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In this work, we perform ultrafast time-resolved reflectivity measurements to study the symmetry
breaking in the charge-density wave (CDW) phase of CsV3Sbs. By extracting the coherent phonon
spectrum in the CDW phase of CsV3Sbs, we discover close phonon pairs near 1.3 THz and 3.1 THz,
as well as a new mode at 1.84 THz. The 1.3 THz phonon pair and the 1.84 THz mode are observed up
to the CDW transition temperature. Combining density-functional theory calculations, we point out
these phonon pairs arise from the coexistence of Star-of-David and inverse Star-of-David distortions
combined with six-fold rotational symmetry breaking. An anisotropy in the magnitude of transient
reflectivity change is also revealed at the onset of CDW order. Our results thus indicate broken
six-fold rotational symmetry in the charge-density wave state of CsV3Sbs, along with the absence
of nematic fluctuation above Tcpw. Meanwhile, the measured coherent phonon spectrum in the
CDW phase of CsV3Sbs_xSny with x = 0.03-0.04 matches with staggered inverse Star-of-David with
interlayer m phase shift. This CDW structure contrasts with undoped CsV3Sbs and explains the

evolution from phonon pair to a single mode at 1.3 THz by x = 0.03-0.04 Sn-doping.

The Kagome lattice, hosting a corner-sharing trian-
gle network, has been the focus of extensive research for
decades due to its interplay of inherent geometrical frus-
trations, nontrivial topology and unconventional corre-
lation effects. As a recent example, the newly discov-
ered vanadium-based Kagome superconductors AV3Sbs
(A = K, Rb or Cs) have attracted tremendous research
interest due to their unconventional electronic landscape,
including charge density wave (CDW) below Tcpw =
78-102 K and superconductivity with T, ~ 0.9-2.5 K[1-
4]. More intriguingly, additional exotic electronic insta-
bilities emerge inside the CDW phase, including signa-
tures of a possible time-reversal symmetry breaking loop
current state[5-16], electronic nematicity[17-22], and
pair density wave within the superconducting state[23].
Therefore, it is of paramount significance to clarify the
structure and symmetry of the CDW order in this fam-
ily of compounds, in order to understand the interaction
between this plethora of charge orders and superconduc-
tivity.

An abundance of initial experiments reported a 3D
CDW state in AV3Sbs[24-26]. Among all members in
this family of materials, CsV3Sbs possesses the largest
variety of reported 3D CDW phases with different inter-
layer stacking orders. These 3D CDW orders can be con-
structed from unstable phonon modes at M and L points
in the momentum space which give rise to various 2 x 2 x
2 CDW patterns[27-31]. The in-plane 2 x 2 distortions
on the Kagome lattice can be characterized by either a
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Star-of-David (SD) or inverse Star-of-David (ISD) pat-
tern [10, 27, 29] (Fig. la, b), with a well-defined phasing
of 0 or m between neighboring Kagome layers. The rela-
tive energy of different CDW structures is very close, and
consensus has not been made on the precise ground state
configuration despite extensive research. Different mea-
surements mainly evidenced either the LLL phase with
alternative SD 4 ISD without interlayer m phase shift
[32-36] (Fig. 1d), in which the six-fold rotational sym-
metry Cg is preserved, or the MLL phase with ISD 4 ISD
with interlayer 7 phase shift[9, 37-41] (Fig. 1c), in which
the six-fold rotational symmetry is broken down to two-
fold. A further 2 x 2 x 4 supercell was also reported
to coexist and compete with the 2 x 2 x 2 structures
[39, 42, 43] as observed by X-ray diffraction, with con-
tradicting results whether this 2 x 2 x 4 phase only has
C]26, 39, 42, 44]. This is possibly due to the phase co-
existence, locally of multiple CDW ordered states as re-
ported by recent dark-field X-ray results[45]. Apart from
whether the system breaks six-fold rotational symmetry,
another major debate is at what temperature the six-fold
symmetry breaks. Various experimental probes produced
conflicting results regarding the onset temperature of ro-
tational symmetry breaking, either at Tcepw|[9, 42, 46] or
much lower than Tepw|8, 17-19, 47] via a distinct elec-
tronic nematic state. Therefore, whether the two-fold
symmetry is directly related to the CDW has not yet
been made clear. Another important question is whether
fluctuations of these exotic electronic states emerge above
Tepw in CsV3Sbs. Strong CDW fluctuations and ne-
matic states have been reported above Tcpw|[21, 48, 49],
although recent strain dependent measurements showed
no fluctuating vestigial nematicity[22].
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FIG. 1. CDW distortions in CsV3Sbs. (a) 2 x 2 x 1 SD. (b) 2 x 2 x 1ISD. (c) ISD + ISD with interlayer m-phase shift,
(d) SD + ISD without interlayer phase shift, and (e) SD + ISD with interlayer m-phase shift. The Cs atoms are shown in cyan
and V atoms are shown in blue. The Sb atoms are not shown for simplicity. Note that only the structure in (a, b, d) keeps the
Degp, symmetry. The lines connecting V atoms indicate shorter V-V bonds.
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FIG. 2. Temperature-dependent coherent phonon spectroscopy in Kagome CsV3Sbs. (a) Time-resolved reflectivity
curves at different temperatures above and below Tcpw in a single birefringence domain. (b) Amplitudes of Fourier transforms
of coherent phonon oscillations in (a) after subtracting a double-exponential background. The arrow marks the temperature
evolution of the 1.84 THz mode, and the asterisk marks the temperature evolution of the 3.86 THz mode. (c) Same as (b) but
measured in another birefringence domain and zoomed in around 4 THz to better show the two close modes near 3.1 THz. All
datasets are normalized to its maximum amplitude. (d) Coherent phonon spectrum measured on all 3 different birefringence

domains at 5 K. Curves are offset for clarity in all plots.

In this work, we use ultrafast time-resolved reflec-
tivity (TR-reflectivity) experiments to study the struc-
tural symmetry of the CDW phase of CsV3Sbs. The
derived coherent phonon spectrum reveals close phonon
pairs at 1.3 and 3.1 THz and a newly discovered mode
at 1.84 THz. The 1.3 THz phonon pair and the 1.84
THz mode persist up to Tcpw. By comparing the cal-
culated phonon frequencies using density functional the-
ory (DFT), we demonstrate the close phonon pairs orig-
inate from the coexistence of SD and ISD pattern com-
bined with six-fold rotational symmetry breaking. An
anisotropy of the transient reflectivity change (AR/R),
defined as non-equal AR/R values between two orthog-
onal polarization directions, also occurs upon entering
CDW state. Our results thus unequivocally corroborate
six-fold rotational symmetry breaking in the CDW phase

of CsV3Sbs. Meanwhile, we pinpoint the CDW struc-
ture of CsV3Sbs_,Sny, with x = 0.03-0.04 to ISD + ISD
with interlayer m-phase shift, which reduces the 1.3 THz
phonon pair to a single phonon mode.

CsV3Sby single crystals are synthesized using the self-
flux method[1, 3]. We perform TR-reflectivity measure-
ments on freshly cleaved (001) surface of CsV3Sbs single
crystals. For all pump-probe experiments, pump wave-
length is at 1560 nm and probe wavelength is at 780 nm,
with repetition rate of 80 MHz and pulse duration of 100
fs. To reduce sample heating, both beams have a fluence
less than 10 uJ/cm?. Both beams are at normal incidence
and focused by an objective lens to achieve a spot size
of ~10 pm in diameter. In our previous experiments[9],
we pinpointed the three-state birefringence domains in
CsV3Sbs below Tepw, with the domain size being ~100



pm. We can thus probe the transient reflectivity change
in a single birefringence domain. Here, we use an xyz-
stage to carefully adjust the light spot position onto a se-
lected birefringence domain. The pump beam intensity is
modulated at a frequency of 84 kHz using a photo-elastic
modulator.

The coherent phonon generation via the pump pulse
modulates the refractive index by the ion motion[50-
52] which causes transient reflectivity changes. Fig. 2a
shows the transient reflectivity change (AR/R) versus
the pump-probe time delay measured inside a single
birefringence domain of CsV3Sbs at different tempera-
tures. A single phonon oscillation can be observed above
the CDW transition temperature Topw ~90 K. In con-
trast, the sign of the transient reflectivity traces flips
below Tcpw, with the emergence of multiple phonon
modes, as can be observed from the complex oscilla-
tion pattern. To better understand the evolution of co-
herent phonon modes as a function of temperature in
the CDW phase, a double exponential decay background
(Ao+A; exp (—t/m1)+ Az exp (—t/72)) is fitted to all time
traces and then subtracted to show the oscillation parts,
which are then Fourier transformed to reveal the coher-
ent phonon modes (Fig. 2b). Above Tcpw, only one
mode at 4.1 THz exists. This 4.1 THz mode persists
at all temperatures and should be assigned as a main
lattice mode. Indeed, it matches with a 4.10 THz A,
mode in the pristine phase of CsV3Sbs (Table I). In con-
trast, at T = 5 K, another two intense modes centered
at 1.3 and 3.1 THz are conspicuously present, similar
to previous pump-probe reflectivity studies[38, 53]. As
temperature increases, the 1.3 THz mode exhibits an in-
crease in amplitude but an abrupt disappearance at T
~ 90 K, matching with reported Tepw = 94 K[2, 54].
We note modest local laser heating may cause a slight
decrease of the measured Tcpw. Little frequency soft-
ening is seen for the 1.3 THz mode when increasing the
temperature, more consistent with a zone-folded phonon
mode by CDWI55]. This explains its disappearance in
the phonon spectrum above Tepw. In contrast, the am-
plitude of 3.1 THz mode decreases during warm-up and
vanishes at ~65 K (Fig. 2b, ¢). Same behavior is also
captured in previous calculations[43]. Previous Raman
studies [56, 57] showed this 3.1 THz mode exhibits sig-
nificant weakening and broadening upon warming toward
Tepw, becoming overdamped between 60 and 90 K with
the linewidth as large as 50 cm ™' right below Tcpw-.
This may explain why this 3.1 THz mode vanishes in
our detection above ~65 K. Apart from these dominant
modes, we also find a 3.86 THz mode and a weaker 1.84
THz mode that is newly-discovered by time-resolved re-
flectivity (Fig. 2b). Similar to the 1.3 THz mode, the
1.84 THz mode also shows little frequency change and
persists up to Tcpw. We do not observe other modes up
to 15 THz.

Contrary to previously reported pump-probe experi-
ments on CsV3Sbs[38, 46, 53], we observe clear close
phonon pairs near both 1.3 THz and 3.1 THz in our
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FIG. 3. Oscillation part of the TR-reflectivity curve corre-
sponding to the phonon spectrum of domain 1 in Fig. 2. Clear
beatings can be observed in the oscillation pattern which cor-
roborates the dual modes near 1.3 THz. The data is taken at
T=5K.
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FIG. 4. Coherent phonon spectrum measured by TR-

reflectivity on a second CsV3Sbs sample at T = 5 K. It also
shows the dual modes at 1.3 THz and 3.1 THz, as well as the
newly discovered weaker mode near 1.8 THz.

phonon spectrum. At T = 5 K, the 1.3 THz mode con-
sists of two close phonon modes as shown in Fig. 2b with
two peaks centered at 1.26 THz and 1.33 THz, respec-
tively. These dual modes persists upon warming, up to
Tepw where it vanishes. Additionally, two close phonon
peaks correspond to beatings in the time domain. Indeed,
the beating waveform arising from these dual modes near
1.3 THz can be resolved in longer time scans (Fig. 3) with
delay time difference of ~14 ps between wave nodes, in
accordance with the frequency splitting (~ 0.07 THz)
between these two peaks. Repeated measurements on
another CsV3Sbs sample also shows this 1.3 THz dual
modes (Fig. 4). Meanwhile, same experiments on a sec-
ond birefringence domain (Fig. 2c and Domain 2 in Fig.
2d) visualizes two close phonon modes near 3.1 THz, with
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FIG. 5. Differential time-resolved reflectivity curves between
orthogonal incident probe polarizations at different tempera-
tures across Tcpw. The curves are offset for clarity. The light
spot position is inside a single birefringence domain. Nonzero
differential values below Tcpw indicates in-plane anisotropy,
suggesting Cs is broken. However, no difference is observed
beyond noise level above Tcpw, indicating the preserve of Cg
and absence of nematic fluctuations.

its two peaks centered at 2.96 THz and 3.14 THz at T
= 5 K. These two close modes persist up to 60 K when
the 3.1 THz mode fades away in our detection. More-
over, both 1.3 and 3.1 THz phonon pairs are visible in
the coherent phonon spectrum extracted from all three
birefringence domains (Fig. 2d).

Furthermore, we reveal evidence of Cg breaking from
the anisotropy of transient reflectivity response by vary-
ing probe polarizations, which manifests breaking of rota-
tional symmetry and has been used to study the nematic
order in Fe-based superconductors[58-60]. This probe
polarization dependent measurement has also been suc-
cessfully used to probe the breaking of Cg in Kagome
CDW material CsCr3Sbs[61]. By varying the probe
polarization within the (001) surface, we observe the
anisotropic transient reflectivity signal inside the Kagome
plane at T = 5 K, indicating broken Cg. To highlight
this anisotropy, we subtract the signals from orthogonal
probe polarization states that correspond to maximum
and minimum signal size respectively. As shown in Fig.
5, this anisotropy persists in the CDW phase but van-
ishes above Tcpw, corroborating Cg breaking onsets at
the CDW transition. Further probe polarization depen-
dent measurements are shown in Appendix B. This is
different from the low-temperature electronic nematic or-
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FIG. 6. Comparison of the DFT results and the mea-
sured phonon modes by TR-reflectivity on CsV3Sbs
at T = 5 K. The vertical lines denote the frequency of the
Ai14(Ag) modes in DFT calculation results or the measured
phonon frequency. For DFT-calculated phonons, only the
modes below 4.5 THz are shown. (a) The calculated A1, mode
frequencies in SD and ISD CDW phases in CsV3Sbs. (b) The
calculated Ay (A14) mode frequencies in the ISD + ISD with
interlayer m phase shift (SD + ISD without interlayer 7 phase
shift) CDW order. (c) The calculated fully-symmetric mode
frequencies in the CDW order with the coexistence of MLL
and LLL, and the calculated A; mode frequencies in SD +
ISD with Cg breaking CDW phases in CsV3Sbs and their com-
parison to the observed phonon modes in our TR-reflectivity
results.

der seen by NMR[17] and STM quasiparticle interference
measurement[18, 47] that onsets at ~ 35 K far below
Tepw. Our observed isotropic response of transient re-
flectivity above Tcpw demonstrates Cg symmetry, shar-
ing the conclusion of Liu et al.[22] suggesting no vestigial
nematic order associated with the Cg-breaking CDW.
To explain the observed close phonon modes and deter-
mine the CDW structure of CsV3Sbs, we perform DFT
calculations of phonon frequencies and compare with the
phonon spectrum detected by TR-reflectivity. In TR-
reflectivity measurements, the femtosecond pump pulse
selectively excites Raman-active phonons coherently[62,
63]. On the theory side, coherent phonon excitation is
often described either as impulsive stimulated Raman
scattering (ISRS)[64-66] or as displacive excitation of
coherent phonons (DECP)[67, 68]. In ISRS, there is
no restrictions on the symmetry of the Raman-active
modes[64], and ISRS does not require absorption in the
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TABLE I. Frequency (unit: THz) of the selected Raman-active modes in the pristine and CDW phases of CsV3Sbs calculated
by DFT. Only relevant A1y, E2y and Ay modes with frequencies below 4.5 THz are included. When interlayer 7 phase shift
between the SD and ISD layer is included, the E2y modes in the SD + ISD without interlayer 7 phase shift (LLL) phase will
split to induce Ay modes that can be detected in TR-reflectivity.

material[69, 70]. Meanwhile, DECP requires absorption
at the pump frequency in order to disturb the electronic
energy distribution in the material, and only fully sym-
metric modes can be observed[67, 68] in DECP mecha-
nism. Fully symmetric phonon modes host I'] symmetry,
such as A4 modes in Dy, point group and A, modes in
Doy, point group.

To determine the coherent phonon excitation mecha-
nism in our pump-probe measurement, we first compare
our detected phonon modes with previous Raman spec-
troscopy results on CsV3Sbs[56, 71]. Above Tepw, Ra-
man spectroscopy detected one A;, mode at 4.1 THz and
one Ey, mode at 3.6 THz with comparable amplitudes.
This main 3.6 THz E,, mode persists across Tcpw at all
temperatures and has the maximum amplitude among all
non-fully-symmetric Raman-active modes, with minimal
frequency change of less than 1 cm ™! (— 0.030 THz) and
increasing amplitude as temperature increases[56, 71].
However, in our TR-reflectivity measurements, we only
detect the 4.1 THz A, mode above Tepw. Below Topw,
we do not observe this strongest 3.6 THz Ey; mode ei-
ther. The closest detected mode is the 3.86 THz mode,
but it quickly weakens and softens as temperature in-
creases, in contrast to the 3.6 THz Fy, mode. Since we do
not observe this dominant 3.6 THz mode at any tempera-
ture, we can rule out the detection of non-fully-symmetric
modes in our TR-reflectivity measurements. Meanwhile,
our pump photon energy (~ 0.79 eV) is much larger than
the partial CDW gap opening in CsV3Sbs[36, 72-74] in-
dicating strong absorption at pump frequency. Further
confirmation of DECP mechanism is shown in pump po-
larization dependent measurements detailed in Appendix
C. We confirm therein the observed coherent phonons
in the CDW state are all fully symmetric. Thus, we
use the DECP mechanism to interpret our data, and
we assume all the detected phonon modes in our time-

resolved reflectivity measurements are fully symmetric
modes. This also matches with previous pump-probe
studies on CsV3Sbs[38].

We first examine the phonon spectra of the two Cg-
symmetric 2 x 2 x 1 CDW orders, SD and ISD, to see if
they match with our observed phonon spectrum. Fig. 6a
shows the DFT calculated A, phonon spectrum of SD
and ISD phases in the relevant frequency region. Both
phases lack the observed 1.3 and 3.1 THz phonon pairs
and the 1.84 THz mode from our TR-reflectivity mea-
surements.

Thus, we need to consider a modulation along c axis of
the CDW order, which is consistent with previous X-ray
diffraction studies[25, 42]. We first examine the two most
reported 2 x 2 x 2 CDW states (Fig. 6b): either ISD +
ISD with interlayer 7 phase shift (MLL), where the Cg
rotational symmetry is broken, or SD + ISD without in-
terlayer 7 phase shift (LLL), where Cg is preserved. The
calculated fully-symmetric A, (A14) mode frequencies in
the ISD + ISD with interlayer 7 phase shift (SD + ISD
without interlayer 7 phase shift) CDW order has been
listed in Table I and plotted in Fig. 6b. The MLL phase
agrees with our TR-reflectivity results better, with the
frequency difference of the two A, modes near 3.1 THz
closer to the observed value. The MLL phase also hosts
an Ay mode at 1.67 THz that matches the observed 1.84
THz phonon. This A; mode comes from the Cgs-breaking
induced split of an Fy; mode at 1.73 THz in 2 x 2 x 1
ISD phase (Table I) (Eyy — Ay + Big). However, MLL
only shows one A, mode near 1.3 THz, which fails to ex-
plain the observed two close modes near 1.3 THz. For the
LLL phase, although it has two A;, phonon pairs near
1.3 THz and 3.1 THz, their frequency differences are too
large to match the measured values of our observed 1.3
THz and 3.1 THz phonon pairs. Also, no A;, mode in
LLL matches well with our observed 1.84 THz mode. Fi-
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FIG. 7. Coherent phonon spectrum in CsV3Sbs_xSnx with x = 0.03-0.04. (a) TR-reflectivity time trace on

CsV3Sbs_«Snyx with x = 0.03-0.04 at T = 3.5 K. (b) Coherent phonon spectrum measured from TR-reflectivity at T = 3.5 K.
(c) The calculated A1y (Ay) mode frequencies in the SD + ISD without interlayer 7 phase shift (ISD + ISD with interlayer 7
phase shift) CDW state in CsV3Sbs and their comparison to our TR-reflectivity results in CsV3Sbs_xSnyx with x = 0.03-0.04.
(d) Comparison of the measured coherent phonon spectrum by time-resolved reflectivity in CsV3Sbs and CsV3Sbs_xSnx with
x = 0.03-0.04. In (c-d), The phonon spectrum of CsV3Sbs_xSnx with x = 0.03-0.04 measured from TR-reflectivity is taken at
T = 3.5 K. In (d), the phonon spectrum for CsV3Sbs is taken at T = 5 K. (e) The DFT-calculated oscillation pattern of the
fully-symmetric Raman active Ay modes in ISD + ISD with interlayer 7 phase shift (MLL) CDW state in CsV3Sbs that are
near our detected 1.34 and 1.80 THz modes in CsV3Sbs_xSny with x = 0.03-0.04 via time-resolved reflectivity, respectively.
The 1.21 and 1.67 THz A4 modes are the lowest and second-lowest frequency mode in the A4 phonon spectrum of MLL phase

in (c).

nally, our previous birefringence measurement indicates
Cs symmetry breaking[9], contradictory to the preserved
Cg in LLL. In short, either MLL or LLL cannot explain
our observed coherent phonon spectrum in CsV3Sbs.
We note a recent time-resolved X-ray diffraction
(XRD) measurement that demonstrated the coexistence
of MLL and LLL CDW orders[75] which breaks Cs. By
comparing the combined phonon spectrum of these two
CDW orders, we point out this coexistence configuration
can explain our experimentally detected phonon spec-
trum (Fig. 6¢) by showing fully-symmetric phonon pairs
near 1.3 and 3.1 THz and a fully-symmetric mode near
1.8 THz, explaining our measured phonon spectrum bet-
ter than merely MLL or LLL. This coexistence of MLL
and LLL phase will also be energetically favorable as it
contains the reported two energetically favorable CDW
phases MLL and LLL[27, 29]. Further evidence of the
coexistence of MLL and LLL CDW orders comes from
our pump fluence dependent TR-reflectivity measure-
ments, as shown in Appendix D. Herein, we pinpoint
the lower and higher frequency peak of the 1.3 THz
dual modes originates from LLL and MLL phase respec-
tively. The observed 1.84 THz phonon is then explained
by the 1.67 THz A, mode in MLL phase, which comes
from Cg-breaking induced split of an FEy, mode at 1.73
THz in 2 x 2 x 1 ISD phase (Table I). While there
are more fully-symmetric modes in calculation than ob-
served, some modes could be missing in our observation,
possibly due to their weaker modulations on the refrac-

tive index. Moreover, some calculated modes between
3.5 - 4 THz may be too close in frequency to be resolved
individually in the measurements.

Besides, if Cg is broken by interlayer 7 phase shift be-
tween the SD and ISD layer (Fig. le), Es; modes in
the Cg-symmetric LLL phase will split to give rise to a
fully symmetric A, mode that can be detected in TR-
reflectivity. A4 modes in LLL will also evolve into A,
modes. We list the A; modes in this Cg-breaking SD
+ ISD state in Fig. 6c¢. In this phase, there also ex-
ists close 1.3 THz and 3.1 THz A, pairs, along with
Ay modes near 1.8 THz that are split from Es,; modes,
i.e. the 1.75 and 1.80 THz E3,; mode in LLL (Table I).
However, this SD + ISD with interlayer w-phase shift
phase may not be among the most energetically stable
phases[27, 29, 38]. Considering our pump fluence depen-
dence data, recent time-resolved XRD results[75] and en-
ergy stability of these phases, the coexistence of MLL and
LLL phase is more likely, but we can’t fully rule out SD
+ ISD with interlayer m-phase shift.

In either case, our observed two close phonon pairs
near 1.3 and 3.1 THz strongly corroborate Cg-breaking
in the CDW phase of CsV3Sbs and the coexistence of SD
and ISD patterns. Meanwhile, to explain our observed
1.84 THz mode, Cg-breaking is also required to give rise
to a fully symmetric A, mode near 1.8 THz by splitting
the corresponding Ey, mode. Thus, the persistence of
two close modes near 1.3 THz and the 1.84 THz mode
up to Tepw in our measurements marks the Cg breaking



happens simultaneously with the onset of CDW, contrary
to the electronic nematicity revealed by NMRJ[17] and
STM][18, 47] that only onset at temperatures far below
Tecpw-

There is also a recent Raman measurement reporting
two close modes near 1.3 THz[41] but only above ~ 65
K. The temperature-dependent evolution of the intensi-
ties of these two modes indicated a spectral transforma-
tion between them and the higher frequency mode be-
came weaker above ~ 65 K. This is different from our
TR-reflectivity results where the two close modes near
1.3 THz are always present from Tcpw down to 5 K,
and our measured intensity of the higher frequency mode
keeps increasing from 5 K to 80 K. We also note that an
alternative interpretation based on calculation analysis
has been proposed in [43], showing a 2 x 2 x 4 ISD-
stacking phase coexisting with MLL provides a 1.4 THz
mode which can combine with the 1.21 THz A, mode in
MLL to explain the observed dual 1.3 THz modes.

In contrast to pure CsV3Sbs, the investigation of TR-
reflectivity on CsV3Sbs_,Sny, with x = 0.03-0.04 un-
covers a different CDW structural reconstruction from
CsV3Sbs. Fig. 7b shows the coherent phonon spectrum
extracted from AR/R vs. time delay (Fig. 7a) in this
x = 0.03-0.04 Sn-doped sample. Similar to CsV3Sbs, at
T = 3.5 K, the most prominent modes are at 1.34, 3.11
and 4.18 THz, along with weaker peaks around 1.80 and
3.8 THz. However, in contrast to dual modes at 1.3 THz
in CsV3Sbs, we observe only one mode at 1.34 THz in
this Sn-doped sample, with its frequency matching the
higher frequency peak in the 1.3 THz dual mode in un-
doped CsV3Sbs (Fig. 7d). Meanwhile, the 3.11 THz
mode is weaker and broader compared to CsV3Sbs, mak-
ing its dual mode feature weaker. We then compare our
detected phonon modes with the DFT-calculated fully-
symmetric phonon spectrum in various CDW phases
(Fig. 7c). Overall, the phonon spectrum of ISD + ISD
with interlayer m-phase shift matches the experimental
results better, since the observed 1.34, 1.80 and 3.11 THz
modes are better matched in frequency. We thus con-
clude the actual CDW structure of this x = 0.03-0.04
sample to be ISD + ISD with interlayer m-phase shift
(MLL), breaking Cg rotational symmetry as well. This
matches with recent ARPES[32] and X-ray diffraction[76]
results. Thus, our observed 1.34 THz mode corresponds
to the calculated 1.21 THz A, mode which is a Cs-related
mode, and our observed 1.80 THz mode corresponds to
the calculated 1.67 THz A; mode which involves V and
Sb oscillations (Fig. 7e). The CDW structure in this x =
0.03-0.04 sample contrasts with the coexistence of SD and
ISD distortion in undoped CsV3Sbs, which explains the
evolution from dual modes to single mode at 1.3 THz by a
slight x = 0.03-0.04 Sn-doping. The frequency match be-
tween the 1.34 THz mode in this x = 0.03-0.04 Sn-doped
sample and the higher frequency peak in the 1.3 THz

dual modes in undoped CsV3Sbs indicates this higher
frequency peak in the 1.3 THz dual modes in undoped
CsV3Sbs comes from MLL, matching with the conclu-
sion in Appendix D and further confirms the coexistence
of MLL and LLL CDW phase in undoped CsV3Sbs.

In conclusion, we have studied coherent phonon exci-
tation in CsV3Sbs via time-resolved reflectivity to de-
termine the structural configuration of its CDW phase.
The phonon spectra confirm six-fold rotational symmetry
breaking and the coexistence of SD and ISD distortion
in the CDW phase of CsV3Sbs. From our measurements
and DFT calculations, there are two possibilities: coex-
istence of MLL and LLL, and SD + ISD with interlayer
m-phase shift. Considering our fluence dependence mea-
surements, we think coexistence of MLL and LLL phase
is more likely, but we can’t fully rule out SD + ISD with
interlayer w-phase shift. Meanwhile, an x = 0.03-0.04
Sn-doping changes the CDW structure to MLL with only
in-plane ISD distortion, reducing 1.3 THz dual modes in
undoped CsV3Sbs to a single mode. This observation
provides deeper insights for comprehending the interplay
with other electronic phases in this system, such as the
in-plane 1 x 4 unidirectional charge order[18, 47, 77],
electronic nematicity, and superconductivity. We also en-
vision our methodology will promote the understanding
of the CDW phase diagram in doped AV3Sbs[76, 78, 79]
and other Kagome systems such as FeGe[80, 81], and
stimulate further research on ultrafast manipulation of
these symmetry-breaking states.
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APPENDIX A: DFT CALCULATION DETAILS

All density functional theory (DFT) calculations
are performed using the Vienna Ab-initio Simula-
tion Package[82, 83]. The exchange—correlation in-
teractions between electrons are treated using the
generalized gradient approximation (GGA) of the
Perdew—Burke-Ernzerhof (PBE) type[84]. A plane-
wave energy cutoff of 300 eV is employed throughout.
Structural optimizations with the DFT-D3 method of
Grimme with zero-damping function[85] are carried out
until the residual forces on all atoms are less than 1
meV/A. The stable Star-of-David (SD) and inverse Star-
of-David (ISD) structures are obtained from previous
calculations[29]. For the three-dimensional charge den-
sity wave phases, we construct initial structures by stack-
ing the 2D SD and ISD configurations along the c-axis,
followed by full structural relaxation. As a result, two
energetically favorable phases are identified: an ISD +
ISD configuration with an interlayer w-phase shift (point
group Dsp,) and an ISD + SD configuration without a
m-phase shift (point group Dgp). Phonon dispersions
and vibrational modes are calculated using the Phonopy
package within the finite-displacement approach|[86]. For
the Dqyp structure, a 2 x 2 x 2 supercell is used with a
2 X 2 x 2 k-point mesh for reciprocal space sampling.
For the Dgy, structure, a 2 x 2 x 1 supercell is adopted,
along with the same 2 x 2 x 2 k-point mesh.

APPENDIX B: ANISOTROPY SHOWN BY
VARYING THE PROBE POLARIZATION
BELOW Tcpw

We provide here the supplementary data of probe po-
larization dependence of our TR-reflectivity signal below
and above Tcpw in CsV3Shs (Fig. 8).

Clearly, at T = 5 K and 45 K, the TR-reflectivity signal
size shows two-fold probe polarization angle dependence.
While at T = 100 K, above Tcpw, the TR-reflectivity
signal size is independent of probe polarization angle.
Note for any probe polarization angle ¢, ¢ + 180° is
equivalent to ¢. And for T = 100 K data, only ¢ = 0 -
180° is shown.

This probe polarization dependent measurements have
also been successfully used to probe the breaking of Cg
in Kagome CsCr3Sbs[61]. CsCr3Sbs has space group
P6/mmm in the high temperature phase. The authors
in [61] also performed TR-reflectivity at various probe
polarization directions at different temperatures. Below
T* = 55 K, TR-reflectivity shows anisotropy and two-
fold dependence on probe polarization directions, while
the TRR signals show no probe polarization dependence
above T™ in the Cg-preserved high temperature phase.
They attribute the anisotropic TR-reflectivity signal at
various probe polarization directions to nematicity which
breaks Cg to Ca. From their results, TR-reflectivity sig-
nal shows no probe polarization dependence in the Cg-
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preserved state and shows anisotropic two-fold depen-
dence on probe polarization directions in the Cj state.
Our results are essentially the same as in [61], the only
difference is the Cg breaking in our CsV3Sbs is from
the orthorhombic CDW structure induced by interlayer
7 phase shift which breaks Cg in the high temperature
phase of CsV3Sbs down to Cs.

APPENDIX C: CONFIRMATION OF DECP VIA
PUMP POLARIZATION DEPENDENT STUDY

DECP requires absorption at the pump frequency in
order to disturb the electronic energy distribution in
the material, and only fully symmetric modes can be
observed[67, 68] in DECP mechanism. Fully symmet-
ric phonon modes host T'{ symmetry, such as A;, modes
in Dgp, point group and Ay modes in Dy, point group.
We acknowledge that there are reports of the observation
of non-fully-symmetric coherent phonon modes in liter-
ature also in absorbing media, and thus provide a more
careful explanation below to confirm all detected modes
are fully-symmetric modes.

In the process of impulsive stimulated Raman scat-
tering (ISRS), the amplitude of the coherent phonon is

proportional to[87, 88]:
oxY ) ) axij )
EY E’ EY
(5 ), 2] |5 () 2]

where F,,, indicates the pump light polarization and E,,,
indicates the probe polarization. @ is the normal mode
amplitude of the phonon, x is the electric susceptibility,
and (8)(” / 8@)0 is the Raman tensor element. The Ra-
man scattering amplitude is proportional to the square of
the modulus of (9x”/0Q),. The Raman tensor form of
E54 mode is (Pd _Od) and ( g _Od) with only one nonzero
independent parameter[89-91].

Above Tepw, previous Raman spectroscopy detected
one A;, mode at 4.1 THz and one Es; mode at 3.6 THz
with comparable amplitudes[56, 71]. This main 3.6 THz
E>, mode persists across Topw at all temperatures with
minimal frequency change of less than 1 cm™! (corre-
sponding to 0.030 THz) and increasing amplitude as tem-
perature increases[56, 71]. However, as seen from Fig. 2b
from the main text, in our TR-reflectivity measurements,
we only detect the 4.1 THz A;4, mode above Tcpw. Be-
low Tepw, we do not observe this main 3.6 THz mode
either. We do not observe such a mode that matches
with the features of Raman-detected 3.6 THz E»; mode,
i.e. there is no such a mode near 3.6 THz that per-
sists at all temperatures with increasing amplitude and
minimal frequency change (< 0.030 THz) as tempera-
ture increases. The closest detected mode is the 3.86
THz mode, but it quickly weakens and softens as tem-
perature increases, in contrast to the 3.6 THz Ey, mode.
Since the 3.6 THz non-fully symmetric Es, mode has
the dominantly maximum Raman scattering amplitude

-
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FIG. 8. Probe polarization dependence of AR/R peak signal size at T = 5 K, 45 K and 100 K in CsV3Sbs. Data is taken at
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FIG. 9. Pump polarization dependence of the amplitude of coherent phonon modes taken at T = 5 K in CsV3Sbs including
the 1.3 THz dual modes, 3.1 THz dual modes, 1.8 THz mode and 3.8 THz mode.

among all non-fully-symmetric Raman-active modes|71],
without detecting this mode, we can rule out the detec-
tion of non-fully-symmetric Raman modes in our TR-
reflectivity measurements.

We also performed additional pump polarization de-
pendent measurements as used in K. Ishioka et al., J.
Appl. Phys. 100, 093501 (2006) [92] to determine the
symmetry of our observed coherent phonons. Suppose
the actual CDW state is Cg-breaking with point group
Doy (e.g. ISD + ISD with interlayer m phase shift, SD

+ ISD with interlayer 7w phase shift). For non-fully-
symmetric Raman modes, when the light is normal in-
cident on (001) surface, one only need to consider By,
mode in Dy, point group, with the Raman tensor form
of (9d) [89-91]. We denote E,, = (cos6,sin6), where
f is the angle between the probe polarization direction
and in-plane axis, and 6 is fixed since we fix the probe
polarization direction. We denote E,, = (cosy,sinp)
where ¢ is the angle of pump polarization direction with
respect to in-plane axis. By varying pump polarization



direction, ( is varied. If we consider excitation of non-
fully-symmetric Raman active phonons via ISRS, using
the above equation, one gets the amplitude of B, mode
via ISRS is: Ip,, o sin2¢ showing two-fold dependence
on pump polarization direction. Here we fix the probe
polarization direction and measure the coherent phonon
amplitude vs pump polarization direction of our observed
1.3 THz dual modes, 1.8 THz mode, 3.1 THz dual modes,
and 3.8 THz mode in the CDW phase, as shown in Fig. 9.
The 4.1 THz mode that shows up at all temperature is de-
termined to be the main lattice A1, mode that is present
in the high temperature P6/mmm phase. The pump po-
larization direction is varied between 0 and 180° and we
note pump polarization direction between 180° and 360°
should be equivalent.

For these observed modes, if they were B, modes gen-
erated via ISRS, Ip,, o sin2p, their amplitude should
show obvious two-fold dependence on pump polarization
direction with nodes where the amplitude goes to zero.
However, no observed coherent phonon modes obey this
pump polarization dependence. We thus confirm these
observed coherent phonon modes are not B;, modes,
and they can only be fully-symmetric A, modes since
the pump and probe light are normal incident on (001)
surface.

Or, if the actual CDW structure has Dgp, point group
(e.g. 2 x 2 x 18D, 2 x 2 x 11ISD, and SD + ISD
without interlayer 7 phase shift), for non-fully-symmetric
Raman-active modes, when the light is normal incident
on (001) surface, one will only need to consider Ej4
mode. Plugging in the Raman tensor of E», mode gives
the amplitude of F, mode via ISRS as Ip,, oc cos2¢p
or Ip,, o sin2p. Similarly, the pump polarization de-
pendence of the amplitude of these observed coherent
phonon modes does not match with Fy; mode, thus the
observed coherent phonons can only be fully-symmetric
A1y modes. No matter which symmetry we assign to the
CDW state, we confirm the observed coherent phonons
in the CDW state are fully symmetric. Since all the co-
herent phonons generated are fully-symmetric mode, our
results thus match better with DECP mechanism, same
as previous pump-probe studies on CsV3Sbs[38].

APPENDIX D: PUMP FLUENCE DEPENDENCE
OF COHERENT PHONON SPECTRUM

Here, we also show the coherent phonon spectrum of
CsV3Sbs at T = 5 K with varying pump fluence F, up to
the maximum pump fluence of 150 uJ/cm? of our laser
(Fig. 10). All coherent phonon spectra are normalized
by the amplitude of the higher frequency mode of the
1.3 THz dual modes. At the lowest pump fluence, we
reproduce the 1.3 THz dual modes, 1.8 THz mode, 3.1
THz modes, 3.8 THz mode and 4.1 THz mode reported
in our main text, with the 3.1 THz mode having the
strongest amplitude. As pump fluence is increased, the
3.1 THz, 3.8 THz and 4.1 THz modes become relatively
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FIG. 10. Pump fluence dependence of the coherent phonon
spectrum taken at T = 5 K in CsV3Sbs. All datasets are
normalized by the higher frequency peak of the 1.3 THz dual
modes.

weaker and the higher frequency mode of the 1.3 THz
dual modes dominates at high pump fluences.

We also notice the change of the amplitude ratio be-
tween the lower frequency and higher frequency mode of
the 1.3 THz dual modes as a function of pump fluence.
From Fig. 10, one can find the lower frequency peak
of the 1.3 THz dual modes becomes relatively weaker
with respect to the higher frequency peak of the 1.3 THz
dual modes as the pump fluence increases. For these two
peaks of the 1.3 THz dual modes, we plot the ratio of the
lower frequency peak amplitude to the higher frequency
peak amplitude as a function of pump fluence in Fig.
11a, showing the decrease of this ratio as pump fluence is
increased. This indicates the amplitude of the lower fre-
quency peak of the 1.3 THz dual modes gets suppressed
with respect to the amplitude of the higher frequency
peak of the 1.3 THz dual modes. We rule out the effect
of increased laser heating at higher fluences by plotting
the temperature dependence of this peak amplitude ratio
with fixed pump fluence of ~ 10uJ/cm? (Fig. 11b). This
peak amplitude ratio does not show monotonic decrease
as temperature increases, and its value stays near 0.4,
compared to ~ 0.15 at high fluences.

In DECP mechanism, the coherent phonon amplitude
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in AR/R is proportional to pump fluence[68]. Thus, for
an independent coherent phonon, its amplitude normal-
ized by pump fluence will be a constant. In Fig. 1lc,
we show the peak amplitude divided by pump fluence
of the lower and higher frequency peak of the 1.3 THz
dual modes as a function of pump fluence. Note we nor-
malize each curve by its value at lowest pump fluence
to better compare these two curves. The peak ampli-
tude/pump fluence of the higher frequency peak shows
increasing behavior, but the peak amplitude/pump flu-
ence of the lower frequency peak got suppressed. The
opposite trend of these two peaks suggests a competition
behavior between them.

These observations match with a recent TR-XRD
study demonstrating the coexistence of MLL and LLL
phases and competition between these two coexisting
CDW phases in CsV3Sbs[75]. Herein, upon light exci-
tation, the LLL phase gets more suppressed with respect
to MLL, along with an expansion of the MLL domain
and a contraction of the LLL domain. Thus, the lower
frequency peak of the 1.3 THz dual modes will come
from the more suppressed LLL phase and the higher fre-
quency peak of the 1.3 THz dual modes will come from
MLL phase. Indeed, as seen from the calculated fully-
symmetric phonon spectrum of the coexistence of MLL
and LLL state in Fig. 6¢ and Table I of the main text, we
can indeed find a 1.04 THz fully-symmetric mode from
LLL and a 1.21 THz fully-symmetric mode from MLL
that can match with our detected 1.3 THz dual modes
in TR-reflectivity. Thus, this picture with the coexis-
tence of MLL and LLL CDW phase matches with our
TR-reflectivity results, and the fluence dependent ultra-
fast TR-reflectivity study reveals the competition of these
two CDW phases. Our non-equilibrium dynamical study
of this system thus provides more details of the exact
CDW configuration and decodes the interplay between
coexisting CDW phases.
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