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Nonreciprocal transport phenomena serve as direct probes of symmetry breaking in quantum materials. The lay-
ered kagome metal CsV3Sbs undergoes a charge-density-wave (CDW) transition, below which a chiral-loop-current order
emerges, breaking time-reversal and inversion symmetries. Here, we report the observation of pronounced nonreciprocal
charge transport in exfoliated thin flakes of CsV3Sbs, and systematically examine its anisotropy to map the symmetry-
breaking pattern. We develop a phenomenological model that captures the role of chiral loop currents and current inhomo-
geneity in generating the nonreciprocal response. The nonreciprocal signal is strongly suppressed in Ta-doped CsV3Sbs,
where the CDW phase is absent, confirming its intimate connection to the chiral ordered state. Our results reveal the sym-
metry breaking in the kagome superconductor CsV3Sbs via nonreciprocal transport and highlight the profound connection

between chirality and nonreciprocal transport.

Keywords: nonreciprocal transport, kagome superconductor, symmetry breaking
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1. Introduction

The kagome superconductor CsV3Sbs family exhibits nu-
merous extraordinary quantum phenomena, making it a promi-
nent platform for strongly correlated physics. The geomet-
rically frustrated kagome vanadium lattice contributes to the
anomalous Hall effect.!!=3] The strongly correlated behavior
leads to superconductivity, 4% with evidence of time-reversal
symmetry breaking.!”~°! Furthermore, scanning tunneling mi-
croscopy (STM) reveals that below the charge-density-wave
(CDW) transition temperature, an intrinsic chirality develops

10-131 \which has also been

associated with a 3¢ CDW phase,|
confirmed by x-ray scattering experiments.!!*! Other studies
have also shown a similar flux phase around this temperature
range.!>~'7] From a theoretical perspective, chirality origi-
nates from the charge loop current that breaks time-reversal
symmetry and can be tuned by an external magnetic field per-
Meanwhile, the CDW is

found to arise from a 2¢ stacking order of the adjacent kagome

pendicular to the kagome plane.

layers, leading to the breaking of the six-fold rotational
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symmetry.!'8! Some researchers also claim the existence of an
electronic nematic phase, which can also break the six-fold

16,19.201' Although the underlying mecha-

rotational symmetry. !
nism still needs further study, various experiments, including
superconducting property anisotropy, resistance anisotropy,

[21-23] have con-

and in-plane magnetoresistance anisotropy,
firmed the rotational symmetry breaking inside this system.
The symmetry breaking below the CDW transition tem-
perature makes the CsV3Sbs family a promising platform
for nonreciprocal transport. The nonreciprocal transport of
KV3Sbs under out-of-plane current and a nearly in-plane field
has been reported.!**! Recently, nonreciprocal transport with
in-plane current and out-of-plane magnetic field has also been
detected in CsV3Sbs,[?>! in which they attribute the nonrecip-
rocal resistance to a mixed influence of the chiral loop current
and a geometric factor, the nonuniform current distribution.
Although the nonreciprocal transport has already been stud-
ied in this system, the symmetry analysis of the nonreciprocal
transport and the direct connection between the nonreciprocal
transport and the chiral loop current phase are still lacking.

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Chemical substitution provides an effective means to tune
these intertwined electronic orders. Atomic replacement of
vanadium significantly influences the stability of the CDW and
superconducting phases. Ta doping suppresses the CDW or-
der while enhancing superconductivity, whereas Mo doping
weakens superconductivity and increases the CDW transition

(26291 Such tunability has enabled systematic in-

temperature.
vestigations of the microscopic mechanisms underlying the
CDW and the associated chiral loop current phase.

In this work, we fabricated CsV3Sbs thin flakes into a
circular disk geometry, which is particularly advantageous for
the symmetry analysis. The circular disk shape induces a geo-
metric current imbalance, which, together with the chiral loop
current, contributes to the nonreciprocal transport. In this de-
vice, we observe a second-harmonic resistance exhibiting a
cubic relationship with the magnetic field. We provide a phe-
nomenological model to understand the origin of the nonre-
ciprocal resistance. When rotating the direction of the applied
current and measuring electrodes, we found a significant two-
fold symmetry in the second harmonic resistance of CsV3Sbs,
which shows similar anisotropy with the superconducting tran-
sition onset temperature and the first harmonic resistance in
the normal state in this sample. Furthermore, we demonstrate
that the cubic nonreciprocal response disappears in Ta-doped
CsV3Sbs, in which the CDW phase is suppressed, confirming
the crucial role of the CDW-induced chiral loop current.

2. Methods
2.1. Crystal growth and characterization

Single crystals of CsV3Sbs and CsV; g§Tag 2Sbs were syn-
thesized via a self-flux method. High-purity starting mate-
rials of Cs liquid (99.98%), V powder (99.9%), Ta powder
(99.99%), and Sb granules (99.999%) were combined in a
1:1:4 molar ratio, sealed in an alumina crucible within a tan-
talum tube under vacuum. The assembly was heated in a fur-
nace up to 900 °C within 10 hours, kept at that temperature for
20 hours, and then slowly cooled down to 450 °C at a rate of
1.5 °C/h. Residual flux was removed through selective etching
of Cs—Sb phases using ultrapure water. Crystal composition
was verified by energy-dispersive x-ray spectroscopy (EDX)
using a Phenom Pro SEM. The characterization of the grown
crystals can be seen in supporting note 1.

2.2. Nonreciprocal transport measurement

CsV3Sbs nanoflakes were exfoliated onto Si/SiO, sub-
strates. A standard electron-beam lithography process was
used to fabricate circular disk-shaped devices. The devices
were measured using the Quantum Design Dynacool system,
with a temperature range of 1.8—400 K and a maximum mag-

netic field of 9 T. The a.c. measurement was carried out with

a Keithley 6221 as the current source and a Stanford Research
Systems SR860 for the first harmonic voltage V® and sec-
ond harmonic voltage V?® measurement. The d.c. measure-
ment was carried out with an Agilent AG2902A as the current
source and a Keithley 2182 nanovoltmeter for voltage mea-
surement.

3. Results and discussion

CsV3Sbs thin films were mechanically exfoliated onto
Si0,/Si substrates, and the circular-disk-shaped electrodes
were fabricated using standard electron-beam lithography.
The crystal structure is shown in Fig. 1(a), and the vanadium
kagome plane lies in the substrate plane. Figure 1(b) shows a
sketch of the measurement geometry. The current is applied
between two opposite electrodes, and the first harmonic and
second harmonic resistances were measured at the right and
left sides of the current direction. Figure 1(c) shows the sec-
ond harmonic resistance as a function of the magnetic field
at 5 K after antisymmetrization to exclude the magnetic field
symmetric thermoelectric contribution. For magneto-chiral
anisotropy systems, the second harmonic resistance follows

R*® = yRIB.

Here, R stands for the normal resistance, I is the applied cur-
rent, B is the external magnetic field, and 7 stands for the coef-
ficient of magneto-chiral anisotropy. According to this equa-
tion, the second harmonic resistance normally exhibits a lin-
ear relationship with the magnetic field, which is the situation
for most systems with nonreciprocal transport. In CsV3Sbs,
however, the second-harmonic resistance exhibits a cubic de-
pendence on magnetic field with opposite signs on the left and
right sides of the device. Second harmonic signals from other
extrinsic effects have been ruled out to make our results more
convincing (see supporting note 2). The second harmonic
transport in CsV3Sbs is significantly different from normal
symmetry-breaking systems and imitates the behavior of non-
reciprocal transport in systems with chiral edge states.[?9-3?1
To gain a better understanding of this behavior, we pro-
vide a theoretical model that derives the nonreciprocal trans-
port in the CsV3Sbs circular disk phenomenologically. The
coupling between the flowing carriers and the localized chiral

loop current can be interpreted as
(0] (r ) o< J - I.

Here, J stands for the applied current, which represents the
flowing carriers, and I indicates the chiral loop current which
flows locally in the kagome plane. When the applied current is
parallel to the chiral loop current, the coupling is stronger and
scattering is less likely to happen; when the applied current is
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antiparallel to the chiral loop current, the scattering process is
reversed. The loop current term can be rewritten as

I]C =V x Alc~

Here, Aj is the vector potential for the chiral loop current,
which has a connection to the orbital magnetism m1,. Then,
o (r) can be written as

(D(r)°<V~(A1CXJ)+AIC~(V><J).

When integrating throughout the entire measuring area, we
can obtain

W= [0@)ave [ (V-(Acxd)+ A (VX T)av
- f(Alch)dH/Alc-(vXJ)dv.

The W can be regarded as an effective phenomenological
quantity for the asymmetric scattering process, which tracks
the magnitude of the nonreciprocal transport. The current dis-
tribution is spatially nonuniform and therefore the term V x J
is not strictly zero in the sample, especially around the edge
and contact area. However, the current curl should be neg-
ligible around the measuring channel. And the integration
would counteract the opposite current curl around the source
and drain. Thus, the second term should only be a secondary
correction, and the first term dominates. So, from this point
of view, the divergence of the vector product between the vec-
tor potential for the chiral loop current and the applied current
contributes to the nonreciprocal transport in this system. From
this model, we understand that chiral nonreciprocal transport
in the CsV3Sbs system originates from the chiral loop current,
together with a nonuniform current distribution. The evolu-
tion of the chiral loop current phase under external magnetic
fields induces a nonlinear relationship between the nonrecipro-
cal resistance and the magnetic field. The nonuniformity of the
applied current along the right and left sides results in oppo-
site signs in the nonreciprocal resistance on two sides, which
imitates the scattering process in systems with a chiral edge
state. Figure 1(d) provides a sketch of the nonreciprocal trans-
port process on the left side with a negative magnetic field.
The disk-shaped device induces current nonuniformity in the
sample, higher current density in the middle (blue arrow) and
lower density around the edge (light blue arrow). Under pos-
itive current, the scattering in the middle is strong, while the
scattering is weaker around the edge, behaving as a high resis-
tance state. When the current direction is reversed, the scatter-
ing is weakened in the middle and promoted around the edge,
resulting in a low resistance state. Under this situation, we
should get a positive nonreciprocal resistance on the left side,
which is exactly what we derived from transport measurement.
The nonreciprocal transport at the right side or under a posi-
tive magnetic field is just the opposite of this. From this view,

we can understand the field-antisymmetric nonreciprocal re-
sistance in the CsV3Sbs circular disk sample.

Riight

-y S| R

B (T)

Fig. 1. Nonuniform current distribution and chiral loop phase-mediated nonre-
ciprocal resistance in the kagome superconductor CsV3Sbs. (a) Crystal struc-
ture of the kagome superconductor CsV3Sbs. The brown V-V bonds form
the kagome plane of the CsV3Sbs. The crystal axis is marked in red (a axis),
blue (b axis), and green (c axis). (b) A sketch diagram of the measurement ge-
ometry. The electrodes, fabricated into a round shape, form the circular-disk-
shaped device. The current was applied between two opposite electrodes, and
the longitudinal resistance was measured along the right and left sides of the
current. The magnetic field was applied perpendicularly to the sample plane.
(c) Antisymmetrized second-harmonic resistance of the CsV3Sbs circular disk
device at 5 K, shown for the right (black) and left (red) sides. The nonrecipro-
cal resistance exhibits opposite signs and a cubic magnetic-field dependence,
as indicated by the dotted fitting curves. (d) A cartoon to explain the origin
of the nonreciprocal resistance in the CsV3Sbs circular disk under a negative
magnetic field. The current flows along the two electrodes in opposite direc-
tions. The disk-shaped device induces current nonuniformity, marked by the
depth of the color (blue and light blue). The different scattering processes
for positive and negative current directions induce a positive second harmonic
signal at the left side, which is consistent with our experimental results.
After deriving the nonreciprocal resistance in CsV3Sbs,
we measured the evolution of the nonreciprocal resistance un-
der different current directions. Figure 2(a) shows the mea-
surement geometry of the angular-dependent measurement.
We set 0° in our measurement at the electrode perpendicu-
lar to one axis of the thin flake, as distinguished under an
optical microscope. The nonreciprocal resistance at different
current directions under multiple magnetic fields is shown in
Fig. 2(b). A clear two-fold symmetry in nonreciprocal resis-
tance can be seen, and the anisotropy is preserved under a
3 T magnetic field. Figure 2(c) illustrates the symmetry of
several parameters derived from transport measurements, in-
cluding nonreciprocal resistance at 5 K, 9 T, normal-state first
harmonic resistance at 5 K, 0 T, and the superconducting tran-
sition onset temperature. All these parameters exhibit a two-
fold symmetry. The peaks of the nonreciprocal resistance and
superconducting transition temperature, the dips of the nor-
mal state resistance, aligned in a similar direction around 30°.
This anisotropy agrees well with the theory of 2¢ stacking of
the 3¢ CDW phase and the electronic nematicity.!'®!*! Due to
the establishment of the CDW phase and possible electronic

nematicity, the six-fold rotational symmetry is broken, and a
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two-fold symmetry is oriented along one of the crystal axes (a
or b axis in Fig. 1(a)), which deviates by 30° from our angle
definition. A similar CsV3Sbs circular disk sample shown in
the supplementary material exhibits a similar anisotropy (sup-

porting note 3). The peak of the nonreciprocal resistance oc-

curs at 0°, which is consistent with the fact that the 0° elec-
trode is defined as the electrode parallel to the crystal axes.
These samples confirm that the anisotropy originates from in-
trinsic symmetry breaking associated with the CDW phase

rather than arbitrary electrode misalignment.

0.20} (b)

ght (mQ
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Fig. 2. Two-fold symmetric nonreciprocal resistance in the CsV3Sbs circular disk. (a) A schematic diagram of the measuring geometry. The
zero-degree current direction is defined perpendicular to one crystallographic axis identified under an optical microscope. (b) The current-
direction-dependent nonreciprocal resistance in CsV3Sbs circular disk. A pronounced two-fold symmetry is observed and remains robust up to
3 T. The maximum nonreciprocal resistance occurs around 30° and 210°, corresponding to one of the crystal axes (a axis or b axis). (c) Angular
dependence of the second-harmonic resistance (black), first-harmonic resistance (blue), and superconducting onset temperature (red). All three
quantities exhibit consistent two-fold symmetry. The peak value of the nonreciprocal resistance and superconducting onset temperature, the
minimum value of the first harmonic resistance, align around 30°, indicating the intrinsic origin of the anisotropy.

Next, we measured the nonreciprocal resistance of the
CsV3Sbs circular disk under various current amplitudes. Fig-
ure 3(a) displays the first harmonic voltage of the right and
left sides of the sample at 5 K and no external field. The lin-
ear dependence of the first-harmonic voltage versus the current
amplitude indicates a negligible change in the transport prop-
erties in the device under various current amplitudes and con-
firms the minor contribution from current heating and other
side effects in this sample. The slight deviation of the first
harmonic voltage on the right and left sides mainly originates
from the inevitable misalignment of the electrode during the
nanofabrication process. Figure 3(b) shows the second har-

monic voltage of the right and left sides of the sample at 5 K,
9 T, when the current is applied along 0°. The second har-
monic voltage scales quadratically with the current amplitude,
revealing the intrinsic nonlinear origin of the second harmonic
signal. The nonreciprocal voltage also shows opposite signs
on the right and left sides of the current. Furthermore, the sec-
ond harmonic voltage at different current directions is shown
in Fig. 3(c). The nonreciprocal voltages under different current
directions all exhibit the quadratic scaling with the current am-
plitude, which further verifies our result on the anisotropy of

nonreciprocal transport.

15 F 0
(a) - Right (b) af . Right (c) 1.5f - go" Vs,
~ + Left o g%{ef;ﬂT S 1.0t

2
Z10p 5KOT : > s
i
2 20 S O -
3 5l 3 3 —0.5
-~ N -2 N '
—1.0 v
0 ) _4 ) _1.5t ) ‘left
0 0.5 1.0 0 0.5 1.0 0 0.2 0.4 0.6
I (mA) I (mA) I (mA)

Fig. 3. Current-dependent nonreciprocal transport in the CsV3Sbs circular disk. (a) First-harmonic voltage measured on the right (black) and left
(red) sides as a function of current amplitude at 5 K and 0 T. The linear dependence indicates a negligible change in the transport properties under
different current amplitudes. (b) Second harmonic voltage as a function of the current amplitude at 5 K, 9 T. The quadratic dependence confirms the
intrinsic nonlinear origin of the nonreciprocal signal. The sign of the nonreciprocal voltage is different on the right side and left side. The data in
(a) and (b) were measured at 0°. (c) Second-harmonic voltage versus current amplitude for different current directions. All curves display quadratic
scaling and opposite polarities on the two sides, further demonstrating the reliability of the anisotropic nonreciprocal transport.

Considering the origin of the nonreciprocal resistance
in CsV3Sbs, the non-uniform current distribution and chiral
loop phase are both crucial for the detection of the nonrecip-
rocal resistance. Thus, the absence of either feature should
make the B3-related nonreciprocal resistance vanish. To ver-
ify the CDW origin of the cubic nonreciprocal response, we
compare the nonreciprocal resistance in the CsV3Sbs sample

and a Ta-doped CsV; gTag ,Sbs circular disk device. The Ta-
doping restrains the CDW phase in CsV3Sbs,[*°! and the cor-
responding chiral loop phase should also be suppressed. Fig-
ures 4(a) and 4(c) illustrate the temperature-dependent resis-
tance and the differential resistance with respect to the tem-
perature (dR/dT) for the CsV3Sbs device measured above
(Fig. 4(a)) and a CsV;gTap»Sbs (Fig. 4(c)) circular disk de-
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vice. The R-T curve in the CsV3Sbs sample shows a kink,
and the dR/dT rises sharply at around 82 K, indicating the
CDW transition. For the CsV; gTag »Sbs sample, however, no
obvious CDW transition can be seen in the entire temperature
range, suggesting the complete suppression of a long-range
CDW phase. Figures 4(b) and 4(d) show the nonreciprocal
coefficient as a function of the magnetic field at 5 K for two
samples. The nonreciprocal coefficient y for the CsV3Sbs cir-
cular disk displays a quadratic relation with the magnetic field,
consistent with the B3-related nonreciprocal resistance. And
opposite signs can be seen along the right and left sides of the
current. However, for the CsV; gTag,»Sbs circular disk, the
nonreciprocal coefficient is significantly different from that of
CsV3Sbs. The nonreciprocal coefficient shows no evolution
under magnetic fields. The B-linear nonreciprocal resistance
in an inversion-symmetry-preserved system is most likely a
thermoelectric contribution. The joule heating from the source
and drain electrodes results in a high temperature spot on the
edge and a low temperature spot in the middle of the sample,
thus inducing a Nernst-like field-antisymmetric nonrecipro-
cal signal in the longitudinal direction.*3! With these results,
we confirm that the B3-related nonreciprocal resistance in the
CsV3Sbs circular disk is closely related to the CDW and chi-
ral loop phase. When the CDW was suppressed, the B3-related
nonreciprocal resistance also vanished.

2.5 7 2.5
CsV3Sbs Tepw=82K(2 — CsV35Tag2Sbs 2
2.0 ! i 2.0 £
- : CN g
c 15 15 G115 15
3 G g
& 1.0 i &~ =10 :
I
o
I 0 < 0
0.5 ! I~ 0.5 =
| © el
|
20 40 60 80 100120 140 20 40 60 80 100 120 140
T (K) T (K)
0.2 — Right
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- 01 ------ Linear fitting
; A
< <
T 7 0
3 2
< ©—0.1
[ S S (R
B (T) B (T)

Fig. 4. CDW transition-dependent nonreciprocal transport in the
CsV3Sbs series. (a) Temperature-dependent resistance and the cor-
responding differential resistance with respect to the temperature
(dR/dT) of the undoped CsV3Sbs sample measured above. The kink
in the R-T curve and a sharp peak in the dR/dT indicate the CDW tran-
sition in CsV3Sbs at 82 K. (b) Magnetic field dependence of the non-
reciprocal coefficient y for CsV3Sbs. A quadric field-dependence with
opposite signs on the left and right sides can be seen. (c) Temperature-
dependent resistance and the corresponding differential resistance with
respect to the temperature of the Ta-doped CsV; g Tag 2 Sbs circular disk
sample. No CDW transition is seen in either the R-T curve or the
dR/dT curve, suggesting the suppression of the CDW phase under Ta-
doping. (d) Magnetic-field dependence of the nonreciprocal coefficient
v for CsV; gTap2Sbs. No obvious evolution of the nonreciprocal coef-
ficient under the magnetic field is present, distinct from the behavior of
the undoped CsV3Sbs sample.

4. Conclusion

In conclusion, we fabricated the kagome superconductor
CsV;Sbs circular disk device and found a B3-scaled nonrecip-
rocal resistance. We developed a theoretical model to under-
stand the contributions of nonuniform current distribution and
the chiral loop phase to the B3-scaled nonreciprocal resistance.
Due to the symmetry-breaking induced by the development of
the CDW phase and chiral loop current, the nonreciprocal re-
sistance shows a two-fold symmetry consistent with the crys-
tal axes of the CsV3Sbs. Furthermore, for Ta-doped CsV3Sbs,
the suppression of the CDW phase leads to the vanishing of
the B>-dependent nonreciprocal resistance. With these results,
we highlight the importance of the chiral loop phase to the
nonreciprocal transport in the CsV3Sbs system.
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