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The recently discovered vanadium-based Kagome metals AV3Sbs (A = K, Rb, Cs) are of great interest with
the interplay of charge density wave (CDW) order, band topology and superconductivity. In this paper, by
identifying elementary band representations (EBRs), we construct a two-EBR graphene-Kagome model to
capture the two low-energy van-Hove-singularity dispersions and, more importantly, the nontrivial band topology
in these Kagome metals. This model consists of A,@3g (V-d,2_,2 .2, Kagome sites) and A7 @2d EBRs (Sbl-p_,
honeycomb sites). We have investigated the Fermi surface instability by calculating the electronic susceptibility
x(q). Prominent Fermi-surface nesting peaks are obtained at three L points, where the z component of the
nesting vector shows an intimate relationship with the anticrossing point along M-L. The nesting peaks at L are
consistent with the 2 x 2 x 2 CDW reconstruction in these compounds. In addition, the sublattice-resolved bare
susceptibility is calculated and similar sharp peaks are observed at the L points, indicating a strong antiferro-
magnetic fluctuation. Assuming a bulk s-wave superconducting pairing, the helical surface states and nontrivial
superconducting gap are obtained on the (001) surface. Analogous to the FeTe,_,Se, superconductor, our results
establish another material realization of a stoichiometric superconductor with nontrivial band topology, providing

a promising platform for studying exotic Majorana physics in condensed matter.
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I. INTRODUCTION

Kagome materials have attracted enormous interest in the
field of condensed matter due to the possibility of studying
the interplay among a frustrated geometry of the crystalline
structure [1-4], nontrivial band topology [5-8], and uncon-
ventional electronic orders [9-12]. Recently, many intriguing
phenomena have been reported in vanadium-based Kagome
metals AV3Sbs [13-16], including the anomalous Hall effect
[17-19], pair density wave [20,21], electronic nematicity [22],
etc. First-principles calculations and angle-resolved photoe-
mission spectroscopy (ARPES) found the Z,-type topology
in their band structures [14,23]. These Kagome metals host
a charge density wave (CDW) first-order transition at Tcpw
around 80 ~ 104 K [13-16]. Various experimental techniques
have been applied to determine the AV3Sbs low-temperature
structure, including high-resolution x-ray diffraction [24-26],
nuclear magnetic resonance, and nuclear quadrupole reso-
nance [27,28], scanning tunneling microscopy [29-31], and
ARPES [32-35] etc. However, the origin of the CDW phase
of AV3Sbs still remains controversial.

Besides the CDW phase transition, AV3Sbs also host su-
perconductivity with a transition temperature 7, around 0.9 ~
2.5 K at ambient conditions [14-16]. To reveal the super-
conducting gap, multiple experimental techniques have been
applied but no consensus has been reached yet. There is accu-
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mulating evidence of a fully gapped s-wave superconductivity
in AV3Sbs [27,36,37]. Interestingly, the bulk s-wave pair-
ing can induce a synthetic p, + ip, pairing on helical Dirac
surface states and Majorana zero modes (MZMs) may arise
inside the vortex cores [38,39]. Surface-dependent zero-bias
states with spatial evolution similar to the zero-bias peaks
in Bi,Tes;/NbSe, heterostructures [40] and iron-based super-
conductors FeTe;_,Se, [41-46] have been recently resolved
in the vortex cores of CsV3Sbs [29], suggesting its intrinsic
topological superconductivity. However, the theoretical model
description, surface states and spin texture are still lacking for
studying surface topological superconductivity in AV3Sbs.

In this paper, based on irreducible representations (ir-
reps) and orbital-resolved band structures, we identify that
the bands of A,@3g¢ and A7 @2d elementary band represen-
tations (EBRs) are crucial for two van Hove singularities
(VHSs) near the Fermi level (Er) and the nontrivial band
topology. Although some effective tight-binding (TB) mod-
els have been constructed in Refs. [47—49], the p,-orbital
induced A7 @2d EBR has long been ignored. Accordingly,
the two-EBR graphene-Kagome model is constructed, which
contains d,>_,» and p, orbitals, to uniquely capture both
nontrivial band topology and Fermi surface (FS) nesting.
The FS nesting peaks at three L points are obtained,
which are compatible with the 2 x 2 x 2 reconstruction.
We find that the reconstruction along k, is intimately
related to the band anticrossing point on M-L. Taking
together the bulk s-wave superconductivity and surface
Dirac-cone states of AV3Sbs, our work has established
a material realization of a stoichiometric superconductor

©2023 American Physical Society
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TABLE I. The atomic valence-electron band representations of
AV;Sbs.

Atom WKS(g) Symm. Conf. Irreps(p) aBRs(p@gq)
A la 6/mmm s st Ay,
A\ 3g mmm  s*d? do: A,y
dxz,yzi Ag Ag@3g
dx}' Blg
dV~ ng B3g@3g
dx B2g Bzg@3g
Sbl 4h 3m P P Ay A @4h =
(A} +AY)@2d
P by E
Sb2 1b 6/mmm  p* P Ay Ay, @1b
Px» p,\': Elu

with topological band structure, providing a promising plat-
form for studying exotic Majorana physics in condensed
matter.

II. CRYSTAL STRUCTURE AND BAND
REPRESENTATIONS

The pristine phase of AV3Sbs crystallizes in a layered
structure with hexagonal symmetry (SG P6/mmm; #191). The
A, V, and Sbl/Sb2 are located at different Wyckoff sites
(WKS): 1a, 3g, and 4h/1b. Using POS2ABR [59], the atomic
valence-electron band representations (aBRs) are presented in
Table 1. The band structure of the representative KV3Sbs is
given in Fig. 1(d). From the irreps and orbital-resolved band
structures of Figs. S1(f)-S1(j) in the Supplemental Material
(SM) [50], despite the strong hybridization between V-d,.
and Sbl-p, orbitals, one can still classify low-energy bands
at M/L into four EBRs: A,@3g (red; V-dyo_y2,2), By, @3¢
(green; V-d,.), B3,@3g (orange; V-d,;) and AJ@2d (blue;
Sbl-p.), as highlighted in Fig. 1(e). The aBR of Sbl-p, is
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FIG. 1. Crystallographic unit cell (a), (b), Brillouin zone (BZ) (c)
and band structure (d) of KV;3Sbs. According to the irreps, these elec-
tronic bands around M/L are classified into four EBRs, highlighted
in (e). The red circles in (e) denote the hybridization between the
highlighted bands.
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FIG. 2. (a) Band structures of AV3Sbs along M-L without (w/o)
SOC and with (w/) SOC. (b) Illustration of the basis orbitals consid-
ered in the two-EBR model. (c) The bulk dispersion of the two-EBR
model.

A1 @4h, which is not elementary and can be reduced to two
eBRs: A} @2d (bonding) and A} @2d (antibonding). Based on
the obtained irreps, A) @2d is crucial to the Fermi-level states.

III. THE TWO-EBR GRAPHENE-KAGOME MODEL

A VHS dispersion is formed and becomes relevant due to
the presence of a saddle point (at M/L) near the Er. From
Fig. 1(e), one can find that the orange B3,@3g band does
not form a saddle point at M/L at all. Instead, it yields an
electron pocket around L. Among the other three EBRs, the
saddle-point structure of the green B,,@3g EBR is ~200 meV
below the Er on the whole M-L line [Fig. 2(a)]. As a result,
it forms a big cylinder hole pocket along I'-A. In this work,
in order to capture the most important band topology, low-
energy VHSs and FS nesting, we simply consider a two-EBR
model with A,@3g and A]@2d EBRs (graphene-Kagome
model). According to aBRs in Table I, we conclude that the
A,@3g EBR is from V-d,»_y» and V-d orbitals, while the
AJ@2d EBR is formed by the antibonding state of Sbl-p,
orbital. Interestingly, the A,@3g BR has been confirmed by
earlier ARPES [60,61], and the Sbl-p, orbital has been re-
ported responsible for the CDW transition [62]. Although
some effective TB models are constructed in the literature
[47-49], the p, orbital was not included at all. Our two-EBR
graphene-Kagome model is unique and crucial to capture both
FS nesting and the nontrivial band topology. In addition, a FS
of A, @1b EBR band is from Sb2-p, orbital along I'-A (see
details in SM [50]). A complete model with a full set of EBRs
can be found in Sec. IV of the SM [50], which reproduces all
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FIG. 3. Fermi surfaces (a), (b) and electronic susceptibility (c), (d). The Fermi surface nesting vectors q. = %a* + %c*(Ll), %b* +
%c*(Lz), %a* + %b* + %c*(L3) (green arrow) are indicated in panels (a) and (d), where a*, b*, ¢* are the reciprocal lattice vectors. (¢) and
(f) show the computed x(¢g) with modified parameters ¢, = 0.08, ¢, = 0.92,#; = —0.008. The inset of (f) is the corresponding energy
dispersion along M-L. (g) Eigenvalues of the bare susceptibility along high-symmetry ¢ paths. (h) Weights of Kagome sublattices for the
largest susceptibility eigenvalues and the three colors label the three sublattices. Largest susceptibility eigenvalues in the g, = 0 plane (i) and

q. = 7 plane (j).

FSs and respects all the crystal symmetries. It can be used for
more detailed calculations and analyses in the future.

With isostructural crystals, the band structures of AV3;Sbs
are very similar, and the spin-orbit coupling (SOC) effect is
weak. In the absence of SOC, a hybridization gap already
opens between the two EBRs (red and blue bands) on M-L,
resulting in an anticrossing point as shown in Fig. 2(a). The
Er is more or less located within the gap for the three AV;Sbs
compounds, while the &, value of the anticrossing point varies.
For A = K, Sb the anticrossing point is near k, = 7 /2, while
for A = Cs it moves to around k, = /4. The band structure
of our graphene-Kagome model is presented in Fig. 2(c) with
the anticrossing point at k, = /2. In the following, the elec-
tronic susceptibility, topological surface states, and s-wave
induced topological superconductivity are studied based on it.

IV. ELECTRONIC SUSCEPTIBILITY
AND FERMI SURFACE NESTING

To characterize the electronic contribution of the FS from
the high-temperature pristine phase of AV3Sbs to the low-
temperature CDW phase, the bare electronic susceptibility is
calculated. In Figs. 3(c)-3(f), we plot the real part of the bare
electronic susceptibility in the constant-matrix approximation
(Lindhard function),

1
x@=——

where N is the number of unit cells, E,(k) is the eigen
energy for the vth band at the momentum k and ng(e) =
1/[exp(e/kgT )+ 1] denotes the Fermi-Dirac distribution
function. We observe strong peaks in x(g) of our model at
the three L points in Fig. 3(d), which is consistent with the
2 x 2 x 2 CDW reconstruction [24], and is accordant with
DEFT results [63,64]. Therefore, one can conclude that the two

nplE, (k)] — np[E, (k + @)]
E, (k) —E,(k+q)

QY

VHSs are crucial to CDW instability. Once modifying the
anticrossing point away from k, = m /2 (slightly modifying
the parameters), the strong peak at g, = 7 plane disappears.
Instead, the strong peak moves to g. = (0.5, 0.5, 0.6), which
may be related to the observed 2 x 2 x 4 CDW reconstruction
in CsV3Sbs [63]. These results reveal that the g, value of the
Fermi-surface nesting vector ¢, is intimately related to the
anticrossing point on the M—L path.

To further check the intrinsic spin fluctuations of the two-
EBR TB model, we calculate the sublattice-resolved bare
susceptibility with including sublattice weight and the for-
mula is given by

: 1 * *
Xithit, @ fon) = = = 3 aio)a;* ()a) (k + g)ay (k + )
kv
LB, ()] — nelEy (k + )]
iwn + E,u,(k) - Ev(k + ‘I) ’

@)

where aﬁ;(k) is the /;th component of the eigenvector for
band p resulting from the diagonalization of the TB Hamil-
tonian. The eigenvalues of the static bare susceptibility matrix
x.r(q) = ng/z/(qv 0) along high-symmetry paths are dis-
played in Fig. 3(g). A sharp peak develops at the L point for
the largest eigenvalue, indicating a strong antiferromagnetic
(AFM) fluctuation. According to the eigenvectors, we find
that the largest eigenvalue is dominantly contributed by the
A,@3g EBR (the A,-irrep orbitals on the Kagome lattice),
due to the relative flatness (or narrow band width) of its
VHS structure. We further plot the corresponding weights
of three sublattices in Fig. 3(h), where the peak of the bare
susceptibility at L is primarily attributed to two sublattices
of the Kagome sites, reflecting the pure-sublattice (p-type)
nature of the VHS [48]. Figures 3(i) and 3(j) show the
largest eigenvalues in ¢, = 0 plane and g, = 7 plane, respec-
tively. The high intensity around the L point is similar to the
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TABLE II. Total energy (meV per formula) of relaxed crystals.

ECDW — EPris KV3Sb5 RbV3Sb5 CSV3Sb5
2 x2x 1(SD[65]) —0.15 -2 —4.25

2 x 2 x 1 JSD [65]) —1.75 -7.75 —15
2x2x2 —10.9125 —13.08875 —4.15125
2x2x4 —10.159375

Lindhard function, indicating prominent intraband nesting in
our two-EBR model.

V. 2x2x2AND 2 x 2 x 4 CDW RECONSTRUCTIONS

The nesting peaks in the susceptibility are correlated with
the band anticrossing in the M—L line, originating from the
A} @2d-EBR band shifting in three compounds (Fig. 2(a)).
Motivated by the experimental detection of different CDW
configurations 2 x 2 x 2 or 2 x 2 x 4 [26,29,66], we study
the effect of distortions of Sbl atoms along the z direction
on the CDW configurations. To initialize the 2 x 2 x 2 and
2 x 2 x 4 supercell structures, certain Sbl atoms are shifted
up/down slightly from the pristine structure as indicated in
Figs. S4(b) and 4(c) in SM [50]. After the full relaxation
in our first-principles calculations, the 2 x 2 x 2 supercell
yields an intertwined structure with alternating SD and ISD
distortions, as shown in Fig. S4(d) in SM [50]. However, the
2 x 2 x 4 supercell yields a super structure with 1/4 ISD and
3/4 SD distortions for CsV3Sbs (Fig. S4(e) in SM [50]), while
it returns to the 2 x 2 x 2 intertwined structure for K, Rb.
The energy saving for different CDW distortions relative to
the pristine structure are tabulated in Table II. They suggest
that the 2 x 2 x 2 reconstruction is more favorable for A =
K, Rb while the 2 x 2 x 4 reconstruction is more favourable
for A =Cs, consistent with experimental observations
[26,29,66].

VI. TOPOLOGICAL SURFACE STATES
AND SPIN TEXTURE

The two EBRs belong to different M, (reflection with re-
spect to the xy plane) eigenvalues, resulting in a nodal-line
semimetal in the absence of SOC. Upon including SOC (%,
in Table S1), it is fully gapped and belongs to a topolog-
ical insulator (TI) phase, with Z, =1 by parity criterion.
A surface Dirac cone is obtained at M in the (001) sur-
face [Fig. 4(a)], in agreement with the ARPES and DFT
results [14]. A spin-momentum-locked helical spin texture
is found for the topological surface states, as shown by the
green arrows in the zoom-in plot of Fig. 4(b). The C,,T
symmetry in the (001) surface restricts (S.) to be zero at
arbitrary (k, Izy) in the reduced BZ. Different from that of
the p — p band inversion in strong TI Bi,Se; [67-72], the
spin texture originates from the d — p band inversion in
AV;Sbs [73].

VII. SURFACE TOPOLOGICAL SUPERCONDUCTIVITY

Finally we discuss the potential surface topological super-
conductivity of AV3;Sbs. We have demonstrated that AV3Sbs

(© 0 2 (@ o2

Energy (V)
-
Energy (eV)

r M K P M K

FIG. 4. The Fermi surface contour (a) and the spin texture (b) of
zoom-in area of the (001) surface. There are three FS ovals around
M. The normal band energy spectrum (c), and the superconducting
energy spectrum (d) of the (001) surface with an s-wave supercon-
ducting gap.

possesses a helical surface Dirac cone at M. Since AV;3Sbs
is intrinsically superconducting without the aid of doping
or artificial heterostructures [13—16], the topological surface
states can be superconducting below 7, as a consequence of
surface-bulk proximity effect. Then, we introduce an on-site
intraorbital spin-singlet bulk pairing and perform a simulation
with surface Green’s function method for a semi-infinite (001)
slab to obtain the surface states [Fig. 4(c)]. It is apparent from
Fig. 4(d) that, apart from the bulk superconducting gap, the
surface states also obtain an isotropic gap with a gap size,
close to the bulk value. It is topological with an effective
Dx +ip, paring, since there are three FS ovals around three
M [74-76]. This surface topological superconductivity can be
destroyed by varying the chemical potential, which is sensi-
tive to the surface terminations [29]. Therefore, AV3Sbs, an
intrinsic superconductor with topological Dirac-cone surface
states, is a potential platform to study MZMs in the core of
vortices [38,39].

VIII. CONCLUSION

In this work, we identify that the A,@3g and A} @2d VHSs
are important to the FS nesting and nontrivial band topol-
ogy. The two-EBR graphene-Kagome model is constructed
from d»_,» and long-neglected p, orbitals. The FS nesting
peaks at three L points are obtained, which are compatible
with the 2 x 2 x 2 reconstruction. The CDW reconstruc-
tion along the z direction is intimately correlated with the
band anticrossing point on the M-L line, causing a favored
2 x 2 x 2 reconstruction for A = K, Rb while the 2 x 2 x
4 reconstruction is more favorable for A = Cs. A strong
AFM fluctuation is implied from the sublattice-resolved bare
susceptibility calculations. The largest eigenvalue of bare sus-
ceptibility matrix x; (q) is dominantly contributed by the A,
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orbitals on the Kagome lattice, due to the relative flatness
of its VHS structure. The nontrivial topology of AV;Sbs
can be well reproduced by the graphene-Kagome model,
with a surface Dirac cone at M. By combining nontrivial
band topology and superconductivity, this type of intrinsic
topological superconductors holds great promise for studying
fascinating aspects of topological superconductors such as
MZMs.
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