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Recent experiments on geometrically frustrated kagome metal AV;Sbs (4 =K,
Rb, Cs) have revealed the emergence of the charge loop current (cLC) order
near the bond order (BO) phase. However, the origin of the cLC and its
interplay with other phases have been uncovered. Here, we propose a novel
mechanism of the cLC state, by focusing on the BO phase common in kagome
metals. The BO fluctuations in kagome metals, which emerges due to the
Coulomb interaction and the electron-phonon coupling, mediate the odd-
parity particle-hole condensation that gives rise to the topological current
order. Furthermore, the predicted cLC+BO phase gives rise to the Z;-nematic
state in addition to the giant anomalous Hall effect. The present theory pre-
dicts the close relationship between the cLC, the BO, and the nematicity, which
is significant to understand the cascade of quantum electron states in kagome

metals. The present scenario provides a natural understanding,.

Recent discovery of the kagome-lattice metal AV5Sbs (A=K, Rb, Cs)
shown in Fig. 1a has opened the way to study the unique physics of
geometrically frustrated metals with strong correlation'. In CsV3Sbs,
the formation of the 2 x 2 Star-of-David or Tri-Hexagonal density wave
(DW) was detected by scanning tunneling microscopy (STM) at T=90
K at ambient pressure*”. It is presumably the triple-q (3Q) bond order
(BO) shown in Fig. 1b, which is the even-parity modulation in the
hopping integral 6t}} (=real)* ', Below the BO transition temperature
Tso, superconductivity (SC) with highly anisotropic gap emerges for
A = Cs®" and the gap structure changes to isotropic by introducing
impurities. Also, nodal to nodeless crossover is induced by the external
pressure in A = Rb,K". These results are naturally understood based on
the BO fluctuation mechanism®,

More recently, the non-trivial time reversal symmetry breaking
(TRSB) order at Tqgrsg attracts considerable attention. It has been
reported by uSR study”®, Kerr rotation analysis®, field-tuned chiral
transport study®’, and STM measurements**°. The transition tem-
perature Tqgsp is close to Tgo in many experiments, while the TRSB
order parameter is strongly magnified at 7= 35K for A = Cs'**** and
T*= 50K for A = Rb". Recently, magnetic torque measurement reveals

the TRSB order associated with the rotational symmetry breaking,
which is called the nematic order, at T ~130 K”. In contrast, TRSB was
not reported by different experimental groups using the Kerr
rotation”” and STM” measurements. Thus, the TRSB onset tempera-
ture is still under debate. The chiral cLC is driven by the additional odd-
parity hopping integral 6¢j; (=imaginary), and the accompanied topo-
logical charge-current* gives the giant anomalous Hall effect (AHE)
below T =35 K>, The correlation-driven topological phase in kagome
metals is very unique, while its mechanism is still unknown.

In addition to the cascade of quantum phase transitions, the
emergent nematic order inside the BO and the cLC phases attracts
great attention. The nematic transition is clearly observed by the
elastoresistance”, the scanning birefringence'®, and the STM’ studies.
In addition, nematic SC states have been reported”*. Thus, kagome
metals provide a promising platform for exploring the interplay
between electron correlations and topological nature.

To understand the rich quantum phases in kagome metals, lots of
theoretical studies have been performed®'>*. Each BO and cLC
order is explained by introducing various off-site interactions in the
mean-field approximation (MFA)’?**>* while a fine-tuning of off-site
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Fig. 1| Lattice structure, Fermi surface, and BO form factor in kagome metal.
a Kagome-lattice structure composed of the sublattices A, B, and C. 2a,,, is the
minimum translation vector, and we set |2a,,,| =1. The relation asg + agc +aca =0
holds. b 3Q Tri-Hexagonal bond order (BO) state. ¢ Fermi surface (FS) at n=0.917
with the nesting vectors q, q5, qz. The color of the FS represents the weight of the
sublattice (A =red, B = blue, C = green). The FS has single sublattice character near
the van-Hove singularity (vHS) points. In kagome metals, q; connects VHS-A and
VHS-B. It is given as q; = (2a,5) x (217/+/3)e,, where e, is the unit vector perpendi-
cular to the xy-plane.

interactions is necessary to explain the cascade of phase transitions.
On the other hand, beyond-MFA mechanisms have been developed to
explain the rich phase transitions* *. For example, strong interplay
between the magnetism, nematicity and SC in Fe-based super-
conductors and other strongly correlated metals were understood by
beyond-MFA mechanisms* . It is urgent and important to elucidate
why the BO and cLC orders/fluctuations coexist in the study of kagome
metals. For example, these fluctuations will mediate non-BCS SC*? and
exotic pair-density-wave states*®™*5,

In this paper, we reveal that the cLC order is mediated by the BO
fluctuations that are abundant above Tgg in kagome metals**°. The
sizable off-site Umklapp scattering by the BO fluctuations induces the
odd-parity and TRSB current order (=imaginary 6t3). This cLC
mechanism is universal because it is irrelevant to the origin of the BO.
Furthermore, we discover that the coexistence of the BO and the cLC
order gives rise to the novel Z; nematicity along the three lattice
directions reported in refs. 5,19,27. The present theory reveals the
close relationship between the cLC, BO, nematicity, and SC state,
which is significant to understand the unsolved quantum phase tran-
sitions in kagome metals.

The phase transitions in metals are described as the symmetry
breaking of the normal self-energy; AL =¥ — ¥ A1g45’51- AY is determined
by the stationary condition of the free energy; 6FIAX]/6(AX)=0. The
DW equation enables us to derive the solution that satisfies the sta-
tionary condition, as we proved based on the Luttinger-Ward theory®.
Based on the DW equation, we discover that the odd-parity and TRSB
AX is driven by the BO fluctuation exchange processes. (Note that the
DW equation for AX is analogous to the Eliashberg equation for the SC
gap A).

Results

BO form factor and fluctuations

Here, we introduce the kagome-lattice tight-binding model with a
single d-orbital of each vanadium site (A, B, or C) shown in Fig. 1a. (The
d-orbital belongs to bs, of the D,, point group at V site, while its
representation is not essential here). The kinetic term is given by

Ho=kimohimK)Ch | ,Cicmo» Where [, m denote the sublattices A, B, C,

and k), (k) (= h%,(k)") is the Fourier transform of the nearest-neighbor
hopping integral ¢ in ref. 52 in addition to the inter-sublattice
hopping ¢’ shown in Fig. 1a. We set ¢ (=-0.5eV) to fit the bandwidth,
and t'(= — 0.08 eV) to reproduce the shape of the Fermi surface (FS).
Numerical results are insensitive to the presence of t'. Hereafter, the
unit of energy is eV unless otherwise noted. The FS around the van-
Hove singularity (VHS) point (k = Kk, kg, or Kc) is composed of a single
3d-orbital on V ion, which is called the sublattice interference®. This
simple three-site model well captures the main pure-type FS in kagome
metals*>>’, The FS at the vHS filling (n,us=0.917 per site and both
spins) is shown in Fig. 1c. The wavevectors of the BO correspond to the
inter-sublattice nesting vectors q,, (n =1, 2, 3) in Fig. 1c. (The equivalent
square lattice kagome model is convenient for the numerical study; see
Supplementary Note 1). The good inter-sublattice nesting of the FS
naturally triggers the observed inter-sublattice BO at q = q,,, as shown
in previous theoretical studies®’"2

b

The Fourier transform of the BO modulation, 6t,j,

parity BO form factor ga’"(k)“sris;

gives the even-

1 sub—/sub—m . )
gaM=g > D btheliean, M
i J

where q is the wavevector of the BO. In this study, we use the simplified
BO form factor due to the nearest sites presented in Supplementary

Note 2-1. The form factor at q=q;, g{]’:’, is nonzero only when
{L, m}={A, B}, and we set gi" =gl when q is in region I in Fig. 2b. In

the same way, we set g4 =g (g4") when qis in region Il (11l). g (g{"
is nonzero for {{, m} ={B, C} ({C, A}). This treatment is justified because
the BO fluctuations strongly develop only for q = q,, in kagome metals.
Furthermore, we usefq(k) =(fq,0) +fq,(k+q—qy,))/2forq-q,inthe
numerical study to improve the accuracy. Both BO and cLC form

factors are Hermite &ti" =67 )", which leads to the rela-
tion g4 (k)= (g™ (K + )" *.

To express the development of the bond order and fluctuations in
kagome metals, we introduce the following effective BO interaction:

~ 1 U ~g ~
Hin = _quji 05 0%, @

where Oﬁ = Ywime8m k), aloCkm, is the BO operator****. and v
is the effective interaction. We assume that the form factor gﬁl’"(k) is
normalized as maxy; ,, [g4"(k)|=1 at each q, Le., |6t}}| =1/2 for the
nearest sites. Then, the maximum matrix element of BO interaction in
Eq. (2) is v/2. The interaction (2) would originate from the combination
of (i) the paramagnon-interference due to on-site U“, (ii) the bond-
stretching phonon®’, and (iii) the Fock term of off-site Coulomb
interaction V7. In (i), Eq. (2) is induced by the spin-fluctuation-mediated
beyond-RPA processes, whose diagrammatic expressions are shown in
Fig. 3¢, d in ref. 12. This processes give rise to the nematic BO in Fe-
based SCs*. A great advantage of this theory” is that the function of
the BO form factor and the BO wavevector are automatically optimized
to maximize Tgo. Based on this theory, the BO at q=q, (n=1,2,3) is
robustly obtained based on the first principles multi-orbital model for
CsV3Sbs”. The effective parameter v in Eq. (2) is given as
UaL ~ [Gback T 8um)/2, which is about 1.5 near the BO critical point
(Apond S 1), as we see in Fig. 3e of ref. 12. Thus, the value of v given by the
AL processes is comparable to that used in the present study. In (ii),
g{.l’"(k) is given by the hopping modulation due to the stretching mode
and v=2n%*/wp, where n is the electron-phonon (e-ph) coupling
constant and wp is the phonon energy at q = q,. The BO interaction
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Fig. 2 | BO fluctuations and self-energy. a Expressions of the bond-order (BO)
irreducible susceptibility x2m™! (). b Obtained g-dependence for y2ABA%(g),
which takes the maximum at q = q. ¢ X,(9) enlarged by the Hartree term of the
electron-phonon interaction (2). [Note that x,(q) is also enlarged by the Fock term
of the off-site Coulomb interaction; see Supplementary Note 2-2]. d Self-energy
induced by the BO fluctuations.

for the three vHS points model was derived in ref. 10. In (iii), v =2V as
we explain in the Supplementary Note 2-2. Thus, the effective
interaction (2) is general. A possible driving forces of the BO have
been discussed experimentally®-2,

Next, we study the susceptibility of the BO operator (per spin)
defined as

1 /8 . . )
xe@o) =3 [ de{Gimof o) €

where w; is a boson Matsubara frequency. O‘fl(r) is the Heisenberg
representation of the BO operator. When v=0, x,(q) is equivalent to
the BO irreducible susceptibility x2(q)***:

XA = > xommt(g), @)

mm'l'

y T .
Xg™ @)= 5> 8g k) Gy (K+qu€, + @)
ke, 5)

X Gymke)ga’ (K),

where g=(q,w,=2nTl) and €, is a fermion Matsubara frequency.
Equation (5) contains two form factors, so it vanishes when /=m or
['=m'. Its diagrammatic expression is given in Fig. 2a. The numerical
result for x3B*%(q,0) is shown in Fig. 2b, which exhibits the broad
peak at the nesting vector between VHS-A and VHS-B; q = ;.

The BO susceptibility in Eq. (3) is strongly magnified by the Har-
tree term of Eq. (2) because of the same form factors in both equations.
Its process is expressed in Fig. 2¢, and its analytic expression is

Xe(@=Xg(q)/(1 - vxg(q)). (6)

where the notation g=(q,w,=2nTl) is used. Here, the relation
,\fg(q,,,O)o<(1—0(30)’1 holds, where ap, = maxg u,\/g(q) is the BO
stoner factor. xo(q,, 0) diverges when ago=1. In contrast, the cLC
susceptibility = for the odd-parity cLC form factor,
am(k—q/2)= - a"[(—k— q/2), is unchanged by the Hartree term
because g is even-parity.
The BO susceptibility is the largest in the Hartree-Fock (HF)
approximation. As we discuss in the Supplementary Note 3. the BO and
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Fig. 3 | cLC order driven by BO fluctuation mechanism. a Density-wave (DW)
equation due to the single exchange term of the bond-order (BO) fluctuations.

b Eigenvalue of the DW equation A, (red-solid line) and BO Stoner factor a§° (blue-
dashed line) for v=0.7 and T=0.012. Both show peaks at q =q,. ¢ Imaginary
hopping modulation Imét§(R). Its triple-q order gives the cLC pattern in (d). One
can check that the clock-wise (anti-clock-wise) loop currents on hexagons (trian-
gles) in (d) are inverted and moved by a,c under the sign change of Qf.

cLC susceptibilities at q=q, are Y, o(1—(v+ u’))(g)f1 and
Xeic x (1— u”)(g)fl, respectively. Here, —v' ~v”"~0.3yv originates
from the Fock term. (The coefficient y(~ O(1)) depends on the origin of
BO fluctuations. y =1/2 for Hiy, in Eq. (2). The detailed discussion on y
will be presented later). Thus, both susceptibilities are enlarged, while
Xcic <Xg Within the HF approximation. However, we discover that —v/
and v’ are further enlarged by the Maki-Thompson (MT) vertex
corrections.

The MT term describes the scattering of electrons due to the
developed bosonic fluctuations. This scattering process isimportant in
metals near the quantum critical points. For example, in nearly anti-
ferromagnetic metals, the d-wave SC transition is induced by the MT
processes of spin fluctuations. In kagome metals, the MT term repre-
sents the strong inter VHS scattering of electrons mediated by the
abundant BO fluctuations; see Fig. 3a. (The MT term also describes the
s-wave SC state in kagome metals'?). Here, we find that both Xegand X c
are comparably enlarged due to the MT processes in the present
theory.

To understand the BO+cLC phase diagram and the energy scale of
these orders accurately, we have to include the self-energy that
describes the quasiparticle properties. We calculate the on-site self-
energy due to BO fluctuations (see Eq. (8) in “Methods”). The
fluctuation-induced self-energy is essential to reproduce the T-
dependence of various physical quantities, as well-known in spin
fluctuation theories®>*. Here, we calculate y,(q) in Eq. (6) and Z,,(¢,,) in
Eq. (8) self-consistently.

BO fluctuation-mediated cLC order

Next, we discuss the cLC mechanism. The HF approximation for the BO
interaction (2) does not lead to the cLC order, as we explain in the
Supplementary Note 3. (It is the same for off-site Coulomb interaction
case; see Supplementary Note 2-1). Thus, the cLC order should be
ascribed to the beyond-HF mechanism. Here, we explain that the
strong electron scattering between different vHS points due to the BO
fluctuations, which are described as the MT processes, causes the odd-
parity cLC order 6tj; = — 6t5;. (Note that the spin-fluctuation-exchange
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processes cause the cLC order in quasi-1D systems®). This process is
generated by solving the following linearized DW equation*-*"¢¢:

.
Afar=5 > 1M Kkp)

p.My M, )

x(~G(P)G(p+ " Maf o (p),

where L= ([,l') and M; represent the pair of sublattice indices.
IL Mk,p) o —Xg(k — p) is given by the BO fluctuation scattering process
shown in Fig. 3a, which is called the MT process. The expression of IL M
is given in Eq. (10) in “Methods” section. Note that T ,{-G(p, en)
G(p+q,€,}>0.

By solving the DW equation (7), the optimized order parameter
function is given as the eigenfunction fﬁl(k) for the maximum eigen-
value Aq. max{A }=1 at the phase transition temperature. Note that
ft q(k) represents the symmetry-breaking part in the normal self-energy
AX(Kk,q) ~ ck+ qoCka)s and DW equation is directly derived from the
stationary condltlon 6FTAY]/6(AY) = 0°'. We can regard the DW equa-
tion (7) as the gap equation for the optimized particle-hole (p-h)
condensation***,

Note that the BO fluctuation-mediated interaction for the self-
energy (Eq. (8)) and that for the kernel function (Eq. (10)) have the
same coefficient y, guaranteed by the Ward identity. The y depends on
the BO fluctuation mechanism: y =1/2 for the BO interaction v in Eq. (2)
that works only in charge-channel. y = 1/2 for the AL mechanism for the
same reason'’. y=2 for the off-site V that induced both charge- and
three spin-channel BO fluctuations as we explain in Supplementary
Note 2-2. In kagome metals, both v and V coexist. In this case, BO
fluctuations in charge-channel dominate over those in spin-channel,
and therefore y=0.5 is expected in real kagome metals. Detailed
explanation is given in Supplementary Note 2-3. Because we are
interested in a general argument, we set y=0.5~1 as a model para-
meter below. Note that the Aslaoazov-Larkin term is unimportant as we
discuss in Supplementary Note 4.

Figure 3b shows the largest eigenvalue of the DW equation A4 (red
line) and BO Stoner factor ago = U)(g(q) (blue line) as functions of q,
for v=0.7 and T=0.012. They exhibit the maximum value at q=q,
(n=1,2,3). The corresponding solution of the DW equation is odd-
parity:ff]”’(k -q/2)= - ;"’(—k — q/2). Then, the corresponding real-
space hopping modulation is odd-parity 6¢j;= — 6tj; and pure ima-
ginary when &¢;; is Hermitian. The obtained 6t (R) = 6tC for the cLC
at q=q; along the A-C direction is shown in Fig. 3c, where the odd
integer Ris defined as r¢ — rj‘.‘ = Ra. In addition, the odd-parity relation
6t5c(R)= — 6t&A(—R) is verified. The obtained charge loop current
pattern for the 3Q state is depicted in Fig. 3d.

Here, we discuss why the cLC order is mediated by the BO fluc-
tuations. Let us consider the infinite series of MT terms in Fig. 4a, which
is equal to fﬁ}c(/l,;s1 —1) according to the DW equation (7). The first
term together with other odd-order MT terms in Fig. 4a give the
repulsive Umklapp interaction, [™T<0, which leads to the odd-parity
order fo° = — for. In contrast, the second term together with other
even-order MT terms give the attractive backward interaction,
MY, >0, which gives the attraction among the same ff]';'. Therefore, all
series of MT terms cooperatively induce the odd-parity current order
form factor shown in Fig. 3c. Figure 4b exhibits the obtained
v-dependence of the cLC eigenvalue as a function of T in the case
ofy=1.

Figure 4c exhibits the T-dependence of A, for v=0.4-14 aty=1.
The cLC transition temperature T c is given by the relation /1q3 =1.The
color on each line represents apo: It is clearly seen that ago at 7= T ¢
monotonically increases with v. In 2D systems, ago asymptotically
approaches 1 with v, but never exceeds 1 due to the x,-induced self-
energy®*”%. Here, Tpo is defined as ag = ag With ap, =0.985, which
is shown as a small circle on each line in Fig. 4c, by considering the

small inter-layer BO coupling |v,|( < v). (Overall results are unchanged
for ago ~0.99). The three-dimensional (3D) BO appears when

X =x22/A— v, 1X3°) =00, that is, |v,| - (1 - ago)v. Similar method is
frequently used in deriving Tspw in spin fluctuation theories®”*%. When
vis small, the relation T, ¢ > Tgo holds, which is natural because the MT
term becomes large for ago <1. With increasing v, however, the
opposite relation Ty c< Tpo is realized due to the large self-energy
effect.

The obtained T, ¢ and Ty as functions of v are shown in Fig. 4d
y=land ey=0.5.Ind, T c=Tgo is realized at v=v*=1.03, and T ¢/
Tso>1 is realized in the weak-coupling region v<v*. The opposite
relation T, c/Tgo <1 is obtained in the strong-coupling region v > v*
because the eigenvalue of DW equation (7) is suppressed by the large
self-energy. In e, T c = Tgo at v=v*=0.55.

Figure 4d, e indicate that both BO and cLC instabilities are com-
parable for v*=v. Based on the parity argument, the BO (cLC)
instability is given by ['yaci + (-)T'um. Therefore, the relation Mpaci > Muml
should be satisfied for v* = v. In fact, the Hartree process gives positive
M= ~v/a- vxg), so the Hartree and MT processes strengthen
each other in I';,¢ but cancel each other in .. This relation is verified
by the parquet RG study in Supplementary Note 5.

We discuss that Fig. 4d, e naturally explain the experimental P-T
phase diagram with Tgo and T, (~ Tqpep) given by uSR study” for
A =Rb, considering that v/W,,nq decreases with P. A schematic BO+cLC
phase diagram derived from the present theory is depicted in Fig. 4f.
(This schematic phase diagram is supported by the Ginzburg-Landau
(GL) analysis in Supplemental Fig. 11a-c). The suppression of the sec-
ondary order due to the primary order is considered). The cLC phase is
realized next to the BO phase because it is mediated by the BO fluc-
tuations. This cLC+BO phase diagram is reminiscent of the SC-SDW
phase diagram of spin-fluctuation-mediated superconductors, which
has been reproduced by considering the self-energy®’S,

Z3;-nematic state given by the cLC-BO coexistence

To understand the cLC+BO coexisting states in Fig. 4f, the Ginzburg-
Landau (GL) free energy analysis is very useful'®*°*', For example, the
third-order GL term is F® = bih1h,¢3 + bo(p111213 + Mot + Mig2s),
where the coefficients satisfy the relation b, ~-b,, and (¢, P2, P3)
[(n1, N2, n3)] is the magnitude of the BO [cLC] parameter at q =qy, (>,
qs. Here, we introduce the 3Q states @@;=(¢/v3)111),
n,=(n/3)1,L1), and n, =(7/+/3)(1, — 1, — 1). The chiral center of i,
coincides with the center of the BO ¢;, while the center of n, is
shifted by ag, from that of ¢,. Thus, the coexisting state (¢9;, ip12;) has
the Cy4-symmetry as shown in Fig. 5a [c], and its FS in the folded
Brillouin zone is in Fig. 5b [d]. As we explain in Supplementary
Note 6-1, F® for the C,-coexisting state is lower than that for the Cq-
coexisting state in the case of || > |n| for fixed |¢|, |17|. (The optimized
cLC order in the Cy-phase is i, « (2, — 1, — 1); see Supplementary
Note 6-1). Therefore, the BO+cLC Z; nematic state is realized when
v >v* This result is consistent with the recent observation of out-of-
phase combination of bond charge order and loop currents by STM
measurement®. We comment that the nematic BO+cLC phase is
obtained when Tgo 2 T c by minimizing the GL free energy Fl¢, nl
exactly in Supplementary Note 6-2.

We also discuss the case of v < v*, where cLC is the primary order
as shown in Fig. 4f. The C4 symmetry 3Q cLC order appears at 7= T¢ ¢
when 2d, ,/d,>1 as we discuss in Supplementary Note 5, where d, 4
(d>,p) is the GL coefficients of the 7} (7713) term. Note that the primary
3Q cLC order induces the secondary BO parameter even above Tgo
through the by-term in F¥'°, In contrast, the 1Q cLC state is realized
when 2d,,/d,, is smaller than unity. Thus, the electronic state
becomes nematic at T, c(>Tgo). In this case, there is no secondary BO
component above Tgo. Recently, strong evidence of the emergence of
the 1Q cLC state at ~-130 K (>Tgo) has been reported by the magnetic
torque measurement?.,
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The second-order and other even-order terms give the attractive backward scat-

tering T, > 0. Both scatterings give the odd-parity charge loop current (cLC)

1/v*
/v

order cooperatively. b Obtained v-dependence of the eigenvalue of cLC A4, aty =1.
¢ Obtained T-dependence of A, aty=1. ago is shown by the color of each line, and
the small black circle on each line represents To. The relation T ¢ > Tpo is satisfied
in the weak-coupling region (v < v*). Obtained T, c and Tgo as functions of v for
dy=1and ey=0.5.fSchematic phase diagram in the present theory. The nematic
3Q BO+cLC coexisting phase appears when T ¢ < Tgo.

weak coupling
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The obtained nematic BO+cLC state is TRSB and two-dimensional.
Other possible nematic state is the shift-stacking of the 3Q BO layers,
each of which has Cs symmetry. The shift-stacking is caused by the 3Q
state composed of the 3D BO at q;;° with ¢32 = g3 = and ¢33 = 0". We
stress that these two different nematic states can be realized at dif-
ferent temperatures.

Giant AHE in cLC+BO state

Next, we discuss the transport phenomena that originate from
the cLC*°. Using the general expression of the intrinsic
conductivity®>”, we calculate the Hall conductivity (0, and o,) due to
the Fermi-surface contribution in the BO+cLC state. Th; expression is
0= % icAw (1), where A, (K)= SLTr{0,Gi(iy)0y, Gi(—iy)}. Here,
Gy(e)=((e+mwl — hy) is the Green function matrix, where hy_ is the
12x12 tight-binding model with the 3Q BO and cLC order, and

Fig. 5 | cLC+BO coexisting states with Cs and C, symmetries. a C,-symmetric
bond order (BO) and charge loop current (cLC) coexisting state in real space.

b Its folded Fermi surface (FS). The folded Brillouin zone is shown by dotted lines.
¢ Cy-symmetric BO+cLC coexisting state. The nematicity originates from the out-of-
phase combination of bond and current orders. d Its nematic FS. Here, the director
is parallel to ag because the cLC order in (c) is shifted by ags from the cLC order in
(a). Thus, the Zz nematic state with different three directors is realized. Here, we use
large |6t}}'c\ (=0.05) to exaggerate the nematicity.

Uyp = dflk /dk, is the velocity operator. y(>0) is the electron damping
rate that is given by the imaginary part of the self-energy. We set
n=nyys and |6t}j’-| = |6t,?j\ =0.025, where the band hybridization gap due
to the BO+cLC order is about A=2, /|6t5|* +|6t5|*=0.07.

Figure 6a shows the obtained conductivities in the nematic BO
+cLC state, in the unit of € (=2.4x107*Q™"). When y <A, the Hall
conductivity oy = %(oxy — 0,,) isalmost constant, and its magnitude is
proportional to |6¢;|. When y> A, in contrast, oy decreases with y in
proportion to y2 This crossover behavior is universal in the intrinsic
Hall effect, which was first revealed in heavy fermion systems, and
found to be universal in later studies®>”'”, Note that 3(0,, +0,,) is
nonzero in the nematic state. To understand the origin of the intrinsic
Hall effect, we plot Ay(k) = (A,,(K) — A)x(K))/2 at y=0.05 in Fig. 6b: It
shows a large positive value mainly around the vHS points, due to the
band-hybridization induced by the cLC order. The obtained oy~1
corresponds to 4x10°Q7'cm™ because the interlayer spacing is
~0.6 nm. Thus, giant AHE oy -10°Q'cm™ reported in refs. 25,26 is
understood in this theory.

Parquet RG theory, field-induced cLC mechanism

To verify the idea of the BO fluctuation-mediated cLC, we perform
the analysis of the parquet renormalization group (RG)
formulation'®”* and present the results in Supplementary Note 5. A
great merit of the RG method is that both particle-particle and
particle-hole channels are treated on the same footing. We find that
both BO and cLC fluctuations cooperatively develop in Supplemen-
tary Fig. 6. This result of the RG study strongly supports the validity
of the DW equation analysis.

We comment on the complementary relationship between the
present theory and the parquet RG theory. The latter theory solves a
simplified 3-patch model in an unbiased way, leading to the develop-
ment of both cLC order and BO, while the relationship between the two
orders is not clear. On the other hand, the present theory focuses on
the existence of the experimental BO phase and reveals that abundant
BO quantum fluctuations lead to TRSB particle-hole condensation.
Thus, the concept of the BO fluctuation-mediated cLC has been ver-
ified based on different reliable theories.

Summary

In summary, we proposed a cLC mechanism mediated by the BO
fluctuations in kagome metals. This cLC mechanism is universal
because it is independent of the origin of the BO. The validity of the
idea of the BO fluctuation-mediated cLC has been confirmed by the
parquet RG study in Supplementary Note 5. Furthermore, we revealed

a b
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Fig. 6 | Giant AHE in nematic cLC+BO state. a Anomalous Hall conductivity in the
nematic BO+cLC state (|6t2'cl =0.025) as a function of the electron damping rate
y =< .. The full (broken) line represents the positive (negative) value. Thus, the Hall

conductivity oy becomes large in the low-resistivity region (y < 0.03). b Ay(k) at
y=0.05: % 3 Ay (k)= oy.
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that novel Z; nematicity emerges under the coexistence of the cLC and
the BO reported in refs. 5,19,27 in addition to the giant AHE**°. This
theory presents a promising scenario for understanding the BO, the
cLC and the nematicity in kagome metals in a unified way.

In the present study, we focus on the pure-type band composed of
bsg-orbital. However, the impact of other 3d-orbitals on the cLC order
has also been studied in refs. 30,75. The extension of the present
theory to multi-orbital models is a very important future issue.

Here, we shortly discuss several experimental evidences of the BO
+cLC coexistence. Recent transport measurement of highly symmetric
fabricated CsV3Sbs micro sample’® reveals that small magnetic field h,
(<10T) or small strain gives rise to the nematic BO+cLC coexisting state
below Tgo. This finding is well explained by the recent GL theory under
h,””: The current-bond-h, trilinear coupling caused by the orbital
magnetization gives rise to the sizable h,-induced cLC order in the BO
state. This theory also explains A,-induced enhancement of the cLC
order observed by uSR measurements™’"® and field-tuned chiral
transport study®. It is noteworthy that the nematic electronic state
that supports the C, BO+cLC order in Fig. 5c has been reported by
recent STM measurement®’.

Finally, we comment on some interesting kagome metals other
than AV;Sbs. Double-layer kagome metal ScV¢Sng shows +/3x+/3
charge-density wave (CDW)’. It was proposed that the CDW originates
from the flat phonon modes with Sn vibrations’*°, Interestingly,
ScVeSng also exhibits the spontaneous TRSB state®. The mechanism of
the TRSB state in ScV¢Sng is an interesting future problem. (Note that
the existence of the VHS points is not a requirement for the cLC
order®). The GL free energy analysis was performed in ref. 31. Recently,
very weak but definite signal of the nematic electronic order has been
observed in Ti-based kagome metal CsTisBis**®. To explain the
observed hidden nematicity, the odd-parity BO without TRSB has been
predicted theoretically®*.

Methods

Self-energy due to BO fluctuations

To understand the BO+cLC phase diagram and the energy scale of
these orders accurately, we have to include the self-energy that
describes the quasiparticle properties. We calculate the on-site self-
energy due to BO fluctuations as

.
Su€)=y D Gum(k+ae,+a)

kgm',m" (8)
X Bmm,m”m' (k’q)’
Bum,mem K@) =84 "(K)gq "(K)" - yu(L+ UX4(Q)), 9

which is shown in Fig. 2d. Then, the Green function is given as
G(k)=(ie,+ 1 — h(k)— ¥(¢,)) . The effect of thermal fluctuations
described by the self-energy is essential to reproduce the
T-dependence of various physical quantities. Here, y =1/2 when H,,
is given in Eq. (2). In the present numerical study, we calculate
Xe(@=x2(@)/(1 — vx2(q)) and Z(€,) in Eq. (8) self-consistently.

Kernel function of the DW equation
The kernel function due to BO fluctuations in Eq. (7) is given as

14mm (k)= — g (Kyv(L+vxg(k — p)gi™ (P +q)

+g (kugm™ (p)’,

(10)
which is expressed in Fig. 3a and Supplementary Fig. 4a. The first term,
the MT term, is important when ago <1, and its first term is the Fock
term. The second term, the Hartree term, vanishes when the eigen-
function f (k) is orthogonal to the BO form factor g (k), like the cLC

order is. Note that B(k,q)= — I,(k.k +g). A more detailed discussion is
presented in Supplementary Note 3.

Numerical analysis

In this study, we solved the eigenvalue equation with the kernel
function (7) and the integral equations (8) and (9) numerically, by
dividing the Brillouin zone into 60 x 60k meshes. The number of k
meshes is fine enough to achieve reliable numerical accuracy (-1%) at
the calculated temperatures (7~ 0.01).

Data availability

The data generated by the present numerical study that is used in the
figures of Main Manuscript (Figs. 2, 3, 4, 6) and those of Supplementary
Information (Figs. 2, 4, 6, 8, 10, 11) has been deposited in the Figshare
database.

References

1. Ortiz, B. R. et al. New kagome prototype materials: discovery of
KV3Sbs, RbV3Sbs, and CsV3Sbs. Phys. Rev. Materials 3,

094407 (2019).

2. Ortiz, B. R. et al. CsV3Sbs: a Z, topological kagome metal with a
superconducting ground state. Phys. Rev. Lett. 125, 247002 (2020).

3. Yu, F. H. et al. Unusual competition of superconductivity and
charge-density-wave state in a compressed topological kagome
metal. Nat. Commun. 12, 3645 (2021).

4. lJiang, Y.-X. et al. Unconventional chiral charge order in kagome
superconductor KV3Sbs. Nat. Mater. 20, 1353 (2021).

5. Li, H. et al. Rotation symmetry breaking in the normal state of a
kagome superconductor KV5Sbs. Nat. Phys. 18, 265 (2022).

6. Kiesel, M. L., Platt, C. & Thomale, R. Unconventional Fermi surface
instabilities in the kagome Hubbard model. Phys. Rev. Lett. 110,
126405 (2013).

7. Wang, W.-S., Li, Z.-Z., Xiang, Y.-Y. & Wang, Q.-H. Competing elec-
tronic orders on kagome lattices at van Hove filling. Phys. Rev. B 87,
15135 (2013).

8. Wu, X. et al. Nature of unconventional pairing in the kagome
superconductors AV3Sbs (A=K, Rb, Cs). Phys. Rev. Lett. 127,
177001 (2021).

9. Denner, M. M., Thomale, R. & Neupert, T. Analysis of charge order in
the kagome metal AV3Sbs (A=K, Rb, Cs). Phys. Rev. Lett. 1217,
217601 (2021).

10. Park, T., Ye, M. & Balents, L. Electronic instabilities of kagome
metals: saddle points and Landau theory. Phys. Rev. B 104,
035142 (2021).

1. Lin, Y.-P. & Nandkishore, R. M. Complex charge density waves at
Van Hove singularity on hexagonal lattices: Haldane-model phase
diagram and potential realization in the kagome metals AV3Sbs (A =
K, Rb, Cs). Phys. Rev. B 104, 045122 (2021).

12. Tazai, R., Yamakawa, Y., Onari, S. & Kontani, H. Mechanism of exotic
density-wave and beyond-Migdal unconventional super-
conductivity in kagome metal AV5Sbs (A = K, Rb, Cs). Sci. Adv. 8,
eabl4108 (2022).

13. Roppongi, M. et al. Bulk evidence of anisotropic s-wave pairing with
no sign change in the kagome superconductor CsV3Sbs. Nat.
Commun. 14, 667 (2023).

14. Zhang, W. et al. Nodeless superconductivity in kagome metal
CsV3Sbs with and without time reversal symmetry breaking. Nano
Lett. 23, 872 (2023).

15. Guguchia, Z. et al. Tunable nodal kagome superconductivity in
charge ordered RbV3Sbs. Nat. Commun. 14, 153 (2023).

16. Yu, L. et al. Evidence of a hidden flux phase in the topological
kagome metal CsV3Sbs. Preprint at https://arxiv.org/abs/
2107.10714.

17. Mielke, C. et al. Time-reversal symmetry-breaking charge order in a
kagome superconductor. Nature 602, 245 (2022).

Nature Communications | (2023)14:7845


https://arxiv.org/abs/2107.10714
https://arxiv.org/abs/2107.10714

Article

https://doi.org/10.1038/s41467-023-42952-6

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Khasanov, R. et al. Time-reversal symmetry broken by charge order
in CsV3Sbs. Phys. Rev. Res. 4, 023244 (2022).

Xu, Y. et al. Universal three-state nematicity and magneto-optical
Kerr effect in the charge density waves in AV3Sbs (A=Cs, RDb, K). Nat.
Phys. 18, 1470 (2022).

Guo, C. et al. Switchable chiral transport in charge-ordered Kagome
metal CsV3Sbs. Nature 611, 461 (2022).

Asaba, T. et al. Evidence for an odd-parity nematic phase above the
charge density wave transition in kagome metal CsV3Sbs. Nat. Phys.
Preprint at https://arxiv.org/abs/2309.16985.

Saykin, D. R. et al. High resolution polar Kerr effect studies of
CsV3Sbs: tests for time reversal symmetry breaking below the
charge order transition. Phys. Rev. Lett. 131, 016901 (2023).

Xiang, Y. et al. Twofold symmetry of c-axis resistivity in topological
kagome superconductor CsV3Sbs with in-plane rotating magnetic
field. Nat. Commun. 12, 6727 (2021).

Haldane, F. D. M. Model for a quantum Hall effect without landau
levels: condensed-matter realization of the “parity anomaly". Phys.
Rev. Lett. 61, 2015 (1988).

Yang, S.-Y. et al. Giant, unconventional anomalous Hall effect in the
metallic frustrated magnet candidate, KV3Sbs. Sci. Adv. 6,
eabb6003 (2020).

Yu, F. H. et al. Concurrence of anomalous Hall effect and charge
density wave in a superconducting topological kagome metal.
Phys. Rev. B 104, L041103 (2021).

Nie, L. et al. Charge-density-wave-driven electronic nematicity in a
kagome superconductor. Nature 604, 59 (2022).

Ni, S. et al. Anisotropic superconducting properties of kagome
metal CsV3Sbs. Chin. Phys. Lett. 38, 057403 (2021).

Dong, J.-W., Wang, Z. & Zhou, S. Loop-current charge density wave
driven by long-range Coulomb repulsion on the kagome lattice.
Phys. Rev. B 107, 045127 (2023).

Christensen, M. H., Birol, T., Andersen, B. M. & Fernandes, R. M.
Loop currents in AV3Sbs kagome metals: multipolar and toroidal
magnetic orders. Phys. Rev. B 106, 144504 (2022).

Grandi, F., Consiglio, A., Sentef, M. A., Thomale, R. & Kennes, D. M.
Theory of nematic charge orders in kagome metals. Phys. Rev. B
107, 155131 (2023).

Varma, C. M. Non-Fermi-liquid states and pairing instability of a
general model of copper oxide metals. Phys. Rev. B 55,

14554 (1997).

Nersesyan, A. A., Japaridze, G. . & Kimeridze, |. G. Low-temperature
magnetic properties of a two-dimensional spin nematic state. J.
Phys. Condens. Matter 3, 3353 (1991).

Fradkin, E. & Kivelson, S. A. Ineluctable complexity. Nat. Phys. 8,
864 (2012).

Dauvis, J. C. S. & Lee, D.-H. Concepts relating magnetic interactions,
intertwined electronic orders, and strongly correlated super-
conductivity. Proc. Natl Acad. Sci. USA 110, 17623 (2013).

Onari, S. & Kontani, H. Self-consistent vertex correction analysis
for iron-based superconductors: mechanism of coulomb
interaction-driven orbital fluctuations. Phys. Rev. Lett. 109,
137001 (2012).

Tsuchiizu, M., Ohno, Y., Onari, S. & Kontani, H. Orbital nematic
instability in the two-orbital Hubbard model: renormalization-group
+ constrained RPA analysis. Phys. Rev. Lett. 111, 057003 (2013).
Tsuchiizu, M., Kawaguchi, K., Yamakawa, Y. & Kontani, H. Multistage
electronic nematic transitions in cuprate superconductors: a
functional-renormalization-group analysis. Phys. Rev. B 97,

165131 (2018).

Yamakawa, Y. & Kontani, H. Spin-fluctuation-driven nematic
charge-density wave in cuprate superconductors: impact of
Aslamazov-Larkin vertex corrections. Phys. Rev. Lett. 114,

257001 (2015).

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Yamakawa, Y., Onari, S. & Kontani, H. Nematicity and magnetism in
FeSe and other families of Fe-based superconductors. Phys. Rev. X
6, 021032 (2016).

Onari, S., Yamakawa, Y. & Kontani, H. Sign-reversing orbital polar-
ization in the nematic phase of FeSe due to the C, symmetry
breaking in the self-energy. Phys. Rev. Lett. 116, 227001 (2016).
Chubukov, A. V., Khodas, M. & Fernandes, R. M. Magnetism,
superconductivity, and spontaneous orbital order in iron-based
superconductors: which comes first and why? Phys. Rev. X 6,
041045 (2016).

Fernandes, R. M., Orth, P. P. & Schmalian, J. Intertwined vestigial
order in quantum materials: nematicity and beyond. Annu. Rev.
Condens. Matter Phys. 10, 133 (2019).

Onari, S. & Kontani, H. SU(4) Valley+spin fluctuation interference
mechanism for nematic order in magic-angle twisted bilayer gra-
phene: the impact of vertex corrections. Phys. Rev. Lett. 128,
066401 (2022).

Kontani, H., Tazai, R., Yamakawa, Y. & Onari, S. Unconventional
density waves and superconductivities in Fe-based super-
conductors and other strongly correlated electron systems. Adv.
Phys. 70, 355 (2021).

Zhou, S. & Wang, Z. Chern Fermi pocket, topological pair density
wave, and charge-4e and charge-6e superconductivity in kagome
superconductors. Nat. Commun. 13, 7288 (2022).

Wu, Y.-M., Thomale, R. & Raghu, S. Sublattice interference pro-
motes pair density wave order in kagome metals. Phys. Rev. B 108,
L081117 (2023).

Pan, Z., Lu, C., Yang, F. & Wu, C. Frustrated superconductivity and
charge-6e ordering. Preprint at https://arxiv.org/abs/2209.13745.
Chen, Q., Chen, D., Schnelle, W., Felser, C. & Gaulin, B. D. Charge
density wave order and fluctuations above Tpy, and below super-
conducting T, in the kagome metal CsV3Sbs. Phys. Rev. Lett. 129,
056401 (2022).

Yang, K. et al. Charge fluctuations above T¢py revealed by glasslike
thermal. Phys. Rev. B 107, 184506 (2023).

Tazai, R., Matsubara, S., Yamakawa, Y., Onari, S. & Kontani, H. A
rigorous formalism of unconventional symmetry breaking in fermi
liquid theory and its application to nematicity in FeSe. Phys. Rev. B
107, 035137 (2023).

Guo, H.-M. & Franz, M. Topological insulator on the kagome lattice.
Phys. Rev. B 80, 113102 (2009).

Hu, Y. et al. Rich nature of Van Hove singularities in Kagome
superconductor CsV3Sbs. Nature 13, 2220 (2022).

Luo, Y. et al. Distinct band reconstructions in kagome super-
conductor CsV3Sbs. Phys. Rev. B 105, L241111 (2022).

Nakayama, K. et al. Multiple energy scales and anisotropic energy
gap in the charge-density-wave phase of the kagome super-
conductor CsV3Sbs. Phys. Rev. B 104, L161112 (2021).

Liu, Z. et al. Charge-density-wave-induced bands renormalization
and energy gaps in a kagome superconductor RbV3Sbs. Phys. Rev.
X1, 041010 (2021).

Wang, Z. et al. Distinctive momentum dependent charge-density-
wave gap observed in CsV3Sbs superconductor with topological
Kagome lattice. Preprint at https://arxiv.org/abs/2104.05556.
Tazai, R., Yamakawa, Y., Tsuchiizu, M. & Kontani, H. d- and p-wave
Quantum liquid crystal orders in cuprate superconductors,
k-(BEDT-TTF),X, and coupled chain Hubbard models: functional-
renormalization-group analysis. J. Phys. Soc. Jpn. 90, 111012 (2021).
Kontani, H. & Onari, S. Orbital-fluctuation-mediated super-
conductivity in iron pnictides: analysis of the five-orbital Hubbard-
Holstein model. Phys. Rev. Lett. 104, 157001 (2010).

Tan, H., Liu, Y., Wang, Z. & Yan, B. Charge density waves and elec-
tronic properties of superconducting kagome metals. Phys. Rev.
Lett. 127, 046401 (2021).

Nature Communications | (2023)14:7845


https://arxiv.org/abs/2309.16985
https://arxiv.org/abs/2209.13745
https://arxiv.org/abs/2104.05556

Article

https://doi.org/10.1038/s41467-023-42952-6

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Li, H. et al. Observation of unconventional charge density wave
without acoustic phonon anomaly in kagome superconductors
AV3Sbs (A=Rb, Cs). Phys. Rev. X 11, 031050 (2021).

Wang, Z. X. et al. Unconventional charge density wave and photo-
induced lattice symmetry change in the kagome metal CsV3Sbs
probed by time-resolved spectroscopy. Phys. Rev. B 104,

165110 (2021).

Moriya, T. & Ueda, K. Spin fluctuations and high temperature
superconductivity. Adv. Phys. 49, 555 (2000).

Vilk, Y. & Tremblay, A.-M. S. Non-perturbative many-body approach
to the Hubbard model and single-particle pseudogap. J. Phys. | 7,
1309 (1997).

Kontani, H. Anomalous transport phenomena in Fermi liquids
with strong magnetic fluctuations. Rep. Prog. Phys. 71,

026501 (2008).

Tazai, R., Yamakawa, Y. & Kontani, H. Emergence of charge loop
current in the geometrically frustrated Hubbard model: a functional
renormalization group study. Phys. Rev. B 103, L161112 (2021).
Kino, H. & Kontani, H. Phase diagram of superconductivity on the
anisotropic triangular lattice Hubbard model: an effective model of
k-(BEDT-TTF) salts. J. Phys. Soc. Jpn. 67, 3691 (1998).

Kitatani, M., Tsuji, N. & Aoki, H. FLEX*DMFT approach to the d-wave
superconducting phase diagram of the two-dimensional Hubbard
model, Phys. Rev. B 92, 085104 (2015).

Xing, Y. et al. Optical manipulation of the charge density wave state
in RbV3Sbs. Preprint at https://arxiv.org/abs/2308.04128.

Feng, X., Jiang, K., Wang, Z. & Hu, J. Chiral flux phase in the Kagome
superconductor AV;Sbs. Sci. Bull. 66, 1384 (2021).

Kontani, H., Tanaka, T. & Yamada, K. Intrinsic anomalous Hall effect
in ferromagnetic metals studied by the multi-d-orbital tight-binding
model. Phys. Rev. B 75, 184416 (2007).

Kontani, H., Tanaka, T., Hirashima, D. S., Yamada, K. & Inoue, J. Giant
orbital Hall effect in transition metals: origin of large spin and
anomalous Hall effects. Phys. Rev. Lett. 102, 016601 (2009).
Nagaosa, N., Sinova, J., Onoda, S., MacDonald, A. H. & Ong, N. P.
Anomalous Hall effect. Rev. Mod. Phys. 82, 1539 (2010).
Nandkishore, R., Levitov, L. S. & Chubukov, A. V. Chiral super-
conductivity from repulsive interactions in doped graphene. Nat.
Phys. 8, 158 (2012).

Scammell, H. D., Ingham, J., Li, T. & Sushkov, O. P. Chiral excitonic
order from twofold van Hove singularities in kagome metals. Nat.
Commun. 14, 605 (2023).

Guo, C. et al. Correlated order at the tipping point in the kagome
metal CsV5Sbs. Preprint at https://arxiv.org/abs/2304.00972.
Tazai, R., Yamakawa, Y. & Kontani, H. Drastic magnetic-field-
induced chiral current order and emergent current-bond-field
interplay in kagome metal AV;Sbs (A=Cs,Rb,K). Proc. Natl. Acad. Sci.
Preprint at https://arxiv.org/abs/2303.00623.

Arachchige, H. W. S. et al. Charge density wave in kagome lattice
intermetallic ScVgSng. Phys. Rev. Lett. 129, 216402 (2022).

Hu, H. et al. Kagome materials I: SG 191, ScVgSng. Flat phonon soft
modes and unconventional CDW formation: microscopic and
effective theory. Preprint at https://arxiv.org/abs/2305.15469.
Korshunov, A. et al. Softening of a flat phonon mode in the kagome
ScVeSng. Nat. Commun. 14, 6646 (2023).

Guguchia, Z. et al. Hidden magnetism uncovered in charge ordered
bilayer kagome material ScVgSng. Preprint at https://arxiv.org/abs/
2304.06436.

82. Yang, H. et al. Superconductivity and orbital-selective nematic
order in a new titanium-based kagome metal CsTisBis. Preprint at
https://arxiv.org/abs/2211.12264.

83. Li, H. et al. Electronic nematicity in the absence of charge density
waves in a new titanium-based kagome metal. Nat. Phys. https://
doi.org/10.1038/s41567-023-02176-3 (2023).

84. Huang, J., Yamakawa, Y., Tazai, R. & Kontani, H. Odd-parity intra-
unit-cell bond-order and induced nematicity in kagome metal
CsTi3Bis driven by quantum interference mechanism. Preprint at
https://arxiv.org/abs/2305.18093.

Acknowledgements

We are grateful to S. Onari, A. Ogawa, Y. Matsuda, T. Shibauchi, K.
Hashimoto, and T. Asaba for fruitful discussions. This study has been
supported by Grants-in-Aid for Scientific Research from MEXT of Japan
(JP20K03858, JP20K22328, JP22K14003), and by the Quantum Liquid
Crystal No. JP19H05825 KAKENHI on Innovative Areas from JSPS of Japan.

Author contributions
R.T. executed the calculations in discussion with Y.Y and H.K., and R.T.
and H.K. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42952-6.

Correspondence and requests for materials should be addressed to
Rina Tazai.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:7845


https://arxiv.org/abs/2308.04128
https://arxiv.org/abs/2304.00972
https://arxiv.org/abs/2303.00623
https://arxiv.org/abs/2305.15469
https://arxiv.org/abs/2304.06436
https://arxiv.org/abs/2304.06436
https://arxiv.org/abs/2211.12264
https://doi.org/10.1038/s41567-023-02176-3
https://doi.org/10.1038/s41567-023-02176-3
https://arxiv.org/abs/2305.18093
https://doi.org/10.1038/s41467-023-42952-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Charge-loop current order and Z3 nematicity mediated by bond order fluctuations in kagome�metals
	Results
	BO form factor and fluctuations
	BO fluctuation-mediated cLC�order
	Z3-nematic state given by the cLC-BO coexistence
	Giant AHE in cLC&#x0002B;BO�state
	Parquet RG theory, field-induced cLC mechanism
	Summary

	Methods
	Self-energy due to BO fluctuations
	Kernel function of the DW equation
	Numerical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




