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In the recently discovered V-based kagome superconductors AV3Sbs (A = K, Rb, Cs), superconductivity intertwines
with an unconventional charge density wave (CDW), raising fundamental questions concerning the superconducting gap
structure in the presence of such intertwined orders. Here, we perform the first directional point-contact Andreev reflection
(PCAR) spectroscopy measurement on CsV3Sbs to probe its superconducting gap structure. Strikingly distinct PCAR
spectra emerge depending on the current injection direction: an in-gap zero-bias conductance peak dominates for currents
parallel to the ab-plane, contrasting to a gap-like structure observed perpendicularly. Quantitative analysis using a modified
BTK-model estimates a pronounced gap anisotropy of ~70% with a gap minimum ~ 0.15 meV. These results provide a
foundation for further understanding the nature of the topological superconducting state on the sample edges.
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1. Introduction

Kagome lattices — distinguished by their unique two-
dimensional network of corner-sharing triangles — have long
attracted the attention of the condensed matter physics com-
munity as fertile ground for novel quantum phenomena. These
phenomena stem from the strong electron correlations and
magnetic frustration inherent to the kagome geometry.!!~6]
This paradigm has been significantly expanded by the recent
discovery of superconductivity in vanadium-based kagome
metals AV3Sbs (A = K, Rb, Cs).

an ideal, non-magnetic kagome net of vanadium atoms and

These compounds host

exhibit superconductivity with critical temperatures T ~ 1—
3 K.U-12I Intriguingly, superconductivity in these materials
emerges intertwined with unconventional charge density wave
(CDW) orders.!'3-2! Elucidating the nature of this supercon-
ductivity and its interplay with CDW orders within the unique
kagome framework, which may host mechanisms possibly dis-
tinct from that of conventional superconductivity, is now a cen-

tral focus in quantum materials research.
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The gap symmetry of kagome superconductors, essen-
tial for elucidating the microscopic pairing mechanism and
interplay between electronic orders, has not been fully set-
tled yet. Early experimental evidence supported a multiple
isotropic s-wave gap in a strong coupling scenario.[*?>2]
However, recent studies are primarily exploring the poten-
tial for anisotropic or even nodal gaps. Thermal conductivity
measurements on CsV3Sbs and SR studies on K/RbV;3Sbs

26271 Low-temperature

suggest the presence of a nodal gap.!
scanning tunneling microscopy (STM) on CsV3Sbs reported
both nodal and nodeless gap features co-existing over multi-
ple Fermi surfaces.[*%2° More recently, high-resolution angle-
resolved photoemission spectroscopy (ARPES) on high-
quality CsV3Sbs crystals revealed an anisotropy as high as
~ 80% in the superconducting gap on the f-band Fermi

e,3% suggesting a possible nodal gap structure. Intrigu-

surfac
ingly, the anisotropy observed via STM and ARPES exper-
iments was suppressed in Ta-doped CsV3Sbs with a higher

T, and without a CDW,B1-34] inducing a transition from a
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possible nodal to a nodeless s-wave gap state. Similar sup-
pression of gap anisotropy was observed in the magnetic
penetration depth measurements on the electron-irradiated
CsV3Sbs, 33 just like the case of the nodal s_.-wave supercon-
ductor BaFey(As;_P,),.13038] This convergence of diverse,
often contradictory experimental conclusions reflects the pro-
found complexity of these materials, and the directional mea-
surement of the superconducting gap in such a kagome super-
conductor is highly desired.

Directional point contact Andreev reflection spec-
troscopy, injecting a current through a ballistic point contact
along different crystallographic directions in the superconduc-
tor, to some extent equivalent to directional tunneling spec-
troscopy, is a powerful tool to investigate the gap anisotropy
in unconventional superconductors.**~#!l This technique al-
lows a direct determination of the gap and its temperature de-
pendence along various directions in the crystal. The mea-
surement of point-contact spectroscopy can be implemented
either with a metal—tip point contact*"! or soft planar contact
geometry.[*?! Specifically, the soft planar point contacts have
the advantage of avoiding inhomogeneous pressure or local
strain effects induced by the metal tip, providing a pressure-
less spectroscopy measurement. Another practical advantage
of soft point-contact spectroscopy is that point-contact junc-
tions can be flexibly formed on crystal surfaces with specific
crystallographic orientations, enabling a systematic study of

the superconducting gap symmetry associated with the crys-

41421 _everaging these capabilities, in

tallographic orientation. |
this work we performed the first directional point contact spec-
troscopy measurements on large single crystals of CsV3Sbs to
investigate its gap symmetry. With injecting the current either
along the c-axis or along the ab-plane, the central observa-
tion from these studies is the presence of an in-gap zero-bias
conductance peak in ab-plane SPCAR spectra, in contrast to a
gap-like conductance peak in c-axis SPCAR spectra. By com-
parison, we argue the presence of a strongly anisotropic gap

for the ab-plane in CsV3Sbs.

2. Experiment details

Single crystals of CsV3Sbs were synthesized via the self-
flux method in two independent laboratories; crystals from
these sources are denoted as #1 and #2, respectively. Fig-
ure 1(a) shows the temperature-dependent in-plane resistivity,
Pxx(T), measured on a representative CsV3Sbs. The crystal
exhibits metallic behavior, evidenced by a residual resistivity
ratio RRR = R(300 K)/R(5 K) = 22. An anomaly in py(T)
near 92 K signifies the charge-density-wave (CDW) transi-
tion. The inset of Fig. 1(a) details the superconducting transi-
tion observed at a low temperature, revealing an onset critical
temperature 72" ~ 3.4 K and a zero-resistivity state below
T ~28 K.
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Fig. 1. (a) Temperature dependence of the in-plane resistivity py, of a CsV3Sbs single crystal, a pronounced kink at approximately 91.6 K
indicates the onset of the charge density wave (CDW) transition. The inset magnifies the low-temperature region, showing the superconducting
transition with the onset temperature 7™ and zero-resistivity temperature 72 marked. (b) Schematic of the “soft” point-contact spec-
troscopy measurement configuration. The black block represents the CsV3Sbs single crystal, while the red and blue lines indicate the injection
paths for soft point-contact Andreev reflection measurements with the current applied perpendicular (labeled as c-axis junction) and parallel
(labeled as ab-plane junction) to the ab-plane, respectively. (c)—(d) T-dependent point-contact conductance spectra G = dI/dV measured
with sensing current / along the c-axis (c-axis junction) (c) and along ab-plane (ab-plane junction), respectively. (e)—(f) T-dependence of the
zero-bias conductance G(0) of CsV3Sbs/Ag point contacts for the c-axis (e) and ab-plane junctions (f), respectively. The bulk resistivity p,, in

the superconducting transition region is presented for comparison.
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Point-contact spectroscopy measurements were per-
formed on CsV3Sbs single crystals using a “soft” point-
contact technique.*?! Crystals, with typical dimensions 2.5 x
2.0 x (0.3 —0.5) mm? along the a, b, and ¢ axes, were cleaved
and/or polished to expose specific crystallographic planes.
Then a droplet of silver paint bonding with Pt wires (of 16 um
in diameter) was attached to the fresh surface. The typical size
of these planar contacts is about 50-80 um under a micro-
scope. The Ag nanoparticles of the dried silver paint create an
effective hetero-contact composed of many parallel nanocon-
tacts on the surface, analogous to a metal-tip point contact.

Two distinct junction geometries were investigated:
(1) “c-axis” junctions, where metal contacts were deposited
directly on the cleaved ab-plane surface; (2) “ab”-plane junc-
tions, where metal contacts were patterned onto the surface
perpendicular to the ab-plane (i.e., the ac/bc surface). To pre-
pare the ac/bc-plane junctions, the crystal was first carefully
sectioned perpendicular to the ab-plane, followed by mechan-
ical polishing of the surface using 10000-grit silicon carbide
sandpaper to achieve micro-level flatness. The resultant point-
contact configurations are schematically depicted in Fig. 1(b).
Differential conductance spectra, G(V) = dI/dV, were mea-
sured using a standard phase-sensitive lock-in technique in
a quasi-four-terminal configuration. The contact resistance
R;, dominated by the contact between the silver nanoparti-
cles and the CsV3Sbs surface, typically ranges between 0.5 Q
and 10 Q, consistent with values expected for genuine ballistic
point contacts between normal metals and superconductors.

3. Results and discussion

Figures 1(c) and 1(d) present the temperature T-
dependent point-contact Andreev reflection conductance spec-
tra, G(V), measured along the c-axis and ab-plane of
CsV3Sbs, respectively. A striking dichotomy emerges at the
lowest temperature of 0.28 K: The c-axis spectrum [Fig. 1(c)]
exhibits a characteristic double-peak structure at the gap edge
accompanied by a zero-bias conductance dip. Conversely, the
ab-plane conductance spectrum [Fig. 1(d)] displays a promi-
nent in-gap conductance peak centered at zero bias. Qualita-
tively, the c-axis double-peak feature is a hallmark of node-
less superconductivity observed in intermediate-transparency
junctions at finite temperatures. In contrast, the in-gap zero-
bias conductance peak in intermediate-transparency junctions
signifies gapless superconductivity with strongly anisotropic
or even a nodal gap, reminiscent of d-wave superconductivity
observed in cuprates.[*?!

Another feature in these conductance spectra is that con-
ductance spectra exhibit a significant signal at temperatures
above T; ~ 3.4 K. For the c-axis junction: at T > T¢, the sharp
coherence peaks broaden and diminish, but substantial resid-

ual Andreev conductance remains evident [Fig. 1(c)]. This

excess conductance only vanishes completely at a higher char-
acteristic temperature 7% ~ 6.5 K. A similar phenomenon oc-
curs for the ab-plane junction [Fig. 1(d)], where the Andreev
reflection spectra persist up to 7# ~ 5.5 K. The T-evolution of
the zero-bias conductance G(0), plotted alongside the in-plane
resistivity pyy in Figs. 1(e) and 11(f), provides direct evidence
for this persistent conductance “tail” extending to T#. This
robust observation of excess Andreev conductance above Tg
— consistently reported in previous soft point-contact studies
on KV3Sbs and CsV3Sbs 2421 — is reproduced across all six
CsV3Sbs samples measured in this study, with each exhibit-
ing nearly identical spectroscopic behavior. The observation
of excess conductance above T; in our PCAR spectra points to
intriguing physics extending beyond conventional supercon-
ductivity in CsV3Sbs. This phenomenon may be related to the
prevailing strong electron correlations within the kagome lat-
tice and could signal the presence of a pseudogap-like state.
Unraveling the origin and implications of this anomalous con-
ductance tail constitutes an open issue that warrants further
investigation. [*4!

To quantitatively determine the superconducting gap
structure of CsV3Sbs, we performed detailed PCAR spec-
troscopy with the sensing current aligned parallel to both the
c-axis and ab-plane junctions on two distinct samples (#1
and #2).
axis conductance spectrum G(V)/Gy at the base temperature

Figures 2(a) and 2(b) present the normalized c-

0.28 K for junctions #1 and #2, respectively. Both junctions
consistently exhibit a characteristic double-peak structure, in-
dicative of nodeless superconductivity. Analysis using the
Blonder-Tinkham—Klapwijk (BTK) model reveals that a sin-
gle isotropic s-wave gap fails to reproduce the spectra. Instead,
superior fits are achieved using a modified two-gap s-wave
model G(V) = ©G3(V) + (1 — @)G*(V), where @ quantifies
the relative spectral weight of the two conductance channels.
The two-gap model yields the following key parameters for
the c-axis junctions: small gap AS: 0.37 meV (#1), 0.45 meV
(#2); large gap AL 0.78 meV (#1), 0.82 meV (#2); spectral
weight @ ~ 0.60 for both samples; inelastic broadening pa-
rameter I'S ~ 0.13 meV (#1), 0.15 meV (#2); junction trans-
parency Z ~ 0.54 (#1), 0.78 (#2). T-dependence of PCAR
spectra confirms the model validity. Figures 2(c) and 2(d)
show the PCAR spectra for samples #1 and #2, respectively,
at various temperatures alongside fits using the two-gap model
with the @ parameter fixed.>*?> The broadening parameter I"
increases slightly with temperature up to 7. The temperature
dependence of AL and AS plotted in Figs. 2(e) and 2(f) fol-
lows the empirical BCS form A(T) = Aptanh(a\/T./T — 1)
with zero-temperature gap values AL ~ 0.80 meV and A ~
0.41 meV. The extracted gap magnitudes correspond to dis-
tinct coupling strengths: Strong coupling ZA(]; JkpT, ~ 547,
weak coupling ZAS/ICBYI2 ~ 2.73. This relation 2AY /kg T, >
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3.52 > 2AS /kgT.™! quantitatively aligns with prototypical

two-gap superconductors MgB,[*>#¢1 and is consistent with
prior reports on CsV3Sbs c-axis junctions.[?+%]

1.35

1.30f — s+s gap de (a) s+s gap model (b)

AS=0.37 meV AS=0.45 meV

— s-wave
model

G(V)/Gx

G(V) (arb. units)

T (K) T (K)

Fig. 2. (a)—(b) The normalized c-axis Andreev conductance spectrum
G(V)/Gn at the lowest T = 0.28 K for #1 and #2 junctions, respec-
tively. The solid red curves are their BTK fits with a two-isotropic gap
model. The solid blue curves are their BTK fits with a single s-wave gap
model, for comparison. (c)—(d) The normalized c-axis Andreev conduc-
tance spectra G(V) /Gy at various T from 0.28 K to 3.5 K for #1 (c) and
#2 (d) junctions, respectively. The solid curves are their BTK fits using
a two-isotropic gap model. (e)—(f) The corresponding superconducting
gap A as a function of 7', which closely follows the BCS A-T function.
In contrast, point-contact spectra with current || ab-plane
[Figs. 3(a) and 3(b)] reveal a single broad zero-bias conduc-
tance peak within the gap region — a hallmark signature of
anisotropic superconductivity. Guided by the six-fold sym-
metry of the kagome lattice and supported by ARPES mea-
surements, we model the gap anisotropy using the functional
form A% (0) = A®[(1 —r)+rcos(68)],131 where 6 is the az-
imuthal angle and r quantifies the gap anisotropy (r = 0 cor-
responds to an isotropic s-wave gap; » = 1 yields a fully nodal
state with gap zeros). This anisotropic s-wave BTK model ex-
cellently describes the low-T normalized conductance G(V).
The best fits yield a gap amplitude A“” ~ 0.50 meV for sample
#1 and 0.49 meV for sample #2, with the broadening param-
eter I' = 0.18 meV and anisotropy r = 0.70 £ 0.10 for both
junctions.
Figures 3(c) and 3(d) show the T-dependence of SPCAR

spectra of ab-plane junctions together with the corresponding

BTK-fitting curves. As shown, the anisotropic BTK model
provides good fits to all G(V) curves. In all fittings, r is kept
constant for each sample, while I" increases slightly with T
up to T.. The resulting gaps A for #1 and #2 are plotted as
a function of T, shown in Figs. 3(e) and 3(f), respectively.
The obtained gaps can be approximated by the empirical BCS
A-T function with A%’(0) ~ 0.50 meV (#1) and 0.49 meV
(#2). This implies a gap minimum of A% = A% (0)(1 —r) ~
0.15 meV. This anisotropic gap structure is highly consis-
tent with recent ARPES observations in the momentum space
of CsV3Sbs, 3% which is a highly anisotropic gap on the V-
3d-derived f-band Fermi surface, with a gap minimum of
~0.10 meV.

1.30f
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Fig. 3. (a)-(b) The normalized ab-plane Andreev conductance spectrum
G(V)/G at the lowest T = 0.28 K for #1 and #2 junctions, respec-
tively. The solid red curves are their BTK fits with an anisotropic gap
model. (c)—(d) The normalized ab-plane Andreev conductance spec-
tra G(V)/Gn at various T from 0.28 K to 3.5 K for #1 (c) and #2 (d)
junctions, respectively. The solid curves are their BTK fits using an
anisotropic gap model. All the conductance spectra and their corre-
sponding fitting curves are shifted downward for clarity, except the top
ones. (e)—(f) The corresponding superconducting gap A(T) as a func-
tion of 7', which closely follows the BCS A-T function.

4. Conclusion

In summary, we performed directional soft point con-
tact spectroscopy measurements on kagome superconductor
CsV3Sbs crystals.
that the conductance spectrum is characterized by a pro-

By comparison, spectral results showed

nounced anisotropy in the superconducting energy gap along
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the current ab-plane direction and full s-wave SC gaps along
the c-axis direction. Specifically, quantitative analysis for the
ab-plane junctions revealed an anisotropy of ~ 70% and a
gap minimum of ~ 0.15 meV. These results provide a foun-
dation for further understanding the intertwinement with other
electronic ordering states, such as the CDW ordering, time-
reversal symmetry breaking and the topological superconduct-

ing state with Majorana flat bands on the sample edges. !
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