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Superconductivity in V-based kagome metals has recently raised great interest as they exhibit the competing
ground states associated with the flat bands and topological electronic structures. Here we report the discovery
of superconductivity in Ta, V3 Sig9 with a superconducting transition temperature 7, of 7.5 K, a record high for
kagome metals at ambient pressure. While the V ions form a two-dimensional breathing kagome structure, the
length difference between two different V-V bonds is just 0.05 A, making it very close to the perfect kagome
structure. Our results show that Ta, V3 ;Sigo is a moderate-coupled type-II superconductor with a large upper
critical field that is close to the Pauli limit. DFT calculations give a Van Hove singularity band located at
Fermi energy, which may explain the relatively high 7, observed in this material. Furthermore, electron-phonon
coupling calculations indicate that the in-plane vibrations of the V atoms play a significant role in driving the

superconductivity.
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I. INTRODUCTION

The kagome lattice, consisting of the layered structure
formed by corner-sharing triangles, has garnered extensive
attention in condensed matter physics. Kagome antiferromag-
netic insulators are one of the ideal platforms to explore the
long-sought quantum-spin-liquid states [1-7]. Kagome metals
host intriguing physics as well due to the inherent Dirac cones,
Van Hove singularities (VHSs), and flat bands at different
electron fillings in their electronic structures [8]. Interestingly,
theoretical studies have suggested that unconventional super-
conductivity can be realized in the kagome lattice within a
special range of on-site repulsion and Coulomb interaction
at Van Hove filling, where the Fermi surfaces are nested and
have saddle points on the edges of the Brillouin zone [9,10].
However, the emergence of superconductivity is still rare in
kagome metals.

A recently discovered family of materials with a V-based
kagome lattice, AV3Sbs (A = K, Rb, and Cs) [11], exhibits
superconductivity with the superconducting transition temper-
ature T, = 0.93, 0.92, and 2.5 K for K, Rb, and Cs variants,
respectively [12—14]. Moreover, many interesting phenomena
have also been discovered, such as anomalous Hall effect [15],
unconventional chiral CDW order [16-18], and topologically
nontrivial band structures [12,19]. In the superconducting
phase of CsV3Sbs, while the Hebel-Slitchter coherence peak
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observed in nuclear magnetic resonance [20] and temperature-
dependent magnetic penetration depth [21] measurements
reveal the feature of a conventional s-wave superconductor,
an unconventional superconducting state has been suggested
by other results, such as a finite residual linear term of thermal
conductivity at zero magnetic field [22], residual zero-energy
density of states (DOS) [23,24], and the observation of pair
density wave (PDW) [25]. And these seemingly experimental
conflictions may be resolved in a time-reversal symmetry-
breaking PDW scenario that arises from the interplay between
PDW and a nested Fermi surface [26].

Superconductivity also arises in kagome lattice made up
of 4d or 5d elements, such as ternary Laves phase Mg,Ir3Si
[27] and RT3X; series (R = lanthanide, T = 4d or 5d transi-
tion metal, and X = Si, B, or Ga) [28-34], where transition
metals host an isolated perfect or distorted kagome lattice. In
contrast, Sb atoms at the 1a site of AV3;Sbs are located in the
center of the V kagome lattice. Therefore, the realization of
an isolated V-based kagome lattice is an attractive challenge
and may provide intensive insight into the novel phenomena
observed in the AV3Sbs family.

In this work, we synthesized a V-based breathing kagome
superconductor, Ta; V3 1Sig 9, with a T, of 7.5 K. The differ-
ence in the side length of the corner-sharing triangles is a
mere 2%. A moderate-coupled type-II superconductivity is
confirmed by the comprehensive measurement of magnetism,
resistivity, and specific heat. Interestingly, the large upper
critical field is close to the Pauli limit, suggesting unconven-
tional behavior exists. DFT calculations indicate that a VHS
band mainly from the V-d,, states is located at the Fermi
energy, which is strongly relevant to the emergence of the
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superconductivity. The electron-phonon coupling calculation
further unveils that the in-plane vibrations of V atoms mainly
contribute to the superconductivity.

II. EXPERIMENT DETAILS

Polycrystalline samples of Ta,; V3 Sip9 were synthesized
by using the arc-melting method. High-quality ingredients Ta
(Tangchuan Sci-Tech Co., Ltd, 3N, 5.913g), V (Innochem,
3N, 2.58g), and Si (Alfa, 4N, 0.413g) were weighed out in
a molar ratio of 2: 3.1: 0.9, arc-melted thrice under argon an
atmosphere, utilizing a titanium ingot as an oxygen getter. The
sample was then annealed in a vacuumed quartz tube at the
temperature of 1073 K for 3 days. The polycrystalline ingot
was silvery and stable in the air. Rectangular-shaped samples
were obtained for physical property measurements by using
the diamond wire-cutting machine.

The powder x-ray diffraction (PXRD) on crushed samples
was performed in Rigaku SmartLab 9 kW with Cu K« ra-
diation. The crystal structure was refined with the program
package GSAS-II suite [35]. Magnetic susceptibility x(7') =
M/H and isothermal magnetization M(H) were measured
using a Physical Property Measurement System (PPMS Dy-
nacool, Quantum Design) equipped with a vibrating sample
magnetometer (VSM) option. A sample weighing 14 mg was
chosen for heat capacity measurement in the same PPMS.
The standard four-probe method was employed for electric
measurement in PPMS-16T.

The calculations of the electronic band structure were
performed using the Vienna ab initio package (VASP) with
projector augmented wave (PAW) method and Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional. A plane
wave energy cutoff of 420 eV and a 16 x 16 x 10 k mesh
were employed. We adopted the virtual crystal approximation
(VCA) to simulate Ta,V3Sig9 with 10% V and 90% Si
at the 2a Wyckoff site. The phonon spectrum and electron-
phonon coupling calculations of Ta,; V3 ;Sig9 were performed
in the framework of density functional perturbation theory,
as implemented in the QUANTUM ESPRESSO (QE) package.
To simulate the doping effect, we added 1.8 electrons and
a compensating jellium background into the Ta; V3Si system
in QE. The superconducting temperature was evaluated with
Allen-Dynes modified McMillian equation using QE.

III. RESULTS AND DISCUSSION

Ta,V3,1Sip9 crystallizes in a hexagonal Mg,CusSi-type
structure, which is also referred to as the ternary C14 Laves
phase. The Rietveld refinement of the powder sample, as
shown in Fig. 1(c), results in the space group P63;/mmc
(no. 194) with cell parameters of a = 5.0094(8)/0% and ¢ =
8.2575(1) A, which is consistent with the structure of Ta, V5 Si
reported previously [36]. A small amount of unknown im-
purity phase is detected in the powder sample. The atomic
coordinates, occupancies, and isotropic displacement parame-
ters are listed in Table I. The structure of Ta,; V3 | Sig o consists
of Ta,Si layers and V breathing kagome layers stacking along
the crystallographic ¢ axis, as shown in Fig. 1(a). The extra
V atoms occupy the 2a site of Si atoms. Figure 1(b) shows
the breathing kagome net of V atoms, in which the shorter
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FIG. 1. Crystal structure of Ta, V3 ;Sigg. (a) The side view of the
crystal structure of Ta, V3 ;Sige. (b) The breathing kagome lattice
of V atoms viewed from the crystallographic ¢ axis. The structure
is drawn in the program VESTA [37]. (c¢) The powder XRD pattern
and refined results. The red circles and black lines are observed data
and calculated patterns. The green sticks and blue lines represent the
Bragg position and the difference between observed and calculated
patterns.

and longer distances of the V-V bonds are 2.48 and 2.53 A,
respectively. The difference between the two kinds of V-V
bonds is only 2%. The bond length of the kagome net here
is much shorter than those observed in the analogous su-
perconductors, including KV3;Sbs (2.74 A, V-V bond) [11],
LaRu3Si; (2.84 A, Ru-Ru bond) [30], and Mg,Ir3Si (2.62 and
2.73 A, Ir-Ir bond) [27]. Considering a naive perspective that
pressure may enhance the critical temperature, the shorter V-V
bond in Ta, V3 1 Sig 9, seemingly pressing the sample along the
kagome plane, implies a higher critical temperature. More-
over, compared with the V-based kagome superconductors
AV3Sbs [12-14], Ta,; V3,1 Sig ¢ exhibits the pure kagome plane
without any other atoms, making it highly suitable for study-
ing kagome physics.

The superconductivity of Ta,V3Sigg is first confirmed
by the volume magnetic susceptibility (47 x) measurements

TABLE I. Crystallographic data for Ta,V3;Sipe at room tem-
perature. Space group P63;/mmc (no. 194), a = 5.0094(8) A, ¢ =

8.2575(1)A, V = 179.45(9) A3,

Atom X y z Site  Occ.? U’
Ta 1/3 2/3 0.5603(7) 4f 1 001
V1 0.1682(2) 0.3364(5) 1/4 6h 1 0.0077
V2 0 0 0 2¢ 0.1 0.0098
Si 0 0 0 2¢ 09  0.0098

2The occupancy of each atom.
The isotropic displacement parameters are used to avoid an unphys-
ical negative value.
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FIG. 2. The magnetic characterization of Ta,V;;Sipg. (a) The
temperature-dependent magnetic susceptibility under a magnetic
field of 2 mT with ZFC and FC modes (the inset shows the enlarged
view of FC data). (b) The field-dependent magnetization at 2 and
6 K from —3 to 3 T. (c) The field-dependent magnetization from 2
to 8 K in an increment of 1 K at low magnetic fields. (d) The lower
critical field woH,; versus temperature and the fitting using empirical
relation.

under zero-field-cooled (ZFC) and field-cooled (FC) modes
from 2 to 10 K with an external magnetic field of 2 mT, as
shown in Fig. 2(a). The critical temperature (7;) of 7.5 K
is determined from the intersection between the extrapolated
normal state of magnetic susceptibility at low temperature and
the line representing the apparent diamagnetic signal (shown
by the black lines) [38,39]. The superconducting volume frac-
tion reaches almost 100% in the ZFC data. Generally, the 47 x
should exceed 100% for the reason of the demagnetization
effect. The lower superconducting volume fraction can be
attributed to the existence of trace impurities detected in the
powder XRD patterns. The weak diamagnetic signal observed
in the FC process, as shown in the inset of Fig. 2(a), ascribes
to the polycrystalline nature of the sample and also the flux
pinning effect in a type-II superconductor, which is explicitly
verified by the loops in isothermal magnetization at 2 and
6 K, shown in Fig. 2(b). Figure 2(c) depicts the detailed inves-
tigation of the field-dependent magnetization M(H) performed
at temperatures from 2 to 8 K with an interval of 1 K. To
obtain the lower critical field, puoH,, the low-field data of
2 K are fitted linearly (indicated by the black solid line), and
the uoH,; is defined where the data begin to deviate from
the fitting line. The extracted poH,; of each temperature are
shown in Fig. 2(d) and fitted by using the empirical equation

7\2
woH(T) = MoHc1(0)|:1 - <F) i|,

where the fitting parameter woH,1(0) is the lower critical field
at 0 K and T; is the superconducting transition temperature.
The fit yields poH.;(0) is 3.13(6) mT and T; is 7.6(1) K,

basically coinciding with the critical temperature observed in
the 47 x (T) curve.

The temperature-dependent resistivity o(7) measured
from 300 to 2 K is shown in the inset of Fig. 3(b). The
sample exhibits metallic behavior above the superconduct-
ing transition with a large residual resistivity of almost
0.4 mS2 cm. The low-temperature resistivity fitted by the equa-
tion p(T) = pg + AT", where py is the residual resistivity and
A and n are fitting parameters, yields that py is 0.398 m€2 cm,
Ais 1.1(2) x 107%, and n is 1.91(4). The value of n close
to 2 implies that electron-electron interaction dominates the
low-temperature resistivity. Figure 3(a) shows po(T) from 2
to 11 K under the increased magnetic field to 15 T with an
increment of 1 T. The T, defined as the temperature where
the resistivity drops to 50% of the normal state (py), is 8.1 K.
The T shifts to the lower temperature with increased fields.
Using the 50% intersection criteria of 7, for determining the
upper critical field (uoH,2), a general criterion for poH,, we
obtain the temperature-dependent woH > (T) in Fig. 3(b). The
slope near T, (H' = —%m ) is 3.05 T/K. This relatively
large value gives a high orbital limiting field 1oH%°(0) to be
17.12 T, which is determined from woH C"zrb(O) = —0.693H'T,
in the dirty limit superconductor [40] (which will be proved
later according to the larger mean free path rather than the
Ginzburg-Landau coherence length). Generally, the Pauli-
limited field woHp(0) is 1.857. (a common estimation for
superconductors); using 7, = 8.1 K, the poHp(0) is calculated
to be 14.985 T. That the 110Hp(0) is smaller than poH%°(0)
implies that puoH,, at low temperature is limited by the Pauli
spin susceptibility of the electrons rather than the usual orbital
pair-breaking effect, which suggests the anomalous property
of the superconductor reported here.

To comprehensively investigate the pair-breaking mecha-
nism in the material, we fit our data based on the Werthamer,
Helfand, and Hohenberg (WHH) model [40,41]:

1 1 ik 1 h+ % +iy
In-= (= 2 7
" (2+4y>w<2+ 2
1 ik 1 h+ie—iy 1
+<2 4y>‘”(z+ 21 "2 )

where t = T/T., y = (¢h)’ — (Aso/2)*'/%,  is the digamma
function,

B 7h Ho

(_%)1:1 (_ dslfz))tzl

and « (also known as the Maki parameter [42,43]) and X, are
parameters presenting the strength of the spin paramagnetic
effect and spin-orbit scattering. First, the data are fitted ne-
glecting the spin paramagnetic effect and spin-orbit scattering
(¢ = 0 and Ay, = 0), while the fitting line (green solid line)
deviates the data at low temperatures. Considering the strong
Pauli paramagnetic effect in this sample, we obtain the Maki
parameter o = 1.62 by substituting the calculated values of
woHS®(0) and woHp(0) into the formula [43]:

V2HZ(0)
Hy(0)

*
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FIG. 3. The resistivity and specific heat of Ta, V3 ;Sipg. (a) The temperature-dependent resistivity under magnetic field from 0 to 15 T in
an increment of 1 T. (b) The upper critical field versus temperature data and the WHH fitting. The inset shows the temperature dependence of
resistivity from 300 to 2 K. (c¢) The temperature-dependent specific heat under various magnetic fields. The inset illustrates the specific heat
from 300 to 2 K. (d) AC versus T data from 10 to 2 K. The blue line below the critical temperature is the s-wave fitting.

By fixing the value of « = 1.62 and adjusting the Ay, the
data can be well fitted by the WHH model (red solid line),
yielding the puoH.»(0) = 14.2 T. Noticing that the parameter
Aso = 2.2 1s essential to depict the experiment data, and the fit-
ting line ignoring the Ay, (¢ = 1.62 and Ay, = 0) is also shown
with a green dashed line to give a vivid contrast. Generally,
the o and A4, are always equal to zero for conventional BCS
superconductors where the upper critical field is much lower
than the Pauli limit [41]. This suggests that the spin paramag-
netic effect and spin-orbit scattering are important to describe
the upper critical field for the material. The appearances of
large poH:»(0) and deviation of the WHH model for con-
ventional BCS superconductors (¢ = 0 and Ay, = 0) are also
observed in several cases: noncentrosymmetric superconduc-
tors [38], heavy-fermion superconductors [44,45], iron-based
high-temperature superconductors [46-52], and deficiencies-
induced strong spin-orbit scattering system [53]. The first
three scenarios can be easily excluded from our material, and
we argue that spin-orbit scattering plays an important role in
enhancing the upper critical field for the reason of the large
value of A, here and polycrystalline samples suffering in the
dirty limit.

The obtained woH(0) is used to determine the Ginzburg-
Landau coherence length &g from the following relation:

Dy

Ho(0) = ——0
oH(0) 2722, (0)

where ®¢ = h/2e is the magnetic flux quantum. This leads
to the &g 48.14 A a distinctly shorter coherence length than
other kagome superconductors, such as LaRusSi, ~ 107 A
[54], Lalr;Ga, ~ 85 A [33], and Mg,Ir3Si ~ 74 A [27]. Em-
ploying the results of &g and poH,; (0) calculated previously,
the magnetic penetration depth Ag. = 4960.45 A is estimated
using the following equation:

Dy . AcL
a2 -
4 )“GL gGL

Then the Ginzburg-Landau parameter xgr. = AgL/écL =
103.03 > 1/+/2 confirms that the material is a type-II super-
conductor. Using the result of poH,;(0), noH(0), and xgL,

the thermodynamic critical field H. is determined from the
relation

/J/OHcl =

HHe. = HlInkgy,

which yields poH.(0) = 97.45 mT.

The temperature dependence of specific heat C,(T)
measurement is performed to finally confirm the bulk su-
perconducting nature of the material. No anomaly, such as
CDW transition in AV3Sbs (A = K, Rb, Cs) [11], is observed
above the superconducting transition temperature, as shown
in the inset of Fig. 3(c). Low-temperature data with applied
field from O to 3 T exhibits an obvious anomaly that shifts
to lower temperatures with increased fields, corresponding
to the emergence of superconducting transition, as shown in
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Fig. 3(c). The C,(T') data at 3 T is described (purple solid
line) by the following relation:

% = Ye + BT* +1T*,
where y,T is the electronic contribution and 873 + nT? is
the phonon contribution to the specific heat. The fitting yields
Ye =23.79)mImol ' K2, B =0.018(2)mJmol~! K4,
and 1 = 0.0003(1)mJ mol~! K=%. The Debye temperature
O®p can be calculated using the value of 8 and the equation

1274\
@ - R )
P ( 58 )

which gives the ®p 409.2(5) K. Combining the ®p =
409.2 K and T, = 7.5 K [determined from the 47 x (T) curve],
the electron-phonon coupling strength A, can be calculated
by using the McMillian equation [55]:

N 1.04 + 'U“*ln(145T)
P (1= 0.62u%)In (:22-) — 1.04°

1 45T

where p1* is a typical value of 0.13. The calculated value of A,
is 0.66, suggesting a moderate-coupled superconductor. The
density of electronic states at the Fermi energy N(Ef) can be
obtained from the following relation [38]:

3ve
722 (1 + Aep)”

where kg is the Boltzmann constant. Employing the obtained
values of y, = 23.7mJ mol~! K2 and A, = 0.66, the N (Er)
is estimated to be 5.89 states eV~ per formula unit (f.u.). The
relatively large N (Ep) is consistent with the existence of a Van
Hove singularity band near the Fermi energy (discussed in the
electronic structure part). The mean free path [ is estimated
from the relation [56]

N(Eg) =

(5 )Vii
N(Eg)*po’

where Vy;, m*, and m, are the molar volume, the effective mass
of the individual quas1partlcles and the free-electron mass,
respectively. Inserting (”‘ ) = 1 and the obtained N(Ef) and
po into the above expressmn gives [ = 0.5 A, which is far less
than &g, = 48.14 A. Therefore, the sample is within the dirty
limit.

To inspect the pairing symmetry and the magnitude of the
specific-heat jump corresponding to the superconducting state
AC, we obtain AC by subtracting the normal state value (the
fitting line) from the zero-field data C(0 T), AC = C(0T) —
Ct = Ces — ¥ T, as shown in Fig. 3(d), where Cg is the super-
conducting quasiparticle contribution and the y,, presents the
normal state Sommerfeld coefficient of the superconducting
part [39,57]. The entropy of the superconducting state Se is
expressed by the following equation:

1=2732x 107"

3Yn

Ses - kB7T 3

2T
/ / (1= HIn( = f)+ finflded,

where f is the quasiparticle occupation function f =

(1+ /8Ty and E = Ve? + AX$). A($) = aApes(T)

TABLE II. Superconductivity parameters of Ta, V3 Sig 9.

Parameter Units Ta, V3Sige
T. K 7.5 (from 4z x-T)
woH.1(0) mT 3.13(6)
noH(0) T 14.2
woH(0) mT 97.45
woH,(0) T 14.985
&L A 48.14
v A 4960.45
KGL 103.03

l A 0.50

Ve mJ mol~! K2 23.7(9)
AC/y, T, 1.85

Aep 0.66
N(ER) state eV~ per f.u. 5.89
®p K 409.2
A(0) meV 1.27
2A(0)/ksT. 3.93

is the angle-independent gap function for an s-wave su-
perconductor. Here Apcs(7') is the weak-coupled BCS gap
function. The electronic specific heat is calculated by Ces =
T (0Ses/0T). The experimental data are fitted by the s-wave
model, resulting in o = 1.12, y, =3.1mJ mol~' K~2, and
T. = 7.47 K. The normalized specific heat jump AC/y, T,
is obtained to be 1.85, a larger value than the expected value
of 1.43 for a weak-coupled BCS superconductor. Meanwhile,
the value of 2A(0)/kg T is calculated to be 3.93, which is also
larger than the BCS theory value of 3.52. A summary of all the
obtained superconducting parameters is in Table II.

To better understand the properties of Ta, Vs Sigg, we
performed the DFT calculations for the pristine (Ta;V3Si)
and V-doped (Ta; V31Sig9) crystals. Their band structures are
presented in Figs. 4(a) and 4(b), respectively. The density
of states (DOS) of Ta;V3;Sipg is shown in Fig. 4(b) as
well. In the orbital-weighted band structure of Fig. 4(a), one
can find that a VHS band is mainly from the V-d,, states,
which is about 200 meV above the Fermi energy (Eg). In
the TayV3,1Sigg, this VHS band significantly shifts down-
ward and is located at Eg, highlighted by a blue arrow. To
elucidate the critical role of the VHS in the emergence of su-
perconductivity, we conduct comprehensive low-temperature
measurements of Ta; V3Si, as shown in Figs. S1 and S2 of the
Supplemental Material (SM) [58]. Although the magnetic sus-
ceptibility and resistivity show superconductivity at 5.1 and
6.0 K, respectively, such low superconducting volume fraction
and the absence of obvious specific heat jump meticulously
demonstrate that the Ta;V3Si is not a bulk superconductor.
Moreover, the d states from V atoms are predominant in the
DOS, indicating the significant role of d electrons of the
V breathing kagome lattice for the electronic properties of
Tay V3.1Sig9. The calculated DOS (Eg) value is 4.88 states/eV
per f.u., which generally coincides with the value presented
in Table II. The constant energy surfaces of the band at Ep
are plotted in the top of Fig. 4(c); the bottom shows isoenergy
surfaces at £ = Er — 0.118 eV, being the level of the M point
of the VHS band.
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FIG. 4. The DFT calculations of Ta, V3Si and Ta,; V3 ;Sig . (a) The orbital-resolved band structure (Ta, V3Si) of V atoms’ local d,, orbitals.
(b) The band structure and density of states of Ta, V3 ;Sige. The VHS band (29th band at M-K pointed out by the arrow) drops to Er with
doping. The horizontal black and blue dashed lines are situated at Er and Er — 0.118 eV, respectively. (c) The isoenergy surface at E = Eg
(above) and E = Er — 0.118 eV (below) of the 29th band of Ta, V3 ;Sigo. (d) The phonon spectrum, Eliashberg spectral functions a>F (w),
and the frequency-dependent coupling A(w) of Ta,; V3 Sig 9. The electron-phonon couplings A, are depicted by magenta circles.

The superconducting transition temperature is estimated
using the Allen-Dynes modified McMillian equation:

log —1.04(1 + &)
T, = exp )
1.2kg A1 —0.62u*) — p*

where kg is the Boltzmann constant and p* is the effec-
tive screened Coulomb repulsion constant. A=} A, =

2 fooo dw@ is the electron-phonon coupling constant, and
wiog 1s the logarithmic average phonon frequency. With
u*=0.1 and L =0.5794, T, is estimated to be 4.87 K,
which is slightly smaller than the experimental value. The
phonon spectrum, Eliashberg spectral functions «>F (w), and
the frequency-dependent coupling A(w) of TayVsSipg are
shown in Fig. 4(d). The contributions of A mainly come
from the phonon modes of 180cm™! < w < 220cm™', which
are the in-plane vibration modes of V atoms (see Fig. S3
in the SM [58]).

IV. CONCLUSION

In summary, we investigate the structure and super-
conductivity of Ta;V3;Sigg. The material crystallizes in
the layered hexagonal structure with an isolated breathing
kagome plane of vanadium atoms. Comprehensive measure-
ments of magnetism, resistivity, and specific heat demonstrate
that Ta; V31Sig9 is a moderate-coupled superconductor with
a critical temperature of 7.5 K. Although most of the phys-
ical properties are close to the BCS theory, the large upper
critical field, distinct spin paramagnetic effect, and spin-orbit
scattering suggest an unusual pairing mechanism. Moreover,
DFT calculations depict a VHS band deriving from the V-d,,
states locates at Er, which is also observed in CsV3Sbs and
plays an important role in the formations of superconductivity
and CDW order [59,60]. The electron-phonon coupling calcu-
lation reveals that the in-plane vibrations of V atoms mainly
contribute to the observed superconductivity. Our study pro-
vides a platform to research the interplay between geometrical
frustration and superconductivity in the V-based kagome
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lattice. To further explore the novel phenomena in this ma-
terial, such as nontrivial topological band structure, CDW
order, time-reversal symmetry breaking, and PDW observed
in another V-based kagome superconductor AV3;Sbs, the sin-
gle crystals of Ta; V3 1Sig 9 are urgently needed.
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