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Complex magnetic and spatial symmetry breaking from correlations in kagome flat bands
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We present the mean-field phase diagram of electrons in a kagome flat band with repulsive interactions. In
addition to flat-band ferromagnetism, the Hartree-Fock analysis yields cascades of unconventional magnetic
orders driven by on-site repulsion as filling changes. These include a series of antiferromagnetic (AFM)
spin-charge stripe orders, as well as an evolution from 120° AFM to intriguing noncoplanar spin orders with
tetrahedral structures. We also map out the phase diagram under extended repulsion at half and empty fillings of
the flat band. To examine the possibilities beyond the mean-field level, we conduct a projective symmetry group
analysis and identify the feasible Z, spin liquids and the magnetic orders derivable from them. The theoretical
phase diagrams are compared with recent experiments on FeSn and FeGe, enabling a determination of the most
likely magnetic instabilities in these and similar flat-band kagome materials.
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Introduction. The study of flat bands has become a ma-
jor focus of condensed-matter research in the past decade.
Among various flat-band systems, there is a family in which
the flat bands are inherent to geometric frustration of the
lattices [1-9]. Under the destructive interference of hoppings,
compact localized states (CLSs) appear as dispersionless
eigenstates and form the flat bands, in combination with
noncontractible loop states. The search among frustrated ma-
terials has identified many candidates. In particular, recent
experiments have observed (approximately) flat bands in the
quasi-two-dimensional (2D) kagome metals FeSn [10] and
CoSn [11] and their relevance to FeGe [12-14].

The kagome lattice is known as a fruitful basis for cor-
related phases. In particular, the massive density of states
carried by the flat band can enhance correlation effects, giving
rise to a rich phase diagram. The famous Stoner criterion for
ferromagnetism (FM) [15] can be easily satisfied, supposedly
accounting for the intralayer FM below 300—400 K in FeSn
[10,16] and FeGe [12—14]. Interestingly, FeGe further shows
a charge density wave (CDW) below 100 K [12-14], simi-
lar to the nonmagnetic kagome metals AV3;Sbs with A = K,
Rb, and Cs [17,18]. FM is proposed to be the ground state
under on-site repulsion in the kagome flat band, especially at
and above half filling [1,19-21]. Meanwhile, the large num-
ber of kagome materials suggests an opportunity for many
other correlated phases to be explored. Various unconven-
tional correlated phases, such as quantum anomalous Hall FM
(QAHFM) and combinations of spin and charge orders, have
been proposed at spinful half filling [22], spinless [23-27] or
spinful [25,28,29] empty filling, and fractional filling under
topology [30,31].

Given the rich range of correlated phases in both exper-
iment and theory, it is natural to seek the interaction-driven
phase diagram in the kagome flat band. In this Letter, we
conduct various theoretical analyses to achieve this goal.
Our central result is a mean-field phase diagram obtained
through Hartree-Fock analysis. This phase diagram, as shown
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in Fig. 1, is controlled by on-site repulsion and electron filling.
We highlight that our Hartree-Fock analysis, compared with
previous works [20,25,28], does not impose any symmetry
constraints or Ansdtze. This fully unrestricted approach allows
us to uncover many unconventional ordered states existing
in the phase diagram (Fig. 1). Interestingly, we find doping
cascades of spin-charge (S-C) stripe and 120° antiferromag-
netic (AFM) to noncoplanar spin (NCPS) orders, which fill
the weak-to-moderate-coupling regime below half filling [20].
Adding extended repulsions further expands the phase dia-
grams at half [22] and empty fillings [25,28]. Going beyond
the mean-field level, we conduct a projective symmetry group
(PSG) analysis, thereby identifying a Z, spin liquid whose de-
rived magnetic orders match the Hartree-Fock results. Finally,
by comparing our theory with existing experiments on FeSn
and FeGe, we guide the search for unconventional ordering in
future studies of flat-band kagome metals.

Kagome lattice and flat band. We study the repulsive
fermionic Hubbard model [32,33] on the kagome lattice
[Fig. 2(a)]

-
H=— E E Liitv'Ciro Cirt'o

ii'tt o

1
oAt
+ E Z Z Uii’rr’Cirgci/ffa/ci’r’a’cirav (1)

ii'tt’ oo’
where cl(;)r annihilates (creates) a fermion at the Bravais-
lattice site i and sublattice T = 0, 1, 2 with spin o = 1. The
tight-binding hoppings #;;;» and density-density repulsions
Ui, are defined according to their ranges of action as on-site
tp and Uy, nearest-neighbor #; and U}, second-neighbor #, and
U,, etc.

The tight-binding Hamiltonian hosts three bands in the
Brillouin zone [Figs. 2(b) and 2(c)]. The topmost band is
completely flat under nearest-neighbor hopping #; > 0 [1,2].
Focusing on this flat band, we define the flat-band (FB) filling

©2024 American Physical Society
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FIG. 1. Mean-field phase diagram in a kagome flat band. (a) The phase diagram of the pure Hubbard model. The colored bars indicate
commensurate-filling orders, and the hatches indicate phase separation. (b)—(d) S-C patterns of the ground states. For the charge patterns,
the warm (cool) colors indicate higher (lower) densities on the sites and bonds from their averages (see the color bar). The green bond
arrowheads indicate the bond currents. For the spin patterns, the site arrows represent in-plane components, while the colors indicate out-of-
plane components on both sites and bonds. The bond arrowheads again indicate the bond currents. In the noncollinear spin orders (d), the spin
structures are further presented. The arrow colors match the labels of chosen cells. The labels for 120°TAFM apply to the 1-triangle cells.
For the TCTS and THSV orders, the labels {3-triangle cell, 1-triangle cell, site} are defined. The colored arrows and gray-polyhedron corners

represent the spins on high- and low-density sites, respectively.

npp € [—1, 1]. Half filling is npg = 0, and npg = 1 corre-
spond to full and empty fillings, respectively.

Mean-field phase diagram. We employ the Hartree-Fock
analysis to obtain the repulsion-driven ground states at the
mean-field level. Our spatially unrestricted formalism [34] is
effective for unbiased search of symmetry-breaking ground
states with enlarged unit cells. We first focus on the pure
Hubbard model with nearest-neighbor hopping #; = 1 and
on-site repulsion Uy > 0. Sweeping across all flat-band fill-
ings, we map out the ngg-Uy phase diagram [Fig. 1(a)]. One
immediate observation is the wide FM phase [Fig. 1(b)] at
strong coupling [20], which extends to the weak-coupling
limit Uy = 0 at and above half filling npg > 0. Meanwhile, the
other competing orders arise at weak-to-moderate coupling
below half filling ngg < 0.

Ferromagnetism. When FM develops, the bands split into
majority- and minority-spin branches. The density imbalance
dns = Nmajor — Mminor determines the energy of this Stoner
splitting

AES = U08ns. (2)

To saturate the maximal magnetization m = Sng/2, the Stoner
splitting should fully fill the majority-spin bands by pushing
them below the minority-spin Fermi level. For half filling
npg = 0, the saturated minority-spin Fermi level lies at the
quadratic band-crossing point (QBCP) I' [Fig. 2(d)]. The sat-
uration occurs under arbitrarily small repulsion, indicating a
strong weak-coupling instability towards FM. This scenario
also applies above half filling ngg > 0. On the other hand,
the saturation splitting increases below half filling ngg < O,

L041121-2



COMPLEX MAGNETIC AND SPATIAL SYMMETRY ...

PHYSICAL REVIEW B 110, L041121 (2024)

(a) (b) (c) 2
L e < >
S M @
‘ [ € -2
% o« _4/
r M K r
(d) / (e) ><
10
ﬁlo ><>< & 5_/
5. 0 _/>

r—™M K rr ™M K r

FIG. 2. Kagome lattice. (a) The lattice with a unit cell marked
(orange). The triangular-Bravais-lattice vectors are a; = (0, 2) and
a, = (\/g, 1) with intersite distance 1. (b) The Brillouin zone and
high-symmetry points. (c) The band structure with filled (green) and
empty (blue) band segments. (d),(e) The FM band structures with
Uo/t =12 at Ngg = 0and —1.

with the maximum at empty filling npg = —1 [Fig. 2(e)]. The
FM is destabilized gradually, giving way to other competing
orders at weak-to-moderate coupling. Note that the FM in the
phase diagram [Fig. 1(a)] is always saturated and is a half
(semi)metal.

Competing orders. Next we explore the plethora of phases
below half filling, npg < 0. We begin with the moderate-
coupling regime at empty filling, npg = —1. An M-point S-C
stripe order arises at Uy = 2. Here AFM stripes develop on
charge nematic high-density stripes and form an AFM-stripe-
charge-stripe-period-1 (AFMSt-CStP1) pattern [Fig. 1(c)].
For Uy > 3, the ground state is taken over by a K-point or-
der. This order shows a +/3 x +/3 120° triangle AFM (120°
TAFM) [Fig. 1(d)], where coplanar 120° order [35] forms
among three nearest-neighbor triangles.

Cascade of S-C stripe orders. Moving away from empty
filling, npg = —1, many orders appear. In the S-C-stripe
regime, the AFMSt-CStP1 order deforms into the FM as npg
goes from —1 to 0. Intuitively, the FM is an AFMSt-CSt
order with infinite period (Poo). There is an elegant cascade
of Pn orders at the reciprocal integer fillings npg = —1/n
[Fig. 1(c)], where one out of n low-density stripes is unfilled at
ngg = —1/n. Note that the cascade is also visible away from
the reciprocal integer fillings ngg = —1/n [34], despite some
intertwinement with the 120° TAFM.

Cascade of noncoplanar spin orders. More intriguing
magnetic orders appear when the 120° TAFM is doped. Re-
markably, the energetically favorable path breaks coplanarity
and travels through noncoplanar spin orders. At commensu-
rate fillings npg = —5/6 and —2/3, which are 1/3 and 2/3
between npg = —1 and —1/2, we observe enriched tetrahe-
dral spin orders [Fig. 1(d)]. The S-C unit cell is 2+/3 x 2+/3
at both fillings. The charge unit cell is v/3 x +/3, containing
both high- and low-density sites. The tetrahedral spin orders
further enlarge the period by 2 x 2. At ngpg = —5/6, each
high-density triangle hosts C3-symmetric canted spins about
a principal order. The principal orders are tetrahedral, making
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FIG. 3. Extended-repulsion phase diagrams at (a) half filling
npg = 0 and (b) empty filling ngg = —1.

the ground state a tetrahedral canted triangle-spin (TCTS) or-
der. Note that the low-density sites also host TCTS structures,
which couple to the high-density TCTS order and induce
the canting. At ngpg = —2/3, we observe a coplanar 27 spin
winding on each high-density hexagon, which we term the
hexagon spin vortex (HSV). Amazingly, the HSVs are again
tetrahedral, and the ground state is a tetrahedral HSV (THSV)
order. This order is actually a canted tripling of the cuboc
order in the classical Ji-J, model [36-38]. The low-density
kagome superlattice hosts the 12-site cuboc order. Meanwhile,
the high-density sites show a 24-site canted doubling, where
each spin is the middle of its two low-density neighbors.

Due to nontrivial spin configurations, noncollinear spin
orders may act as sources of time-reversal-symmetry-breaking
fluxes, thereby inducing nontrivial band topology [39—42]. To
examine the possibility of noncollinear-spin Chern insulators,
we conduct a thorough band-structure computation [34]. Re-
markably, we find nonzero quantized Chern number C = %1
for the TCTS order, consistent with nonzero scalar spin chi-
rality from noncoplanar spin textures [39—42].

Completion of phase diagram. The phase diagram
[Fig. 1(a)] exhibits a few more features apart from the uni-
form orders, including phase separation [20,43,44], coplanar
spiral spin (SS) orders [20,44], and dilute CLS (DCLS). Fur-
thermore, we go beyond the pure Hubbard model by adding
extended repulsions U; = 2U, > 0 (Fig. 3). While on-site re-
pulsion favors magnetic orders, extended repulsion enhances

L041121-3



LIN, LIU, AND MOORE

PHYSICAL REVIEW B 110, L041121 (2024)

TABLE I. Summary of magnetic orders derived from the PSG
classes (0,1) and (1,0). Ordering structure in the enlarged magnetic
unit cell: f: nonuniform, umbrella order. £: Coplanar 120°. The cases
1, 2, and 3-5 of class (1,0) correspond to the FM, 120° TAFM, and
SS orders in the Hartree-Fock analysis, respectively.

Class No. Spinon k, Mag. unit cell Sublattice structure
0,1) 1 r Not enlarged Collinear

2 r Not enlarged Collinear

3 +K V3 x \/§T Collinear

4 +K V3ix3 Coplanar 120°

5 Mo 2 x 2F 7-M.-locked stripe
(1,0) 1 r Not enlarged Collinear

2 +K V3 x \/§: Collinear

3-5 I' «+» £K Incommensurate
< Mo

charge orders and alters the ground states. See Supplemental
Material [34] for the detailed discussions.

Possible spin liquids. The rich structure in the phase di-
agrams reveals an intricate relation among the competing
magnetic orders. An interesting scenario may happen when
they arise as symmetry-breaking instabilities of a parent quan-
tum spin liquid [45]. Here, from a symmetry perspective, we
explore this possibility by selecting the most likely Z, kagome
spin liquids [46—49] and analyzing the various magnetic or-
ders derived from them [34,50].

Our starting point is the two Z,-spin-liquid Hamiltonians
obtained from the PSG classification [51] for bosonic spinons.
This conveniently allows us to consider the leading instability
upon condensing the spinons. The resulting orders are given in
Table I. Starting from the (1,0) class of Z, parent spin liquid,
we reproduce the FM, 120° TAFM, and SS orders in Hartree-
Fock analysis [52]. Crucially, the SS orders are much weaker,
suggesting the possible discovery of Z, parent spin liquid in
its mean-field phase region [Fig. 1(a)]. On the other hand,
we find an interesting sublattice-momentum-locked magnetic
order from the (0,1) class. This magnetic order may share
similar structure to the tetrahedral chiral spin density wave
[41].

Experimental realization. We examine the flat-band
kagome metals FeSn [10] and FeGe [12-14] in light of
our phase diagrams. Motivated by the Fe-d,;/,.-orbital band
structures of FeSn [16] and FeGe [assuming the Van Hove
singularity (VHS) at the Fermi level as was experimentally ob-
served] [14] in first-principles computations, we consider the
single-orbital pure Hubbard model on the kagome lattice. The
flat-band filling npg and the on-site repulsion U are estimated
from the minority-spin filling and Stoner splitting energy (2),
respectively. This estimation locates FeSn and FeGe in our
phase diagram, as shown in Fig. 1(a). FeSn falls in the FM

phase, consistent with the experiments. Although FeGe sits
in the SS-order phase, the interlayer and multiorbital effects
may stabilize the FM. We further include the nearest-neighbor
repulsion U} /t; =~ 1.07 for FeGe by fitting the CDW splitting
[14]. This induces the secondary tri-hexagonal bond order
(FM-TH) [Fig. 1(b)], consistent with the experimental 2 x 2
CDW [12-14] and the theoretical CDW at VHS [53-57].

It is worth noting the possible implications of the results in
our work. The majority of existing compounds (such as FeSn
and FeGe) are located in the large-Uy FM phase. Meanwhile,
our analysis finds intriguing magnetic orders at smaller repul-
sion Ujy. We thus propose the reduction of electronic repulsion
as a feasible route toward unconventional magnetism in a
kagome flat band. In addition to the binary compounds AB,
another feasible family is the ternary series AB3Cs. These
materials host possibly weaker correlations than FeSn and
FeGe, and the Fermi level can be tuned flexibly by element
substitutions [58]. On the other hand, with the ultracold-atom
simulation of a kagome lattice [59], the flat-band correlated
phases can be induced by adding the Hubbard interaction [60].

Discussion. Our analysis includes a detailed study of
kagome flat bands at the mean-field level, but there remains a
considerable scope for further investigation. First, the Hartree-
Fock analysis can overestimate the symmetry-breaking orders
and miss essential intertwinement between different orders.
While the former may be less serious in the flat band, the latter
may be enhanced due to strong correlations. Second, there
are important correlated phases that are not captured. These
include superconductivity, which does not appear at the mean-
field level under electronic repulsion. It will be interesting
to search for superconductivity by doping the unconventional
magnetic orders [61-66] in our phase diagram. Meanwhile,
spin-triplet superconductivity may occur in the FM half metal
[67—69]. On the other hand, the ground states away from the
fermion-bilinear condensates, such as spin liquids [70] and
fractional Chern insulators [71], are also invisible. While we
suggest candidate Z; spin liquids with a PSG analysis, a future
confirmation with strong-correlation numerical methods will
be informative.

Note added. After the original version of this work, the syn-
thesis of CsCr3Sbs in the AB3Cs kagome family was reported
[72]. A non-FM S-C-density-wave order develops close to the
flat band, consistent with expectations from our Hartree-Fock
analysis.
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