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We investigate a new class of topological antiferromagnetic (AF) Chern insulators driven by
electronic interactions in two-dimensional systems without inversion symmetry. Despite the absence
of a net magnetization, AF Chern insulators (AFCI) possess a nonzero Chern number C' and exhibit
the quantum anomalous Hall effect (QAHE). Their existence is guaranteed by the bifurcation of the
boundary line of Weyl points between a quantum spin Hall insulator and a topologically trivial phase
with the emergence of AF long-range order. As a concrete example, we study the phase structure
of the honeycomb lattice Kane-Mele model as a function of the inversion-breaking ionic potential
and the Hubbard interaction. We find an easy z-axis C' = 1 AFCI phase and a spin-flop transition
to a topologically trivial xy-plane collinear antiferromagnet. We propose experimental realizations
of the AFCI and QAHE in correlated electron materials and cold atom systems.

PACS numbers:

Electronic band insulators can be characterized by
their spin-dependent band topology and symmetry pro-
tected gapless edge states [1, 2]. Without time-reversal
symmetry, the band topology is characterized by an inte-
ger Chern number C' in two-dimensions (2D) [1-3]. Such
Chern insulators include the quantum Hall and quantum
anomalous Hall effect (QAHE) insulators, supporting C
number of chiral edge modes and quantized Hall conduc-
tance o, = Ce?/h. In the presence of time reversal sym-
metry and spin-orbit interaction (SOI), the band topol-
ogy changes to the one specified by a Zs number that
produces 2D quantum spin Hall (QSH) and 3D topolog-
ical insulators [4-6]. In QSH insulators, C' = 0 but the
spin Chern numbers Cs = +1. There are two counter-
propagating edge states with opposite spin-polarizations
related by time-reversal symmetry. Certain crystalline
symmetry can also protect the band topology and edge
states, leading to topological crystalline insulators [7].
These topological states are stable against weak electron-
electron interactions and have all been observed experi-
mentally recently.

In this paper, we study the topological properties of
interaction-driven quantum states, focusing on antifer-
romagnetic (AF) insulators that are common in systems
with strong local correlation. To the extent that the low
energy physics of such AF insulators are adiabatically
connected to band insulators in the magnetic unit cell
and protected by the magnetic gap, we argue that they
can indeed be topological insulators. In addition to the
previously proposed Zs or AF topological crystalline in-
sulators [8, 9], we show that there exists a class of AF
Chern insulators (AFCI) exhibiting the QAHE despite
having a filling fraction enforced zero total magnetiza-
tion. We first provide a general discussion of the physical
origin of AFCI due to spontaneous time-reversal symme-

try breaking. Then we study a concrete example of the
Kane-Mele model for the QSH insulator [4, 5] and in-
clude the electronic Hubbard interaction U. We show
this Kane-Mele Hubbard model exhibits a C' = 1 AFCI
phase for sufficiently large U. The resulting phases and
phase transitions are studied. Possible experimental re-
alizations of the AFCI will be discussed.

An ideal AF insulator has zero total magnetization,
ie. § = D ieM S; = 0, where M is the magnetic unit
cell. It can be obtained by filling up an integer num-
ber of bands occupied by electrons of both spins in the
magnetic Brouillon zone. For this to happen, the SOI
must leave at least one spin-rotation invariant axis. De-
noting the latter as the spin z-axis, S, is a conserved
quantum number. It implies that the expectation values
Sy =8, =0and S, = 3(Ny — N;) where Ny stand
for the number of filled bands in each spin component.
Hence, S, 2m where m is an integer. Thus magnetic
insulators are topologically protected by the band gap
and filling fractions. Specifically, an AF insulator with
m = 0 occurs when half of the bands at half-filling, or
one-quarter of the bands at quarter-filling, etc, are filled.
When spin-rotation symmetry is completely broken, e.g.
by the presence of both SOI and Rashba coupling, per-
fect AF insulators with zero total spin are not protected;
interactions in general produce ferromagnetic moments
and the resulting insulators are thus ferrimagnets.

To understand the topological properties of AF insula-
tors, it is useful to take a closer look at the interplay be-
tween time-reversal 7 and spatial symmetries (R) of the
crystal. Consider a two-sublattice antiferromagnet ob-
tained by spontaneously breaking 7, spin-rotation, and
translation by half a magnetic lattice vector (tl) The
loss of the nonunitary 7, which is crucial for deﬁmng
topological insulators, can produce two types of topo-



logical AF insulators. In the first kind, the combined
time-reversal and certain spatial operations 7 =7 ® R
remains a nonunitary symmetry with 72 = —1, capable
of reinstating the magnetic counterpart of topological in-
sulators. Indeed, the case of T =T ® t1 has been used to

define Z topological AF insulators, and T = TR(Cy,Cs)
to AF topological crystalline insulators under the mag-
netic crystalline group [8, 9]. Such topological AF states
can also exist in 2D; but they are of course Chern trivial.
The second kind, to be studied in detail below, corre-
sponds to 2D AFCI that arise when 7 is truly broken,
i.e. when the time-reversed electronic states cannot be
brought back to their original ones by any space-group
operations. The latter usually requires noncollinear spin
moments or the breaking of lattice inversion symmetry.
Despite being perfect antiferromagnets as defined above,
they have a band topology with a nontrivial Chern num-
ber C' # 0 and exhibit the QAHE.

To illustrate the physical origin of AFCI, consider 2D
non-centrosymmetric systems that break the inversion
symmetry Z. The operations of Z and T on a quantum
state |k, o), where k and o label the momentum and spin,
are elementary: Z|k,o) — |k,0), T|k,o) — |k,&), and
T ®ZIlk,o) — |k,5). The Kramers doublet at a given k
requires 7 ®Z to be a symmetry. Breaking either Z or T
lifts the degeneracy and can produce the Weyl points in
the dispersion as in 3D Weyl semimetals [10-13]. Weyl
points can also arise in 2D T -invariant noncentrosymmet-
ric systems. The simplest one corresponds to two spin-
valley locked Weyl points at K (}) and K'(1) described
by the low energy Hamiltonian

HW - kxngx +ky7'y7 (1)

with the momenta expanded around the valleys at K' =
—K. Here ¢ and T are the Pauli matrices with o, de-
noting the valley/spin and 7, the pseudospin states of
the (sub)bands. Since the time-reversed spin states are
locked to the valleys, Hyy is T-invariant, but odd under
Z. Unlike in 3D, such a 2D Weyl semimetal is critical and
lives on the boundary between a topological and a triv-
ial phase. For instance, if the same mass is introduced
at each valley by adding a T-invariant m;7, to Hy, a
Zs topological insulator with spin Chern number Cy = 1
emerges for m; < 0, while a trivial band insulator (BI)
obtains when mj; > 0. This is the QSH realization in the
Kane-Mele model of the more general two-dimensional
topological insulator (2DTT). On the other hand, a mass
mgo,T, couples to each valley with opposite signs and
breaks 7. Since the two valleys have opposite spin polar-
izations, one of them becomes topologically trivial while
the other carries a nontrivial Chern number. Thus, a
Chern insulator with C' = 1 is obtained. Remarkably,
such a truly 7-breaking spin-mass can be generated spon-
taneously by a correlation-driven AF order, resulting in
the AFCI.
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FIG. 1: Schematic phase diagram near the line of Weyl points
(red line). Transitions between AFCI and 2DTI/QSH (blue
line) or AFCI and BI (green line) can be direct (as shown) or
through intervening C' = 0 AF insulating phases (not shown).

A schematic phase diagram near the Weyl line is shown
in Fig. 1. There are at least three possible phases:
2DTI/QSH, trivial BI, and AFCI with C = 1. A contin-
uous transition between 2DTI/QSH and BI is achieved
by tuning the 7-symmetric m;. Because of the vanishing
density of states, the Weyl points are stable against weak
interactions. Thus, the line of Weyl points extends and
terminates at a critical interaction strength beyond which
they become gapped by ms # 0 due to the AF order along
the spin direction of the Weyl fermions. The bifurcation
of the Weyl line enables a new phase region, i.e. the
AFCI. The transitions between AFCI and 2DTI/QSH or
between AFCI and BI can be continuous, in which case
one expects intervening C' = 0 AF insulating phases (not
shown). These transitions can also be discontinuous, go-
ing directly between 2DTI and BI or AFCI as depicted
by the two first order lines in Fig. 1 that meet at the
tricritical point.

Next, we study the proposed AFCI in a concrete
model, namely the Kane-Mele Hubbard model,

H = Hia+U Y fipiiiy, (2)

where U is the onsite repulsion and H g ps the well-known
Kane-Mele Hamiltonian,

Hyxn = —tZCZCj + A Z I/ijCIO'ZCj
(4,5) ((ig))
+ AZ&CICZ'. (3)

Here the electron operator is written in the spinor nota-
tion ¢; = (¢;4,¢i,,)T. The term proportional to A is the
SOI with v;; = (2/v/3)(d; x d3). = £1, where d; and
d, are unit vectors along the two bonds that the elec-
tron traverses from site j to its second nearest neighbor



q @ I ()
2_
\{ i
W oF
+1 (\ -
—
LY
-]_ i
K r K’

FIG. 2: (a) Honeycomb lattice with second nearest neighbor
SOI. v;; = +1 for red lines and —1 for blue lines.(b) Spin up
and spin down bands at A = 0.2 and A = 0.2.

site ¢ on the honeycomb lattice as shown in Fig. 2(a). In
Eq. (3), 07 is the Pauli matrix for the electron spin and
A (& = £1) is a staggered sublattice potential. We set
t = 1 as the energy unit. Consider first the electronic
structure of Hyps. The ionic potential A breaks the in-
version symmetry Z that exchanges the two sublattices
A and B. The degeneracy of |k, o) and |k, 7) is lifted, re-
sulting in the split bands in Fig. 2(b) except at the zone
center I' point. The low energy states are determined by

expanding momenta around K = (22 0) and K’ valley

\/g?
points. In the basis (¢xas, Ckps) With o = £ for spins 1

and |, we obtain

A+ 3v3o\
ko + ik,

Hiou (K, o) = _(Ak:— 3%1;& @
and H(K',o) is given by the time-reversal of H(K,q).
When A and X have the same sign, the low energy physics
is determined by H (K, ]) near K, and H(K’, 1) near K.
Two gapless Weyl points at K(}) and K'(1) related by
T emerge along the phase boundary A = 3v/3\ between
the QSH and the trivial BI.

At the mean-field level, the Hubbard interaction in H
is decoupled by Hartree and spin exchange self-energies

n? — 4S?

U N Q 1

where n; = ) c;facw and S; = %Zaﬁ c;faﬁagcw are
density and spin density operators with n; and S; their
expectation values. The second term in Eq. (5) renor-
malizes the ionic potential to A.g(U) = A + 1UQ,
where () = na — np measures the charge density wave
(CDW) order. Increasing U reduces charge fluctuations
and weakens the Z-breaking CDW order. The exchange
interaction, the third term in Eq. (5), produces the AF
order mg = %(SA — Spg) for sufficiently large U.

The obtained phase diagram is shown in Fig. 3 on the
(U, A)-plane. There are four distinct phases: the QSH in-
sulator with spin Chern number Cy = £(C4—C|) = 1 and

the BI already present in the noninteracting KM model;

FIG. 3: Phase diagram of the Kane-Mele Hubbard model at
A = 0.2 showing the AFCI phase. The line of Weyl points
(green solid line) marks the continuous transition between
QSH and BI. All other meanfield phase boundaries are weakly
first order (black solid lines). Magnetic phase boundaries co-
incide with those obtained by RPA (red dashed lines). A
discontinuous spin-flop transition separates z-axis AFCI from
zy-plane AFI. Inset (a): Bare spin susceptibilities as a func-
tion of sublattice potential A in the KM model. Inset (b):
Magnetization ms versus A at U = 7.5 with AFI-AFCI tran-
sition at A = 2.77 and AFCI-BI transition at A = 3.96.

the C' = 0 zy-plane AF insulator (AFI) and the new
C =1 z-axis AFCI. Except for the continuous transition
between QSH and BI, all other transitions are weakly first
order. The magnetic phase boundaries match well with
those obtained using the conserving approximation and
random phase approximation (RPA) [14-16] discussed in
the supplemental material (SM).

In Fig. 3, the continuous boundary line of Weyl points
between QSH and BI is determined by the gapless con-
dition Ag(U) = 3v3\. It terminates at the tricrit-
ical point (A.,U.) =~ (2.14,4.25) beyond which the
correlation-induced C' = 1 topological AFCI emerges
with spin moments along the z-axis. The phase struc-
ture in this region is consistent with the one proposed
in Fig. 1. The AFCI phase is bounded by weakly first
order, direct transitions to QSH and CDW ordered BI.
These magnetic phase boundaries are approximately de-
termined by A — 1U|Q| + 1U|m,| = 3v/3X\. The C =1
AFCI has several remarkable properties. (i) Being an
interaction-driven topological insulator, it supports a sin-
gle gapless chiral edge mode and C' = 1 QAHE as the
result of spontaneous 7-symmetry breaking by AF long-
range order. Due to the spin-valley locking and the topo-
logical mass for only one valley Weyl point, the gapless
edge mode is spin-polarized despite bulk AF order. (ii)
The AFCI occupies the part of the phase diagram with
comparable A and U/2. In this regime, the charge fluc-
tuations involving doubly-occupied sites (of energy cost
~ U — 2A) remain significant as U drives the itinerant



topological AF order; allowing the gapless edge state to
carry both charge and spin of the quantized Hall current.
Thus, the AFCI is fundamentally different from the AF
Mott insulator in the large-U and small-A regime, which
is topologically trivial and described by spin-only low-
energy theories such as the Heisenberg model.

The AFCI in Fig. 3 has spin moments aligned along the
remaining spin-rotation invariant z-axis under the SOI.
However, it is known that the AF Mott insulator at large-
U and A = 0 can be described by a Heisenberg model
with an easy plane anisotropy [17, 18]. Fig. 3 shows that
the phase at small A and large U is indeed the C' = 0
xy-plane AFI, which is separated from the z-axis AFCI
by a first order spin-flop transition obtained by compar-
ing the energies of zy-plane and z-axis AF insulators.
Note that because of the involvement of charge fluctu-
ations, this is different from the usual spin-flop transi-
tions in spin systems described by anisotropic Heisen-
berg models. To understand its origin, we calculate the
z-axis and the zy-plane spin susceptibilities (x. and x)
in the noninteracting KM model shown in the inset (a) of
Fig. 3. The spin anisotropy clearly switches from easy-
plane to easy-axis with increasing ionic potential A. Con-
sequently, the spin-flop transition can be described by
the conserving approximation and RPA calculations (see
SM) of the magnetic phase boundary between QSH and
zy-plane AFT at small A, QSH and z-axis AFCI at inter-
mediate A, and Bl and z-axis AFCI at large A, as shown
in Fig. 3. Inset (b) in Fig. 3 shows the staggered magne-
tization as a function of A at U = 7.5. The topological
spin-flop transition demarcates the two distinct types of
correlation-driven AF insulators.

The Hartree-Fock mean field theory tends to overesti-
mate magnetic order. Thus, the phase diagram in Fig. 3
should be considered qualitative rather than quantita-
tive. To verify that a strong-coupling treatment of U
does not alter the physical predictions, we use the spin-
rotation invariant slave boson mean field theory [19-23],
equivalent to Gutzwiller approximation, to study the KM
Hubbard model in Eq. (2). Detailed discussions are given
in the SM. In Fig. 4, the strong-coupling phase diagram
is shown. Compared to the weak-coupling HF and RPA
results shown in dashed lines, it is clear that, apart from
the shift of magnetic phase boundaries to larger U, the
phase structure remains unchanged. The results confirm
the existence of two kinds of AF insulators: the topolog-
ically trial AF Mott insulator and the topological AFCI
with unquenched charge fluctuations.

We comment on the effects of Rashba SOI that can
arise when the z — —z mirror symmetry is broken on
sample surfaces or by coupling 2D systems to substrates.
In the KM model, Rashba coupling Az moves the phase
boundary between QSH and BI to smaller A [5]. We
find that switching on Hubbard U continues to produce
the line of Weyl points and the transition to the C' =1
AFCI. The phase diagram exhibits only small quantita-

FIG. 4: Strong coupling phase diagram at A = 0.2. Green
line: line of Weyl points. Blue line: phase boundary between
QSH/BI and C = 1 z-axis AFCIL. Red line: phase bound-
ary between QSH/AFCI and zy-plane AFI. Dashed lines are
phase boundaries from Fig. 3. Inset: Magnetization ms as
function of A at U = 15.

tive changes as shown in the SM. However, since S, is no
longer a conserved quantity, a small net ferromagnetic
moment arises in the resulting ferrimagnetic states.

We have shown the existence of correlation-driven
AFCI in non-centrosymmetric systems, where the QAHE
emerges due to spontaneous T-breaking without net
magnetization. This is in contrast to models of Chern
insulators with ferromagnetism [24] or with explicit 7-
breaking by external magnetic field [25] and skyrmion
textures [26], or with complex hoppings [27]. The truly
T-breaking, noncoplanar AF chiral spin density wave
states [28-30] can also produce AFCI with C' # 0. The
study of KM Hubbard model also shows that the topo-
logical AFCI can be obtained near the phase boundary
between band and Mott insulators, when the inversion
symmetry breaking potential is comparable to Hubbard
U. Thus under proper ionic potential or crystal fields,
the AFCI can be realized in systems with strong corre-
lation and opens new directions for the search of QAHE
in strongly correlated materials. Indeed, the underlying
physics of the AFCI discussed here is general and model
independent. In the SM, we show the emergence of AFCI
and QAHE in a two-orbital Hubbard model [31-33] re-
alizable in cold atoms on optical lattices [34, 35] where
both the sublattice potential and SOI can be tuned op-
tically [36-38]. Possible hosting 2D materials for the
AFCI include the honeycomb lattice, noncentrosymmet-
ric NiRuClg with strong SOI [39] and the deposition of
heavy atoms with strong SOI on insulating magnetic sub-
strates such as MnTe [40] proposed recently by DFT cal-
culations. Many transition metal dichalcogenides, such
as A(S,Se,Te)s where A=Mo,W etc [41, 42], exist in sta-
ble monolayer ionic honeycomb structures without inver-



sion symmetry [43]. Some of them, such as CrSsy, have
been predicted to be AF [43] and 2DTT has been observed
in others such as WTey [44]. They are good candidate
materials for such studies. There are also other candidate
materials such as NasIrOs, RuCls, LaNiO3 [45-48] that
crystalize into hexagonal structures with the transition
metal ions forming layered honeycomb structures along
certain crystallographic directions.
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