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Gapless excitations inside the fully gapped kagome superconductors AV;Sbs
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The superconducting gap structures in the transition-metal-based kagome metal AV;Sbs (A = K, Rb, Cs), the
first family of quasi-two-dimensional kagome superconductors, remain elusive as there is strong experimental
evidence for both nodal and nodeless gap structures. Here we show that the dichotomy can be resolved because
of the coexistence of time-reversal symmetry breaking with a conventional fully gapped superconductivity. The
symmetry protects the edge states which arise on the domains of the lattice symmetry breaking order to remain
gapless in proximity to a conventional pairing. We demonstrate this result in a four-band tight-binding model
using the V dy2,_y2-like and the in-plane Sb p,-like Wannier functions that can faithfully capture the main feature

of the materials near the Fermi level.

DOLI: 10.1103/PhysRevB.105.1.100502

Because of their unique lattice structure, kagome mate-
rials have become an important platform for studying the
interplay between electron correlation, topology, and geome-
try frustration. Recently, the family of AV3;Sbs (A = K, Rb,
Cs) materials has been found to be the first quasi-two-
dimensional kagome superconductors (SCs) [1-11]. These
materials display many very intriguing phenomena. For ex-
ample, an unconventional charge density wave (CDW) order
has been found in the nonmagnetic AV3Sbs [1,2,12-14],
which is also concurrent with the anomalous Hall effect
(AHE) [15]. Muon spin spectroscopy («SR) measurements
[14,16-18] have revealed solid evidence for time-reversal
symmetry breaking (TRSB). In order to explain the TRSB,
many theories have been proposed [19-23]. In particular, the
chiral flux phase (CFP) [19], which carries unique nontrivial
topological properties, can naturally explain the TSRB and
AHE.

For the superconducting properties of AV3Sbs, there are
many controversial experimental results. On one hand, the
superconductivity appears to be quite conventional. A Hebel-
Slichter coherence peak appears just below the SC 7, from the
spin-lattice relaxation measurement from the '2!/!23Sb nuclear
quadrupole resonance [24]. The coherence peak is widely
known as a hallmark for a conventional s-wave SC [25,26],
which is also consistent with the decreasing Knight shift after
the SC transition [24]. The magnetic penetration depth mea-
surements also suggest a full gapped superconducting state
for CsV3Sbs [18,27]. There is also no magnetic resonance
peak, which normally appears in superconductors with strong
electron-electron correlation, such as cuprates and iron-based
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superconductors [28]. The weak electron-electron correlation
in these materials is consistent with angle-resolved pho-
toemission spectroscopy (ARPES) measurements [2,29-35]
and the first-principle calculations [36,37]. In addition, the
SC is very sensitive to magnetic impurities but without any
resonance peaks to nonmagnetic impurities [38]. The uSR
measurements also fail to detect any additional TRSB signals
below T, which indicates a time-reversal persevered SC order
parameter [18]. On the other hand, the thermoelectric trans-
port measurements show a finite residual thermal conductivity
at T — 0 in CsV3Sbs, which indicates a nodal SC feature
[5,39]. Scanning tunneling microscopy (STM) observes the
V-shape density of states, which is a typical feature for gap-
less SCs [8,9,38]. As the existence of a gapless excitation
normally indicates an unconventional superconductor, it is
fundamentally important to find out a reconciliation of these
experimental results.

In this Letter, we suggest that because of the existence
of TRSB, the gapless topological edge states are forbidden
by symmetry from opening a gap by pairing in proximity
to a conventional pairing. Thus, those gapless states on the
domains of the CDW or hidden orders remain gapless in
the superconducting states. Specifically, there are two key
discrete symmetries in SCs to guarantee the presence of
Cooper pairing, time-reversal 7, and inversion symmetry [
[40-42]. Since the T maps a |k, 1) state to | — k, | ) state, the
system at least contains time-reversal symmetry for the even-
parity spin-singlet pairing formed by (cx rc—k,; — Ck,yC—k.1)s
as illustrated in Fig. 1(a). In the same spirit, the odd-parity
spin-triplet pairing needs inversion symmetry / owing to the
fact that / maps a |k, 1) state to | — k&, 1) state, as illus-
trated in Fig. 1(b). These two symmetry conditions are known
as the Anderson theorem [40-42]. For AV3Sbs SC cases,
due to TRSB, the normal states before the SC transition
breaks the 7 symmetry. Therefore, the edge modes on CDW
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FIG. 1. (a) The time-reversal operator 7 maps a |k, 1) state to | — k, |) state, which is the essential symmetry for spin-singlet Cooper
pairs. (b) The inversion operator / maps a |k, 1) state to | — k, 1) state, which is the essential symmetry for spin-triplet Cooper pairs. (c) The
edge states, CDW domain walls, and other crystal grain boundaries, etc., are not gapped out by the SC pairings.

domain walls which break the 7 symmetry or other crys-
tal grain boundaries cannot be gapped out by the SC, as
illustrated in Fig. 1(c). Hence, although the AV;Sbs SC can
be a conventional s wave, it still contains gapless excita-
tions. To demonstrate this physics, we construct a four-band
tight-binding (TB) model, which faithfully captures the band
structures of AV3Sbs near Fermi energy. Since the inversion
symmetry is always a good symmetry for AV3Sbs normal state
from the recent second-harmonic generation measurement
[17], the spin-singlet pairing and spin-triplet pairing should
be separated. We will focus on the spin singlet in this work
based on the decreasing Knight shift from NMR [24].

Since all AV3Sbs materials have very similar band struc-
tures, we take CsV3Sbs as an example. From the density
functional theory (DFT) calculations and ARPES measure-
ments [2,29], there are multibands crossing the Fermi level,
as shown in Fig. 2(a). The crystal structure of CsV3Sbs is
shown in Figs. 2(b) and 2(c). The DFT and ARPES results

FIG. 2. (a) Band structure of CsV3;Sbs from DFT calculation
with SOC. The inset shows the high symmetry k path we use.
(b) Crystal structure of CsV;Sbs from the top view. The Wannier
centers of Wannier functions in the TB model are labeled as 1-4.
(c) Crystal structure of CsV3Sbs from another angle view. (d) The
illustration of the VSbg octahedra complex under the local coordinate
(X-Y-Z) and the schematic illustration for the crystal field splitting
under this local coordinate. There are two types of Sb atoms: two Sb
atoms are in the same plane with V atoms while the other four Sb
atoms are out of plane.

show that AV3Sbs is a quasi-two-dimensional metal, whose
electronic physics is dominated by electrons from the V-Sb
plane [1,2,29]. In this V-Sb plane, three V atoms form a
kagome lattice and an additional Sb atom forms a triangle
lattice locating at the V hexagonal center. Above and below
this V-Sb plane, out-of-plane Sb atoms form two honeycomb
lattices, respectively. Cs atoms form another triangle lattice
above or below these Sb honeycomb planes.

We will show that a four-band TB model can faithfully cap-
ture the main physics behind AV3Sbs based on Wannierization
and symmetry analysis. To understand the band structure, we
first focus on the local atomic structure of V atoms. There are
three V atoms in the kagome lattice’s unit cell [labeled as 1-3,
as indicated in Fig. 2(b)] and here we choose the local coordi-
nate (X-Y-Z) for each site, as shown in Fig. 2(d). Let us take
V-3 as an example to explain the definition of the local coordi-
nate: as the global coordinate changes to the local coordinate,
the axis x-y-z turns to Z-X-Y on V-3. By using C3 symmetric
operation, we can get the other two local coordinates on V-1
and V-2. In the local symmetric coordinate, the Z axis always
points to the in-plane Sb atom and the Y axis is same as the
z axis in the global x-y-z coordinate. The V atom can be
considered as being coordinated in a distorted octahedron,
whose point group symmetry is D,;. The Dy, crystal field
leads to no degeneracies of all the five d orbitals [Fig. 2(d)],
consistent with our Wannierization result in the Supplemental
Material [43] (see, also, references [44—48] therein). In the
local coordinate, the energy of the dxy/dz» orbital is higher
than that of the dx2_y2-dxz-dy; orbital, similar to the familiar
et relationship in a nondistorted octahedral crystal field.

From the DFT calculation and Wannierization, we find
that the eigenstate of the von Hove (vH) point is mainly from
the local dy:.y> orbital discussed above. More importantly,
the dy2_y» orbital of this vH is dominated by the single V
sublattice. This feature is the reason why a single orbital
model on kagome lattice is a reasonable starting model for
these materials [23,49-51]. Namely, a minimal TB model
based on the local dy:_y> orbitals can capture the main physics
of AV;Sbs, especially the vH around the Fermi level. Besides
the V d orbital, there is one additional electron pocket around
the I" point, which is attributed to the in-plane Sb’s p, orbital.
Without the spin-orbital coupling (SOC), there is no overlap
between the in-plane Sb p, orbital and the V dy2_y» orbital.
Hence, the p, band can be isolated from V dy_y> bands.

Based on the above observation, we apply the maximally
localized Wannier functions method to get the minimal model
for CsV3Sbs. Using the local V-centered dy:_y2-like Wannier
function, a three-band model on the kagome lattice is obtained
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FIG. 3. (a) The dy2_y2-like Wannier function on the V atom under the local X-Y-Z coordinate. The other two dy>_y2-like Wannier functions
are symmetric. (b) Band structures of CsV3;Sbs from DFT and Wannierization of three dy2.y2-like Wannier functions without SOC. (¢) Band
structure of the TB model with three dy2.y2-like Wannier functions. (d) The p,-like Wannier function on the in-plane Sb atom under the
global x-y-z coordinate. (¢) Band structures of CsV3Sbs from DFT and Wannierization of the p,-like Wannier function without SOC. (f) Band
structure of the TB model with the p,-like Wannier function. (g) Band structure of the TB model with SOC. (h) The Fermi surface of the TB

model.

as shown in Fig. 3(b). The corresponding Wannier function is
also plotted in Fig. 3(a). By comparing with the DFT results
in Fig. 3(b), we find this three-band model well describes the
main feature of vH points around the Fermi level and the Dirac
cone at the K points. Additionally, using the in-plane—Sb-
centered p.-like Wanner function, a single p, band on triangle
lattice is also obtained, as plotted in Fig. 3(e). Its Wannier
function is also shown in Fig. 3(d). As shown in Fig. 3(e), the
Wannierized p, band exactly agrees with the DFT calculation.
Hence, the p, band is isolated from other bands without SOC
as discussed above. The SOC coupling terms can be further
added in the minimal model using point group symmetry [43].

The effective TB model in the basis of three symmetric
dx>.y2-like Wannier functions (labeled as 1-3) and one p,-
like Wannier function (labeled as 4) to describe the in-plane
electronic physics, as shown in Fig. 3(g). Including the SOC,
the TB Hamiltonian can be written as

Hrg = Hy + Hsp, + Hsoc. (1

Details of this Hamiltonian with SOC can be found in the
Supplemental Material [43] (see, also, references [44—48]
therein).

Motivated by the chiral CDW found by magnetic-field
dependent STM measurements [14] and its concurrence with
AHE [15], several TRSB flux states have been proposed to
explain the phenomena [19-23]. Among them, the lowest
energy CFP as shown in Fig. 4(a) [19,23] has gained support
from recent ©SR measurements [16,17]. In the single orbital
model, the CFP state has C = 2 Chern number [19]. The
topological aspects of the CFP state in the minimal model
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FIG. 4. (a) The hopping flux configuration for the chiral flux
phase. (b) The edge states spectrum for the chiral flux phase without
Sb bands. (c) The BAG spectrum for the pairing state without Sb
bands. The energy difference 6z between E; ; and E_; | is on the
order of Acpp. (d) The BdG spectrum for the pairing state with
Sb bands, where the SOC splits the in-gap bands. Here we take
the CFP order parameter Acpp = 0.2 eV and the on-site pairing for
both V and Sb atoms to be Agc = 0.1eV and the chemical potential
u = —0.1eV. For the edge state calculation, we consider a system
with translation invariance along the a; direction and open boundary
condition along the a, direction with length of 100 lattice constant.
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remains the same as before. To confirm this, we carry out an
open boundary calculation for the minimal model coupling
with the CFP order. Note that we have ignored the Sb bands to
avoid the complication. As shown in Fig. 4(b), there are chiral
edge states from nonzero Chern number inside the bulk gap.
It is important to point out that due to TRSB and inversion
symmetry breaking at the boundary, the edge state spectrum
has no relation between k and —k anymore.

Now, we consider superconductivity in this system. The
standard Bogoliubov—de Gennes (BdG) Hamiltonian can be

written as
A(r) ) , )

Herr — HTBA(k) — U
BdG Aie)y  —HI (=) +pu

in the basis Wy =(ck¢,ck¢,cim,cik¢)r, where u is the

chemical potential and A(r) is the pairing function. We con-
sider a standard s-wave function, A(r) = A(r)is, with s, the
corresponding Pauli matrix in the spin space. Since our sym-
metry analysis and discussion does not depend on details of
the microscopic model, we take the on-site s-wave pairing
as an example, namely, A(r) = Agc. As shown in Fig. 4(c),
the edge states remain gapless after the SC order is intro-
duced. From Figs. 4(b) and 4(c), we can find that the energy
difference SE between Ej 4 of the |k, 1) state and E_; | of
the | — k, |) state is on the order of the TRSB gap Acpp.
Therefore, if the pairing gap Agc is much smaller than 6E,
the edge states are always gapless. This result is still valid
if we include the Sb band and the SOC term in the above
calculation, as shown in Fig. 4(d).

Experimentally, Acpp is much larger than the Agc in this
family of materials. The ©SR measurements show that the
TRSB starts around 7' =~ 70 K for CsV3;Sbs with the CDW
transition temperature 7 =~ 90 K [17]. The SC transition

temperature is much smaller with 7, & 2.5 K [2]. Hence, re-
gardless of the microscopic pairing form, we expect that there
are always gapless excitations in the edges, domain walls, and
other places of AV;Sbs SC, where the TRSB order plays a
dominant role. This result can explain the residual thermal
conductivity, where the gapless excitations contribute thermal
conductivity like the conventional electrons. It is clear that
the above result can be extended to the spin-triplet pairing
bulk state. In this case, the topological gapless states at the
inversion symmetry broken structures can remain gapless.

In summary, we conclude that the AV3Sbs ground state
contains gapless excitations owing to its TRSB normal state
even if the bulk superconductivity is fully gapped. To confirm
this, a four-band TB model is constructed to capture electronic
band structures of the materials, using the V-centered dy:_y2
-like Wannier functions and the in-plane Sb-centered p.-like
Wannier function based on the technique of Wannierization
and symmetry analysis. In this case, topological gapless exci-
tations due to the TRSB remain gapless when a fully gapped
SC order parameter is induced. Our proposal can be justified
or falsified easily by measuring the states on edges or domain
boundaries.
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