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We report the observation of two-fold rotation symmetry in charge density wave (CDW) state in the newly
discovered Kagome superconductor CsV3Sb5. Below its CDW transition temperature (TCDW ), the polarization
rotation of the reflected laser beam promptly emerges and increases close to about 1 mrad, and the rotation angle
shows two-fold rotation symmetry. With femtosecond laser pulse pumping, the rotation angle can be easily
suppressed and then recovers in several picoseconds accompanied with coherent oscillations. Significantly, the
oscillations in the signal also experience a 180 degree periodic change. Our investigation provides clear optical
evidence for the formation of nematic order with two-fold rotation symmetry just below TCDW . The results
imply a immediate development of nematicity and possible time-reversal symmetry breaking in CDW state of
CsV3Sb5.

Materials with Kagome structure often have very special
physical properties, such as anomalous Hall effect1, chiral
edge state2, and can also form spin liquid states3,4. Recently,
a new family of Kagome metal AV3Sb5 (A=K, Cs, Rb) has
attracted tremendous attention due to its rich physical states
and interactions5,6. In those systems, vanadium atoms form
a Kagome grid, and alkali metal atoms form a hexagonal
structure. The AV3Sb5 family experiences a first-order struc-
ture transition and meanwhile forms a three-dimensional (3D)
2×2×2 charge density wave (CDW) order in the tempera-
ture range of 80-100 K7–10, in which the 2D Kagome lat-
tice exhibits a 2×2 structural distortion with three different
V-V bond lengths. The 2×2 CDW wave vector is equiva-
lent to the momenta that connect the three M points in the
hexagonal Brillouin zone, i.e. 3Q CDW11,12. Within the 2×2
unit cell, the CDW structure contains the two trimers and
one hexamer of V atoms, which is named as tri-hexagonal
(TrH) structure or ”inverse star of David”. A π-phase shift be-
tween the adjacent TrH Kagome layer can lead to 3D 2×2×2
structural modulation8,12–14, being consistent with X-ray scat-
tering measurement8,9,12,15. Recent measurements also indi-
cate presence of 2×2×4 superstructure, suggesting possible
different interlayer stackings16–18. Further lowering of the
temperature leads to the emergence of superconductivity at
the critical temperature Tc below 3 K, indicating the coexis-
tence of CDW and superconductivity. Very interestingly, gi-
ant anomalous Hall effect (AHE) in AV3Sb5 was observed19,20

in the absence of long-range magnetic order21.Besides, the
scanning tunneling microscopy (STM) measurements22–24 re-
vealed that the three pairs of vector peaks corresponding to
the 3Q CDW order in defect-free areas have different intensi-
ties, being attributed to the chiral CDW order. Theoretically,
a chiral flux phase was proposed to explain the TRSB and
AHE effect11,12. The proposed chiral flux phase and TRSB in
CDW state were supported by recently zero-field muon-spin
relaxation/rotation (µSR) measurements25,26. However, a very
recent spin-polarized STM measurement found no indication
of proposed chiral flux current phase or TRSB27. AV3Sb5 (A

= K, Cs, Rb) provides a new quantum platform to explore the
intriguing interplay between topology, geometrical frustration
and symmetry-breaking orders.

Identifying rotation symmetry breaking and/or TRSB in
those compounds has become crucial topic in the current
research on AV3Sb5 Kagome system as it is intimately
related to the mechanisms for different orders including
superconductivity12. It is known that the TRSB can lead to
polar Kerr effect, that is, a linearly polarized light would have
its polarization axis rotated upon reflection, in the meantime,
the anisotropy in reflection allows to probe the rotation sym-
metry breaking31. Besides, a number of experimental mea-
surements, including magnetoresistance28, NMR29, µSR26,
Raman17,30 and coherent phonon spectroscopies10,14, indicate
that the CDW state is electronically nematic with only twofold
(C2) rotation symmetry at low temperature. Although the π-
phase shift stacking between the neighboring layers can nat-
urally explain the reduction of rotation symmetry from C6 to
C2 in the CDW state, the onset of electronic nematicity was
reported to be usually below 70 K, being well separated from
CDW transition temperature12.

Here we perform the static state and ultrafast time-resolved
optical polarization rotation measurement to investigate the
symmetry breakings in CsV3Sb5. When CsV3Sb5 cools down
into CDW state, the polarization rotation of the reflected laser
beam immediately emerges and reaches the value of about
1 mrad. During the whole CDW temperature range, the po-
larization rotation angle shows prominent polarization depen-
dence on probe beam which includes a d-wave-like compo-
nent. In the pump-probe investigation, we observed the co-
herent phonon-induced oscillations in the recovery process of
transient polarization rotation. The oscillations also keep the
same two-fold rotation symmetry with static result and under-
goes a π phase shift at four specific polarization orientations.
With pump fluence increasing, the pump-induced diffrential
rotation and oscillations can be easily suppressed. Our work
reveals development of the electronic nematic order with a C2
rotation symmetry just below TCDW , offering new insights in
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understanding and controlling the novel properties of this sys-
tem.

Single crystals of CsV3Sb5 were grown from Cs ingot (pu-
rity 99.9%), V powder (purity 99.9%) and Sb grains (purity
99.999%) using the self-flux method, which is similar to the
growth of RbV3Sb5

32. For static reflection experiment, we
use the Ti:sapphire oscillator with 800 nm center wavelength,
80 MHz repetition rate, and 100 fs pulse duration to measure
polarization rotation θ. The probe beam nearly-normally il-
luminates the sample and the reflected probe beam was di-
vided into two beams with vertical and horizontal polariza-
tion by a beamsplitter cube, respectively. The two beams
were collected respectively by two detectors and the corre-
sponding differential signal can be obtained (for more details,
see Supplemental Information). In pump-probe investigation,
we utilize the amplified Ti:sapphire laser with 800 nm center
wavelength, 1 kHz repetition rate, and 85 fs pulse duration
to carry out the transient dichrism experiment. During the
polarization- and temperature- dependent pump-probe exper-
iments, the pump fluence was set to be 14 µJ cm−2.

Figure 1(a) and 1(b) illustrate the polarization orientation
dependence of rotation angle θ at several typical temperatures
below TCDW . The θ forms a surprisingly petaiod pattern in 0-
360 degree, which unambiguously reveals a two-fold rotation
symmetry. It can be seen that the polarization orientation (α)
dependence of θ at these temperatures share the same rotation
symmetry. By using cosine function:

θ(α) = θp · cos(2πα/P − β) + θc (1)

the θ result in Fig. 1(a) and (b) can be well fitted. Where the
θp (θc) represents the amplitude of polarization dependent (in-
dependent) rotation component, which will be discussed later;
P represents the rotation period with the value of 180 deg; β
represents the polarization at which the θ reaches maximum,
which remains about 75 and 255 deg in our experiment.

The fitting parameters of θp and θc are shown in Fig. 1(c).
Note that there are two terms in Eq. (1), which are schemati-
cally plotted in the inset of Fig. 1(c) where θp · cos(2πα/P −
β) term is d-wave like and θc term is a constant. In the
whole CDW state, θp is much larger than θc. Figure 1(d)
presents the temperature-dependent static polarization rota-
tion of CsV3Sb5 along three typical polarizations. In normal
state, θ keeps to be zero. When temperature get reaches 94 K,
θ immediately raises. At α = 67 degree, θ remains a positive
value. At 20 K, the rotation angle reaches 1 mrad, such a large
θ can be compared with that of some magnetic materials33

; At α = 137 degree, θ is nearly independent with tempera-
ture above 60 K and slightly increases at lower temperature;
At α = 167 degree, the θ turns to be negative below TCDW .
Below 94 K, there is no other unique temperature point, indi-
cating the development of two-fold rotation symmetry just be-
low TCDW . The signal with identical properties has also been
repeated in another CsV3Sb5 sample (see Supplemental Infor-
mation). The phonon modulation on θ is illustrated in Fig.
1(e), which will be discussed later. It deserves to remark that,
unlike other experimental probes which indicated a nematic
charge order only at low temperature17,26,28–30, the polariza-

tion rotation appears to be extremely sensitive to the rotation
symmetry breaking from C6 to C2. The rotation of polariza-
tion and associated twofold symmetry of reflected laser beam
develop immediately as long as the CDW phase transition is
established. This observation is consistent with the measure-
ment of anormalous Hall effect with the signal appearing just
below TCDW .

After investigating the static state optical polarization ro-
tation, we carry out the optical pump-polarization rotation
probe experiment. Different from other CDW materials, the
CDW state of CsV3Sb5 can be affected by optical pulse, thus
the CDW order-induced rotation can also be modulated. Af-
ter femtosecond optical pulse pumping, the θ instantaneously
drops with 0.2 mrad amplitude, and relaxes within several pi-
coseconds, as shown in Fig. 2 (a). After subtracting the ex-
ponential decay process, the coherent oscillations can be ex-
tracted. At 80 K, there is only one oscillation mode (f = 1.3
THz), while two oscillation modes (f=1.3 and 3.0 THz, re-
spectively) appearing at 20 K. These two modes have been
observed by optical pump-probe spectroscopy10,14, where the
1.3 THz phonon involve the CDW structure modulation and
the 3 THz phonon was likely to be linked to the uniaxial or-
der.

By rotating the incident polarization of probe beam, we can
measure the coherent phonon oscillations in dynamics at dif-
ferent crystal orientations. At 80 K, when changing α from 7
to 27 deg, overall oscillations become weak (Fig. 2 (b)). At 37
deg, there are only two or three periods that can be observed.
With α further increasing, the phonon experiences a π phase
difference whose amplitude enhances again. The same phe-
nomenon also appears around 120 deg. We plot the colormap
∆θ as a function of both polarization direction and delay time
in Fig. 2 (c). Two nodes at 30 and 120 deg can be distin-
guished. After carrying out the fast Fourior transform (FFT),
it can be seen that only 1.3 THz phonon mode is included (Fig.
2 (d)). The phonon strength can be well fitted by a cosine
function (Fig. 2(e)). At 20 K, there are two phonon modes,
which both disappear at around 30 and 120 deg (Fig. 2(f-i)).
And the polarization dependence of their strength also obeys
the cosine function. In contrast, the coherent oscillations mea-
sured in transient reflectivity measurement do not have the π
phase shift during the polarization change (see Supplemental
Information), thus we can ensure that the C2 rotation symme-
try of coherent oscillation solely comes from the polarization
rotation dynamics in CsV3Sb5.

The temperature variation can dramatically influence the
dynamics. To monitor the effect clearly, we fix the polar-
ization at 167 deg and carry out the temperature dependent
experiment. As shown in Fig. 3(a), below 80 K, the dynam-
ics roughly includes a fast and a slow decay processes, and
on top of them, the coherent oscillations are prominent. At
90 K, there is only a slow decay process survived, and the
oscillations are almost invisible. Above 95 K, the dynamics
and oscillations completely vanish. This phenomenon verifies
that the polarization rotation dynamics comes from the CDW
state. The extracted oscillations are illustrated in Fig. 3(b).
After fitting the time-domain oscillations, the strength of two
phonon modes are depicted in Fig. 3(c). At low tempera-
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FIG. 1. The static state polarization rotation for CsV3Sb5. (a) The θ as a function of incident polarization at 80 K, 50 K, and 20 K. Note that
θ have two signes at different polarizations. The solid curves are cosine fitting results. The inset illustrates the recognized crystal orientation
according to the shape of edge and labeled polarization in experiment. (b) The polar coordinates plot of panel (a). (c) Fitted parameters of
θp and θc in (a,b) from Eq. (1). The left (right) inset sketches the polarization dependent (independent) components. (d) θ in the temperature
range of 5-100 K along 3 different polarizations. (e) Schematic of static (solid curve) and transient (dashed curve) θ modulated by coherent
phonons.

ture, the 3 THz phonon is about two times stronger than 1.3
THz phonon. With temperature increasing, the 3 THz phonon
weakens while 1.3 THz enhances, representing a competing
relation. Above 60 K, the 3 THz phonon mode disappears and
1.3 THz phonon turns to be suppressed. This phenomenon is
similar to that observed in the optical reflectivity pump-probe
measurement10.

We also study the influence of pump fluence to the polariza-
tion rotation dynamics at 20 K shown in Fig. 3(d-f). Below 56
µJ cm−2, the dynamics has the positve correlation with pump
fluence accompanied by degeneration of coherent phonons
(Fig. 3(d)). Under high pump fluence (≥ 56 µJ cm−2), the
dynamics is suppressed. It is in line with the previous re-
ports that CDW state in CsV3Sb5 can be restrained by optical
illumination10. In addition, at 56 µJ cm−2, the ∆ θ drops to be
-0.6 mrad, which is comparable to the static θ value. It is rea-
sonable to consider that at this pump fluence, the symmetry
breaking is remarkably suppressed. At the lowest pump flu-
ence, the oscillation damps within 5 picoseconds (Fig. 3(e)).
Increasing to 14 µJ cm−2, the 1.3 THz phonon mode with long
lifetime emerges. At 28 µJ cm−2, the 1.3 THz phonon oscil-
lation becomes dominated. With fluence further increasing,
both phonon modes become weaker. The FFT result (Fig.

3(f)) emphasizes this transition and additionally shows the ap-
pearance of 4.1 THz phonon.

There are two possibilities to explain the observed polar-
ization rotation of reflected laser beam. One is the proposed
TRSB below TCDW . Theoretically, it is suggested that the lat-
tice distortion with inverse star of David pattern leads to the
emergence of a chiral flux phase with two separate flux loops
formed respectively on trimers and hexamer of V lattices.
This chiral flux phase breaks the time-reversal symmetry and
naturally explains the 3Q CDW order and giant AHE11. It
is the most exotic and appealing state in those compounds,
which is reminiscent of chiral flux formation proposed to pro-
duce the quantum anomalous Hall effect in a Honeycomb
lattice34 and loop-current phase in cuprate high temperature
superconductors35. Searching for the TRSB phase has become
a crucial topic in the current resarch on AV3Sb5. Two recent
zero-field muon-spin relaxation/rotation (µSR) measurements
have yielded evidence for the TRSB25,26. However, the TRSB
signal by µSR measurement on CsV3Sb5 develops only below
70 K, which is significantly lower than the CDW transition
temperature TCDW=94 K26. The present measurement result
seems to be consistent with the scenario.

Another possibility is that the observed optical polarization
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FIG. 2. Polarization-dependent coherent oscillations in pump-probe measurement for CsV3Sb5. (a) Pump-probe rotation dynamics at
20 K and 80 K. Lower panel: extracted phonon oscillations. (b,f) The oscillations in optical pump-probe signals at different polarizations.
(c,g) Two-dimensinal plot of oscillation as a function of both delay time and α. (d,h) Fast Fourier transform results with delay time. (e,i)
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rotation is arising from the birefringence effect which may be
related to the in-plane anisotropy caused by the π-phase shift
interlayer stacking. Nematic order has been observed in many
high-temperature superconductors and can cause d-wave-like
pattern of optical response. Birefringence is one of the well-
known optical property of anisotropic materials and is widely
used in fabricating quarter and half wave plates and optical
devices. It is also possible that both TRSB and birefringence
contribute to the rotation of polarization. For AV3Sb5 below
TCDW , the formation of inverse-David-star lattice distortion
within a single layer does not break the C6 rotation symme-
try. The staggerly stacked inverse-David-star layers of 3D
CDW break the C6 rotation symmetry and lead to C2 rotation
symmetry or nematic electron state. Thus, one may tend to
attribute the constant and two-fold rotational components of
measured polarization rotation to the Kerr signal arising from
TRSB and the birefringence effect caused by the anisotropy
of interlayer stackings, respectively. Further explorations are
still needed.

On the other hand, certain anomaly really develops near 60
K which has been observed in many different experimental
probes. In the present measurement, the coherent phonon os-
cillations also show abnormal feature near 60 K, similar to the
observations in the reflectivity pump-probe measurement10,14.
The invariant symmetry of oscillations reveals the single lat-
tice symmetry below TCDW . Note that the observed phonons
possess A1g symmetry. We emphasize that the displacement
of atoms arising from coherent phonon modes changes the
equilibrium position of V or other atoms and then influence
the CDW strength. The CDW order has strong correlation
with the distorted lattice structure and chrality, thus the coher-
ent oscillations of phonons could modulate θ. We note that
the α dependence of coherent phonon amplitude in Fig. 2 (e)

and (i) is similar to the α dependent term θp · cos(2πα/P − β),
showing in the left inset of Fig. 1(c). It demonstrates that
phonon oscillations only modulate the anisotropic θp compo-
nent. As shown in Fig. 1(f), the modulation caused by co-
herent phonons can lead to two nodes at α=30 deg and 120
deg in the range of 0 - 180 deg with a π-phase shift in the
phonon oscillation at the two sides. This explains the π-phase
shift of coherent phonon oscillations and the intensity change
observed in Fig. 2(c) and (g). Since there is no indication
of symmetry breaking around 60 K in static and pump-probe
experiments, the results point out that the observed anomaly
below 60 K is less relevant with the two-fold rotation symme-
try, which is likely due to the reorientation of stacked inverse
star of David layers.

In summary, optical polarization rotation is an effective
method to investigate the detailed properties of symmetry
breaking in a material. Our measurement reveals a unique
phase transition property for CDW state in CsV3Sb5. Ex-
cept for the charge oder formation below TCDW , the remark-
able bulk symmetry breaking state with two-fold rotation sym-
metry is simultaneously established. Remarkably, the CDW-
related coherent A1g phonons can modulate the strength of in-
plane anisotropy, particularly the polarization dependent term
caused by the stacking of Kagome layers, leading to a 180 deg
periodic change in the oscillations specifically on the pump-
probe signal. The observed polarization rotation can be con-
tributed either from TRSB or birefringence effect caused by
the anisotropy of interlayer stackings. Our measurement re-
veals that the anomaly around 60 K is less relevant with the
bulk two-fold rotation symmetry breaking, but could be due to
the reorientation of stacked inverse star of David layers. Fur-
thermore, we observe that pump pulse can transiently suppress
the CDW state. Our work offers new insights in understanding
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and controlling the novel properties of CsV3Sb5.

ACKNOWLEDGMENTS

We thank the helpful discussion with Professor L. Y. Yang
and Doctor L. Y. Liu. This work was supported by the Na-

tional Key Research and Development Program of China (No.
2017YFA0302904, 2018YFE0202600), the National Natural
Science Foundation of China (No. 11888101, 11822412 and
11774423), and Beijing Natural Science Foundation (Grant
No. Z200005)

∗ nlwang@pku.edu.cn
1 S. Nakatsuji, N. Kiyohara, and T. Higo, Nature 527, 212 (2015).
2 J.-X. Yin, W. Ma, T. A. Cochran, X. Xu, S. S. Zhang, H.-J. Tien,

N. Shumiya, G. Cheng, K. Jiang, B. Lian, Z. Song, G. Chang,
I. Belopolski, D. Multer, M. Litskevich, Z.-J. Cheng, X. P. Yang,
B. Swidler, H. Zhou, H. Lin, T. Neupert, Z. Wang, N. Yao, T.-R.
Chang, S. Jia, and M. Zahid Hasan, Nature 583, 533 (2020).

3 Y. Simeng, A. Huse David, and R. White Steven, Science 332,
1173 (2011).

4 T.-H. Han, J. S. Helton, S. Chu, D. G. Nocera, J. A. Rodriguez-
Rivera, C. Broholm, and Y. S. Lee, Nature 492, 406 (2012).

5 B. R. Ortiz, L. C. Gomes, J. R. Morey, M. Winiarski, M. Bordelon,
J. S. Mangum, I. W. H. Oswald, J. A. Rodriguez-Rivera, J. R.
Neilson, S. D. Wilson, E. Ertekin, T. M. McQueen, and E. S.
Toberer, Phys. Rev. Materials 3, 094407 (2019).

6 B. R. Ortiz, S. M. L. Teicher, Y. Hu, J. L. Zuo, P. M. Sarte, E. C.
Schueller, A. M. M. Abeykoon, M. J. Krogstad, S. Rosenkranz,
R. Osborn, R. Seshadri, L. Balents, J. He, and S. D. Wilson, Phys.
Rev. Lett. 125, 247002 (2020).

7 Z. Liang, X. Hou, F. Zhang, W. Ma, P. Wu, Z. Zhang, F. Yu, J.-J.
Ying, K. Jiang, L. Shan, Z. Wang, and X.-H. Chen, Phys. Rev. X

11, 031026 (2021).
8 H. Tan, Y. Liu, Z. Wang, and B. Yan, Phys. Rev. Lett. 127, 046401

(2021).
9 H. Li, T. T. Zhang, T. Yilmaz, Y. Y. Pai, C. E. Marvinney, A. Said,

Q. W. Yin, C. S. Gong, Z. J. Tu, E. Vescovo, C. S. Nelson, R. G.
Moore, S. Murakami, H. C. Lei, H. N. Lee, B. J. Lawrie, and
H. Miao, Phys. Rev. X 11, 031050 (2021).

10 Z. X. Wang, Q. Wu, Q. W. Yin, C. S. Gong, Z. J. Tu, T. Lin, Q. M.
Liu, L. Y. Shi, S. J. Zhang, D. Wu, H. C. Lei, T. Dong, and N. L.
Wang, Phys. Rev. B 104, 165110 (2021).

11 X. Feng, K. Jiang, Z. Wang, and J. Hu, Science Bulletin (2021),
https://doi.org/10.1016/j.scib.2021.04.043.

12 Kun Jiang, Tao Wu, Jia-Xin Yin, Zhenyu Wang, M. Zahid
Hasan, Stephen D. Wilson, Xianhui Chen and J. Hu, (2021),
arXiv:arXiv:2109.10809v1.

13 C. Wang, S. Liu, H. Jeon, and J.-H. Cho, Phys. Rev. B 105,
045135 (2022).

14 N. Ratcliff, L. Hallett, B. R. Ortiz, S. D. Wilson, and J. W. Harter,
Phys. Rev. Materials 5, L111801 (2021).

15 H. Miao, H. X. Li, W. R. Meier, A. Huon, H. N. Lee, A. Said,
H. C. Lei, B. R. Ortiz, S. D. Wilson, J. X. Yin, M. Z. Hasan,

mailto:nlwang@pku.edu.cn
http://dx.doi.org/10.1038/nature15723
http://dx.doi.org/ 10.1038/s41586-020-2482-7
http://dx.doi.org/10.1126/science.1201080
http://dx.doi.org/10.1126/science.1201080
http://dx.doi.org/ 10.1038/nature11659
http://dx.doi.org/ 10.1103/PhysRevMaterials.3.094407
http://dx.doi.org/10.1103/PhysRevLett.125.247002
http://dx.doi.org/10.1103/PhysRevLett.125.247002
http://dx.doi.org/10.1103/PhysRevX.11.031026
http://dx.doi.org/10.1103/PhysRevX.11.031026
http://dx.doi.org/ 10.1103/PhysRevLett.127.046401
http://dx.doi.org/ 10.1103/PhysRevLett.127.046401
http://dx.doi.org/10.1103/PhysRevX.11.031050
http://dx.doi.org/10.1103/PhysRevB.104.165110
http://dx.doi.org/ https://doi.org/10.1016/j.scib.2021.04.043
http://dx.doi.org/ https://doi.org/10.1016/j.scib.2021.04.043
http://arxiv.org/abs/arXiv:2109.10809v1
http://dx.doi.org/ 10.1103/PhysRevB.105.045135
http://dx.doi.org/ 10.1103/PhysRevB.105.045135
http://dx.doi.org/ 10.1103/PhysRevMaterials.5.L111801


6

Z. Wang, H. Tan, and B. Yan, Phys. Rev. B 104, 195132 (2021).
16 B. R. Ortiz, S. M. L. Teicher, L. Kautzsch, P. M. Sarte, N. Ratcliff,

J. Harter, J. P. C. Ruff, R. Seshadri, and S. D. Wilson, Phys. Rev.
X 11, 041030 (2021).

17 S. Wu, B. R. Ortiz, H. Tan, S. D. Wilson, B. Yan, T. Birol, and
G. Blumberg, (2022), arXiv:arXiv:2201.05188v1.

18 Q. Xiao, Y. Lin, Q. Li, W. Xia, X. Zheng, S. Zhang, Y. Guo,
J. Feng, and Y. Peng, (2022), arXiv:arXiv:2201.05211v1.

19 S. Y. Yang, Y. Wang, B. R. Ortiz, D. Liu, J. Gayles, E. Derunova,
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