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The efficient detection of the Néel vector in antiferromagnets is one of the prerequisites toward
antiferromagnetic spintronic devices and remains a challenging problem. Here, we propose that the layer
Hall effect can be used to efficiently detect the Néel vector in centrosymmetric magnetoelectric
antiferromagnets. Thanks to the robust surface magnetization of magnetoelectric antiferromagnets, the
combination of sizable exchange field and an applied electric field results in the layer-locked spin-polarized
band edges. Moreover, the Berry curvature can be engineered efficiently by an electric field, which
consequently gives rise to the layer-locked Berry curvature responsible for the layer Hall effect.
Importantly, it is demonstrated that the layer Hall conductivity strongly depends on the Néel vector
orientation and exhibits rich electromagnetic responses, which can be used to detect the Néel vector
reversal. Based on density functional theory calculations, we exemplify those phenomena in the
prototypical Cr2O3 compound. A complete list of the magnetic point groups sustaining the layer Hall
effect is presented, aiding the search for realistic materials. Our work proposes a novel approach to detect
the Néel vector and holds great promise for antiferromagnetic spintronic applications.
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Introduction—Antiferromagnetic spintronics rooted in
antiferromagnets (AFMs) have aroused considerable inter-
est since the last decade due to the attractive properties of
AFMs such as zero stray fields, ultrafast dynamics, and
robustness against magnetic perturbations [1–5]. The anti-
ferromagnetic order parameter known as Néel vector could
serve as a nonvolatile variable to design the promising
antiferromagnetic memory device [2,3]. In this regard, the
efficient detection of the Néel vector becomes one of the
basic principles enabling such device design [2–5]. In
contrast to ferromagnets, the lack of sizable magnetization
makes it technically nontrivial to detect the Néel vector in
AFMs (readout of the AFM state) using conventional
magnetic techniques. Recently, several approaches such
as anisotropic magnetoresistance (AMR) [6,7], spin Hall

magnetoresistance [8,9], magneto-optical Kerr [4,10,11],
extrinsic [12–14] and intrinsic nonlinear Hall effect (NHE)
[15–17] have been proposed to detect the Néel vector.
Despite these advances, these approaches are merely
applicable to a special class of AFMs and have their
own limitations. For example, the magneto-optical Kerr
is mostly valid for canted AFMs with weak ferromagnetism
[11]. The AMR and extrinsic NHE cannot distinguish a
180° reversal of the Néel vector [14–16]. In this regard, the
techniques for the Néel vector detection in AFMs are far
from complete, and proposals of novel detection schemes
are highly desirable.
In this Letter, we propose that the layer Hall effect [18]

represents an efficient tool to detect the Néel vector of
PT -symmetric (P denotes inversion while T denotes
time reversal) magnetoelectric (ME) AFMs, owing to
their following advantages. First, the PT -symmetric
AFMs enable the control of the Néel vector via fieldlike

*Contact author: lltao@hit.edu.cn
†Contact author: physzhaohj@jlu.edu.cn

PHYSICAL REVIEW LETTERS 133, 096803 (2024)

0031-9007=24=133(9)=096803(8) 096803-1 © 2024 American Physical Society

https://orcid.org/0000-0001-6003-100X
https://orcid.org/0000-0002-8921-2477
https://orcid.org/0000-0003-1688-2768
https://orcid.org/0000-0003-2000-5071
https://orcid.org/0000-0002-6728-5480
https://ror.org/01yqg2h08
https://ror.org/00js3aw79
https://ror.org/00js3aw79
https://ror.org/01yqg2h08
https://ror.org/043mer456
https://ror.org/05jbt9m15
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.133.096803&domain=pdf&date_stamp=2024-08-30
https://doi.org/10.1103/PhysRevLett.133.096803
https://doi.org/10.1103/PhysRevLett.133.096803
https://doi.org/10.1103/PhysRevLett.133.096803
https://doi.org/10.1103/PhysRevLett.133.096803


spin-orbit torque [6,10,19,20] and, as shall be shown, the
electrically switchable Hall signal. Second, the ME AFMs
[21–23] are attractive due to possessing an intrinsic ME
effect and roughness-robust surface magnetization M,
which is protected by bulk magnetic symmetries [24–
27]. Specifically, the vacuum-terminated surface or inter-
face with another material reduces the bulk magnetic point
group in a similar way as electric field does. Thus, the same
equilibrium magnetization components as the bulk mag-
netoelectric with an applied electric field must exist at the
boundary [26,27]. Strikingly, M tied to the bulk Néel
vector is ME switchable [8,25,28]. This offers a desirable
route for the Néel vector detection through examining
M-dependent physical responses. Recently, a new type of
Hall effect—the layer Hall effect—was proposed and
experimentally observed in the 2D topological axion
antiferromagnet MnBi2Te4 [18]. Such layer Hall effect is
distinct from the conventional anomalous Hall effect
(AHE) and originates from the layer-locked Berry curva-
ture, namely the Berry curvatures are opposite between the
top and bottom layers [29,30]. Since the layer Hall effect is
a layer-locked AHE andM is locked to the surface layer, it
is instructive to explore the layer Hall effect and its
dependence on the Néel vector orientation in ME AFMs.
Here, we predict that the layer Hall effect emerges in the
centrosymmetric ME AFM when an electric field is
applied. As a specific example, we consider the prototypi-
cal ME AFM Cr2O3 and demonstrate a sizable layer Hall
signal based on the density functional theory calculations.
Moreover, we show that the layer Hall conductivity
depends strongly on the Néel vector orientation, which
suggests an efficient way to detect the Néel vector.
Layer Hall effect from symmetry analysis—We first

illustrate the strategy for fulfilling the layer Hall effect
in centrosymmetric ME AFMs from symmetry analysis.
For centrosymmetric ME AFMs [31], both P and T
symmetries are broken while the combined PT symmetry
is preserved. As sketched in Fig. 1(a), the ME AFM film
contains two symmetrically equivalent surfaces (termed as
the top and bottom layers connected by PT symmetry)
with opposite M. M is protected by the symmetry
operation fRjtg [26,27], where R and t denote the point
group and translation operations, respectively. From
Fig. 1(a), although t creates atomic steps at the surface,
both M and surface normal n are invariant under R
operation, thereby generating uncompensated M. The
exchange field produced by M [32–34] yields a sizable
exchange splittingΔ1 between t↑ and t↓ (b↑ and b↓) energy
levels, where ↑;↓ is the spin index and t (b) denotes the
state associated with the top (bottom) layer. To examine the
bands and Berry curvature engineering by an applied
electric field, without loss of generality, we consider n
along z direction in the following discussion. Without
electric field Ez, the global PT symmetry ensures the
Kramers degeneracy and the vanishing Berry curvature

[35–38]. By applying Ez, the surface bands are spin
splitting due to PT symmetry broken and the spin-split
magnitude is Δ2 ∝ Ez, as illustrated in Fig. 1(b). Usually,
the magnitude of Δ1 is significantly larger than that of
Δ2 [32–34]; the band edge is thus contributed by either
b↓ (þEz) or t↑ (−Ez), resulting in the layer-locked
spin-polarized band edges. Importantly, the Berry curvature
becomes nonzero and layer-locked under finite Ez, thereby
ensuring the layer Hall effect, as illustrated in Fig. 1(c). We
see that the electrons from top and bottom layers deflect in
opposite directions due to the opposite Berry curvaturesΩz.
Our aforementioned discussion on the layer Hall effect

can be formulated by a single-particle Hamiltonian (within
the single-orbital approximation) as

H ¼ ℏ2k2

2m
þ η

�
hðkÞ · σ −

Δ1

2
m · σ þ Δ2

2

�
; ð1Þ

where the first term is the kinetic energy, the second term is
the spin-orbit coupling (SOC), the third term is the
exchange term due to M, and the fourth term arises from
the applied electric field. In Eq. (1), hðkÞ ¼ ðhx; hy; hzÞ
characterizes the spin-orbit field defined in k space and can
be determined by using the method of invariants [39–44],
σ ¼ ðσx; σy; σzÞ is the Pauli spin vector, and m is a unit
vector ofM. η ¼ þ1 (−1) selects the top (bottom) layer. In

FIG. 1. (a) Illustration of roughness-robust surface magnetiza-
tion M of ME AFMs. n is the surface normal. Red and blue
arrows represent the magnetic moments. The point group
operation R leaves both M and n invariant while the top and
bottom layers are connected byPT symmetry. (b) Schematic spin
splitting of surface bands and layer-locked band edges. b↑;↓ (t↑;↓)
denotes the projection onto the bottom (top) surface states and
↑;↓ is the spin index. The bands from bulk states are omitted for
simplicity. Δ1 (Δ2) represents the magnitude of spin splitting by
exchange field (electric field Ez). The PT symmetry is preserved
✓ (broken ✗) without (with) Ez and the dashed line denotes the
position of Fermi energy. (c) Illustration of layer-locked Berry
curvature Ωz and layer Hall effect for positive and negative Ez.
(d) Switching between two magnetic domain states by the
combined E and H fields. ΔF denotes the energy barrier
separating the two AFM domains.
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Eq. (1), the coupling between top and bottom layers is
ignored by assuming large film thickness. Table I summa-
rizes the symmetry allowed hðkÞ · σ − ðΔ1=2Þm · σ terms
for the (001) plane of several magnetic point groups
(MPGs) of ME AFMs. Here, we list only the results for
the (001) plane and the complete list is given in the
Supplemental Material Table, Sec. II [45]. As an illustra-
tion, we consider m along z and hz being negligible as
compared to Δ1. Then, the eigenvalues εη;�k and Berry
curvature Ωη;�

z are given by

εη;�k ¼ ℏ2k2

2m
þ η

�
Δ2

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2x þ h2y þ

Δ2
1

4

r �
; ð2Þ

and

Ωη;�
z ¼∓ ηΔ1

4ðh2xþh2yþΔ2
1=4Þ3=2

�
∂hx
∂kx

∂hy
∂ky

−
∂hx
∂ky

∂hy
∂kx

�
: ð3Þ

From Eqs. (2) and (3), the total Berry curvature is zero
when Ez ¼ 0 and the polarity of Ωz is controlled by the
signs of Δ1 and Ez, suggesting electrically switchable
layer-locked Berry curvature.
Another point worth noticing is that the sign of M is

uniquely linked to the Néel vector L in ME AFMs. This is
due to the fact that M arises from one AFM sublattice and
L is proportional to the difference of total magnetic
moments between AFM sublattices [24–27]. M and L
in ME AFMs are switchable by a combination of applied
electric E and magnetic H fields [24–26], which paves the
way for the ME manipulation of L. We recall that there
exists a free energy term FðE;HÞ¼−αijEiHj (i;j¼x, y, z)
for centrosymmetric ME AFMs [28], where αij is the ME

tensor. This term suggests a preferred magnetic domain
state after annealing in a combination of E and H fields,
called “magnetoelectric annealing” [25]. As sketched in
Fig. 1(d), the two single domain states have opposite M
and L, which is, in principle, switched provided that
2αijEiHj is larger than ΔF. Moreover, the large αij is
favorable to reduce the required critical fields. The calcu-
lated longitudinal ME coupling coefficient for bulk Cr2O3

is αzz ¼ 0.002 ps=m [60]. Such EH switching ofM andL
has been unanimously verified by the exchange bias
switching in the CoPd=Cr2O3ð0001Þ heterostructure [25].
Layer-locked band edges in the Cr2O3 film—Having

demonstrated the layer Hall effect based on symmetry
analysis, we next exemplify this in the prototypical Cr2O3

film. Bulk Cr2O3 (MPG 3̄0m0) has high Néel temperature
(TN ≈ 307 K) [8,25] and large ME coupling [57,60,61].
Figure 2(a) shows the atomic structure of Cr2O3ð0001Þ film
composed of 6 and 12 atomic layers of O and Cr,
respectively, and the surface is terminated by a single layer
of Cr atoms, which has the lowest surface energy [62]. The
magnetic moments of Cr atoms are aligned parallel in the
(0001) plane and antiparallel along the [0001] direction. An
electric field Ez is applied along the z direction (c axis) to
engineer the electronic structures and Berry curvatures.
Without Ez, the bands are doubly degenerate as enforced by
PT symmetry. Under finite Ez, as shown in Figs. 2(b) and
2(c), the bands are spin splitting due to PT symmetry
broken. Orbital projected band structures indicate that the
band edges are dominantly contributed by the surface Cr
atoms. Specially, spin up and down band edges are
contributed by bottom (b↑) and top (t↓) Cr atoms, respec-
tively, which is consistent with the surface magnetization
orientations. We see that the layer-locked band edges are
achieved in Cr2O3 film by Ez, and intriguingly, the spin

TABLE I. The MPGs for the (001) plane of several ME AFMs and the symmetry allowed Hamiltonian hðkÞ ·
σ − Δ1=2m · σ (linear order in k) terms. λ represents the SOC parameter while Δ characterizes the Zeeman spin
splitting. The symbol ✓ (✗) denotes the symmetry allowed (forbidden) Berry curvature. For each bulk MPG, the
corresponding (001) plane MPG is obtained by gathering the symmetry operations that preserve the surface normal
z being perpendicular to the (001) plane.

Bulk MPG MPG for (001) plane hðkÞ · σ − Δ1=2m · σ

m0m0m0 m0m02 (✓) λxykxσy þ λyxkyσx − Δz=2σz
mm0m mm020 (✗) λxykxσy þ λyxkyσx − Δx=2σx
m0mm m0m20 (✗) λxykxσy þ λyxkyσx − Δy=2σy
4=m0 4 (✓) λxyðkxσy − kyσxÞ þ λxxðkxσx þ kyσyÞ − Δz=2σz
4=m0m0m0 4m0m0 (✓) λxyðkxσy − kyσxÞ − Δz=2σz
3̄0 3 (✓) λxyðkxσy − kyσxÞ þ λxxðkxσx þ kyσyÞ − Δz=2σz
3̄0m01 3m01 (✓) λxyðkxσy − kyσxÞ − Δz=2σz
3̄01m0 31m0 (✓) λxyðkxσy − kyσxÞ − Δz=2σz
6=m0 6 (✓) λxyðkxσy − kyσxÞ þ λxxðkxσx þ kyσyÞ − Δz=2σz
6=m0m0m0 6m0m0 (✓) λxyðkxσy − kyσxÞ − Δz=2σz
m03̄0 m0m02 (✓) λxykxσy þ λyxkyσx − Δz=2σz
m03̄0m0 4m0m0 (✓) λxyðkxσy − kyσxÞ − Δz=2σz

PHYSICAL REVIEW LETTERS 133, 096803 (2024)

096803-3



polarization around the band edges is electrically switch-
able. This is due to the electrostatic effect [63], namely a
potential difference between top and bottom layers is built
and reversible by Ez, thereby interchanges the roles of spin
up and down electrons around band edges, as seen from

Fig. 2(d). Figure 2(e) shows the magnitude of spin splitting
Δ2 as a function of Ez. As expected, Δ2 shows linearly
dependence on Ez.
Layer Hall effect in the Cr2O3 film—Having demon-

strated the layer-locked spin-polarized band edges by Ez,
we next move to the Berry curvature engineering by Ez.
Figure 3(a) shows the anomalous Hall conductivity σxy as a
function of Fermi energy for different Ez. As consistent
with the above symmetry analysis, σxy is zero (finite)
without (with) Ez and is enhanced slightly with increasing
Ez. Importantly, the polarity of σxy is fully switched when
Ez is reversed (e.g., from 0.1 V=Å to −0.1 V=Å). This is
due to the fact that the spin polarization is switchable by Ez
as demonstrated in Figs. 2(b) and 2(c). It is to be noted that
the possible defects or disorder may result in the uncom-
pensated magnetization in Cr2O3 film, which naturally
breaks the PT symmetry and gives rise to an AHE.
However, as demonstrated in Supplemental Material,
Sec. III [45], the defects have negligible effect on σxy
under finite Ez. Figure 3(b) shows σxy as a function
of L orientation θ (in x-z plane). We see that σxy shows
a 2π periodic dependence on θ and satisfies σxyðθÞ ¼
−σxyðθ þ πÞ (T -odd constraint). Interestingly, the L ori-
entation dependence of nonlinear Hall conductivity for
certain AFMs exhibits the similar behavior [16,17].
However, the layer Hall effect represents the first-order
response to the electric field, being entirely different from
the nonlinear Hall effect [12–17]. To further understand
σxy, it is helpful to analyze the momentum-resolved total

FIG. 2. (a) Atomic structure of Cr2O3 film. Ez denotes the
applied electric field. Gray arrows denote the magnetic moments.
Spin and layer projected band structure with (b) positive and
(c) negative Ez (Ez ¼ 0.1 V=Å) without SOC. (d) Electrostatic
potential profile ΔV along the z direction. Here the sawtooth type
ΔV near boundary is not shown. (e) Spin-split energy Δ2 as a
function of Ez. Inset: sketch of Ez-induced spin splitting near
conduction bands.

FIG. 3. (a) Anomalous Hall conductivity σxy of Cr2O3 film as a function of Fermi energy for different Ez. (b) σxy (Fermi energy of
40 meV) as a function of Néel vector L orientation θ (x-z plane, inset). (c) Spin projected band structure with SOC and magnetization
along z axis. The color map quantifies the expectation value of the sz component. The dashed line denotes the position of the Fermi
energy. (d) Total Berry curvature −ΩzðkÞ along symmetry linesM − Γ − K −M: − ΩzðkÞ around Γ point in the first Brillouin zone for
(e) Ez ¼ 0.1 V=Å and (f) Ez ¼ −0.1 V=Å. The solid lines represent the Fermi contours. The conduction band minimum has been
aligned to zero.
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Berry curvature ΩzðkÞ since σxy arises from ΩzðkÞ inte-
grated in k space. Without loss of generality, we consider
Ez ¼ 0.1 V=Å and the Fermi energy of 40 meV in the
following discussion. Figure 3(c) shows the spin sz
projected band structure with SOC. It is evident that the
electrons are fully spin and layer polarized when the Fermi
energy is within the energy window (highlighted in
yellow). Figure 3(d) shows −ΩzðkÞ along symmetry lines
M − Γ − K −M. It is seen that −ΩzðkÞ has large positive
values near Γ point due to the small energy gap between
occupied and unoccupied bands, which gives rise to Berry
curvature peaks. Figures 3(e) and 3(f) show −ΩzðkÞ around
Γ point in the first Brillouin zone for Ez ¼ �0.1 V=Å. The
large Berry curvatures occur in a trianglelike region around
Γ point. Intriguingly, the polarity of ΩzðkÞ is fully reversed
by changing the direction of Ez. Thus, the bottom (top)
layer sustains the AHE for positive (negative) Ez. We see
that the electrically switchable layer Hall effect can be
realized in Cr2O3 film, and more importantly, the layer Hall
conductivity depends sensitively on L orientation, which
provides an efficient route for L detection.
Layer Hall response to the combination ofE andH—As

previously mentioned, the AFM domain state of ME AFMs
can be switched by the combined electric and magnetic
fields [see Fig. 1(d)]. As for Cr2O3, there are two
degenerate AFM domain states, which are denoted as
AFM I and AFM II. The switching between AFM I and
AFM II states by the product EzHz has been confirmed
experientially [25]. Since the switching from AFM I to
AFM II or vice versa is equivalent to T operation, the
polarity of σxy is expected to reverse. This is exactly what
we find in density functional theory calculations, as shown

in Fig. 4(a). Thus, the polarity of σxy is locked to AFM
domain state and can be exploited to detect the Néel vector
reversal. To illustrate this, Fig. 4(b) schematically shows
σxy versus Hz with a fixed Ez. Starting from AFM I, σxy is
positive. For the forward scan (red curve), when the product
EzHz exceeds the energy barrier ΔF at the positive critical
field Hc, the system enters into AFM II and σxy becomes
negative. Similarly, for the backward scan (blue curve), the
system changes from the AFM II to the AFM I state at the
negative critical field −Hc. Figure 4(c) schematically
shows σxy versus Ez with a fixed Hz, which reveals a
butterflylike loop, as also has been observed in MnBi2Te4
film [18]. For the forward scan (red curve), starting from
AFM I, σxy changes sign when Ez changes from negative to
positive. At the positiveEc (e.g., Ec ¼ 2.6 kV=mm [25] for
a fixed magnetic field μ0Hz ¼ 154 mT), σxy changes sign
for the second time due to the switching from AFM I to
AFM II, indicative of Néel vector reversal. The back-
ward scan (blue curve) reveals the similar behavior. Such
Ez-dependent σxy paves the way for detecting the Néel
vector reversal through layer Hall effect and provides new
guidelines for the design of ME AFM memory device.
Discussion and summary—Our proposed layer Hall

method provides electric means to detect the Néel vector,
which is desirable for applications. This method is not
limited by the wavelength of radiation and allows using it at
sub 100 nm dimensions [4,10,11]. In contrast to the AMR
[6,7] and extrinsic NHE [12,13] method, the layer Hall
method is able to detect 180° reversal of the Néel vector. In
contrast to the intrinsic NHE [15–17], layer Hall represents
the first-order response to an electric field, which is
favorable for experimental measurements.
The layer Hall detection is also applicable to other ME

AFMs such as Fe2TeO6, SrFe2S2O, and Cr2TeO6 [45,58].
In addition, this approach can be applied to 2D Van der
Waals exhibiting PT symmetry. For example, as we show
in Supplemental Material, Figs. S2 and S3 [45], for
monolayer MnSe [64] and two septuple-layer MnBi2Te4
[18], the Berry curvature can be efficiently engineered by
an electric field and layer Hall conductivity depends
sensitively on the Néel vector orientation. Moreover, the
layer Hall detection is also applicable to certain ME AFMs
with in-plane Néel vector. For example, as we show in
Supplemental Material, Fig. S4 [45], for SrFe2S2Oð001Þ
film [59], the layer Hall conductivity is sizable under an
electric field and is electrically switchable.
In summary, we have proposed the layer Hall detection

of the Néel vector in ME AFMs. Combining the robust
surface magnetization and electrically spatial engineering
of Berry curvature enables a sizable layer Hall signal,
which depends sensitively on the Néel vector orientation.
Combing the ME manipulation of the Néel vector
(“write in”) and the layer Hall detection scheme (“read off”)
in ME AFMs, it is promising to design all-electric control

FIG. 4. (a) σxy of Cr2O3 film as a function of Fermi energy for
AFM I and AFM II states with Ez ¼ 0.1 V=Å. The conduction
band minimum has been aligned to zero. (b) Schematic σxy versus
the magnetic field Hz with a fixed electric field Ez. (c) Schematic
σxy versus Ez with a fixedHz.Hc and Ec denote the critical fields,
at which M and L reverse.
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of antiferromagnetic memory devices. Looking forward,
we hope that our work will enrich the techniques for the
Néel vector detection, being beneficial for the design of
antiferromagnetic spintronic devices.
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vector in Cr2O3, Phys. Rev. B 105, 094442 (2022).

[10] M. J. Grzybowski, P. Wadley, K.W. Edmonds, R. Beardsley,
V. Hills, R. P. Campion, B. L. Gallagher, J. S. Chauhan, V.
Novak, T. Jungwirth, F. Maccherozzi, and S. S. Dhesi,
Imaging current-induced switching of antiferromagnetic

domains in CuMnAs, Phys. Rev. Lett. 118, 057701
(2017).

[11] V. Saidl, P. Němec, P. Wadley, V. Hills, R. P. Campion, V.
Novák, K.W. Edmonds, F. Maccherozzi, S. S. Dhesi, B. L.
Gallagher et al., Optical determination of the Néel vector in
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