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The anomalous Hall effect, commonly observed in metallic magnets, has been established to originate
from the time-reversal symmetry breaking by an internal macroscopic magnetization in ferromagnets or by
a noncollinear magnetic order. Here we observe a spontaneous anomalous Hall signal in the absence of an
external magnetic field in an epitaxial film of MnTe, which is a semiconductor with a collinear antiparallel
magnetic ordering of Mn moments and a vanishing net magnetization. The anomalous Hall effect arises
from an unconventional phase with strong time-reversal symmetry breaking and alternating spin
polarization in real-space crystal structure and momentum-space electronic structure. The anisotropic
crystal environment of magnetic Mn atoms due to the nonmagnetic Te atoms is essential for establishing the
unconventional phase and generating the anomalous Hall effect.
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The ordinary and anomalous Hall effects are prominent
phenomena in condensed matter physics and spintronics
that refer to a nondissipative current, jH ¼ h ×E, gene-
rated in a transverse direction to the applied electric field E
[1,2]. The corresponding antisymmetric transverse compo-
nents of the conductivity tensor, σaij ¼ −σaji, form a pseu-
dovector h ¼ ð−σayz; σaxz;−σaxyÞ whose components flip
sign under the time-reversal transformation (T ) [1,2]. In
the ordinary Hall effect, h is typically proportional to an
applied external magnetic field that breaks the T symmetry
and couples to the electronic degrees of freedom via the
Lorentz force. In contrast, the anomalous Hall effect (AHE)
reflects the T -symmetry breaking in the crystal and
electronic structure associated with an internal magnetic
order in a material [1,2]. The AHE can, therefore, generate
a spontaneous Hall signal even in the absence of an external
magnetic field. It is established that the AHE can arise from
a macroscopic magnetization in ferromagnets, or a non-
collinear order of spins on certain lattices of magnetic
atoms [1,2].
Following a prediction for RuO2 [3], the research of the

AHE has recently turned to materials belonging to the
abundant family of crystals with compensated collinear
antiparallel ordering of spins [3–7], for which the AHE and

other T -symmetry breaking spintronic phenomena have
been traditionally considered to be excluded due to the
vanishing net magnetization [2]. The surprising emergence
of the T -symmetry breaking responses in these compen-
sated magnetic crystals has been recently ascribed to an
unconventional magnetic phase [7,8]. It is characterized by
an alternating spin polarization in both real-space crystal
structure and momentum-space electronic structure, which
has suggested to term this unconventional phase altermag-
netism [7,8]. Crystals hosting altermagnetism have the
opposite-spin sublattices connected by crystal rotation
transformations (proper or improper and symmorphic or
nonsymmorphic). In contrast, conventional antiferro-
magnets are characterized by the translation or inversion
symmetry connecting the opposite-spin sublattices [9,10].
A systematic symmetry based classification and description
of this unconventional magnetic phase has been developed
using a nonrelativistic spin-group formalism [7,8].
RuO2 is a prominent member of the altermagnetic

family because of its metallic conduction combined with
magnetic ordering above room temperature [11,12], and
because of the presence of the AHE [3,13] and of non-
relativistic spin splitting, charge-spin conversion, and giant
magnetoresistive phenomena [3,13–21]. Moreover, RuO2
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is a representative of the specific subclass of altermagnets
in which an anisotropic arrangement of nonmagnetic atoms
in the crystal (O atoms in RuO2) breaks the inversion and
translation symmetry, while preserving the rotation sym-
metry, connecting the opposite-spin sublattices. Because of
the essential role of nonmagnetic atoms, the AHE in
materials like RuO2 has been referred to as originating
from a crystal T -symmetry breaking mechanism [3,4,6].
Transport measurements in RuO2 have confirmed the

presence of the AHE signals [13]. However, the experi-
ments relied on an externally applied magnetic field that
served as a tool for reorienting the magnetic order vector
from the [001] easy axis. Incidentally, this magnetic easy
axis is a singular direction of the magnetic order vector in
RuO2 for which the AHE vanishes by symmetry [3,13].
In this Letter we report the experimental observation of

the AHE in thin-film α-MnTe with a room temperature
compensated collinear magnetic order [22]. Despite the
extensive exploration of MnTe in the past [22–34], the
AHE has not been theoretically or experimentally identified
in this material prior to our Letter. We highlight that the
MnTe structure shares with RuO2 the essential role of
nonmagnetic atoms (Te atoms in case of MnTe) in the
formation of the altermagnetic phase, and the correspond-
ing T -symmetry breaking phenomena, including the AHE.
In contrast to RuO2, our measurements in MnTe show
hysteresis and spontaneous AHE signals at zero magnetic
field. By symmetry analysis and density functional theory
(DFT) calculations we show that the spontaneous nature of
the AHE results from the favorable magnetic easy axes in
our MnTe thin film.
The other major distinction of MnTe from metallic

RuO2 and common ferromagnets or noncollinear magnets
with metallic conduction is that stoichiometric MnTe is
an intrinsic room-temperature magnetic semiconductor
[22,24,26,35,36]. The prospect of integrating T -symmetry
breaking spintronic phenomena with field-effect transistor
functionalities in one material has driven the research of
ferromagnetic semiconductors for decades, in particular of
the III–V compounds that become ferromagnetic when
heavily doped with Mn [37–39]. However, the required
heavy charge dopings compromise the semiconducting
nature of the host compounds, while the ferromagnetic
transition temperatures have remained well below room
temperature, i.e., far below the Curie temperatures of
common transition-metal ferromagnets. Our observation
of the AHE in MnTe demonstrates that altermagnetism can
remove the roadblock associated with the notorious incom-
patibility of robust high-temperature ferromagnetism with
semiconducting (insulating) band structures.
A schematic crystal of α-MnTe with NiAs structure

(crystallographic space group P63=mmc #194 [40]) is
shown in Fig. 1(a). The magnetic moments on Mn have
a parallel alignment within the c planes and an antiparallel
alignment between the planes which avoids frustration in

the magnetic order. The crystallographic translation or
inversion transformations do not connect the opposite spin
sublattices because of the nonmagnetic Te atoms that
occupy noncentrosymmetric positions and form octahedra
around the Mn atoms. This symmetry-lowering arrange-
ment of nonmagnetic atoms around the magnetic atoms is
reminiscent of RuO2 [3]. The specific realization is,
however, different. In RuO2, the O octahedra belonging
to the opposite-spin sublattices share an edge and the two
sublattices are connected by a crystallographic nonsym-
morphic fourfold rotation C4 combined with half unit-cell
translation. In MnTe, the two opposite-spin sublattices are
connected by a nonsymmorphic sixfold rotation C6 com-
bined with half-unit cell translation along the c axis t1=2
(screw axis), as highlighted by the blue and red shaded face
sharing octahedra in Fig. 1(a) [2,41].
The strong nonrelativistic T -symmetry breaking and

alternating spin-splitting in the band structure of MnTe,
accompanied by zero nonrelativistic net magnetization, is
described by a spin Laue group 26=2m2m1m of symmetry
transformations in decoupled real and spin space [7].
The spin-group symmetries imply the presence of four
spin-degenerate nodal planes crossing the Γ-point of the

(a) (b)

(d) (e)

(c)

FIG. 1. Theoretical calculation of spontaneous anomalous Hall
signal in collinear MnTe: (a) Atomic configuration of Mn (blue
or red) and Te (gold) with hexagonal NiAs structure. The two
magnetic sublattices are connected by a sixfold screw axis along
[0001]. (b) and (c) Magnetic moment configurations of the
hexagonal c planes with magnetic moments (red arrows) oriented
along ½11̄00� and ½21̄ 1̄ 0�, respectively. The magnetic unit cell
shape (black line) and crystal symmetry operations correspond-
ing to the generators of the magnetic point groups are indicated in
the panels. Te atoms at different heights are indicated by different
color saturation. (d) DFTAnomalous Hall conductivity vs. Fermi
energy calculated for the moment configuration of panel (b) and
Hall current along x direction. (e) Transverse conductivity
components for the Fermi energy 0.25 eV below the valence
band maximum as a function of the Néel vector orientation. The
angle ϕ is defined with respect to the a axis.
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momentum-dependent electronic structure (g-wave sym-
metry), corresponding to four mirror-symmetry planes
combined with spin-space rotation of the compensated colli-
near spin arrangement on the real-space MnTe crystal [7].
Besides the T -symmetry breaking, additional symmetry-

lowering requirements have to be fulfilled by the magnetic
state of the crystal to allow for an Hall pseudo-vector h [2].
These requirements are described within the formalism of
relativistic magnetic-group symmetries in coupled real and
spin space because, in general, the AHE in collinear
(coplanar) magnets is observed in the presence of spin-
orbit coupling [2]. Whether or not the AHE is allowed by
the relativistic magnetic symmetries then depends on the
orientation of the magnetic-order (Néel) vector with respect
to the crystal axes.
Figures 1(b) and 1(c) show two representative orienta-

tions of the Néel vector within the c plane of MnTe. The
first orientation is along the ½11̄00� magnetic easy axis in
our thin film [41], which is rotated by ϕ ¼ 30° from the
crystallographic a axis [31,50]. In this case, the generators
of the relativistic magnetic point-group m0m0m are the
inversion P, a twofold rotation C2 around the c axis, and a
mirror perpendicular to the Néel vector combined with
time-reversal MT [indicated in Fig. 1(b)]. This is com-
patible with the presence of the AHE pseudovector along
the c axis [2,3,41] and therefore enables the detection of a
hysteretic AHE signal. In contrast, for the Néel vector along
the a axis (½21̄ 1̄ 0�), the generators of the relativistic
magnetic point group mmm are inversion P, the twofold
rotation C2 around c, and a mirror M perpendicular to the
Néel vector, which excludes the AHE by symmetry [41].
To calculate the intrinsic Berry-curvature anomalous

Hall conductivity (AHC) [1,2], we use the maximally
localized Wannier functions based on the DFT framework
[41]. The obtained AHC for various Néel vector orienta-
tions within the c plane corroborate our symmetry analysis.
For the Néel vector aligned with the easy axis and current
along the a axis, the dependence of the AHC on the Fermi
energy is shown in Fig. 1(d). AHC values above 300 S=cm
are found for states deep in the valance band, while the
magnitude diminishes when the Fermi level approaches the
valance band edge. Note that for the indices of the compo-
nents of the AHE pseudovector h¼ð−σAHEyz ;σAHExz ;−σAHExy Þ,
we use a notation in which x corresponds to the crystal a
axis (½21̄ 1̄ 0�), y to the ½011̄0� crystal axis, and z to the c
axis ([0001]) of MnTe.
Figure 1(e) shows the AHC components σAHEij calculated

for a fixed Fermi energy as a function of the Néel vector
angle ϕ in the c plane measured from the a axis. Here i
labels the Hall current direction and j the applied electric-
field direction. As expected from symmetry, σAHExy is the
only nonzero component of the AHE pseudovector, i.e.,
h is parallel to the c axis and orthogonal to the in-plane
Néel vector. This is strikingly distinct from the conven-
tional AHE in ferromagnets where the Hall vector typically

aligns with the magnetization order vector [1]. Similarly, it
is distinct from the experimentally observed anomalous
Hall effect in RuO2, ascribed to the Néel vector component
parallel to the Hall vector [13]. The symmetry restrictions
of MnTe also force σAHExy ðϕÞ to zero every 60°, when the
Néel vector is aligned along the a axis or equivalent axes in
the c plane.
For the AHE measurements, we have prepared epitaxial

thin films of α-MnTe by molecular beam epitaxy on a
single-crystal InP(111)A substrate at a substrate temper-
ature of 380 °C using Mn and Te beam flux sources.
Reflection high energy electron diffraction and x-ray
diffraction data indicate two-dimensional layer-by-layer
growth, high crystallographic quality, and film thickness
of 48 nm [41]. For the growth on InP(111)A, the epitaxial
relationship is ð0001Þ½11̄00�MnTekð111Þ½112̄�InP, which
allows us to perform the desired AHE transport measure-
ments in the c-plane. Charge transport in our thin films
is enabled by unintentional p-type doping commonly
observed in MnTe [36,51]. Details of the growth, trans-
mission electron microscopy, and neutron diffraction
studies of our films are described by Kriegner and
co-workers [22,31].
Hall bar microdevices, shown in Fig. 2(a), were fabri-

cated using electron beam lithography, argon milling, and
Cr=Au contacts produced by a lift-off process. The Hall bar
is along the y axis (½011̄0�), and the magnetic field is
applied in the ½011̄0� − ½0001� plane at an angle β measured
from the Hall-bar direction. In our semiconducting MnTe,
the transverse resistivity plotted in Fig. 2(b) is dominated

(a) (b)

(c) (d)

FIG. 2. Magnetic field sweep measurements and AHE at
T ¼ 150 K. (a) Microscopy image of the Hall bar together with
electrical schematics of our measurement. For all transport
measurements a moderate current density j ∼ 8 × 106 A=m2

was used. (b) and (c) Transverse and longitudinal resistivities
measured during magnetic field sweeps in a geometry indicated
by the sketch in (b). (d) Inferred anomalous Hall resistivity given
by ρAHEyx ≡ ρyx − ρOHEyx − ρevenyx (see text).
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by the ordinary Hall contribution that is a linear function of
the out-of-plane ([0001]) component of the applied mag-
netic field. The hole concentration and mobility inferred
from the measurements in Fig. 2 by assuming a single band
picture are 4.9 × 1018 cm−3 and 29 cm2=Vs, consistent
with the semiconducting character of MnTe and with a
Fermi level within ∼20 meV from the valance band edge.
Besides the dominant ordinary Hall signal, the transverse

resistivity in Fig. 2(b) contains an anomalous contribution,
as seen from the hysteresis with different zero-field sponta-
neous Hall signals for the opposite field-sweep directions.
In contrast, such a hysteretic behavior is absent in the
longitudinal resistivity measurement, as shown in Fig. 2(c).
The anomalous Hall signal ρAHEyx is highlighted in Fig. 2(d)
where we subtracted the ordinary Hall contribution (ρOHEyx )
from the measured transverse resistivity, and where we also
removed the even-in-field contribution defined as ρevenyx ¼
½hρyxðHÞi þ hρyxð−HÞi�=2. Here hρyxðHÞi ¼ ½ρyxðH↑Þþ
ρyxðH↓Þ�=2, and H↑ð↓Þ refers to the measurement at the
negative-to-positive (positive-to-negative) field sweep [41].
The hysteresis and the opposite zero-field spontaneous

Hall signals for opposite field-sweep directions are well
pronounced in ρAHEyx when the applied magnetic field con-
tains an out-of-plane component. This is again explained by
symmetry. MnTe can have a weak relativistic magnetiza-
tion due to terms in the thermodynamic potential that
couple the weak magnetization to the Néel vector [52]. The
allowed presence of the weak magnetization in zero
magnetic field requires in our MnTe the same symmetry
lowering as the spontaneous AHE because both effects are
described by a pseudovector that is odd under T [2]. For the
Néel vector in the c plane of MnTe, the anomalous Hall and
the weak magnetization pseudovectors align with the c
axis. Except when the Néel vector is parallel to the a axis or
the other equivalent axes for which both effects vanish by
symmetry. When an applied out-of-plane magnetic field
reverses the weak magnetization, symmetry implies that the
Néel vector is also forced via the coupling in the thermo-
dynamic potential to reverse, which results in the flip of the
sign of the AHE.
The presence of the in-plane component of the magnetic

field in our measurements is favorable for maximizing the
observed ρAHEyx because of the repopulation of domains with
the Néel vectors aligned with the three equivalent zero-field
easy axes. The repopulation, i.e., the in-plane Néel vector
reorientation occurs for in-plane fields above the spin-
flop transition which is around 2 T [41]. As a result,
the measured AHE at saturation is maximized for β ¼ 60°,
while β ¼ 90° gives the lowest saturation field [see
Fig. 2(d)].
Note that the decisive role of the out-of-plane field

component for determining the sign of the spontaneous and
saturated AHE signal is particularly visible for ρAHEyx traces
recorded at β ¼ �30°. While the in-plane component of
the field is the same in both of these field-sweep traces, the

out-of-plane components have the opposite sign and,
correspondingly, the measured hysteretic ρAHEyx also flips
sign between the two traces. When removing the magnetic
field, some domain randomization occurs due to magneto-
striction [22]. This causes a reduction of the spontaneous
zero-field AHE signal as compared to the saturated value
[Fig. 2(d)].
We also point out that while the weak magnetization

facilitates the reversal of the sign of ρAHEyx by the out-of-
plane component of the applied magnetic field, the AHE is
not a consequence of the weak magnetization, as discussed
in detail by Šmejkal and co-workers [2,3]. The principle
origin of the AHE is the T -symmetry breaking due to the
compensated antiparallel magnetic order on Mn atoms and
the anisotropic crystal environment due to the Te atoms.
The relativistic spin-orbit interaction then couples this
strong T -symmetry breaking to the charge Hall transport
and, analogous but not as a consequence of the other, can
also generate the weak magnetization [2,3].
Measurements of the magnetization, shown in Fig. 3(a),

are consistent with the above origin of the spontaneous
AHE in MnTe, and contrast with the conventional mag-
netization-induced AHE in ferromagnets. We performed
the magnetization measurements using the superconduct-
ing quantum interference device (SQUID) technique. The
raw SQUID signal is dominated by the diamagnetic
contribution from the substrate. After subtracting a linear
background, we observe that the remanent out-of-plane
magnetization, albeit allowed by symmetry and estimated

FIG. 3. (a) SQUID magnetization obtained for in-plane and out-
of-plane magnetic field measured at 10 K on a 2000 nm thick
film. To highlight the absence of remanent magnetization a linear
slope obtained in vicinity of zero magnetic field was subtracted
from each dataset. Note that the slope contains the susceptibility
of MnTe as well as the diamagnetic substrate. (b) AHE conduc-
tivity σAHExy obtained from the measured ρAHEyx at 175 and 300 K,
and β ¼ 30°. (c) and (d) Temperature dependence of the sponta-
neous zero-field and saturated AHE conductivity.
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to be≲2 × 10−4 μB=Mn from first principle calculations, is
unobservable even within the high-resolution of the
employed SQUID technique. This contrasts with the clearly
observable spontaneous zero-field signals and hysteresis in
the AHE measurements. Note that for in-plane magnetic
fields, the kink found in the in-plane magnetization
between 2 and 3 T [Fig. 3(a)] marks the spin-flop
reorientation field of the Néel vector into an in-plane
direction orthogonal to the applied field. This is visible
for any inplane direction since three equivalent easy axes
exist in the basal plane [31]. First principle calculations let
us also exclude the weak magnetization as source for the
found AHE since significantly larger magnetization would
be needed to yield a sizable AHE.
In Fig. 3(b) we show the conversion of ρAHEyx at 175 and

300 K, and β ¼ 30° into the anomalous Hall conductivity
σAHExy . The temperature-dependent saturated and sponta-
neous AHE conductivity signals shown in Figs. 3(c) and
3(d) were extracted from σAHExy as indicated in Fig. 3(b). As
expected for the AHE, they vanish when approaching the
MnTe Néel temperature of 310 K. The complex temper-
ature dependence below the Néel temperature can be
governed by a combination of the variation of the longi-
tudinal resistivity [30,41], the achievable degree of polari-
zation of the system, as well as a potential variation of the
Fermi level. Nevertheless the measured magnitude of σAHExy

is within the scale predicted by our DFT calculations for the
Fermi level on the order of ∼20 meV below the valence-
band edge, consistent with the hole density inferred
from the ordinary Hall signal and using finite band
broadening [41].
Finally, we note that hysteretic and spontaneous AHE

signals are also found for the electrical current applied
along the in-plane a axis (½21̄ 1̄ 0�). This is consistent with
the out-of-plane c-axis orientation of the AHE pseudo-
vector that allows for the AHE detection with any in-plane
applied current.
In conclusion, we have detected a spontaneous AHE in

semiconducting MnTe with collinear compensated mag-
netic order. In magnetic field sweeps, we identify open and
saturated hysteresis loops of the AHE signal, consistent
with the T -symmetry breaking by the antiparallel order of
spins and anisotropic crystal environment in MnTe, and in
contrast to the conventional AHE in ferromagnets gener-
ated by a macroscopic net magnetization. Our theoretical
symmetry analysis and DFT calculations corroborate the
experimental results. They confirm the favorable crystallo-
graphic orientation of the easy axis (axes) in MnTe films for
generating the spontaneous AHE signal. DFT calculations
of the intrinsic Berry-curvature contribution to the AHE
conductivity are consistent with the measured scale of the
AHE signals. Our Letter opens the prospect of exploring
and exploiting T -symmetry breaking phenomena arising
from the unconventional altermagnetic phase in semicon-
ductors and insulators.
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