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Anisotropic Superconducting Properties of Kagome Metal CsV3Sbs

Shunli Ni(f5iitF]) 2", Sheng Ma(5hf%)" ", Yuhang Zhang (3 Fi)">T, Jie Yuan(FEik)"H??,
Haitao Yang(#i##5)4%35* Zouyouwei Lu(&454 A) 2, Ningning Wang(E 7 7)12,
Jianping Sun(#pg )12, Zhen Zhao(#4#&)"?, Dong Li(Z5#5)12, Shaobo Liu(xI/4> )12,
Hua Zhang(5k4)%2, Hui Chen(Bf#F)1235, Kui Jin(4:#)125, Jinguang Cheng(F£4:5%)12,
Li Yu(fir#)125* Fang Zhou(J&i)12°, Xiaoli Dong(# BE#])125*, Jiangping Hu(#HIT )14,
Hong-Jun Gao(&44)12:3° and Zhongxian Zhao(#X i 1%)12:°

! Beijing National Laboratory for Condensed Matter Physics and Institute of Physics, Chinese Academy of Sciences,
Beijing 100190, China
2 University of Chinese Academy of Sciences, Beijing 100049, China
3CAS Center for Excellence in Topological Quantum Computation, University of Chinese Academy of Sciences,
Beijing 100190, China
4Kavli Institute of Theoretical Sciences, University of Chinese Academy of Sciences, Beijing 100190, China
5Songshan Lake Materials Laboratory, Dongguan 523808, China

(Received 2 April 2021; accepted 17 April 2021; published online 21 April 2021)

We systematically measure the superconducting (SC) and mixed state properties of high-quality CsV3Sbs sin-
gle crystals with T, ~ 3.5K. We find that the upper critical field H.2(7T') exhibits a large anisotropic ratio of
H2/HS, ~ 9 at zero temperature and fitting its temperature dependence requires a minimum two-band effective
model. Moreover, the ratio of the lower critical field, H% /H, is also found to be larger than 1, which indicates
that the in-plane energy dispersion is strongly renormalized near Fermi energy. Both Hci(T') and SC diamagnetic
signal are found to change little initially below T. ~ 3.5 K and then to increase abruptly upon cooling to a char-
acteristic temperature of ~2.8 K. Furthermore, we identify a two-fold anisotropy of in-plane angular-dependent
magnetoresistance in the mixed state. Interestingly, we find that, below the same characteristic T ~ 2.8 K, the
orientation of this two-fold anisotropy displays a peculiar twist by an angle of 60° characteristic of the Kagome

geometry.

Our results suggest an intriguing superconducting state emerging in the complex environment of

Kagome lattice, which, at least, is partially driven by electron-electron correlation.
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Quasi-two-dimensional ~ (2D)  transition-metal
Kagome systems serve as an important playground
to study various electronic phenomena in the pres-
ence of geometric frustration and nontrivial band
topology.' =12l They can host frustrated magnetism,
anomalous Hall effect, and various charge orders.
The newly discovered AV3Sbs (A=K, Rb, Cs) is
a new class of Kagome family showing bulk super-
conductivity at T, up to 2.5K.[3-15] Some exper-
imental results suggest unconventional pairing na-
ture in such a Kagome system.['316-19 Tn addi-
tion, an exotic charge density wave (CDW)-like order
can be identified at T* ~ 78-104K in the normal
state,[11:13—15,18,20-26] 514 coexists with the super-
conductivity at lower temperatures. The chirality of
such a charge order is further verified by scanning tun-
neling microscopy (STM) measurements,18:20,24,26]
which can partially explain the giant anomalous Hall
effect (AHE) in the system.[?3?7] Recent transport
measurements under pressure reveal that a super-

conducting dome appears as the charge order is sup-
pressed by pressure.[17:21:22:28,29] Al these findings
suggest the rich and novel physics behind the su-
perconductivity in the AV3Sbs system. However, a
systematic characterization of the fundamental su-
perconducting (SC) properties such as lower/upper
critical fields (H.1/H.2), mixed-state scattering char-
acteristics, magnetic penetration depth (), and co-
herence length () is still lacking.

In this Letter, we present systematic magnetic and
electrical transport measurements of high-quality sin-
gle crystals of CsV3Sby showing a higher T, ~ 3.5 K
than the previous reports. The upper critical field
exhibits a large anisotropic ratio H%/HS up to 9
at zero temperature, and the fitting to the Hco(T)
data requires a minimum two-band effective model.
These are consistent with the quasi-2D and multi-
band naturel?327 reported previously. Nevertheless,
the lower critical field along ab-plane (H%) is found
to be higher than that along c-axis (HS). The
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in-plane and out-of-plane superconducting coherence
length and penetration depth are also deduced. We
find that H.;(T) and SC diamagnetic signal change
little initially below T. ~ 3.5K, and then increase
abruptly upon cooling to a characteristic temperature
~2.8 K. A two-fold anisotropy in the in-plane angular-
dependent magnetoresistance (AMR) is identified in
the mixed state. Intriguingly, we find that, below
the same characteristic T' ~ 2.8 K, the orientation of
the AMR anisotropy displays a twist by an angle of
60° characteristic of the Kagome lattice. Our findings
shed new light on the emergence of superconductiv-
ity in the presence of the frustrated magnetism and
intertwined orders.

The CsV3Sbs single crystals were synthesized
by the self-flux method.['3=15.23:27.29.30] The x-ray
diffraction (XRD) data were collected at room tem-
perature on a diffractometer (Rigaku SmartLab,
9kW) equipped with two Ge (220) monochromators.
The magnetic property measurements were conducted
down to 1.8K on a Quantum Design MPMS-XL1
system, and down to 0.4K on an MPMS-3 system
equipped with an iHe3 insert. The electrical trans-
port properties were measured on a Quantum Design
PPMS-9 system under magnetic fields up to 8 T.

The representative XRD pattern of the CsV3Sbs
single crystals, shown in the upper right inset in
Fig.1(a), confirms the single preferred (001) orien-

9.318 A, consistent with the previous reports.23:30

The double-crystal x-ray rocking curve for the (008)
Bragg reflection [Fig. 1(a)] demonstrates a small crys-
tal mosaic of 0.24° in terms of the full width at half
maximum (FWHM), indicating an excellent out-of-
plane crystalline perfection. The x-ray ¢-scan of the
(202) plane in Fig.1(b) displays six successive peaks
with an equal interval of 60°, in accordance with the
hexagonal symmetry of the Kagome lattice. The su-
perconductivity of the CsV3Sbs single crystals is con-
firmed by the superconducting diamagnetism at the
onset T, ~ 3.5K as shown in Fig.1(c), as well as by
the zero resistance at ~3.0K in Fig.1(d). We note
that the previous work usually reports a supercon-
ducting T, ~ 2.5-2.8 K[13:17:21,23,24,31] iy, this Kagome
system, which is lower than the T;, and zero-resistance
temperature observed here in our samples. The higher
T. of our samples may be due to a sufficient con-
tent of the interlayer alkali atoms and almost stoi-
chiometric V3Sbs blocks containing the 2D Kagome
lattice [see the upper left inset in Fig.1(a)]. How-
ever, the superconducting transition is not as sharp
as expected for our high-quality samples. It is no-

ticeable in Fig. 1(c) that the diamagnetic signal gen-
tly sets in below ~3.5 K then abruptly drops around
~2.8K, followed by a 100% superconducting shield-
ing. Such a two-stage-like transition seems common

in the CsV3Sbs single crystals studied by different
[13,17,21,23]

groups.
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Fig. 1.

Crystallographic and superconductivity characterizations of the CsV3Sbs single crystal. (a) The x-ray

rocking curve of (008) reflection shows a small FWHM of 0.24°. The left and right insets show the schematic crystal
structure and x-ray 6—260 scan, respectively. (b) The x-ray ¢ scan of the (202) plane. (c) The magnetic susceptibilities
near the SC transition under zero-field cooling (ZFC) and field cooling (FC) modes. The magnetization data are
corrected for the demagnetization factor. Inset: an enlarged view of the superconducting diamagnetic signals. (d)
The temperature dependence of the in-plane resistance shows the zero resistance below ~3.0 K.

In order to obtain the upper critical field H.o(T)
of the samples, the data of magnetoresistance R(T')
were collected under various fields along the ¢ axis
and ab plane. As shown in Figs.2(a) and 2(b), the

resistive transitions show no significant broadening in
the magnetic fields. The temperature dependences of
the obtained in-plane H%(T) and out-of-plane HS(T')
all show positive curvatures. Accordingly, the behav-
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ior of Heo(T) is well fitted by a two-band model(3?
rather than single-band WHH formulal®3 [Fig. 2(c)],
consistent with the multiband nature.?*27 The zero-
temperature H.2(0) is estimated to be 0.8 T for H//c
and 7.2 T for H//ab. The deduced in-plane coherence

length is £,,(0) = 20.3nm, and the out-of-plane one
£.(0) = 2.2nm. The anisotropic ratio v = /& ~ 9,
comparable with that of quasi-2D cuprate and iron-
based superconductors.
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Fig. 2.
CsV3Sbs single crystal.

The normalized resistance under magnetic fields and anisotropic upper critical magnetic fields of the
[(a), (b)] Temperature dependences of normalized in-plane resistance measured under

magnetic fields along the ¢ axis and ab plane up to 8T, respectively. (c) Temperature dependences of the upper
critical fields, obtained from the R(T') data [in (a) and (b)] at 50% of the normal-state resistance. The results of
fitting by the two-band (pink solid curve) and single-band WHH (gray point-dashed curve) models are presented.
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Fig. 3. The isothermal magnetization and anisotropic
lower critical field of the CsV3Sbs single crystal. [(a),
(b)] The data of isothermal magnetization, corrected for
the demagnetization factor, at various temperatures with
magnetic field along the ¢ axis and ab plane, respectively.
[(c), (d)] The temperature dependences of poHci along
the ¢ axis and ab plane, respectively, defined as the fields
at which M—H curves start to deviate from the Meissner
line [M/H = —4m, the dashed lines in (a) and (b)]. The
results of fitting by the two-gap, s-wave and d-wave mod-
els are also presented. The fittings for H//ab via the three
models shows no significant difference.

The measurements of lower critical fields Hei (T')
can also provide important information of the
multiband superconductivity in the Kagome metal
CsV3Sbs.  The results of isothermal magnetization
M(H) with magnetic field along the ¢ axis and ab
plane are presented in Figs. 3(a) and 3(b), respectively.
The temperature dependences of the obtained H¢; and
H2 are plotted in Figs.3(c) and 3(d), respectively.
The lower critical field shows unusual temperature de-
pendence. As the system enters the superconducting

state, both HS and HZ are nearly independent of
temperature, corresponding to the gentle increase of
diamagnetic signal with temperature [Fig. 1(c)]. Be-
low the characteristic temperature 7' ~ 2.8 K, both
H¢ and HZ rise abruptly with cooling, coinciding
with the rapid increase in the Meissner and shield-
ing signal sizes. The temperature dependences of HS;
and HZ are fitted by a semi-classical approach34
with different models, including single band s-wave,
d-wave and a simple two-gap one, as shown respec-
tively in Figs.3(c) and 3(d). Obviously, the two-gap
model gives the best fit for HG (T'), yielding a Lon-
don penetration depth Ag;(0) ~ 460 nm, in agreement
with that estimated by tunneling diode oscillator.!*9]

It is noteworthy that the values of lower critical
field H2 are higher than those of HS, which is re-
producibly observed in our samples. This result of
H.; suggests that the in-plane effective electron mass
(mgp) is larger than the out-of-plane one (m.). As
suggested in theory,'*12] the electronic physics in this
material is likely driven by the Kagome-van Hove
points. In this case, the effect of the electron-electron
correlation becomes important and the band disper-
sion near Fermi energy can be strongly renormalized.
Thus, combining the presence of van Hove physics
and electron-electron correlation, the in-plane effec-
tive mass can be strongly enhanced.

To further investigate the unusual electronic and
superconducting properties of the CsV3Sbs system,
the in-plane angular-dependent magnetoresistance
was measured under a field of 0.5 T at different tem-
peratures in the mixed state. As shown in Fig. 4(a),
the AMR exhibits a pronounced two-fold rotational
symmetry. To our knowledge, such an anisotropy in
this system has never been reported before. To esti-
mate the strength of relative change of the anisotropic
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AMR signal, the ratios of AR/Rmnin = [R(0,T) —
Rumin(T)]/Rmin(T) x 100% are summarized in Fig. 4(b)
by polar-coordinate plots. A large change of ~ 50% in
AMR is observed, despite the quick reduction of the
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absolute values with lowering temperature, as shown
in Fig.4(a). This reflects the emergence of strong

anisotropic scatterings under field in the mixed state
of the CsV3Sbs system.

Fig. 4. The in-plane angular-dependent magnetoresistance (AMR) measured in the mixed state. (a) The AMR
as a function of § at T' = 3.0, 2.8 and 2.6 K. Here 0 is the angle between the directions of the external field (H)
and the current (I), with @ = 0° corresponding to H_LI, as illustrated by the schematic diagram. (b) Polar plots of
AR/Rmin = [R(0,T) — Rinin(T)]/Rmin(T) x 100%. The two-fold rotational symmetry in the AMR is obvious. The
direction of the maximum AMR rotates by an angle of 60° below T' ~ 2.8 K.

We note that significant two-fold anisotropy of the
in-plane AMR has also been observed in a topolog-
ical superconductor of trigonal Srg 19BisSes under a
0.4T field in the mixed state.®® In that case, how-
ever, the line shape of R(6) changes significantly with
temperature, which is distinct from our observation
in CsV3Sbs [Fig.4(a)]. Furthermore, it is intriguing
that, as the present hexagonal CsV3Sbs is cooled be-
low the characteristic temperature of ~2.8 K, the di-
rection of the maximum AMR rotates by an angle
of 60° with respect to the original one, as shown in
Figs.4(a) and 4(b). Such a peculiar twist of the AMR
orientation appears to coincide with the Kagome sym-
metry and its origin is not yet clear. Nevertheless, the
anisotropic AMR and its mysterious rotation must re-
late to the complex electronic and crystallographic en-
vironments, which host the emergent anisotropic scat-
terings intertwined with certain coexisting orders and
variable flux dissipation in the superconducting mixed
state. The two-fold anisotropy in the mild in-plane
field of 0.5 T and its high sensitivity to temperature
imply a significant contribution from the spin degree
of freedom and a weak coupling to the crystal lattice.
Further investigation is certainly required for better
understanding of the physics behind such an exotic
rotation.

In summary, we report unusual superconducting
properties observed in the high-quality single crystals
of CsV3Sbs with T, ~ 3.5 K. Our experimental results
are consistent with a quasi-2D multiband supercon-
ductor. The anisotropic lower critical field H.; sug-

gests a strongly renormalized in-plane effective mass,
which indicates the presence of correlated electronic
physics due to van Hove points near Fermi energy. We
identify two-fold-anisotropic in-plane scatterings un-
der a mild field of 0.5 T in the mixed state, and find a
particular twist of 60° of the maximum-scattering di-
rection below a characteristic temperature of ~2.8 K.
Moreover, we observe that both H.1(T) and SC dia-
magnetic signal show concurrent abrupt increases be-
low the same characteristic temperature. These find-
ings shed new light on the emergence of superconduc-
tivity in the presence of frustrated magnetism and in-
tertwined orders in the Kagome lattice.
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