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Robust quantum anomalous Hall effect with tunable magnetization directions and Chern numbers
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The quantum anomalous Hall effect (QAHE) has attracted significant attention as it provides intriguing
platforms for exploring prominent physical phenomena and applications of low-dissipation devices. Here, we
put forward that, unlike previously reported QAH insulators emerging with either out-of-plane or in-plane

magnetizations, robust QAHE can be obtained in a two-dimensional ferromagnet regardless of the magnetization
directions. In particular, we identify the intrinsic ferromagnetic NiBiO; as a feasible candidate material with
the nontrivial topology explicitly confirmed by nonzero integer Chern numbers C and the emergence of chiral
edge states. Moreover, we proclaim that the Chern numbers can be tuned and a high-Chern-number QAHE,
characterized by C = =£3, is obtained by tuning the magnetization from the in-plane to out-of-plane direction.
Our findings not only advance the general understanding of QAHE but also put forward potential applications in

topotronics.

DOLI: 10.1103/PhysRevB.108.115438

I. INTRODUCTION

The quantum anomalous Hall effect (QAHE) has garnered
considerable attention as a fascinating milestone of mag-
netic topological states [1-4]. As is well known, QAHE,
a zero-magnetic-field quantum Hall effect arising in the
presence of spontaneous magnetization, is characterized by
quantized anomalous Hall conductance o,, = Ce*/h, where
C is the Chern number, and dissipationless chiral edge states
[5]. QAHE provides a versatile playground for investigating
emerging quantum phenomena such as topological mag-
netoelectric effects, Majorana fermions, and so on [6-9].
Moreover, the chiral edge states of QAHE can conduct with-
out dissipation, which is pivotal for the innovative design
of low-power-consumption spintronic devices [1-4]. Indeed,
QAHE is currently maturing into a significantly burgeoning
research field and numerous candidates have been theoreti-
cally proposed to host the QAHE [10-21]. Experimentally,
successful achievements of QAHE are Cr-doped (Bi, Sb),Te;
and intrinsic MnBi,Te4, but magnetic inhomogeneity limits
the observation temperature for Cr-doped (Bi, Sb),Te; and an
external magnetic field is needed to drive the magnetization
direction to out of plane for MnBi,Te4 [22-26]. In addition,
the research on QAHE has recently started to reach out to
in-plane ferromagnetism when all the mirror symmetries are
broken, such as in group-V elements with a buckled hon-
eycomb lattice and single-layer (SL) LaCl [27-30]. Despite
being actively explored, the QAHE that is robust against mag-
netization directions remains elusive, and it would be of great
significance to obtain it in intrinsic two-dimensional (2D)
magnets.
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It is well known that the Chern number C corresponds
to the circulation direction and number of chiral edge states
[31,32]. Thus, the direction and number of nondissipative
current channels, the landmark features of QAHE, can be
controlled by the switching of C. The tuning of the edge
current chirality facilitates potential applications of chiral
logic devices, and more dissipationless chiral edge channels
can significantly improve the performance of QAHE-based
devices [33-36]. In fact, the Chern number C is usually as-
sociated with the magnetic doping concentration, structural
distortion, and thickness of the thin films, as previously pre-
dicted in magnetically doped topological insulators [37-39]
and HgCr,Se4 thin films [40]. In experiment, by increasing
the thin film thickness, a high-Chern-number QAHE has been
recently realized in MnBi,Te4 [24] and a multilayer structure
of alternating magnetic and undoped topological insulators
[41]. However, the Chern number is nonadjustable after gen-
erating a material with fixed magnetic doping concentration
and/or thickness. Thus, candidates with flexible and control-
lable tuning of Chern numbers are in high demand for future
applications of QAHE.

In the present paper, we theoretically demonstrate that
the transition metal oxide NiBiOj3 is a prominent QAH
insulator with a stable crystal structure and intrinsic ferromag-
netic (FM) coupling. Remarkably, in contrast to previously
proposed ones, the QAHE in SL NiBiO3 can be obtained
under various magnetization directions, including in-plane,
out-of-plane, and canted FM configurations. For in-plane
magnetization that breaks all mirror symmetries, QAHE
emerges with the calculations of the anomalous Hall conduc-
tance oy, Wannier charge centers, and edge states confirming
the nontrivial topology. By tuning the direction of in-plane
magnetization, the chirality of QAHE can be periodically
switched with alternative Chern numbers of C = %1, and a
Weyl-like semimetal is obtained when the magnetization is
perpendicular to the mirror planes. Remarkably, while the
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QAHE phase remains intact, we show that the Chern numbers
can be tuned and increased to C = %3 by tuning the magneti-
zation to the out-of-plane directions. Our findings pave a way
to the utilization of QAHE as seed materials for arriving at
robust topologically nontrivial phases.

II. COMPUTATIONAL DETAILS

We use the Vienna ab initio simulation package (VASP)
[42] to perform first-principles calculations on the basis of
density functional theory. The generalized gradient approxi-
mation (GGA) of Perdew-Burke-Ernzerhof (PBE) is used for
the exchange-correlation potential [43]. The cutoff energy is
fixed to 500 eV, and all structures are relaxed until the residual
forces are less than 0.01 eV/A. We use a 15-A vacuum layer
to avoid interactions between nearest slabs. The GGA + U
method with a value of U = 3 eV for Ni-d electrons is used
to correct the Coulomb interaction [44]. Maximally localized
Wannier functions (MLWFs), combining the results of first-
principles calculations of VASP, are constructed in the basis of
O/Bi-p and Ni-d orbitals by using the WANNIER90 code [45].
The phonon calculations are carried out using the PHONOPY
code [46].

III. RESULTS AND DISCUSSION

Single-layer (SL) NiBiOj crystallizes in a hexagonal lattice
with space group P31m, stacking in a sequence of Bi-O-Ni-
0O-Bi, as depicted in Fig. 1(a). There are ten atoms in the unit
cell of SL NiBiOj;, where six O atoms occupy the Wyckoff
6k position, two Ni atoms occupy the 2d position, and two
Bi atoms occupy the 2e position. The optimized lattice con-
stant is a = 5.09 A, and Bi-O and Ni-O bond lengths are
2.12 and 1.95 A, respectively. The formation energy of SL
NiBiO; is computed as the energy difference between SL
NiBiO; and the Ni, Bi crystal, and oxygen molecule, given
by Erorm = ENiBi03 — Eni — Ei —3/2 Eoz. The obtained for-
mation energy of —3.01 eV implies that the SL NiBiOj is
energetically stable and its experimental synthesis is achiev-
able. The dynamical stability is investigated via the phonon
spectrum calculations. As illustrated in Fig. 1(c), there is no
imaginary frequency in the entire Brillouin zone, revealing
that the SL NiBiO; is dynamically stable. Moreover, molec-
ular dynamics simulations are carried out for 10 ps at 300 K.
As illustrated in Fig. 1(d), there is neither bond breakage nor
structure reconstruction, suggesting a robust thermal stability
for SL NiBiOs.

To determine the magnetic ground state of SL NiBiOs,
we considered nonmagnetic, ferromagnetic, and antiferro-
magnetic configurations. The energy gain resulting from spin
polarization is about 0.31 eV per Ni, meaning that the ground
state of SL NiBiOj is spin polarized. Our spin-polarized total
energy calculations indicate that the FM state is energetically
favored over the antiferromagnetic (AFM) one by 91.4 meV
per Ni, attributed to the Ni-O-Ni superexchange interactions,
and this large value suggests that the FM coupling is strong
and robust in the SL NiBiO3;. A Ni atom is coordinated by
six O atoms with distorted octahedra, and such a local crystal
field splits the d shell into three groups: d 2, (dxy, dy2_y2), and
(dyz, dy;). The calculated 1.0 of net magnetic moment per
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FIG. 1. (a) Crystal structure of single-layer (SL) NiBiOj in space
group P31m. (b) The first Brillouin zone with high-symmetry points
denoted as red dots. (¢) The phonon dispersion and (d) time evolution
of free energy during the molecular dynamics calculations for SL
NiBiOs3, showing that the SL is dynamically and thermally stable. (e)
Energy differences of SL NiBiO; with respect to the magnetization
directions 6 and ¢. (f) Temperature variation of the Monte Carlo
averaged spin and heat capacity per Ni for SL NiBiOs.

Ni indicates that the Ni atom has a 3d’ configuration, which
yields a low-spin state, i.e., six electrons occupy the d. and
(dyy, dy2_y2) orbitals, and then the remaining one electron fills
one of the (d,;, d,;) orbitals. After including the SOC effect,
we further study the magnetic anisotropy energy (Emag) of
SL NiBiOj3. As shown in Fig. 1(e), the polar angle of 6 = 90°
with an in-plane direction corresponds to the minimum Eyag,
and the polar angle of 6 = 0° (or & = 180°) with an out-of-
plane direction corresponds to the maximum Eyag. The Epvag
exhibits a dependence on the polar angle 6 while showing
almost identical behavior for different azimuthal angles ¢,
reaching a small value of Eyag = 3.4 ueV per Ni that may
be tuned by an external field. Furthermore, based on the
Heisenberg Hamiltonian, the Curie temperature of SL NiBiO3
was estimated from Monte Carlo simulations to be as large as
258 K [47], revealing the possibility of potential applications
at high temperature.

Figure 2(a) presents the spin-polarized band structures in
the absence of SOC, where the red and blue bands correspond
to the spin-up and spin-down channels, respectively. Because
of intrinsic spin polarization, the bands of opposite spins are
clearly split far away from each other. While a gap appears in
the spin-down bands, the spin-up bands that are left around
the Fermi level are gapless with the Weyl-like band cross-
ings along I'-M, revealing a good half-metallic characteristic
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FIG. 2. (a) Band structures of SL NiBiO3 without spin-orbit coupling (SOC). The spin-up bands are gapless while a gap emerges in the
spin-down bands. (b) Phase diagram of energy gaps and Chern numbers vs the azimuthal angle ¢ for in-plane magnetization. The radial value
of the red line represents the magnitude of the corresponding band gap. Band structures of SL NiBiO3 with SOC for the in-plane magnetization
with (c) breaking and (d) preserving the mirror symmetry at ¢ = 0° and ¢ = 30°, respectively. Insets are the corresponding three-dimensional
(3D) band structures around the M points. Evolution of the sum of Wannier charge centers for SL NiBiO; with (e) ¢ = 0° and (f) ¢ = 60°,
showing the QAHE with opposite Chern numbers of C = —1 and C = 1, respectively. Insets present the reciprocal-space distribution of Berry
curvatures for all occupied bands. Energy dispersions of a semi-infinite NiBiO3; nanoribbon with (g) ¢ = 0° and (h) ¢ = 60° confirm the

topological nature with opposite chirality.

near the Fermi energy. Remarkably, taking SOC into account,
the electronic and topological properties are highly sensitive
to the orientations of ferromagnetization. As illustrated in
Figs. 1(a) and 1(b), there are three mirror planes in SL NiBiO3
along the I'-K (K') lines. One of the three mirror planes sur-
vives when the in-plane ferromagnetization is perpendicular
to it, and consequently the system still remains gapless and
shows a half-metallic character. If the in-plane ferromagneti-
zation breaks all mirror symmetries, as depicted in Fig. 2(c), a
global gap of 1.5 meV opens at the Weyl-like point when the
in-plane ferromagnetization is not perpendicular to any of the
three mirror planes.

To confirm the topologically nontrivial character of the
gap, we calculate the Chern number C, given by C =
% fBZ Q(k)d’k. Here, Q(k) is the Berry curvature over all
of the occupied states [48,49],

Q(k) - _ Z ZZIm<wnklvx|¢mk><ka|Uy|Wnk) (1)

(Smk — &nk )2 '

n<Ep m#n

where m, n are band indices, and v,/ and &,/ represent
the Bloch wave functions and corresponding eigenenergies
of band m/n, respectively. vy, are the velocity operators.
As expected, arising mainly from the Berry curvature Q(k)
around the M points as shown in Fig. 2(e), the Chern number
indeed acquires an integer value of C = 1. We then employ the
Wilson loop method to confirm the nonzero Chern number C
as displayed in Fig. 2(e), demonstrating the QAH effect in SL
NiBiOj3 even with in-plane ferromagnetization.

The existence of chiral edge states is one of the most impor-
tant properties of the QAH effect. The integer value of C = 1
indicates that there is one gapless edge state in the nontrivial
gap for SL NiBiOs. To illustrate this, we carry out calculations

of the edge states using the MLWFs of SL NiBiOj3, and the re-
sults for its semi-infinite nanoribbon are displayed in Fig. 2(g).
One can clearly see one chiral edge state around the I" point.
This is in direct agreement with the calculated Chern number
C =1, and further explicitly confirms the QAH state in SL
NiBiO;.

We then rotate the magnetic directions, which provides a
promising way to control both symmetry and topology. There
are two cases that need to be considered, namely, the polar
angle 6 indicates the directions between in plane and out
of plane, and the azimuth angle ¢ represents the in-plane
magnetization with different directions. While the energy dif-
ference is negligible, where, as displayed in Fig. 1(e), with
Emag it is almost zero, we start by considering the situ-
ations of in-plane magnetization with different ¢. Indeed,
switching the angle ¢ can result in a gap closure and give
rise to a nontrivial semimetallic state when the in-plane
magnetization is perpendicular to the mirror planes. If ¢ ex-
ceeds the critical values, the reopening of the energy gap is
obtained.

Figure 2(d) indicates that there are two isolated band cross-
ing points along the I'-M line when the mirror symmetry
survives, and remarkably the two band crossing points me-
diate the topological phase transitions from the nontrivial
Chern numbers C = 1toC = —1, and/or vice versa. The band
structures appear to be quite similar to that of C = 1. However,
the signs of the Berry curvatures are different. One can find
that two-thirds of the Berry curvatures are positive while they
are negative in the remaining one-third parts for C = 1. In
contrast, for C = —1, two-thirds are negative and one-third is
positive. The opposite chirality is further explicitly confirmed
by the Wannier charge center (WCC) calculations and the
gapless edge states that reverse their propagating directions
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FIG. 3. (a) Band structures of SL NiBiO3 with SOC for out-
of-plane magnetization. (b) Energy dependence of the anomalous
Hall conductivity oy, revealing a quantized value within the energy
window of the SOC gap. The inset shows the reciprocal-space distri-
bution of Berry curvatures within the SOC gap. (c) Evolution of the
sum of WCCs for all occupied states suggests a high Chern number
of C = 3. (d) Energy dispersion of a semi-infinite ribbon shows three
chiral edge states within the SOC gap.

as shown in Figs. 2(f) and 2(h). There are three mirror planes
in SL NiBiO; and thus the band gap closing emerges in the
interval of 60°. Consequently, there is a periodic jumping of
the QAH states with alternative Chern numbers C = =1 in the
interval of 60° as illustrated in Fig. 2(b). Similar to a previous
study [50], we found that the band gap value of SL NiBiO3
is contingent upon the extent of symmetry breaking and can
be precisely characterized by a sine function. The global band
gap exhibits periodic variations with changes in the magnetic
direction.

Another distinctive type of magnetic direction is the out-of-
plane direction, which breaks all three of the above-mentioned
mirror planes. As presented in Fig. 3(a), a direct-gap insulator
with an energy gap of 5.7 meV is obtained. To gain insights
into the topological characters in this case, the anomalous
Hall conductivity o,, is calculated and presented versus the
position of the Fermi level in Fig. 3(b). The quantization of
oy, With an integer value of C = 3, when the Fermi level is
located within the energy gap, is clearly visible. Remarkably,
there are three chiral edge states within the nontrivial band
gap, as shown in Fig. 3(d), confirming the nontrivial QAH
effect in SL NiBiO3 and thus that a phase transition from
low C to high C can be effectively tuned by the magnetic
directions. To elucidate this transition more clearly, we present
the 2D distribution of Berry curvatures in the inset of Fig. 3(b).
Different from the QAH state with C = 1, we see that the
nonzero Berry curvatures (k) are localized around the M
points with the same sign, and the evolution of WCCs with
winding number 3 corroborates the nontrivial Chern numbers
Cc=3.

We further consider the case of canted magnetizations and
discuss the characteristics of the band structures when transi-
tioning between different Chern numbers. Taking 6 = 30° as
an example, Figs. 4(a) and 4(b) indicate that the QAH state
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FIG. 4. (a) The anomalous Hall conductivity o, and (b) energy
dispersion of a semi-infinite ribbon for SL NiBiO; with polar angle
6 = 30°. (¢) 3D band structures of SL NiBiO3 with (c) 6 = 66.8°,
¢ =0°and (d) 8 = 77.3°, ¢ = 180°.

with C = 3 remains intact for SL. NiBiO3 with canted magne-
tizations. The global band gap decreases with increasing polar
angle 6, and indeed the band gap undergoes a closing and
reopening process, suggesting a topological phase transition.
However, remarkably, the QAHE survives with C = %1, i.e.,
the QAHE is robust against the magnetization directions with
a switchable Chern number. The changes of Chern numbers
are different, which are AC =2 and AC = 4, since the pe-
riodic jumping of Chern numbers C = £1 along different
¢. To uncover the nontrivial topology of the variation, we
exemplified in Figs. 4(c) and 4(d) the 3D band structures with
a closed gap for the transitions fromC =3toC =1and C =
—1, respectively. In fact, along different ¢, the gap closes at
different polar angles 6, which are respectively 6 = 66.8° and
6 = 77.3°, and the so-called mixed Weyl points are obtained
under these critical 6 [51]. The numbers of mixed Weyl points
amount to the corresponding changes of Chern numbers. This
is in direct agreement with the fact that each Weyl point carries
a topological charge of 1, whereby it mediates the transitions
of QAHE fromC =3toC =1and C = —1.

IV. CONCLUSIONS

In summary, we demonstrated that the 2D stable transition
metal oxide of SL NiBiOj can exhibit an intrinsic QAHE with
in-plane magnetization, characterized by a nonzero Chern
number C = *+1 and a dissipationless chiral edge state. Re-
markably, we uncover that, unlike previous configurations
where the QAHE may be heavily deformed by tuning the
magnetization directions, the QAHE in SL NiBiO3 remains
intact with either canted or out-of-plane magnetizations. In
particular, the Chern number is tunable, reaching as much as
C = %3, and that the long-awaited high-Chern-number QAH
state is obtained with the emergence of three chiral edge
states. Our results provide an ideal platform to achieve a
Chern number tunable QAHE in the same material, which is
expected to draw great experimental attention.
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