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Abstract

Nonreciprocal charge transport phenomena are widely studied in

two-dimensional superconductors, which demonstrates unidirectional-

anisotropy behaviors as a result of symmetry breaking. Here, we report

a strongly nonreciprocal transport phenomenon in superconducting

CsV3Sb5 thin flakes. The second harmonic voltages, mainly originates

from the rectification effect of vortex motion, is unambiguously devel-

oped with in-plane and out-of-plane magnetic fields, and its magnitude

is comparable to that in noncentrosymmetric superconductors. The sec-

ond harmonic magnetoresistance splits into several peaks and some of

them reverse their sign by ramping the magnetic field or current within

the superconducting transition. The vortex dynamics for the specifi-

cally nonreciprocal transport phenomenon is dominated by an uncon-

ventional superconductivity pairing symmetry, providing a promising

path to explore the possible topological superconductivity in CsV3Sb5.

Introduction

Nonreciprocal charge transport phenomenon is called as magnetochiral
anisotropy[1] or unidirectional magnetoresistance[2] resulting from the spin-
orbit interaction or time reversal symmetry breaking, which can modulate the
energy dispersion causing the unequal electron energy for opposite momentum
k and −k or spin ↑ and ↓[3]. Based on this phenomenon, various devices such
as rectifiers, alternating-direct-current converters, and photodetectors can be
engineered for widely potential applications[4–7]. In superconductors, the non-
reciprocal signal is usually remarkably enhanced in superconducting state by
several orders of magnitude due to the large energy scale difference between
Fermi energy and superconducting energy gap[9, 14–16], for which the nonre-
ciprocal transport measurement is related with the chirality of supercurrent
or Cooper pairs. Up to now, the nonreciprocal transport measurement has be
found in various superconductors such as the noncentrosymmetric MoS2[8, 9],
NbSe2[6], and Nb/V/Ta superlattice[10], the polar superconductor SrTiO3[11],
and the artificially engineered MoGe superconducting thin flims[13], which are
basically related to symmetry breaking in structure, electronic states or even
anisotropic friction forces on vortex flowing. On the other hand, the intrin-
sic vortex motion behavior which is correlated with the superconducting gap
symmetry can also contribute to the nonreciprocity[9], and such nonreciprocal
transport phenomenon has been observed in the topological superconduct-
ing heterostructure of Bi2Te3/FeTe as well[12]. Thus, these nonreciprocal
responses can be used as a probe to detect the chirality in an anisotropic
superconducting states.
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Recently, a series of newly discovered kagome metal AV3Sb5(A = K, Rb,
Cs) [17] has absorbed increasingly more attentions, due to the unique coexis-
tence of topological states, charge density wave (CDW), and multi-band super-
conductivity. Bulk CsV3Sb5 undergoes a superconducting transition with onset
temperature of 3.5 K and fruitful results reveal an unconventional supercon-
ducting order parameter, although it is still under debate on the exact pairing
symmetry [18–30]. Up to now, various experiments have been carried out to
understand the superconductivity gap symmetry of AV3Sb5, including the
thermal conductivity[23], scanning tunneling spectroscopy measurements[24],
and penetration length measurements[25], however, these results provided con-
tradictory conclusions of gap symmetry. Particularly, a two fold symmetry
on critical magnetic field (Bc)[26, 27] and van Hove singularity[28] demon-
strates anisotropic order parameter and nematic order. The chiral flux phase
was then proposed theoretically[31] and experimently[32]. Since the super-
conductivity may interplay with CDW, the formation of CDW should be
taken into account as well. For CsV3Sb5, the study of CDW and its topo-
logical properties has been made great progress[33–39]. For instance, the
observation of chiral CDW provides a possible mechanism for unconventional
superconductivity[29] which induced a pair density wave phase below super-
conducting transition[40, 41]. Nevertheless, by applying pressure, an unusual
relationship of two superconducting domes were found inside and outside
the CDW phase, respectively[42–46], raising an objection to the competition
between CDW and superconductivity. For the band structures, CsV3Sb5 is also
a Z2 topological metal that the Dirac line located between K and H points
and the topological surface state was confirmed by angle resolved photon elec-
tron spectroscopy (ARPES)[17, 47]. Under CDW state, the anomalous Hall
effect occured due to the symmetry breaking of the band structures[48–50]. To
explore these issues, one of the most promising path is to investigate the pos-
sible chirality of Cooper pairs and vortex dynamics, which has not yet been
reported.

Here, we applied electrical transport measurements to study the nonre-
ciprocal charge transport in mechanically exfoliated CsV3Sb5 thin flakes. As
reducing the thickness, the superconducting transition temperature (Tc) is
firstly enhanced and then suppressed, which competes with critical temper-
ature of CDW. The nonreciprocal charge transport was observed when the
magnetic field was aligned along both ab-plane and c-axis. Its coefficient γ
reveals a maximum of about 8000 T-1A-1. The second harmonic magnetoresis-
tance splits into several peaks and some of them reverse their sign by ramping
the magnetic field or current, suggesting a tunable rectification effect. Our
results reveal detailed information about the chirality and vortex dynamics.
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Results and disscusion

Sample characterization

CsV3Sb5 is a layered material with a V kagome lattice located in the middle
of the unit cell as shown in Fig. 1(a). Thanks to the weakly bonding strength
between Cs and Sb atoms, atomically thin crystal can be observed by the
mechanical exfoliation method. Thin flakes were covered by a few layers of
BN, and then transferred onto the pre-patterned gold leads as shown in Fig.
1(b). Before the nonreciprocity measurements, we first examined the basic
superconductivity properties in thin crystals as it depends on the thickness.
The onset Tc of bulk crystal was 3.5 K in Fig. 1(c), while an enhancement of
onset Tc is up to 4.25 K for 80-nm-thick sample, and followed by a decrease
in Tc to 2.5 K for the 10-nm-thick one. The nonmonotonically evolution of Tc

with reducing layers may be correlated to the competition with CDW order
as the transition temperature is reduced to 77 K in 80-nm-thick sample. This
phenomenon has been well discussed in recent reports [51, 52], in which the
surface oxidation was suggested as the origin to induce carrier doping and
modify the Tc [52], which may induce uncertainty on the superconductivity
from the sample fabrication process. In our present work, however, a layer of
BN was covered onto the thin flakes to avoid oxidation, and the Tc is basically
related with the thickness. We focus on the samples with the highest Tc of
4.25 K (80 nm in thickness) to study the vortex dynamics and the chirality of
superconductivity from the nonreciprocal charge transport by probing second
harmonic response.

Nonreciprocal magnetoresistance

The first and second harmonic voltages (V ω and V 2ω) were detected using lock-
in amplifier. According to the definition of nonreciprocity, the total voltage
V can be considered as V = V ω + V 2ω = V ω (1 + γBI), where, the coeffi-
cient γ is equal to 2V 2ω/V ωBI. Since the electronic structure of CsV3Sb5 is
quasi-two-dimensional, the nonreciprocal response could be anisotropic from
in-plane to out-of-plane. We then measured and calculated the temperature
dependence of the first and the second harmonic resistance (Rω

xx = V ω/I0 and
R2ω

xx = V 2ω/I0) simultaneously for both B//ab-plane and B//c-axis cases as
shown in Fig. 2(a) and (b). At low magnetic field limit for B//ab-plane case,
the nonreciprocal resistance immediately develops when Rxx starts to decrease
as marked in green dashed line. On the other hand, the R2ω

xx disappears at high
magnetic field limit. Similar behavior is observed for B//c-axis case as well.
For the magnetic field dependence resistance with B//ab-plane as shown in
Fig. 1(d), several times of sign reversal appear at the R2ω

xx-B curves, which will
be discussed in detail below. It should be noted that the nonreciprocal mag-
netoresistance exists just accompanying with superconductivity transition but
far below the transition temperature of CDW, thus, we focus on investigation
between nonreciprocal magnetoresistance and superconductivity.
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Fig. 1 Characterization of superconductivity. (a) Crystal structure of CsV3Sb5. (b)
Optical image of a sample covered with h-BN. (c) Normalized resistance as a function of
temperature with different thickness. (d) Temperature dependence of Hall resistance (red)
and differential resistance (blue) of a 80-nm-thick sample. Here the resistance is measured
under direct current.

Generally, the superconducting transition of the type-II superconductor
consists of two regions which are separated by a mean field transition tempera-
ture Tm

c [11, 12]. The Tm
c can be determined as shown in Fig. 2(c) by using the

Aslamazov-Larkin term σ2D = A(T − Tm
c )−1, where σ2D is the 2D conductiv-

ity and A is fitting parameter. Thus, we can confirm the Tm
c is about 4.00 K.

Above the Tm
c , the transport properties are dominated by the amplitude fluc-

tuation of order parameters which cause a paraconductivity state. While below
the Tm

c , a phase fluctuation generates vortices motion which takes charge of the
transport properties. It should be noted that the resistance is still nonzero until
about 3.45 K due to the process of current-driven vortex motion, below which,
the vortices are frozen as vortex solid state (or vortex lattice for the type-
II superconductors) and the system is in superconductivity state completely.
Meanwhile, the temperature dependent R2ω

xx curve demonstrates four charac-
teristic regions as well, namely, normal state, paraconductivity, vortex motion,
and vortex solid states, being consistent with those of the Rω

xx − T curve.
For the magnetoresistance measurements, the Rω

xx reveals a typical magnetic
field dependent behavior as shown in Fig. 2(d). While the R2ω

xx curve demon-
strates antisymmetric to the magnetic field, namely, a typical characteristic of
nonreciporcity.

To explore the magnetochiral properties correlated with the superconduc-
tivity, we investigated the magnetic field and temperature dependent R2ω

xx.
Figure 3(a) and (b) shows the magneto R2ω

xx in different temperatures under
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Fig. 2 Anisotropic nonreciprocal magnetoresistance. (a) (b) R − T curves of first
(top) and second (bottom) harmonic signal under B applied along the ab-plane and the c-
axis, respectively. The dashed line is the guideline of onset temperature of second harmonic
signal. (c) The transition regions for R2ω

xx − T curve under B = 0.1 T. Red dashed line is
the Aslamazov-Larkin fitting curve of paraconductivity contribution. (d) The R2ω

xx −B and
Rω

xx −B curves at 3.8 K, where B is applied within the ab-plane.

magnetic fields along ab-plane and c-axis, respectively. We also draw phase
diagrams of R2ω

xx with respect to magnetic field and temperature as given
in Fig. 3(c) and (d), respectively. The dashed lines are the contours of first
harmonic resistance Rω

xx at zero resistance 0RN , half of the normal state resis-
tance (0.5RN ), 0.75RN , and the onset of transition. When the magnetic field
is within the ab-plane, the nonreciprocal magnetotransport basically locates at
the region between the contours of 0RN and 0.5RN . As the field is along the
c-axis, the nonreciprocal magnetotransport occurs mostly between 0RN and
0.5RN , but also exists between 0.5RN and 0.75RN . Therefore, the nonrecip-
rocal response basically occurs at the vortex flow regions, indicating that the
vortex motion could be the domination.

On the other hand, the R2ω
xx under in-plane field is larger than that along

the c-axis, suggesting an anisotropic nonreciprocal magnetotransport. Since
the crystal is in a quasi-two-dimensional structure, which should effect on
the vortex motion as well, owing to the induced ratchet effect by asymmetric
potential on vortex pinning sites. We then examined the coherence lengths to
estimate the size of the vortex from the anisotropic upper critical field Bc (at
R = 0.99RN ). According to the Ginzburg-Landau theory[53], the in-plane and
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Fig. 3 The magnetic field and temperature dependence of R2ω
xx. (a) and (b) are

the second harmonic magnetoresistance with the magnetic field applied along the ab-plane
and the c-axis at different temperatures. (c) and (d) are the color mapping plot of (a) and
(b), respectively. The dashed lines are the contours of first harmonic resistance Rω of zero
resistance, half of the normal state resistance (0.5RN ), 0.75RN and onset of transition.

out-of-plane coherence lengths are ξ2ab =
Φ0

2πµ0B2
c

and ξ2c = Φ0

2πµ0

√
Bc

c
Bab

c

, which

are given in Fig.4 (a), where Φ0 is flux quanta. Thus, the anisotropic factor
can be estimated as λ = ξc/ξab (=8.16 at 1.8 K), indicating a weak anisotropy.
Meanwhile, the thickness of the sample is comparable to the diameter of vortex
of 2ξab and 2ξc. Once B//ab-plane, the pinning potential will be considerably
large along the c-axis, resulting in pronouncedly enhanced R2ω

xx. Consequently,
the vortex motion plays an important role on the magnetochiral properties by
the asymmetric potential on vortex pinning sites.

Moreover, several specific series of peaks are observed other than one main
peak as predicted by the theory of vortex ratchet effect[14]. Particularly, four
series can be identified when B//ab-plane and much more series exist in B//c-
axis case. The locations of each series of peaks seem almost independent of
the magnetic field, in other words, being correlated with a certain number of
vortices. We select three series of major peaks in Fig. 3(a) to estimate the γ

value as γ = 2V 2ω

V ωBI , and plot temperature dependent γ in Fig. 4(b). These
three peaks coexist near 2.8 K and the magnitude of these peaks is compa-
rable in the order of several mΩ, while the coefficient γ varied from about 5
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Fig. 4 Coherence lengthes and nonlinear coefficient. (a) Critical field and coherence
length are extracted for B//ab-plane and B//c-axis cases. Black dotted line shows the

thickness of the sample. (b) The nonlinear coefficient γ = 2V
2ω

V ωBI
is calculated from several

series of peaks.

T-1A-1 to near 8000 T-1A-1 for low-H peaks and high-H peaks, respectively. It
is reasonable that the magnetic field weakens the pinning potential. The tem-
perature plays a similar role as all these coefficient decrease with temperature.

To compare with other systems, the values of 2V 2ω

V ωj , where j is the current den-

sity, are also estimated as up to about 10−11m2A−1. We then conclude that
the ratchet effect is considerably remarkable in CsV3Sb5, comparable to the
noncentrosymmetric 2D materials such as MoS2 and NbSe2.

In addition, above the contour of R = 0.5RN , R2ω
xx decays gradually to zero

because the magnetic field diminishes the pinning potentials and the vortices
moves freely as ”vortex liquid”. Above the contour of R = 0.75RN , the free
flow regions continuously evolved into the amplitude fluctuation region and
nonreciprocity almost disappears as demonstrated in Fig. 3(a) and 3(b).

Current dependent nonreciprocity

We then focus on the current dependence of the nonreciprocity, which should
follow the relation of R2ω

xx ∼ γBI. The phase diagrams of the first and the
second harmonic signals are plotted in Fig. 5(a) and (b), respectively. The effect
of current on R2ω

xx is similar to the effect of temperature as it suppresses the
superconductivity and reduces the region of R2ω

xx. Meanwhile, several series of
peaks and the corresponding sign reversals are observed as well. The maximum
of the second harmonic resistance is extracted as a function of current as given
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Fig. 5 Current dependence of nonreciprocity. (a) (b) Color mapping of the R2ω
xx

as a function of magnetic field and current. The dashed lines are the contours of first
harmonic resistance Rω

xx of 0RN , 0.5RN , 0.75RN and onset of transition. (c) Current depen-
dence of the maximum second harmonic resistance for B//ab-plane and B//c-axis. (d) The

corresponding coefficient γ as estimated by γ = 2V
2ω

V ωBI
.

in Fig. 5(c), where the linear relation at current lower than 0.2 mA is verified
for both B//ab-plane and B//c-axis cases. When applying larger current, the
signal starts to reduce because of the suppression of rectification effect of
vortex motion by the relative weakening of the pinning potentials [6, 11]. The
current dependence of coefficient γ of these maximum peaks behaves differently
as shown in Fig. 5(d), which drops exponentially as increasing the current
when B//ab-plane, while no obvious tendency can be observed for B//c-axis,
possibly owing to the definition of the maximum peaks for different series of
peaks. It should be noted that the nonreciprocity can be modified by current
as those of B and T , providing a promising application as superconducting
diodes.

Disscusion

We have carefully investigated the nonreciprocity under the dissipative state of
superconductors. Up to now, several explanations of such nonreciprocity phe-
nomenon have been proposed on superconducting SrTiO3[11], PbTaSe2[54],
Bi2Te3/FeTe interface[12], and NbN thin films[55], which can be basically
attributed to the current-driven ratchet effect of vortex from the asymmetric
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pinning potential. One possibility is that the vortex liquid state and thermal
activated vortex state may contribute to the response with opposite sign[6].
Nevertheless, one can only observe an individual nonreciprocity peak within
the R − B curves, but not multi-peak in our present results. Another mecha-
nism is the oscillatory magnetoresistance and nernst effect when the vortices
match the lattice constant or artificial structured pinning sites, resulting in the
modulation of condensing energy[13, 56–58]. However, it seems unlikely as the
mechanism for our results, because an expected symmetric component for the
magnetoresistance is absent in the R−B curves. Therefore, the appearance of
series of nonreciprocity peaks suggests an intrinsic symmetry breaking on the
vortex dynamics.

For the spontaneous symmetry breaking, nonreciprocity may correlate to
the band structure, for which Hoshino et.al. proposed the possible mechanisms
[14] in noncentrosymmetric crystal structures and interfaces such as Rashba
superconductor, and topological surface state with superconducting proximity
effect. For the intrinsic asymmetry like spin orbital effects and time reversal
symmetry breaking, an asymmetric energy dispersion relation can be induced
as E (s, k) 6= E (s,−k) and E (s, k) 6= E (−s,−k). In bulk CsV3Sb5, the
Rashba spin orbital interactions is not supposed to exist as the crystal struc-
ture is centrosymmetric, although the nematicity[59] and chiral CDW reduce
the symmetry of the system[29, 48]. A recent study of Raman spectrum in
CsV3Sb5 thin films revealed an intrinsic instability of crystalline structure[60],
which may reduce the symmetry and modify its electronic structure[61], pro-
viding a possibility to induce nonreciprocity. For the present results, however,
the samples are in single-crystalline and well protected by BN, the degradation
of crystalline can be basically avoided.

Another possible origin for spontaneously symmetric breaking is from the
topological superconductivity state. As a topological superconductor, the wave
function should keep a nontrivial topological nature and the pair potential
demonstrates anisotropic, namely, a spinless p-wave superconductor [62]. The
gap function of the p-wave superconductor corresponds to ∆p = ∆0|cos(θ)|,
indicating a strongly anisotropic two-fold symmetry. Previously, the nonrecip-
rocal transport has been comprehensively studied on the interfacial systems
of Bi2Te3/FeTe [12] and LaAlO3/SrTiO3 [11], which were attributed to inver-
sion symmetry breaking by the topological superconductivity in the interface.
Although, the superconductivity gap symmetry of AV3Sb5 family is still an
open question as discussed in the Introduction part, the ARPES and first
principles calculations[17, 18, 28, 47] indicate the existence of topological
bands and surface states, and a quite recent work reported an observation of
two-fold symmetry on the c-axis resistivity under in-plane rotation of mag-
netic field [27], which breaks the six-fold lattice symmetry. Therefore, our
nonreciprocal transport phenomenon should be a promising probe to reflect
the anisotropic nature of the unconventional superconductivity state, even a
topological superconductivity state in CsV3Sb5.
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Summary

We have investigated the nonreciprocal transport in superconducting CsV3Sb5
flakes. With reducing the crystals thickness, we found that the supercon-
ductivity is firstly enhanced and then suppressed by accompanying with the
competition with CDW. Strongly nonreciprocal signal can be detected when
superconductivity occurs, whose strength is comparable to the artificially
structured or noncentrosymmetric superconductors. The second harmonic
resistance can be observed as the magnetic field along both the ab-plane and
the c-axis, which can be basically attributed to the vortex ratchet motion. The
nonreciprocal signal with respect to magnetic fields splits into several series
of peaks which are asymmetric with magnetic fields. The nonreciprocity in
paraconductivity region can reflect the intrinsic properties of superconductiv-
ity. We suggest topological bands and surface states which break the inversion
symmetry may induce the magnetochirality in the CsV3Sb5 superconductor.

Methods

Crystal growth

High-quality single crystal were synthesized by Sb flux method and described
in previous work[46].

Device fabrication

The thin crystals of CsV3Sb5 were prepared by mechanical exfoliation from
bulk crystal and transferred on pre-patterned SiO2(300 nm)/Si substrate using
polydimethylsiloxane (PDMS) stamps in a laboratory-made vacuum transfer
system. The pre-patterned leads were fabricated by standard photolithography
method using Photoresist (AZ5214) and subsequent deposition of Ti/Au (5
nm/20 nm) by magnetron sputtering. Some of the sample was then covered
by a h-BN capping layer for further degradation. The thickness of the sample
were confirmed by AFM after transport measurement.

Transport measurements

The transport measurement was carried out in PPMS. The four-terminal DC
and AC signal was measured by set of Keithley 2400 and 2182a and set of
Keithley 6221 and OE1022 lock-in amplifier, respectively. The first and second
harmonic resistance were defined as Rω = V ω/I0 and R2ω = V 2ω/I0, where I0
is the amplitude of the AC current applied and V ω and V 2ω are the amplitude
of first and second harmonic voltage. The current frequency was set to be 113
Hz to lower the noise and the phase of second harmonic signal was set as π/2.
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