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Abstract
Few-layer CrPS4 is a two-dimensional (2D) magnetic material with excellent stability in
ambient environment, which attracted significant interest in recent research. Here, via
first-principles calculations, we show that 2D CrPS4 hosts a variety of intriguing anomalous
Hall transport phenomena, owing to its layer-dependent magnetism and symmetry character.
Monolayer CrPS4 can display a sizable linear anomalous Hall effect, while its nonlinear
anomalous Hall response is forbidden. In contrast, bilayer CrPS4 can produce pronounced
intrinsic nonlinear anomalous Hall response from Berry-connection polarizability, in the
absence of linear anomalous Hall effect. We clarify that the large peaks in these responses
originate from gapped Dirac points in the band structure. Furthermore, we show that bilayer
CrPS4 also hosts a layer Hall effect, where the charge Hall current in the two layers are equal in
magnitude but flow in opposite directions. This effect can be detected as an anomalous Hall
signal induced by an applied gate field. Finally, even-layer CrPS4 also exhibits pronounced
in-plane anomalous Hall effect, where the Hall signal is linearly proportional to the applied
in-plane magnetic field. Our findings unveil the rich and interesting Hall transport phenomena in
2D CrPS4 magnets, suggesting its potential in electronic and spintronic device applications.

Supplementary material for this article is available online

Keywords: magnetic 2D material, nonlinear hall effect, Berry phase effect,
First-principles calculation

∗
Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
terms of the Creative CommonsAttribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1 © 2025 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-648X/ae084d
https://orcid.org/0009-0007-1019-3562
https://orcid.org/0000-0001-6846-2947
https://orcid.org/0000-0001-8387-2717
https://orcid.org/0000-0001-7641-972X
https://orcid.org/0000-0001-8006-4415
https://orcid.org/0000-0002-4843-070X
https://orcid.org/0000-0001-6003-1501
mailto:luluxiong.phy@connect.um.edu.mo
mailto:caojin.phy@gmail.com
mailto:laishen@um.edu.mo
mailto:congxiao@fudan.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/ae084d&domain=pdf&date_stamp=2025-10-13
https://doi.org/10.1088/1361-648X/ae084d
https://creativecommons.org/licenses/by/4.0/


J. Phys.: Condens. Matter 37 (2025) 415501 L Xiong et al

1. Introduction

The various Hall effects are of fundamental importance
in materials science and device applications. A prominent
example is the (linear) anomalous Hall effect (AHE), where
a Hall voltage is induced by a longitudinal current flow in a
magnetic material [1]. It offers an important characterization
of magnetic materials and a convenient method for detecting
magnetization dynamics. A key advance in the past two dec-
ades is the recognition that AHE contains an intrinsic con-
tribution, i.e. an response determined solely by the mater-
ial’s band structure, which manifests an intriguing band geo-
metric property, namely, the Berry curvature of electronic
bands [2, 3]. AHE is a time-reversal-odd (T -odd) effect, mean-
ing that reversal of magnetic moments in the system (corres-
ponding to a time-reversal operation) must flip the sign of the
response. The T -oddHall effect was also discovered in nonlin-
ear response of magnets, giving a nonlinear Hall current quad-
ratic in the driving E field, i.e. jH ∝ E2 [4–6]. Importantly, this
nonlinear AHE also contains an intrinsic contribution, which
is determined by another band geometric quantity, the Berry-
connection polarizability (BCP) [6, 7], and it can be further
connected to the quantum metric of band structure [5, 8, 9].
Note that because of its T -odd nature, this intrinsic nonlin-
ear AHE can occur only in magnetic materials; it is distinct
from the T -even nonlinear AHE that has been widely stud-
ied in nonmagnetic materials and does not have an intrinsic
contribution [10–13]. So far, the intrinsic nonlinear AHE has
been experimentally detected in only a few materials, such
as few-layer MnBi2Te4 [8, 14] and Mn3Sn [15]. However,
these systems each has certain drawbacks that are not ideal
for studying intrinsic nonlinear AHE. For example, MnBi2Te4
preserves a threefold rotational symmetry along z direction,
which forbids intrinsic nonlinear AHE in the xy-plane [5, 6],
and some extrinsic mechanism, e.g. by using low-symmetry
substrate or capping layers to break the C3z symmetry [8],
is need for observing the intrinsic nonlinear AHE. In such
a case, the detected response does not represent an intrinsic
property of the magnet itself, but should be attributed to the
interface or the whole combined heterostructure. For Mn3Sn,
it also requires the strong interfacial effect at its interface with
heavy-metal substrate [15]. In addition, Mn3Sn is not a van der
Waals (vdW) layered material, making it more demanding in
experimental fabrication of desired interfacial configurations.
Therefore, at current stage, it is still an urgent task to find suit-
ablemagneticmaterials that host intrinsic nonlinear AHE as its
bulk property (i.e. without requiring interfacial effects). And
it would be even better if such materials belong to the vdW
two-dimensional (2D) materials family.

Indeed, 2D magnetic materials have been a focus of recent
research [16–18]. Due to the reduced dimensionality, a big
advantage of 2Dmagnets is that their properties can be flexibly
tuned, e.g. by gating, doping, strain, external fields, and form-
ing vdW heterostructures. Combined with magnetism, 2D
magnetic materials are believed to hold tremendous potential

for the next-generation information devices. Several material
classes, like CrI3 [19], Fe3GeTe2 [20, 21], Cr2Ge2Te6 [22], and
MnBi2Te4 [23, 24], have been realized. Nevertheless, it was
noted that most of 2D magnets studied so far are not stable
in ambient environment, posing difficulties for applications.
In this regard, the recently realized 2D magnet CrPS4 starts
to attract increasing attention because of its excellent air sta-
bility [25]. It was shown that its magnetic ordering can per-
sist down to monolayer limit [25]. The fascinating properties
of CrPS4, such as spin dynamics, layer-dependent magnet-
ism, optical response, electric and thermal transport properties,
have been extensively investigated in recent works [25–49]. As
a semiconductor, the type and density of its charge carriers can
be conveniently controlled by gating [39, 40]. Devices based
on 2D CrPS4, such as field effect transistors and magnetic tun-
nel junctions, have been studied in experiment [40, 41, 44].
However, the anomalous Hall transport properties, which is an
important characteristic of magnetic materials, have not been
studied in 2D CrPS4 yet.

In this work, we reveal that 2D CrPS4 actually offers a
good platform to study a variety of interesting Hall effects,
especially the intrinsic nonlinear AHE. First, 2D CrPS4 with
odd number of layers is ferromagnetic (FM), which allows
linear AHE. Second, even-layer CrPS4 has a compensated
antiferromagnetic (AFM) ordering, which has vanishing lin-
ear AHE but allows intrinsic nonlinear AHE. As mentioned
above, the symmetry condition of intrinsic nonlinear AHE is
stringent: It requires the absence of any out-of-plane rotation
axis [5, 6]. CrPS4 stands out in this respect, as it naturally sat-
isfies the condition due to its low-symmetry monoclinic crys-
tal structure. Based on first-principles calculations and taking
monolayer and bilayer CrPS4 as representatives, we quantit-
atively evaluate these intrinsic Hall response coefficients. For
monolayer CrPS4, we show that it has a sizable anomalous
Hall conductivity in the case of hole doping. Its value can
be strongly tuned by the magnetization direction. For bilayer
CrPS4, we show that the intrinsic nonlinear AHE is determ-
ined by a single response coefficient, which can achieve a large
value ∼1mAV−2 under hole doping. The origin of the large
contribution in BCP is traced to a band anti-crossing region
in valence bands. Furthermore, we unveil that bilayer CrPS4
actually hosts a layer Hall effect, where the linear charge Hall
current in the two layers are flowing in opposite directions.
This effect can be probed as a net linear charge Hall signal
induced by a gate electric field. The resulting current flow has
a dominant distribution in one of the layers and the resulting
Hall signal is odd in the applied gate field. Finally, we propose
that a linear AHE signal can also be generated in even-layer
CrPS4 by an in-plane magnetic field and the response is odd
in the magnetic field, an effect known as the in-plane AHE.
Based on reported experimental data, we show that the result
can be quite large under moderate applied field strength. Our
work reveals interesting Hall transport effects in the 2D air-
stable magnet CrPS4, which form the basis for novel device
applications in electronics and spintronics.
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2. Computation method

Our first-principles calculations based on density functional
theory (DFT) were performed by using Vienna ab-initio sim-
ulation package [50–52], employing the projector augmen-
ted wave pseudo-potentials [53]. The exchange-correlation
energy was treated with the generalized-gradient approxima-
tion [54] in the scheme of the Perdew–Burke–Ernzerhof real-
ization [55]. To account for vdW interactions, the DFT-D3
method was adopted [56]. The Dudarev et al’s approach [57]
was used to treat possible correlation effects of Cr-3d orbitals.
Following [25], we took effective U value to be 2 eV, which
gives magnetic moment and bandgap values consistent with
experiment. The plane-wave cutoff energy was set to 400 eV,
and a k-point mesh with size 12× 12× 1 was used for the
Brillouin zone (BZ) sampling. For 2D layers, a vacuum space
of thickness 18Å was added to suppress artificial interactions
among periodic images. The convergence criteria for the total

energy and the force were set to 10−6 eV and 0.01 eVÅ
−1

,
respectively. The spin–orbit coupling was included in all cal-
culations. Based on DFT results, ab-initio tight-binding mod-
els were constructed by using the Wannier90 package [58],
which were then used for computing band geometric quantit-
ies and transport coefficients.

3. Structure and magnetic ordering

Bulk CrPS4 is a vdW layered material with monoclinic crys-
tal structure (see figure 1). It was first synthesized and stud-
ied in the 1970 s [59–61]. A recent experimental characteriz-
ation reported that its lattice parameters (for the conventional
cell) are a= 10.856Å, b= 7.247Å, and c= 6.135Å [30]. As
shown in figure 1(a), in a layer, each Cr cation is surroun-
ded by six S anions, forming a CrS6 octahedron with slight
Jahn–Teller distortion. These CrS6 octahedra form quasi-1D
chains along y direction in figure 1(a), which are further inter-
connected by PS4 tetrahedra, resulting in a rectangle lattice
in the 2D plane. Due to the relatively weak vdW interaction,
a slight slip along a axis direction occurs between neighbor-
ing layers, causing angle β = 88.116◦, which deviates slightly
from 90◦ (see figure 1(b)).

It is noted that two initial experiments in 1977 reported
slightly different crystal structures of bulk CrPS4 [59, 60].
Using x-ray diffraction method, [59] reported a crystal struc-
ture with C2/m symmetry, i.e. with preserved inversion sym-
metry. On the other hand, [60] reported a very close struc-
ture but with weak inversion symmetry breaking, leading to
a C2 symmetry. Comparing the two, the symmetry differ-
ence is associated with slight atomic position shift in each
layer, mainly on the S site. Most subsequent research works
on CrPS4 just quote the result, C2/m [25, 34, 48, 62–66] or
C2 [27, 29–32, 37, 42, 43, 45, 49, 61, 67–69], from either one
of [59, 60]. And in fact, because of the two structures are very
close, they do not make any qualitative difference in explain-
ing experimental results reported so far (within experimental
accuracy). Our DFT calculations indicate that at least for 3D
bulk CrPS4, monolayer CrPS4, and bilayer CrPS4, the C2/m

Figure 1. (a) Top view of a CrPS4 layer. The black rectangle marks
the conventional cell. (b) Lattice structure of bulk CrPS4. It has a
A-type AFM ground state. The local moments are in the
out-of-plane direction, as indicated by the red arrows in the figure.

structure is energetically more stable than the C2 structure.
Our test calculation also shows that the small structural differ-
encemakes little effect on theHall transport properties, e.g. the
linear AHE coefficient between the two are almost identical.
Based on these considerations, we will take the C2/m crys-
tal structure for the investigation here. It follows that the bulk
structure of CrPS4 preserves the spatial inversion symmetry
P to a good extent. However, due to the in-plane anisotropy
as described above, there is no vertical rotation axis (only a
twofold axis along y exists).

The magnetic ground state of CrPS4 has been well estab-
lished in previous studies [25, 30]. The magnetism comes
mainly from the Cr3+ ions with a magnetic moment about
3.0µB. The magnetic coupling within each layer is FM and the
moments are in the out-of-plane direction; whereas the coup-
ling between neighboring layers is AFM. This results in an
overall A-type AFM ordering for bulk CrPS4, with Néel vec-
tor along z axis, as shown in figure 1(b). The Néel temperature
reported in experiment is about 35 to 38 K [25, 28, 30, 31, 41].

As a vdW layered material, 2D few layers can be easily
exfoliated from bulk CrPS4. Experimentally, 2D CrPS4 with
thickness down to monolayer has been successfully fabric-
ated, via mechanical exfoliation or thermal atomic layer etch-
ing method [25]. Compared to other 2Dmagnets, a big advant-
age of this material is its good stability in air. It was shown
that the magnetism is robust down to monolayer limit, and the
ground state exhibits a layer-dependent alternation between
two configurations. The odd layers are uncompensated anti-
ferromagnet with a net magnetization along z (FM for mono-
layer), whereas the even layers feature a fully compensated
AFM state. Themagnetic transition temperature shows a slight
decrease when thickness decreases. The transition temperature
for monolayer is found to be ∼22K [25]. Taking into account
the ground state magnetic configuration, the odd layers have
2 ′/m ′ magnetic point group, whereas the even layers belong
to 2/m ′. Their key difference is that the odd layers preserve P
(not PT ), but the even layers preserve PT (not P). This has
important consequences on the type of Hall effects allowed in
the system, as we shall discuss in a while.

The band structure for bulk CrPS4 in the AFM ground state
obtained from our DFT calculation is plotted in figure 2(b).
The result shows that CrPS4 is a magnetic semiconductor.
The obtained bandgap value ∼1.21 eV agrees very well with
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Figure 2. (a) Brillouin zone and (b) calculated band structure for
bulk CrPS4.

the recent experimental result (∼1.31 eV) [28]. Our calculated
magnetic moment ∼3.0µB on Cr site also agrees with several
previous experiments [25, 30]. These support the validity of
our computation method. In the case of few layers, we find
that they are also magnetic semiconductors. The local mag-
netic moments remain nearly unchanged compared to the bulk.
These features are consistent with previous studies. In the fol-
lowing, we shall focus on monolayer and bilayer CrPS4 to
study their various Hall responses.

4. Anomalous Hall response in monolayer

Due to the A-type magnetic ordering, odd-layer CrPS4 has an
uncompensated net magnetization. For monolayer CrPS4, this
reduces to the FM ordering, with all magnetic moments in
the out-of-plane direction (z direction in our setup). The band
structure for this ground state is plotted in figure 3(c) The res-
ult shows a semiconductor with a bandgap ∼1.20 eV, which
agrees with previous studies [25].

As we noted above, the magnetic point group for mono-
layer CrPS4 (with FM ordering) is 2 ′/m ′, which consists of
two elements: P and T My (My is the mirror normal to y).
This symmetry allows for a nonzero σxy for linear AHE. On
the other hand, any nonlinear charge transport, including non-
linear Hall effect, is forbidden.

Here, we compute the intrinsic AHE response. The corres-
ponding anomalous Hall conductivity is given by [2, 70]

σxy =
e2

h̄

ˆ
[dk] fnkΩn

z (k) , (1)

where [dk] is the short notation of
∑

n dk/(2π)
2, n is the band

index, fnk is the Fermi–Dirac distribution function, and

Ωn
z (k) =−2h̄2Im

∑
m̸=n

(vx)nm (vy)mn
(εn− εm)

2 (2)

is the Berry curvature of Bloch band structure, with εn being
the band energy and (vi)mn being the interband velocity matrix
element. For simple notations, we suppress the k dependence
in equation (2) above. From equation (1), one can see that this
AHE response is intimately connected to Berry curvature of
occupied states.

Figure 3. (a) Lattice structure of monolayer CrPS4, which has FM
ordering with out-of-plane magnetization. (b) Brillouin zone of the
monolayer. (c) Band structure for monolayer CrPS4 in the FM
ground state.

Figure 4. (a) Calculated intrinsic anomalous Hall conductivity for
monolayer CrPS4 as a function of chemical potential. (b)
Distribution of Berry curvature for states below µ=−0.32 eV. (c)
The hot spots in (b) correspond to the gapped Dirac points in band
structure. The red arrow indicates one point. The other one is related
to this one by inversion symmetry. (d) The result of intrinsic
anomalous Hall conductivity when the magnetization is rotated to
be along the x direction.

In figure 4(a), we show the calculation result of σxy as a
function of the chemical potential µ. One can observe sev-
eral peaks in both hole-doped and electron-doped regions. The
peak at µ∼−0.32 eV can reach up to∼− 600 S cm−1, which
is a quite large value. To understand the origin of this peak, we
calculate the Berry curvature distribution in k space summed
over states below−0.32 eV. The result is shown in figure 4(b).
One can see that large Berry curvature comes from two hot
spots sitting on theΓ-K path. These hot spots correspond to the
small-gap regions indicated in figure 4(c). It should be noted
that here, the two bands do not cross, instead, they form an
anti-crossing with a small gap ∼0.014 eV. Such anti-crossing
may be considered as a 2D gapped Dirac point. From sym-
metry analysis, we construct the following k · p effectivemodel
for this gapped Dirac point:
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Heff = wky+ vxkxτy+ vykyτz+mτx, (3)

where momentum k is measured from the Dirac point, τ ’s
are Pauli matrices, w, vi, and m are real model parameters.
It is known that Berry curvature is concentrated around such
points, where the interband coherence is strong. This explains
the feature that we observe in figure 4(c).

The magnetic anisotropy in 2D CrPS4 is not very large.
From our calculations, the energy difference between out-of-
plane and in-plane magnetic configurations is about 0.04 meV
per Cr atom. It was shown in experiment that the magnetic
moment direction can be rotated by relatively small applied
magnetic field∼90mT [25]. Hence, we also consider the AHE
response in monolayer when the magnetization is rotated to an
in-plane direction. In figure 4(d), we show the calculated σxy
for magnetization along the x direction. Again, several peaks
can be observed in the figure. The peak values are compar-
able to those in figure 4(a). The first peak in valence band has
a value∼370 S cm−1. Furthermore, for magnetization along y
direction, σxy is identically zero. This is because in this config-
uration, the vertical mirrorMy symmetry is preserved, which
forbids the linear AHE.

5. Nonlinear Hall response in bilayer

For the even-layer CrPS4, the state above Néel temperature
TN possesses both P and T symmetries, which prohibit linear
AHE and any second order current response. Below TN, the
AFM state preserves PT symmetry, so that the linear AHE is
still suppressed, however, the nonlinear Hall response starts to
appear. This nonlinear response can be expressed as

ja = χabcEbEc, (4)

where χabc is the nonlinear conductivity tensor, the subscripts
label the Cartesian components, and the Einstein summation
convention is assumed here. Here, we focus on the intrinsic
contribution to nonlinear Hall transport, which is determined
solely by the band structure property. It should be noted that
the extrinsic contribution from Berry curvature dipole is for-
bidden by the PT symmetry here [10].

The theory of intrinsic nonlinear Hall effect has been
developed in [4–6]. The corresponding nonlinear conductiv-
ity tensor can be expressed as

χabc =
e2

h̄

ˆ
[dk] fnkΛn

abc (k) (5)

where

Λn
abc (k) = ∂bG

n
ac− ∂aG

n
bc (6)

is the k-resolved BCP dipole, and

Gn
ab (k) = 2eh̄2Re

∑
m̸=n

(va)nm (vb)mn
(εn− εm)

3 (7)

is the BCP tensor, and ∂a ≡ ∂ka . Like Berry curvature, BCP is
a gauge-invariant quantity. Physically, it characterizes the shift

Figure 5. (a) Lattice structure of bilayer CrPS4, which has A-type
AFM ground state. (b) Calculated band structure for bilayer CrPS4
in AFM ground state.

of a electron wavepacket enter by an applied electric field [4].
Near hot spots formed by a pair of bands, BCP can be further
connected to the quantum metric of band structure [9]. From
equation (5–7), one can clearly see that the intrinsic response is
purelyHall and dissipationless, i.e.,χabc is antisymmetric in its
first two indices [71]. As a consequence, the intrinsic conduct-
ivity χabc is also forbidden by any rotational symmetry normal
to the transport plane. These key features and the theory have
been successfully verified in experiments on MnBi2Te4 [8]
and Mn3Sn [15]. Meanwhile, responses from extrinsic mech-
anisms do not share such characters[14, 72, 73]. This theory
has found successful applications in explaining key features in
experiments on MnBi2Te4 [8] and Mn3Sn [15].

In the following, we focus on the bilayer CrPS4 as a repres-
entative. The calculated band structure is plotted in figure 5(b).
It should be noted here that each band is doubly spin degener-
ate due to thePT symmetry. As for the nonlinear conductivity
tensor, we note that the 2/m ′ symmetry of the system dictates
that the intrinsic response is characterized by a single inde-
pendent component, with

χyxx =−χxyx. (8)

For an in-planeE field in the directionE= E(x̂cosϕ+ ŷsinϕ),
where ϕ is the polar angle measured from x axis(as shown in
figure 6(d)), the resulting Hall current jH in the direction nor-
mal to E field can be expressed as

jH = χH (ϕ)E
2, χH (ϕ) = χyxx cosϕ. (9)

In nonlinear Hall experiment, one typically fabricate a disk
shaped device and multiple leads, such that the driving current
can be applied along various in-plane directions while meas-
uring the Hall response in the transverse direction [12, 74].
Equation (9) tells us the angular dependence of the measured
Hall signal should exhibit a simple cosine dependence, with a
2π periodicity.

Next, we compute the nonlinear conductivity component
χyxx from our DFT result. The result is shown in figure 6(a).
One observes that the value on the electron-doping side
can reach ∼0.4mAV−2. For hole doping, the peak at µ=
−0.3 eV is even larger, reaching ∼2mAV−2, which is quite
large. It is comparable to the one measured in few-layer
MnBi2Te4 [8, 75].

5
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Figure 6. (a) Calculated intrinsic nonlinear Hall conductivity χyxx
as a function of chemical potential for bilayer AFM CrPS4. (b)
k-space distribution of BCP dipole for states below µ=−0.3 eV.
The hot spots on Γ-K path correspond to the two gapped Dirac
points marked in the enlarged band structure in (c). (d) Sketch of
nonlinear Hall current induced by E field.

To reveal the origin of this peak, we plot the distribution
of k-resolved BCP dipole Λyxx(k) in BZ by summing over all
occupied states up to µ=−0.3 eV. The result is plotted in
figure 6(b). One can see a pronounced dipole like distribu-
tion in a small region around a point on Γ-K (ky > 0) path.
This corresponds to a band anti-crossing point as indicated in
figure 6(c). By analyzing the band structure around this point,
we identify it as a gapped Dirac point. However, different from
that in figure 4(d), the bands are doubly degenerate. The effect-
ive model for this point from symmetry analysis takes the fol-
lowing form:

Heff = wky+ vxkx (σx cosα+σy sinα)τy
+ vykyσzτy+mτx, (10)

where the wavevector k is measured from the point, σ and
τ are two sets of Pauli matrices, τ ′s denote the two doubly
degenerate anti-crossing bands, and σ ′s denote the spin degree
of freedom within each doubly degenerate band, w, v’s, α,
and m are real model parameters. The last term in (10) opens
a small gap ∼0.007 eV between the two doubly degenerate
bands. As shown in [5, 6], such gapped Dirac point tends to
enhance BCP hence makes significant contribution to the non-
linear Hall response. In figure 6(c), there is another hot spot on
the ky < 0 portion of Γ-K path, with a comparatively weaker
BCP dipole distribution. This corresponds to another gapped
Dirac point at energy slightly below−0.3 eV (see figure 6(b)).
The form of its effective model is the same as equation (10),
since the local symmetry is the same.

The above discussion is for the AFM bilayer with top layer
spin-down and bottom layer spin-up. As for the other energy-
degenerate configuration with top layer spin-up and bottom
layer spin-down, the nonlinear Hall response will flip sign.

This is because the two magnetic configurations are connec-
ted by time reversal operation, and the BCP dipole induced
nonlinear Hall response is a T -odd effect.

6. Layer Hall effect in bilayer

We have shown that a large AHE can be realized in monolayer
CrPS4. The bilayer is made of two monolayers with opposite
magnetization. Hence, the vanishing of AHE in bilayer can
be intuitively understood as the exact cancellation of the AHE
responses of the two monolayers. From this perspective, one
may consider the bilayer system actually hosts a layer Hall
effect [76], i.e. the AHE response is finite in each layer channel
and is opposite between the two channels. This is analogous
to concepts of the spin Hall effect and valley Hall effect, with
layer index being the binary degree of freedom.

Similar to spin or valley Berry curvature, we may define a
layer Berry curvature [77] for bilayer CrPS4:

Ωn,ℓ
z (k) =−2h̄2Im

∑
m ̸=n

(
vℓx
)
nm

(vy)mn
(εn− εm)

2 , (11)

where ℓ= T,B is the binary layer index for top and bottom
layers, (vℓx)nm is the interband matrix element for the operator
v̂ℓx = {P̂ℓ, v̂x}/2, i.e. the velocity operator combined with the
projector P̂ℓ into layer ℓ. The response of AHE in each layer
is characterized by

σℓ
xy =

e2

h̄

ˆ
[dk] fnkΩn,ℓ

z (k) . (12)

One can easily see that the total anomalous Hall conductivity

σxy = σTxy+σBxy, (13)

must vanish. However, the layer Hall conductivity

σLxy = σTxy−σBxy (14)

can be nonzero.
In figure 7(a), we show the calculated layer Hall con-

ductivity for bilayer CrPS4. One can see its peak value can
reach ∼220 S cm−1 on the hole doping side. This indicates
that although the net charge current flow vanishes, the AHE
response within each layer is still quite large, leading to a large
layer Hall effect.

It is noted that the existence of layer Hall effect does not
require the breaking of PT symmetry. Nevertheless, direct
detection of layer resolved Hall response is difficult. To probe
layer Hall effect in experiment, an indirect way is to break the
PT symmetry that connects the two layers by gating, so that
the layer Hall effect can be converted to an anomalous Hall
signal [76]. Figure 7(c) shows the calculated layered-resolved
and net AHE conductivities for bilayer CrPS4 under a gate
field of 0.02V nm−1 (a moderate gate field strength that can
be readily achieved in experiment). One observes that the gate
field shifts the layered-resolved conductivities σℓ

xy in differ-
ent ways, leading to a finite AHE. In figure 7(d), we plot the

6
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Figure 7. (a) Calculated layer Hall conductivity in bilayer CrPS4.
Here, we focus on the peak structure in valence band. (b) Schematic
figure showing the application of a gate electric field to bilayer
CrPS4. This breaks the PT symmetry and generates a finite
anomalous Hall response. (c) Layer-resolved Hall conductivities
and total Hall conductivities under a gate field of 0.02 V nm−1. (d)
The resulting anomalous Hall conductivity versus gate field at a
fixed chemical potential of −0.25 eV.

net AHE conductivity as a function of gate field at a fix chem-
ical potential µ=−0.25 eV. One observes the linear scaling at
weak field region, and the sign of AHE response can be con-
trolled by the direction of gate field, which is a nice feature for
device applications.

7. In-plane anomalous Hall effect in bilayer

As mentioned above, even-layer CrPS4 should have vanishing
linear AHE due to the PT symmetry. By applying an in-plane
magnetic field, the PT symmetry can be broken, and a linear
charge Hall signal can be produced [78–81]. (Out-of-plane B
field also works, but it will bring in the ordinary Hall effect.) In
literature, such a configuration is commonly called the planar
Hall effect. However, it should be noted that in many previ-
ously reported experiments, the transverse signal is even in the
applied magnetic field B, which is actually not a Hall response
but a transverse magneto-resistance. This is in contrast to the
effect considered here, which is odd in B. Because of this dif-
ference, some recent experimental studies termed this effect as
in-plane AHE [82–84], which we adopt here.

The main effect of applied in-plane B field here is to tilt
the local magnet moments and cause a net in-plane magnetiza-
tion δM along the B field direction. This picture was confirmed
in experiment, and it was found that the magnetic anisotropy
in CrPS4 is relatively weak, so the spin canting can be read-
ily achieved by moderate B field strength [30]. The direction
of in-plane B field affects the induced AHE. For field along
y direction, the resulting magnetization δMy cannot efficiently
generate AHE, because it preserves theMy symmetry for each

Figure 8. (a) Schematic figure showing the application of an
in-plane magnetic field to bilayer CrPS4. The field breaks PT
symmetry, tilts the local moments, and induces a finite linear
anomalous Hall response. (b) Calculated anomalous Hall
conductivity versus spin-canting angle θ at a fixed chemical
potential of −0.31 eV. (c) Calculated layer-resolved and total
anomalous Hall conductivities for the bilayer when the spin-canting
angle θ = 30◦.

layer. In comparison, the component δMx along x direction is
more effective in producing the in-plane AHE response. In the
following, we shall focus on this case, withB field causing spin
canting in the x direction.

InDFT calculation, wemodel the spin-canted state by rotat-
ing the local moments towards the x direction by a canting
angle θ. At a small angle θ = 30◦, the calculated layered-
resolved and net AHE conductivities are plotted in figure 8(c).
One observes that the contributions from the two layers no
longer cancel out. A sizable AHE conductivity with peak value
∼132 S cm−1 can be obtained. In figure 8(b), we plot the
induced AHE conductivity as a function of canting angle θ
for a fixed µ=−0.31 eV. The curve shows a linear increase
at small angles and tends to saturate at large angle. It reaches
∼201 S cm−1 at angle θ = 60◦. Using a simple AFM model,
the magnetic energy under an in-plane magnetic field can be
written as Em =−2gµBBSsinθ− JcS2 cos2θ, where S is the
magnitude of local spin, and Jc is the interlayer AFM coup-
ling strength [85]. In this estimation, the magnetic anisotropy
energy is neglected, since it is two order of magnitude smal-
ler than the exchange energy [25].Minimizing this energywith
respect to θ, we find the magnitude of B field needed to achieve
canting angle θ can be estimated as

B≈ 2JcSsin(θ)/(gµB) . (15)

Taking the interlayer exchange coupling Jc = 0.15meV as
obtained from experiment [25], and S= 3/2, we find that a
canting angle of 5◦ can be achieved by a moderate B field
of 340 mT, showing a pronounced in-plane AHE response in
bilayer CrPS4.

7
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8. Discussion and conclusion

In this study, we have investigated the rich anomalous Hall
transport phenomena in 2D CrPS4 systems. Monolayer and
bilayer CrPS4 are used as representatives for demonstration.
The general features apply also to other few-layer CrPS4 sys-
tems. The odd layers share the same symmetry as monolayer,
while the even layers share the same symmetry as bilayer.
Hence, linear AHE is expected in odd layers, whereas intrinsic
nonlinear Hall effect is expected in even layers. The linear
AHE induced by gate field or in-plane magnetic field should
occur in even-layer CrPS4 as well. It is worth noting that the
nonlinear Hall response would vanish in the bulk limit, since
bulk CrPS4 retains inversion symmetry regardless of the dir-
ection of its Néel vector.

Experimentally, 2D CrPS4 has been successfully fabric-
ated via various techniques down to monolayer limit [25,
28]. Field effect transistor devices based on 2D CrPS4 have
also been demonstrated [35, 39, 40, 44]. The phenomena pre-
dicted here should be detectable via standard transport meas-
urement with a dual gate device setup. For the nonlinear Hall
effect, the typical method is to modulate the driving current
with a low frequency (less than 100Hz) and measure the
response signal at second harmonic frequency by using the
lock-in technique [11, 12]. The angular dependence of the
signal (as manifested in equation (9)) can be probed by fab-
ricating a disk shaped device with multiple leads to allow
driving current (and response signal) exerted (detected) along
different in-plane directions. As for the layer Hall effect in
bilayer, besides detection via charge Hall signal under elec-
tric gating, it induces an in-plane orbital magnetization [77]
and hence may also be probed by magneto-optical Kerr
microscopy [19, 22].

For odd-layer CrPS4, the nonlinear transport signal should
vanish both above and below magnetic transition temperature
Tc. For even layers, the nonlinear signal is forbidden above
Tc (since the crystal structure preserves P) and appears only
when temperature is lowered below Tc. This could be used as a
signature for detecting Tc or the parity of number of layers. In
addition, we note that for temperature above Tc, both linear and
second-order Hall effects are forbidden by the T and P sym-
metries. The leading order anomalous Hall response should be
from the third order [7, 74, 86–91], which was recently probed
in several nonmagnetic materials.

In this work, we focus on the intrinsic responses, which rep-
resent inherent material properties. There also exist extrinsic
contributions arising from disorder scattering, which vary
from sample to sample [72, 92, 93]. Experimentally, a typ-
ical method to distinguish the different contributions is to
perform a scaling analysis by varying the various disorder
strengths. The intrinsic response correspond to a component
that is independent of scattering. And first-principles result
serves as an important benchmark for such analysis. As we
have mentioned, even-layer CrPS4 represents a good platform
for studying intrinsic nonlinear AHE, because of the following
reasons: (1) it low-symmetry monoclinic structure makes the
intrinsic nonlinear AHE a property of the magmatic material
itself, without requiring interfacial effects as in previous

experiments; (2) its spacetime inversion symmetry suppresses
the extrinsic contributions, making the intrinsic response more
important; and (3) its 2D vdW character makes the system
highly tunable and readily integrated into vdW heterostruc-
tures for nonlinear device applications.

In conclusion, we have investigated various anomalousHall
transport phenomena in 2D CrPS4. Due to their low crys-
tal symmetry and layer-dependent magnetism, we find a rich
variety of anomalous Hall responses, with sizable conduct-
ivities predicted by our first-principles calculations. These
effects allow us to probe the intrinsic band geometric quant-
ities, such as Berry curvature, BCP, and quantum metric, of
the material system. The demonstrated controllability of Hall
transport in 2D CrPS4 also offers possible mechanisms for
device operations. Our predications here can be readily tested
in experiment, and they may find promising applications in
next-generation electronics and spintronics based on 2D mag-
netic materials.
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