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The recent discovery of AV3Sb5 (A ¼ K;Rb;Cs) has uncovered an intriguing arena for exotic Fermi
surface instabilities in a kagome metal. Among them, superconductivity is found in the vicinity of multiple
van Hove singularities, exhibiting indications of unconventional pairing. We show that the sublattice
interference mechanism is central to understanding the formation of superconductivity in a kagome metal.
Starting from an appropriately chosen minimal tight-binding model with multiple van Hove singularities
close to the Fermi level for AV3Sb5, we provide a random phase approximation analysis of super-
conducting instabilities. Nonlocal Coulomb repulsion, the sublattice profile of the van Hove bands, and the
interaction strength turn out to be the crucial parameters to determine the preferred pairing symmetry.
Implications for potentially topological surface states are discussed, along with a proposal for additional
measurements to pin down the nature of superconductivity in AV3Sb5.
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Introduction.—The kagome lattice has become a para-
digmatic setting for exotic quantum phenomena of elec-
tronic matter. This particularly applies to quantum
magnetism, where the large geometric spin frustration
inherent to the corner-sharing triangles promotes the
emergence of extraordinary quantum phases [1]. From
an itinerant limit, electronic kagome bands are likewise
particular, as they feature a flat band, Dirac cones, and van
Hove singularities at different fillings. The kagome flat
band suggests itself as a natural host for the realization of
ferromagnetism [2,3] or possibly nontrivial topology [4–7],
while the kagome Dirac cones have been proposed to be a
promising way to accomplish strongly correlated Dirac
fermions [8] and turbulent hydrodynamic electronic flow

[9]. The kagome lattice at van Hove filling has been shown
to be preeminently suited for the emergence of exotic Fermi
surface instabilities [10–13]. Among others, this involves
charge and spin density-wave orders with finite relative
angular momentum [14]. Moreover, the kagome Hubbard
model was first predicted to yield degenerate nematic
instabilities which can break point-group and time-reversal
symmetry simultaneously [13], which has currently
regained attention in the context of twisted bilayer gra-
phene [15].
The recent discovery of AV3Sb5 [16] provides an

instance of kagome metals tuned to the vicinity of multiple
van Hove singularities. What further makes them unique is
the combination of metallicity, strong two-dimensional
electronic character, and significant electronic correlations
derived from the d-orbital structure of the vanadium
kagome net. KV3Sb5 was discovered to be a kagome
superconductor with Tc ¼ 0.93 K [17], along with
RbV3Sb5 (Tc ¼ 0.92 K) [18] and CsV3Sb5 (Tc ¼ 2.5 K)
[19,20], where the latter was shown to rise up to Tc ¼ 8 K
under 2 GPa hydrostatic pressure [21–23]. While the wheel

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Open access publication funded by the Max Planck
Society.

PHYSICAL REVIEW LETTERS 127, 177001 (2021)

0031-9007=21=127(17)=177001(7) 177001-1 Published by the American Physical Society

https://orcid.org/0000-0002-6683-0045
https://orcid.org/0000-0002-0615-2211
https://orcid.org/0000-0002-3387-0120
https://orcid.org/0000-0002-1029-815X
https://orcid.org/0000-0003-0810-6064
https://orcid.org/0000-0003-0604-041X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.127.177001&domain=pdf&date_stamp=2021-10-19
https://doi.org/10.1103/PhysRevLett.127.177001
https://doi.org/10.1103/PhysRevLett.127.177001
https://doi.org/10.1103/PhysRevLett.127.177001
https://doi.org/10.1103/PhysRevLett.127.177001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


of experimental exploration is still in spin, certain tenden-
cies about the superconducting phase are starting to
crystallize. The observed charge density wave (CDW)
order [24], interpreted as a potential parent state for
unconventional superconducting order [13,25–27], exhibits
indications for an electronically driven formation [28].
Specific-heat measurements suggest at least a strongly
anisotropic gap [17]. While a significant residual term
from thermal conductivity suggests a nodal gap [29],
penetration depth measurements claim a nodeless gap
[30]. The dome shape suggests unconventional supercon-
ductivity along with a large value of 2Δ=kBTc, hinting at a
strong-coupling superconductor [31].
In this Letter, we formulate a theory of unconventional

superconductivity in AV3Sb5. In a first step, we develop an
effective tight-binding model suitable for the analysis of
pairing instabilities. In order to retain the necessary com-
plexity of multiple van Hove singularities in the vicinity of
the Fermi level in AV3Sb5, we distill a six-band minimal
model. In a second step, we specify the interaction
Hamiltonian. Because of matrix elements implied by the
sublattice interference mechanism [11], which we review
below, it is essential to take nonlocal Coulomb repulsion
into consideration. Over a large range of coupling
strengths, we find dominant f-wave triplet superconducting
order, succeeded by d-wave singlet pairing for stronger
coupling. Throughout the phase diagram, the p-wave order
stays subdominant but competitive. Aside from this general
trend, the detailed competition between the different orders
is crucially influenced by the location of the Fermi level
with respect to the multiple van Hove singularities and the
nearest-neighbor (NN) Coulomb repulsion.
Sublattice decoration of kagome van Hove points.—As

opposed to related hexagonal van Hove singularities such
as for the bipartite honeycomb lattice, the kagome bands
can host two different types of van Hove singularities
which we label as sublattice mixing (m type) and sublattice
pure (p type), characterized by odd and even parity at theM
point, respectively. This is illustrated in Fig. 1 for the
minimal kagome tight-binding model with three distinct
sublattice sites located on the 3f Wyckoff positions of the
P6=mmm space group. The upper van Hove singularity
(E ¼ 0) is of p type, since the Fermi level eigenstates in the
vicinity of the three M points are localized on mutually
different sublattices (left inset). By contrast, the lower van
Hove filling (E ¼ −2t) has mixed sublattice character and
thus is of m type, with the eigenstates equally distributed
over mutually different sets of two sublattices for each M
point (right inset). These distinct sublattice decorations
have a strong impact on the nesting properties [see Sec. II
of Supplemental Material (SM) [32] ]. Since p-type van
Hove points do not couple to each other via local
interactions, the inclusion of at least NN Coulomb repul-
sion is quintessential to adequately model interacting
kagome metals close to p-type van Hove filling [11,39].

Effective model.—The ab initio band structure of
AV3Sb5 matches well with angle-resolved photoemission
spectroscopy (ARPES) measurements below the CDW
transition temperature, even though the corresponding
density functional theory calculations are performed
neglecting the star-of-David-type structural distortion
[19,40]. Because of the multiple sublattices and the large
number of contributing orbitals from both V and Sb in the
vicinity of the Fermi level, a reduction to an effective model
is a prerequisite to any analysis of many-body instabilities.
The layered structure of AV3Sb5, together with the large

transport anisotropy of ρc=ρab ≈ 600 [19] (for CsV3Sb5)
allows us to constrain ourselves to the two-dimensional V-
Sb kagome plane. Analyzing the Fermi level at kz ¼ 0 by
means of density functional theory, we find three distinct
Fermi surfaces in AV3Sb5: (i) a pocket composed of
vanadium dxy, dx2−y2 , dz2 orbitals in proximity to a p-type
van Hove singularity, (ii) two additional pockets composed
of vanadium dxz, dyz orbitals in proximity to another p-type
and m-type van Hove singularity above and below the
Fermi level, respectively (Fig. 2), and (iii) a circular pocket
around Γ formed by antimony pz orbitals. Note that (i) and
(ii) do not hybridize due to oppositeMz eigenvalues and the
symmetrywise allowed hybridization of (ii) and (iii) is
parametrically weak. These features are not particularly
sensitive to spin-orbit coupling, which is hence not further
considered in the following.
For the effective model, we restrict ourselves to the

Fermi pockets (ii) for three reasons. First, the pockets in
(ii) carry the dominant density of states at the Fermi level.
Second, we preserve the complexity of multiple van Hove
singularities of p type and m type in our minimal model.
Third, upon comparison to the ab initio band structure, our
minimal model manages to correctly capture all irreducible
band representations at the high symmetry points in the
Brillouin zone. The constituting dxz=yz orbitals belong to

FIG. 1. Generic three-band kagome dispersion exhibits two van
Hove singularities with distinct sublattice (A, B, C) decoration.
Whereas the upper van Hove filling at E ¼ 0 has a pure sublattice
makeup (p type, left inset), the lower van Hove filling at E ¼ −2t
mixes different sublattice states (m type, right inset). Energy is
measured in units of the NN hybridization t.
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the B2g=3g irreducible representations of the site symmetry
group D2h for the 3f Wyckoff positions [Fig. 2(b)],
forming a set of bands with opposite mirror eigenvalues
along the Γ-M line. These bands give rise to a mirror-
symmetry-protected Dirac cone on the Γ-M line and hence,
an upper and lower van Hove filling with opposite sub-
lattice parity (Fig. 2). Employing the D6h point-
group symmetry, our corresponding effective six-band
Hamiltonian can then be derived as

H ¼
X

kiα

ϵαc
†
kiαckiα −

X

kijα

tαΦijðkÞc†kjαckiα

− t0
X

k;ij

ΦijðkÞsijðc†kjxzckiyz − c†kjyzckixzÞ; ð1Þ

where (i ¼ A, B, C and α ¼ xz; yz). The crystal field
splitting is denoted by ϵα, where the operator c†kiα (ckiα)
creates (annihilates) an electron with momentum k of
sublattice i in orbital α. The lattice structure factors
read ΦABðkÞ ¼ 1þ e−2ik·a1 , ΦBCðkÞ ¼ 1þ e−2ik·a3 , and
ΦACðkÞ ¼ 1þ e−2ik·a2 obeying the Hermiticity condition
ΦijðkÞ ¼ ð1 − δijÞΦ�

jiðkÞ, where the sublattice-connecting
vectors are denoted by a1;2 ¼ ð ffiffiffi

3
p

=2;�1=2ÞT and a3 ¼
ð0;−1ÞT . The second term represents the intraorbital NN
hoppings on the kagome lattice with two distinct ampli-
tudes tα, while the third term describes NN interorbital
hopping amplitude t0. The nontrivial transformation proper-
ties of the dxz and dyz orbitals under the site-symmetry
group result in a nontrivial sign structure for the third
term, described by sAC ¼ sCB ¼ −sAB and sij ¼ −sji.
We approximately fit our model to the ab initio band
structure (see Sec. IV of SM) and obtain the parameters
txz ¼ 1 eV, tyz ¼ 0.5 eV, t0 ¼ 0.002 eV, ϵxz ¼ 2.182 eV,
and ϵyz ¼ −0.055 eV. The corresponding band structure
and Fermi surfaces are shown in Fig. 2.

RPA analysis.—For the electronic interactions, we con-
sider multiorbital density-density type interactions up
to NNs

Hint ¼ U
X

liα

nliα↑nliα↓ þ U0 X

li;α<β

nliαnliβ

þ J
X

li;α<β;σσ0
c†liασc

†
liβσ0cliασ0cliβσ

þ J0
X

li;α≠β
c†liα↑c

†
liα↓cliβ↓cliβ↑ þ

X

hll0iijαβ
Vαβnliαnl0jβ;

ð2Þ

where nliα ¼ nliα↑ þ nliα↓ and l, l0 is an index for the unit
cell. U, U0, J, and J0 denote the on-site intraorbital,
interorbital repulsion, Hund’s coupling, and pair-hopping
terms, respectively. Vαβ denotes the repulsion between NN
sites. In the following we adopt the parametrization U ¼
U0 þ 2J, J ¼ J0 with J ¼ 0.1U and Vαβ ¼ 0.3U ∀ α; β
consistent with our ab initio constrained random-phase
approximation estimates for a target manifold comprising
V-3d and Sb-5p orbitals [41]. An extensive ab initio study
of interactions and their dependence on the effective low-
energy model will be presented elsewhere.
The inset of Fig. 3 displays the leading eigenvalue of the

bare susceptibility χ0ðqÞ along high-symmetry lines. It is
mainly attributed to the dyz orbital and features three
prominent peaks. The largest two are located proximate
to the Γ point, while the peak close to M is suppressed
through sublattice interference. Including on-site and NN
interactions at the RPA level, these peaks get significantly
enhanced in the spin as well as charge channel. Note that,
indeed, we find the charge susceptibility at the verge of
diverging around the M point for strong NN repulsion,
hinting at an incident CDW instability.

(a) (b) (c)

FIG. 2. (a) Fermi surfaces of the minimal two-orbital tight-binding model [Eq. (1)] for a vanadium kagome net. Both a p-type and m-
type van Hove filling are present nearby the Fermi level, indicated by their respective orbital color. (b) Real-space structure of the
kagome V planes. The sign structure (blue or red) and spatial orientation of the B2g and B3g orbitals is sketched on different lattice sites.
The red, yellow, and orange coloring indicates the three kagome sublattices. (c) Band structure along the high-symmetry path depicted
by the dashed line in (a). The band coloring indicates the sublattice support of the momentum eigenstates.
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Below the critical interaction, superconductivity emer-
ges, triggered by charge and spin fluctuations [42–44]. The
obtained pairing eigenvalues as a function of U are
displayed in Fig. 3. For U < 0.54 eV, pairing on the p-
type Fermi sheet from the p-type van Hove band with B1u
(fx3−3xy2-wave) symmetry is favored and E1u (p-wave) and
E2g (d-wave) pairings are subdominant. Increasing the
coupling results in a rapid increase of the B2u (fy3−3yx2
wave) and E2g pairings on the Fermi sheet from the m-type
van Hove band, where the spin-triplet solution still domi-
nates slightly. Upon further increase of the interaction
strength, the d-wave pairing on this Fermi sheet becomes
dominant. Meanwhile, the E1u pairing is subdominant.
Varying the ratio of V=U (0.2 < V=U < 0.35) does not
qualitatively change the above results in the six-band tight-
binding model (see Sec. IVof SM [32]). Note that we have
also performed calculations with a seven-band tight-bind-
ing model including the circular pocket around Γ [45] and
find that it has negligible effect on the pairing (see Sec. IV
of SM [32]).
We further analyze the harmonic fingerprint of the

obtained pairings. The fx3−3xy2-wave pairing is dominated
by the sublattice-pure dyz Fermi surface and the corre-
sponding gap function in k space is shown in Fig. 4(a),
where there are line nodes along Γ-K and the super-
conducting gap changes sign under 60° rotation. The
corresponding real-space pairing is displayed in Fig. 4
(b), which represents a spin-triplet sublattice-triplet pairing
between dyz orbitals on the next-nearest-neighbor (NNN)
sites. This pairing is promoted by the effective interaction

between the NNN sites from the second-order effect
of NN repulsion, an effect which is robust to including
diagrams beyond the RPA approximation as one would do
in a functional renormalization group study [46,47].
Counterintuitively, we find that both B2u and E2g states,
favored at larger V, are dominated by the sublattice-mixing
dxz Fermi surface and attributed to the pairing between dxz
orbitals on the NN sites. The B2u pairing, different from the
B1u pairing, possesses line nodes along the Γ-M direction.
We expect the twofold degenerate E2g pairing instability to
form a dþ id state below Tc in order to maximize
condensation energy, which spontaneously breaks time-
reversal symmetry. Notably, as a particular feature of the
kagome lattice, the pairings between NN sites are promoted
by the interorbital NN repulsion: although there is a direct
repulsion between the NN sublattices, the second-order
contribution via the other sublattices can be attractive. Once
it overcomes the direct repulsion term, the effective
interaction between NN sites becomes attractive and can
promote NN pairing. Furthermore, note that the super-
conducting gap in the obtained states for our minimal
model are either dominant on the dyz or dxz Fermi surface,
which can be attributed to the assumed weak interorbital
hopping.

FIG. 3. Pairing-strength eigenvalues λ for the dominant insta-
bilities as a function of U (V ¼ 0.3U, J ¼ 0.1U) in Eq. (2).
Continuous (dashed) lines indicate triplet (singlet) pairing. Two
distinct f-wave solutions, B1u (blue dots) and B2u (large orange
dots), dominate for smaller interaction scales. The d-wave E2g

solution dominates for larger U. The p-wave E2u solution (gray
triangles) is subleading, but competitive at all U. The upper left
inset depicts the largest eigenvalue trajectory of the bare
susceptibility χ0ðqÞ along the high-symmetry path indicated in
Fig. 2(a).

(a) (b)

(c) (d)

FIG. 4. The intersublattice triplet fx3−3xy2 -wave pairing func-
tion in (a) momentum and (b) real space, where the super-
conducting order parameter changes sign under 60° rotation.
(c) Edge spectra for open boundary conditions along x direction;
zero-energy Andreev bound states appear between the projections
of nodal points in the f-wave pairing. (d) Density of states for the
bulk f-wave pairing (black) and local density of states at edges
from Andreev bound states (red).
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Topological properties of the pairing states.—Our min-
imal-model analysis is dominated by an f-wave state for
weak coupling. Combined with the observation that the
band renormalization in ARPES appears moderate, f-wave
order could be a favored candidate for the nature of pairing
in AV3Sb5. For time-reversal-invariant superconductors,
the topological criterion about zero-energy Andreev bound
states on edges is determined by winding numbers [48,49].
For both f-wave pairing states emerging in our analysis,
each node carries a winding number of þ1 or −1. If we
impose open boundary conditions, where the projections of
nodes with opposite winding number do not overlap, a
zero-energy flat band connecting the projections of nodes is
created. For illustration, we present the surface spectrum of
the fx3−3xy2-wave state with open boundary conditions
along the x direction in Fig. 4(c). The corresponding local
density of states features a sharp zero-bias peak, shown in
Fig. 4(d) which could be observed at corresponding step
edges in STM measurements. A similar analysis can
likewise be performed for the d-wave and p-wave state.
Chiral superconductors, which are likely to result from
either d-wave or p-wave instabilities on hexagonal lattices,
are potential hosts to Majorana zero modes in their vortex
cores [50,51].
Experimental signatures.—The observation of a finite

κ=T for T → 0 in thermal conductance measurements [29]
as well as the typical V-shaped gap in STM measurements
[31] have provided supporting experimental evidence for a
nodal gap in AV3Sb5, which would be in line with f-wave
pairing which we obtain in a large parameter regime for our
minimal model. An f-wave state will have additional, clear
experimental signatures. First, since the f-wave state pairs
electrons in the spin-triplet channel, we expect the spin
susceptibility in the superconducting phase to stay constant
upon lowering the temperature, which should be seen in
Knight-shift measurements. A further signature of spin-
triplet pairing is often a high critical field. However, recent
critical field measurements for both in-plane [52] and out-
of-plane [29] fields indicate orbital limiting at rather low
fields, such that the critical fields cannot distinguish the
Cooper-pair spin structure. Finally, many thermodynamic
quantities allow us to identify the nodal structure through
the temperature scaling of their low-temperature behavior.
With the f-wave order parameter being the only one with
symmetry imposed nodes, the low-energy excitations due
to these nodes can directly probe this order without
requiring phase information. The to date strongest evidence
for the f-wave state comes indeed from thermal conduct-
ance measurements in Ref. [29]. In order to strengthen this
conclusion, other thermodynamic probes, such as the
electronic specific heat, penetration depth, or 1=T1 in
NMR should show a square, linear, and cubic temperature
dependence [53], respectively. Note, however, that disorder
washes out these low-energy signatures. Chiral p-wave and
d-wave superconductivity would be in line with a possibly

highly anisotropic, but nodeless gap. Furthermore, con-
comitant signatures of time-reversal symmetry breaking
could be revealed through Kerr measurements, μ-SR below
Tc, or even new experimental approaches such as the
detection of clapping modes [54]. Most importantly, for the
specific scenario of multiple van Hove singularities, the
double dome feature in the superconducting phase can
tentatively be understood by the evolution of the individual
van Hove bands as a function of pressure [21,23].
Our work shows the unique principles for uncon-

ventional pairing in kagome metals, which promises to
unlock a whole new paradigm of electronically mediated
superconductivity.
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