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Quantum materials have attracted a great deal of attention because of their rich landscape of electronic structures,
topological phases, strong correlation effects, and exotic orders. These systems provide a fertile platform for the explo-
ration of novel quantum phenomena and materials applications. Particularly exciting is the exploration of nonequilibrium
dynamics in quantum materials, which has significant research and potential application values. Pump—probe techniques
play a key role in revealing the dynamics of quantum materials on remarkably short timescales, providing an attractive yet
challenging avenue of research. In this context, time-resolved x-ray as an emerging probe exhibits high time resolution,
momentum resolution, and substantial momentum coverage. It can reveal unprecedented transient states, distinguish be-
tween entangled ordered states, and has a compelling potential to probe ultrafast dynamics in a wide variety of quantum
materials. Despite its unique advantages, time-resolved x-ray scattering still faces several technological and methodologi-
cal challenges. In this review, we highlight recent advances focusing on the use of time-resolved x-ray scattering to probe
dynamic processes in quantum materials. We discuss representative examples across structural, electronic, magnetic, and
lattice degrees of freedom, and outline promising directions for future research in this rapidly evolving field.

Keywords: time-resolved x-ray, quantum materials, pump—probe technique, non-equilibrium dynamics
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1. Introduction

Quantum materials have attracted significant attention
due to their unconventional electronic structures and the emer-
gence of novel quantum phenomena.!!! These materials often
exhibit pronounced quantum effects, such as tunneling, entan-
glement, and superconductivity. The category encompasses a
wide range of material classes, including high-temperature su-
perconductors, topological insulators, Weyl semimetals, and
van der Waals materials.”>-8] Owing to their unique structural
and electronic characteristics, quantum materials give rise to
extraordinary phenomena across electronic, optical, and mag-
netic regimes, highlighting their vast potential for diverse tech-
nological applications. In particular, they serve as versatile
platforms for exploring emergent quantum behavior and for
investigating quantum information science. The research ad-
vances in this field are pivotal for the development of next-
generation electronics, quantum computing, and energy tech-
nologies.

The strong coupling between lattice, spin, and orbital de-
grees of freedom in quantum materials gives rise to rich and
complex phase diagrams. Under non-equilibrium conditions,
these materials can exhibit a range of unprecedented transient
phenomena, such as subtle electronic structure modulations,
photoinduced phase transitions and elementary excitations.
These transient states often elude traditional equilibrium-
based measurement techniques due to their ultrafast and dy-
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namic nature. Pump-probe spectroscopy has emerged as a
powerful approach for investigating the non-equilibrium dy-
namics, enabling direct observation of transient changes in
microscopic degrees of freedom.!”! In a typical pump—probe
experiment (Fig. 1), the sample is excited by a strong laser
pulse known as a pump pulse, which triggers a transient re-
sponse, leading to novel phenomena such as structural defor-
mations, electronic excitations, or phase transitions. These
changes occur on an ultrafast timescale, typically spanning
from femtoseconds (fs) to picoseconds (ps). Subsequently, a
time-delayed probe pulse interacts with the sample, probing
the time evolution of optical, electrical, or structural proper-
ties, and the scattered (or transmitted) beam is collected by the
detector.

Pump pulse

Scattered beam

X-ray probe pulse

Sample '

Fig. 1. A sketch of pump—probe experimental technique configuration.

Optical pulses (e.g., ultraviolet, infrared, or visible light)
are commonly used as pump sources to excite the sample.
Weak pump pulses can perturb the ground state, whereas
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strong pulses can drive transitions to non-equilibrium phases.
Structural information is obtained through a separate probe
beam (e.g., x-ray or electron) scattered by the crystal lattice.
Periodically arranged atoms cause constructive interference
along specific directions, forming diffraction patterns that re-
veal the crystal structure of the sample. The lattice dynamics
triggered by coherent phonon excitation can be traced by mon-

itoring changes in Bragg peak position and peak intensity.!!!]

In addition, since the symmetry of the material determines
the diffraction pattern, the occurrence of phase transition will
break the symmetry of the material and change the diffrac-
tion pattern, which can be tracked by the time-resolved probe
pulses.!'?13] Remarkably, the charge and spin order phase in
the material can also be perturbed by pump pulses, allowing
the probe of transient dynamics associated with charge order
and magnetic order.!'4]

Table 1. Information of XFEL facilities. ']

European XFEL  LCLS LCLS-II, CuRF LCLS-I, SCRE  SACLA  SwissFEL  PAL-XFEL  SHINE
Location Germany USA USA USA Japan Switzerland ~ South Korea China
Start of commissioning 2016 2009 2019 2020 2011 2016 2016 2025
Number of light flashes per second 27000 120 120 1000000 60 100 60 1000000
Minimum wavelength of the laser 0.05 nm 0.15 nm 0.05 nm 0.25 nm 0.08 nm 0.1 nm 0.06 nm 0.05 nm
Maximum electron energy 17.5 GeV 14.3 GeV 15 GeV 5 GeV 8.5 GeV 5.8 GeV 10 GeV 8 GeV
Peak brilliance 5%10% 2%10% 2%10% 1x10% 1x10% 1x10% 13x10%  1x10%
(2,75x10** with seeding)
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facilities are currently operational or in development around
the world, such as the European XFEL (Germany), LCLS-
IT (USA), SwissFEL (Switzerland), PAL-XFEL (Republic of
Korea) and the Shanghai Coherent Light Facility (China)!!”}
(see more details in Table 1).!'%1 In particular, facilities such
as the LCLS and European XFEL have demonstrated the abil-
ity to generate x-ray pulses with durations of only a few
femtoseconds.!!8] These pulses exhibit peak brightness up to
1033 photons/s/mm?/mrad®/0.1%BW at 1 keV, defined as the
number of photons emitted per second, per square millime-
ter of source area, per square milliradian of solid angle, and
per 0.1% bandwidth of the central photon energy, as shown
in Fig. 2, far exceeding that of conventional synchrotron
sources. 123 The exceptional characteristics of XFELs make
them indispensable tools for time-resolved studies of quan-
tum materials. They enable the direct observation of transient
states and fundamental excitations, opening new avenues for
research not only in condensed matter physics but also in life
sciences, chemistry, and materials science.

Fig. 2. Average and peak brightness (photons/s/mm?/mrad?/0.1%BW)
calculated for the LCLS and for other facilities operating or under
construction. %]

Time-resolved x-ray scattering techniques offer several
key advantages over other time-resolved probes, such as
angle-resolved photoemission spectroscopy (tr-ARPES), 31321

[33.34] and ultrafast electron diffraction

optical spectroscopy,|
(UED).[3336] These advantages arise from fundamental prop-
erties of x-rays: (1) Their deep penetration enables bulk-
sensitive measurements, with probing depths ranging from mi-
crons (soft x-rays) to centimeters (MeV-scale hard x-rays).
(2) They provide element- and orbital-specific sensitivity
via resonant enhancement at absorption edges, where cross-
sections can increase by factors of 102—~10* through intermedi-
ate core-hole excitations.3”! (3) They afford high momentum
resolution, thanks to their Angstrom-scale wavelengths (A ~
0.01-100 A) and advanced focusing optics. Unlike tr-ARPES,
which primarily probes surface electronic band structures,

time-resolved x-ray techniques access bulk collective excita-
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tions (e.g., magnons, phonons) and symmetry-broken orders
(e.g., magnetic, charge, and orbital order) via momentum- and
energy-resolved scattering. Additionally, because x-ray wave-
lengths are much closer to interatomic spacings than optical
wavelengths, these techniques offer superior momentum res-
olution and broader momentum coverage compared to time-
resolved optical probes, making them particularly powerful
for studying structural dynamics. Whereas UED mainly cap-
tures lattice motions through elastic scattering, x-ray tech-
niques probe a broader range of degrees of freedom — includ-
ing electronic, magnetic, and structural — through both reso-

nant diffraction and inelastic scattering channels. Crucially, x-
rays bypass the stringent surface quality requirements imposed
by tr-ARPES and UED, enabling studies of heterogeneous ma-
terials, encapsulated devices, and micron-scale single crystals
with minimal sample preparation constraints. To facilitate a
direct comparison, we provide a quantitative summary in Ta-
ble 2, contrasting spatial, temporal, and momentum resolution,
depth sensitivity, energy resolution, and sample constraints
across the key time-resolved x-ray scattering techniques fea-
tured in this review (tr-XRD, tr-REXS, tr-RIXS), alongside tr-
ARPES and UED.

Table 2. Comparison between XFELs, Tr-ARPES and UED techniques.

Momentum resolution Energy resolution Sample constraints

penetration ~ 10-100 pmat  0.001 A '—0.01 A ' 124

solids or liquids, no vac-
uum needed for hard x-
ray

penetration ~ 10-100 um 0.01 A~

penetration ~ 10-100 pum 0.01 A~'-0.05 A~' 120!

0.05A'-0.1 A8

10 to 100 s meV level
according to Heisen-
berg limit!2®!

10 to 100 s meV level
according to Gaussian

solids or liquids, UHV
for soft x-ray edges

solids or liquids, UHV
for soft x-ray edges

ultrahigh vacuum and
flat, conducting, clean

Techniques ~ Spatial resolution Temporal resolution Depth sensitivity
t-XRD  tens of pm limited by x-ray ~ 10 to 300 fs?*!
spot 5-20 keV x-rays
t-REXS  tens of pm limited by x-ray ~ 10 to 300 fs!?>!
spot (hard x-rays);
~ 0.1 pm (soft x-rays)
tr-RIXS  tens of pum limited by x-ray ~ 10 to 300 fs[*!
spot (hard x-rays);
~ 0.1 um (soft x-rays)
tr-ARPES  micro- to nano-scale <10 5128 surface-limited (1 ~ 2 nm)
(spot < 10 pum;
nano-ARPES ~ 100 nm)?”!
UED (MeV) <0.1 nm®! ~10fs thin-film (< 100 nm)

(state-of-art) 301

Fourier limit

0.001 A'=0.01 A~"130)

samples

radiation-tolerant, thin
samples

In this review, we examine recent advances in time-
resolved x-ray studies of quantum materials, with a focus on
structural dynamics, phonon excitations, charge-order melting
and recovery, and ultrafast magnetic phenomena. We highlight
several experimental studies that have leveraged time-resolved
X-ray scattering to unravel the intricate interplay between elec-
tronic, lattice, and spin degrees of freedom in strongly corre-
lated systems, topological phases, and low-dimensional het-
erostructures. By synthesizing these developments, this re-
view aims to present a comprehensive and integrated perspec-
tive on the current state of the field. In addition, we outline
emerging challenges and opportunities that are likely to shape
future directions in the study of ultrafast dynamics using x-ray
techniques.

2. Time-resolved resonant x-ray study on quan-
tum materials

In quantum materials, the lattice, spin, charge and orbital
degrees of freedom are highly entangled, resulting in complex
phase diagrams. Understanding the novel transient states is of
great interest in the field of condensed matter physics.

2.1. Structure dynamics

Most two-dimensional (2D) layered materials are cleav-
able transition-metal chalcogenides and halides, with weak in-
terlayer interactions. These materials include van der Waals
(vdW) insulators, such as MPX3; materials (M = transition

metal, X = S or Se), 3839 semimetals, such as Cra(Si,Ge),Teg
and transition metal dichalcogenide MX, (M = transition
metal, X = S, Se or Te).[40‘44] These 2D materials with weak
interlayer interactions provide a good platform for studying
structural degrees of freedom, and ultrafast techniques provide
interesting insights into the structure dynamics.

Faran Zhou et al. used time-resolved x-ray diffraction
measurements to study the vdW material FePS3 (Fig. 3),
which were performed at the 7ID-C beamline of the Advanced
Photon Source (APS) with the 400 nm pump laser pulse (flu-
ence up to 10 mJ/cm?) and 11 keV x-ray probe. Three Bragg
peaks (002, 202, 022) were measured as a function of delay
time to reconstruct the dynamics of its unit cell.[*! The inter-
layer shear has been largely overlooked due to the weak vdW
interaction. The recovery time (7g) of B is remarkably longer
than the thermal relaxation process of the (002) peak when
the temperature increased to 117 K near the magnetic transi-
tion Ty. It indicates a strong correlation between interlayer
shear and magnetic order. In addition, similar structural dy-
namics are also observed in NiPS3, which confirms universal
spin-shear coupling in zigzag antiferromagnets. In contrast,
MnPS3, hosting Néel-type rather than zigzag order, shows no
critical slowing of shear dynamics, implying that interlayer
shear selectively couples with zigzag magnetic configurations.
These observations demonstrate magnetoelastic coupling be-
tween structural degrees of freedom and intralayer magnetism,
resulting in anisotropic structural dynamics within 2D layered
materials.

107801-3
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Fig. 3. Temperature-dependent structural dynamics in FePS3. (a) Schematics of the reciprocal- and real-space unit cell before (green) and after

(red) laser excitation. (b) Dynamics of the (002) peak shift (Ag) along the ¢* direction as a function of temperature. (c) Dynamics of the (202)
peak shift as a function of temperature. (d) Dynamics of 8 change (AB) as a function of temperature.!3]
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Fig. 4. Experimental scheme and time-resolved x-ray diffraction results of WTe;. (a) Scheme of the time-resolved x-ray diffraction experiment.
(b) WTe, crystal structure projected in the yz plane, where the red rectangles delineate the orthorhombic unit cell. (c) Time-resolved modification
of the diffraction intensity Al/I for the (075), (146), (162), and (163) diffraction peaks. (d) Time-resolved modification of Al/I for the (163)

reflection using a tenfold shorter time step. (e) Fourier transform of panel (d) after subtracting the non-oscillatory response. The data were acquired
at 3.2 mJ/em? (T = 295 K).[46)
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The layered transition-metal dichalcogenide WTe, ex-
hibits distinct transport and topological properties intrinsically
linked to its crystal structure. Coherent structural dynamics
induced by near-infrared (800 nm) laser excitation with flu-
ence of 3.2 mJ/cm? have been quantitatively investigated by
Davide Soranzio et al. using time-resolved x-ray diffraction
at the Bernina beamline at SwissFEL with the 8 keV x-ray
probe (see Fig. 4(a)). Pump-driven atomic vibrations generate
oscillatory Bragg peak intensity modulations, revealing mul-
tiple coherently excited phonon modes (Fig. 4(c)).*") Fourier
analysis identifies a dominant 0.24 THz mode with ~ 20 ps
coherence time, while (163) peak dynamics resolve four dis-
tinct frequencies: 0.24 THz, 2.4 THz, 3.4 THz, and 6.1 THz
(Figs. 4(d) and 4(e)). Systematic fluence-dependence stud-
ies of (146) and (163) peaks establish quantitative excitation
thresholds and amplitude scaling laws. Density functional the-
ory (DFT) simulations reveal corresponding displacement pat-
terns, including the 0.24 THz acoustic shear mode featuring
uniform anti-phase interlayer motion. These results demon-
strate how selective vibrational excitation governs the ultrafast
structural evolution of WTe,, enabling coherent control of its
topological and electronic properties.

Beyond WTe,, analogous ultrafast studies in SnSe, a pro-
totypical V-VI semiconductor that exhibits intrinsic lattice in-
stability, reveal complex structural dynamics. Under equilib-
rium conditions, SnSe undergoes reversible transitions from
its low-temperature layered phase Pnma to higher-symmetry
structures Cmcem at high temperatures (~ 807 K)7! or high
pressures (~ 10.5 GPa),!*8] characterized by bilayer shear-
ing that rearranges the Sn/Se atomic positions within the ab
plane. Yijing Huang et al. have tracked the temporal evo-
lution of (211), (611), (301), and (410) Bragg peaks, 4! us-
ing time-resolved x-ray diffraction at LCLS with near-infrared
(1.55 eV) pump at a nominal absorbed fluence of 0.8 mJ/cm?
and 9.5 keV x-ray probe. These identify that four coherent os-
cillation modes correspond to A, Raman-active phonons. Pro-
nounced phonon softening emerges with increasing fluence,
by more than 20% in the Ai, mode at 2.2 mJ/cm?. First-
principles DFT calculations resolve the eigendisplacements of
these modes, while combined experimental-theoretical analy-
sis demonstrates that the transient state constitutes a photoin-
duced Immm structure arising from Se/Sn band excitation, dis-
tinct from thermally driven Cmcm phases. Collectively, these
results underscore the indispensable role of time-resolved x-
ray probes in resolving atomic-scale structural dynamics that
remain inaccessible to conventional spectroscopic methods.

Coherent phonon excitation occurs under intense fem-
tosecond optical pumping, generating strain waves that prop-
agate perpendicular to the surface of the material.l>° These
collective lattice vibrations manifest as characteristic oscil-
lations on ultrafast timescales. Time-resolved x-ray tech-
niques, offering intrinsic femtosecond temporal resolution, en-

able direct observation of coherent phonon generation follow-

n.[>1-33] Ultrafast lattice excitation typically

ing photoexcitatio
drives coherent phonons, which in turn modulate the electronic
binding energies due to electron—phonon interactions.>* A
representative study by Jonathan A. Sobota et al. investi-
gated coherent phonon dynamics in the topological insula-
tor BipTes using tr-ARPES and time-resolved x-ray diffrac-
tion (tr-XRD).["! Tr-ARPES measurements revealed oscilla-
tory shifts in the surface and bulk electronic states, with the
bulk states exhibiting two phonon frequencies (1.90 THz and
4.20 THz; Figs. 5(d) and 5(f)), while the surface displayed four
frequencies, including two additional modes at 1.73 THz and
3.40 THz not observed in the bulk states (Figs. 5(e) and 5(g)).
To investigate the lattice origin of these modes, bulk-sensitive
tr-XRD measurements were performed by monitoring tran-
sient intensity changes in the (4,4,5), (5,5,6), and (3,3,4) Bragg
peaks. These experiments were carried out at the LCLS at
SLAC National Accelerator Laboratory with 1.5 eV pump (p-
polarized with incident fluence of 8.2 mJ/cm?) and 9.5 keV
X-ray probe.
hibit oscillatory behavior (Figs. 5(1)-5(k)). Fast Fourier trans-
form (FFT) analysis of the diffraction signals (Figs. 5(1) and

Under optical excitation, all three peaks ex-

5(n)) reveals two distinct bulk phonon modes at 1.85 THz and
3.60 THz. The spectral contributions of these modes vary with
the Bragg peak, and they are attributed to A% . and A%g lattice
distortions, respectively, both involving out-of-plane (c-axis)
displacements of Bi and Te atoms. The slightly lower frequen-
cies observed in tr-XRD compared to tr-ARPES are attributed
to the higher temperature and stronger fluence conditions in
the x-ray measurements. These findings help to reconcile the
long-standing discrepancy between surface-sensitive and bulk-
sensitive measurements of phonon modes in topological mate-
rials. By directly probing bulk lattice dynamics, time-resolved
x-ray techniques offer critical benchmarks for validating and
interpreting surface-sensitive results.

TaAs, a prototypical three-dimensional topological Weyl

[5758] has generated significant research interest due

semimeta,
to its nontrivial band topology, exotic electronic structure,
and potential applications in quantum computing/spintronics.
Min-Cheol Lee et al. have used time-resolved x-ray diffraction
to detect the time evolution of truncated rod scattering (TRS)
signals in a TaAs single crystal.>>] TRS is an x-ray scatter-
ing technique sensitive to surface and interfacial structures. It
detects lattice modulations on length scales longer than those
captured by conventional Bragg peaks. By rotating the crys-
tal around the surface normal vector n by a small angle A¢,
the scattering condition k¢ — k; = Gy + q is modified, where
q = gii is a momentum component along the surface normal.
This isolates the TRS signal from Bragg diffraction, enabling
the study of subtle lattice displacements. Notably, since co-
herent phonon scattering occurs in the same direction, track-
ing TRS intensity in time allows for real-time visualization
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of coherent phonon dynamics. The experiment, conducted
at the LCLS, used 800 nm (1.55 eV) optical pump pulses
with an incident fluence of 2.86 mJ/cm? and a 9.52 keV x-ray
probe. By adjusting the sample orientation (Figs. 6(a)-6(c)),
TRS signals at different momentum transfers were selectively
measured. Pronounced phonon oscillations are observed in
the ultrafast dynamics. The Fourier transform of the coher-
ent phonon oscillation clearly shows two different frequencies
(Figs. 6(j)—-6(1)), corresponding to the asymmetrical-shaped

quasilongitudinal (QL) and symmetrical-shaped quasishear

0.0 H

0.4 —

(QS) acoustic phonon modes, respectively. These chirp-
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Yy 1.5V, TIRTR " X
£e® ! | I
% e \ -
%% o2t I !
Y Bi,Tes 3 ;
(b) -350 fs
2
=
0 701 |
S 20 — A 5 ’,’
Eody 4 e Goo e emtemtd
A £ 020
24 L i
-4 - surface 0.1 - ]
s
00—, + t ;

Delay (ps)

20 3.0
Frequency (THz)

40

model-reproducible modes exhibit momentum-dependent dis-
persions, with both frequencies increasing as the momentum
transfer increases. Specifically, time-resolved x-ray directly
maps how these phonons instantaneously modify the elec-
tronic structure near Weyl points: QL vibrations occur primar-
ily normal to the (112) plane, while QS displacements align
parallel to this plane. The simultaneous resolution of multi-
ple phonon modes demonstrates the unique capacity of time-
resolved x-ray to detect electron-phonon coupling dynamics in

topological semimetals.
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Fig. 5. Coherent phonon dynamics in Bi,Tes using time-resolved ARPES and x-ray diffraction measurements. (a) Schematic of tr-ARPES mea-
surements to measure electronic binding energy oscillations. (b) ARPES spectrum along the I'K direction before and (c) after excitation at the
pump—probe delays indicated. (d) Time-dependent shift in the binding energy of the bulk conduction band and (e) surface state within the energy-
momentum windows indicated by dashed lines in (c). (f) Magnitude of the Fourier transform of the bulk conduction band and (g) surface state
dynamics. The arrows highlight two modes observed in the surface state but not in the bulk. (h) Schematic configuration of time-resolved x-ray
diffraction experiments. (i)—(k) Time-dependent relative change in the intensities of the (i, k, [) = (4, 4, 5), (5, 5, 6), and (3, 3, 4) Bragg peaks.
()~(n) The corresponding Fourier transforms after exponential background subtraction. Points are from the data, and lines are fits. [*
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Fig. 6. The dynamics of coherent acoustic phonons in the Weyl semimetal TaAs. (a)-(c) 2D XRD images, showing diffuse scattering (non-
Bragg component of the scattering signal, arising from short-range order, disorder, defects, or thermal fluctuations in the crystal) and TRS

signals in the equilibrium state. Panels (a)—(c) correspond to rotation angles A¢ of —0.15°,

—0.3°, —0.5°. As the rotation angle A¢ increases,

so does the momentum. (d)—(f) Time-resolved TRS signal traces, integrated over the blue arrow area of the detector. (g)—(i) Experimental data
of extracted oscillations. (j)—(1) The fast Fourier transform of the coherent phonon oscillations. [55]
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2.2. Charge order dynamics

High-temperature superconductivity is one of the most re-
markable discoveries, yet its underlying mechanism remains
elusive. Superconductivity (SC) often emerges in proxim-
ity to symmetry-breaking states such as antiferromagnetic or-
der or charge order (CO).P*%% In recent years, CO, fre-
quently manifested as a charge density wave (CDW), has been
found to be ubiquitous across a wide range of superconduct-

—-65

ing cuprates.®1-%31 However, its relationship with SC remains

a topic of intense debate. A growing body of research suggests
that CO competes with or becomes intertwined with SC.[66:67]
Resonant elastic x-ray scattering (REXS), also known as res-
onant soft x-ray scattering (RSXS), involves tuning the inci-
dent x-ray energy to an element-specific absorption edge to
enhance sensitivity to specific electronic states. It does not dis-
tinguish the energy of the scattering photons and is particularly
effective for probing static order parameters, such as charge,
orbital, and magnetic orders, with elemental and orbital speci-
ficity. Moreover, resonance conditions amplify the scattering
cross section, greatly enhancing sensitivity to weak magnetic
and charge orders. Consequently, time-resolved REXS has
emerged as a powerful technique for investigating the dynam-
ics of CO and spin order on ultrafast timescales. This method

is indispensable for disentangling their intertwined behaviors
and for uncovering the fundamental interactions that govern
high-temperature superconductivity.

Scott Wandel et al.
x-ray scattering to track the CDW dynamics of underdoped

have used ultrafast resonant soft

YBa;Cu3zO¢67 (Tc = 65 K) in superconducting and normal
states.’®! Time-resolved pump—probe experiments were per-
formed at LCLS with the 800 nm pump and 931.5 eV x-
ray probe. In the normal states (T ~ T;), the pump-induced
CDW intensity is rapidly suppressed and the correlation length
is almost unchanged, with the recovery time of around 3 ps
(Fig. 7(b)). However, in the superconducting state, suppres-
sion of SC is observed by ultrafast optical measurements,
while enhancement of CDW is detected by time-resolved x-
ray scattering (Fig. 7(c)). This indicates the competitive re-
lationship between CO and SC. Most interestingly, in the su-
perconducting state (T = 12 K), the CDW correlation length
doubles relative to equilibrium (Fig. 7(d), right panel), indicat-
ing the formation of a topological defect analogous to tritel-
luride systems.[>>%°1 These findings suggest that SC disrupts
the spatial coherence of the CDW within CDW domains by

stabilizing topological defects, such as discommensurations.
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Fig. 7. CDW and SC dynamics in YBa;Cu3Og 67 and scenarios for their interactions. (a) Schematic phase diagram of YBa;Cu3Og 67 showing
the two temperatures, within (20 K) and just above (65 K) the SC dome for x = 0.67 (hole doping p = 0.12). (b) CDW signal at 65 K as
a function of the delay time, with laser pump fluence of 0.16 mJ/cm?. (c) Optical (blue circles) and x-ray scattering (purple circles) signals
measuring the SC and CDW dynamics, respectively, at 20 K with laser fluence of 0.05 mJ/cm?. (d) The most probable model of the spatial

arrangements of CDW and SC regions before and after photoexcitations.

Photoinduced enhancement of CDW in the superconduct-
ing state and suppression of CDW in the normal state have
also been observed by Hoyoung Jang et al. using ultrafast res-
onant soft x-ray scattering performed at PAL-XFEL with the
800 nm pump pulse at fluence of 15 uJ/cm? and 931.5 eV
x-ray probe.[8] In Fig. 8(a), a slight reduction in CDW inten-
sity at 65 K (~ T; = 65.5 K) can be attributed to the melting of

[56]

CDW by the pump laser. In the equilibrium state, the CDW in-
tensity reaches its maximum near half integer (L ~ 1.5 r.L.u.),
and the CDW becomes weak as it moves toward integer L,
as shown in Fig. 8(b), which follows the typical quasi-2D
CDW behavior in cuprates. Remarkably, the 800 nm laser
triggers a photo-induced charge order that reaches its maxi-

mum at L ~ 1.2 r.l.u., close to the integer value, which resem-
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bles the observation of the high magnetic field measurements
(see Fig. 8(c)). This indicates that laser pulses break Cooper
pairing in superconducting states, thereby leading to the nu-
cleation of the 3D CDW precursor correlation.

The CDW dynamics in La,_,Ba,CuOs (x = 1/8) has
been investigated by Matteo Mitrano et al. using time-resolved
resonant soft x-ray scattering performed at LCLS.[""! Upon
excitation with 800 nm laser pulses, the CDW peak intensity
is rapidly suppressed within 1 ps and remains significantly
diminished even after 40 ps (Fig. 9(a)). Figure 9(b) illus-
trates the relaxational dynamics of the charge order peak in-
tensity in Lay_,Ba,CuO4 for various momenta ¢ relative to
the charge order wavevector Qcpw. Each time trace is well-
described by a single exponential decay and a constant off-
set. The extracted relaxation time shows a pronounced mo-
mentum dependence, consistent with the standard framework
for relaxational dynamics of a nonconserved order parame-
ter in a periodic system. In this description, the time evolu-
tion follows exp[—¥(q)t], where the relaxation rate is given
by ¥(q) = Yo + Dg?, with 7y representing uniform dissipation
and D the diffusion constant. As shown in Fig. 9(c), the re-
laxation rate %iy(g) increases quadratically with momentum
and is well captured by this diffusive model, yielding dissipa-
tion parameter 71}y = 0.1730+0.0015 meV and diffusion con-
stant 2D = 215419 meV-A2. These results indicate that the
transverse collective excitations of the charge order propagate

via Brownian diffusion. The characteristic fluctuation energy,
Ay ~0.17 meV (corresponding to ~ 2 K), closely matches the
superconducting transition temperature T; near x ~ 1/8, sug-
gesting a possible connection between the low-energy CDW
dynamics and superconductivity in this cuprate system.
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Fig. 8. Temperature and [ dependence of photoinduced CDW in
YBa;Cu30¢4y. (a) CDW peak profiles at (0, k, ~ 1.45) measured at

At = 0.9 ps (blue) and 1.1 ps (green) with varying temperatures. Solid lines
are Lorentzian fits to the data with a linear background. (b) Fitted CDW
heights with the different / position at Ar = 0.9 ps and 1.1 ps. (c) Observed
3D CDW of YBCO via a pulsed magnet experiment. The field-induced
CDW appears around (0, 2+ gcpw, 1), compared to the zero field.[08]
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Fig. 9. Time-resolved x-ray measurements of charge order in La; g75Bag 125CuQy. (a) Transient charge order peak profile after excitation for a
selection of time delays. (b) Time traces of the energy-integrated charge order scattering for a selection of momenta. (c) Collective modes of

charge order in LBCO propagate diffusively. 7]

Charge order becomes particularly intriguing in the over-
doped regime, where it demonstrates unexpected robustness,
even persisting at room temperature.[%*72 Although the ul-
trafast dynamics of CO has been extensively explored in un-
derdoped cuprates, much less is known about its behavior
in the overdoped regime. To address this, Xinyi Jiang et
al. recently employ time-resolved resonant x-ray scattering
(tr-REXS) and x-ray absorption spectroscopy (tr-XAS) per-

formed at PALXFEL with the 800 nm and 400 nm pump and x-

ray probe to track the transient electronic density of states and
CO dynamics in overdoped (Bi,Pb), 2Sr; gCuOg.!"!1 Their
results reveal a striking wavelength dependence in the photo-
excited response of CO in the overdoped cuprate: a 400 nm
pump pulse effectively melts the CO, while an 800 nm pulse
does not, indicating an orbital-selective photodoping effect
(Fig. 10). To accurately track the evolution of the CO peak in-
tensity, the resonant diffraction signal is normalized by the si-
multaneously recorded x-ray fluorescence yield. This normal-
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ization compensates for pump-induced shifts in the x-ray ab-
sorption spectra, which affect the measured peak intensity.!”!!
Taking into account this absorption change, the authors isolate
the intrinsic dynamics of charge order. The recovery time of
the CO (~ 3 ps) closely matches that observed in underdoped
systems, suggesting a universal electronic instability across
doping levels. However, in contrast to the underdoped regime,
melting CO in the overdoped state requires nearly an order of
magnitude higher pump fluence, highlighting the stabilizing
role of lattice interactions at high doping levels. These findings
shed new light on the microscopic origin of CO in overdoped
cuprates and demonstrate the potential of ultrafast optical con-
trol to manipulate ordering phases in correlated materials.
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Fig. 10. Pump-induced change in CO peak for 800 nm and 400 nm pumps.
The evolution of the CO scattering peak divided by the fluorescent signal with
different laser fluences for 800 nm (a) and 400 nm (b) pumps at Ar = 0.25 ps
at 80 K. The purple shading indicates the difference between photo-induced
states and equilibrium states. Solid lines are Lorentzian fits to the data with a
linear background. (c) Fitted peak width (FWHM) of CO peaks before (black
square) and after (purple circle) 400 nm excitation as a function of fluence.
The error bars represent 1 standard deviation (s.d.) of the fit parameters.
(d) Changes in CO intensity induced by 800 nm (red marker) and 400nm
(purple marker) pumps.[7!!

Kagome superconductors, with their unique lattice struc-
ture and non-trivial band topology, exhibit exotic electronic
phases. The recent discovery of kagome metals, particu-
larly CsV3Sbs, has sparked intense research interest due to
the CDW, SC, intertwined symmetry breaking, and topolog-
ical properties. Among these, CDWs play a pivotal role
in mediating the interplay between various competing or-
ders, including orbital flux states, electronic nematicity, and

SC.74-761 Apart from 1 x 4 modulation observed by sev-
eral STM experiments,[’”] CsV3Sbs also exhibits 2 x 2 x 1,
2x2x2 and 2 x2 x4 CDWs stacking phases, where the
2 x 2 x 2 CDW reconstructions prevail in CsV3Sbs and com-
pete with the 2 x 2 x 4 stacking.!”8! There are two types of
2 x2x2 CDWs-MLL phase with alternative aligned star-of-
David (SD) and inverse star-of-David (ISD) stacking, and LLL
phase with staggered ISD stacking. Understanding the na-
ture and dynamics of these CDW phases is crucial for un-
raveling the complex phase diagram and unconventional SC
observed in kagome systems. Recently, Honglie Ning et al.
have tracked the dynamics of CDW peaks after light excita-
tion using time-resolved x-ray diffraction performed at LCLS
with the near infrared (0.6 eV) laser pulse and 9.835 keV x-ray
probe.[73] The opposite behaviors in peak widths in the MLL
and LLL phases, triggered by photoexcitation, have revealed
the coexistence and competition between the two different
CDW phases in CsV3Sbs, as shown in Fig. 11. By probing the
real-time evolution of the CDW orders, time-resolved x-ray
scattering deciphers the intricate phase relationships and sheds
light on the complex interplay between competing phases un-
derlying kagome superconductivity.
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Fig. 11. Dynamics of the CDW peak width revealing the competition be-
tween CDWs. (a) Schematics of the differential peak-intensity-normalized
line cuts along ¢, . Peak 1 indicates the CDW peak after laser excitation
(t = 8 ps), and peak 2 indicates the CDW peak before excitation (f = —1 ps).
(b) Differential peak-intensity-normalized line cuts along ¢, acquired at
t =1 ps and ¢ = 8 ps of the peak at (0, —1.5, 2.5). Solid lines are fits to
zero constant and subtraction of two Gaussians, respectively. (c), (d) Tem-
poral evolution of the (0, —1.5, 2.5) peak width along g|| and g directions
pumped at F = 0.25 (light orange) and 2.5 mJ/cm? (dark red) normalized by
their equilibrium values. Solid lines are fits to a single exponential decay.
(e) Schematics of the differential peak-intensity-normalized line cuts along
q 1. (H—(h) Same plots as panels (b)—(d) but for the peak at (0, —1.5, 3).173]
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Chirality, characterized by the absence of mirror symme-
try and the presence of handedness, is a fundamental property
that influences phenomena across a wide range of scientific
disciplines. Chiral phases represent a frontier of research, as
they can host unconventional transport, topological properties,
and symmetry-breaking mechanisms not accessible in achi-
ral systems. Recent studies employing Raman spectroscopy,
inelastic x-ray scattering, and resonant x-ray scattering have
revealed the chiral electronic order in the transition metal
dichalcogenide 1T-TiSe, in equilibrium states. 8311 Under-
standing the nature and dynamics of electronic chirality is crit-
ical for elucidating how symmetry breaking leads to the emer-
gence of novel functionalities and could pave the way for the
development of new paradigms for light-controlled quantum
states. Recently, Qingzheng Qiu et al. employ tr-XRD with
circularly polarized pump lasers to investigate the photoin-
duced dynamics of chirality in 1T-TiSe,.”! For the first time,
a pronounced circular dichroism in the intensity of a CDW
peak under circularly polarized light excitation was observed,
as shown in Fig. 12(a). Furthermore, the authors observed a
transient decrease in half-width at half-maximum (HWHM) of
Lorentz components in Voigt profile fitting, which is usually
related to crystallite size.l®”) This indicates an enhancement
of the CDW correlation length following circularly polarized
excitation (Fig. 12(b)), suggesting a light-driven expansion of
the chiral domains. These findings provide crucial insights
into the mechanism driving the manipulation of chirality in
1T-TiSe,, and demonstrate that tr-XRD with circularly polar-
ized pump lasers is an effective tool for probing chirality in
condensed matter systems.
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Fig. 12. Time-resolved x-ray diffraction measurements of charge den-
sity wave in TiSe,.[”! (a) Time evolution of (%, % %) CDW peak in-
tensity after excited by 800 nm right circularly polarized (RCP) laser
and left circularly polarized (LCP) laser at T = 120 K. Colored lines
illustrate the fit to a single exponential function. The green dots in
the inset represent the value of variation differences between RCP and
LCP pumps at different delays. (b) Time dependence of HWHM varia-
tions for Lorentz components, obtained by subtracting the fit parameters
before- and after-pump, as extracted from Voigt profile fittings. 7!

2.3. Magnetic dynamics

In condensed matter physics, understanding entangled
spin excitations in spin—orbit entangled systems is a longstand-
ing pursuit. Kitaev candidate materials, a type of spin—orbit
entangled insulator, have recently stimulated significant re-
search due to their exotic quantum magnetism. Among this

class, NayCo, TeOg exhibits complicated spin interactions and
a diverse magnetic phase diagram. However, the diffuse low-
energy spin excitations below the transition temperatures of
2D magnetic order (31 K) have impeded the precise determi-
nation of its spin gap. Time-resolved experiments can be used
to study excitations in the peV energy range by converting
from the time domain to energy domain, making them com-
plementary to inelastic x-ray and neutron scattering. (83861 Us-
ing Na;Co,TeOg as an example, Xinyi Jiang et al. study these
low-energy spin excitations using the time-resolved resonant
elastic x-ray scattering (tr-REXS) performed at PAL-XFEL
with the 400 nm laser pulse.®3] Their observations reveal re-
markably slow spin dynamics at the magnetic peak, with a
This
recovery timescale aligns with the extrapolated spin gap of

recovery timescale of several nanoseconds (Fig. 13).

~ 1 peV obtained by density matrix renormalization group
(DMRG) simulations in the thermodynamic limit. The consis-
tency demonstrates the efficacy of tr-REXS in discerning low-
energy spin gaps inaccessible to conventional spectroscopic
techniques. This novel methodology can achieve unprece-
dented accuracy and has the potential to explore systems with
gap sizes ranging from sub-peV to meV. This approach opens
new avenues for understanding and characterizing spin phe-
nomena.
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Fig. 13. Destruction and recovery of magnetic diffraction with a 400 nm
excitation. (a), (b) The variation of the (—0.5, 0, 0.62) magnetic peak
before and after pump excitation (1000 ps, 400 nm) with 777.3 eV and
778.9 eV at 23 K. The superstructure peaks are subtracted from the data.
The grey shade indicates the change in intensity caused by photoexcita-
tion. Solid lines are fit using a Lorentzian function. Error bars represent
Poisson counting error. (c), (d) Magnetic intensity normalized by laser-
off data as a function of time delay with 777.3 eV (c) and 778.9 eV (d) at
23 K. The blue and red lines display the results of fitting, corresponding
to pump fluence of 0.37 mJ/cm? and 1.31 mJ/cm?, respectively. 83!

In addition to using magnetic dynamics to measure the
spin gap, manipulation of magnetism using ultrafast laser
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pulses has also been the focus of intense research, as magnetic
excitations are central to many phenomena, including uncon-
ventional SC, CDW, and quantum spin liquids.[!4%8783] The
use of time-resolved x-ray scattering is a crucial approach for
examining the intricate dynamics associated with magnetic or-
der and magnetic excitations. Its application is pivotal in un-
derstanding the emergence and characteristics of novel quan-
tum states. (8920

Coherent quasiparticle excitations associated with the
magnetic order, unlike well-defined coherent phonons,
are rarely observed in equilibrium measurements be-
cause of feeble signals and lack of clear identifica-
tion. Bag 5Sr| 5Zny(Fe;_,Aly)1202 (BSZFAO), a rare room-
temperature magnetoelectric material, exhibits magnetically-
induced ferroelectricity with transverse conical ferromag-
netic (FM) and antiferromagnetic (AFM) orders, as shown in
Fig. 14(a).1°!l In BSZFAO (x = 0.08), Hoyoung Jang e al.
use time-resolved resonant x-ray scattering at PAL-XFEL to
reveal strong oscillations at AFM (0, 0, 3n £ 1.5) and FM (0,
0, 3n) peaks with excitation of 400 nm laser (Fig. 14(b)).[84
These oscillations vanish at off-resonant energy, confirming
their origin as coherent 41.7 GHz (~ 0.17 meV) magnons
rather than coherent phonons. Further validation comes from
applied magnetic field studies (200 mT), where similar os-
cillations persist (Figs. 14(c) and 14(d)). Displacive coher-

(a) (b)

ent magnon excitation generates substantial long-lived pho-
toinduced magnetic fields (~ 200 mT).”?) The photoinduced
magnetic field is as strong as that of most rare-earth perma-
nent magnets. Not only 400 nm laser, 800 nm lasers can also
generate a photo-induced magnetic field, but the efficiency is
lower than that of 400 nm, requiring 25 times higher fluence to
achieve up to 200 mT magnetic fields. The observed difference
in photoinduced magnetic responses originates from funda-
mentally distinct microscopic excitation pathways at different
pump wavelengths. Under 400 nm excitation, the displacive
excitation of coherent magnons mechanism is activated via
charge transfer between multivalent Fe ions. This process, oc-
curring above the bandgap, leads to a long-lived photoinduced
magnetic anisotropy (PMA) that effectively acts as a transient
internal magnetic field, coherently driving magnon oscilla-
tions. In contrast, 800 nm excitation primarily induces intra-
ionic d—d transitions, which do not facilitate valence exchange
and thus generate only a weak PMA, resulting in a signifi-
cantly reduced magnon response. This wavelength-dependent
behavior provides critical mechanistic insight into how optical
pumping selectively drives coherent spin dynamics in multi-
ferroic systems. Time-resolved x-ray scattering directly visu-
alizes pump-triggered coherent magnons, establishing its in-

dispensability for probing ultrafast photo-magnetic coupling.
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Fig. 14. Transient magnetic Bragg peak intensities with excitation of 400 nm laser in BSZFAO. (a) Crystal and magnetic structures of the
Y-type hexaferrite. (b) AFM (0, 0, 1.5) (top), FM (0, 0, 3) (middle), and AFM (0, 0, 4.5) (bottom) reflections at 7 = 82 K for a laser fluence of
1.0 mJ/cm? using E; = 702 eV. The solid lines are fitting results combining a damped oscillation and an exponential decay. (c), (d) AFM (0, 0,
4.5) and FM (0, 0, 3) reflections for Hex, || x (2.0 mJ/cm?) and x (3.0 mJ/cm?) at T = 82 K.[84]

Topological insulators, characterized by insulating bulk
states and gapless metallic surface states, represent a distinct
class of quantum materials that are defined by symmetry-
protected topological invariants, which fundamentally distin-
guish them from trivial insulators. MnBi,Te4 is an intrinsic
magnetic topological material in which the magnetic order
arises from localized Mn 3d spins and is intricately coupled

to the topological band structure composed of the itinerant Bi

and Te p states.”*! This unique coexistence of magnetism and
topology has made MnBi;Tes a model system for investigat-
ing the interplay between localized and itinerant spins using
ultrafast techniques. Hari Padmanabhan ef al. have revealed
contrasting transient magnetic responses of these spin subsys-
tems. The ultrafast demagnetization of itinerant p states, with
adecay time of 5 ps, has been observed via time-resolved elec-

tron diffuse scattering combined with magneto-optic Kerr ef-
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fect (MOKE) measurements.°*! In contrast, the dynamics of
localized Mn 3d spins have been probed using time-resolved
resonant soft x-ray scattering carried out at beamline 4-ID-C
at APS with the 1030 nm (1.2 eV) pump pulses, revealing
two distinct demagnetization channels. A slow decay pro-
cess, extending over hundreds of picoseconds, is attributed
to spin—lattice coupling, reflecting the inertial nature of local-
ized moments. In addition, a faster demagnetization compo-
nent, occurring within tens of picoseconds (below the experi-
mental resolution of 90 ps), provides clear evidence of strong
exchange coupling between Mn 3d spins and the itinerant p
electrons. This coupling, quantified through Landau-Lifshitz—
Gilbert (LLG) simulations, yields an estimated exchange inter-
action strength of J,q =~ 20 meV. This represents the first ex-
perimental determination of the exchange interaction between
localized and itinerant spins in an intrinsic magnetic topo-
logical material using time-resolved x-ray techniques. More
broadly, these findings establish time-resolved x-ray scatter-
ing as a powerful method for probing the coupling between
magnetism and topological electronic states, offering a path-
way to uncover the dynamic behavior of correlated spin and
charge in complex quantum materials.

In addition to resonant elastic x-ray scattering, resonant
inelastic x-ray scattering (RIXS) provides a powerful exten-
sion by analyzing the energy loss of scattered photons, grant-
ing direct access to a broad spectrum of elementary excita-
tions, including magnons, orbital excitations, and phonons,
with energy resolutions down to tens of meV. RIXS is uniquely
suited for probing low-energy dynamics and collective excita-
tions, offering both momentum- and energy-resolved informa-
tion. Time-resolved RIXS (tr-RIXS) combines these spectral
capabilities with femtosecond temporal resolution, enabling
the direct mapping of nonequilibrium energy—momentum
landscapes in quantum materials. Unlike tr-REXS, which is
primarily sensitive to changes in order parameters (e.g., mag-

pump

e
N x-ray probe

(a) L
x-ray scattering % 7"-, — half-filling

~Zo-pol

VW W ()

netic, charge, structural, or orbital order), tr-RIXS can re-
solve dynamical evolution of elementary excitations, such as
magnon decay, phonon thermalization, and orbital spectral
transfer, throughout the Brillouin zone. This unique capabil-
ity makes tr-RIXS an indispensable tool for quantifying tran-
sient many-body effects and ultrafast processes, such as pho-
toinduced phase transitions and correlated-electron thermal-
ization. For instance, in correlated insulators like Sr3Ir, O7 and
SrpIr0y4, 0391 tr-RIXS directly visualizes the ultrafast evolu-
tion of magnetic dynamics, capturing the transient softening
and recovery of spin waves (from ~100 meV to ~150 meV)
and the behavior of orbital excitations (~ 680 meV) at both
the magnetic Brillouin zone center (7, &) and boundary (7,
0). These measurements reveal how spin gaps, magnon dis-
persion, and interlayer coupling shape the recovery pathways
on femtosecond-to-nanosecond timescales.

Intriguingly, recent theoretical advances have demon-
strated the potential of tr-RIXS to probe spin fluctuations in
nonequilibrium quantum materials. Using a nonequilibrium
extension of the two-dimensional single-band Hubbard model,
a recent study calculated the time-resolved magnetic excita-
tion spectrum in a Mott insulator on a square lattice.”3! The
simulations reveal a pump-induced softening of the spin ex-
citations, attributed to both photodoping effects and Floquet
renormalization of the exchange interaction. These changes
are captured in the calculated magnon dispersion (Fig. 15(b))
and detailed tr-RIXS spectra across different doping levels
(Figs. 15(c)-15(h)). Notably, this approach quantitatively de-
scribes the short-range paramagnon dynamics in hole-doped
Mott insulators. For example, the Floquet linear spin-wave
theory (FLSW) successfully reproduces the magnitude of
paramagnon softening observed at 16.7% doping. These re-
sults underscore the power of nonequilibrium many-body the-
ory in revealing the microscopic mechanisms underlying ul-
trafast magnetic dynamics.
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Fig. 15. Photoinduced dynamics of finite-momentum spin excitations in two-dimensional Mott insulators. (a) Sketch of the tr-RIXS experiment
with -0 polarization. (b) Magnon dispersion in the 2D Hubbard model in (blue solid line) and out of equilibrium (red dashed line, pump
field amplitude Ay = 0.6). (c), (d) Time evolution of the cross-polarized tr-RIXS spectra for pump energy 2 = 10, and amplitude Ap = 0.6
at (¢) x =0 and (d) x = 0.167 doping. (e), (f) tr-RIXS spectra at t = O (center of the pump pulse) for variable pump amplitudes. (g), (h) Spin

excitation energy o, (the peak of the tr-RIXS intensity) as function of the pump amplitude.
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3. Conclusion and outlook

The rapid advancement of time-resolved x-ray method-
ologies has established them as a versatile experimental plat-
Charac-
terized by exceptional temporal resolution (fs to ps) and

form for investigating nonequilibrium dynamics.

momentum-space coverage and resolution (§g/q ~ 107%),
these techniques enable the direct quantification of struc-
tural evolution in van der Waals heterostructures by ultrafast
diffraction. In topological semimetals and Weyl fermion sys-
tems, they resolve nonequilibrium phonon dispersion renor-
malization. In addition, time-resolved resonant x-ray scatter-
ing reveals competitive dynamics between CDW and SC in un-
derdoped cuprates, pump wavelength dependent CO dynamics
in overdoped cuprates, competitive dynamics between the two
coexisting CDW phases in CsV3Sbs, and non-equilibrium chi-
ral CO dynamics in 1T-TiSe;. For magnetic systems, element-
specific x-ray diffraction probes coherent magnon excitations
in ordered phases and can use the magnetic dynamics to mea-
sure small spin gaps in quantum magnets.

Despite the transformative potential of time-resolved
x-ray scattering, these techniques face several experimen-
tal challenges. Prolonged exposure to high flux induces
cumulative radiation damage through atomic displacement
and ionization,®’! altering sample stoichiometry and crys-
tallinity within picoseconds -manifested as the broadening of

[98

the diffraction peak or the decrease in intensity.[”®! Concur-

rently, pump-laser fluence exceeding material-specific thresh-

olds triggers nonthermal melting,®°!

with damage thresholds
depending on photon energy (e.g., infrared radiation (IR) >
ultraviolet radiation (UV)). To mitigate such damage, several
strategies can be employed. Cooling the sample to cryogenic
temperatures using gas/liquid nitrogen or helium can signifi-
cantly slow down damage accumulation. Additionally, dam-
age can be minimized by ensuring that the x-ray pulse du-
ration is shorter than the timescale of atomic rearrangement.
Translating the position of the sample frequently to expose
fresh regions is a common practice to avoid repeated expo-
sure. For particularly damage-sensitive samples, single-shot
experiments, in which the complete data set is acquired from
a single FEL pulse, eliminate the need for repeated measure-
ments and thus prevent cumulative damage altogether. The
laser fluence, optical penetration depth, and signal-to-noise ra-
tio (SNR), which are interdependent parameters, should also
be carefully balanced. The penetration depth is determined
by the absorption coefficient of the sample at the pump laser
wavelength. Higher fluence enhances the excitation efficiency
and improves SNR, but at the cost of increased heat deposi-
tion and a higher risk of sample damage. For materials with
high damage thresholds, increasing the fluence is an effec-
tive strategy to enhance signal quality. In contrast, for more
fragile samples, raising the repetition rate of the laser (when

supported by the FEL) provides an alternative path to im-
prove SNR without increasing per-pulse energy. The time-
energy uncertainty principle (AE - At > 7i/2) further imposes
stringent limitations: while achieving < 100 fs temporal res-
olution, resonant techniques typically attain only AE =~ 100—
300 meV, insufficient for resolving features with small char-
acteristic energy. Calibrating and synchronizing femtosecond
pump—probe setups also pose significant challenges. Unlike
conventional all-optical pump—probe experiments where both
pump and probe pulses originate from the same laser source,
time-resolved x-ray diffraction involves synchronization be-
tween two distinct light sources: a laser (pump) and an x-
ray probe (from free-electron lasers or synchrotron radiation).
In standard ultra-fast optical setups, temporal jitter affects
both beams equally, allowing synchronization automatically.
However, in time-resolved x-ray scattering experiments, the
pump and probe sources are intrinsically independent, mak-
ing their inherent timing jitter non-correlated and impossible
to passively cancel. Consequently, precise monitoring and ac-
tive correction of the pump—probe arrival time are critical to
achieving femtosecond-scale temporal resolution. As shown
in Refs. [100,101], specially designed electron bundle arrival
time monitoring and optical non-collinear cross-correlator are
used to monitor the arrival time of x-rays and lasers, respec-
tively. With these techniques, timing jitter can be measured
and corrected with better than 10 fs precision, allowing the
overall experimental time resolution to approach the pulse du-
ration limit of the FEL and laser systems.

On the theoretical side, modeling nonequilibrium dynam-
ics remains a significant challenge. Current approaches, in-
cluding the density matrix renormalization group (DMRG),
Floquet theory, and time-dependent density functional theory
(TDDFT), face inherent limitations: DMRG’s computational
cost scales exponentially with entanglement entropy,[192-105]
restricting real-time simulations beyond picoseconds despite
its efficacy for 1D ground states; Floquet formalism ef-
fectively describes periodically-driven systems (e.g., light-
induced band topology) but fails for non-periodic drives and
strongly correlated regimes; %1981 while TDDFT solves
time-dependent Kohn—Sham equations for excitonic dynam-
ics, standard exchange—correlation functionals break down for
Mott transitions and non-adiabatic processes.!'%%!1% Devel-
oping multiscale ab initio frameworks that integrate DMFT
with tensor network methods remains essential for captur-
ing strong-correlation dynamics. A comprehensive theoretical
overview is beyond the scope of this manuscript, and we refer
interested readers to recent reviews that survey the applica-
tion of DMRG, TDDFT, DMFT, and related methods to time-
resolved FEL studies.!®>!!!] Continued progress in these the-
oretical approaches is indispensable for interpreting the com-
plex ultrafast phenomena unveiled by modern spectroscopic
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techniques.

Looking ahead, we anticipate that integrating time-
resolved x-ray probes with other advanced techniques will
open new frontiers. For example, combining femtosecond x-
ray spectroscopy with nanoscale imaging or microscopy will
allow “movies” of nonequilibrium phenomena in real space.
Pump-probe x-ray ptychography or scanning coherent diffrac-
tion could map transient domain dynamics or strain fields
in driven materials. Similarly, coupling x-ray spectroscopies
with ultrafast photoemission or electron microscopy could cor-
relate electronic and lattice dynamics at the nanoscale.

In conclusion, time-resolved x-ray scattering is at a trans-
formative threshold with the potential to revolutionize our un-
derstanding of driven quantum matter. As XFEL sources be-
come brighter and more flexible and as detectors and optics
improve, the attainable energy and time resolution will signif-
icantly advance. Together with more powerful theory, these
advances will enable a truly comprehensive picture of driven
quantum matter: tracking how electronic orders form, melt,
and interplay with lattice and spin on fundamental timescales.
By uniting structural and spectroscopic views of ultrafast dy-
namics, the field is poised to unravel the complex nonequilib-
rium physics and guide the design of light-controlled states.
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