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Recent discoveries in kagome materials have unveiled their capacity to harbor exotic quantum states,
including intriguing charge density wave (CDW) and superconductivity. Notably, accumulating exper-
imental evidence suggests time-reversal symmetry breaking within the CDW, hinting at the long-pursued
loop current order (LCO). Despite extensive research efforts, achieving its model realization and
understanding the mechanism through unbiased many-body simulations have remained both elusive and
challenging. In this Letter, we develop a microscopic model for LCO on the spinless kagome lattice with
nonlocal interactions, utilizing unbiased functional renormalization group calculations to explore ordering
tendencies across all two-particle scattering channels. At the Van Hove filling, we identify sublattice
interference to suppress onsite CDWorder, leaving LCO, charge bond order, and nematic CDW state as the
main competitors. Remarkably, a 2 × 2 LCO emerges as the many-body ground state over a significant
parameter space with strong second nearest-neighbor repulsion, stemming from the unique interplay
between sublattice characters and lattice geometry. The resulting electronic model with LCO bears
similarities to the Haldane model and culminates in a quantum anomalous Hall state. We also discuss
potential experimental implications for kagome metals.
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Magnetic transition-metal based kagome materials, con-
sisting of corner-sharing triangles, present an exciting
platform to explore intriguing correlated and topological
phenomena, including quantum spin liquid [1–3], Dirac and
Weyl semimetals [4–6]. They arise from the inherent
features of the kagome lattice, including substantial geo-
metric spin frustration, flat bands and Dirac cones.
However, despite theoretical studies that have spanned over
a decade, the exploration of Van Hove singularities (VHS),
another critical feature of kagome lattices, has been ham-
pered experimentally by the scarcity of suitable materials.
Consequently, the recent discovery of kagome metals that
feature VHS in the vicinity of the Fermi level, leading to the
emergence of diverse quantum states such as superconduc-
tivity, charge density wave (CDW) order and nematicity,
have garnered significant attention. In particular, the CDW
in AV3Sb5 (A ¼ K,Rb,Cs) [7–9] and FeGe [10–13] has

been found to exhibit intriguing properties. In AV3Sb5, a
CDW transition occurs below TCDW ¼ 78–103 K, charac-
terized by a breaking of translational symmetry, resulting in
either a 2 × 2 × 2 or 2 × 2 × 4 configuration. Intriguingly,
various measurements, such as muon spin resonance (μSR)
[14,15] and magneto-optical Kerr effect experiments
[16–19], have provided evidence of time-reversal symmetry
(TRS) breaking within the CDW in the absence of magnetic
ordering. Superconductivity subsequently emerges within
the CDW phase, reaching a maximum Tc of 2.5 K at
ambient pressure, with double superconducting domes
observed under pressure and doping [20–25]. In the anti-
ferromagnet FeGe with ferromagnetic kagome layers, a
CDW order occurs below the magnetic transition temper-
ature [10]. The CDW exhibits topological characters with a
2 × 2 × 2 reconstruction and an enhancement in the mag-
netic moment and anomalous Hall effect are observed upon
the CDW transition [11,13]. This experimental evidence
indicates the occurrence of long-pursued loop current order
(LCO) within the kagome lattice [26–29], reminiscent of
flux states suggested in cuprates [30–32] and Haldane
model [33].
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The concept of a current-carrying phase, a rare state of
matter, has been proposed in the pseudogap phase of
cuprate and honeycomb systems through phenomenologi-
cal or mean-field analyses [30–34]. Whether this loop
current phase could serve as a precursor or parent state to
exotic quantum phenomena like high-Tc superconductivity
and quantum anomalous Hall effect has long been debated.
However, the experimental verification of LCO in cuprate
and its theoretical stability beyond mean-field level in
square and honeycomb lattice remains controversial.
Unbiased many-body calculations have indicated that the
true ground state is not LCO but onsite charge or spin order
under conventional interaction settings [35–44]. This has
relegated LCO to a phenomenological hypothesis rather
than a microscopic reality. However, various TRS breaking
evidence within CDW of kagome metals offers strong
motivation to explore the possibility of LCO in the kagome
lattice. The VHS of the kagome lattice exhibit unique
sublattice texture on the Fermi surface (FS) [45,46],
which significantly impacts the electronic instabilities.
Importantly, the implied sublattice interference effect sup-
presses local interaction scales, thereby enhancing the role
of the long-range tail of the screened Coulomb repulsion
[47–49]. Nevertheless, prior studies have shown the
absence of LCO in simple interacting kagome models,
rendering its realization challenging [47–50]. Recent theo-
retical analyses imply that long-range interactions and
frozen spin degrees of freedom may promote LCO
[51,52]. Therefore, whether the simple kagome lattice
can realize LCO as the many-body ground state and what
the microscopic mechanism entails are outstanding ques-
tions. This necessitates an unbiased many-body investiga-
tion that adequately accounts for competing fluctuations in
all channels.
Motivated by these fundamental questions, we concen-

trate on the inherent CDW phenomena in the kagome lattice
at Van Hove filling. We adopt the spinless kagome model
with nonlocal interactions, which can avoid complex spin
fluctuations and have direct experimental relevance to
materials, like magnet FeGe, hosting spin-polarized low-
energy electronic structures. To comprehensively address
fluctuations across channels, we employ the unbiased
functional renormalization group (FRG) approach to ana-
lyze FS instabilities. Our calculations reveal that the second
nearest-neighbor repulsion can promote fluctuations of
imaginary bond charge order, driven by the sublattice
interference and frustrated kagome geometry. This results
in a 2 × 2 LCO ground state, which prevails over a
substantial parameter space when the second nearest-neigh-
bor repulsion is notably strong. Remarkably, this TRS
breaking 2 × 2 LCO is validated for the first time, to our
knowledge, as the many-body ground state through rigorous
many-body calculations, confirming its existence in the
kagome lattice. We also observe the nematic CDW, charge
bond order, and f-wave superconductivity (SC) for different

parameters, which are potentially relevant for kagome
metals.
Interacting kagome model and formalism of FRG—To

explore the intrinsic charge orders driven by electronic
interactions within the kagome lattice, we study the model
under a spinless scenario that involves density-density
interactions. The full Hamiltonian including kinetic energy
and nonlocal interactions reads

H ¼ −t
X

hi;ji
ðc†i cj þ H:c:Þ − μ

X

i

ni

þ V1

X

hi;ji
ninj þ V2

X

⟪i;j⟫

ninj; ð1Þ

where c†i creates an electron on lattice site i, t is the nearest-
neighbor hopping amplitude, ni ¼ c†i ci is the electron
density operator which couples to the chemical potential
μ, and Vn is the n th nearest-neighbor (nnn) Coulomb
repulsion. Distinct from the spinful case, the spin degrees of
freedom are frozen here, and the onsite interaction is absent
in Eq. (1) as fermionic antisymmetry precludes double
occupation of a single site [52,53]. The single-particle
dispersion features a flat band, Dirac cones and two different
kinds of VHS, which are characterized by distinct sublattice
texture on the FS [46,47], distinct from triangular and
honeycomb lattices. In this Letter we focus on the p-type
VHS with μ ¼ 0, where each inequivalent M point consists
of states solely attributed to one sublattice, and the nesting
vectors QA;B;C connect saddle points with distinct sublattice
characters [see Supplemental Material (SM) [54] ].
To properly address the intricate competition between

many-body correlated states within the interacting kagome
model, we employ FRG calculations, which take into
account all intertwined particle-hole and particle-particle
fluctuations on equal footing [62–64]. The leading insta-
bility is extracted by the eigenvector associated with the
most divergent eigenvalue of the effective vertex function at
Λc, where FRG flow exhibits a divergence. To monitor the
propensity of the system toward various symmetry broken
states jΦθi within the FRG flow, we determine the expect-
ation value Ξ ¼ hΦθjVΛjΦθi of the effective FRG vertex V
at each flow step. The detailed descriptions of the FRG
formalism and the implementation are provided in SM [54].
Intrinsic bond order fluctuations—In the triangular and

honeycomb lattices with nonlocal Coulomb interactions,
the dominant instability associated with VHS is the onsite
CDW order at the nesting vectors [44,65,66], owing to its
significant reduction of the potential energy of nonlocal
repulsion. However, in the kagome lattice, onsite CDW
fluctuations at the nesting vector are significantly sup-
pressed due to the sublattice texture at Van Hove filling and
the associated sublattice interference (SI) effect gives rise to
a pronounced inclination toward bond charge orders
[47,49,52]. The SI effect on charge states can be clearly
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demonstrated in the FRG flow with a typical nearest-
neighbor repulsion V1 ¼ t shown in Fig. 1(a). Starting from
the bare interacting system at a high energy scale, onsite
CDW fluctuations at Q ¼ 0 (nCDW) and Q ¼ M [CDWM,
see Fig. 1(b)] are initially dominant, in accordance with
other hexagonal lattice systems [45,65,66]. By successively
integrating out the high-energy modes, the eigenvalue of
charge bond orders [CBO, Fig. 1(b)] increases dramatically
and eventually exceeds those of onsite CDW orders at an
intermediate scale and finally diverges, indicating a leading
instability of real charge bond order. Strikingly, this is
accompanied by the emergence of a competing imaginary
charge bond order. Figure 1(b) shows the real-space pattern
of relevant onsite CDW, real and imaginary bond orders
with the wave vector of QC, where onsite charge and bond
modulations are represented by different colors and the
arrows denote the direction of currents.
FRG phase diagram—We conducted thorough FRG

calculations for the model described in Eq. (1). The
correlated phases identified within the interaction parameter
space are depicted in Fig. 2, where the color represents the
critical cutoff. In the regime of strong interactions, we
recover a twofold nematic charge density wave (nCDW) as
the classical solution of the interacting part of the
Hamiltonian, that can acquire significant electrostatic
energy gain by introducing unequal occupation between
the three sublattices [52]. This energy gain is linear with
respect to the nonlocal repulsion, leading to the nCDW
becoming the dominant order with high critical scales at
large repulsion. This twofold nCDW mainly involves an
intraunit cell charge density wave. At lower scales, elec-
tronic screening effects dictate the realized phases: in the V1

dominated regime, the system develops an instability toward
CBO as known from prior studies of the spinful case
[47,49,67]. Remarkably, we observe the emergence of a
TRS breaking LCO state in the intermediate V2 regime.

This state is situated between regions of unconventional f-
wave superconducting order in the strong V2 regime and
twofold nCDW in the weak V2 regime. In the following, we
will focus on the loop current order, elucidating both its
underlying mechanism and physical properties of the
symmetry broken state. In particular, we will identify the
competition and cooperation between the different phases
present in the V2 dominated regime and address the
apparent asymmetry to the CBO phase in the V1 regime.
Loop current order—In the intermediate V2 regime, the

representative flows with LCO as leading instability are
illustrated in Fig. 3(a) with V2 ¼ 1.1t and V1 ¼ 0. The
nCDW occurs as close competitor, distinct from the V1

dominant case in Fig. 1(a). The observed LCO mainly
involves a mixture between the 1nn and 2nn bonds from
diagonalizing renormalized susceptibility, in contrast to
dominant 1nn bond of loop current pattern reported in
previous studies [51,68]. The inclusion of 1nn repulsion V1

modifies real-space structure of LCO, which is evidenced
by the changing weights of 1nn and 2nn bond orders along
the parameter line V1 þ V2 ¼ 1.2t, as shown in Fig. 3(b).
An increase in V1 enhances the 1nn component in the LCO,
which in turn significantly enhances the CBO due to
pronounced 1nn real bond fluctuations and triggers a
transition from LCO to CBO, where the 1nn and 2nn bond
components exhibit a jump and drop, respectively. The
LCO is dominant in a relatively large regime and is
stabilized by stronger imaginary bond fluctuation on the
2nn bond compared to that in real bond channel, which is a
direct consequence of the SI effect and unique kagome
lattice geometry [52]. Intuitively, the intimate relation
between the bond length and the prevalence of real or
imaginary bond orders can be directly inferred from the
different transformation behavior of LCO and CBO under

t
(b)

1nn 2nnonsite
(a)

LCO

CBO

FIG. 1. Representative FRG flow with 1nn repulsion and real-
space CDW patterns. (a) FRG flow of the expectation values of
CBO, LCO, nCDW, and CDWM and for V1 ¼ t and V2 ¼ 0.
(b) Real-space configurations of CBO and LCO on 1nn and 2nn
bond as well as the onsite modulated CDW with a wave vector of
QC. The real-space pattern at two other nesting vectors can be
obtained by the application of sixfold rotational operation. Red
(blue) denotes positive (negative) onsite or bond order param-
eters, while arrows denote directions of current flows. Only the
bond orders within the antisymmetric channel are depicted.

LCO

nCDW

CBO

fSC

nCDW

SC
1 / t

2
 / 

t

FIG. 2. Phase diagram of the spinless interacting kagome
model at the p-type Van Hove filling. The critical scales Λc
proportional to the expected transition temperature Tc are
indicated by color. Gray dots indicate the calculated points in
interaction parameter space.
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short range hopping fluctuations of particle-hole pairs, that
result in an energy splitting already at second order in
Ginzburg-Landau theory (details in Sec. III of SM [54]).
In accordance with the nesting vectors and sublattice

makeup of the FS, the LCO establishes at the three
inequivalent nesting vectors QA;B;C, involving particle-hole
pairs between three different bonds. To analyze the ground
state, we minimize the Landau free energy containing three
degenerate order parameters Δ1;2;3, each associated with
one of the nesting vectors. In the Ginzburg-Landau
expansion, their couplings at quartic order govern the
ground state energy and are given by

fð4Þ ¼ 1

2
Z1jΔj4 þ ðZ2 −Z1ÞðΔ2

1Δ2
2 þΔ2

2Δ2
3 þΔ2

3Δ2
1Þ; ð2Þ

with Z1 − Z2 > 0 as explicated in the SM [54]. Different
from the CBO case, the trilinear term vanishes owing to the
TRS breaking. These quartic terms favor an equal con-
tribution of the 3Q modulations, leading to an enlarged
2 × 2 pattern. The characteristic pattern of the LCO
maintaining the sixfold rotational symmetry is shown in
Fig. 3(c), where currents of equal color form closed loops
around the rotational center. This TRS breaking 3Q LCO

fully gaps out the FS and generates a Chern insulator,
analogous to the Haldane model. This state features
topologically nontrivial bands close to the Fermi level,
as shown in Fig. 3(d), and Chern Fermi pockets can be
introduced upon electron or hole doping.
Surprisingly, lowering the interaction scale triggers a

transition from the LCO to a reentrant twofold CDW order
at q ¼ 0, corresponding to the two dimensional E2g

representation of D6h. The minimization of the free energy
within the associated two dimensional eigenspace leads to a
nematic order that breaks the sixfold rotational symmetry.
There are three possible configurations with an unequal
charge occupation of three sublattices, as shown in SM
[54]. According to our analysis, the projection of particle-
particle fluctuations onto the particle-hole channels pro-
motes nCDW but simultaneously suppresses LCO (see
Sec. VI of SM for more details [54]), rendering the nCDW
slightly dominant.
f-wave superconductivity—For larger values of V2 the

LCO is surpassed by a superconducting instability medi-
ated by the particle-hole fluctuations within LCO and
nCDW channels [cf. Fig. 4(a)]. Caused by the spinless
restriction, the pairing order parameter is odd in real space
due to fermionic anti-commutation, which implies a van-
ishing gap at time reversal invariant momenta. Since the
singular DOS at the M points cannot be gapped out by the
superconducting order, SC phases are less prominent in the

(a) (b)

(c) (d)

1

2

-5

1

2

-1

FIG. 3. (a) Representative FRG flow of the expectation values
of nCDW, 2nn CBO, 2nn LCO, and fSC for V1 ¼ 0 and
V2 ¼ 1.1t. (b) Variation of 1nn and 2nn contributions to the
LCO and CBO phases as a function of changing V1 and V2 at
fixed V1 þ V2 ¼ 1.2t. (c) Real-space pattern of the representative
3Q LCO on both 1nn and 2nn bonds. The enlarged 2 × 2
supercell is indicated by gray shading. (d) Emergent Chern
bands of the LCO phase in the folded BZ with order parameters
ΔLCO

1nn ¼ 0.1t and ΔLCO
2nn ¼ 0.15t, exhibiting a full gap around the

Fermi level. The filled bands feature a total Chern number of
C ¼ 1. Gray curves indicate the backfolded dispersion.

6NN

V2

4NNV1

3NN

(b)(a)

fSC

pSCp

fSC

(c) (d)

5nn
6nn

4nn

3nn

FIG. 4. (a) FRG flow of leading instabilities for V1 ¼ 0 and
V2 ¼ 1.6t. (b) Variation of 3nn and 6nn components in the f- and
p-wave superconductivity as a function of changing V1 and V2.
(c) Schematics for the real-space pairing configuration, mediated
by a combination of high-order virtual V1 and V2 processes.
(d) f-wave gap function on the FS transforming under the B2u
representation in the V2 dominant regime.
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phase diagram of Fig. 2 compared to prior studies on the
spinful kagome lattice [49,67,69].
The remaining FS is fully gapped by an exotic f-wave

SC order corresponding to the B2u irreducible representa-
tion [cf. Fig. 4(c)]. In real space, this corresponds to Cooper
pairing between 5th and 6th nn sites. In the V1 ¼ 0 case,
these represent the closest sites available for pair formation
mediated by the second order V2 processes as indicated in
Fig. 4(c). The sublattice texture on the Fermi surface favors
Cooper pair formation on the 6nn compared to the 5nn
bonds, since the states at k and −k near the VHS are
mainly constituted by the same sublattice. Consequently,
the intrasublattice pairing, like the 6nn bond, can gap out
Fermi segments with high DOS, resulting in a significant
condensation energy gain.
A sizable V1 induces pairing between the 3nn sites due to

mixed V1 − V2 processes as depicted in Fig. 4(b). The
decreased distance between Cooper pairs reduces the gap
modulation along the FS and increases the condensation
energy gain by the SC order. A substantial V1 leads to a
transition from the f-wave to p-wave pairing symmetry in
the particle-particle channel [Fig. 4(b)], which is sublead-
ing to the CBO in the V1-dominant regime. The SC order
can thereby exploit V1 to gain energy opposed to the LCO,
which exclusively relies on V2 for its emergence [compare
Figs. 4(a) and 3(b)]. Hence, the phase boundary to the SC
state is shifted to lower V2 values with increasing V1,
thereby bounding the LCO domain from above.
Discussion and conclusion—Our minimal model isolates

the kagome-intrinsic ingredients that stabilize LCO—the
interplay between VHS-related sublattice texture and lattice
geometry—a mechanism that is generic to frustrated lattices
(e.g., checkerboard, pyrochlore). The resulting sublattice
interference effect not only promotes bond fluctuations at
the nesting vectors but also impacts the superconducting
pairing. In the spinful case, either superconductivity or
nCDW is leading on the V1 axis stemming from enhanced
onsite CDW fluctuation at q ¼ 0, in contrast to the sole
CBO in the spinless case [27,49]. The inclusion of V2 in the
spinful case yields a similar effect, making LCO subleading,
as confirmed by our FRG calculations. Compensating for
this overscreening by introducing the onsite repulsion U
will suppress the CDW but a large U triggers magnetic
orders as previously reported for U ≫ V1 [49,67].
We discuss experimental implications of our model

calculations and identified mechanism for charge orders
in kagome materials. The intriguing CDW in kagomemetals
FeGe and AV3Sb5 can be linked to instabilities associated
with VHS, which have been identified in the vicinity of the
Fermi level in ARPES measurements [11,12,70,71]. In
these materials, strong d-p hybridization leads to delocal-
ized d-orbital Wannier functions, resulting in comparable
1nn and 2nn Coulomb repulsion. Indeed, cRPA calculations
find a ratio about V1=V2 ¼ 1.1 [72], placing them near the
boundary where LCO and CBO can coexist. Moreover,

electron-phonon coupling [73,74] can generate an effective
1nn attraction which counteracts the repulsion V1, poten-
tially realizing an effective V2 > V1 regime. The multi-
orbital nature and multiple VHS in realistic materials may
further enhance loop-current fluctuations and thus facilitate
LCO formation. In FeGe, the large ferromagnetic splitting
in each layer results in a spin-polarized p-type VHS in
proximity to the Fermi level, analogous to our spinless
model. Even when employing the spinful model with large
ferromagnetic splitting to simulate FeGe, our FRG calcu-
lations reveal that LCO occurs with an intermediate 2nn
repulsion, showing almost quantitative consistency with the
spinless model (see SM [54]). According to our calcula-
tions, the 2 × 2 LCO in FeGe can generate an orbital
magnetic moment as large as 0.03 μB per site, which may
account for the observed magnetic moment change upon the
CDW transition (details in SM [54]). For the multiorbital
AV3Sb5, both p- and m-type VHS from the V-kagome net
occur near the Fermi level [11,12]. Signatures of TRS
breaking inside the CDW have been reported in different
experimental measurements. The LCO, while subdominant
in the single-orbital spinful model, may become stable in
multiorbital AV3Sb5 through the combined effect of loop-
current fluctuations amplification from distinct types of
VHS [68,75] and reduced nn repulsion due to electron-
phonon coupling [73,74]. The exotic interplay between
LCO and superconductivity can generate intriguing pair
density wave states [76].
Our Letter offers critical insights into intrinsic quantum

fluctuations and their interplay with lattice geometry within
the kagome lattice. By identifying 2 × 2 LCO through
unbiased many-body calculations, we transform it from a
speculative concept into a microscopically validated quan-
tum state, establishing a solid theoretical foundation for the
experimental exploration of LCO within kagome metals.
This highlights the kagome metals as an ideal platform to
study exotic correlated phenomena.
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