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The superconductivity of a kagome superconductor CsV3Sbs is studied by scanning tunneling
microscopy and spectroscopy at ultralow temperature with high resolution. Two kinds of superconducting
gaps with multiple sets of coherent peaks and residual zero-energy density of states (DOS) are observed on
both half-Cs and Sb surfaces, implying multiband superconductivity. In addition, in-gap states can be
induced by magnetic impurities but not by nonmagnetic impurities, suggesting a sign-preserving or s-wave
superconducting order parameter. Moreover, the interplay between charge density waves (CDW) and
superconductivity differs on various bands, resulting in different density-of-states distributions. Our results
suggest that the superconducting gap is likely isotropic on the sections of Fermi surface that play little roles
in CDW, and the superconducting gaps on the sections of Fermi surface with anisotropic CDW gaps are
likely anisotropic as well. The residual spectral weights at zero energy are attributed to the extremely small
superconducting gap on the tiny oval Fermi pockets. Our study provides critical clues for further
understanding the superconductivity and its relation to CDW in CsV;Sbs.
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Owing to the special geometry, materials with kagome
lattice may possess geometric frustration, flat band and
nontrivial band topology, providing an intriguing play-
ground to explore exotic quantum phenomena, such as
quantum spin liquid, Dirac or Weyl semimetal and uncon-
ventional superconductivity [1-7]. Recently, a new family
of quasi-two-dimensional kagome metals AV;Sbs (A = K,
Rb, Cs) has been discovered, consisting of perfect kagome
lattice of V atoms coordinated by Sb [8]. Nonmagnetic
AV;3Sbs goes through a CDW transition at 78103 K, then
enters the superconducting state below 7T~ 0.9 —3.5 K
[8—=11]. An electronic structure with several Dirac-cone-like
bands, flat band, and topological nontrivial surface states
close to the Fermi level, was predicted by theory and then
confirmed by angle-resolved photoemission spectroscopy
(ARPES) studies [8—12]. A scanning tunneling microscopy
(STM) study found that the CDW order is topologically
nontrivial with chiral anisotropy [13], which may be
responsible for observations of large anomalous Hall
effect [14,15].

Superconductivity in AV;3;Sbs was predicted to be
unconventional [16]. Various experiments showed double
superconducting domes under pressure, possible signatures
of spin-triplet paring and an edge supercurrent were
observed in Nb/K,_,V3;Sbs devices [17-21]. Ultralow
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temperature thermal conductivity measurements suggest
nodal superconductivity in CsV3Sbs [18], although mag-
netic penetration depth experiments manifest nodeless
superconductivity [22]. V-shaped superconducting gaps
and possible roton pair density wave were observed by
STM studies [23,24]. More intriguingly, topological non-
trivial surface states were predicted, and thus topological
superconductivity was suggested due to the superconduct-
ing proximity effect [9,10,12]. The possible appearance of
a Majorana zero mode was argued [23]. These studies
imply rich physics in the superconducting state of AV;Sbs,
but some of them are controversial and the nature of the
superconductivity is still largely elusive. In this Letter,
we systematically studied the superconducting state of
CsV;Sbs, and found direct evidence and critical clues on
the s-wave superconducting pairing symmetry, multiband
superconductivity and its band-dependent gap distribution,
and band-dependent interactions with CDW orders.
CsV;3Sbs crystallizes in a layered structure of V-Sb
sheets intercalated by a hexagonal Cs layer [Fig. 1(a)].
The V-Sb sheets consist of a V kagome sublattice, a
hexagonal Sb2 sublattice centered on each kagome hex-
agon, and a honeycomb Sbl sublattice below and above
each kagome layer [Fig. 1(b)]. CsV;Sbs single crystals
with a T of 2.6 K [Fig. S1 in Supplemental Material (SM,
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FIG. 1. Typical STM images and superconducting spectra of
CsV3Sbs. (a),(b) Crystal structure of CsV;Sbs. (c),(d) STM
images of half-Cs (V;, = 200 mV, I, = 60 pA) and Sb surfaces
(V, =70 mV, I, =209 pA). The 1 x 2 reconstruction of Cs
atoms is sketched in panel (c). Inset of panel (d) shows FFT image
of Sb surface, with g, ¢,,, and g4, spots marked by green, cyan,
and magenta circles, respectively. (e),(f) Two kinds of super-
conducting spectra measured on half-Cs and Sb surfaces,
normalized by the dI/dV value at V, = 1.5 mV (set point:
V, =120 mV, I, = 150 pA, AV =30 V). Superconducting
spectrum of Al polycrystal (T ~ 1.2 K) measured in the same
setup is displayed for comparison.

Ref. [25])] were studied by a dilution-refrigerator-equipped
STM with a base temperature of 40 mK and an effective
electron temperature 7. of 170 mK (Fig. S2). Two kinds
of surface terminations were observed, one is half-Cs
surface with Cs atoms forming 1 X 2 reconstructions
[Fig. 1(c)], the other is a honeycombed Sbl surface
exhibiting two charge modulations [Fig. 1(d)], one being
a 2a x 2a superstructure propagating along three lattice
directions (a ~ 5.5 A is the lattice period) and the other
being a unidirectional 4a modulation. Such charge mod-
ulations are resolved more clearly in the fast-Fourier
transform (FFT) image in the inset, ¢,, and g4, spots
are clearly presented in addition to Bragg peak g,. These
charge modulations are similar to previous STM studies
on AV;Sbs, and are assigned to multiple CDW orders
[13,23,24,27,28].

On both half-Cs and Sb surfaces, we observed spatially
homogeneous superconducting gap spectra, with just small
intensity modulations from the CDW (this will be discussed
later). However, likely due to different STM tip conditions
in different measurements, the superconducting gap spec-
trum is found to be either V shaped or U shaped on both
types of surfaces, as shown in Figs. 1(e) and 1(f) (more
details are elaborated in Sec. 3 of SM). The V-shaped
superconducting gap on Sb surface [Fig. 1(f)] exhibits two
pairs of coherence peaks located at A; = 0.48 meV and
A, =0.36 meV, and its gap depth [defined by 1-N(0),
where N(0) is the normalized dI/dV value at zero
energy] is 75% ~ 80%; while the U-shaped superconduct-
ing gap has a pair of broad coherence peaks at about

A; = 0.38 meV and a rather flat bottom with the gap depth
of about 90%. For half-Cs surfaces, similar V- and
U-shaped superconducting gaps are observed [Fig. 1(e)],
but the gap sizes differ slightly (A; = 0.57 meV, A, =
0.30 meV and A; =0.45 meV). For comparison, the
superconducting gap of Al (T¢ ~ 1.2 K) measured at the
same condition displays a flat bottom with zero DOS [black
curves in Figs. 1(e) and 1(f)]. This confirms the existence of
residual DOS in the superconducting gap of CsV;Sbs (see
Fig. S6 for more details). Considering the multiband nature
of AV;Sbs [8—12], the different superconducting gaps may
originate from different bands. Their appearance depends
on specific tip states, which results in different tunneling
probabilities for different bands. Because the half-Cs sur-
face is unstable due to the high mobility of Cs atoms and
low coverage (Fig. S7), we will mainly focus on Sb
surfaces hereafter.

Superconductivity of CsV;3Sbs is further investigated by
imaging magnetic vortices. Figures 2(a) and 2(b) show
vortex maps on Sb surface with U-shaped superconducting
gaps. The vortices form a perfect Abrikosov lattice, but a
single vortex is anisotropic and exhibits a sixfold star-
shaped structure. Such anisotropic vortex is generally
believed to arise from anisotropic multiband nature of
the Fermi surfaces and/or superconducting pairing sym-
metry, as reported in NbSe,, YNi,B,C, LiFeAs [29-33].
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FIG. 2. Vortex states measured on the Sb surface. (a),(b) Vortex
maps at 0 and 0.5 meV under B, = 500 Oe (V,, = 1.20 mV,
I, = 100 pA, AV =30 uV). (c),(d) Evolution of dI/dV spectra
taken along cuts No. 1 and No. 2 in panel (a) (V, = 1.20 mV,
I, =150 pA, AV =30 uV). The red bidirectional arrows in-
dicate the +40 nm area away from the vortex core.
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The reported twofold symmetric superconductivity by
transport measurements is not evidenced in the vortex
structure here [34,35]. Figures 2(c) and 2(d) show the
evolution of dI/dV spectra across a vortex core, taken
along linecuts No. 1 and No. 2 in Fig. 2(a). Upon
approaching the vortex core, the superconducting gap is
gradually suppressed. At a distance of about £40 nm away
from the vortex core, a pair of broad peaks inside the
superconducting gap appears, and their energy separation
decreases gradually upon approaching the vortex core.
These two peaks are discernible at 10 nm away from the
vortex core, but merge into a broad asymmetric peak near
the vortex center. Similar results have been observed in
vortices on all Sb and Cs surfaces, no matter V- or
U-shaped gap is observed in the absence of magnetic field
(Fig. S8). The evolution of vortex states is consistent with
conventional Caroli—-de Gennes—Matricon (CdGM) bound
states [36]. CsV3Sbs possesses multiple Fermi pockets with
Fermi energy (Er) of about 50-700 meV [12]. By using the
observed largest superconducting gap A; ~ 0.57 meV, the
estimated upper limit of the energy separation of the CdAGM
bound states E = A?/E; (Ref. [36]) is about 6.5 ueV,
thus the CdGM states of different bands cannot be
distinguished in our STM study and appear as a broad
peak containing multiple CdGM states.

To further explore the superconducting gap structure,
impurity effects are studied. The response of superconduc-
tivity to local impurities generally depends on the pairing
symmetry and the nature of the impurities [37]. It is known
that for s-wave pairing, only magnetic impurities can break
the Cooper pair and induce in-gap bound states [38].
However, for sign-changing pairing functions such as
d-wave and s+-wave, nonmagnetic impurities with proper
scattering potentials can also induce in-gap states and
suppress superconductivity [39-44].

(a) Sbvacancy (b) V defect

(c) Csadatom

We investigate the impurity effects of superconductivity
in CsV3Sbs by studying the intrinsic defects, as well
as artificially introduced impurities. Insets of Figs. 3(a)
and 3(b) show two intrinsic holelike defects located at Sb1
site and V site underneath that are assigned as a Sbl
vacancy and a V defect. The superconducting gap is
unaffected at both defects and their vicinity, and no in-
gap states are observed [Figs. 3(a) and 3(b)]. Since no
signature of magnetic order or local magnetic moment was
observed in CsV3Sbs [8,45], these intrinsic defects are
considered to be nonmagnetic. Similarly, nonmagnetic Cs
adatom does not affect the superconductivity [Fig. 3(c)].
Besides, nonmagnetic Zn atoms and magnetic Cr atoms
were evaporated separately onto the sample kept at about
30 K, and appear as bright protrusions [insets of Figs. 3(d)
and 3(e)]. Assuming that the interaction between low-
temperature adsorbed atoms and underlying lattice is weak,
the impurity atoms are expected to retain their nonmagnetic
or magnetic character after adsorption. For Zn adatoms, the
superconducting gap remains unchanged at the Zn site and
its vicinity. While for the Cr cluster, the superconducting
gap is greatly suppressed, and a pair of asymmetric peaks
appear inside the gap. These are hallmarks of impurity-
induced in-gap states. Away from the Cr cluster, the
impurity states are weakened, and the superconducting
gap gradually recovers. Overall, the magnetic Cr cluster
strongly suppresses the superconductivity of CsV3Sbs
while the nonmagnetic impurities not, clearly indicating
that there is no sign change in the superconducting pairing
function of CsV;Sbs.

The interplay between multiband superconductivity and
CDWs is manifested in the spatial DOS modulation of
V- and U-shaped superconducting gaps. Figures 4(a)—4(d)
and Figs. S9 show DOS maps and corresponding FFTs at
various energies for the V-shaped gap, taken in the Sb

(d) Zn adatom (e) Crcluster
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Impurity effects on the superconductivity of CsV3Sbs. Series of dI/dV spectra taken along the linecuts (green lines in the

insets) across various defects and adatoms. STM images of these defects and adatoms are displayed in the insets. The red curves are

collected near the center of the defects and adatoms.
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FIG. 4. Spatial DOS modulations for V-shaped (a)—(h) and U-shaped (i)—(1) superconducting gaps on Sb surface. (a)—(d) DOS maps
(V, =120 mV, I, = 300 pA, AV = 30 V) and corresponding FFTs under E = 0 meV and —0.36 meV, taken in the region shown in
Fig. 1(d). (e) Comparison of spatial DOS modulations under £ = 0 meV and —0.36 meV, taken along cuts No. 3 and No. 4 in panel (a).
(f)—(h) Color plots of FFT linecuts along No. 5-No. 7 directions in panel (b). (i) Atomically resolved STM image of a Sb surface with U-
shaped gap (V, =50 mV, I, =200 pA), and corresponding DOS map (j) and FFT (k) under £ =0 meV (V, = 1.20 mV,
I, =200 pA, AV =30 V). () Color plot of FFT linecut along No. 8 direction in panel (k).

surface shown in Fig. 1(d). Obvious spatial modulations are
resolved, the spatial dependencies of DOSs at zero energy
and the coherence peak energy (E = —0.36 meV) mea-
sured along two lattice directions [cuts No. 3 and No. 4 in
Fig. 4(a)] are displayed in Fig. 4(e). Along cut No. 3
without 4a CDW, the DOSs at these two energies oscillate
at a period of a and are out of phase. Such antiphase
behavior is consistent with the superconducting picture that
a higher coherence peak is concomitant with a lower
residual DOS at zero energy, and suggests the observed
DOS modulation is intrinsic to superconducting state,
instead of the influence of atomic Bragg oscillations
(Fig. S10). Along cut No. 4 with 4a CDW, the minimal
oscillation period is still a, but the oscillation intensity is
strongly influenced by 4a CDW and shows additional 4a
period. Figures 4(f)—4(h) show the energy dependencies
of these DOS modulations, taken along cuts No. 5-7 in
Fig. 4(b). g, and g,, spots are nondispersive but show strong
spatial anisotropy; they are weaker around the coherence
peak energy, suggesting the competition between these
modulations and the homogeneous superconductivity. As
for U-shaped superconducting gap, although 2a x 2a and 4a
CDWs are also present in STM image [Fig. 4(i)], the DOS
modulation is weak and the influence of CDWs is not
obvious except for those near the coherence peak energies
[Figs. 4(j)—4(1) and Fig. S11]. These discrepancies indicate

that the interactions between CDWs and different super-
conducting gaps are different.

Finally, we discuss the superconducting pairing sym-
metry of CsV3Sbs and origin of the observed complex
superconducting spectra. Absence of sign change indicated
by impurity effects suggests an s-wave superconducting
pairing symmetry. It can exclude exotic superconducting
pairing symmetries with sign-change order parameters
[5,16], and is consistent with the decrease of Knight shift
and a Hebel-Slichter coherence peak in 1/T,T just below
Tc in recent nuclear magnetic resonance studies [46].
However, the finite residual DOS at Fermi level observed
in our data, together with the finite thermal conductivity
measured down to 100 mK nominal-lattice temperature
[18], seem to suggest either the existence of gap nodes, or
extremely small but full superconducting gaps in certain
Fermi surface sections that are still partially filled at 7.5 ~
170 mK in our apparatus. Considering the absence of sign
change, the latter case seems to be more likely than the
appearance of accidental gap nodes.

CsV;3Sbs is a multiband system with multiple Fermi
surface sheets. The Sb-p orbital contributes a circular
electron pocket at I', while the V-d orbitals form multiple
sizable triangular electron pockets at K and saddle points
with high DOS at M [12,27]. In particular, several tiny oval
pockets near K and M are revealed by quantum oscillation
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measurements [47,48]. Its CDW gap is strongly momentum
and band dependent according to theoretical and ARPES
studies. It is the largest around M, and anisotropic on the
pockets around K with zero gap along the I'-K direction,
and it is absent around the I' Fermi pocket [49-51].
Interestingly, similar to the cases of 2H-NbSe, and
2H-Na,TaS, [52,53], the Fermi surface is only partially
gapped when there is a CDW gap, probably due to the
strong coupling nature of electron-phonon interactions.
This implies that both CDW and superconductivity com-
pete on the same spectral weight near the Fermi energy.
Since CDW occurs at higher temperature with larger energy
scale, the presence of CDW gaps would affect the super-
conducting pairing behavior and alter the superconducting
gap distribution. Moreover, because the tunneling matrix
elements of the states on a particular Fermi pocket depend
on the wave function distributions of these states and that of
the STM tip [54], the superconducting gap at different
Fermi pockets may be preferentially probed in different
measurements with different tip conditions. Consistently,
the distinct line shapes of the two superconducting gaps,
especially near the gap bottom, and their responses to
CDWs in Fig. 4, suggest that they are originated from
different Fermi pockets with different CDW behaviors.
Therefore, based on our data and the recent ARPES data of
the CDW gap, one can deduce the following picture: (1) the
V-shaped superconducting gap corresponds to strongly
anisotropic gap distribution, which probably originates
from the triangular Fermi pockets or sections around K
with anisotropic CDW gaps. In these pockets, the effects of
CDW are strong, therefore, the competition between CDW
and superconductivity is strongly present (Fig. 4), resulting
in an anisotropic superconducting gap. (2) The U-shaped
gap corresponds to a more isotropic superconducting gap,
and thus is more likely derived from the circular electron
pocket at I', which is little affected by the CDW. (3) Some
extremely small but full superconducting gaps might locate
at the aforementioned tiny oval pockets near K and M
[47,48], on which weak superconducting pairing is
expected. These tiny pockets could contribute a small
residual DOS at zero energy even at T ~ 170 mK, which
puts an upper limit of about 0.05 meV (~3kzT ) to the
superconducting gap there.

In summary, we systematically studied the super-
conductivity of CsV3Sbs by using an ultralow temperature
STM with high energy and spatial resolution. Our results
indicate an s-wave superconducting pairing symmetry, and
that the superconductivity has band-dependent gap func-
tions, and band-dependent interplay with CDW orders,
which facilitate further understanding of the complex
entanglements of superconductivity, topology, and charge
order in kagome compounds.
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