104 (2016)

21. T. Konstantinova, J.D. Rameau, A.H. Reid, 0. Abdurazakov, L. Wu, R. Li, X. Shen,
G. Gu, Y. Huang, L. Rettig, I. Avigo, M. Ligges, J.K. Freericks, A.F. Kemper, H.A. Diirr, U.
Bovensiepen, P.D. Johnson, X. Wang, Y. Zhu, Sci. Adv. 4, 7427 (2018)

22. L.Waldecker, R. Bertoni, H. Hiibener, T. Brumme, T. Vasileiadis, D. Zahn, A. Rubio,
R. Ernstorfer, Phys. Rev. Lett. 119, 36803 (2017)

23. M.J. Stern, L.P.R. de Cotret, M.R. Otto, R.P. Chatelain, J.-P. Boisvert, M. Sutton,
B.J. Siwick, Phys. Rev. B97, 165416 (2018)

24. L.PR. de Cotret, J.-H. Pohls, M.J. Stern, M.R. Otto, M. Sutton, B.J. Siwick, Phys.
Rev. B100, 214115 (2019)

25. P.Maldonado, T. Chase, A.H. Reid, X. Shen, R.K. Li, K. Carva, T. Payer, M. Horn von
Hoegen, K. Sokolowski-Tinten, X.J. Wang, P.M. Oppeneer, H.A. Diirr, Phys. Rev. B101,
100302(R) (2020)

26. H.-S. Rhie, H.A. Diirr, W. Eberhardt, Phys. Rev. Lett. 90, 247201 (2003)

27. F. Schmitt, PS. Kirchmann, U. Bovensiepen, R.G. Moore, L. Rettig, M. Krenz, J.-H.
Chu, N. Ru, L. Perfetti, D.H. Lu, M. Wolf, |.R. Fisher, Z.-X. Shen, Science 321, 1649 (2008)
28. W. You, P. Tengdin, C. Chen, X. Shi, D. Zusin, Y. Zhang, C. Gentry, A. Blonsky, M.
Keller, P.M. Oppeneer, H. Kapteyn, Z. Tao, M. Murnane, Phys. Rev. Lett. 121, 77204
(2018)

29. M. Holt, Z. Wu, H. Hong, P. Zschack, P. Jemian, J. Tischler, H. Chen, T.-C. Chiang,
Phys. Rev. Lett. 83, 3317 (1999)

30. R. Xu, T.C. Chiang, Z. Kristallogr. 220, 1009 (2005)

31. A Kirilyuk, A.V. Kimel, T. Rasing, Rev. Mod. Phys. 82, 2731 (2010)

32. E.lacocca, T.-M. Liu, A.H. Reid, Z. Fu, S. Ruta, PW. Granitzka, E. Jal, S. Bonetti, A.X.
Gray, C.E. Graves, R. Kukreja, Z. Chen, D.J. Higley, T. Chase, L. Le Guyader, K. Hirsch,
H. Ohldag, W.F. Schlotter, G.L. Dakovski, G. Coslovich, M.C. Hoffmann, S. Carron, A.
Tsukamoto, A. Kirilyuk, A.V. Kimel, T. Rasing, J. Stohr, R.F.L. Evans, T. Ostler, R.W.
Chantrell, M.A. Hoefer, T.J. Silva, H.A. Diirr, Nat. Commun. 10, 1756 (2019)

33. M. Bernardi, D. Vigil-Fowler, J. Lischner, J.B. Neaton, S.G. Louie, Phys. Rev. Lett.
112, 257402 (2014)

34. R. Bertoni, C.W. Nicholson, L. Waldecker, H. Hiibener, C. Monney, U. De Giovannini,
M. Puppin, M. Hoesch, E. Springate, R.T. Chapman, C. Cacho, M. Wolf, A. Rubio, R.
Ernstorfer, Phys. Rev. Lett. 117, 277201 (2016)

35. H.-Y. Chen, D. Sangalli, M. Bernardi, Phys. Rev. Lett. 125, 107401 (2020)

36. S. Manzeli, D. Ovchinnikov, D. Pasquier, 0.V. Yazyev, A. Kis, Nat. Rev. Mater. 2,
17033 (2017)

37. M. Calandra, F. Mauri, Phys. Rev. Lett. 106, 196406 (2011)

38. N.G. Stoffel, S.D. Kevan, N.V. Smith, Phys. Rev. B 31, 8049 (1985)

39. F.J. Di Salvo, D.E. Moncton, J.V. Waszczak, Phys. Rev. B14, 4321 (1976)

40. F.Weber, S. Rosenkranz, J.-P. Castellan, R. Osborn, G. Karapetrov, R. Hott, R. Heid,
K.-P. Bohnen, A. Alatas, Phys. Rev. Lett. 107, 266401 (2011)

41. M. Holt, P. Zschack, H. Hong, M.Y. Chou, T.-C. Chiang, Phys. Rev. Lett. 86, 3799
(2001)

42. A.Kogar, M.S. Rak, S.Vig, A.A. Husain, F. Flicker, Y.I. Joe, L. Venema, G.J. MacDou-
gall, T.C. Chiang, E. Fradkin, J. van Wezel, P. Abbamonte, Science 358, 1314 (2017)
43. D. Jérome, T.M. Rice, W. Kohn, Phys. Rev. 158, 462 (1967)

44. E. Morosan, H.W. Zanderbergen, B.S. Dennis, J.W.G. Bos, Y. Onose, T. Klimczuk,
A.P. Ramirez, N.P. Ong, R.J. Cava, Nat. Phys. 2, 544 (2006)

45. T. Kaneko, Y. Ohta, S. Yunoki, Phys. Rev. B97, 155131 (2018)

46. M.R. Otto, J.H. Pohls, L.P.R. de Cotret, M. Sutton, B.J. Siwick, Sci. Adv. 7, eabf2810
(2021)

47. M.AK. Othman, E.C. Snively, A.E. Gabriel, M.E. Kozina, X. Shen, F. Ji, S. Lewis, S.
Weathersby, P. Vasireddy, D. Luo, X. Wang, M.C. Hoffmann, E.A. Nanni, preprint, arXiv
2104.05691 (2021)

48. D. Ehberger, K.J. Mohler, T. Vasileiadis, R. Ernstorfer, L. Waldecker, P. Baum, Phys.
Rev. Appl. 11, 24034 (2019)

49. G.Blaj, A. Dragone, C.J. Kenney, F. Abu-Nimeh, P. Caragiulo, D. Doering, M. Kwiat-
kowski, B. Markovic, J. Pines, M. Weaver, S. Boutet, G. Carini, C.-E. Chang, P. Hart, J.
Hasi, M. Hayes, R. Herbst, J. Koglin, K. Nakahara, J. Segal, G. Haller, AIP Conf. Proc.
2054, 60062 (2019) o

Hermann A. Diirr is a professor of instrumenta-
tion and accelerator physics at Uppsala Univer-
sity, Sweden. He received his PhD degree in
1999 from the University of Bayreuth, Germany.
After completing postdoctoral research at the
University of Manchester, UK, and Oak Ridge
National Laboratory, he joined the scientific staff
of synchrotron radiation facilities such as Dares-
bury Laboratory, UK, and BESSY, Germany. In
2010, Diirr became senior staff scientist at the
SLAC National Accelerator Laboratory, and
adjunct professor at the University of Amster-
dam, The Netherlands. He pioneered the use of
femtosecond soft x-ray pulses for studying
ultrafast magnetization dynamics and is cur-
rently focusing on electrons to investigate ultrafast energy-transfer processes to
phonons. Diirr can be reached by email at hermann.durr@physics.uu.se.

Ralph Ernstorfer is a senior researcher leading
the Structural & Electronic Surface Dynamics
Group at the Fritz-Haber-Institute and professor
of ultrafast nanoscience at the Technical Univer-
sity Berlin, Germany. He received his Diploma
degree in physics from the Technical University
of Munich, Germany, and PhD degree in physics
from the Freie Universtat Berlin, Germany, in
2004, followed by postdoctoral research at the
University of Toronto, Canada, and the Max
Planck Institute of Quantum Optics, Germany.
His group currently investigates the structural
and electronic dynamics of low-dimensional
semiconductors and heterostructures using a
combination of time-resolved photoemission
spectroscopy and electron diffraction. In 2016, he received the Consolidator Grant
FLATLAND from the European Research Council. Ernstorfer can be reached by email
at ernstorfer@fhi-berlin.mpg.de.

Bradley J. Siwick is an associate professor in
the Department of Physics and the Department
of Chemistry at McGill University, and a member
of the McGill Centre for the Physics of Materials.
He received his undergraduate degree in engi-
neering physics and PhD degree in physics in
2004 from the University of Toronto, Canada.
From 2006 to 2016, he was the Canada
Research Chair in Ultrafast Science and in 2005
he was awarded the Natural Sciences and Engi-
neering Research Council of Canada Doctoral
Prize. His research focuses on instrumentation
development and atomic-level studies of non-
equilibrium materials physics using a combina-
tion of time-resolved electron scattering, imag-
ing, and optical/infrared spectroscopic techniques. Siwick can be reached by email
at bradley.siwick@mcgill.ca.

Qi

MRS BULLETIN  VOLUME 46 e AUGUST 2021 o mrs.org/bullefin 1 7



	Revealing momentum-dependent electron–phonon and phonon–phonon coupling in complex materials with ultrafast electron diffuse scattering
	Anchor 2
	Introduction
	Ultrafast electron diffraction and phonon-diffuse scattering
	Ultrafast nonequilibrium energy flow between electronic and lattice degrees of freedom in crystalline nickel
	Revealing energy dissipation pathways in the semiconductor WSe2
	Strong electron–phonon coupling and soft phonons in TiSe2
	Summary and outlook
	Acknowledgments 
	References




