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ABSTRACT: The long-sought Chern insulators that manifest a
quantum anomalous Hall effect are typically considered to occur in
ferromagnets. Here, we theoretically predict the realizabilities of
Chern insulators in antiferromagnets, in which the magnetic
sublattices are connected by symmetry operators enforcing zero net
magnetic moment. Our symmetry analysis provides comprehensive
magnetic layer point groups that allow antiferromagnetic (AFM)
Chern insulators, revealing that an in-plane magnetic configuration is
required. Followed by first-principles calculations, such design
principles naturally lead to two categories of material candidates,
exemplified by monolayer RbCr4S8 and bilayer Mn3Sn with collinear
and noncollinear AFM orders, respectively. We further show that the
Chern number could be tuned by slight ferromagnetic canting as an effective pivot. Our work elucidates the nature of the Chern-
insulator phase in AFM systems, paving a new avenue for designing quantum anomalous Hall insulators with the integration of
nondissipative transport and the promising advantages of the AFM order.
KEYWORDS: quantum anomalous Hall effect, antiferromagnets, magnetic group, first-principles calculations

Chern insulators manifest a quantum anomalous Hall
effect (QAHE) that has a nondissipative edge state

induced by spontaneous magnetization and nontrivial band
topology, hosting the potential for ultralow-power electronic
devices.1,2 At present, QAHE has been realized in several
systems with long-range ferromagnetic (FM) order, such as
topological insulators with magnetic doping,3 intrinsic
magnetic topological materials,4,5 and orbital ferromagnetism
in twist bilayer graphene.6 However, due to the scarcity of
ferromagnetic insulators and their relatively low Curie
temperatures,3−5 the ideal material platform to realize a
QAHE remains a long-sought challenging issue. On the other
hand, antiferromagnetic (AFM) insulators have a series of
advantages in device applications, including higher transition
temperature, insensitivity to disturbing magnetic fields, zero
stray field, high switching speed, etc.7,8 Recent progress in
AFM spintronics has revealed a lot of exotic phenomena that
indeed exist in antiferromagnets but are typically considered to
occur solely in ferromagnets, such as spin splitting,9−11

anomalous Hall effect,12−14 and Weyl semimetal phase.15,16

Therefore, whether QAHE can be realized in antiferromagnets
is an intriguing open question, which, if realized, would bring a
paradigm shift in the physical understanding and material
selection of QAHE, with extra potential advantages of the
antiferromagnets mentioned above.

It should be clarified that the classical definition of AFM,
proposed by Neél,17 is not merely having zero net magnetic
moment, but two (or more) sublattices that carry opposite
local moments are crystallographically equivalent;17−19 in

other words, the sublattices need to be connected by certain
symmetry operators (see Figure 1a,b). In contrast, if the
magnetic sublattices are not related by any symmetry operator,
even the net magnetic moments are zero in some materials,
they are still special cases of ferrimagnets, dubbed as
compensated ferrimagnets.20,21 Up to now, all the attempts
to predict Chern insulators in zero-moment magnets are
indeed compensated ferrimagnets themselves22 or destroy the
symmetry connecting the AFM sublattices, thus undergoing a
phase transition from antiferromagnets to ferrimagnets.23−28

Unlike ferrimagnets, where the Berry curvatures of different
sublattices are not necessarily the same, the symmetry that
protects the AFM order usually compensates the Berry
curvatures of the sublattices with opposite moments
simultaneously (e.g., the combination of inversion P and
time-reversal T; see Figure 1a), leading to a total Chern
number of zero. Therefore, the key challenge to realize a
Chern-insulator phase in antiferromagnets requires a complete
survey of symmetries that compensate the magnetic moments
yet retain the Berry curvature (see Figure 1b).

In this paper, by combining symmetry analysis and first-
principles calculations, we treat the search for AFM Chern
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insulators as a design problem and provide generic design
principles as well as corresponding material candidates. The
symmetry analysis reveals two crucial design principles for
AFM Chern insulators, i.e., (1) the magnetic layer point groups
(MLPGs) belong to Table 1; (2) there is an in-plane magnetic

configuration. For material realization, we consider two distinct
categories, i.e., collinear and noncollinear AFM orders,
exemplified by monolayer RbCr4S8 and bilayer Mn3Sn,
respectively. Moreover, the ferromagnetic canting induced by
an external magnetic field could be used as a pivot to
manipulate the Chern number. Our work verifies the
realizability of QAHE in AFM systems with comprehensive
searching principles, which paves a new avenue for the material
selection of Chern insulators with the promising possibility to
integrate the advantages of the AFM order.

To illustrate the symmetry conditions of nonzero Chern
number, we start from the transformation of Berry curvature in
2D BZ under various symmetries. In 2D, Berry curvature is a
single-axis vector defined in the direction perpendicular to the
2D plane (Ωz), and it is norm-preserved under any orthogonal
transformations. Therefore, under a symmetry operation g that
belongs to the magnetic layer point group (MLPG) G of a

given material, the transformed Berry curvature will be either
reversed (Figure 1a) or unchanged (Figure 1b). We summarize
the symmetry conditions that reverse or maintain Berry
curvatures in
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represents the sum of Berry curvature of all occupied
bands,29,30 must be 0 due to the compensating Ωz(k) and
Ωz(gk). Therefore, the corresponding materials could manifest
the quantum spin Hall effect instead of QAHE. On the other
hand, for the materials that fulfill the second condition in eq 1,
nonzero Chern numbers are naturally allowed.

In addition, we note that the target MLPGs possess
symmetries that connect different magnetic sublattices to
ensure the AFM nature; therefore, MLPGs 1 and 1 are
excluded. In Table 1, we summarize all the MLPGs supporting
nonzero Chern numbers in terms of Laue groups.31 For a given
MLPG, we also list the specific operators connecting the two
AFM sublattices and the permitted spin configuration types,
including collinear and noncollinear. Since both the magnetic
moment and Berry curvature are axial vectors and are odd with
respect to T, the symmetry operators that can reverse the out-
of-plane magnetic moments inevitably reverse the Berry
curvature Ωz as well, leading to zero Chern number.
Consequently, the spin configuration in AFM Chern insulators
must be in-plane, i.e., collinear, or noncollinear but coplanar. In
the Supporting Information, we use the MLPG 3m′ as an
example to illustrate the derivation of Table 1.

Based on the above analysis, we provide two leading design
principles of the AFM Chern insulator: (1) the MLPG belongs
to Table 1; (2) there is an in-plane magnetic configuration. In
addition, the magnetic atoms at the same Wyckoff position
should be connected by the operators given in Table 1, with
their magnetic moments adding to zero. These principles, valid

Figure 1. (a, b) Schematic plots of two types of 2D antiferromagnets, i.e., (a) existing symmetry g S that reverses Berry curvature and (b)
otherwise maintaining Berry curvature (g S for all g G). The symmetry groups G fulfilling the latter condition allow AFM Chern insulators.
Note that both types of AFM need to have symmetry connecting different magnetic sublattices. In contrast, ferrimagnets, even with compensated
magnetic moment, do not have equivalent magnetic sublattices connected by symmetry, as shown in (c).

Table 1. Magnetic Layer Point Groups (MLPGs) That
Allow Non-Zero Chern Number and Protect AFM, the
Corresponding Symmetry Operations Ensuring AFM, and
the Allowed AFM Typesa

magnetic layer point groups
operations ensuring

AFM allowed AFM types

2,m,2/m C2z,mz collinear
2′,m′,2′/m′ TC2x,Tmx collinear
2′2′2,m′m2′,m′m′2,m′m′m C2z,mz,TC2x,Tmx collinear/

noncollinear
3,3̅ C3z,PC3z noncollinear
4,4̅,4/m C4z,PC4z noncollinear
6,6̅,6/m C6z,PC6z noncollinear
32′,3m′,3̅m′ C3z,PC3z noncollinear
42′2′,4m′m′,4̅2′m′,4/mm′m′ C4z,PC4z noncollinear
62′2′,6m′m′,6̅m′2′,6/mm′m′ C6z,PC6z noncollinear

aThe MLPGs are classified in terms of the Laue group having
inversion symmetry P. To avoid confusion, we use international
symbols to denote MLPGs, while use Schoenflies symbols to denote
symmetry operations.
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for materials either recorded in existing databases or artificially
designed, can be used as filters to conduct efficient material
design for QAHE. By using first-principles calculations, we next
propose two candidate materials, monolayer RbCr4S8 and
bilayer Mn3Sn with collinear and noncollinear AFM orders,
respectively, to illustrate the topological properties of AFM
Chern insulators.

We choose monolayer RbCr4S8 as a candidate of collinear
AFM, as shown in Figure 2a. Bulk RbCr2S4 has an

orthorhombic crystal structure with Cr2S4 layers connected
by Rb atoms stacking along the c axis, with the space group
Pmmm and lattice constants a = 6.004 Å, b = 6.947 Å, and c =
15.973 Å.32 By breaking Rb−S bonds, we could get a slab
structure of bilayer Cr2S4 with one layer of Rb atoms between
them, forming a nonstoichiometric monolayer RbCr4S8 as
shown in Figure 2a. We consider an in-plane A-type AFM
magnetic configuration on Cr along the a axis, rendering a
metastable state with the total energy 2.0 meV/fu. higher than
that of the ground state (Supplementary Note II). As a result,
the monolayer RbCr4S8 possess the MLPG mz connecting two
magnetic sublattices, which is included in Table 1.

The electronic structure and topological properties of
monolayer RbCr4S8 are shown in Figure 2b−d. Because the
two Cr2S4 layers connected by mz are intercalated by a Rb
buffer layer, the hybridization between these two electronic-
active layers is rather weak, leading to almost doubly
degenerate bands throughout the entire Brillouin zone near
the Fermi level. We find that there is a nontrivial gap located at
90 meV above the Fermi level (Figure 2b). In contrast, the
band structure has a trivial gap without spin−orbit coupling
(SOC) (Figure S5b in the Supporting Information), indicating
that the role of SOC is to induce the band inversion and large
Berry curvature near the X point. The calculations of the
Wilson loop (Figure S3a in the Supporting Information) and
the two chiral edge states (Figure 2c) further confirm that the
Chern number at this nontrivial gap is C = 2. Furthermore, the
distribution of Berry curvature in reciprocal space (Figure 2d)
shows that the peaks of Berry curvature appear in the vicinity

of the X point and are not eliminated by the AFM symmetry,
which is consistent with our prediction.

According to our design principles and the characteristics of
weak coupling between magnetic sublattices in monolayer
RbCr4S8, we propose a scenario of designing collinear AFM
Chern insulators based on the stacking of in-plane FM Chern
insulators.33−36 The key point is to build an AFM bilayer
system with FM building blocks connecting to each other by
mirror symmetry mz (Supplementary Note IV). Specifically, we
provide a hexagonal lattice model Hamiltonian with in-plane
Zeeman field to describe such a designed structure:

= + [ × · ]† †H t c c i c E d c( )mo
i j

i j I
i j

i ij ij j
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where Hmo is the Hamiltonian of a single FM layer with
nearest-neighbor hopping, next nearest-neighbor SOC, and on-
site in-plane magnetization terms, Hbi represents the stacking
of the AFM bilayer through mz, with Hi being the coupling
between the two FM building blocks and P m( )z being the
representation of mz. The band structure of such an AFM
bilayer system is shown in Figure S7 in the Supporting
Information. We find that when H 0i , the AFM bilayer is
almost two copies of in-plane FM Chern insulator, similar to
the case of monolayer RbCr4S8. The mirror symmetry ensures
that the total Chern number is the superposition rather than
compensation for that of the building blocks. For finite Hi, as
long as the interlayer interaction is insufficient to close the gap,
the nontrivial Chern number remains. There are indeed many
ways to manipulate various interlayer interactions in realistic
materials.37−40 In addition to some van der Waals layer
materials with intrinsic weak interlayer coupling, it can also be
realized by intercalating some inert medium (e.g., BN sheets)
into the AFM bilayer, providing an effective method to design
collinear AFM Chern insulators from known in-plane FM
Chern insulators.

We choose bilayer Mn3Sn as a candidate material for
noncollinear AFM Chern insulator. Bulk Mn3Sn has a
hexagonal crystal structure with space group P63/mmc and
lattice constants a = b = 5.591 Å and c = 4.503 Å.32 It is widely
studied due to the coexistence of AFM order and the
anomalous Hall effect, Weyl semimetal phase, etc.16,41−43 We
adopt bilayer Mn3Sn with a [0001] surface plane and the all-
in−all-out magnetic configuration shown in Figure 3a, which is
only 4.5 meV/fu higher than the energy of the magnetic
ground state (Supplementary Note II). The corresponding
MLPG is 3m′ with six magnetic Mn atoms in one unit cell
connected by PC3z symmetry, which conforms to our design
principles in Table 1.

As shown in Figure 3b, the band structure with atomic
orbital projection shows a 47 meV global gap at 0.5 eV below
the Fermi level and the band anticrossing between Mn dxy and
other d orbitals near the M point. In comparison, the
corresponding band structure without SOC shows a pair of
doubly degenerate node points near each M point (Figure S6b

Figure 2. (a) Bulk crystal structure of monolayer RbCr4S8 and its slab
version (dashed box) with the Neél vector along the a axis. (b) Slab
band structure and (c) edge states of monolayer RbCr4S8. (d)
Distribution of Berry curvature in the reciprocal space, with black
lines marking the 2D Brillouin zone.
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in the Supporting Information), indicating that the role of
SOC is to gap the node points, forming the source of large
Berry curvature. Furthermore, the edge states shown in Figure
3c have three chiral modes connecting the upper and lower
slab bands, giving rise to the nontrivial Chern number C = 3.
The distribution of the Berry curvature further illustrates the
influence of symmetry. As shown in Figure 3d, a pair of Berry
curvature peaks with the same sign appear near each M point
along the M−K path, originating from the gapped node points
connected by PC3z symmetry.

Because any symmetry operators that can reverse the out-of-
plane magnetic moments will inevitably reverse the Berry
curvature Ωz as well, all of the MLPGs that allow AFM Chern
insulators will not be broken by a FM canting along the z
direction. Given that most Chern insulators in previous studies
have been induced by an out-of-plane FM moment, the FM
canting could greatly affect the topological properties of AFM
Chern insulators, thus providing a novel way to regulate the
topological phases.

We still chose bilayer Mn3Sn to elucidate the effect of FM
canting. By adjusting the canting angle to control the out-of-
plane FM component, we find that the band gap and the
topological nature can be effectively tuned by FM canting, as
shown in Figure 4a. FM canting along both positive and
negative z directions renders a higher total energy, indicating a
stable in-plane AFM state. Remarkably, while +z canting
increases the nontrivial band gap, −z canting closes the band
gap at a canting angle of −4.5° (1.4 meV/fu higher than the in-
plane AFM state) and then reopens the gap, indicating the
occurrence of a topological phase transition. We calculated the
band structure and the edge states of bilayer Mn3Sn with −4.5°
canting and −8.9° FM canting, corresponding to the critical
phase of gap closing and the phase within the gap reopening
region, respectively (Figure 4b−e). A band crossing is clearly
shown for −4.5° canting (Figure 4b), with the edge states
connecting different node points. In comparison, bilayer
Mn3Sn with −8.9° canting manifests three chiral edge states
propagating opposite to those of the AFM phase, indicating a
Chern number C = −3 (Figure 4d,e).

The above results indicate that the Chern number of the
AFM Chern insulator is highly adjustable via out-of-plane FM

canting. In the example of bilayer Mn3Sn, the Chern number
can be changed from 3 to −3 by a canting angle of only 4.5°,
for which the required external magnetic field or magnetic
proximity is much smaller than that required to reverse the
magnetic moments in FM Chern insulators. Therefore, the
topological phase transition in AFM Chern insulators could be
achieved by FM canting with great ease, providing a new way
to regulate quantum anomalous Hall conductivity. Meanwhile,
if the required FM canting is small enough, several advantages
of AFM would still be maintained.

Finally, we discuss the differences of physical mechanism of
the Chern-insulator phase between antiferromagnetism and
ferrimagnetism. For ferrimagnets, even with compensated
magnetic moments, the absence of symmetry connecting
different magnetic sublattices (Figure 1c) naturally leads to
inequivalent energy bands. Therefore, the nontrivial Chern
number of ferrimagnetic insulator is typically contributed by a

Figure 3. (a) Crystal structure and noncollinear magnetic
configuration of AFM bilayer Mn3Sn. (b) Band structure and (c)
edge states of bilayer Mn3Sn. (d) Distribution of Berry curvature in
reciprocal space, with the dashed lines marking the 2D Brillouin zone.

Figure 4. (a) The total energy and the band gap along the M−K path
of bilayer Mn3Sn as a function of the FM canting angle, giving rise to
two Chern-insulator phases with C = 3 and C = −3. (b) Band
structure along the M−K path and (c) edge states with −4.5° FM
canting. In (b), the band closing point is marked by the red circle. (d,
e) Same as (b, c) but with −8.9° FM canting.
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single magnetic sublattice,22,28 resembling the origin of QAHE
in ferromagnets. In sharp contrast, with the restrictions
described in Figure 1b and Table 1, different magnetic
sublattices in AFM are connected by symmetry and thus
contribute equally to the total Berry curvature (Figures S5 and
S6 in theSupporting Information). Consequently, AFM Chern
insulators usually carry large Chern numbers, as exemplified by
the two material candidates shown above (C = 2 and C = 3 for
collinear and noncollinear cases, respectively), providing an
ideal platform for realizing the nondissipative transport with
multichannel and large conductance comparing with FM or
ferrimagnetic systems. While our material candidates are on
the level of proof of concept, our design principles could
trigger the fast discovery of ideal AFM Chern insulator
materials with the further improvement of the 2D magnetic
material databases. In addition, we notice that the recent
discovered altermagnetism,11,19 in which the staggered
magnetic order leads to zero net magnetization, possesses
spin-splitting electronic structure and corresponding T-break-
ing responses. In this sense, both altermagnetism and AFM
Chern insulators are explorations of the field of AFM
spintronics with emergent effects that are previously thought
to exist exclusively in ferromagnets.

In summary, we elucidate the realizability of Chern
insulators in AFM systems with specific symmetry connecting
the magnetic sublattices, provide comprehensive design
principles for efficient material screening, and predict two
example materials with collinear and noncollinear AFM order.
Comparing with the traditional FM Chern insulators, the AFM
counterpart shares various advantages including a large Chern
number with enhanced Berry curvature from different
magnetic sublattices, great tunability by small FM canting,
high switching speed, etc. Our research paves a new avenue for
the field of QAHE by involving a large AFM pool that is
previously overlooked, which is promising to find long-sought
high-temperature Chern insulators within the continuously
enhanced 2D magnetic material database.
Note added: during submission, we noticed a related work

about QAHE in AFM heterojunctions,44 which is another
approach to realize AFM QAHE.

■ METHODS
First-Principles Calculations. Our first-principles calcu-

lations were carried out by the Vienna ab initio simulation
package (VASP)45 based on the projector augmented wave
(PAW) method46 within the framework of density functional
theory.47,48 The exchange-correlation functional was described
by the generalized gradient approximation with the Perdew−
Burke−Ernzerhof formalism (PBE)49,50 with on-site Coulomb
interaction Hubbard U = 5 eV for electrons on d orbitals of
Mn, respectively. The total energy convergence criteria was set
to 1.0 × 10−6 eV, and the plane-wave cutoff energy was set to
350 eV. The whole Brillouin zone was sampled by a 7 × 7 × 1
Monkhorst−Pack grid for monolayer RbCr4S8 and 9 × 9 × 1
for bilayer Mn3Sn. The topological edge states and Berry
curvature were obtained from a tight-binding Hamiltonian base
on the Wannier functions51,52 of Cr d and S p orbitals for
monolayer RbCr4S8 and Sn p and Mn s,d orbitals for bilayer
Mn3Sn and by the iterative Green’s function as implemented in
the WannierTools package.53

The Berry curvature and Chern number are calculated by
the Kubo formula29,30
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where |kn⟩ and εkn are the eigenstate and eigenvalue for band n
with wave vector k and =v i x y( , )i is the velocity operator
along the i direction. On the other hand, we provide the
expression of the local Berry curvature54−56 in real space to
identify the contributions of sublattices to the Berry curvature
discussed in the main text:
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,

(5)

where ρA is the projection matrix onto the magnetic sublattice
A. When the symmetry operation g connecting different
sublattices in AFM does not reverse the Berry curvature,
different sublattices would contribute the same Berry curvature
and thus a nonzero Chern number in total.
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(17) Néel, L. Propriet́eś magnet́iques des ferrites; ferrimagnet́isme et

antiferromagnet́isme. Ann. Phys. (Paris, Fr.) 1948, 12 (3), 137−198.
(18) Coey, J. M. D. Magnetism and Magnetic Materials; Cambridge

University Press, 2010.
(19) Mazin, I. Altermagnetism-A New Punch Line of Fundamental

Magnetism. Phys. Rev. X 2022, 12 (4), 040002.
(20) Finley, J.; Liu, L. Q. Spintronics with compensated

ferrimagnets. Appl. Phys. Lett. 2020, 116 (11), 110501.
(21) Kim, S. K.; Beach, G. S. D.; Lee, K. J.; Ono, T.; Rasing, T.;

Yang, H. Ferrimagnetic spintronics. Nat. Mater. 2022, 21 (1), 24−34.
(22) Zhou, P.; Sun, C. Q.; Sun, L. Z. Two Dimensional

Antiferromagnetic Chern Insulator: NiRuCl6. Nano Lett. 2016, 16
(10), 6325−6330.
(23) Zhou, J.; Liang, Q. F.; Weng, H. M.; Chen, Y. B.; Yao, S. H.;

Chen, Y. F.; Dong, J. M.; Guo, G. Y. Predicted Quantum Topological
Hall Effect and Noncoplanar Antiferromagnetism in K0.5RhO2. Phys.
Rev. Lett. 2016, 116 (25), 256601.
(24) Wang, J. Antiferromagnetic Dirac semimetals in two

dimensions. Phys. Rev. B 2017, 95 (11), 115138.
(25) Jiang, K.; Zhou, S.; Dai, X.; Wang, Z. Q. Antiferromagnetic

Chern Insulators in Noncentrosymmetric Systems. Phys. Rev. Lett.
2018, 120 (15), 157205.
(26) Liu, J.; Meng, S.; Sun, J. T. Spin-Orientation-Dependent

Topological States in Two-Dimensional Antiferromagnetic NiTl2S4
Monolayers. Nano Lett. 2019, 19 (5), 3321−3326.
(27) Lei, C.; Trevisan, T. V.; Heinonen, O.; McQueeney, R. J.;

MacDonald, A. H. Quantum anomalous Hall effect in perfectly
compensated collinear antiferromagnetic thin films. Phys. Rev. B 2022,
106 (19), 195433.
(28) Guo, P. J.; Liu, Z. X.; Lu, Z. Y. Quantum anomalous hall effect

in collinear antiferromagnetism. Npj Comput. Mater. 2023, 9 (1), 70.
(29) Thouless, D. J.; Kohmoto, M.; Nightingale, M. P.; den Nijs, M.

Quantized Hall Conductance in a Two-Dimensional Periodic
Potential. Phys. Rev. Lett. 1982, 49 (6), 405−408.
(30) Xiao, D.; Chang, M. C.; Niu, Q. Berry phase effects on

electronic properties. Rev. Mod. Phys. 2010, 82 (3), 1959−2007.
(31) Hahn, T.; Shmueli, U.; Arthur, J. W. International tables for
crystallography; Reidel: 1983.
(32) Jain, A.; Ong, S. P.; Hautier, G.; Chen, W.; Richards, W. D.;

Dacek, S.; Cholia, S.; Gunter, D.; Skinner, D.; Ceder, G.; et al.
Commentary: The Materials Project: A materials genome approach to
accelerating materials innovation. APL Mater. 2013, 1 (1), 011002.
(33) Ren, Y. F.; Zeng, J. J.; Deng, X. Z.; Yang, F.; Pan, H.; Qiao, Z.

H. Quantum anomalous Hall effect in atomic crystal layers from in-
plane magnetization. Phys. Rev. B 2016, 94 (8), 085411.
(34) Liu, Z.; Zhao, G.; Liu, B.; Wang, Z. F.; Yang, J. L.; Liu, F.

Intrinsic Quantum Anomalous Hall Effect with In-Plane Magnet-
ization: Searching Rule and Material Prediction. Phys. Rev. Lett. 2018,
121 (24), 246401.
(35) You, J. Y.; Chen, C.; Zhang, Z.; Sheng, X. L.; Yang, S. Y. A.; Su,

G. Two-dimensional Weyl half-semimetal and tunable quantum
anomalous Hall effect. Phys. Rev. B 2019, 100 (6), 064408.
(36) Li, Z. Y.; Han, Y. L.; Qiao, Z. H. Chern Number Tunable

Quantum Anomalous Hall Effect in Monolayer Transitional Metal
Oxides via Manipulating Magnetization Orientation. Phys. Rev. Lett.
2022, 129 (3), 036801.
(37) Georgiou, T.; Jalil, R.; Belle, B. D.; Britnell, L.; Gorbachev, R.

V.; Morozov, S. V.; Kim, Y. J.; Gholinia, A.; Haigh, S. J.; Makarovsky,
O.; et al. Vertical field-effect transistor based on graphene-WS2
heterostructures for flexible and transparent electronics. Nat.
Nanotechnol. 2013, 8 (2), 100−103.
(38) Lee, G. H.; Yu, Y. J.; Cui, X.; Petrone, N.; Lee, C. H.; Choi, M.

S.; Lee, D. Y.; Lee, C.; Yoo, W. J.; Watanabe, K.; et al. Flexible and
Transparent MoS2 Field-Effect Transistors on Hexagonal Boron
Nitride-Graphene Heterostructures. ACS Nano 2013, 7 (9), 7931−
7936.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c02489
Nano Lett. 2023, 23, 8650−8656

8655

https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02489?ref=pdf
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1146/annurev-conmatphys-031115-011417
https://doi.org/10.1146/annurev-conmatphys-031115-011417
https://doi.org/10.1126/science.1234414
https://doi.org/10.1126/science.1234414
https://doi.org/10.1126/science.1234414
https://doi.org/10.1126/science.aax8156
https://doi.org/10.1126/science.aax8156
https://doi.org/10.1038/s41563-019-0573-3
https://doi.org/10.1038/s41563-019-0573-3
https://doi.org/10.1038/s41563-019-0573-3
https://doi.org/10.1126/science.aay5533
https://doi.org/10.1126/science.aay5533
https://doi.org/10.1038/nnano.2016.18
https://doi.org/10.1038/s41567-018-0062-7
https://doi.org/10.7566/JPSJ.88.123702
https://doi.org/10.7566/JPSJ.88.123702
https://doi.org/10.1103/PhysRevB.102.014422
https://doi.org/10.1103/PhysRevB.102.014422
https://doi.org/10.1103/PhysRevX.12.031042
https://doi.org/10.1103/PhysRevX.12.031042
https://doi.org/10.1103/PhysRevX.12.031042
https://doi.org/10.1103/PhysRevLett.112.017205
https://doi.org/10.1103/PhysRevLett.112.017205
https://doi.org/10.1126/sciadv.aaz8809
https://doi.org/10.1126/sciadv.aaz8809
https://doi.org/10.1038/s41578-022-00430-3
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1088/1367-2630/aa5487
https://doi.org/10.1088/1367-2630/aa5487
https://doi.org/10.1051/anphys/194812030137
https://doi.org/10.1051/anphys/194812030137
https://doi.org/10.1103/PhysRevX.12.040002
https://doi.org/10.1103/PhysRevX.12.040002
https://doi.org/10.1063/1.5144076
https://doi.org/10.1063/1.5144076
https://doi.org/10.1038/s41563-021-01139-4
https://doi.org/10.1021/acs.nanolett.6b02701?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b02701?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.116.256601
https://doi.org/10.1103/PhysRevLett.116.256601
https://doi.org/10.1103/PhysRevB.95.115138
https://doi.org/10.1103/PhysRevB.95.115138
https://doi.org/10.1103/PhysRevLett.120.157205
https://doi.org/10.1103/PhysRevLett.120.157205
https://doi.org/10.1021/acs.nanolett.9b00948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b00948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b00948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.106.195433
https://doi.org/10.1103/PhysRevB.106.195433
https://doi.org/10.1038/s41524-023-01025-4
https://doi.org/10.1038/s41524-023-01025-4
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1063/1.4812323
https://doi.org/10.1063/1.4812323
https://doi.org/10.1103/PhysRevB.94.085411
https://doi.org/10.1103/PhysRevB.94.085411
https://doi.org/10.1103/PhysRevLett.121.246401
https://doi.org/10.1103/PhysRevLett.121.246401
https://doi.org/10.1103/PhysRevB.100.064408
https://doi.org/10.1103/PhysRevB.100.064408
https://doi.org/10.1103/PhysRevLett.129.036801
https://doi.org/10.1103/PhysRevLett.129.036801
https://doi.org/10.1103/PhysRevLett.129.036801
https://doi.org/10.1038/nnano.2012.224
https://doi.org/10.1038/nnano.2012.224
https://doi.org/10.1021/nn402954e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn402954e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn402954e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(39) Koskinen, P.; Fampiou, I.; Ramasubramaniam, A. Density-
Functional Tight-Binding Simulations of Curvature-Controlled Layer
Decoupling and Band-Gap Tuning in Bilayer MoS2. Phys. Rev. Lett.
2014, 112 (18), 186802.
(40) Hu, C. W.; Gordon, K. N.; Liu, P. F.; Liu, J. Y.; Zhou, X. Q.;

Hao, P. P.; Narayan, D.; Emmanouilidou, E.; Sun, H. Y.; Liu, Y. T.;
et al. A van der Waals antiferromagnetic topological insulator with
weak interlayer magnetic coupling. Nat. Commun. 2020, 11 (1), 97.
(41) Nakatsuji, S.; Kiyohara, N.; Higo, T. Large anomalous Hall

effect in a non-collinear antiferromagnet at room temperature. Nature
2015, 527 (7577), 212−215.
(42) Liu, J. P.; Balents, L. Anomalous Hall Effect and Topological

Defects in Antiferromagnetic Weyl Semimetals: Mn3Sn/Ge. Phys.
Rev. Lett. 2017, 119 (8), 087202.
(43) Zhang, Y.; Sun, Y.; Yang, H.; Železny,́ J.; Parkin, S. P. P.; Felser,

C.; Yan, B. H. Strong anisotropic anomalous Hall effect and spin Hall
effect in the chiral antiferromagnetic compounds Mn3X (X = Ge, Sn,
Ga, Ir, Rh, and Pt). Phys. Rev. B 2017, 95 (7), 075128.
(44) Zhou, X. D.; Feng, W. X.; Li, Y. W.; Yao, Y. G. Spin-Chirality-

Driven Quantum Anomalous and Quantum Topological Hall Effects
in Chiral Magnets. Nano Lett. 2023, 23 (12), 5680−5687.
(45) Kresse, G.; Furthmuller, J. Efficient iterative schemes for ab

initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54 (16), 11169−11186.
(46) Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the

projector augmented-wave method. Phys. Rev. B 1999, 59 (3), 1758−
1775.
(47) Hohenberg, P.; Kohn, W. Inhomogeneous electron gas. Phys.
Rev. 1964, 136 (3B), B864.
(48) Kohn, W.; Sham, L. J. Self-Consistent Equations Including

Exchange and Correlation Effects. Phys. Rev. 1965, 140 (4A), A1133.
(49) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized gradient

approximation made simple. Phys. Rev. Lett. 1996, 77 (18), 3865−
3868.
(50) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized gradient

approximation made simple (vol 77, pg 3865, 1996). Phys. Rev. Lett.
1997, 78 (7), 1396−1396.
(51) Mostofi, A. A.; Yates, J. R.; Lee, Y. S.; Souza, I.; Vanderbilt, D.;

Marzari, N. wannier90: A tool for obtaining maximally-localised
Wannier functions. Comput. Phys. Commun. 2008, 178 (9), 685−699.
(52) Marzari, N.; Mostofi, A. A.; Yates, J. R.; Souza, I.; Vanderbilt,

D. Maximally localized Wannier functions: Theory and applications.
Rev. Mod. Phys. 2012, 84 (4), 1419.
(53) Wu, Q. S.; Zhang, S. N.; Song, H. F.; Troyer, M.; Soluyanov, A.

A. WannierTools: An open-source software package for novel
topological materials. Comput. Phys. Commun. 2018, 224, 405−416.
(54) Bianco, R.; Resta, R. Mapping topological order in coordinate

space. Phys. Rev. B 2011, 84 (24), No. 241106.
(55) Caio, M. D.; Möller, G.; Cooper, N. R.; Bhaseen, M. J.

Topological marker currents in Chern insulators. Nat. Phys. 2019, 15
(3), 257−261.
(56) Gu, M. Q.; Li, J. Y.; Sun, H. Y.; Zhao, Y. F.; Liu, C.; Liu, J. P.;

Lu, H. Z.; Liu, Q. H. Spectral signatures of the surface anomalous Hall
effect in magnetic axion insulators. Nat. Commun. 2021, 12 (1), 3524.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c02489
Nano Lett. 2023, 23, 8650−8656

8656

https://doi.org/10.1103/PhysRevLett.112.186802
https://doi.org/10.1103/PhysRevLett.112.186802
https://doi.org/10.1103/PhysRevLett.112.186802
https://doi.org/10.1038/s41467-019-13814-x
https://doi.org/10.1038/s41467-019-13814-x
https://doi.org/10.1038/nature15723
https://doi.org/10.1038/nature15723
https://doi.org/10.1103/PhysRevLett.119.087202
https://doi.org/10.1103/PhysRevLett.119.087202
https://doi.org/10.1103/PhysRevB.95.075128
https://doi.org/10.1103/PhysRevB.95.075128
https://doi.org/10.1103/PhysRevB.95.075128
https://doi.org/10.1021/acs.nanolett.3c01332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c01332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c01332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.78.1396
https://doi.org/10.1103/PhysRevLett.78.1396
https://doi.org/10.1016/j.cpc.2007.11.016
https://doi.org/10.1016/j.cpc.2007.11.016
https://doi.org/10.1103/RevModPhys.84.1419
https://doi.org/10.1016/j.cpc.2017.09.033
https://doi.org/10.1016/j.cpc.2017.09.033
https://doi.org/10.1103/PhysRevB.84.241106
https://doi.org/10.1103/PhysRevB.84.241106
https://doi.org/10.1038/s41567-018-0390-7
https://doi.org/10.1038/s41467-021-23844-z
https://doi.org/10.1038/s41467-021-23844-z
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

