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The kagome lattice provides a fascinating playground to study geometrical
frustration, topology and strong correlations. The newly discovered

kagome metals AV,Sb. (where A canrefer to K, Rb or Cs) exhibit phenomena
including topological band structure, symmetry-breaking charge-density
waves and superconductivity. Nevertheless, the nature of the symmetry
breaking in the charge-density wave phase is not yet clear, despite the fact
thatitis crucial in order to understand whether the superconductivity
isunconventional. In this work, we perform scanning birefringence
microscopy on all three members of this family and find that six-fold rotation
symmetry is broken at the onset of the charge-density wave transition in all
these compounds. We show that the three nematic domains are oriented
at120°to each other and propose that staggered charge-density wave
orders with arelative t phase shift between layers is a possibility that can
explain these observations. We also perform magneto-optical Kerr effect
and circular dichroism measurements. The onset of both signalsis at the
transition temperature, indicating broken time-reversal symmetry and the
existence of the long-sought loop currents in that phase.

The kagome lattice has attracted tremendous research interest for dec-
adesbecause the corner-sharing triangular lattice hasinherent geometri-
cal frustrations that host exotic phases such as the quantum spin liquid
state'. There has been recent interest in the magnetic kagome systems
from the perspective of topological electronic structures in magnetic
Weyl semimetals such as Mn,Sn (ref. ?) and Co,Sn,S, (ref. >) and strongly
correlated flat bands in Fe,Sn, and FeSn (refs. *7). Strong electronic
correlations without magnetism can also lead to exotic phases such as
superconductivity with high critical temperature (T), but it has often
been difficult to reveal different kinds of broken symmetry. Loop cur-
rents, originally proposed in cuprate superconductors®, have also been
predicted in the kagome lattice’ %, but clear evidence has been lacking.

The newly discovered kagome metals AV,Sb; (where Ais K, Rb or
Cs) arerecent examples that host charge density waves (CDWs) below

Teow = 80-100 K and superconductivity below T, = 0.9-2.5 K (refs. ).
In contrast to magnetic kagome materials, AV,Sbs materials do not
have detectable local electronic moments®, but a surprisingly large
anomalous Hall effect was reported with a dominant extrinsic skew
scattering mechanism?*?. An increase of the muon depolarization
below the CDW transition temperature in zero-field muon spin reso-
nance measurements on KV;Sb; and CsV,Sb; has been interpreted as
evidence of time-reversal symmetry (TRS) breaking, but the onset is not
always at T, and the muon depolarizationis not directly related with
the TRS-breaking order parameter®. Therefore, direct measurement
of the TRS-breaking order parameter at zero field is urgently needed.
Another major debate in the community is whether the system has six-
or two-fold rotational symmetry in the CDW phase***, and at what tem-
perature the six-fold symmetry breaks. Almost all of the experiments
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that claimed two-fold symmetry were performed at temperatures far
below the CDW transition®®*"**, Therefore, whether the two-fold sym-
metry is directly related to the CDW has not been clear. In this work,
we use scanning birefringence microscopy, the magneto-optical Kerr
effect and circular dichroism (CD) to reveal that the CDW transition
temperature is the onset of six-fold rotational symmetry breaking
and TRS breaking. Our micron-scale imaging bridges the gap between
nano-scale scanning probes and macroscopic measurements, provid-
ing new insight and strong constraints on the interpretation of many
results obtained using macroscopic probes.

Three-state nematicity

AV,Sb, (where AisK, Rb or Cs) share a hexagonal crystal structure con-
sisting of a kagome lattice of V atoms coordinated by Sb in the V-Sb
sheet stacked between the A sheets (Fig. 1a). Therefore, it is six-fold
rotationally symmetric in the normal state above Tp,,. In the CDW
phase, the 2 x 2 superlattice per layer could form a star-of-David or
tri-hexagonal pattern, which retain the six-fold symmetry of the pristine
lattice. Nevertheless, att phase shift between neighbouringlayers can
reduce the symmetry to two fold (Fig. 1b and Extended Data Fig. 1a).
Note that electronically driven nematicity is also two-fold symmetric
butwithanonsettemperature far below T, as observed by scanning
tunnelling microscopy (STM)?5334,

To study the rotational symmetry in the CDW phase, we perform
scanning birefringence measurements as shownin Fig. 1c. Under nor-
mal incidence, the change of the polarization, 8;, depends not only
on the out-of-plane magnetization or orbital moment, known as the
polar magneto-optical Kerr effect (MOKE), but also on the birefrin-
gence term when the rotational symmetry is lower than three fold.
We can distinguish two contributions by rotating the polarization of
theincident beam,

07‘ = 0K + GB Sin(2¢ - ¢0) (1)

where 6, and 8 represent the real part of the MOKE and the amplitude
ofthebirefringence and ¢ is the polarization angle of the incident light
with respect to the horizontal axis in the laboratory. ¢, is one princi-
pal axis of the crystal in the laboratory frame. Note that the ‘MOKE’,
6 +in, is actually a complex quantity, and 6 and n are often called
the MOKE and ellipticity, respectively (Methods). Figure 1d shows the
temperature-dependent 0-at different polarizations for RbV,Sb,, where
the onset of 6;is at T, = 103 K. As we change the polarization of the
incident light, both the sign and the magnitude of 6;change, with a
maximumamplitude of 0.27 mrad at 6 K. Plotting 6, versus the incident
polarization at a constant temperature shows a two-fold symmetric
pattern below Ty (Fig. 1e). In contrast, we observe barely any angle
dependence above Ty, Whichis consistent with the six-fold symmetry
ofthekagomelattice. The two-fold symmetric pattern originates from
the breaking of the six-fold rotation symmetry due to the formation
of the CDW.

Wefix theincident polarization and perform a mapping of 6, with
a spatial resolution of 8 pum (Fig. 1f). Three distinct domains marked
withred, white and blue are clearly seenin the map. Angle-dependent
birefringence measurements in the six selected regions reveal that
regions with the same colour have the same polar patterns, (Fig.
1g-iand Extended Data Fig. 1e-g). Between regions with different
colour, the polar patterns are rotated by approximately 120° with
respect to each other. Figure 1f shows a possible topological defect
as observed in YMnO, (ref. ). However, a surface defect exists where
the six regions meet, preventing a clear conclusion (Extended Fig. 1b,
opticalimage). Figure 2 shows that KV,Sbsand CsV,Sbsalso have three
domains, among which the principal axis is also rotated by 120°. A
relatively larger deviation from the fitted curve is observed for the Cs
compound, whichmight be due to the slightly uneven surface resulted
from cleaving (Extended DataFig.2b,c). The temperature dependence

ofthebirefringence of KV,Sbsand CsV,Sbsalso shows that the onset of
six-fold rotational symmetry breaking is at T, (approximately 74 K
and 92 K for these two compounds, respectively; Extended Data Fig. 3).
In summary, the three nematic domains are a universal feature of the
CDW phases in AV,Sbs (where Ais Cs, Rb or K).

Polar magneto-optical Kerr effect

In Equation (1), there is a possible isotropic term 6, coming from the
polar MOKE due to TRS breaking. The isotropic MOKE term appears
asanoffsetinthe 8;versus ¢ plot (Figs. leand 2b,d and Extended Data
Fig.3b,d). We extract the temperature-dependent MOKE term by fit-
ting the angle dependence using Equation (1). The results for the three
compoundsare plottedin Fig.3a-c.RbV,Sb,, CsV,Sb;and KV,Sbsshow
the onset of the MOKE at approximately 103, 92 and 74 K, respectively.
Ourresult agrees with another study on the Cs compound®. Thefitting
alsoyield one principal axis direction, ¢,.

We use a second method to measure the MOKE with denser tem-
perature steps by setting the incident polarization at the principal axis
to eliminate the birefringence. The temperature-dependent MOKE
obtained by this method for RbV,Sb;, CsV,Sbs and KV,Sby is shown in
Fig. 3d-f, clearly showing that the onset of the MOKE signal is univer-
sally at T for the AV,Sb, compounds. There is an error bar of +0.8°
in determining the principal axis, but as shown in Extended Data Fig.
4,thetemperature-dependent MOKE at ¢, + 0.8° still exhibits the onset
of the MOKE signal at T, Also, a simple estimate assuming that the
exactzerobirefringence angleis offby 0.8° gives an error bar of 3.7 prad
(sin(0.8°) x 270 urad) whichis much smaller than the observed MOKE
signal.

Note that the two methods shown in Fig. 3 are performed at dif-
ferent locations, which leads to the different magnitude and signs.
Different MOKE signs at various regions are also consistent with two
TRS-breaking domains. To confirm the consistency between the two
methods, we measure the MOKE signal again by the second methodin
region2 of RbV,Sb;, obtaining data similar to those obtained by method
1(Extended DataFig.1d). Furthermore, thermal cycles at the same loca-
tionshow that the contour of the birefringence domain does not change
much (Extended Data Fig. 5). We also find that thermal cycling cannot
easily change the sign of the MOKE, in all three compounds, suggesting
some unknown pinning mechanism. We point out that the other pos-
sible origin of the MOKE is the spin density wave, but there has been
no positive evidence of a spin density wave from any measurement. In
summary, our MOKE measurements at zero field directly probe the
TRS-breaking order parameter and demonstrate that TRS is broken
at Tepy for all three AV,Sb;compounds, indicating the existence of the
long-soughtloop currentsinthe CDW phases in AV,Sb; (Fig. 3d, inset).

CD
To further confirm TRS breaking in the CDW phase, we measure the
CDinthese three compounds. Left circularly polarized and right
circularly polarized light are normally incident on the sample, and
the difference of the reflectivity between them s defined as the CD.
The CD measurementis free from the birefringence effect and fitting
errors. The measured CD signal can be shown to be proportional
to the ellipticity, n, of the MOKE contribution (Methods). Figure 4
shows the CD versus temperature for all three compounds at different
spatial locations, clearly revealing an onset of CD at T, because the
temperature-dependent CD at different spots of the samples splits
at Tpw. The locations of these points are shown in the spatial CD
mapping in Extended Data Fig. 6. The sharp transition in 6;is more
consistent withafirst-order transitionin the Cs sample, whichis con-
sistent with NMR/nuclear quadrupole resonance measurements®* 5,
The sharp transitionis also observedin the birefringence and MOKE
measurements (Extended Data Fig. 2a).

Note that CD can also originate from chiral (handed) structures,
and there have been theoretical proposals that the CDW on the surface
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Fig.1| Three-state nematic order in RbV,Sb;. a, Top view of the kagome
lattice structure (a-b plane) of AV,Sb, (where Ais K, Rb or Cs). The V,Sb and
K/Rb/Cs layers form the kagome and triangular lattices, respectively. b, A3D
crystal structure showing staggered tri-hexagonal (TrH) CDW order. There is
arelative phase shift of mbetween neighbouring in-plane 2 x 2 tri-hexgonal
CDW orders. ¢, Schematic showing the change of polarization angle 6, due

to acombination of the magneto-optical Kerr effect and the birefringence
effect. M, is the out-of-plane (z-axis) magnetic moment of sample. d, 6, versus
temperature measured at the green spot in region 2 in f with different incident
polarizations. e, 6, versus incident polarization at different temperatures.
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The plotis obtained by averaging the data shownindinawindow of +1K
centred around the labelled temperature. f, Spatial mapping of 6;at T=6 K
inaRbV,;Sbssample measured at an incident polarization of ¢ = 37.6°,

which corresponds to zero birefringence in R1. Six regions are labelled as
R1toR6, and the red/green/orange spots indicate the positions where the
birefringence measurement within each domain are performed. The two
dark/blueislands are caused by impurities on the surface (see optical images
in Extended data Fig. 1). g-i, Polar plots of the birefringence patterns at
T=70Katthereddotinregion1(g),greendotinregion2 (h)and orange dot
in3 (i) marked in f. The ‘+’ and ‘=’ symbols show the sign of 6;.

of AV,Sb; could be chiral if the period along the c axis s four unit cells™.
AsshowninMethods, ifboth TRS and inversion exist, the CD vanishes.
We performed second-harmonic generation (SHG) experiments and
observed that the SHG signal is only around 0.2 counts of photons
per second under 12 mW incident power (Extended Data Fig. 7). We
also do not see any change across the T, in SHG. Our observation
of AV,Sb; being centrosymmetric agrees with previous studies®’, and
our detection sensitivity is much higher**°. Therefore, the presence
of CD indicates TRS breaking. Moreover, in CsV,Sbs, within the same
birefringence domainasshownin Extended DataFig. 8, we observe two
large-area CD domains with opposite sign, providing further strong

evidence of TRS breaking. We thus conclude that the onset of CD at
the T,y comes from TRS breaking.

Discussion

Our observation of two-fold symmetry and three-state nematicity just
below Tpy is very different from the nematic order observed by STM
in CsV,Sb, (refs. ***) and KV,Sbs (ref. %), which shows nematic order
at temperatures far below T¢p,. This difference is probably not just
because STMis a surface-sensitive measurement whereas our probeis
abulkmeasurement withapenetration depth of light of around 50 nm
(refs.*?). It could be that the nematicity observed by STMis some kind
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Fig.2| Three-state nematic order in KV,;Sb; and CsV,Sb;. a,c, Spatial mapping
of 6;at T=6 KinKV,Sbs(a) and CsV,Sb; (c) measured atincident polarization
of 0°and 46°, respectively. Three domains are labelled R1, R2and R3. The red/
green/blue spots indicate the positions where the birefringence measurements
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error bars for the Rb (a), Cs (b) and K compound (c). The data points are the
fitted values of 6, obtained using Equation (1). The error bar is defined as the
fitting error of 6, by Equation (1). The blue curve connects the data points.

d-f, MOKE signal versus temperature measured at the incident angles with zero

Temperature (K)

Temperature (K)

birefringence for the Rb (d), Cs (e) and K compound (f). The dashed curveisa
guide to the eye. The inset in d shows the orbital currents (blue arrows) in the
kagome lattice. The error bar is 3.7 prad as defined in the main text, whichis
larger thanthe s.d. of the 6 from 6 to 40 K.

ofadditional, electronically driven phenomena at low temperature, as
proposed recently®®*'**, Also, the three domains were not all resolved by
STM?*** probably because of the large domainsize. The origin of the

two-fold symmetry and three domains observed in our measurementis
most likely due to the t phase shift of the stacking between CDW layers
(Fig. 1b and Extended Data Fig.1a), because the onset temperature of
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in Extended Data Fig. 6b and 6c, respectively. The error bar is smaller than the
symbol size of the data pointina-c.

birefrigence coincides with T, in all three compounds. Many works
have proposed different kinds of stacking between CDW layers>>*#3-4¢,
Our results show that those without two-fold symmetry are not com-
patible. The domains we observe are on the order of 100 pm scale,
which explains the nematicity observed in transport experiments on
macroscopic samples possibly owing to unequal population of three
domains®**, Our results add strong constraints on the interpreta-
tion of other macroscopic measurements using techniques such as
photo-emission, x-ray and optical spectroscopy?** 446750,
Aspredicted intheoretical works®'*'>"* the interactions between
saddle points in the kagome lattice lead to various competing orders
such as real and chiral flux CDW orders in AV;Sbs. In some parameter
regimes, the favoured chiral flux CDW order canalsoinduce real CDW
order, leading to a mixture of order parameters. The results from our
optical measurements show that both the three-state nematicity and
the TRS breaking occur at T, in AV,;Sbg, indicating that these two
kinds of symmetry breaking might be intertwined. The TRS breaking is
favourable to the chiral flux CDW order withloop currents, which might
indicate unconventional superconductivity in these compounds as the
superconducting phase develops fromthe CDW phase. Asthe MOKE is
directly related to the transverse and longitudinal optical conductivity
instead of the magnetization, it cannotbe used to directly estimate the
effective moment. However, it might be worthwhile to point out that the
MOKE signalin AV,Sbgis as small as that in Mn,Sn (ref.>*). The moment
inMn,Snis 0.001y;, so perhaps the effective momentin AV,Sbsis even
smaller as it was not detected by spin susceptibility and muon spin
relaxation measurements. Looking forward, we hope that our work will
stimulate future work to study the nematicity, the effective moment
and TRS breaking in both the CDW and superconducting phases in
AV,Sbs. The imaging methodologies developed here could also be
widely applied to other strongly correlated and topological systems.
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Methods

Sample growth method

Single crystals of CsV,Sbs, RbV,Sb; and KV,Sb, were synthesized from
Cs (liquid, 99.98%; Alfa), Rb (liquid, 99.75%; Alfa), K (metal, 99.95%; Alfa),
V (powder, 99.9%; Sigma) and Sb (shot, 99.999%; Alfa). As-received
vanadium powder was purified in-house to remove residual oxides.
Due to the extreme reactivity of elemental alkalis, all further prepara-
tion of AV,Sb; crystals was performed in an argon glove box with oxy-
gen and moisture levels below 0.5 ppm. AV,Sb; single crystals were
synthesized using the self-flux method. Elemental reagents were
milled in a pre-seasoned tungsten carbide vial to form a composition
of 50 at.% A, ,Sb,c and approximately 50 at.% VSb,. Excess antimony
canbeaddedtothefluxtosuppressvolatility if needed. The fluxes were
loaded into alumina crucibles and sealed within stainless-steel jackets.
The samples were heated to 1000 °C at 250 °C h™ and soaked there for
24 h. The samples were subsequently cooled to 900 °Cat100 °C h™and
then further to 500 °C at 1°C h™. Once cooled, the crystals are recov-
ered mechanically. Crystals are hexagonal flakes with brilliant metallic
lustre. The elemental composition of the crystals was assessed using
energy-dispersive x-ray spectroscopy usinga APREOC scanningelectron
microscope.

Birefringence and MOKE measurements

Laser pulses from a Ti:sapphire oscillator with 800 nm centre
wavelength, 80 MHz repetition rate and 50 fs pulse duration were
used to measure the change of the polarization angle. To meas-
ure the change of the polarization angle without rotating the
sample, a half-wave plate (HWP) is placed immediately in front of
the sample and between it and the cube beam splitter. Both the
incidentand reflected light go through the HWP, thus the polarization
change due to the HWP is cancelled. The net change of the polari-
zation comes purely from the sample itself. By rotating the HWP, we
can measure the change of polarization 6; for different incident
polarizations. The background from the HWP is calibrated at a
temperature of around 20 K above Tp,,. The optical set-up for the
birefringence measurement is shown in Extended Data Fig. 9a. All of
the scanning imaging experiments in this work were performed by
fixing the laser beam spot but moving the sample using Attocube xyz
positioners.

Inthe following derivation, we show how the birefringence and the
MOKE signal can be distinguished by rotating the HWP while keeping
the beam at the same spot. The Jones matrices for the polarizer at 45°
and 0°, the photo-elastic modulator (PEM), the HWP as a function of a
(the angle between the fast axis of the HWP and the horizontal axis of
the laboratory) and the mirror are

11t
P(45)=§[11]

10
p(0)=[ ]
00

[ cos(2a) sin(2a)
HWP(a) = s
sin2a) —cos(2a)

10
Oeir
10
vlon
0 -1

where tis the phase retardation applied by the PEM. The rotation
matrixis

PEM =

cos(B) —sin(f)
- [ sin(B) cos(B) ]

where S is the angle of rotation. For a sample that exhibits both the
birefringence and MOKE effects, we can use the following Jones matrix

torepresent the sample (ignoring the higher-order term):
1-sin(@)’a 202 _

50) = [ , 2

Asin(26) Si;(zg) +c 1-cos(®°A

where @ is the angle between the fast axis and the polarization of the
incidentlight,4 = 6 +ikisthe complex birefringence term,and c =6, +in
comes from the MOKE effect and is also acomplex number. The output
light O measured at the photo-detector can be calculated as

O = P(0) HWP(z — a) MS(8) HWP(a)

E
PEM P(45) [ ]
0

__+—+1
2

A cos(4a—26) : ce® A Ae'sin(4a—26)
- F 4 2 4 4

Weseethatthe above expressiononly dependsontheangle differenceterm
4a-26,thuswe canset 8= Owithout affecting the final results. Theintensity
measured at the photo-detector is (ignoring the higher-order terms)

. n K sin(4a)
1) = |0 = B2 [sm(r) (‘E - T)
% & sin(4a) & cos(4a) _ é
+ cos(7) ( > + n ) n 1

+ i]+0(h)

Setting t = 1, sin(wt) and using the Fourier decomposition of cos((¢))
and sin(z(¢)), we obtain the relation

_ 2 [ 6 cos(4a) _ f l
o =F [ 4 it
. n K sin(4 a)
+2(To) sin(wr) (-1 - E290)

+ Uo(To) + Ya(To) cosut) (% + 242

+0(h)

The1f, 2fand direct-current (DC) components of the signal are

i1y = EZZJI(TO)(—g - w)sin(wt),
12 = B2yt (% + Z520) cos2wi),
I(DC) — E2 [5coz(4a) _ g 4 i

+Jo(ro)(% + ZRED)]

We canset 7, = 2.405, whichis the zero point for the/, Bessel function.
Sinceboth § and 6, are very small, we can approximate the DC term by
I(DC) = E*/4.Furthermore, lock-in measures the r.m.s. of the signal, so
we have the relations

hoal) _ 4h(T0) (_n_ K sin(4a>>’ o

Ilock(DC) - \/5 2
hoek(2f) _ 42(T0) & sin (4a)
H0aDC) ~ 3 (4 =572), @

Finally, noting that the polarization ¢ of theincident light changes twice
as much as the change of the HWP angle ¢ = 2a, we have the relations
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_KSin@9) _ V2 hou) )
2 4./1(TO) Ilock(DC) ’

g1 O5NCP) _ V2 houa2) ©)

KT T 4510 hoa(DOY

We can see that the change of the polarization angle in Equation (6) has a
constantMOKE term 6, and a¢-dependent birefringenceterm & sin(2¢)/2

CD measurement
Theopticalset-up for the CD measurementis shownin Extended DataFig.
9b. Thealternating, left circularly polarized and right circularly polarized
light generated by the PEM arereflected offthe sample, and the difference
between their intensity (the CD) is measured by a photo-detector con-
nected toalock-inanalyser. The PEM modulates theincident light between
left circularly and right circularly polarized at a frequency of f=42 kHz.
Both the 1fand DC component are extracted from the measured signal,
and the CD of the sample is proportional to /(1f)//[(DC).

Similar to the previous derivation, we can write out the Jones
matrix for the CD. The output light after going through the 45° polar-
izer,the PEM and the sample is

E
0 = MS(6) PEM P(45) [o]

e (C_ A si:(ze))

2
_A 51;1(0) _ - n %
=F
c, (A C"S(G)z_l) A sin(26)
T2 2 T s

The intensity measured by the photo-detector is

+
2 2

It = E2 (sm () + cos (1) —65'" 20) _ 8 l)
+0(h)

= P[5 - % +2(ro) sinwoy i
+ (Jo(To) + 2/5(Tg) cOSwt)) ——

+0(h)

6 sin(26) ]

wherer, = g To obtain /,, we measure the ratio between the Ifand DC
component, whichis equal to

o = I]ock(m
Ilock(DC)

=2V2(3)n. %)

We see from Equation (7) that the CD signal does not depend on the
sample orientation (6), as expected, and is only related to the ellipticity
ntermfromthe MOKE effect.

Inouropticalset-up, we used a50:50 non-polarizing cube inbetween
the PEM and the objective to collect the signal. The non-polarizing cube
has different transmission coefficients for s-and p-polarized light across
the 750-850 nmwavelengthrange of our pulsed laser. To account for this
sand p transmission difference and rule out its effect on the CD signal,
we canadd in theJones matrix for the cube (C) into the CD derivation:

o

where T.and T, are the transmission coefficients for s-and p-polarized
light. The output light in this case is

-7
i MS(6)

v

0 VT

0 -7,

E
PEM P(45)[ ]
0

Theintensity measured by the photo-detector is

1®) = =2)4(10) sin(@O), [ T, T, [(Ts+rzp—z)rz

(Ts—T,)ksin(20)

+ PR (o(T0) + Ya(To) cos(@t)

(Ts=T,)6k | (T,+T;—2)5sin(26)
\/ Tst[ 2” + -2 " ] ,

To+T,—T:-T3 s
+ il 4 2T - T+ Tisin®(6)

— Tpsin’(6) - T2sin’(6) + T2 sin(9)| + O(h)

k4

where 7y = > Now, the CD signal becomes

I(t0)
E+n—ﬁ—ﬁ

) 27,7
Ch —

hoet(DC)

[2(Ts+ Ty — 2+ (T -

T,)ksin(26)]

We see now that there is a birefringence correction term in the CD
signal as follows:

SN0y 2T T(Ts — Tp)xsin(26)

I = . (8)
e T +T,-T2-T3

This correctiontermis proportional to the product of k and the differ-
enceinthetransmission coefficients T, - T,.. Given the specification of
thenon-polarized cube |7,- T,| = 1072, we can estimate the magnitude
of such correctionto be

Ioire x k- (Ts = Tp) = 10~ x 1072 =10~°. )

The birefringence correction is one order of magnitude smaller
than the CD signal of the samples and can thus beignored in our
measurement.

CD theory
We derive the general CD effect and discuss the consequences of
TRS-breaking and crystal symmetry-breaking on CD. According
to Fermi’s Golden Rule, the absorption rate of circular light with
helicity 0. is

102) = 35 3 (clH 1) 8(E. ~ E, — ho), (10)

wherevand crefer to valance and conduction band states, respectively,
and fiw is the photon energy. H'is the interaction Hamiltonian, whose
expression s given by

H =—eE-r—m-B. (11)

The two terms on the right-hand side of Equation (11) correspond
to electric and magnetic dipole interactions, respectively. The mag-
netic dipole term is usually much weaker than the electric dipole
term. However, the magnetic dipole cannot be ignored for CD in
time-reversal-invariant systems where the electric dipole contribu-
tion vanishes, asillustrated below.
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For ahelical photon 0., the electric and magnetic field is

E=FEy1+i,0) , B= E?O(:i, 1,0), 12)

so that the interaction matrix element is
, 2 2 _my o
[{c|HL |v) |7 = |Eo|*|(c| ers +IT\U>\ , (13)

wherer,=x+iyand m,=m,+im,. Therefore, the CDis

I(o4) = I(o-) o< [{c[H) [0)* = [{c|H o) |*

=2Im | €*(v|z|c){cly|v)
—_———
@

€ e
+ - wlmale)(clalv) + —(vlmyle)(clylv) a4

@

1
+ g {vimyle)(clmalv) |-

®

InEquation (14), ®comes fromelectric dipole, @ originates in both
electric and magnetic dipoles, and ® comes from merely magnetic
dipole interactions. The term @is usually ignored since it is too small
compared with®and @.

Term @ is the Berry curvature between the valance band v and
conductionbandc.Itisevenunderinversion symmetry butodd under
TRS. It is usually called the magnetic CD in literature. Term @ is even
under TRS but odd under mirror reflection or inversion, because, for
example, (v|my|c)(c|x|v) is odd under x/y > —x/-y reflection or
(x,¥,2) > (=x,~y,-z) inversion. Therefore, if TRS isbroken, both®and
®@are nonzero. If TRS is conserved, only term ® can appear in a chiral
material. Ifboth TRS and inversion symmetry exist, the CD effect van-
ishes. Inthe case of inversion and/or mirror symmetries in the material,
the CD effect due to term @ indicates TRS-breaking.

Data availability

All data needed to evaluate the conclusions in the paper are present
inthe paper and the extended data figures. Additional data related to
this paper canbe requested fromthe authors. Source dataare provided
with this paper.
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Extended DataFig. 1| Additional measurements on three-state nematic
orderand MOKE in RbV,Sb;. a, 3D lattice structures showing two other possible
staggered CDW orders with a m phase shift, the staggered star-of-David (SoD)
and the staggered alternating star-of-David (SoD) and tri-hexgonal (TrH) CDW
orders. b, Optical image of the mapping region in Fig. 1(f) in RbV,Sbs. The black
dotsindicate impurities on the surface. ¢, 8;vs temperature for various incident

polarization measured in region 2 in RbV,Sbs. d, MOKE signal vs temperature
measured at the zero birefringence incident angle inregion 2 in RbV,Sbs. The
error bar is 3.7 pRad (see main text for definition of error). e-g, Polar plots of the
birefringence patterns at T =70 K measured at the corresponding spots in region
4,5and 6 (see Fig. 1(f)), respectively.
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Extended Data Fig. 2| 0, vs temperature and characterization of the Cs
sample in the main text. a, 6, vs temperature for various incident polarization
for the Cs sample showninb,cin this figure, which is also the same sample for Fig.
2-4inthe main text and Extended data Fig.6-8. The sharp transition in 6, at certain
polarization is more consistent with a first order transition in the Cs sample,
whichis consistent with NMR/NQR measurements. Note that the Cs sample in

extended data Fig.3 is a different sample, which shows asmoother transition. b,
Mapping of the normalized I(0f) signal, the reflectivity, in the CsV;Sbs sample. A
variation of the I(Of) signal is observed in the mapping data, which indicates an
unevensurface. ¢, Opticalimage of the cleaved Cs sample, the red box indicates
the mappingregioninb.
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Extended Data Fig. 3| Dependence of 6,0n temperature and incident polarization of K and Cs compound. a,c, 8, vs temperature for various incident polarization
for KV,Sbsand CsV,Sbs, respectively. b,d, 8, vs incident polarization at different temperature cuts for KV,Sbsand CsV,Sbs, respectively.
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RbV,Sbs, where ¢, is the incident angle that birefringence contribution is zero. The error bar is defined as the statistical error for data points averaged together over 2K

range bins.
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Extended DataFig. 5| Birefringence domains under thermal cycles. a,b, Spatial mapping of 6,at T= 6 K, before and after thermal cycles for RbV,Sbs.
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Extended Data Fig. 6 | Circular dichroism maps of AV,Sb. a-c, Circular dichroism maps at T= 6 K for Rb, Cs and K compounds, respectively. The red and green star
symbols indicate the positions where circular dichroism vs temperature measurements are performed in Fig. 4.
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error bar is defined as the statistical error for data points averaged together over 5K range bins.
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Extended DataFig. 8 | Comparison of birefringence and circular dichroism
maps of CsV3Sb5. a,b, The spatial birefringence and circular dichroism maps of
CsV,Sbsat T=6K, respectively. The region circled by red is region 2, where points
within eachregion have the same birefringence pattern. The green and black dots

indicate two spots in R2 (S1and S2), which have same birefringence patterns but
opposite signs of CD signal. ¢, Histograms of circular dichroism signals within
region 2. Both positive and negative CD signals exist within R2.d, 8, vsincident
polarization at T=70 K measured at S1and S2 within R2, respectively.
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Extended Data Fig. 9 | Optical set-ups in this paper. a,b, Optical set-ups for the birefringence (a) and circular dichroism (b) measurements.
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