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The kagome superconductor CsV;Sbs hosts a variety of charge density wave
(CDW) phases, which play a fundamental role in the formation of other exotic
electronic instabilities. However, identifying the precise structure of these
CDW phases and their intricate relationships remain the subject of intense
debate, due to the lack of static probes that can distinguish the CDW phases
with identical spatial periodicity. Here, we unveil the out-of-equilibrium
competition between two coexisting 2 x 2 x 2 CDWs in CsV3Sbs harnessing
time-resolved X-ray diffraction. By analyzing the light-induced changes in the
intensity of CDW superlattice peaks, we demonstrate the presence of both
phases, each displaying a significantly different amount of melting upon
excitation. The anomalous light-induced sharpening of peak width further
shows that the phase that is more resistant to photo-excitation exhibits an
increase in domain size at the expense of the other, thereby showcasing a
hallmark of phase competition. Our results not only shed light on the interplay
between the multiple CDW phases in CsV;Sbs, but also establish a non-
equilibrium framework for comprehending complex phase relationships that
are challenging to disentangle using static techniques.

Kagome metals AV3Sbs (A=K, Rb, Cs) possess a plethora of proximal
phases stemming from the interplay between the non-trivial band
topology, lattice geometric frustration, and electronic correlations'™.
Ensuing or accompanying the emergence of charge density waves
(CDWs), a cascade of symmetry breaking phases including orbital flux
state”, electronic nematicity’, and superconductivity accompanied
by a pair density wave’™ arise. Therefore, deciphering the nature of
the CDW phases in this series of compounds is of paramount sig-
nificance. More intriguingly, unlike the other analogs in this family,

CsV;Sbs hosts a variety of interrelated CDW phases, which exhibit
different out-of-plane stacking but identical in-plane 2x2 lattice
reconstructions composed of either star-of-David (soD) or inverse-soD
patterns>, These three-dimensional CDW reconstructions comprise
two types of frozen phonons at the M and L points in the momentum
space. These M (L) modes comprise alternating distortions of V-V
bonds that are in-phase (out-of-phase) across neighboring kagome
planes (Fig. 1a, b)'®. Various combinations of the M and L order para-
meters along the three symmetry-equivalent directions give rise to the
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Fig. 1| Phase competition and CDW superlattice dynamics in CsV;Sbs.

a, b Lattice distortions corresponding to the instabilities of phonons at M (0.5 0 0)
and L (0.5 0 0.5) points in the momentum space. MOO (LOO) corresponds to the
case where the in-plane unit-cell doubling is along the a-axis and no doubling is
present along the other two symmetry-equivalent directions, namely the b- and
(a + b)-axes. ¢, d Two most probable 2 x 2 x 2 CDW structures of CsV;Sbs. Note that
in panels (a-d) only the contracted bonds are colored in brown and only the V
atoms are represented by the green balls for clarity. e Schematic evolution of the
two competing phases, A; and A,, in the phase space. The purple (green) arrow
characterizes the change in the amplitude of A;,), which is suppressed less (more)
by light. Two insets show that phase competition leads to a suppression in order
parameter amplitude and a change in real space domain size upon light excitation.
f Schematic of the near-infrared (NIR) pump and hard X-ray probe experimental
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setup (Methods). Time delay ¢ between the pump and probe can be varied. The
sample is rotated nearly around its surface normal to fulfill the Bragg condition for
a given diffraction peak. V atoms are represented by green balls while Sb atoms are
represented by purple balls. Cs atoms are neglected in the crystal structure for
clarity. Raw image of the (0 -1.5 2.5) superlattice peak before pumping is shown. The
inset depicts the two-dimensional X-ray camera plane in the three-dimensional
momentum space when measuring the peak at (0 -1.5 2.5). The two directions, g,
and gy, are nearly parallel to L and K directions, respectively. This holds true for the
other peaks under investigation. g-i Intensity linecuts / integrated over the g,
direction normalized by its equilibrium peak value at representative time delays.
Solid lines are fits to Gaussians. Gray curves in panels (h, i) are the fitting curves
reproduced from panel (g) for better comparison.

rich CDW ecology. Notably, the 2 x 2 x 2 CDW reconstructions prevail
in CsV3Sbs, which compete with the subdominant2x2x4and2x2x1
stackings®™""? and evolve into a quasi-one-dimensional CDW upon
doping or under pressure*?,

Despite the intensive investigations, the real-space structure of
the dominant 2x2x2 CDW ground state has not been conclusively
determined. A number of CDW reconstructions with different Landau
free energy functionals of the M and L order parameters have been
predicted theoretically’. Different experimental probes have reported
contradictory evidence of two possible superlattice configurations,
namely either the “LLL” structure with alternative aligned soD and
inverse soD stacking'“****, or the “MLL” structure with staggered
inverse soD stacking (Fig. 1c, d)*'*""**%_ Although the conflicting
experimental observations can be reconciled if the two CDW phases
coexist, deterministic evidence demonstrating the presence of both
phases has not been uncovered. Moreover, despite the potential
coexistence of the two phases, it remains elusive whether they com-
pete or cooperate with each other, hindering the understanding of the
other electronic orders.

In general, it is challenging to distinguish two phases with identical
reciprocal lattice vectors using static diffraction-based techniques.
However, the relationship between different phases can be uncovered
in an out-of-equilibrium pathway. According to a recent theoretical

proposal, two competing phases that coexist inhomogeneously in real
space will exhibit distinct dynamics upon light stimuli*®*, Although the
amplitude of both phases, characterized by A; and A,, will be quenched
by light irradiation, the domain size of the less suppressed state will
expand while the dimension of the other phase will shrink (Fig. 1e). The
distinct behaviors of the two phases to light irradiation thus provide
direct evidence of phase competition. This non-equilibrium protocol
can serve as a smoking gun to distinguish the two charge-ordered
phases in CsV3Sbs, because the disparity in their structures could
influence the strength of their responses to photo-excitation.

The different responses of the two CDWs can then be uniquely
substantiated by time-resolved diffraction: a decrease in CDW satellite
peak intensity reflects the suppression of order parameter amplitude
and phase coherence, while the alteration in peak width reveals the
change in real-space domain size®. In this work, by interrogating the
dynamics of CDW superlattice peak intensity employing time-resolved
X-ray diffraction (tr-XRD), we first demonstrate the coexistence of MLL
and LLL phases. Furthermore, the CDW peaks contributed by the less
suppressed MLL phase exhibit a width decrease owing to the domain
expansion, while the peaks contributed by the more suppressed LLL
phase display a width increase. These observations unequivocally
signify the competition between the two coexisting CDW phases out of
equilibrium.
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Fig. 2 | Dynamics of the CDW peak intensity revealing the coexistence of CDWs.
a-c Temporal evolution of the intensity / obtained by tr-XRD measurements at
T=30K normalized to the static value for select pump fluences F of CDW peaks at
(0-1.52.5), (-0.5-12), and (O -1.5 3), respectively. Solid lines in panel (a) are fits to a
single damped oscillation atop a single exponential decay, while solid lines in
panels (b, c) are fits to a single exponential decay (Methods). d-f Temporal

evolution of the normalized integrated intensity /;,, obtained by simulations based
on a combination of time-dependent Landau theory (TDLT) and structural factor

(SF) calculation (Methods). The disparity in penetration depths of the X-ray when
measuring different peaks has been considered (Supplementary Note 13). Fluence
ranges are identical for all three peaks. The order parameter governing each peak is
shown at the top.

Results

We experimentally investigated three CDW superlattice peaks located
at (HKL)=(0-L52.5),(-0.5-12), and (0 -1.5 3), where (H K L) denotes
the Miller indices. Based on the structure factor calculation results
(Methods and Supplementary Note 1), we have determined that the
first and second peaks are predominantly contributed by the MLL
phase, while the third peak can be attributed to both the MLL and LLL
phases. Therefore, the ability to observe the first two peaks already
demonstrates the existence of MLL, consistent with previous static
X-ray diffraction results®. The different peak width of (0 -1.5 3) from (0
-1.52.5) hints at its potentially different origin (Supplementary Note 9),
while more deterministic insights into the potential coexistence of
both phases can be provided by monitoring the dynamics of all three
peaks. Moreover, for the peaks generated by the MLL phase, L = half
integer peaks are exclusively caused by L distortion, whereas L=
integer CDW peaks are the result of both M and L distortions. Thus,
analyzing both types of peaks will enable us to reveal the dynamics of
M and L modes in MLL.

We conducted tr-XRD measurements on single-crystal CsV;Sbs in
the reflection geometry (Fig. 1f and Methods). Diffraction peaks onset
at 7.=91K in all three aforementioned positions (Supplementary
Note 2), signifying the emergence of the long-range CDW'2!¢17243132 Tg
melt the CDW, we employed an ultrafast laser pulse centered around
0.6 eV as the pump, which excites the electrons around M and L points
where CDW instabilities arise*>. Moreover, our detection plane is nearly
parallel to the (O K L) plane and thus sensitive to changes in both in-
plane (g/)) and out-of-plane (q,) directions (Fig. 1f inset and Methods).

We first examine the temporal evolution of the L = half integer
CDW peak at (0 -1.5 2.5) acquired at a temperature of 30 K with a pump
fluence of F=2.5 mJ/cm? by varying the time delay ¢ between the pump
and the probe. To better visualize the CDW peak profile, we integrate
the image along the g, direction and subtract the background (Fig. 1g).
At the instant of pump impingement t=0, a prompt decrease in the
peak intensity can be observed (Fig. 1h). This drop in peak intensity
signifies a reduction of MLL amplitude. The rocking curve upon light

irradiation shows a uniform decrease in intensity without changing the
Bragg condition (Supplementary Note 3). At t =5 ps, the intensity drop
partially recovers (Fig. 1i). A closer examination of the raw image along
both g-directions reveals that the dynamics is nearly g-independent
(Supplementary Note 4). Hence, we can integrate the image around the
superlattice peaks to quantitatively track the temporal evolution of
peak intensity / as a function of ¢ at various F (Fig. 2a). Ensuing the rapid
decrease in / within 200 fs, which indicates a nonthermal light-induced
quenching of the CDW, we observe a partial recovery over several
picoseconds to a quasi-equilibrium state that lasts >100 ps. A pro-
nounced oscillation at 1.3 THz can also be resolved atop the recovery
process. We tentatively attribute it to a coherent phonon strongly
coupled to the CDW, as previously assigned (Supplementary
Note 5)**%, Note that despite the grazing incidence of the X-ray probe
at an angle of 2.94°, a large mismatch in the penetration depth of the
pump (-78 nm)* and the probe (-564 nm) renders most of the probed
region unexcited. Owing to the ~-7-fold mismatch, a full melting of CDW
at the topmost layer corresponds to a ~-18% drop in peak intensity that
integrates the entire probed region (Supplementary Note 7). There-
fore, a maximal drop of 14% without saturation over F suggests an
incomplete melting of MLL of the entire probed region.

In contrast, the L=integer CDW peak at (-0.5 -1 2), which also
derives from the MLL structure, exhibits a significantly smaller light-
induced suppression (Fig. 2b). As mentioned before, L distortion
should predominantly contribute to the (0 -1.5 2.5) peak, whereas both
M and L distortions contribute to the (-0.5 -1 2) peak. The less melting
of the latter peak thus suggests that compared to L mode, M mode is
more resilient to optical drive, signifying a decoupling of M and L
distortions out of equilibrium. This is not entirely surprising as recent
X-ray diffraction measurements have uncovered their decoupling
under hydrostatic pressure®”. On the other hand, the L = integer CDW
peak at (0 -1.5 3) shows a substantially larger quenching, which reaches
18% reduction in / at F=1.5mJ/cm? Further decrease up to 22%
accompanied by a dynamical slowing down of the recovery time at
F=2.5mJ/cm* suggests the CDW is nearly completely melted in
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Fig. 3 | Dynamics of the CDW peak width revealing the competition between
CDWs. a Schematics of the differential peak-intensity-normalized linecuts along q,,
which are obtained by subtracting a broader Gaussian from a narrower Gaussian.
b Differential peak-intensity-normalized linecuts along g, acquired at ¢=-1and

t =8 ps of the peak at (0 -1.5 2.5). Solid lines are fits to zero constant and subtraction
of two Gaussians, respectively. ¢, d Temporal evolution of the (0 -1.5 2.5) peak width
along g, and q, directions pumped at F=0.25 (light orange) and 2.5 m)/cm? (dark
red) normalized by their equilibrium values. Solid lines are fits to a single expo-
nential decay. e Schematics of the differential peak-intensity-normalized linecuts
along g, which are obtained by subtracting a narrower Gaussian from a broader
Gaussian. f-h Same plots as panels (b-d) but for the peak at (O -1.5 3). Lighter and
darker green correspond to pumping at F = 0.25 and 2.5 mJ/cm?, respectively. Errors
from standard deviation of the Gaussian fitting are about 2.5% and 6.5% for o/, and
o, for both peaks, respectively, which we do not show in the plots for clarity.

multiple top layers (Fig. 2c and Supplementary Note 12)*. If this peak
also arises from the MLL phase, a partial melting together with a nearly
fluence-independent recovery as the other two peaks should otherwise
be expected. This inconsistency can only be reconciled if the (0 -1.5 3)
peak mainly stems from a distinct LLL phase, which is more susceptible
than MLL to excitation. Our tr-XRD data thus qualitatively demonstrate
the coexistence of LLL with MLL. As a reference, Bragg peaks at (0 0 1)
and (0 -1 3) show no observable change in the same fluence regime
within our signal-to-noise ratio (Supplementary Note 6).

To gain a quantitative understanding of the different peak
dynamics and examine the coexistence of both CDW phases, we
develop a time-dependent Laudau theory (TDLT)**™** and leverage it
to simulate the temporal evolution of both M and L order para-
meters, which determines the dynamics of different peaks originat-
ing from the MLL and LLL phases. Our dynamical theory is based on a
static Landau theory with all the parameters obtained from first-
principles calculations (Methods and Supplementary Note 7)****, In
the time-resolved simulation, we model the light stimulus as a
quenching of the quadratic term in the free energy, prone to
releasing the CDW distortion and restoring a higher symmetry.
However, the quenching of M and L can be different at the same
fluence, representing the different susceptibility of M and L order
parameters to photo-excitation. We then incorporate the dynamics
of M and L modes into the structure factor of different peaks to
calculate their intensity evolution. Finally, we include the pump-

probe penetration depth mismatch to emulate the experimentally
measured data. For the MLL phase, under the assumption that the M
mode is -3 times less responsive to photo-excitation than the L mode,
we find a quantitative agreement between the simulation and the
experiment of the two peaks (Fig. 2d, e). This in turn validates the
assumption that M and L exhibit different quenchability and decou-
pling upon light excitation. The simulated intensity decrease of the
(0 -1.5 3) peak, however, shows considerable disagreement with the
experimental value (Supplementary Note 7). To address this pro-
blem, without adding further assumptions, we simulate the dynamics
of the LLL phase and find that the fluence required to completely
melt it is about 2 times smaller than that of the MLL phase. Its higher
susceptibility to light excitation can quantitatively reproduce the
larger intensity drop of the peak at (O -1.5 3) (Fig. 2f). Our simulation
hence confirms that the different dynamics of various peaks arise
from the coexistence of the two CDW phases that exhibit different
susceptibilities to light excitation.

To further investigate whether the MLL and LLL compete with
each other out of equilibrium, we scrutinize the temporal evolu-
tion of the width of various superlattice peaks. To better visualize
the subtle light-induced change in peak width, we first normalize
the integrated linecuts by their peak values and subtract the
linecut before time zero from the one after time zero. By doing
so, a decrease in peak width will result in a dip-peak-dip feature,
while an increase leads to a peak-dip-peak feature (Fig. 3a, e). For
the peak at (0 -1.5 2.5), a dip-peak-dip feature can be clearly
resolved after pumping, while the differential linecut is nearly
zero before pumping (Fig. 3b). By fitting the peak profile with a
Gaussian along both g, and g, directions at various ¢, we extract
the temporal evolution of the peak full width at half maximum, o/,
and o,. Both show a reduction followed by a slow recovery,
mirroring the dynamics of the peak intensity, albeit with a delay
in rise time (Fig. 3¢, d and Supplementary Note 13). The temporal
evolution of g, and o, of the peak at (-0.5 -1 2) exhibit a quan-
titatively similar behavior, despite a considerably smaller
decrease in peak intensity (Supplementary Note 8). This similarity
supports that the two peaks arise from the same MLL phase
whose domain size is expanded by light. This behavior is non-
thermal as opposed to the peak broadening around 7. (Supple-
mentary Note 9), and different from the conventional observation
of light-induced topological defects which cause an increase in
peak width***¢. On the contrary, the differential linecut, as well as
the temporal evolution of g, and o, of the peak at (0 -1.5 3),
shows an increase in peak width upon pumping (Fig. 3f-h). The
opposite behavior of this peak suggests its different origin com-
pared to the other two peaks and reveals the light-induced con-
traction of the LLL domain. This dichotomy highlights the
competition between the MLL and LLL phases, because in the
absence of competition, optical quenching will decrease the
coherence length of both phases and always induce peak width
increase. Another critical observation is that the relative change
in o, is larger than that of g/, for all the peaks, implying optical
excitation is more likely to shuffle the out-of-plane stacking
rather than reconstructing the in-plane 2 x 2 distortions.

Note that the differential linecuts appear asymmetric, because the
CDW superlattice peak width change is accompanied by a peak shift,
whose amplitude and dynamics are significantly distinct from the weak
thermal-expansion-induced Bragg peak shift. Similar phenomena have
been observed in photo-induced enhancement of CDW in cuprates”,
stemming from the light-induced change in the phase of the CDW.
Using similar methodology, we find a qualitative match between the
peak shift value and the peak width change in our compound (Sup-
plementary Note 10). Nevertheless, since this displacement is very
subtle (-0.0001 r.lLu.), we refrain from drawing any quantitative
conclusions.
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Fig. 4 | Physical picture of the CDW dynamics in the presence of phase com-
petition. a, b Schematics of equilibrium and excited diffraction patterns of peaks
arising from the MLL and LLL structures, respectively. Purple and green correspond
to the MLL and LLL phases, respectively. The lighter color in the excited cases
characterizes the lower peak intensity, while the change in peak dimensions char-
acterizes the light modulation of peak width. Peak widths are inversely proportional
to the correlation lengths (§) as denoted. &yyy/7,0 and Evr 1,0 (§r1es7,0 and §p411,0) are
the equilibrium correlation lengths of the MLL (LLL) phase in the in-plane and out-
of-plane directions, respectively, while &y, and §yur i ¢ (100770 and &1, are the
excited correlation lengths of the MLL (LLL) phase in the in-plane and out-of-plane
directions, respectively. ¢, d Schematics of equilibrium and excited real-space
configuration of the MLL and LLL structures in and out of the kagome plane,
respectively. Color code is the same as that used in panels (a, b). Equilibrium and
excited correlation lengths are denoted. The spatial inhomogeneity of light sup-
pression, as reflected by the color gradient, suggests MLL expands the most along
both in-plane and out-of-plane directions near the sample surface. e, f Schematics
of free energy landscapes of the equilibrium and excited states in the phase space
constructed by the MLL and LLL phases (Supplementary Note 11). Color bar indi-
cates the energy E. Apys.0 and Apyy ¢ (Arsr,0 and Ay ) are the equilibrium and
excited values of the order parameter amplitude of the MLL (LLL) phases. Note that
this figure represents the general case where LLL near the surface is incompletely
melted.

Discussion

Now we pictorially summarize the physical picture of the optical
modulation in Fig. 4. Light excitation reduces the peak intensity
of both phases and alters the peak width along both in-plane and
out-of-plane directions in momentum space (Fig. 4a, b). This
change in peak width corresponds to an expansion of the MLL
domain and a contraction of the LLL domain along both in-plane
and out-of-plane directions in three-dimensional real space
(Fig. 4c, d). The opposing dynamics are rooted in a larger sup-
pression of the amplitude of the LLL phase in the phase space
(Fig. 4e, f).

The out-of-equilibrium competition between the two phases can
be explained by the fact that both phases tend to open gaps around the
Fermi level at similar momentum space locations. Therefore, the loss
of density of states resulting from one charge gap inhibits the devel-
opment of the other. However, the microscopic reasons determining
the susceptibility of different CDW phases to excitation cannot be
deduced from the phenomenological Landau theory. Based on a
recent theory which uncovers that the interlayer coupling plays a
crucial role in determining the favored CDW ground state*®, we
hypothesize that the different melting capabilities of the two CDW

phases emerge from their distinct interlayer coupling. Since the out-of-
plane distortion of M and L modes has a m-phase difference, it is
intuitive that they will harbor distinct interlayer coupling. This is
consistent with our experimental results where M mode is less opti-
cally amenable than L mode. Furthermore, this supports the observa-
tion that MLL is less quenchable than LLL since it contains M distortion.

Using a combination of tr-XRD measurements and TDLT simula-
tions, we not only identify the coexistence of two 2 x 2 x 2 CDW phases
in CsV;3Sbs, but also illustrate their competing relationship out of
equilibrium, which should persist in equilibrium. This discovery raises
a wealth of opportunities for scrutinizing the relationship between
other CDW reconstructions in this system, such as the 2 x 2 x 4157171
and 4 x1x1 phases”, which both elude our current detection. Under-
standing the interplay between different CDWs also provides insights
for comprehending the unconventional superconductivity in this
material, characterized by a pair density wave that inherits the fin-
gerprints of the CDW*™2, Moreover, this framework for decoding
phase competition can be extended to a myriad of exotic electronic
orders such as orbital and multipolar orders, which may be detectable
by diffraction but remain silent to static external perturbations like
magnetic field or pressure. We also envision our work will inspire
advances in time-resolved microscopy with atomic resolution,
enabling visualization of transient structure changes in three-
dimensional real space.

Methods

Sample preparation

Single crystals of CsV;Sbs were synthesized from Cs (solid, Alfa
99.98%), V (powder, Sigma 99.9%, purified with an HCI and Ethanol
9:10 mixture), and Sb (shot, Alfa 99.999%) using the self-flux
method in an argon glovebox with oxygen and moisture levels <0.5
ppm. Elemental reagents were loaded into a pre-seasoned tungsten
carbide vial to form a precursor flux with a composition of
Cs:V:Sb =20:15:120. Argon-sealed vials were milled for 60 min in a
SPEX 8000D mill. The resulting powder was loaded into 2 mL alu-
mina (Coorstek) crucibles and sealed inside steel tubes under
argon. Samples were heated to 1000°C at a rate of 200 °C/h,
soaked at that temperature for 12 h, then cooled down to 900 °C at
arate of 5 °C/h, and finally slowly cooled to 500 °C at a rate of 1°C/
h. Single crystals were extracted mechanically and exfoliated along
the [0 O 1] direction with scotch tape immediately before the
experiment to obtain a fresh and smooth surface. The whole
sample was then kept in a vacuum with a pressure <10 torr at low
temperature.

Time-resolved X-ray diffraction measurements
The experiments were performed at the X-ray pump-probe (XPP) end
station of the Linac Coherent Light Source (LCLS), SLAC National
Accelerator Laboratory*>**. An optical parametric amplifier seeded by a
Ti:Sapphire laser produces a near infrared (NIR) laser pulse centered
around 0.6 eV with a duration of 50 fs, which was used as a pump. It
excited the sample at an incident angle of 13° with p-polarization and
with a focal spot size of 0.27 x 1.2 mm?. The fluence of the pump is
tunable from O to 4 mJ/cm? above which thermal damage may occur. A
time-delayed X-ray pulse centered around 9.835 keV with a duration of
40 fs was employed as the probe. It was incident at a grazing angle of
2.95° with respect to the sample surface and with a focal spot size of
0.1x 0.25 mm? The single-shot diffraction patterns were recorded on a
two-dimensional JungfraulM detector positioned 155 mm away from
the sample. The timing jitter between the pump and probe beams was
corrected on a single-shot basis using a spectroencoding diagnostic
tool to achieve a time resolution of <80 fs.

During the experiment, we first scanned the rocking curve around
the Bragg position of each peak at critical time delays: one before time
zero (¢=-2 ps) and another when the light-induced change is maximal
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(t=0.5 ps). The peak intensity uniformly decreases without noticeable
peak shift, indicating a predominant melting of the CDW order.
Therefore, to track the intensity change, we can measure the time
traces at the optimized Bragg condition—at the peak of the rocking
curves—without the need to measure rocking curves at every
time delay.

After acquiring the CCD images, the first step in our analysis
involves subtracting the background intensity, calculated by averaging
the intensity of pixels far from the diffraction peaks on the CCD, from
each image. This background subtraction is performed at every time
delay, ensuring that the relative intensity change Al/l, as shown in
Fig. 2, arises exclusively from the peak intensity change. Therefore, the
difference in intensity suppression among peaks is not artificially
influenced by background intensity.

Structure factor simulations

We performed the structure factor (SF) calculation to simulate the
peak intensity. Without considering any CDW-induced lattice distor-
tion, SF reads

V=S =3, f; exp[2mi(Hx; +Ky; + Lz))], o)

where H, K, L are Miller indices for a diffraction peak, x;, y;, z; are
positions of the j-th atom in a unit cell, and f; is an atomic form factor
depending on (H K L). Here, we only consider in-plane V-V bond
distortions within the two kagome planes, because they are the leading
lattice instabilities that generate the CDW as predicted by theories and
demonstrated by X-ray diffraction measurements'***, The modified SF
due to the CDW formation can be easily calculated by counting all the
V atoms in the expanded unit cell and substituting x; > x;+ éx; and
Yj > Y+ 0y, where 8x; and 6y; correspond to the distortion induced by
the V-V bond contraction. See Supplementary Note 1 for more details.

Time-dependent Landau theory simulations

The equilibrium Landau free energy functional of the MLL and LLL
phases has been derived elsewhere'®* and all the Landau parameters
have been determined by density functional theory simulations. Both
potentials can be expanded up to the quartic order of M and L order
parameters. To account for the phonon oscillation exclusively occur-
ring in L = half integer peaks, we include a lattice order parameter Xina
harmonic potential which primarily linearly couples to L. Therefore,
the total free energy is the summation of two parts (see Supplementary
Note 7 for a detailed derivation):

F=Fuyejion tFx 2)

FM[_L — aM(l _ZT/TM) MZ + l{TMM‘i
;2 d —2 T/TL)LZ + 4uL4+/1L 4 3)

3
+ %M’.Z‘f Z/Eilll)L MZLZ,

Fuyy = 3y = T/Tw) _2 T/Tw) g2 %M3 + —9u"”: o g

4 3ad —2 T/T),2, 9”LZ3/1L Iz

1) 2) 3
+ 3I;ML M2+ 3y * 3Aim + 9y M2,

“)

and

Fy= %wzx2 +gXL, ©)

where ay, and a; are the coefficients of the quadratic terms with tun-
able temperature T and different transition temperatures Ty, and T;.
Both of them should be negative so that the ordered phase can be
realized when T < Ty, tpg, g, Mg, A, Ay, A, and A7) are the coeffi-
cients of the quartic terms. Sy, and B, are the coefficients of the
trilinear coupling terms. w is the coupled phonon frequency, and g is
the electron-phonon coupling constant.

We assume M and L are electronic and thus display overdamped
dynamics, while X displays an underdamped dynamics. The dynamical
equations of order parameters can be expressed as (See Supplemen-
tary Note 7 for detailed explanations):

1 oF
v OM= = aar
1 oF
il = _ 6
oL=-5, ©)
oF
02X =— 240X — 5,

where yu, Ym, and yxare phenomenological decay constants to account
for damping of electronic and structural order parameters.

Temporal evolution of M and L are calculated by numerically
solving the equations of motion. Their dynamics are then included in
the structure factor calculations to simulate the dynamics of different
CDW peaks.

Fitting formulas for the time traces
To fit the temporal evolution of peak intensity and peak width, we used
the following expression including a single exponential decay, a single
damped oscillation, and a background:

2 V2t,

where t is the pump-probe time delay, ¢, is time zero, ¢, is the rise time,
A is the amplitude of the exponential decay, Tis the decay time, B is the
amplitude of the oscillation, 7 is the oscillation decay time, w is
the oscillation angular frequency, ¢ is the phase, and C is the offset on
the measured timescale. The phonon term is only included for the
fitting in Fig. 2a.

1 [1 + erf (t — to)} x {Ae‘$ +Be~ 7" cos(wt + )+ C] , 7)

Data availability

Source data generated in this study and data supporting the figures in
the main text are available at https://zenodo.org/records/12810096.
Other datasets generated in this study and the code used for simula-
tions are available from the corresponding author upon request.
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