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High-temperature quantum anomalous Hall effect in buckled honeycomb antiferromagnets
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We propose Néel antiferromagnetic (AF) Mott insulators with a buckled honeycomb structure as potential
candidates to host a high-temperature AF Chern insulator (AFCI). Using a generalized Kondo lattice model,
we show that the staggered potential induced by a perpendicular electric field due to the buckling can drive the
AF Mott insulator to an AFCI phase. We address the temperature evolution of the Hall conductance and the
chiral edge states. The quantization temperature Tq, below which the Hall conductance is quantized, depends
essentially on the strength of the spin-orbit coupling and the hopping parameter, independent of the specific
details of the model. The deviation of the Hall conductance from the quantized value e2/h above Tq is found
to be accompanied by a spectral broadening of the chiral edge states, reflecting a finite life-time, i.e., a decay.
Using parameters typical for heavy transition-metal elements we predict that the AFCI can survive up to room
temperature. We suggest Sr3CaOs2O9 as a potential compound to realize a high-T AFCI phase.

DOI: 10.1103/nmxv-m2wf

Introduction. Due to its far-reaching potential applica-
tions in topological quantum computation and low-energy-
consumption spintronic devices the Chern insulator (CI) state
has attracted considerable attention in the past decade [1,2].
This has lead to the discovery of the CI in different classes
of systems including thin films of magnetically doped topo-
logical insulators [3–5], thin films of the intrinsic magnetic
topological insulator MnBi2Te4 [6–8], and moiré materials
[9,10]. Despite this remarkable progress, the observation of
the CI is limited to temperatures of only a few Kelvins, arising
from the material’s negligible charge gap or low magnetic
transition temperature.

While the current realization of the CI is limited to ferro-
magnets, antiferromagnets are far more common and exhibit
generally higher transition temperatures, reaching hundreds of
Kelvins [11]. In addition, the AF ordering of strongly corre-
lated electrons is known to be accompanied with a noticeable
blue shift of the charge gap [12–15]. This is to be compared
with the ferromagnetic ordering on the top and the bottom
surfaces of MnBi2Te4 inducing almost no gap in the Dirac
states [16–19]. Thus, there is compelling reason to search for
a high-temperature CI in AF Mott materials.

A nonzero Chern number necessitates the time-reversal
symmetry to be truly broken [20,21]. This is inherent in ferro-
magnets but not guaranteed in antiferromagnets. The effect
of the time-reversal transformation on an AF state can be
compensated by a lattice group operation. This composite
antiunitary symmetry needs to be broken for the emergence of
an AFCI, which is usually achieved by inducing a staggered
potential between the spin-up and the spin-down sublat-
tices [20–22]. The direction of the magnetization on the
higher-energy (or the lower-energy) sublattice determines the
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clockwise or the counterclockwise propagation direction of
the chiral edge states. The AFCI phase is already predicted in
various systems [20–25]. For those involving heavy transition-
metal elements a large charge gap is also reported [24,25].
However, an explicit study of whether the AFCI can persist
up to high temperatures remains a crucial open question.

Here, we investigate the Néel AF transition-metal com-
pounds possessing a buckled honeycomb structure, see
Fig. 1(a). Using a generalized Kondo lattice model we con-
firm that a perpendicular electric field can drive the AF Mott
insulating state to an AFCI phase. We address the temperature
evolution of the Hall conductance and the chiral edge states.
The quantization temperature Tq, below which the Hall con-
ductance is quantized, shows generic behavior depending only
on the spin-orbit coupling and the hopping parameter. The
deviation of the Hall conductance from the quantized value
e2/h above Tq is accompanied by a spectral broadening of
the chiral edge modes. For heavy transition-metal elements
we estimate that Tq can reach room temperature. We propose
Sr3CaOs2O9 as a potential candidate to realize a high-T AFCI
state.

Model Hamiltonian. The low-energy properties of
transition-metal compounds are commonly described by
the spin-Stot Heisenberg model [26]

H = J
∑
〈i, j〉

�Si · �S j + · · · , (1)

where 〈i, j〉 limits i and j to be nearest-neighbor (NN) and the
dots stand for terms beyond the isotropic NN interaction. For
the Néel AF order, the NN AF interaction (J > 0) is usually
the dominant term.

For the buckled honeycomb structure, see Fig. 1(a) for a
side view, applying a perpendicular electric field induces a
potential difference between the spin-up and the spin-down
sublattices. This induces a shift of charges between the two
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FIG. 1. (a) Side view of the spin-Stot Heisenberg model with
the nearest-neighbor AF interaction J on the buckled honeycomb
structure. In the presence of a perpendicular electric field �E = E0 ẑ
the system can effectively be described by the generalized Kondo
lattice model (2) illustrated in (b) for the special case of Stot = 3/2.

kinds of sites. The description of the system requires the
Heisenberg model (1) to be extended by the charge degrees
of freedom, and the multiorbital Hubbard model would be the
natural choice. However, a reliable analysis of the topological
properties of a strongly correlated multiorbital model at finite
temperature is a too ambitious numerical challenge. For this
reason, we follow the idea proposed in Ref. [14] which was
successful in the description of different compounds [12,13].
We approximate the multiorbital Hubbard model by a gener-
alized Kondo lattice model. This is well justified if the charge
fluctuations, i.e., the number of holes or double occupancies,
do not exceed one per site. The generalized Kondo lattice
model is given by (cf. Fig. 1)

H = + t
∑
〈i, j〉

∑
α

c†
iαc jα − 2JH

∑
i

�si · �Si + U
∑

i

ni,↑ni,↓

+ J
∑
〈i, j〉

(�Si · �S j + �Si · �s j + �si · �S j )

+
∑

i

∑
α

δiniα + iλSO

∑
[i, j]

∑
αβ

νi jc
†
iασ z

αβc jβ, (2)

where c†
iα is the fermion creation operator at the site i with

the z-component of the spin α = ↑ or ↓. The first term is
the NN hopping and the second term is the Hund coupling
between the electron spin �si and the localized spin �Si with the
spin quantum number S = Stot − 1/2. We treat one orbital as
representative of the charge motion, while the others repre-
sent the localized spin. We emphasize that the Kondo lattice
approximation in Eq. (2) does not mean that we distinguish
between the different orbitals of the same shape. The itinerant
orbital stands as a representative for all the orbitals [12–14].
This restricts the possible amount of charge transfer between
the higher- and the lower-energy sublattices. However, it is
very well justified for the values of δ accessible via realistic
strengths of electric fields, see below and also the ionicity
discussed in the Supplemental Material [27].

The third term in Eq. (2) is the Hubbard interaction with
niα := c†

iαciα , and the fourth term is the Heisenberg interac-
tion between the NN spins. We always count the Heisenberg
interaction on each lattice bond only once. The fifth term is
the staggered sublattice potential giving the onsite energies
+δ and −δ to the two sublattices of the honeycomb structure.
Figure 1(b) illustrates these different terms for the special case
of Stot = 3/2.

The last term in Eq. (2) is included to account for the effect
of the spin-orbit coupling. It is exactly the Kane-Mele term
[30]. The notation [i, j] restricts i and j to be next-nearest
neighbor, σ z stands for the Pauli matrix, and νi j = 2/

√
3(d̂1 ×

d̂2)z = ±1 where d̂1 and d̂2 are the unit vectors along the two
bonds the electron traverses from site j to site i. We add a
chemical potential μ = U/2 to the Hamiltonian (2) to satisfy
the half-filling condition.

We always focus on large values of U and JH correspond-
ing to the Mott regime and fix the Heisenberg interaction in
Eq. (2) to J = 4t2/�0 with �0 := U + 2SJH, called the bare
Mott gap. This guarantees the Heisenberg model (1) as the
low-energy effective model of the Hamiltonian (2) for δ = 0,
apart from some weak anisotropic interactions originating
from the spin-orbit coupling λSO. The Hamiltonian (2) gener-
alizes the purely spin model (1) allowing for the study of the
charge fluctuations induced by a perpendicular electric field.

The number of methods which allow for a reliable investi-
gation of the topological properties of the strongly correlated
Hamiltonian (2) at finite temperature are rare. We employ
the dynamical mean-field theory (DMFT) [31] as an estab-
lished method for strongly correlated systems and use the
exact diagonalization (ED) as the impurity solver [31,32].
We specifically use the real-space realization of the DMFT
[33–35] providing access to the bulk and the edge properties
on equal footing [36]. The lattice model is mapped to a set
of effective Anderson-Kondo impurity models, which treat
the localized spin quantum mechanically [12,13]. The method
takes the local charge and spin quantum fluctuations fully
into account. The local quantum fluctuations leading to a
frequency-dependent self-energy are essential for the descrip-
tion of the paramagnetic Mott insulator at finite temperature.
The nonlocal Heisenberg interactions are replaced by an ef-
fective AF field via a mean-field decoupling [37]. The strength
of the effective AF field is determined self-consistently during
the DMFT loop [12,13]. Further technical details can be found
in the Supplemental Material [27]. Previous studies of similar
interacting topological models by different methods indicate
only minor effects to the phase boundaries due to the nonlocal
quantum fluctuations, neglected in our investigation [38–42].
We will compare the results for the different number of bath
sites in the ED calculations.

The Hall conductance for an interacting model at fi-
nite temperature can be computed [43–45] from the
Matsubara Green’s function Gα (iωn, �k) = [iωn1 − H(0)

α (�k) −
�α (iωn)]−1 as

σxy = e2

h

T

12π
εμνρIm

[∑
α

∑
n

∫
d�kTr

[
Gα∂μG−1

α

× Gα∂νG−1
α Gα∂ρG−1

α

]]
, (3)
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FIG. 2. Phase diagram of temperature versus the alternating sub-
lattice potential controlled by a perpendicular electric field. The
colormap represents the value of the Hall conductance σyx = −σxy

given by Eq. (3). The Néel temperature TN and the crossover quanti-
zation temperature Tq are specified. The Hall conductance takes the
quantized value e2/h with an error less than %1 below Tq, character-
izing the antiferromagnetic Chern insulator (AFCI). The gray dotted
lines separate the metallic region from the insulating regions. The
metallic region shrinks rapidly to the two quantum critical points
as T → 0. The mean-field Néel temperature T̃N of the effective
low-energy spin model valid for small values of δ, see the main text,
is also included. The results are for the model parameters S = 1/2,
U = 12t , JH = 0.2U , J = 4t2/�0 = 0.27̄t , and λSO = 0.2t . We re-
call that the localized spin S = 1/2 in Eq. (2) corresponds to the total
spin Stot = S + 1/2 = 1 in Eq. (1). The number of bath sites nb = 5
is used in the ED impurity solver.

where H(0)
α (�k) denotes the Bloch Hamiltonian matrix, Gα ≡

Gα (iωn, �k), εμνρ is the totally antisymmetric tensor, and sum-
mations are implied over the indices μ, ν, and ρ, each of
which runs over iωn, kx, and ky [27].

The momentum-resolved spectral function is accessed us-
ing the real-frequency Green’s function

A
α, �d (ω, �k) = − 1

π
Im[Gα (ω + iη, �k)] �d, �d , (4)

where �d specifies a lattice site in the unit cell. The broadening
factor η = 0.01t is used in the calculations. The local spectral
function A

α, �d (ω) is computed by integrating over the momen-
tum with the appropriate prefactor. The spectral sum rule is
always satisfied with an error less than 10−3 in all the results
that we present.

Phase diagram. Figure 2 represents the phase diagram
of temperature versus the alternating sublattice potential for
the model parameters S = 1/2, U = 12t , JH = 0.2U , J =
4t2/�0 = 0.27̄t , and λSO = 0.2t . Note that the localized spin
S = 1/2 in Eq. (2) corresponds to the total spin Stot = 1
in Eq. (1), see Fig. 1. The number of bath sites nb = 5 is
used in the ED. The colormap displays the value of the Hall
conductance σyx = −σxy. The Néel temperature TN and the
crossover quantization temperature Tq are specified. The Hall
conductance acquires the quantized value e2/h with an error

(a)

(b)

(c)

FIG. 3. (a) Local magnetizations m = |〈sz
i 〉| and M = |〈Sz

i 〉| and
(b) the Hall conductance versus T . The Néel temperature TN and
the crossover quantization temperature Tq are specified. (c) Local
spectral function averaged over the two sites in the unit cell for the
spin component α at different temperatures. The results correspond
to the solution with the magnetization on the higher-energy sublattice
pointing in the positive z direction. The results are for S = 1/2,
U = 12t , JH = 0.2U , J = 4t2/�0 = 0.27̄t , λSO = 0.2t , and δ = 7t .
The data are for the number of bath sites nb = 6 except for the filled
gray squares at selective temperatures in (a) and (b) which are for
nb = 7.

less than %1 below Tq, characterizing the AFCI. The gray
dotted lines separate the metallic region from the insulating
regions. The metallic region shrinks rapidly to the two quan-
tum critical points as T → 0. For small values of δ the system
is a paramagnetic Mott insulator at high and an AFI at low
T , which is the well-known physics of the Heisenberg model
[46]. Upon increasing δ, the Néel temperature first increases.
This is due to the increase in the effective Heisenberg inter-
action Jeff = 4t2�0/(�2

0 − 4δ2) between the itinerant spins.
The mean-field Néel temperature T̃N of the effective low-
energy spin model [27] nicely describes the Néel temperature
TN of the generalized Kondo lattice model up to δ 
 3t .
We attribute the small deviation to the contributions beyond
the second-order perturbation theory used in the derivation of
the effective spin model. For δ � 5t the charge fluctuations
start to play a qualitative role in the low-energy physics caus-
ing a drop in TN. This behavior is reminiscent of the Néel
temperature of the Hubbard model as the Hubbard interaction
is reduced to lower values than in the Mott regime [47]. For
large values of δ the lower-energy sublattice is almost doubly
occupied and the higher-energy sublattice is almost empty of
electrons. The itinerant electrons show a very weak local mag-
netization due to the van Vleck mechanism [27,48]. Thus, the
itinerant electrons are in the band insulator phase above TN.

The intermediate values of δ are of particular interest be-
cause the Hall conductance becomes nonzero and approaches
the quantized value e2/h as the temperature is lowered. For
δ = 7t we plot the local magnetizations m = |〈sz

i 〉| and M =
|〈Sz

i 〉| in Fig. 3(a) and the Hall conductance versus T in
Fig. 3(b). Figure 3(c) represents the local spectral function
averaged over the two sites in the unit cell for the spin compo-
nent α near the Fermi energy ω = 0 at different temperatures.
The finite spectral weight developing at the Fermi energy at
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FIG. 4. The brick wall representation of the honeycomb structure
with the open boundary condition in x and the periodic boundary
condition in y direction. The different sites in the x direction are
labeled from 0 to Nx − 1. The dashed box specifies the unit cell.

the paramagnetic high temperatures signals a metallic state.
An intermediate metallic phase separating the band and the
Mott insulators is already reported for the ionic Hubbard
model [49,50]. Our results suggest that such a metallic phase
appears also in multiorbital systems at paramagnetic high
temperatures. At low temperatures, the system is expected to
be an insulator [51–53].

The data in Fig. 3 are for nb = 6 bath sites except for
the filled gray squares at selective temperatures in Figs. 3(a)
and 3(b), which are for nb = 7. The results for nb = 5, not
included in the figure, also nicely match the results for nb = 6
and 7. This corroborates the accuracy of the results.

Temperature evolution of chiral edge states. The quan-
tized Hall conductance at intermediate values of δ in Fig. 2
is expected to support chiral edge states. The direction of
magnetization on the higher-energy (or the lower energy)
sublattice determines the clockwise or counterclockwise prop-
agation direction of chiral edge states. We focus on the
solution with the magnetization on the higher-energy sublat-
tice pointing in the positive z direction. The other solution can
be accessed using the time-reversal transformation.

To investigate the presence and the temperature evolution
of the chiral edge states we consider a cylindrical geometry
with open boundary condition in the x direction and edges
of type armchair. The honeycomb structure is treated as a

brick wall labeling the lattice sites in the x direction from
0 to Nx − 1, as illustrated in Fig. 4. At each x, there are
two nonequivalent lattice sites in the y direction. We consider
Nx = 80.

The momentum-resolved spectral function A↑,x=0(ω, ky),
averaged over the two nonequivalent lattice sites in the y
direction, is plotted in Fig. 5(a) for the same model pa-
rameters as in Fig. 3. The results are for the topological
spin component α = ↑. The spin component α = ↓ has no
contribution to the quantized Hall conductance at low-T in
Fig. 3(b) and we find it to be gapped in the bulk and at the
edges. The chiral edge state in Fig. 5(a) at T = 0.1t quickly
disappears as the bulk is approached. This can be seen from
the momentum-integrated spectral function A↑,x(ω) given for
different values of x in Fig. 5(b). The temperature evolution
of the momentum-resolved spectral function in Fig. 5(a) in-
dicates a spectral broadening as the temperature is increased
above T ∼ 0.2t . This reflects a finite lifetime, i.e., a decay, of
the chiral edge state and is in accord with the deviation of the
Hall conductance from the quantized value e2/h above Tq in
Fig. 3(b).

Quantization temperature. Up to now, our study has been
limited only to particular model parameters. Nevertheless, the
AFCI always appears when the sublattice potential difference
2δ is of the same order as the bare Mott gap �0 = U + 2SJH,
independent of the details of the model. The quantization tem-
perature Tq also indicates generic behavior. To demonstrate
this, we plot Tq versus the spin-orbit coupling in Fig. 6 for
different sets of model parameters. In each case, the optimal
value of δ is chosen such that the system is in the middle of
the AFCI phase, see Fig. 2 for δ = 7.2t used in the last set
of parameters. The Heisenberg interaction is always fixed to
J = 4t2/�0.

Interestingly, despite the very different model parameters
used in Fig. 6 one can hardly see any change in Tq. The quan-
tization temperature is solely determined by the spin-orbit
coupling and the hopping parameter. Tq increases linearly
with λSO and saturates for large values of λSO. Although the
spin-orbit coupling is highly compound-specific, one usually
expect λSO < 0.15t . In this region, the data can nicely be
described by the linear fit Tq = 0.92λSO − 0.003t shown in
Fig. 6 as a black dashed line. This relation allows us to

FIG. 5. (a) The momentum-resolved spectral function Aα,x (ω, ky ) for the topological spin component α = ↑ at the edge x = 0 at different
temperatures. (b) Local spectral function A↑,x (ω) for T = 0.1t at different x. The results are for the same model parameters as in Fig. 3. A
cylindrical geometry as illustrated in Fig. 4 with Nx = 80 is used. The data are for nb = 6 bath sites in the ED impurity solver.
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FIG. 6. Quantization temperature of the Hall conductance vs
the spin-orbit coupling for different sets of model parameters. The
Heisenberg interaction is always fixed to J = 4t2/�0. In each case,
the optimal value of δ is chosen such that the system is in the
middle of the AFCI phase. The results are for the number of bath
sites nb = 5. The dashed line represents a linear fit to the data for
λSO < 0.15t .

estimate the scale of the quantization temperature based on
the knowledge of the spin-orbit coupling and the hopping
parameter.

The precise determination of the strength of the spin-orbit
coupling λSO in a material is challenging. However, it is usu-
ally estimated to be of the order of a few meV for 3d , around
15 meV for 4d , and around 40 meV for 5d transition-metal
elements [54]. Note that the numbers refer to the Kane-
Mele-type of the spin-orbit coupling. For comparison, the
precise value of λSO for silicene, germanene, and stanene are
computed to be 0.77, 8.9, and 12 meV, respectively [55]. As-
suming t ∼ 200 meV for 3d transition-metal compounds one
finds that it is possible to realize the AFCI in these materials
although with the small quantization temperature Tq ∼ 10 K.
This estimate nicely agrees with first-principles calculations
predicting the AFCI in CrO with a small charge gap of about
1 meV at zero temperature [22]. For the more extended 4d
orbital with the typical hopping parameter t ∼ 400 meV we

find Tq ∼ 100 K. Assuming t ∼ 700 meV for 5d materials,
our results unveil the possible realization of the AFCI at room
temperature.

Conclusion. We propose the strongly correlated AF ma-
terials with a buckled honeycomb structure as potential
candidates to realize a hight-T CI phase. The system can be
driven from the AF Mott insulating state to the AFCI phase
by applying a perpendicular electric field, which allows to in-
duce and fine-tune a sublattice potential difference. The AFCI
emerges when the sublattice potential difference reaches the
same size as the Mott gap. The experimentally accessible
electric field of 0.5 V/Å [56–58] can induce a sublattice
potential difference of a few eV in a buckling height of a
few angstroms. Since the Mott gap and the buckling height
can also be effectively controlled by pressure, we believe the
AFCI state is realistically within reach.

Compounds Ba2NiTeO6 and Sr3CaOs2O9 are known buck-
led honeycomb antiferromagnets with the buckling heights of
5.3 Å [59,60] and 3.3 Å [61], respectively. The latter com-
pound shows a Néel AF order with the high Néel temperature
TN ∼ 385 K and is a promising candidate to host a high-T
AFCI. It should be noted that Sr3CaOs2O9 is not anisotropic
enough to be considered effectively two-dimensional and
thin-film growth would be needed. It is also conceivable to
strain-engineer the films to enhance the in-plane and further
suppress the out-of-plane couplings to put the system closer to
the two-dimensional limit. Growing [111]-oriented bilayers of
perovskite heavy transition-metal oxides is another route to a
buckled honeycomb antiferromagnet [62] and a high-T AFCI
state. The possible realization of an AFCI in [111]-oriented
perovskite bilayers has been previously predicted through
studies of static exchange AF fields and first-principles cal-
culations at zero temperature [63]. Our analysis going beyond
static mean-field approaches and addressing the topological
properties at finite temperatures explicitly unveils that AF
Mott insulators can host a quantum anomalous Hall effect that
can persist up to high temperatures.

Data availability. The data that support the findings of this
article are not publicly available upon publication because
it is not technically feasible and/or the cost of preparing,
depositing, and hosting the data would be prohibitive within
the terms of this research project. The data are available from
the authors upon reasonable request.
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