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Chiral pair density wave as a precursor of the pseudogap in kagome superconductors

Narayan Mohanta
Department of Physics, Indian Institute of Technology Roorkee, Roorkee 247667, India

(Received 9 June 2023; revised 2 December 2023; accepted 5 December 2023; published 22 December 2023)

Motivated by scanning tunneling microscopy experiments on AV3Sb5 (A = Cs, Rb, K) that revealed periodic
real-space modulation of electronic states at low energies, I show using model calculations that a triple-Q chiral
pair density wave (CPDW) is generated in the superconducting state by a charge order of 2a × 2a superlattice
periodicity, intertwined with a time-reversal symmetry breaking orbital loop current. In the presence of such a
charge order and orbital loop current, the superconducting critical field is enhanced beyond the Chandrasekhar-
Clogston limit. The CPDW correlation survives even when the long-range superconducting phase coherence is
diminished by a magnetic field or temperature, stabilizing an exotic granular superconducting state above and in
the vicinity of the superconducting transition. The presented results suggest that the CPDW can be regarded as
the origin of the pseudogap observed near the superconducting transition.
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Introduction. Understanding electronic properties arising
from coexisting superconductivity and various density-wave
orders has remained as a central problem in condensed matter
physics. It has captivated the physics community for decades
in the context of high-temperature cuprate superconductors;
the recently synthesized kagome metals AV3Sb5 (A = Cs,
Rb, K) have revived the interest [1]. The V atoms in these
compounds form a kagome lattice, and the Fermi level is
predominantly populated by V 3d orbitals. The electronic
band structure exhibits Dirac points and nearly flat less-
dispersive bands [2,3]. Strong correlation of the nearly-flat
bands, topological effects from the Dirac fermions, van Hove
singularities, and frustration effects in the kagome geometry
are favorable conditions for instabilities toward long-range
many-body order to set in. Superconductivity with a gap-to-Tc

ratio 2�0/kBTc ≈ 5 was found below Tc ≈ 2.5 K [2]. A chiral
charge order was found to appear below Tco ≈ 94 K with
broken time-reversal symmetry (TRS) but without the trace of
any long-range magnetic order, indicating the presence of an
intertwined orbital loop current [4–6]. The absence of acoustic
phonon anomaly at the charge-order wave vector rules out
the Pierls instability related to the Fermi surface nesting and
phonon softening as a possible mechanism, and implies that
extended Coulomb interactions at a van Hove filling may be
responsible for it [7–9]. A pressure-driven transition from
fully gapped to partially gapped superconductivity and the
coexistence of the superconductivity with the charge order
over a large parameter regime suggest unconventional pair-
ing in these compounds [10]. Alternative scenarios include
nonchiral, anisotropic s-wave superconductivity, supported by
recent experimental findings at different pressures [11].

A suppressed electronic density of states at the Fermi
level, known as the “pseudogap,” posed an enigmatic problem
in the high-temperature cuprate superconductors. A similar
pseudogap with a V-shaped density of states was observed in
scanning tunneling microscopy experiments on AV3Sb5 and
subsequent theoretical analysis, with periodic modulations of
both charge density and Cooper pair density of 2a × 2a super-

lattice periodicity (a being the lattice constant) [12–15]. The
findings are usually indicative of a nodal pairing symmetry or
ungapped sections of the Fermi surface. The concomitant pe-
riodic modulations of both superfluid and normal fluid raised
a series of questions including the origin of the pseudogap
found in the tunneling spectra.

Here, I focus on the observed variation of the density of
states in the pseudogap near the superconducting transition
and show that a chiral density wave of s-wave Cooper pairs
can account for it. The chiral pair density wave (CPDW) is
generated in the superconducting state by the TRS break-
ing charge order and it persists above the superconducting
transition without long-range superconducting phase coher-
ence. This CPDW state can be described by a pairing gap
�(r) = ∑

a �aei(Qa·r+ϕa ) at a lattice site position r, �a and
ϕa being the magnitude and the relative phase of the pair-
ing amplitude along three characteristic momentum Qa (a =
1, 2, 3), set by the charge order periodicity. The presented
theoretical arguments are based on calculated density of states
ρ(E ) and Fourier transformed local density of states ρ(Qp, E )
at a CPDW wave vector Qp. In the vicinity and above the
critical field Bc or critical temperature Tc for the superconduct-
ing transition, determined by a vanishing superfluid density
ns, ρ(Qp, E ) reveals a particle-hole symmetric density of
states around zero energy, thereby ruling out the charge-
ordered electronic states as a possible origin of the pseudogap.
Remarkably, the critical value of the magnetic field, perpen-
dicular to the kagome plane, is found to be enhanced beyond
the usual Chandrasekhar-Clogston limit in the presence of
the orbital loop current, implying that a highly provoking
quantum state prevails above the superconducting transition.

Two types of charge order were reported—star of David
and trihexagonal, or inverse star of David, pattern, both of
2a × 2a periodicity [16–18]. A chiral flux phase, compatible
with the symmetry of the kagome lattice and broken TRS, was
shown to be energetically favorable [19]. The trihexagonal
charge order which has been observed prominently in most
compounds, as shown in Fig. 1, is considered in the theoretical
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FIG. 1. Charge order configuration with intertwined orbital loop
current on the kagome lattice, analogous to the trihexagonal pattern
observed in experiments. The yellow and cyan colors represent the
modulation in the chemical potential μco, while the arrows represent
the loop current propagation direction and the associated flux ϕ.

model and results presented below. Such an unusual charge
ordered state is also supported by a number of interesting
phenomena such as anomalous Hall effect and Nernst effect
[20–22].

Model and observables. To model the superconducting
state and the experimentally observed pseudogap, the minimal
tight-binding Hamiltonian at the mean spin-singlet pairing
field on the kagome lattice is expressed as

H = − t
∑
〈i j〉,σ

(c†
iσ c jσ + H.c.) −

∑
i,σ

(μ0 + ξiμco)c†
iσ ciσ ,

−
∑

i

(�ic
†
i↑c†

i↓ + H.c.) − itlc
∑
〈i j〉,σ

(c†
iσ c jσ − H.c.), (1)

where t is the nearest-neighbor hopping energy, μ0 is the
global chemical potential, μco is the charge order amplitude,
ξi is a local variable (±1) that generates the trihexago-
nal charge order pattern shown in Fig. 1, �i is the local
spin-singlet pairing gap, and the complex nearest-neighbor
hopping itlc incorporates the TRS breaking orbital loop
current. The Hamiltonian is diagonalized by using the stan-
dard unitary transformation of the fermionic fields ciσ =∑

n uσ
niγn + vσ∗

ni γ †
n , where γn is an annihilation operator act-

ing on the nth eigenstate, and uσ
ni (vσ

ni) is the corresponding
quasiparticle (quasihole) amplitude at site i and spin σ . The
eigenstates are obtained by solving the Bogoliubov-de Gennes
equations

∑
j Hi jψn j = Enψni, subject to the self-consistent

gap equation [23]

�(ri ) = U
2

∑
n

[u↑
niv

↓∗
ni − u↓

niv
↑∗
ni ] tanh

(
En

2kBT

)
, (2)

where ψni = [u↑
ni, u↓

ni, v
↑
ni, v

↓
ni]

T , U is the pair-wise attractive
potential, and T is the temperature. Throughout the presented
results, μ0 is kept at zero which places the Fermi level close
to one of the van Hove singularities, t = 1 and U = 2. The
relevant energy scale is the maximum pairing gap magnitude,
which was found experimentally to be � ≈ 0.52 meV [13], is
taken here to be the unit for all energies in what follows.

To keep track of the superconducting transition, the global
superconducting phase rigidity, determined by the superfluid
density, is calculated from the effective Drude weight, given
by [23,24]

ns = Ds

πe2
= −〈κ〉 + �(Q → 0, iω → 0), (3)

where the first term on the right hand side is the diamagnetic
response, with the local kinetic energy expressed in terms of
the Bogoliubov quasiparticle weights as

κi = − t
∑

〈 j〉,n,σ

[
uσ

niu
σ∗
n j + c.c.

]
f (En)

+ [
vσ

niv
σ∗
n j + c.c.

]
(1 − f (En)). (4)

The second term represents the paramagnetic response, ob-
tained by the transverse current-current correlation function

�(Q → 0, iω → 0) = 1

N

σ,σ ′∑
i, j,n1,n2

Aiσσ ′
n1n2

[
A jσσ ′∗

n1n2
+ B jσσ ′

n1n2

]

× f (En1) − f (En2)

En1 − En2
, (5)

where N is the total number of lattice sites and

Aiσσ ′
n1n2

= 2
[
uσ ′∗

n1 j u
σ
n2i − uσ∗

n1iu
σ ′
n2 j

]
,

Biσσ ′
n1n2

= 2
[
vσ ′∗

n1 j v
σ
n2i − vσ∗

n1iv
σ ′
n2 j

]
. (6)

The local density of states, an observable that can be
compared with the scanning tunneling microscopy data, is
calculated via

ρ(ri, E ) =
∑

n

[∣∣uσ
ni

∣∣2
δ(E − En) + ∣∣vσ

ni

∣∣2
δ(E + En)

]
. (7)

The total density of states ρ(E ) is obtained by summing over
all lattice sites, and the Fourier transformed local density of
states at a momentum Q is obtained using

ρ(Q, E ) = 1

N

∑
i

cos(Q · ri )ρ(ri, E ). (8)

The local and nonlocal modulations of the density of states are
useful to analyze the presence of the particle-hole symmetry
and hence, to differentiate the contributions from the normal
fluid and the superfluid, as will be evident from the numerical
results presented below.

The CPDW state. The density wave of s-wave bosons is
envisaged from the pairing gap �(ri ) = �meiθi , both real and
imaginary parts of which reveal 2a × 2a periodic modula-
tion [real part is shown on the color scale in Fig. 2(a)]. The
phase angle θi also shows a periodic structure [arrows in
Fig. 2(a)]. This intriguing CPDW state is confirmed further
by the Fourier transform of the pair-pair correlation function

C(Q) = 1

N

∑
i, j

〈�(ri )�(r j )〉e−iQ·ri j , (9)

which shows three characteristic momenta [see Fig. 2(b)],
given by (±π , π/

√
3) and (0, 2π/

√
3). It is confirmed that

the CPDW state is generated in the superconducting state due
to the interplay between s-wave onsite pairing, charge order,
and the TRS breaking orbital loop current. Three types of such
triple-Q correlation, at different momenta, have been observed
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(b)

(a)

FIG. 2. (a) Profile of the pairing gap �(ri ) = �meiθi solu-
tion on the considered 10a × 10a lattice with periodic boundary
conditions—the color scale shows the real part; the arrows show the
phase θi. (b) Fourier transform of the pair-pair correlation function
C(Q) obtained on a 20a × 20a lattice with periodic boundary condi-
tions, showing the three characteristic momenta (six-peak structure),
indicative of the CPDW state. The hexagon plotted with dashed lines
depicts the Brillouin zone. Parameters used are μco = 0.5 and tlc = 1.

in the experiments [12,13], implying that the density waves
are cascaded between normal fluid and superfluid, i.e., the
CPDW can also induce subsequent charge orders.

Pseudogap. The coexistence of charge order and supercon-
ductivity in AV3Sb5 over a large parameter regime raised the
natural question whether there is a cooperation between the
two commonly known competing orders [25]. The present
analysis shows that the superconducting gap is suppressed in
the presence of the charge order and the orbital loop current
at zero temperature and zero magnetic field. However, the
average pairing gap |�| vanishes at a magnetic field and a tem-
perature, larger than the critical values Bc and Tc, determined
by a vanishing superfluid density ns [Figs. 3(a) and 3(b)]. The
magnetic field of amplitude Bz was incorporated by the Hamil-
tonian HZ = −μB Bz

∑
i,σ,σ ′ σ

z
σσ ′c

†
iσ ciσ ′ which describes the

Zeeman exchange coupling. Remarkably, the critical field at
which |�| drops to zero is enhanced by more than 20% above
Bc in the presence of the charge order and the loop current.

It is known that a conventional spin-singlet supercon-
ductor, with a gap around the Fermi level, has a vanishing
paramagnetic susceptibility at T = 0, and hence, it cannot
lower its free energy indefinitely by spin polarizing the quasi-
particle states in the presence of a Zeeman magnetic field.
Consequently, when the Zeeman energy gain is comparable

FIG. 3. (a), (b) Variation of the average gap magnitude |�| (with-
out and with the charge order and the loop current) and superfluid
density ns with magnetic field Bz and temperature T . (c), (d) Density
of states ρ(E ) for different Bz and T near the critical values Bc and Tc,
determined by vanishing ns. Insets in (c) and (d) show the density of
states at zero energy ρ(0) as a function of Bz and T , respectively. The
results were obtained on a 20a × 20a lattice with periodic boundary
conditions. All other parameters are the same as in Fig. 2. A constant
offset has been added to the vertical axis for each curve in (c) and
(d) for clarity.

to the superconducting condensation energy, given by
μB Bc0 = �0/

√
2 ≈ 0.7�0, known as the Chandrasekhar-

Clogston limit [26,27], there is a transition to the normal state.
An exception to this stringent condition occurs in the case of
Fulde-Ferrell-Larkin-Ovchinikov type finite-momentum con-
densates [28,29] and in thin superconducting films with a
large spin-orbit coupling [30]. The enhancement in the critical
field for vanishing |�| in the kagome lattice with a charge
order and orbital loop current indicates the formation of an
unconventional state above and in the vicinity of the super-
conducting transition. However, it can be attributed to the
nonzero density of states ρ(E ) within the superconducting
gap [Fig. 3(c)] in the pseudogap state. At the critical field Bc

for vanishing ns, |�| exhibits a dip while ρ(E = 0) shows a
zero weight [inset in (Fig. 3(c)], attesting the appearance of an
unconventional state immediately above Bc. The enhancement
of the critical magnetic field and the appearance of the pseu-
dogap in the CPDW state suggest that there is a correlation
among these phenomena. The temperature driven transition to
the normal state also reveals a similar pseudogap [Fig. 3(d)],
though the variation of ρ(E = 0) with T is rather monotonic.
Moreover, the V-shaped density of states and the multiple
coherence peaks around the gap show similarities with those
observed in the tunneling spectra [12–14].

CPDW correlation above superconducting transition. To
gain insights into the origin of the pseudogap, the profile of
the absolute value of the pairing gap at different fields across
the superconducting transition was looked at in Figs. 4(a),
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FIG. 4. Profile of the absolute value of the pairing gap |�(ri )|, self-consistently obtained on a 8a × 8a lattice with periodic boundary
conditions, at different magnetic fields across the superconducting transition: (a) Bz = 0, (b) Bz = 1.1Bc, and (c) Bz = 1.5Bc. In the vicinity
of the superconducting transition [the case of plot (b)], the pairing gap is locally suppressed in the charge-ordered clusters, creating a granular
phase having superconducting patches separated by nonsuperconducting regions. All other parameters are the same as in Fig. 2.

(b), and (c). It is found that above and in the vicinity of the
critical magnetic field, the pairing gap is locally suppressed in
charge-ordered clusters, stabilizing an emergent granular su-
perconducting state in which the pairing gap survives locally
even though the long-range superconducting phase coher-
ence vanishes. The magnetization profile also reveals periodic
modulation, and the interplay of magnetization and supercon-
ducting gap prevails in the entire granular superconducting
phase [23]. The fourier-transformed pair-pair correlation
function C(Q) and the fourier-transformed local density of
states ρ(Qp, E ) at Qp, one of the three characteristic momenta

FIG. 5. Fourier transformed pair-pair correlation function C(Q)
at (a) magnetic field Bz = 1.1Bc, temperature T = 0, and (b) Bz = 0,
T = 1.03Tc, indicating the presence of the CPDW correlation above
the superconducting transition. (c), (d) Fourier-transformed local
density of states ρ(Qp, E ) at a characteristic CPDW momentum Qp,
shown in (a), at different values of B and T across the supercon-
ducting transition, revealing particle-hole symmetric quasiparticle
states with a nonzero weight at E = 0. The results were obtained
on a 20a × 20a lattice with periodic boundary conditions. All other
parameters are the same as in Fig. 2. A constant offset has been added
to the vertical axis for each curve in (c) and (d) for clarity.

for the CPDW, were also investigated [Figs. 5(a)–5(d)] across
the superconducting transition. Interestingly, the CPDW cor-
relation survives above the critical magnetic field Bc and
critical temperature Tc. The observable ρ(Qp, E ) is particle-
hole symmetric, i.e., it is symmetric when E → −E , above
and in the vicinity of Bc and Tc, ruling out other possible
mechanisms of the pseudogap such as charge order of elec-
tronic states or modulation due to electron scattering from a
periodic potential. From these findings, it can be argued that
the modulations of the density of states in the pseudogap,
observed in the experiments, are a consequence of the CPDW
of s-wave Cooper pairs without a global phase coherence.

Discussion and conclusion. The superconducting state can
be influenced by multiple properties of the compounds such
as the TRS breaking loop current, the rotational symmetry-
breaking nematic order, fermi surface nesting, Coulomb
interactions, and sublattice interference [31–35]. Despite the
complex nature of the pairing mechanism, there are growing
experimental evidences in support of spin-singlet s-wave pair-
ing such as the absence of a nodal state while transitioning
from an anisotropic full-gap state to an isotropic full-gap state
driven by impurity concentration [11], and the appearance
of a prominent Hebel-Slichter coherence peak immediately
below Tc [36]. The proposed CPDW of s-wave Cooper pairs,
therefore, provides a natural explanation for many paradoxical
experimental observations, including the pseudogap in the
tunneling spectra.

To summarize, it is shown that a CPDW state of 2a ×
2a periodicity emerges spontaneously in the kagome lattice
due to the interplay of onsite spin-singlet superconductivity
with a charge order of the same periodicity and an orbital
loop current. The CPDW correlation survives beyond the su-
perconducting transition in granular regions without global
superconducting phase coherence, producing a V-shaped
particle-hole symmetric density of states and pseudogap,
which are otherwise indicative of a nodal unconventional pair-
ing symmetry.
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