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Surface anisotropic magnetoresistance in the antiferromagnetic semiconductor CrSb2
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We report on large anisotropic magnetoresistance (AMR) in surface states of an antiferromagnetic semicon-
ductor CrSb2. The low-temperature measurement of angle-dependent magnetoresistance (ADMR) is performed
in high magnetic fields up to 24 T. At 1.4 K, where the surface conduction is dominant, ADMR exhibits clear
twofold symmetry consistent with AMR due to magnetic-field-induced change of antiparallel magnetic structure.
The AMR magnitude reaches 9.3% despite the small angle dependence of the net magnetic moments, suggesting
strong spin-orbit interaction in the surface conduction layer.
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Introduction. Narrow-gap semiconductors have long been
studied in condensed matter physics because of their unique
properties, such as large thermoelectric effects [1], vari-
ous optical effects [2–4], and giant magnetotransport effects
[5–7]. Recently, surface states possibly showing up in narrow-
gap semiconductors have attracted attention not only from
the viewpoint of fundamental physics but also from next-
generation electronics applications. Notable examples of this
material class are topological insulators [8,9] and topologi-
cal Kondo insulators [10–12], where the gapped bulk states
host metallic surface states because of topological origins.
The topological surface state is nonmagnetic, but the elec-
tric current flowing on the surface is highly spin polarized.
Spin-polarized transport on the surface is promising for appli-
cations in spintronics devices [13,14].

Here, we focus on CrSb2, which is a narrow-gap semicon-
ductor with a marcasite crystal structure and, like FeSb2, a
topological Kondo insulator candidate [13–18]. Contrary to
the fact that the resistivity of conventional semiconductors
diverges as temperature approaches zero, CrSb2 and FeSb2

both show a resistivity plateau below ∼ 10 K, which can be
attributed to metallic conduction of surface states [Fig. 1(a)]
[19,20]. Despite the similar zero-field transport properties,
CrSb2 shows a collinear antiferromagnetic (AFM) order with
quasi-one-dimensional magnons [18,21,22], while FeSb2 is
nonmagnetic. Recently, Du et al. [19] investigated the CrSb2

surface states in detail and suggested from the band structure
calculation that the surface state of CrSb2 is not of topological
origin and possibly magnetic. Such magnetic surface states are
not expected in conventional topological surface states, and
hence, the CrSb2 surface state is unique in condensed matter
physics as well as spintronics. Its magnetoresistive response
is particularly interesting not only for the study of magnetic
surface properties but also for the electrical readout technique
of magnetic states, but the magnetism and magnetotransport
properties of the CrSb2 surface state have been hardly studied
so far.

In this letter, we experimentally show that CrSb2 has an
AFM surface state with strong spin-orbit interaction by angle-
dependent magnetoresistance (ADMR) measurement at low

temperatures and in high magnetic fields up to 24 T. The
ADMR results show that the sizable anisotropic magnetore-
sistance (AMR) is apparent at low temperatures where the
surface conduction is dominant, whereas at high temperatures
above ∼ 10 K, this magnetotransport is masked by ordinary
magnetoresistance (MR) resulting from the cyclic motion
of high-mobility bulk carriers. AMR describes a change
of resistance when the magnetization orientation changes
with respect to current direction [23]. AMR arises from
anisotropic spin-dependent scattering due to spin-orbit inter-
action [24,25], and AFM materials with large AMR have
recently been developed in the field of AFM spintronics.
Some AFMs have been found to show large AMR due to
nontrivial mechanisms, e.g., field-induced transitions such as
spin-flop transition [23] and metal-insulator transition [26],
and topologically nontrivial electronic structure [27,28]. How-
ever, except this unusual class of materials, conventional
collinear AFMs usually exhibit a much smaller AMR than the
ferromagnetic AMR [25,29]. Even for MnTe [30] and Fe2As
[31], whose weak in-plane anisotropy allows the Néel vector
to be easily rotated by the applied magnetic field, AFM AMR
signals are at most 2%.

In the surface state of CrSb2, we observe a clear AMR
signal, the magnitude of which increases with magnetic fields
and reaches 9.3% at 24 T, notably larger than those expected
in conventional collinear AFMs and comparable with those
of ferromagnets. Because of the strong uniaxial magnetic
anisotropy and exchange coupling constants, the Néel vector
of CrSb2 hardly rotates under the rotating magnetic field, but
the AFM moments tilt along the magnetic field, potentially
giving rise to AMR. The produced net magnetization M is,
however, estimated to be only 1.8% of full moment at 24 T.
Since the spin-orbit interaction plays a central role in AMR
[24,31], we conclude that CrSb2 has an exotic surface state
with AFM order and also with strong spin-orbit interaction,
which should be unique in the emerging field of AFM spin-
tronics.

Methods. Single crystals of CrSb2 were grown out of an
Sb flux, as previously described [24]. High-purity Sb and
Cr powders with a molar ratio of 94:6 were charged into
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a vacuum-sealed quartz ampoule. The mixture was heated
to 1000◦ C over 6 h, kept for 36 h, and then slowly cooled
(2◦ C/h) to 670◦ C. The quartz ampoule was quickly removed
from the furnace, and excess Sb was removed by centrifug-
ing. It was confirmed that the transport property of as-grown
samples was almost the same for the samples washed with
dilute HCl. Hence, the influence of possible Sb flux residues
on the surface is negligible. The crystal structure was con-
firmed by analyzing powder x-ray diffraction patterns taken
with Cu Kα radiation. The sample used in this letter was
oriented with a Laue camera. The largest plane is the a−c
plane with dimensions of 1.2 × 0.3 mm, and the thickness
along the b axis is 0.18 mm. Note that the metallic sur-
face state was confirmed on the a−c crystallographic plane
in the previous angle-resolved photoemission spectroscopy
(ARPES) measurement [19]. Also, we further confirmed by
x-ray fluorescence measurement (Hitachi, EA6000VX) that
a sample with the a−c surface is of CrSb2 stoichiometry.
Hereafter, we define the crystallographic c, a, and b axes as x,
y, and z axes, respectively. For all the transport measurements,
the electric current is applied along the c axis (x axis). The
electrodes were prepared using Au wires and Ag pastes.

ADMR was measured using a two-axis rotator system de-
veloped at the High Field Laboratory for Superconducting
Materials, Institute for Materials Research, Tohoku Univer-
sity. A cryogen-free superconducting magnet was used to
apply magnetic field up to 24 T. The lock-in detection was
used for the ADMR measurement with AC electric current
of 10 μA. Other transport measurements for sample charac-
terization were conducted using Quantum Design PPMS-9.
The standard four-probe technique was used to measure the
longitudinal and transverse resistivities. The zero point of the
angle in the ADMR measurement was determined using a Hall
sensor mounted on a holder for angle calibration.

Results. Figure 1(b) shows the temperature dependence
of longitudinal resistivity ρxx(T ) measured without magnetic
field. A weak anomaly is observed at the Néel temperature
TN ≈ 273 K. As the temperature decreases from ∼ 150 K, the
resistivity increases by several orders of magnitude, which
is ascribed to the bulk semiconducting channel. The hump
observed at 50–80 K has been attributed to an increase in
carrier mobility with decreasing temperature when phonon
scattering dominates the carrier relaxation time [19,21]. On
further lowering of the temperature, ρ(T ) becomes weakly
temperature dependent at ∼ 13 K and shows a resistivity
plateau at lower temperatures. This saturation observed at
very low temperatures was recently shown to originate from
a metallic surface state by systematic resistivity measurement
for samples with different thicknesses combined with ARPES
measurement [19]. The temperature dependence of resistivity
is well explained by a parallel circuit model consisting of
a thermally activated bulk contribution and a temperature-
independent surface one [18]: 1/ρ = 1/ρ0 exp(− �

kBT ) + 1/ρs,

where ρ0 exp( �
kBT ) is the semiconducting bulk resistivity with

a bulk energy gap � and ρs is the metallic surface state
one. The magnitude and overall temperature dependences of
resistivity in Fig. 1(b) are consistent with previous reports
[13,19,21]. We also confirmed that the temperature depen-
dence of magnetic susceptibility (Fig. S1 in the Supplemental
Material (SM) [32]) is consistent with a previous report [21].

FIG. 1. (a) Schematic illustration of bulk and surface states of
CrSb2. The surface state is illustrated only on the top surface for
simplicity. As to the relation between x, y, and z axes and the
crystallographic axes, see text. The direction of electric current is
represented by blue arrows and that of antiferromagnetic moments
by red arrows. The magnetic easy axis lies in the xy plane and is
tilted 61.5◦ from the x axis. (b) Temperature dependence of electrical
resistivity ρxx(T ) without magnetic field. The Néel temperature is
shown by the red arrow. Temperature ranges dominated by surface
and bulk conductions are colored blue and yellow, respectively. (c)
Magnetic field (H ) dependence of magnetoresistance, MR (%) ≡
100×{ρxx(H )−ρxx(0 T)}/ρxx(0 T), at selected temperatures. The
magnetic field is applied perpendicular to the sample plane, i.e.,
along the z axis. (d) Temperature dependence of MR measured at
9 T applied along the x, y, and z axes. Temperature ranges dominated
by surface and bulk conductions are colored as explained in (b).

Figure 1(c) presents the magnetoresistance: MR (%) ≡
100×{ρxx(H)−ρxx(0 T)}/ρxx(0 T), under magnetic field up
to 9 T applied perpendicular to the sample plane (H ‖ z).
Above 12 K, conventional positive MR due to the Lorentz
force is observed because of high mobility of bulk carriers.
Large positive MR is observed at 20 K but notably suppressed
with decreasing temperature, and its sign changes to negative
< 10 K where the surface conduction is dominant. Now that
the existence of the surface state has been confirmed, magnetic
surface transport is a possible origin of negative MR. The
mobility of the surface state seems low, as the ordinary MR
is overwhelmed by magnetic transport.

The temperature dependence of MR at 9 T in Fig. 1(d)
shows a crossover from bulk-dominant transport to a surface-
dominant one, consistent with the temperature dependence of
resistivity [Fig. 1(b)]. Below 10 K, the MR data with applied
magnetic fields in three different orthogonal directions are all
negative. In contrast, above the crossover temperature, MR
changes to positive in all the magnetic field configurations.
For H ‖ z where the effect of the Lorentz force should be most
significant, positive MR is highly enhanced and maximized
at 30 K with the magnitude of 58%. The large MR indicates
high carrier mobility in bulk states. As the temperature further
increases, the positive MR decreases due to decrease in carrier
mobility by phonon scattering, which is consistent with the
resistivity hump observed at 50–80 K [Fig. 1(b)].
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FIG. 2. (a) Sketches of the definition of angles α, β, γ , and the measurement configuration of angle-dependent magnetoresistance (ADMR).
(b) ADMR results of α, β, and γ scans measured at 24 T and 1.4 K. (c) Simulation curves of the angle dependence of the square of net
magnetization along the x axis (M2

x ). (d) Schematics for the induced magnetic moments under the magnetic field applied along the x, y, and
z directions. Red arrows indicate sublattice magnetization vectors, and blue arrows indicate net magnetization vector within the xy plane.
The schematics only show one magnetic domain for simplicity, while in the calculation, two magnetic domains with different easy-axis
configurations are assumed to be equal and averaged. Tilt angles are exaggerated for easy viewing.

The ADMR measurement was performed at low tempera-
tures for three rotational directions, as illustrated in Fig. 2(a):
α, β, and γ scans. Figure 2(b) shows the ADMR data of α, β,
and γ scans measured at 24 T and 1.4 K. At this temperature,
conductivity of the bulk state is several orders smaller than
that of the surface state, and thus, the observed ADMR is
safely ascribed to the signals from the surface state.

ADMR exhibits clear twofold symmetry for α, β, and γ

scans. To clarify the relation of the ADMR results to the
surface magnetic properties, we calculated the magnetization
directions under rotating magnetic fields and estimated the
AMR signals in Fig. 2(c). Since the magnetic property on
the surface state is unknown, we assume that the surface
spin-Hamiltonian is the same as bulk one [22]:

H =
∑

α

∑

〈i j〉α
JαSi · S j +

∑

i

D
(
S2

EA

)
i + γ eh̄

∑

i

Si · H,

where Jα , Si, D, SEA, and H are the exchange interaction con-
stant, spin operator, uniaxial anisotropy parameter, projection
of spin operator to the easy axis, and applied magnetic field,
respectively. Here, α is summed over the crystallographic a, b,
and c axes. The index i ( j) indicates the AFM sublattice, and
< i j>α is summed over nearest-neighbor atom positions for
each crystallographic axis. The magnetic easy axis is perpen-
dicular to the (101) plane, i.e., tilted by 61.5◦ from the c axis
to the a axis [18,22]. The parameters determined by neutron
experiments are Jc = 35.7(2), Ja = −1.31(6), Jb = 1.69(7),
and D = 2.07(9) meV [22]. Based on this Hamiltonian, we
calculated the spin direction of each sublattice that minimizes
the total energy. The main terms are the exchange interaction

and anisotropy, and the Zeeman term is small due to small
net moments. In the calculation, two possible magnetic do-
mains with different easy-axis configurations are assumed to
be equal and averaged.

The AMR signal is estimated to be proportional to the
square of the field-induced net magnetization along the cur-
rent direction: ρAMR

xx ∝ M2
x . The simulated M2

x , shown in
Fig. 2(c), exhibits sinusoidal angle dependence with twofold
symmetry. The overall angle dependence is qualitatively con-
sistent with the ADMR results shown in Fig. 2(b). In contrast
with ferromagnetic materials in which magnetization is fully
aligned along the magnetic field direction, the AFM config-
uration is hardly changed by the magnetic field due to the
exchange interaction along the c axis (∼ 36 meV) that is much
greater than the Zeeman energy. The magnetic field strength
necessary for the spin-flop transition is calculated to be 38.3 T,
much larger than the current maximal magnetic field. Also, the
Néel vector of CrSb2 hardly rotates in tune with magnetic field
because of strong uniaxial anisotropy (∼ 2 meV). The spin
configuration of CrSb2 remains almost unchanged regardless
of the direction of the magnetic field, and the resulting net
magnetization is as small as 1.8% of full moment even at 24
T. Hence, the slight change in the magnetic moment vectors
result in the large AMR. This is also the case when the AMR
is caused by magnetic field change in the Néel vector. We
confirmed by the calculation that the observed AMR can
be explained by the Néel vector if the AMR coefficient is
negative (see Fig. S2 in the SM [32]). Although the origin
of the surface state in CrSb2 is not topological, the symmetry
breaking at the surface and the heavy constituent element Sb
may enhance the spin-orbit interaction effect and result in the
large surface AMR.
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FIG. 3. (a) Angle-dependent magnetoresistance (ADMR) of α

scan at 1.4 K measured under various magnetic fields up to 24 T.
(b) Magnetic field (H ) dependence of ADMR magnitude, {ρxx(α =
0◦)−ρxx(α = 90◦)}/ρxx(α = 0◦), obtained from (a). The blue dotted
curve is a quadratic function normalized to fit the experimental data.
(c) ADMR of γ scan at 24 T measured at different temperatures
ranging from 1.4 to 19 K. (d) Temperature dependence of ADMR
magnitude of γ scan at 24 T, {ρxx(γ = 90◦)−ρxx(γ = 0◦)}/ρxx(γ =
0◦), obtained from (c) and additional high temperature (> 19 K) data.
Temperature ranges dominated by surface and bulk conductions are
colored blue and yellow, respectively, as in Figs. 1(b) and 1(d).

To understand the AMR results in relation to the mag-
netic structure, field-induced canted magnetic moments in
the xy plane are illustrated in Fig. 2(d). In zero magnetic
field, collinear AFM moments are aligned along the easy axis,
which is tilted 61.5◦ from the x axis; there should be two mag-
netic domains with the easy axes of +61.5◦ and −61.5◦. Since
the exchange interaction and uniaxial anisotropy are strong,
the AFM moments are only canted slightly by applying a
magnetic field. When the magnetic field rotates within the
xy plane (α scan), Mx is maximized at H ‖ x (α = 0◦) and
minimized at H ‖ y (α = 90◦), resulting in the larger AMR
signal at α = 0◦. Note that, if the proportions of the two
domains differ by 10%, the α dependence does not change
its shape but only shifts its phase by a few degrees; this small
phase shift is indistinguishable from sample misalignment in
the present experiment. In applying the magnetic field along
the perpendicular direction (H ‖ z), the AFM moments tilt
along the z axis, and Mx is zero. Therefore, the AMR signal is
the smallest for β = 0◦ and γ = 0◦ in β and γ scans. Here, we
point out that, although the magnetic parameters of the surface
state have not been investigated, the calculation will reproduce
the experimental results regardless of the parameter values in
the case that exchange interaction and uniaxial anisotropy are
greater than the energy scale of magnetic field.

The magnetic field dependence of the ADMR data at 1.4
K is shown in Fig. 3(a), where the ADMR data of the α

scan is plotted at different magnetic fields. The angle depen-
dence is similar throughout the magnetic field regime, and the
ADMR magnitude {ρxx(α = 0◦)−ρxx(α = 90◦)}/ρxx(α = 0◦)
increases monotonically with magnetic fields. The magnetic
field dependence of the ADMR magnitude is well fitted with

FIG. 4. Angle-dependent magnetoresistance (ADMR) data of α

scan for transverse resistivity ρyx at 21 T and 1.9 K. The simulation
curve of the angular dependence of the transverse anisotropic mag-
netoresistance (AMR; planar Hall effect) signal is also shown by the
blue curve. The sketch of the measurement condition is illustrated in
the right panel.

a quadratic function, as shown in Fig. 3(b). This quadratic de-
pendence is consistent with the magnetic field dependence of
AMR. Net magnetization arises in proportion to the magnetic
field strength, resulting in ρAMR

xx ∝ M2
x ∝ H2. We confirmed

by magnetization measurement and by calculation that the
magnetization appears in proportion to H up to 24 T (see Figs.
S1 and S4 in the SM [32]).

The temperature dependence of ADMR of the γ scan
shows crossover from the surface to bulk conduction, as
shown in Figs. 3(c) and 3(d). At γ = 0◦ (i.e., magnetic field
perpendicular to the sample plane), the effect of the Lorentz
force should be the most significant. At 1.4 K, however,
the ADMR magnitude {ρxx(γ = 90◦)−ρxx(γ = 0◦)}/ρxx(γ =
0◦) takes the maximum at ±90◦ because of large contribution
of the AMR. As the temperature increases, this AMR signal
decreases, and the sign changes from positive to negative
at T = 15 K. At high temperatures, the ADMR magnitude
shows the maximum at γ = 0◦. Here, the ordinary MR
due to the Lorenz force overwhelms the surface AMR, and the
ADMR is well explained by the high-mobility bulk transport.
This result is also consistent with the MR data shown in
Figs. 1(c) and 1(d). As shown in Fig. 3(d), the magnitude of
the positive MR reaches ∼50% at T = 30 K. This magnitude
is like the results taken at PPMS in Fig. 1(d).

Finally, to further confirm the surface AMR at low
temperatures, we additionally performed the ADMR mea-
surement for the transverse resistivity (i.e., the measurement
of planar Hall effect) at the lowest temperature. Figure 4
shows the transverse ADMR obtained at 1.9 K when the
magnetic field of 21 T is rotated within the xy plane (α
scan). Here, after subtracting the influence of misalignment
by ρyxave (α)={ρyxraw (α)+ρyxraw (α + 180◦)}/2, we further anti-
symmetrize ρyxave with respect to 0◦: ρyx(α)= ρyxave (+α) −
ρyxave (−α)/2, to eliminate the MR due to the misalignment
of electrodes (see Fig. S5 in the SM [32] for raw data).
Because the sample is small and not precisely rectangular,
misalignment was inevitable in the electrode positions. The
angle dependence of ρyx shows clear twofold symmetry with
the maximum roughly at 45◦ (and −135◦). In our simulation,
the transverse AMR effect is estimated to be ρAMR

yx ∝ Mx My,
yielding the angle dependence of ρAMR

yx ∼ sin 2α. The ex-
perimental data are well fitted with this simulation result, as
shown in Fig. 4. Note that a transverse AMR of opposite sign
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is expected from the Néel vector for the AMR coefficient with
the positive sign (Fig. S2 in the SM [32]), like the case of
the longitudinal AMR. It is interesting to point out that the
transverse ADMR (Fig. 4) is almost half the magnitude of the
longitudinal ADMR [Fig. 2(b)]. The different magnitudes of
longitudinal and transverse ADMR suggest possible contri-
bution from spin Hall MR [33] which can show up at low
temperatures by the interaction of surface carriers with the
bulk AFM moments (see Fig. S3 in the SM [32]; see also
Refs. [34,35] therein).

Conclusions. In summary, we performed low-temperature
measurement of ADMR under high magnetic fields up to 24
T to explore magnetotransport responses in the surface state
of CrSb2. At 1.4 K, where the surface conduction is well
dominant, ADMR at 24 T exhibits a clear twofold symmetry
consistent with the AMR due to the slight change in the mag-
netic moment vectors by the magnetic field. Because of the
strong uniaxial magnetic anisotropy, the net moments induced
by the applied magnetic field are estimated to be at most
1.8% of full moment by the numerical simulation incorpo-
rating the magnetic parameters of CrSb2. The measurement
of temperature and magnetic field dependence of ADMR and
the additional measurement of the planar Hall effect at 21

T also corroborate the magnetic surface transport of CrSb2.
The sizable magnitude of the surface AMR up to 9.3% at
24 T indicates that the surface state of CrSb2 not only has
AFM order but also strong spin-orbit interaction. Such exotic
magnetic surface states could provide a research arena for
condensed matter physics and spintronics.
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al., Multiple-stable anisotropic magnetoresistance memory in
antiferromagnetic MnTe, Nat. Commun. 7, 11623 (2016).

[31] C.-J. Zhao, L. Ding, J.-S. Huangfu, J.-Y. Zhang, and G.-H. Yu,
Research progress in anisotropic magnetoresistance, Rare Met.
32, 213 (2013).

[32] See Supplemental Material at https://link.aps.org/supplemental/
10.1103/PhysRevB.107.L180405 for the magnetization mea-
surement, simulation results of the AMR and SMR, and the
detailed information about the data analyzation of the transverse
ADMR measurement. The Supplemental Material also contains
Refs. [34,35].

[33] H. Nakayama, M. Althammer, Y.-T. Chen, K. Uchida, Y.
Kajiwara, D. Kikuchi, T. Ohtani, S. Geprägs, M. Opel, S.
Takahashi et al., Spin Hall Magnetoresistance Induced by a
Nonequilibrium Proximity Effect, Phys. Rev. Lett. 110, 206601
(2013).

[34] M. Althammer, S. Meyer, H. Nakayama, M. Schreier, S.
Altmannshofer, M. Weiler, H. Huebl, S. Geprägs, M. Opel, R.
Gross et al., Quantitative study of the spin Hall magnetoresis-
tance in ferromagnetic insulator/normal metal hybrids, Phys.
Rev. B 87, 224401 (2013).

[35] Y.-T. Chen, S. Takahashi, H. Nakayama, M. Althammer, S. T.
Goennenwein, E. Saitoh, and G. E. Bauer, Theory of spin Hall
magnetoresistance, Phys. Rev. B 87, 144411 (2013).

L180405-6

https://doi.org/10.1103/PhysRevLett.108.167202
https://doi.org/10.1038/s41467-019-10299-6
https://doi.org/10.1103/PhysRevB.81.212409
https://doi.org/10.1109/TMAG.1975.1058782
https://doi.org/10.1103/PhysRevB.104.214419
https://doi.org/10.1103/PhysRevB.100.174406
https://doi.org/10.1126/science.aat0348
https://doi.org/10.1103/PhysRevB.56.362
https://doi.org/10.1038/ncomms11623
https://doi.org/10.1007/s12598-013-0090-5
https://link.aps.org/supplemental/10.1103/PhysRevB.107.L180405
https://doi.org/10.1103/PhysRevLett.110.206601
https://doi.org/10.1103/PhysRevB.87.224401
https://doi.org/10.1103/PhysRevB.87.144411

