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Quantum anomalous Hall effect in an antiferromagnetic monolayer of MoO
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The quantum anomalous Hall (QAH) effect is rarely predicted in antiferromagnetic (AFM) materials. Here,
by first-principles calculations, we propose that the monolayer of MoO is AFM and can be tuned to be a QAH
insulator with a band gap of 50 meV. The MoO monolayer is a tetragonal lattice and we have checked its stability
by the phonon spectrum and molecular dynamical simulation. It has a collinear AFM order with magnetic
moments larger than 2μB on each Mo atom. In the absence of strain, it is an AFM metal with a direct gap
if spin-orbital coupling is considered. Tensile strain results in a metal-insulator phase transition, but it is still
topologically trivial protected by an effective time-reversal symmetry. Shear strain breaks this symmetry and
leads to the expected nontrivial electronic bands with Chern number C = −1. In addition, its Néel temperature
could be larger than room temperature, providing another platform for the application of AFM materials in
spintronic devices.
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I. INTRODUCTION

The quantum anomalous Hall (QAH) effect is a quantized
version of an anomalous Hall effect in the absence of magnetic
field [1,2]. It originates from dissipationless chiral edge states
which correspond to the topologically nontrivial bulk states
with a nonvanishing Chern number [3]. The QAH effect was
first predicted by Haldane in a toy model with staggered flux
[4]. It indicates that breaking time-reversal symmetry (TRS) is
essential for the QAH effect, whether it is due to an external
magnetic field or intrinsic magnetism. Since then, the QAH
effect has become one of the hot spots for research [5–19].

However, it was only after the discovery of topological
insulators [20,21] (TIs) that there appeared an ideal platform
to measure the QAH effect. It has been proposed that the
QAH effect can be realized by introducing magnetism into
TIs [22,23]. So far, the QAH effect has been experimentally
verified in three different systems, which are TI films with
magnetic dopants [24], MnBi2Te4 [25], and moiré superlattice
systems formed by magic-angle twisted bilayer graphene [26]
or transition metal dichalcogenides [27]. We note that in all
three of these systems, TRS is broken by ferromagnetism,
which is susceptible to stray fields and has a very low critical
temperature for observing a quantized Hall plateau.

Antiferromagnetism can also break TRS and provide an
alternative pathway to realizing the QAH effect. Comparing
with ferromagnetic insulators, AFM insulators are abundant
in the natural world and they are robust to external mag-
netic perturbations, and have high critical temperatures and
a high response frequency [28–30]. Due to these advantages,
AFM materials have great potential applications in spintron-
ics. Therefore, achieving the QAH effect in AFM materials
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represents a significant theoretical and practical challenge.
Experimental reports of AFM QAH insulators are lacking.
So far, theoretical calculations have only predicted a few
candidate materials such as CrO [31]. The CrO monolayer
is an AFM material that becomes a QAH insulator under
shear strain, but possesses a tiny band gap of 1 meV. Li et al.
[32] proposed a strategy to engineer the AFM QAH effect,
by considering models of two-dimensional (2D) perovskite
layers with strong SOC that isolates an effective total angular
momentum j = 1/2 subspace of the t2g manifold. Jiang et al.
[33] investigated the topological properties of the Kane-Mele
model as a function of the inversion-breaking ionic potential
and the Hubbard interaction. They proposed a AFM Chern
insulator phase and a spin-flop transition to a topologically
trivial in-plane collinear antiferromagnet. Therefore, it is es-
sential to predict a stable AFM QAH insulator with a large
gap.

In this paper, we have predicted another AFM material to
realize the QAH effect by first-principles calculations. Our
studies show that the square lattice of the MoO monolayer is a
collinear AFM metal. But it becomes a QAH insulator if it is
tuned by both tensile strain and shear strain. We have checked
the stability of this crystal by both the phonon spectrum and
molecular dynamics. The Néel temperature of the magnetic
phase transition is even larger than 1000 K, as given by the
classical Monte Carlo simulation. It suggests that the QAH
effect may be measured at a high temperature in experiment.
Here, we underline that shear strain may be a possible method
to break the effective TRS and leads to a nontrivial phase in
AFM materials.

II. METHODS

First-principles calculations have been performed using the
Vienna ab initio simulation package (VASP), which is based on
density functional theory (DFT) [34–36]. The Perdew-Burke-
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FIG. 1. (a) Top view and side view of the lattice structure (red
O atoms, gray Mo atoms). (b) Electron localization function (ELF)
in the xoz plane. (c) Schematic diagram of the first Brillouin zone.
(d) Phonon spectra. (e) Molecular dynamics simulation.

Ernzerhof functional at the level of generalized gradient
approximation (GGA) is used to deal with the exchange-
correlation interactions [37]. The correlation effect for the
Mo 4d electrons is treated by the DFT + U method [38,39]
with U = 2.4 eV [40]. The plane-wave basis is used with a
cutoff energy of 520 eV. The Brillouin zone is sampled with a
�-centered k mesh of size 15 × 15 × 1. The crystal structure
is fully optimized until the force applied on each atom is
less than 0.001 eV/Å. The energy convergence criterion is
set to be 10−8 eV. A vacuum layer of 20 Å is used to avoid
residual interactions between neighboring layers. The Berry
curvature of occupied bands is calculated by the WANNIER-
TOOLS software package [41] and the topological edge states
are calculated by the WANNIER90 software package [42] with
the iterative Green’s function approach [43].

III. STRUCTURE AND MAGNETISM

The lattice structure of the MoO monolayer is shown in
Fig. 1(a) from both a top view and a side view. The red and
gray represent the oxygen and molybdenum atoms, respec-
tively. It is clear that there are two Mo and two O atoms
in a unit cell. The MoO monolayer is a tetragonal crystal
with a relaxed lattice constant of 3.66 Å and the schematic
diagram of the first Brillouin zone is given in Fig. 1(c). The
corresponding space group is P4/mmm, which is a simple
space group with point group D4h. To demonstrate the bonding
character, we plot its electron localization function (ELF) in
Fig. 1(b), in which the electrons are virtually localized over
the O and Mo atoms, indicating that the MoO monolayer is a
typical ionic crystal.

To confirm the stability of this structure, we have investi-
gated the kinetic, thermodynamic, and mechanical stability of
the structure, respectively. At first, we calculate the phonon
spectrum of the structure, which is shown in Fig. 1(d). We
find that there is no imaginary frequency, which indicates that
this structure is kinetically stable. In addition, the phonon
spectrum of the structure with U = 0 eV is shown in Fig. S1

FIG. 2. (a) Four AFM configurations, AFM1, AFM2, AFM3,
AMF4. Green and blue represent Mo atoms with opposite spins
(green represents spin up, blue represents spin down), and red rep-
resents O atoms. J1 is the nearest-neighbor coupling, and J2/3 the
next-nearest-neighboring coupling along the y/x direction. (b) En-
ergy of ground states of different spin configurations for several
different tensile stresses. (c) Evolution of specific heat capacity (Cv)
and ionic magnetic moment with temperature. (d) Change of mag-
netic moment with tensile strain.

of the Supplemental Material (SM) [44]. Then a molecular dy-
namics simulation is performed at a temperature of 300 K with
a 3 × 3 supercell. The numerical results shown in Fig. 1(e)
show that the energy fluctuation is small in the time range
of 1000–10 000 fs. It suggests that this structure is mechan-
ically stable. Finally, we calculate the elastic constants of
the structure. We have C11 = 118.87 N/m, C33 = 0.68 N/m,
C44 = 0.13 N/m, C66 = 34.70 N/m, C12 = 50.72 N/m,
C13 = 0.14 N/m, satisfying C11 > |C12|, C44,C66 > 0, (C11 +
C12)C33 > 2C2

13, which is the criterion of mechanical stability
[45]. The phonon spectrum, elastic constants, and thermo-
dynamic stability analyses are necessary for the stability of
the crystal studied, though it may be not sufficient. All these
positive results show that the MoO monolayer may be stable
and fabricated in experiment.

Due to the exchange and correlation effect of 4d electrons
in a Mo atom, the MoO monolayer lies in an antiferromagnetic
phase. Each Mo atom has a magnetic moment of 2.02 μB
while the net moment vanishes over a unit cell. To confirm
this point, we consider the possible spin distributions and have
designed five different configurations, named FM, AFM1,
AFM2, AFM3, and AFM4, to compare the ground state
energy of these configurations. The first is a ferromagnetic
configuration. The last four are antiferromagnetic configu-
rations which are shown in Fig. 2(a), with blue and green
representing opposite magnetic moments. The ground state
energy is shown in Fig. 2(b) for these five configurations.
The AFM1 configuration, which exhibits a collinear AFM
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order, has been determined to be the ground state of the
MoO monolayer, since it has the lowest energy. We have also
studied the effect of biaxial tensile stain, which protects the
symmetry of the structure. The results show that AFM1 is
always the ground state in the range 0%–9%. Additionally,
we have determined that the easy magnetic axis in the MoO
monolayer is out of plane. This conclusion is supported by
the calculation of the magnetic anisotropic energy (MAE),
which is given by MAE = Ex − Ez = 0.42 meV, in which Ex/z

represents the energy for magnetic moments aligned at the x/z
direction.

To determine the Néel temperature of the AFM phase tran-
sition, we describe the spin system with the Heisenberg spin
model. The Hamiltonian is given by

H = −
∑
i jα

Jα
i j Ŝ

α
i Ŝα

j − D
∑

i

(
Ŝz

i

)2
, (1)

where Sα
i is the α component of a spin vector on the ith

Mo site, with α = (x, y, z). Jx/y/z
i j describes the exchange cou-

pling between spins aligned along the x/y/z direction situated
on sites i and j. D is the single-ion anisotropy. The first
term is the classical Heisenberg model, and for simplicity,
we have considered only the nearest- (J1) and next-nearest
(J2, J3)-neighboring couplings, as shown in Fig. 2(a). We
have denoted the next-nearest coupling between two blue Mo
cations along the y/x direction as J2/3, respectively, since the
coupling along the y direction is bridged by O anions, while it
is the direct exchange along the x direction. The last term in
Eq. (1) is to ensure the easy magnetic axis is out of plane. To
determine the parameters in the model, we have calculated the
energy of several spin configurations including FM, AFM1,
AFM3, and AFM4 with a supercell of 2 × 2 × 1. At the same
time, these energies can also be expressed with the parameters
in the model Hamiltonian directly,

Eα
FM = E0 − (

16Jα
1 + 8Jα

2 + 8Jα
3

)|�S|2 − 8D|Sz|2δα,z, (2a)

Eα
AFM1 = E0 + (

16Jα
1 − 8Jα

2 − 8Jα
3

)|�S|2 − 8D|Sz|2δα,z, (2b)

Eα
AFM3 = E0 − (−8Jα

2 − 8Jα
3

)|�S|2 − 8D|Sz|2δα,z, (2c)

Eα
AFM4 = E0 + 8Jα

2 |�S|2 − 8D|Sz|2δα,z. (2d)

Therefore, we can obtain these parameters as Jz
1 = −25.11

meV, Jx
1 = Jy

1 = −25.29 meV, Jz
2 = 8.52 meV, Jx

2 = Jy
2 =

7.92 meV, Jz
3 = 6.11 meV, Jx

3 = Jy
3 = 6.92 meV, and D =

0.18 meV. The decay of Ji j with distance is shown in Fig. S2
of the SM [44]. We have simulated this spin model with the
classical Monte Carlo method. The results of specific heat
capacity (Cv) and magnetic moment of each Mo atom have
been obtained for several temperatures, as plotted in Fig. 2(c).
A sharp peak of Cv and a rapid decrease of magnetic mo-
ment is observed at about TN ≈ 1100 K, which is explained
as the Néel temperature, denoting the phase transition from
AFM to the paramagnetic phase. However, the value here
suggests only qualitatively that the Néel temperature might
be high in this system. To achieve a more precise Néel tem-
perature, simulations of additional spin-spin couplings may be
necessary [46].

In addition, we have also studied the effect of biaxial ten-
sile strain on the magnetic moment. As shown in Fig. 2(d),

FIG. 3. Band structures of MoO (a) without SOC and (b) with
SOC.

the magnetic moment exhibits a nearly linear increase with
increasing strain. This behavior suggests that the magnetic
moment becomes more localized as the strain is applied. It
is consistent with the Hubbard model [47]. According to this
model, as the lattice constant expands under strain, the hop-
ping coefficient decreases relative to the on-site interaction.
Consequently, the d electrons become more localized, result-
ing in an increase in the magnetic moment.

IV. ELECTRONIC PROPERTIES

We have calculated the electronic band structure of the
MoO monolayer. The numerical results in the absence of spin-
orbit coupling (SOC) are shown in Fig. 3(a). We find that it is a
metal since the Fermi surface crosses both the conduction and
valence bands. It is interesting that two bands cross each other
on the boundary of the first Brillouin zone to form four Weyl
points near the Fermi surface. The crossing, and therefore
the Weyl points, are protected by spatial symmetry. Take the
case of the M-X line as an example. The symmetry group
of points on the M-X line is C2v = {E , Mx, My,Cy}, which
includes two vertical mirrors and a twofold axis along the y
direction. The numerical analysis indicates that the irreducible
representations of the bands are A1 and B1, respectively, as
labeled in Fig. 3(a). Therefore, the coupling between these
two bands is forbidden, which results in the Weyl point. We
also find that the bands on �-X -M have opposite spin com-
pared with the bands on the �-Y -M line. The reason is that the
crystal is unchanged after a fourfold rotation and time-reversal
symmetry in the AFM phase.

In the presence of SOC, Weyl points are all gapped on the
boundary. However, the SOC is not strong enough to result
in a metal-insulator transition. It is doubtful whether it is
a topological nontrivial phase, since there is a well-defined
direct gap. To make it clear, it is necessary to tune the band
structure to realize a global band gap, which can be realized
by a biaxial tensile strain.

Figure 4 shows the effect of biaxial tensile stain on elec-
tronic bands. Strain will lower the valence band maximum
(denoted as E3) at the X point and Weyl points (E1) on the
boundary line, while the conduction band minimum (E2) is
raised gradually. The evolution is shown in Fig. 4(c). E2 meets
the Weyl point at a critical strain 2.6%. If the strain is larger,
E2 is lifted above the Fermi surface while the Weyl points
(E1) are pinned on the Fermi surface. The band with a strain

214419-3



WU, SONG, JI, WANG, ZHANG, AND ZHANG PHYSICAL REVIEW B 107, 214419 (2023)

FIG. 4. Band structures (a) without SOC and (b) with SOC under
a tensile strain of 7%. (c) The evolution of E1, E2, and E3 [denoted in
(a)] with tensile strains. (d) Wilson loop.

of 7% is shown in Fig. 4(a) without SOC. It is clear that
strain leads to a metal-Weyl semimetal phase transition. If
SOC is included, Weyl points are all gapped, as shown in
Fig. 4(b). In this case, strain will lead to a metal-insulator
phase transition. Here, we underline that the type of strain
is essential to realize this phase transition. Further numerical
results show that uniaxial strain cannot lead to a global band
gap. This is also the case of the CrO monolayer [31,48].

The evolution of Wannier charge centers (WCCs) is
commonly utilized to discern whether or not a system is
topologically trivial. This can be accomplished by computing
an effective one-dimensional system using the Wilson loop
method [49,50], where ky is treated as an adiabatic parameter.
Figure 4(d) gives the WCCs. It indicates that the insulator
phase is topologically trivial since a horizontal line crosses
the loop two times. Further numerical results show that there
always exists a direct gap for strain in the range of 0%–9%
if SOC considered. Therefore, both the metal at small strain
and insulator phases at large strain are topologically trivial.
The vanishing Chern number is protected by an effective TRS
which is a combination of TRS and a fourfold rotation about
the z axis.

To realize the QAH effect, it is necessary to break the
symmetry further. Therefore, we apply a shear strain to tune
the electronic structure and we calculate that its ground state
is still in the AFM1 configuration. Energy bands without and
with SOC are shown in Figs. 5(a) and 5(b), respectively,
with an angle of 89.5◦ between the two lattice bases in the
horizontal plane. We find that Weyl points on the boundary
line are gapped even in the absence of SOC, since the original
symmetry operations, the mirror and rotation, are all broken.
If SOC is considered, there is still a gap of about 50 meV
to realize an insulator phase. We have calculated the Berry
curvature �z(�k) of the occupied bands which can be expressed

FIG. 5. Band structures (a) without SOC and (b) with SOC in the
presence of both tensile strain (7%) and shear strain (89.5◦).

as

�z(�k) = −2 Im
∑
mn

〈n�k|vx|m�k〉〈m�k|vy|n�k〉
(ωm − ωn)2

, (3)

where ωm/n is the energy of the m/nth band, and vx/y denotes
the velocity operator along the x/y direction. The numerical
result, shown in Fig. 6(a), shows that the Berry curvature
concentrates mainly around the gapped Weyl points across the
Brillouin zone. We note that the Brillouin zone is still a square
approximately, since the shear strain causes only a small devi-
ation from the tetragonal lattice. The Berry phase is polarized
with different strengths for the positive and negative valleys.
Then we have calculated the anomalous Hall conductivity σH ,
which is given by

σH = −e2

h

1

2π

∫
BZ

�z(�k)d2�k. (4)

Integrating the Berry curvature �z(�k) over the Brillouin zone,
we obtain a quantized Hall conductivity −e2/h in the gap
regime as shown in Fig. 6(b). It indicates a nonzero Chern
number C = −1. In addition, we have also calculated the
edge state by the WANNIER90 software package. Results in
Fig. 6(c) show that there is a single gapless chiral edge state
connecting the conduction and valence bands, which is the
result of bulk-edge correspondence. This quantum state can
be detected by noncontact magneto-optical technology and is
therefore critical for most practical applications, especially in
two-dimensional devices.

V. CONCLUSIONS

In conclusion, we find that the MoO monolayer may be a
metal if it can be prepared in a single-layer form, and a gap
could open with both tensile and shear strains applied. Such a
system would then be an AFM Chern insulator. The stability
is verified by phonon spectra, molecular dynamics simulation,
and elastic constants. A magnetic moment of larger than 2μB
lies on each Mo atom and is distributed collinearly to form
an AFM phase. Without SOC, it is a metal with Weyl points
near the Fermi surface. With SOC, Weyl nodes are gapped to
realize a metal phase with a direct gap across the Brillouin
zone. Tensile strain will shift the conduction and valence
bands to high energy, except for the Weyl points which will
be pinned on the Fermi surface. SOC will gap the Weyl nodes
and it becomes a trivial insulator. Shear stain will break the
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FIG. 6. (a) Berry curvature of occupied states. (b) Anomalous Hall conductivity vs chemical potential. (c) The energy spectrum of a
half-infinite structure of the MoO monolayer.

effective time-reversal symmetry to realize a Chern insulator
with C = −1. Our study reveals a scheme for implementing
the QAH effect in AFM materials. In particular, once QAH
insulators are implemented in AFM systems, one can observe
QAH effects at near room temperature. As of now, neither
MoO monolayers nor other similar materials have been ex-
perimentally synthesized, and we hope that our results will
draw more attention to these systems by both theoretical and
experimental communities.
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