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Nonreciprocal charge transport phenomena are widely studied in two-dimensional superconductors, which demonstrate
unidirectional-anisotropy magnetoresistances as a result of symmetry breaking. Here, we report a strong nonreciprocal transport
phenomenon in superconducting CsV3Sbs thin flakes. The second harmonic voltages, mainly originating from the rectification
effect of vortex motion, are unambiguously developed with in-plane and out-of-plane magnetic fields, and their magnitudes are
comparable to those in noncentrosymmetric superconductors. The second harmonic magnetoresistances split into several peaks
and some of them reverse their signs by ramping the magnetic field or the current within the superconducting transition. The
nonreciprocity suggests a strong asymmetry in CsV3Sbs. The centrosymmetric structure and symmetric electronic phases in CsV3Sbs
can hardly induce the distinct nonreciprocal transport phenomenon, which could be correlated to a symmetry breaking from an

unconventional superconducting order parameter symmetry.
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INTRODUCTION

The nonreciprocal charge transport phenomenon, also called
magnetochiral anisotropy’ or unidirectional magnetoresistance?,
results from inversion and time-reversal symmetry breaking that
can modulate the energy dispersion with unequal electron energies
of opposite momentum k and —k or spin s and —s>. Based on this
phenomenon, a wide range of potential applications such as
rectifiers, alternating-direct-current converters, and photodetectors
could be engineered*”’. In superconductors, the nonreciprocal
signal can be considerably enhanced in the superconducting state
by several orders of magnitude due to the significant difference
between Fermi energy and superconducting energy gaps®'°, for
which the nonreciprocal transport is related to the chirality of
supercurrent or Cooper pairs. Up to now, nonreciprocal transport
measurements have been performed in various superconductors
such as the noncentrosymmetric MoS,%'", NbSe,®, Nb/V/Ta super-
lattice’?, the polar superconductor SrTiO;'3, and the artificially
engineered MoGe superconducting thin films', all of which are
basically related to the symmetry breaking in structures, electronic
states, or even anisotropic friction forces on vortex flowing. On the
other hand, the intrinsic vortex motion behavior correlated with the
superconducting gap symmetry can also contribute to the
nonreciprocity®. In addition, such nonreciprocal transport phenom-
enon has been observed in the topological superconducting
heterostructure of Bi,Tes/FeTe'>. Thus, these nonreciprocal
responses can be studied as a probe to detect the chirality in an
anisotropic superconducting states.

Recently, a series of kagome metals AV3Sbs(A = K, Rb, Cs)'® have
attracted increasing attentions with the unique coexistence of
topological states, charge density wave (CDW), and multi-band

superconductivity. Among these crystals, CsV3Sbs reveals the
highest of 25K'"”. Up to now, fruitful experiments have been
actualized to understand the superconducting gap symmetry of
CsV;Sbs, including thermal conductivity'®, scanning tunneling
spectroscopy measurements'®, and penetration length measure-
ments?°, However, these results provided contradictory conclu-
sions on the gap symmetry’’~3'. On the other hand, since the
superconductivity coexists with CDW, their interplay should be
also taken into account. The investigation of these two
competitive orders is one of research focuses in CsV3Sbs super-
conductor®>-38, For instance, the observation of chiral CDW
provides a possible mechanism for unconventional superconduc-
tivity?®, which induces a pair density wave phase below the
superconducting transition temperature3>4°. Nevertheless, by
applying high pressure, an unusual observation of two super-
conducting domes was found inside and outside the CDW
phase*' =, indicating the competition between CDW and super-
conductivity. In addition, CsV5Sbs is also a Z, topological metal in
which the Dirac line locates between K and H points, and the
topological surface states were confirmed by the angle-resolved
photon electron spectroscopy (ARPES)'%4¢. Moreover, evidence of
anomalous Hall effect has been observed in the CDW state, which
was attributed to the symmetry breaking of the band struc-
tures?’*°, To address these issues, one of the most promising
paths is investigating the possible chirality of Cooper pairs and
vortex dynamics, which has not yet been reported.

Here, we report the study of the nonreciprocal charge
transport of mechanically exfoliated CsV3Sbs thin flakes. As
reducing the thickness, the superconducting transition tem-
perature (T,) is firstly enhanced but then suppressed, competing

'School of Physical Science and Technology, ShanghaiTech University, Shanghai 201210, China. 2ShanghaiTech Laboratory for Topological Physics, ShanghaiTech
University, Shanghai 201210, China. 3Shanghai Key Laboratory of High-resolution Electron Microscopy, ShanghaiTech University, Shanghai 201210, China. “Research Center for
Functional Materials, National Institute for Materials Science, Tsukuba 305-0044, Japan. °International Center for Materials Nanoarchitectonics, National Institute for Materials
Science, Tsukuba 305-0044, Japan. ®State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Microsystem and Information Technology, Chinese
Academy of Sciences, 865 Changning Road, Shanghai 200050, China. “Wuhan National High Magnetic Field Center, Huazhong University of Science & Technology, Wuhan
430074, China. ®These authors contributed equally: Yueshen Wu, Qi Wang. ®email: wuysh@shanghaitech.edu.cn; giyp@shanghaitech.edu.cn; lijun3@shanghaitech.edu.cn

Published in partnership with Nanjing University

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-022-00516-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-022-00516-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-022-00516-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41535-022-00516-9&domain=pdf
http://orcid.org/0000-0001-9462-2289
http://orcid.org/0000-0001-9462-2289
http://orcid.org/0000-0001-9462-2289
http://orcid.org/0000-0001-9462-2289
http://orcid.org/0000-0001-9462-2289
http://orcid.org/0000-0002-1973-3736
http://orcid.org/0000-0002-1973-3736
http://orcid.org/0000-0002-1973-3736
http://orcid.org/0000-0002-1973-3736
http://orcid.org/0000-0002-1973-3736
http://orcid.org/0000-0002-8564-0415
http://orcid.org/0000-0002-8564-0415
http://orcid.org/0000-0002-8564-0415
http://orcid.org/0000-0002-8564-0415
http://orcid.org/0000-0002-8564-0415
http://orcid.org/0000-0003-2722-1375
http://orcid.org/0000-0003-2722-1375
http://orcid.org/0000-0003-2722-1375
http://orcid.org/0000-0003-2722-1375
http://orcid.org/0000-0003-2722-1375
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0003-3701-8119
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-1467-3105
http://orcid.org/0000-0002-6928-1256
http://orcid.org/0000-0002-6928-1256
http://orcid.org/0000-0002-6928-1256
http://orcid.org/0000-0002-6928-1256
http://orcid.org/0000-0002-6928-1256
https://doi.org/10.1038/s41535-022-00516-9
mailto:wuysh@shanghaitech.edu.cn
mailto:qiyp@shanghaitech.edu.cn
mailto:lijun3@shanghaitech.edu.cn
www.nature.com/npjquantmats

Y. Wu et al.

c 1.0F
10 nm
xx
Ex 15 nm
x0.5F
0.0

3
T(K)

Characterization of superconductivity. a Crystal structure of CsV3Sbs. b Optical image of a sample covered with h-BN. Scale bar:
20 pm. ¢ 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 under H=2T. Here the resistance is measured with direct current.

Fig. 1

with the emergence of CDW. The nonreciprocal charge transport
is observed when the magnetic field is aligned both within the
ab-plane and along the c-axis. The second harmonic magne-
toresistance splits into several peaks and reverses their signs by
ramping the magnetic field or the current, suggesting a tunable
rectification effect. Our results reveal detailed information about
the chirality and vortex dynamics.

RESULTS
Sample characterization

CsV3Sbs is a layered material with a V-kagome lattice located in
the middle of the unit cell shown in Fig. 1a. Thanks to the weakly
bonding strength between Cs and Sb atoms, atomically thin
crystals can be obtained by the mechanical exfoliation method.
Thin flakes were covered by few-layer BN, and then transferred
onto the pre-patterned gold leads as shown in Fig. 1b. Before the
nonreciprocity measurements, we first examined the onset and
zero resistance Tcs, and their thickness dependence is shown in
Fig. 1c. The onset T. of bulk crystal is 3.5K, and the T, can be
enhanced up to 4.25K by shrinking the thickness of the crystal
into 80 nm, followed by a decrease in T, to 2.5K for the 10-nm-
thick one. The T, of zero-resistance behaves the similarly behavior.
The nonmonotonically evolution of T. with reducing layers may
be correlated to the competition with CDW order. Particularly, in
the 80-nm-thick sample, the transition temperature of CDW is
reduced to 77 K, which can be confirmed by both Hall resistances
and dR/dT as shown in Fig. 1d. This phenomenon has been well
discussed in recent reports®®>', in which the surface oxidation
that occurred during the sample fabrication process was
atrributed to additional carrier doping and T. modification®. In
our present work, however, a piece of BN was covered onto the
thin flakes to avoid oxidation, the T is generally related to the
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thickness, we can hardly ascribe to the sample degradation. Here,
we focus on the samples with T. of above 4K (a 45-nm-thick
device in the manuscript and others in Supplementary Figs. 1 and
2) to study the vortex dynamics and the chirality of super-
conductivity from the nonreciprocal charge transport by probing
the second harmonic response.

Nonreciprocal magnetoresistance

The first and second harmonic voltages (V¥ and V) were
detected using lock-in amplifier. According to the definition of
nonreciprocity, the total voltage V can be considered as
V = V¥ 4+ V2 = V(1 +yBI), where, the coefficient y is equal to
2V2%/V“BJ. Since the electronic structure of CsV5Sbs 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 resistances (RY, = V*/ly and RX = V?*/l;) simulta-
neously for both B//ab-plane and B//c-axis cases as shown
in Fig. 2a, b. At low magnetic field limit for B//ab-plane case, the
nonreciprocal resistance immediately develops when R,, starts to
decrease as marked in the green dashed line. On the other hand,
the R2 disappears at high magnetic field limit. Similar behavior is
observed for B//c-axis case as well. Another important feature is
that several times of sign reversals appear at both R2-T and
R2%-B curves, which will be discussed in detail below. It should be
noted that the nonreciprocal magnetoresistance is detected just
within the superconductivity transition region. Thus, we focus on
the investigation between nonreciprocal magnetoresistance and
superconductivity.

Generally, the superconducting transition of the type-Il super-
conductor consists of two regions, separated by a mean-field
transition temperature T"'3'5. The T can be determined as
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Fig.2 Anisotropic nonreciprocal magnetoresistance of a 45-nm-thick sample. 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. Scale bar: 2 mQ. The dashed line is the guideline of onset temperature
of second harmonic signal. ¢ The transition regions for R2® — T curve under B= 0.1 T. Red dashed line is the Aslamazov-Larkin fitting curve of
paraconductivity contribution. d The R% — B and R — B curves at 3.8 K, where B is applied within the ab-plane.

shown in Fig. 2c by using the Aslamazov-Larkin term
o =A(T — TL“)_1, where o,p is the two-dimensional conductiv-
ity and A is a fitting parameter. Thus, we can confirm the T is
about 4.00K. Above the T, the transport properties are
dominated by the amplitude fluctuation of order parameters
which causes a paraconductivity state. Below the T7', a phase
fluctuation generates vortices motion, which takes charge of the
transport properties. It is worth noting that the resistance is still
nonzero until about 3.45 K due to the current-driven vortex
motion. Below 3.45 K, the vortices are frozen as the vortex solid
state (or vortex lattice for the type-Il superconductors) and the
system is in superconductivity state completely. Meanwhile, the
temperature-dependent R2% curve demonstrates four character-
istic regions as well, namely, normal state, paraconductivity, vortex
motion, and vortex solid state according to those of the Ry, — T
curve. For the magnetoresistance measurements, the RY reveals a
typical magnetic-field-dependent behavior as shown in Fig. 2d,
while the RZ curve demonstrates antisymmetric to the magnetic
field, namely, a typical characteristic of nonreciprocity.

To explore the magnetochiral properties correlated with the
superconductivity, we investigated the field- and temperature-
dependent R2“. Figure 3a, b show the R2 — B curves in different
temperatures under magnetic fields in the ab-plane and along the
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c-axis, respectively. The phase diagrams of Rix“’ with respect to the
magnetic field and the temperature are shown in Fig. 3¢, d,
respectively. The dashed lines are the contours of the first
harmonic resistance R, at zero resistance ORy, half of the normal
state resistance (0.5Ry), three-quarters of the normal state
resistance (0.75Ry), and the onset of transition. The nonreciprocal
magnetotransport mainly locates at the region between the
contours of ORy and 0.5Ry when the field is in the ab-plane and
along the c-axis. Therefore, the nonreciprocal response basically
occurs at the vortex flow regions, indicating that the vortex
motion could be the domination. Above the contour of R = 0.5Ry,
R2“ decays gradually because the magnetic field diminishes the
pinning potentials and the vortices move more freely. Above the
contour of R=0.75Ry, the free flow regions continuously evolved
into the amplitude fluctuation region and nonreciprocity is almost
indiscernible as demonstrated in Fig. 3a, b. However, the Rﬁ)‘(" did
not disappear until R reaches 0.95Ry (Fig. 2d) at 3.8 K, where the
contribution of amplitude fluctuation of order parameter may not
be neglected.

On the other hand, the RZ 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, anisotropic superconducting properties should also
affect the vortex motion. We then examined the coherence
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Fig. 3 The magnetic field and temperature dependence of R2’ of the 45-nm-thick sample. a and b are the second harmonic
magnetoresistance with the magnetic field applied along the ab-plane and the c-axis at different temperatures. Scale bar: 2.5 mQ. cand d are
the color mapping plot of a and b, respectively. The dashed lines are the contours of first harmonic resistance R of zero resistance, half of the

normal state resistance (0.5Ry), 0.75Ry, and onset of transition.

lengths to estimate the size of the vortex from the anisotropic
upper critical field B, (at R = 0.99Ry). According to the Ginzburg-
Landau theory>?, the in-plane and out-of-plane coherence lengths

2 0] 2 [0) . . . .
are & = P and & = W;Tab’ which are given in Fig. 4a, where
< c

@, is flux quanta. Thus, the anisotropic factor can be estimated as
A=E&J/Ep, (=172 at 1.8 K), indicating a weak anisotropy. Mean-
while, the thickness of the sample is comparable to the diameter
of a vortex of 2&,,. Once B//ab-plane, Rf;" is enhanced due to the
size effect and/or possible anisotropic pinning potential®. Conse-
quently, we conclude that the asymmetric property of pinning
potential is three-dimensional.

Moreover, several specific series of peaks are observed other
than one main peak predicted by the theory of vortex dynamics®.
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 are weakly temperature-dependent. In other
words, the nonreciprocity is strong when some number of vortices
exist in the device, indicating that the many-body interaction of
vortices may also play a role®>. We select three major series of
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peaks in Fig. 3a to estimate the y value as y :f}{,—:}, and plot
temperature dependence of y in Fig. 4b. While the magnitude of
these three peaks is comparable in the order of several mQ at
28K, the coefficient y varied from about 5T"'A~" to near
8000 T~ A~' for high-H peaks and low-H peaks, respectively. It is
reasonable that the magnetic field weakens the pinning potential.
The temperature plays a similar role as all these coefficients
drastically decrease with increasing temperature. To compare with
other systems, the values of 2“,# where j is the current density, are
also estimated as up to about 107" m2A~". We then conclude
that the ratchet effect is remarkable in CsV5Sbs, comparable to
the noncentrosymmetric 2D materials such as MoS, and NbSe,.

Current dependent nonreciprocity

We then focus on the current dependence of the nonrecipro-
city, which should follow the relation of R2 ~ yBI. The phase
diagrams of the first and the second harmonic signals are
plotted in Fig. 5a, b, respectively. The effect of current on RX is
similar to the effect of temperature as it suppresses the
superconductivity and reduces the region of RZ. Meanwhile,
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nonlinear coefficienty = f,‘ﬂ;, is calculated from several series of peaks.

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 in
Fig. 5¢, 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
a larger current, the signal starts to reduce because of the
suppression of the rectification effect of vortex motion by
the relative weakening of the pinning potentials®'3*4=%, The
current dependence of coefficient y of these maximum peaks
behaves differently as shown in Fig. 5d, which drops exponen-
tially as increasing the current when B//ab-plane, while no such
tendency can be observed clearly for B//c-axis, possibly owing
to the maximum peaks belonging to different series of peaks. It
is worth noting that the nonreciprocity can be modified by
current as well as B and T, providing promising applications
such as superconducting diodes'?.

Discussion

For the mechanism of the nonreciprocity phenomenon in
superconductors, several explanations have been proposed for
superconducting SrTiO;'3, PbTaSe,”’, Bi,Tes/FeTe interface',
and NbN thin films®8, which can be basically attributed to the
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intrinsic symmetry breaking through the vortex dynamics such
as viscous vortex flow, ratchet effect, or specific mechanisms of
superconductivity under spontaneous symmetry-breaking con-
ditions. Under the vortex motion regime, one possibility is that
the vortex liquid state and thermally activated vortex state may
contribute to the response with opposite signs®. The viscous
vortex flow is also possible to the nonreciprocal signal, which
predicts a monotonic enhancement of y as decreasing tempera-
ture. Nevertheless, one can only observe an individual non-
reciprocity peak for each mechanism instead of multi-peaks in
our present results. Another mechanism is the effect of period-
ical pinning potential when the vortices match the lattice
constant or artificially structured pinning sites, resulting in
the modulation of condensing energy'*>°=°', After breaking the
inversion symmetry of the pinning potential, a well-controlled
many-body interaction can realize sign reversal in artificial
structures3, For single crystals, however, the symmetry of
pinning potential should reflect the intrinsic symmetry of the
crystal as well studied on MoS,'" and PbTaSe,”’, where the
anisotropy of nonreciprocity follows that of crystal. Therefore,
the appearance of series of nonreciprocity peaks in our present
results suggests an intrinsic symmetry breaking as well.

One possible spontaneous symmetry breaking can be from
the electronic structure, which is mainly dominated by the
nature of the crystal structure and quantum phases. Hoshino
etal. proposed a possible mechanism® 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 disper-
sion relation can be induced as E(s,k)zE(s,—k) and
E(s,k) #E(—s, —k), which is the key to the nonreciprocity. In
bulk CsVsSbs, the Rashba spin-orbital interaction seems unlikely
to exist, because the crystal structure is centrosymmetric.
Alternatively, a recent study of Raman spectrum in CsV3Sbs
thin films revealed an intrinsic instability of crystalline struc-
ture®2, and STM measurement also shows an inhomogeneous
Cs-surface®®. Such degradation may reduce the symmetry and
modify its electronic structure®®, providing a possibility to
induce nonreciprocity. Nevertheless, these effects ought to be
weak since our crystals is relatively thick, and particularly,
the samples are single-crystalline and well protected by BN, the
degradation of crystalline can be basically avoided.

In addition, the charge orders can also modulate the
rotational, translation, and time reversal symmetry. In CsV3Sbs,
the nematicity®® reveals a C, rotational symmetry, and the
unidirectional 4a, CDW also breaks rotational symmetry®. The
amplitudes of three q vectors within the in-plane 2ay X 2a, CDW
are chiral, which can break the time-reversal symmetry as
well?®#”_ However, the CDW-induced lattice distortion CsV5Sbs
was found to be centrosymmetric3’, and no any evidence
suggests that one of these charge orders can break the inversion
symmetry up to now.

Another possible origin of the spontaneously symmetric
breaking is the unconventional superconducting state. Among a
variety of possible pairing states, superconducting states on
topological bands should keep a nontrivial nature and the pair
potential demonstrates anisotropic, for instance a spinless
p-wave superconductor®®. Previously, the nonreciprocal trans-
port has been comprehensively studied on the interfacial
systems of Bi,Tes/FeTe'®, which were attributed to inversion
symmetry breaking of the topological superconductivity in the
interface. The effect of other unconventional states, for
example, chiral superconductors®’, still needs further theoretical
analysis and experimental evidence. Although the supercon-
ductivity symmetry of AV5Sbs family is still an open question as
discussed in the introduction part, the ARPES and first principles
calculations'®17-2746 indicate the existence of topological bands
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Fig. 5 Current dependence of nonreciprocity of the 45-nm-thick sample. a and b are color mapping of the R2? as a function of magnetic
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. . . _ VZa)
d The corresponding coefficient y as estimated by y = 2.z

and surface states, and a recent work reported an observation of
two-fold symmetry on the c-axis resistivity under in-plane
rotation of magnetic field?®. Therefore, our nonreciprocal
transport phenomenon should be a promising probe to reflect
the anisotropic nature of the unconventional superconductivity
state in CsV5Sbs.

In conclusion, we have carefully investigated the nonrecipro-
city under the dissipative state of CsV3Sbs superconductors.
With the reduction of thickness, we found that the super-
conductivity is firstly enhanced and then suppressed due to the
competition with CDW. Strong nonreciprocal signals 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 both in the ab-plane and along
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 that are asymmetric with
magnetic fields. We suggest the intrinsic symmetry breaking in
superconducting states may induce the magnetochirality in the
CsV3Sbs superconductor.
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METHODS
Crystal growth

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

Device fabrication

The thin crystals of CsV5Sbs were prepared by mechanical
exfoliation from bulk crystal and transferred on pre-patterned
SiO,(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 (5nm/20nm) by magnetron sputtering. Some of the
samples were then covered by a h-BN capping layer for further
degradation. The thicknesses of the samples 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
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and 2182a and set of Keithley 6221 and OE1022 lock-in amplifier,
respectively. The first and second harmonic resistance were
defined as R® = /I, and R?*® = V2%¥/l,, where I, is the amplitude of
the AC current applied and V* and V2 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 71/2.

DATA AVAILABILITY

The data supporting the findings of this study are available from the corresponding
authors upon reasonable request.
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