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The anomalous Hall effect (AHE), a protocol of various low-power dissipation quantum phenomena and
a fundamental precursor of intriguing topological phases of matter, is usually observed in ferromagnetic
materials with an orthogonal configuration between the electric field, magnetization, and the Hall current.
Here, based on the symmetry analysis, we find an unconventional AHE induced by the in-plane magnetic
field (IPAHE) via the spin-canting effect in PT -symmetric antiferromagnetic (AFM) systems, featuring a
linear dependence of magnetic field and 2π angle periodicity with a comparable magnitude to conventional
AHE. We demonstrate the key findings in the known AFM Dirac semimetal CuMnAs and a new kind of
AFM heterodimensional VS2-VS superlattice with a nodal-line Fermi surface and, also, briefly discuss the
experimental detection. Our Letter provides an efficient pathway for searching and/or designing realistic
materials for a novel IPAHE that could greatly facilitate their application in AFM spintronic devices.
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Introduction.—The anomalous Hall effect (AHE) has
played a vital role in understanding low-power dissipation
quantum phenomena associated with the Berry phase [1–3]
and the development of the field of topological phases of
matter [4–8]. In analogy to the conventional Hall effect due
to the Lorentz force [9], where the magnetic field, electric
field, and Hall current are orthogonal to each other, the
AHE was commonly considered in the same manner by
replacing the magnetic field with static magnetization in
ferromagnetic (FM) materials [10]. However, the essential
ingredient for AHE, i.e., time-reversal (T ) symmetry
breaking, does not enforce any constraint on the magneti-
zation direction or related magnetisms [11,12]. In principle,
it allows an unconventional AHE with the Hall current
flows in the plane spanned by the magnetization or
magnetic field and the electric field, that is, in-plane
AHE (IPAHE). Because of its unique in-plane configura-
tion, the IPAHE could potentially revolutionize promising
spintronic applications similar to the unidirectional spin
Hall magnetoresistance [13,14].
Several theoretical investigations based on the ideal two-

dimensional (2D) electron gas and a few artificially
designed 2D material systems have shown the possible
quantized version of the IPAHE with broken both T and
mirror (M) symmetries [15–18], most of which focus on
FM or ferrimagnetic materials with an intrinsic in-plane
magnetization. Meanwhile, recent studies have reached a

consensus on the Berry curvature contribution to the
intrinsic AHE due to spin-orbit coupling (SOC) [18–20],
leading to the discovery of the AHE in antiferromagnetic
(AFM) systems with a zero net magnetization [19–28].
Those inspire us to study the IPAHE among the large
family of AFM systems, such as the PT -symmetric AFM
materials, usually with only a nonzero high-order AHE but
a vanishing first-order AHE [29–32]. In reality, both the
essential criterion for realizing the IPAHE and generally
applicable searching and designing strategies for promising
IPAHE materials are still lacking.
In this Letter, we find a universal symmetry rule to

achieve the IPAHE, i.e., the absence of both rotation and
reflection symmetries in at least two directions for the
corresponding magnetic point group (MPG). We further
elaborate on our key findings in one collinear (PT -
symmetric) AFM model system with only one direction
having mirror reflection symmetry, which shows a notice-
able AHE induced by an in-plane magnetic field. The
complete list of MPGs allowing the IPAHE is given. To
facilitate material discovery, we provide two feasible
approaches, i.e., the top-down and bottom-up approaches,
to design realistic AFM materials that support the IPAHE.
In addition, the experimental detection and verification of
the IPAHE with two representative examples are discussed.
Symmetry analysis.—The intrinsic anomalous Hall con-

ductivity (AHC) evaluated by the integration of the Berry
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curvature over the Brillouin zone, is usually proportional
to the magnetization [33,34]. By expanding AHC up to
the linear order of magnetization, one can define a rank-two
tensor

χαβ ¼
∂σα
∂Mβ

; ð1Þ

where Mβ denotes the magnetic moment per unit cell, and
σα ¼ 1

2
ϵαβγσβγ is the Hall pseudovector with the Levi-Civita

symbol ϵαβγ defining the antisymmetric dissipationless part
of the linear conductivity tensor σβγ. The tensor χ, by
definition, is independent of Mβ, and should respect the
symmetry of the system atMβ ¼ 0. The diagonal parts of χ
give the normal out-of-plane AHC, e.g., χzz [35], whereas
the off-diagonal parts, e.g., χzy, represent the IPAHE [36].
Therefore, the tensor χ provides a complete description of
the intrinsic AHE in magnetic materials.
The normal AHE cannot be ruled out by any structural

symmetry operations, while the IPAHE requires low
symmetry of the system. Since the tensor χ is invariant
under translation operations, and remains an even function
under T and P symmetry operations, it is sufficient to
consider the rotational or mirror part of a MPG operation
[see more details in the Supplemental Material (SM) [38] ].
For convenience, we introduced a short notation Sγ , which
represents a class of MPG operations including mirror
Mγ ¼ PC2γ, rotation Cnγ , and their combination with T
(T Mγ and TCnγ). Here, γ is the direction of the corre-
sponding symmetry operations. Given that both σα and Mβ

are pseudovectors that transform in the same way under Sγ,
they should be simultaneously parallel or perpendicular to
the direction of Sγ to avoid the elimination of χαβ by Sγ.
Since we focus on the IPAHE, i.e., α ≠ β, if there exists
more than one direction of Sγi , one cannot find a configu-
ration that supports nonzero χαβ, where the orthogonal σα
and Mβ are perpendicular to all of the γi directions.
Therefore, we can obtain the essential (necessary and
sufficient) symmetry rule for the nonzero IPAHE: the
absence of Sγ in at least two directions for the correspond-
ing MPG. The detailed constraint on the IPAHE tensor
components under MPG operations are summarized in
Table. I.

IPAHE in PT -symmetric AFM system.—The IPAHE has
been reported mostly in FM or ferrimagnetic systems with a
nonzero net magnetization [15,18,50]. Here, we focus on
the PT -symmetric AFM system with vanishing magneti-
zation to realize the IPAHE. Consider the simplest collinear
AFM system, in the absence of an external magnetic field,
as sketched in Fig. 1(c), there are two magnetic sublattices
denoted as mτ (τ ¼ A, B), satisfying mA ¼ −mB. Because
of the PT symmetry, the Kramers degeneracy exists in the
entire Brillouin zone, leading to the vanishing AHE.
Considering that the Berry curvature is usually non-
Abelian, one could obtain a finite AHE by removing the
Kramers degeneracy [1].
By applying an external magnetic field B perpendicular

to mτ, the local magnetic moments will be slightly tilted
accordingly due to the spin-canting effect, yielding

mτ ¼ mð0Þ
τ þm0

τ. The net magnetic moment per unit cell
will be M ¼ m0

A þm0
B, which will lift the Kramers degen-

eracy, and bring in a finite Berry curvature [Fig. 1(d)]. Note
that we mainly focus on the weak magnetic field region that
does not need to consider spin-flop or spin-flip transition
and the spin-canting effect can be understood as one small
perturbation [51]. Therefore, the corresponding net mag-
netic moment is approximately linear in the magnetic field
M ∝ B. We note that the spin-canting induced magne-
tization and nonzero IPAHE in a PT -symmetric AFM
system is different from that in the ferrimagnetic systems
with respect to the direction of net magnetization and

(a) (b)

(c) (d)

FIG. 1. Schematic rule for generating the IPAHE in PT -
symmetric AFM systems. (a) The IPAHE JH ¼ E × σ is gen-
erated when the orthogonal σz and My are perpendicular to the
direction of Sx (i.e., x direction). Here, Sx represents mirror Mx,
rotation Cnx, and their combination with T (TMx and TCnx).
(b) Any two directions of Sγðγ ¼ x; y; zÞ together enforce a zero
IPAHE. (c) The doubly degenerate band structure in the absence
of an external magnetic field shows vanishing Berry curvature.
The collinear AFM state is shown in black arrows. (d) The net
magnetization is induced through the spin-canting effect. It lifts
the band degeneracy, showing the opposite Berry curvature in the
small-gap region, giving rise to the IPAHE.

TABLE I. Constraint on the IPAHE tensor components χαβ
(α ≠ β) under Sγ (γ ¼ x, y, z) operations. The mark✓ (✗) denotes
symmetry allowed (forbidden) components.

Sx Sy Sz

χxy, χyx ✗ ✗ ✓

χxz, χzx ✗ ✓ ✗
χyz, χzy ✓ ✗ ✗
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dependence of magnetic field (see more discussion in
SM [38]). Following the aforementioned symmetry analy-
sis of the IPAHE, it is not forbidden to achieve the IPAHE
in PT -symmetric AFM systems, as also confirmed in the
toy model [38].
Though the PT -symmetric AFM systems widely exist in

nature [52,53], the IPAHE in such systems has not yet been
reported, probably due to limited material systems with
required symmetries and less attention from both exper-
imental and theoretical aspects. The predicted IPAHE in the
PT -symmetric AFM materials is one new kind of non-
standard Hall response and has a distinct microscopic
nature and material realization from previous ones in either
antiferromagnetic or low-symmetry systems [26,28,38,54].
To assist materials discovery, we provide a complete list of
MPGs with PT symmetry that allow the IPAHE [38].
Further, to facilitate the experimental verification, we
propose two general approaches to efficiently target suit-
able AFM materials that host the IPAHE, i.e., the top-down
approach to engineer existing AFM materials and the
bottom-up approach to design new materials.
Strained CuMnAs.—First, we demonstrate the IPAHE in

well-establishedPT -symmetric AFM systems. Since many
of those materials may not meet the symmetry requirement
for the IPAHE, it is necessary to apply feasible external
field control to lower the structural symmetries. Hereafter,
we term this searching method the top-down approach.
With the advancement of modern technologies in fine
tuning of material properties, various field control methods
have been successfully applied in multiple material sys-
tems, such as electric field, strains, high pressure and
chemical doping [55–57]. Here, we would examine the
IPAHE in one well-known and typical PT -symmetric
AFM system, orthorhombic CuMnAs with Néel temper-
ature TN ∼ 300 K [58–63], which notably exhibits signifi-
cant potential in electrical switching of the AFM order [64]
and terahertz electrical writing for memory [65].
The crystal structure of orthorhombicCuMnAs is shown in

Fig. 2(a), where the AFM aligned magnetic moments are
mainly concentrated on the Mn atoms along the b direction
(AFM-b), as indicated by grey arrows, which has been
observed in experiments [61]. The AFM-b state belongs to
theMPGm0mm [66,67], generated byTMx,My, andMz. It
consists of Sγ operations in all three directions that prohibit
the IPAHE. To lower the crystal symmetry, we applied a 2%
shear strain in the a direction, as sketched in Fig. 2(b). The
new AFM-b state has a lower symmetry 20=m, consisting of
only PT , T C2y, and My, i.e., only Sy. The corresponding
band structure under 2% shear strain is shown in Fig. 2(c),
which preserves well the nodal-line structure on the ky ¼ 0

plane surrounding the X point near the Fermi level, as also
confirmed by the Fermi surface plot in Fig. 2(d).
Because of the Sy symmetry, the nonzero IPAHE

components are χzxðxzÞ. The distributions of the calculated
Berry curvature with spin-canting effect [38] are shown in

Figs. 2(e) and 2(f). It is clear that the splitting of the doubly
degenerate bands generates a nonzero Berry curvature near
the gap opening area, leading to a finite IPAHE that will be
discussed in detail later. We note that the magnetic ground
state may change from AFM-b to AFM-c with a certain
amount of hole doping [60]. Thus, we also tested the AFM-c
state and confirmed that an IPAHE can also be achieved
through proper strain engineering [38]. Note that the shear
strain effect to the IPAHE is different from that to the
conventional AHE, though the two show comparable varia-
tion in magnitude with the changing shear strain [38].
Heterodimensional VS2-VS superlattice.—Besides the

top-down approach, one can take advantage of the recent
rapid advancement of modern material synthesis through
bottom-up design to create IPAHE materials, for example,
in heterostructures [68,69]. Given the relatively low sym-
metry of one-dimensional (1D) materials, heterostructure
systems formed by a combination of 1D and 2D or 3D
materials could easily satisfy the aforementioned symmetry
requirements. In fact, these heterostructures, i.e., hetero-
dimensional, materials have been successfully synthesized
in families of 3D transition metal chalcogenides, where 2D
transition metal dichalcogenide (TMD) layers are con-
nected through intercalated layers constructed by the same
transition metal element with a typical 1D array pattern

(a) (b)

(c) (d)

(e) (f)

FIG. 2. The top-down approach to engineer IPAHE materials.
(a) The AFM-b state of orthorhombic CuMnAs has Sγ in three
directions that prohibits the IPAHE. (b) Schematic of the
CuMnAs under shear strain along the a direction, which has
only Sy symmetry, thus, allowing the IPAHE. (c) The band struc-
ture after shear strain. (d) The Fermi surface plot in the ky ¼ 0

plane at EF ¼ 0. (e) and (f) The Berry curvature distributions
along the red dashed line in panel (d) with spin-canting effect
Mx ¼ 0.4 μB and Mz ¼ 0.4 μB per unit cell, respectively.
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[68,69]. The intercalation of quasi-1D arrays could effec-
tively reduce the symmetry of the heterodimensional
system, which also provides one tunable pathway to
modify the magnetization easy axis between the out-of-
plane and in-plane directions. Here, we elaborate on the
heterodimensional superlattice formed by a combination of
2D TMD and 1D transition-metal monochalcogenide array
through the bottom-up approach, as shown in Fig. 3, and
illustrate the corresponding IPAHE due to its designed
structure with desired symmetry.
To reach the required symmetry, we follow the general

stacking pattern of experiments with an alternating 2D
TMD and 1D array layer by layer, as shown in Fig. 3(a).
The nonmagnetic structure belongs to the C2h point group
with only one direction of mirror symmetry My, which
perfectly meets the symmetry requirement of the IPAHE.
Furthermore, we selected the vanadium based materials and
carried out first-principles calculations. We found the
VS2-VS superlattice prefers the AFM state with the
magnetization aligned along the b direction with a calcu-
lated TN about 14 K [38] as shown in Fig. 3(b), denoted
as AFM-b. It belongs to MPG 2=m10 generated by T , P,
and My, i.e., only Sy. Thus, we will use VS2-VS as one
representative example to demonstrate the intriguing
IPAHE in heterodimensional materials.

In the absence of SOC, the band structure near the Fermi
level is dominated by the nodal line on the ky ¼ 0 plane.
At the Γ point, the two bands have opposite eigenvalues of
My, indicating this nodal line is protected by the My

symmetry [70]. After including the SOC effect, there is
a small gap near the nodal line, as shown in Figs. 3(c)
and 3(d). Since the SOC effect respects the PT , the energy
bands remain doubly degenerate and the Berry curvature
vanishes in the entire Brillouin zone, resulting in a vanish-
ing AHE.
Because of the Sy symmetry, the nonzero IPAHE

component is χzxðxzÞ. Under the influence of the spin-
canting effect due to the external magnetic field, the energy
bands split and the Berry curvature becomes nonzero with a
pronounced contribution near the gap opening area, as
shown in Figs. 3(e) and 3(f). The resulting nonzero Berry
curvature leads to a finite IPAHE similar to the strained
CuMnAs. The band-resolved Berry curvature distribution
shows that the Berry curvature hot spots are mainly
distributed near the gap-opening region of the nodal line,
which also exhibits the maximum IPAHE in the energy-
resolved AHC [38].
Experimental signature.—We turn to the experimental

detection of the IPAHE in a standard four-terminal Hall
setup [inset of Fig. 4(a)]. In order to observe the IPAHE
while suppressing the contribution from the orbital effect
due to the Lorentz force [71], it is desirable to choose
nanoflakes of the thickness in the range from several nm to
tens of nm [38,72]. This can now be achieved experimen-
tally through either mechanical exfoliation or chemical

(a) (b)

(c) (d)

(e) (f)

FIG. 3. The bottom-up approach to design IPAHE materials.
(a) The heterodimensional superlattice consists of a 2D VS2 and a
1DVS array that naturally meets the symmetry requirement of the
IPAHE. (b) Sketch of the AFM-b state in the VS2-VS super-
lattice. The notation Vþ and V− denotes opposite local magnetic
moments on the Vatoms along b direction. (c) The band structure
and (d) the density of states in the ky ¼ 0 plane at EF ¼
−20 meV. (e) and (f) The Berry curvature distributions with
spin-canting effect Mx ¼ 0.4 μB and Mz ¼ 0.4 μB per unit cell,
respectively.

(a) (b)

(c) (d)

FIG. 4. The in-plane and normal AHC for strained CuMnAs in
panels (a) and (b) and VS2-VS superlattice in panels (c) and (d).
In panels (a) and (c), the calculated results are shown as scatter
diagrams, and the fitted results are given in solid lines. The panels
(b) and (d) are the AHC under the arbitrary direction of the
magnetic field. The Fermi levels were chosen near the nodal line.
EF ¼ −24 meV and EF ¼ −20 meV were used for CuMnAs and
VS2-VS superlattice, respectively.
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vapor depositions. The strained CuMnAs and VS2-VS
superlattice have only the Sy symmetry, which imposes
the same constraint on the IPAHE. The nonzero tensor
elements are χzx and χzz. Then, the anomalous Hall
conductivity can be given by

σxy ¼ χzxMx þ χzzMz: ð2Þ

The calculated AHC for CuMnAs and VS2-VS are depicted
in Figs. 4(a) and 4(c), respectively, showing a linear
dependence relation in M, similar to the conventional
AHE in ferromagnets [34]. By fitting Eq. (2), we ob-
tain χzx ¼ 95 S=ðcm · μBÞ and χzz ¼ 32 S=ðcm · μBÞ for
strained CuMnAs, and χzx ¼ −51 S=ðcm · μBÞ and χzz ¼
91 S=ðcm · μBÞ for VS2-VS. Based on the fitted tensor χ,
the AHC under any arbitrary direction of the magnetic field
can be obtained from Eq. (2), as shown in Figs. 4(b) and
4(d) for CuMnAs and VS2-VS, respectively. In general,
there may exist higher order corrections of M in Eq. (2).
Since the spin-canting induced magnetic moment per unit
cell is very small (M ≪ 1 μB), such corrections could be
negligible.
It should be noted that considering the diversity of TMD

materials and their combination with quasi-1D intercalated
layers, such an IPAHE could widely exist in similar
materials with the same structural symmetry, where the
quantized version of the IPAHE could possibly be realized.
We also point out that the extrinsic AHE originating from
the side jump process usually shares the same scaling
relation against the longitudinal conductivity as the intrin-
sic AHE [73].
Summary and discussion.—We have established a com-

prehensive rule of the IPAHE with minimum symmetry
requirement and extend its material realization to a large
family of PT -symmetric AFM systems that have been
rarely studied before [52,53,74]. In fact, the mechanism for
an IPAHE can be straightforwardly applicable to other
Berry phase related quantum phenomena, such as the
anomalous Nernst effect and anomalous thermal Hall
effect and, also, suitable for other compensated AFM
systems beyond PT -symmetric ones. Meanwhile, these
PT -symmetric AFM systems also provide a promising
platform for exploring novel quantum phenomena and
building energy-efficient AFM spintronic devices, which
should draw immediate experimental attention.
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