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Vanadium-based topological kagome metals AV3Sb5 (A = K, Rb, Cs) have drawn great attention recently due
to the discoveries of charge order, nematic phase, time-reversal symmetry breaking, and superconductivity. In
this work, we study the Fermi-surface instabilities of topological kagome metals AV3Sb5 (A = K, Rb, Cs) in
all the charge-orbital-spin channels based on first principles calculations, and provide a first principles theory
for the current-loop state in this class of materials. After comprehensive analysis of the interaction-renormalized
generalized susceptibility tensor combined with unrestricted Hartree-Fock calculations, we find that the leading
instability modes at the Fermi surface are three spin magnetic modes at � point, giving rise to ferromagnetism
within the kagome plane with small magnetization on the V atoms. We further show that counter-propagating
current loops within the kagome plane can be generated due to the interplay between spin magnetism and
spin-orbit coupling, and the current pattern is consistent with recent muon spin spectroscopy measurements.
Moreover, some other puzzling experiments in this system such as the giant anomalous Hall effect and nematicity
can also be explained from our results.
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I. INTRODUCTION

Quantum materials with layered kagome structures are of
great interest due to the frustrated lattice geometry, which can
give rise to interesting noninteracting band structures with
both flat bands and Dirac cones [1]. The nontrivial Berry
phase associated with the Dirac fermions and the vanishing ki-
netic energy of the flat bands make the kagome lattice system
an ideal platform to study the interplay between band topol-
ogy and strong electron-electron (e-e) correlations, which
can lead to various exotic quantum states [2–12]. Recently,
vanadium-based layered kagome materials AV3Sb5 (A=K,
Rb, Cs) have been successfully synthesized [13,14], which
exhibit various intriguing properties including charge density
wave states [15–34], the signature of time-reversal symmetry
breaking [14,15,35–37] and nematicity [38], as well as un-
usual superconductivity [34,39–54].

These experimental observations have boosted intensive
theoretical interest [54–66]. First principles calculations re-
veal that the band structures of AV3Sb5 are topologically
nontrivial with nonzero Z2 indices and Dirac-like linear
dispersions, and there are multiple van Hove singularities
near the Fermi level [41]. Various instability modes in the
interaction-driven Fermi-surface nesting scenario have been
predicted based on continuum model Hamiltonian around sad-
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dle points of band dispersions [55] or simplified lattice model
Hamiltonians [56,57,60].

Recent phonon calculations indicate the presence of un-
stable phonon modes in the system, which suggests that the
CDW phase may be driven by electron-phonon couplings
and phonon instabilities [29,62–64,67]. Density functional
theory (DFT) calculations also indicate multiple Fermi sur-
faces which have significant contributions from all the V 3d
and Sb 5p orbitals [29,41,63]. Given such complex Fermi
surfaces and the multiple sublattice, orbital, and spin de-
grees of the system, e-e interactions may lead to complicated
symmetry-breaking states in the charge-sublattice-orbital-spin
space, which is difficult to be fully captured by any simplified
tight-binding model including only one orbital at each V site,
or by any continuum model centered at one particular high-
symmetry point in the Brillouin zone. Therefore, in order to
unambiguously identify the leading Fermi-surface instabili-
ties and shed light on the nature of the charge and magnetic
properties in this system, we study the interacting ground
states of the systems based on realistic Wannier tight-binding
models generated from first principles calculations, and pro-
vide a first principles theory for the time-reversal-breaking
current-loop states in this class of materials.

Specifically, we first calculate the generalized two-particle
susceptibility tensor defined the charge-sublattice-orbital-spin
space based on realistic 60-band Wannierized tight-binding
models generated from first principles DFT calculations, in-
cluding the effects of both on-site and intersite e-e Coulomb
interactions as treated by generalized random phase ap-
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FIG. 1. Geometric, electronic, and dynamic properties of
AV3Sb5 (A = K, Rb, Cs). (a) Lattice structures of the normal phase
and the CDW phase. (b) Band structures for the normal phase of
RbV3Sb5 projected onto V d and Sb p orbitals. (c) Phonon spectrum
for the normal phase of RbV3Sb5. (d) Unfolded spectral function of
the CDW phase of RbV3Sb5, where the new von Hove singularity
(VHS) is marked by an arrow.

proximation [68,69]. Taking the leading eigenmodes of the
generalized susceptibility tensor as initial ansatzs, we further
perform unrestricted self-consistent Hartree-Fock calculations
for both pristine structure, 2 × 2 × 1 inverse-star-of-David
(ISD) supercell, and a 2 × 2 × 2 supercell, including both
Kanamori-type on-site interactions for V 3d orbitals, as well
as V-Sb and V-V intersite Coulomb interactions. The nonlocal
exchange effects are treated exactly. Through these calcula-
tions, we find that the ground-state manifold consists of three
nearly degenerate spin magnetic states. The inclusion of in-
tersite Coulomb interactions would significantly suppress the
spin magnetism, leading to weak spin magnetization ∼0.06 μB

per V atom. Counter-propagating current loops (with current
amplitudes ∼100 nA) can be generated in the magnetic states
as a result of spin-orbit coupling, giving rise to staggered
orbital magnetic fluxes threaded through the kagome plane
in both the 2 × 2 × 1 ISD supercell and the 2 × 2 × 2 super-
cell. We further propose that an intralayer ferromagnetic and
interlayer antiferromagnetic state in the 2 × 2 × 2 supercell
is the candidate for the time-reversal breaking nematic state
observed in experiments [15,35,36,38].

II. PRELIMINARIES

The AV3Sb5 (A = K, Rb, Cs) system crystallizes in a
layered kagome lattice structure as shown in Fig. 1(a). We
first perform first-principle calculations to study its electronic
properties. First principles calculations are performed within
the framework of density functional theory as implemented in
Vienna ab initio simulation (VASP) package. The projector-
augmented wave potential is adopted with the plane-wave
energy cutoff set at 400 eV [70]. The exchange-correlation
functional of the Perdew-Burke-Ernzerhof (PBE-GGA) type
is used for the calculations [71,72]. 8 × 8 × 4 and 6 × 6 × 4 k
meshes are used for the the calculations of the pristine lattice
structure and the inverse star-of-David (ISD) 2 × 2 × 1 struc-

ture, respectively. We take the lattice constants of the AV3Sb5

(A = K, Rb, Cs) from Ref. [13].
In Fig. 1(b) we show the DFT band structure of RbV3Sb5

projected onto V 3d orbitals and Sb 5p orbitals in the pristine
lattice structure including spin-orbit coupling (SOC). Clearly
there are Dirac-like dispersions near K and H points con-
tributed by V 3d orbitals, van Hove singularities near M point
contributed by both V 3d and Sb 5p orbitals, as well as
electron pockets centered at � contributed by Sb 5p orbitals.
Such complicated Fermi surfaces and orbital characters make
it difficult to realistically describe the electronic structure of
this system using any simplified lattice model or continuum
model. In Fig. 1(c) we present the phonon dispersions cal-
culated by DFT using the frozen-phonon method with a 3 ×
3 × 1 supercell, where we see two unstable phonon modes
around M and L points [29,62–64]. A linear combination of
the unstable modes at the three equivalent M points result in
an inverse-star-of-David structure with 2 × 2 × 1 supercell as
shown in the right panel of Fig. 1(a). New van Hove singu-
larities emerge below the Fermi level as a result of the lattice
deformation in the 2 × 2 × 1 supercell [29] as shown by the
spectral function unfolded to the original primitive Brillouin
zone in Fig. 1(d).

III. FERMI SURFACE INSTABILITIES

The presence of van Hove singularities both in the pris-
tine and in the ISD structures indicate that the noninteracting
Fermi surfaces may be unstable to e-e Coulomb interactions.
In order to study the interaction effects on the complicated
Fermi surfaces with diverse orbital characters as shown in
Fig. 1(b), we first construct a realistic tight-binding model in
the Wannier-function basis using the Wannier90 code pack-
age [73]. To be specific, the Bloch functions generated from
DFT calculations are projected onto 60 spinor Wannier func-
tions (for each pristine primitive cell) including all the V
3d orbitals and Sb 5p orbitals, from which we obtain the
following Wannier tight-binding model denoted by H0:

H0 =
∑

iασ, jβσ ′
hiασ, jβσ ′ ĉ†

iασ ĉ jβσ ′ , (1)

where the sets of indices {i, j}, {α, β}, and {σ, σ ′} denote,
in turn, all the V and Sb atomic sites, orbitals, and spin
degrees of freedom, and hiασ, jβσ ′ denotes the real-space hop-
ping amplitude including spin-orbit coupling effects. ĉ†

iασ and
ĉ jβσ ′ are the electron creation and annihilation operators. We
include the on-site multi-orbital Coulomb interactions of the
Kanamori type for the V 3d orbitals [74,75],

HK = U
∑
i,α

n̂iα↑n̂iα↓ + U ′ ∑
i,α<β,σ,σ ′

n̂iασ n̂iβσ ′

− JH

∑
i,α<β,σ,σ ′

ĉ†
iασ ĉiασ ′ ĉ

†
iβσ ′ ĉiβσ

+ JP

∑
i,α<β,σ

ĉ†
iασ ĉ†

iα−σ ĉiβσ ĉiβ−σ , (2)

where U and U ′ are the intraorbital and interorbital direct
Coulomb interactions. JH and JP denote the Hunds’ coupling
and pair hoppings, respectively, and n̂iασ = ĉ†

iασ ĉiασ is the

155125-2



MAGNETIC AND CHARGE INSTABILITIES IN … PHYSICAL REVIEW B 106, 155125 (2022)

density operator. We let U ′ =U − J and JP = 0 such that
Eq. (2) has full rotational invariance [75]. We further consider
the density-density intersite interactions between the neigh-
boring V-Sb sites and V-V sites; the interaction amplitudes
are denoted by V and W respectively,

HV-Sb = V
∑
〈i j〉

∑
αβσσ ′

ĉ†
iασ ĉ†

jβσ ′ ĉ jβσ ′ ĉiασ,

(3)
HV-V = W

∑
〈〈i j〉〉

∑
αβσσ ′

ĉ†
iασ ĉ†

jβσ ′ ĉ jβσ ′ ĉiασ ,

where “
∑

〈i j〉” means a summation over all the first-neighbor
V-Sb sites (including both intralayer ones and interlayer ones),
and the symbol “

∑
〈〈i j〉〉” means summing over all the inplane

nearest neighbor V-V sites. In this work, V and W are treated
as two free parameters which vary from 0 to 1 eV. The full
Hamiltonian is then H0 + HK + HV-Sb + HV-V. We set the on-
site interaction parameters U =3.6 eV and J =JH =0.72 eV,
and the intersite interaction parameters (if applicable) V =
1.0 eV, and W =0.2 eV throughout this paper. We have also
performed RPA+Hartree-Fock calculations for 3.4 eV �U�
5.4 eV and 0�V �1.5 eV, all of which lead to qualitatively
the same ground state [76].

As discussed above, the system has a quite complicated
primitive cell with multiple sublattice, orbital, and spin de-
grees of freedom. For the 60-band tight-binding model, there

are 3600 independent matrix elements of the density operator
ρμ,ν = 〈ĉ†

μĉν〉 (with μ, ν being composite indices referring
to all the sublattice, orbital, and spin degrees of freedom),
each of which can be considered as an “order parameter”
that break certain symmetries of the system and bring about
Fermi surface instability. The actual ground state is character-
ized by a linear combination of the density matrix elements,
which is difficult to guess a priori for the ab initio DFT+U
or hybrid-functional type calculations due to such complex-
ity. Therefore, in order to find the leading Fermi-surface
instability mode, we propose to calculate the interaction-
renormalized generalized susceptibility tensor defined in the
sublattice-orbital-spin space, the tensor element of which is
denoted as χ (q)μν,μ′ν ′ . Consider a field Aκ that is only cou-
pled to (or “parallel” to) the κth eigenmode uκ

μν (q) of the
susceptibility tensor, i.e., Aκ (q) ∼ uκ

μν (q), then the system
would respond to such a field along the eigenvector direc-
tion via δρμν (q) ∼ λκ (q)uκ

μν (q), where λκ (q) and uκ
μν (q) are

the eigenvalues and eigenvectors of the susceptibility tensor
χ (q). If any of the eigenmodes has a diverging eigenvalue
λ(q)κ , the system would develop a spontaneous order param-
eter characterized by the diverging eigenmode uκ

μν (q) upon
the application of an infinitesimal field, and would enter a
spontaneous symmetry-breaking state through a continuous
transition [77–79].

The dynamical generalized susceptibility tensor of a non-
system at wavevector q and frequency ω is expressed as

χ0
μν,μ′ν ′ (q, ω) =

∫
BZ

 d3k
(2π )3

∑
m,n

f (En,k ) − f (Em,k+q)

Em,k+q − En,k − h̄(ω + iδ)
ψ∗

μ,n(k)ψν,m(k + q)ψμ′,n(k)ψ∗
ν ′,m(k + q), (4)

where μ, ν are composite indices referring to the sublattice,
orbital, and spin degrees of freedom, m and n are the band
indices, and  is the volume of the unit cell. f (En,k ) is the
Fermi-Dirac distribution function at zero temperature, with
En,k denoting the band energy of the nth band at wavevec-
tor k, and ψμ,n(k) is the corresponding eigenfunction in the
basis of the Fourier-transformed Wannier functions. In order
to study the ground state Fermi-surface instabilities driven
by electron-electron Coulomb interactions, here we only con-
sider the static susceptibility at zero frequency (ω=0), and
study the wavevector (q) dependence of the susceptibility ten-
sor. A linear tetrahedra interpolation method is applied for the
integration of the k points over the first Brillouin zone [80]. A
50 × 50 × 20 k mesh is already fine enough for the numerical
convergence in calculating the bare susceptibility. The sum-
mation over the band indices is restricted to the 10 (including
spin) bands near the Fermi level.

The effects of Coulomb interactions on the generalized
susceptibility tensor are treated within random phase approx-
imation (RPA), including effects of both direct and exchange
interactions as described by the bubblelike and ladderlike
Feynmann diagrams for the two-particle correlation function.
The wavevector dependent intersite exchange interaction is
replaced by the wavevector-averaged one in the susceptibility
calculation, i.e., a k independent exchange interaction ver-
tex is adopted. We have included the on-site multi-orbital

Kanamori interactions for the V 3d orbitals as given by
Eq. (2), the first neighbor Sb-V Coulomb interactions whose
amplitude is denoted by V , as well as the inplane nearest
neighbor V-V interactions whose amplitude is denoted by W ,
as given by Eq. (3). All these Coulomb interaction terms (after
Fourier transform) can be expressed in matrix form denoted
by U, which include both direct and exchange interactions,
then the RPA generalized susceptibility tensor is expressed as

χ̂ (q) = ˆχ0(q) · (1 + U(q) · χ̂0(q) )−1, (5)

where χ̂ (q) and χ̂0(q) refer to the RPA and bare suscepti-
bility tensor (at wavevector q), respectively, each of which
is a 3600 × 3600 matrix. χ̂0(q) is defined in Eq. (4). The
interaction matrix U(q) is also a 3600 × 3600 matrix defined
in the same two-particle Wannier basis as χ̂0(q). The “·” in
Eq. (5) denotes a matrix product operation.

Following the above argument, we calculate the general-
ized susceptibility tensor for the AV3Sb5 (A = K, Rb, Cs)
systems. For clarity’s sake, in main text we only present the re-
sults for RbV3Sb5, and the results of the other two compounds
are given in the Supplemental Material [76]. In Fig. 2(a) we
present the 10 eigenmodes with maximal eigenvalues of the
RPA susceptibility as a function of the wavevector q, with
on-site interaction only and the intersite interactions being
temporarily turned off. We see that there are three diverging
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FIG. 2. RPA susceptibility of the pristine RbV3Sb5. (a) Eigen-
values of the generalized RPA susceptibility tensor (with on-site
interaction only), plotted along a high-symmetry q path. Only the
10 leading eigenvalues are shown. (b) The eigenvalues of the RPA
susceptibility at M point for different V-Sb (V ) and V-V (W ) intersite
interaction strengths.

modes only at � point, which turn out to be three spin mag-
netic modes. The inclusion of intersite interactions does not
change the diverging nature of the three spin ferromagnetic
modes. On the other hand, since the system undergoes a CDW
transition forming a 2 × 2 × 1 ISD structure around 100 K,
we also check the eigenmodes of the RPA susceptibility tensor
at M points, and do not find notable unstable modes. We
further include V-Sb and V-V intersite interactions, and find
that the eigenvalues of the susceptibility tensor at M points
only increase by small amounts due to the inclusion of in-
tersite interactions, as clearly shown in Fig. 2(b). Therefore,
the CDW phase is likely driven by strong electron-phonon
couplings and phonon instability instead of e-e interactions.

IV. SYMMETRY-BREAKING GROUND STATES

In order to verify the conclusions obtained from the sus-
ceptibility calculations, and to unambiguously determine the
symmetry-breaking ground states of the systems, we further
perform unrestricted self-consistent Hartree-Fock (HF) calcu-
lations including both the on-site Kanamori interactions and
the intersite interactions based on the first principles Wannier
tight-binding models [76]. We first perform HF calculations
for the pristine primitive cell, and we take the three leading
instability modes at � point [Fig. 2(a)] as initial ansatz for
the density matrices. The HF ground states turn out to be
three spin ferromagnetic states with the magnetizations pri-
marily pointing along the crystalline x, y, and z directions with
slight cantings [76]. With on-site interactions only, the spin
magnetization is as large as ∼0.6 μB per V atom. Real-space
current loops are generated in the ferromagnetic states by
virtue of SOC, and the current amplitudes ∼800 nA. We note
that although the exact exchange would give rise to sponta-
neous symmetry breaking states in the Hartree-Fock theory,
the correlation effects of e-e interactions have been neglected.
The latter may suppress the spin magnetization due to the
enhanced local spin fluctuations [81].

The intersite current can be calculated as follows. The rate
of change of charge density at an atomic site j is expressed as

dn j

dt
= −2

h̄
Im

∑
αα′ j′

ρα j,α′ j′ (R)Hα′ j′,α j (−R), (6)

where {α, α′} refers to the orbital indices and { j, j′}
refers to the site (or sublattice) indices. n̂ j = ∑

α |φα j〉〈φα j |

is the electron number operator in the Wannier ba-
sis, and ρ̂ = ∑

n,k |ψn,k〉〈ψn,k|θ (EF − En,k ) (n is the
band index, θ (EF − En,k ) is the step function) is the
density operator in the Bloch basis. Here ρα j,α′ j′ (R)
is expressed as ρα j,α′ j′ (R) = ∑

k e−ikRρα j,α′ j′ (k)/N ,
and Hα j,α′ j′ (−R) = ∑

k eikRHα j,α′ j′ (k)/N . We define
the intersite current between site j′ and j as I j j′ =
−(2/h̄)Im

∑
α,α′ ραj,α′j′ (R) Hα′j′,αj(−R).

The inclusion of intersite interactions, e.g., with V =1 eV
and W = 0, would significantly suppress the spin ferromag-
netism, resulting in a spin moment ∼0.06 μB per V atom.
Once the intersite interaction is taken into account, charges
tend to transfer from the V to the Sb sites to minimize the
intersite Coulomb energy, resulting in a charge occupation
∼0.3 per V atom for V = 1eV, which is reduced by a factor
of six compared with the case when V =0. As a result, the
spin magnetization driven by the on-site interactions of V 3d
orbitals is significantly diminished. We also note that the mag-
netic moments of V atoms can be further suppressed by local
dynamical fluctuation effects as discussed in Ref. [81]. Such
small magnetic moments and the small anisotropy energy can
explain why no long-range magnetic order has been observed
in this class of material so far.

A. Current-loop state in 2 × 2 × 1 CDW phase

We have also performed HF calculations for the 2×2×1
ISD lattice structure with a realistic tight-binding model in-
cluding 240 Wannier orbitals, including both the on-site and
intersite interactions, and the nonlocal exchange effects are
treated exactly. We take the three spin ferromagnetic modes
at � point and four leading modes at M point as our initial
ansatzs for the density matrices in the HF calculations. The
ground states, again, involve three nearly degenerate spin fer-
romagnetic states with their magnetizations primarily pointing
along the crystalline x, y, and z directions, which are denoted
as FMx, FMy, and FMz states, respectively. The three FM
states are competing with each other with the energy dif-
ference ∼0.01 meV. Similar to the case of pristine primitive
cell, the magnetizations in the ISD structure are on the order
of 1 μB per V if only on-site interactions are included, and
can be suppressed by one order of magnitude due to the
intersite interaction effects. Interestingly, in the ISD structure,
the magnetization distribution is inhomogeneous within the
ISD primitive cell: the spin magnetizations are mostly con-
centrated at the six V atoms forming two contracted kagome
triangles, as schematically shown in Fig. 3(b) for the FMz

phase.
Current loops are generated in the intralayer FM state of the

ISD structure due to SOC effects. The current-loop patterns
in the three FM states are shown in Fig. 3(a) for the FMy,
FMz, and FMx states respectively. For example, for the FMz

state, there are three current loops: two of them are counter-
clockwise circulating around the two kagome triangles, and
the other one is clockwise circulating around the hexagon,
with the current amplitudes ∼80 nA (for intersite interaction
amplitude V =1 eV). It is worthwhile to note that in the ISD
structure there are always chiral current loops within the V
kagome plane for all the three ferromagnetic states. This is
because in the FMx and FMy states, the magnetizations have
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FIG. 3. Properties of the spin ferromagnetic states in the 2 × 2 ×
1 ISD structure including both on-site interaction and V-Sb intersite
interaction (V ), with V = 1.0 eV. (a) Schematic illustration of the
intersite currents for the three spin ferromagnetic states of RbV3Sb5;
(b) magnetic structure of the FMz phase, with the arrows denoting the
spin magnetization at different sites; (c) calculated anomalous Hall
conductivity of the FMz phase; (d) Hartree-Fock band structures of
the FMz phase.

cantings along the crystalline z direction with canting angle
∼10◦ [see Fig. 3(a)], thus generating in-plane current loops
due to SOC effects. This implies that even if there are strong
real-space magnetic fluctuations due to the quasi-degeneracy
among the FMx, FMy, and FMz states such that the system
hardly has long-range ferromagnetic order, there are still in-
plane chiral current loops.

We have further calculated the intrinsic anomalous Hall
conductivity (AHC) of the weak FM state in the ISD
structure, which is very small ∼1 − 20 S/cm in the FMz state
for RbV3Sb5 as shown by the blue line in Fig. 3(c). The ex-
perimentally measured giant AHC of KV3Sb5 thus arise from
skew scatterings [14], which may be induced by the strong
real-space magnetic fluctuations [82] by virtue of the near
degeneracy of the three ferromagnetic states. Ref. [14]
also reported the intrinsic contribution to AHC of KV3Sb5,
which is ∼102 S/cm, two orders of magnitude weaker than the
skew-scattering contribution [14]. In order to directly compare
our theory with the experiment, we have also calculated
the intrinsic AHC in the FMz phase of KV3Sb5 in the ISD
structure, as shown by the red lines in Fig. 3(c). We see that the
maximal value ∼140 S/cm, which is qualitatively consistent
with the experimentally measured value. In Fig. 3(d), we show
the calculated HF band structures of the 2×2×1 ISD structure
(plotted in the supercell Brillouin zone) with intersite interac-
tion V = 1.0 eV, from which we see a strong renormalization
effect on the electronic structures due to the inclusion of
intersite interactions. Notably, the Fermi surfaces are mostly
contributed by two bands with nearly compensated electron-
type and hole-type carriers due to time-reversal breaking.

FIG. 4. Properties of the current-loop states in the 2 × 2 × 2
CDW phase including both on-site and V-Sb intersite interactions
(with V =1.0 eV). (a) Schematic illustration of the current loops
in the first and second layer in the A-type antiferromagnetic state,
where the left panel is from our calculations and the right panel
is deduced from muon spin relaxation measurements reported in
Ref. [36]. (b) Magnetic structure of the A-type antiferromagnetic
phase, with the arrows denoting the spin magnetizations. (c) The
Hartree-Fock band structures.

B. Current-loop state in 2 × 2 × 2 CDW phase

As discussed in Ref. [67], the ground-state lattice structure
in the CDW phase may have additional structural modulation
along the z direction, forming a 2 × 2 × 2 supercell with the
two neighboring 2 × 2 × 1 ISD planes being mutually shifted
by one pristine lattice vector. Our calculations indicate that
the magnetic ground state in such a 2 × 2 × 2 CDW phase
is an “A-type” antiferromagnetic state with intralayer ferro-
magnetism and interlayer antiferromagnetism as shown in
Fig. 4(b). The A-type antiferromagnetism results in counter-
propagating current loops and staggered orbital flux pattern
along the z axis, as shown in Fig. 4(a). This is perfectly con-
sistent with the flux pattern deduced from recent muon spin
relaxation measurements at temperatures �30−40 K [35,36]
as schematically shown in the right panel of Fig. 4(a). More-
over, as the A-type antiferromagnetic state in the 2 × 2 × 2
supercell breaks C3z symmetry, here we propose it as the can-
didate for the nematic state observed in experiments [38]. In
Fig. 4(c) we also show the HF band structures of the 2 × 2 × 2
supercell in the antiferromagnetic state. The Fermi surfaces
have been strongly reconstructed, which consist of nearly
compensating electron and hole pockets. These results imply
that there are two kinds of instabilities in the AV3Sb5 (A = K,
Rb, Cs) system, the first one is the CDW instability driven
by electron-phonon couplings, and the other is the magnetic
instability as marked by the emergence of the giant anomalous
Hall effect and the onset of muon spin relaxation signal. These
two kinds of instabilities could be coupled together if both e-e
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Coulomb interactions and electron-phonon interactions are
taken into account properly, leading to a joint phonon-electron
instability mode [83], and may give rise to a time-reversal
breaking CDW state.

V. DISCUSSIONS

In this work we have comprehensively studied the mag-
netic and charge instabilities of the AV3Sb5 (A = K, Rb, Cs)
system based on first principles calculations including effects
of both on-site and intersite Coulomb interactions. Results
from both RPA susceptibility calculations and unrestricted
Hartree-Fock calculations indicate that the leading Fermi-
surface instabilities are three nearly degenerate intralayer
spin ferromagnetic modes, and the spin magnetization can
be strongly suppressed by intersite interactions. Current loops
can be generated in the spin magnetic states by virtue of SOC,
giving rise to staggered orbital magnetic fluxes. We further
propose that the time-reversal breaking nematic state observed

in experiment is an intralayer ferromagnetic and interanti-
ferromagnetic state in the 2 × 2 × 2 supercell breaking C3z

symmetry. Our results shed light on the nature of the elusive
correlated and topological states in the kagome metal AV3Sb5

(A = K, Rb, Cs) system, and provide a first principles theory
for the current-loop state in these systems. The first principles
methodology presented in this work can be widely applied in
various complex metallic systems with both strong Coulomb
interactions and spin-orbit coupling, which may help to dis-
cover more intriguing physics in correlated and topological
quantum materials.
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