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Injecting spin currents into antiferromagnets and realizing efficient spin-orbit-torque switching
represents a challenging topic. Because of the diminishing magnetic susceptibility, current-induced
antiferromagnetic dynamics remain poorly characterized, complicated by spurious effects. Here, by
growing a thin film antiferromagnet, α-Fe2O3, along its nonbasal plane orientation, we realize a
configuration where the spin-orbit torque from an injected spin current can unambiguously rotate and
switch the Néel vector within the tilted easy plane, with an efficiency comparable to that of classical
ferrimagnetic insulators. Our study introduces a new platform for quantitatively characterizing switching
and oscillation dynamics in antiferromagnets.
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Spin-orbit torque (SOT) switching of antiferromagnets
has been extensively pursued recently with both antiferro-
magnet single layers owning staggered spin torques [1–6]
and antiferromagnet–heavy metal bilayers [7–12]. In the
latter case, it is expected that the spin Hall effect (SHE)
from the neighboring heavy metal can act on the anti-
ferromagnetic ordering and lead to Néel vector reori-
entation. Particularly, antiferromagnets with easy-plane
anisotropy like NiO, CoO, and α-Fe2O3 have been utilized
in these experiments for achieving multiple equilibrium
positions of the Néel vector. Since the magnetic easy plane
is usually also the crystalline plane with low surface energy,
antiferromagnetic films are almost always synthesized with
their surface coinciding with the magnetic easy plane, the
geometry of which unfortunately poses extra difficulties for
controlling magnetic ordering with SOT. As shown in
Fig. 1(a), since spins generated from standard SHE [13,14]
are oriented in plane at the antiferromagnet–heavy metal
interface, the dampinglike torque τDL, if any, tends to rotate
the Néel vector out of the film surface. In this configura-
tion, τDL needs to overcome the very strong easy-plane
anisotropy in order to realize precession or switching
[15,16], resulting in formidable threshold currents.
Spurious thermal effects such as electromigration and
magnetoelastic effects also emerge due to the large applied
current [11,17–21], further shadowing real SOT-related
physics.
Efficient control over the Néel vector can be potentially

achieved if the injected spins form a finite angle with the
easy plane. As shown in Fig. 1(b), when the easy plane is
no longer parallel with the film surface, the SOT from the

injected in-plane spins will have a component facilitating
the Néel vector rotation within the easy plane. In this
configuration, the SOT only needs to overcome the much
weaker anisotropy within the easy plane. Under a τDL, the
effective fields on the normalized magnetic moments of the

two sublattices mAðBÞ have the form HAðBÞ
DL ∝ mAðBÞ × σ,

which rotate the two sublattices constructively, in contrast
to the effect of a magnetic field, which cancels between
sublattices. Therefore, a threshold current similar to that in
traditional ferromagnets can be anticipated. In this Letter,
we realized the SOT configuration in Fig. 1(b) by growing
antiferromagnetic thin film α-Fe2O3 with R plane, a non-
basal plane, orientation. Different from previously studied
C-plane samples where the SOT effect remains hardly

FIG. 1. (a) An antiferromagnet with its easy plane parallel with
the film surface. Dampinglike torque effective fields HAðBÞ

DL rotate
the two magnetic moments mAðBÞ toward out-of-plane directions.
(b) An antiferromagnet with the easy plane forming a finite angle

with the film surface. HAðBÞ
DL have components for rotating mAðBÞ

within the easy plane.
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detectable [18], SOT leads to efficient Néel vector rotation
in this sample, which was further quantitatively calibrated
with real magnetic fields. Utilizing SOT, we also achieved
bipolar switching by applying positive and negative cur-
rents along the same path, in contrast to previously studied
geometries utilizing two orthogonal currents [1,4,8].
Besides magnetic switching, the demonstrated configura-
tions can also be utilized for low power antiferromagnetic
oscillator [22], as well as magnon spin superfluidity
[23–25] that have been predicted in previous literature.
α-Fe2O3 is an antiferromagnetic insulator with high

Néel point (955 K) and easy-plane anisotropy at room
temperature [26,27]. Because of the very weak magnetic
anisotropy within the easy plane (C plane) [28], magnetic
field needed for spin-flop transition is unusually low in this
antiferromagnet (<1 Tesla), enabling people to control the
Néel vector easily. Besides the common C-plane (0001)
orientation, α-Fe2O3 thin film has also been grown along a
few other low-index directions, including A-ð2̄110Þ and
R-plane ð011̄2Þ [Fig. 2(a)], both of which satisfy the finite
angle requirement in Fig. 1(b). Meanwhile, to monitor the
Néel vector through the spin Hall magnetoresistance
(SMR), an oblique, rather than right angle between the
easy plane and the sample surface is preferred [29].
Therefore, we choose to focus on R-plane films in this
Letter, which are epitaxially grown on R-plane α-Al2O3

substrates [30]. As the R plane becomes the horizontal film
surface, the easy plane (C plane) forms a tilting angle χtilt ¼
58° with the surface [Fig. 2(a)]. To reduce the strain from
the lattice mismatch between α-Fe2O3 and α-Al2O3

(∼5.8%), we deposit 1 nm of α-Cr2O3 prior to α-Fe2O3

as the seeding layer, which has an intermediate lattice
constant. From magnetometry and electrical measurement
as discussed below, we found that the 1 nm α-Cr2O3

behaves inactively, making negligible contribution to mag-
netic dynamics. The film structure is examined using x-ray
diffraction (XRD) [Fig. 2(c)], where the ð011̄2Þ diffraction
peak position agrees with the expected lattice constant
and the film growth direction. The epitaxial growth is
further verified through the XRD reciprocal space mapping
[Fig. 2(d)], which, in combination with the scanning
transmission electron microscope (STEM) image
[Fig. 2(b)], shows that the strain is mostly relaxed at the
film-substrate interface via misfit dislocations [30].
We characterize magnetic properties of the films using

superconducting quantum interference device (SQUID)
magnetometer at 300 K. When a field H is applied in
the film plane along the cleavage edge of the sample, we
see a typical M-H loop from canted antiferromagnetism
[Fig. 2(e)]. It is known that in its easy-plane phase,
sublattices in α-Fe2O3 form a small canting angle
(<0.1°) through the Dzyaloshinskii-Moriya (DM) interac-
tion [28], which induces a tiny net magnetization
(1–2 emu=cm3) and provides a handle for controlling the
Néel vector. The measured small, finite magnetization

therefore suggests that the R-plane sample remains in
the easy-plane phase, similar to C-plane ones studied
earlier. But different from C-plane samples with very
low coercivity (HC ∼ 1 kOe), the R-plane sample has a
larger HC (10 kOe). Moreover, by applying field along the
z axis, we also measure the out-of-film-plane M-H loop
[Fig. 2(f)], where a spin-flop transition is observed,
indicating additional, high order anisotropy develops on
top of the standard easy-plane anisotropy. With M-H
curves measured along different directions as well as
electrical magnetoresistance measurements under rotating
fields (discussed below), we conclude that a weak, uniaxial
magnetic anisotropy exists within the C plane, with the
easy axis along the ½01̄10� direction, or the a axis defined
Fig. 2(a). This additional anisotropy is likely caused by the
growth-induced symmetry breaking, where the residual
strain distorts the hexagonal C plane along the a axis,

FIG. 2. (a) Unit cell of R-plane sample. Inset: unit cell
orientation for C-plane (“C”) and A-plane (“A”) samples.
(b) Cross-sectional atomic-resolution high-angle annular dark-
field (HAADF) STEM image. Dislocation symbols are marked.
(c) XRD symmetric 2θ-ω scan. “cps” represents counts per
second. Inset: rocking curve. (d) Reciprocal space map. “x”
represents the expected diffraction peak position if the strain in
the film were fully relaxed. (e),(f) M-H loop for a 30 nm thick
film under in-plane (e) and out-of-plane (f) field. Linear back-
ground at high fields comes from antiferromagnetic susceptibil-
ity. Inset of (e): Photo of the R-plane sample with the field
direction labeled, which is ∼45° counterclockwise from the
þb axis in the R plane of (a). The scale bar is 3 mm.
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making it the preferred axis through magnetoelastic effect.
Here, we note that despite the increased in-plane HC, it
does not prevent us from observing SOT’s effects since τDL
acts constructively on the Néel vector [Fig. 1(b)] while the
measured HC reflects the field’s effect which largely
cancels between sublattices.
To study the SOT, we sputter 5 nm Pt on 30 nm R-plane

α-Fe2O3 and fabricate Hall bars of 8 μm wide with the
current channel aligned along ½2̄110�, [b axis in Fig. 3(a)].
We measure the transverse SMR at room temperature while
applying a rotating field H within the xz plane, with the
field angle β defined in Fig. 3(a). When the projected
component of H on the C plane is larger than the spin-flop
field, it will align the net moment mnet ¼ ðmA þmBÞ=2
parallel with, and the Néel vector n ¼ ðmA −mBÞ=2
perpendicular to it. In Fig. 3(a), when a current flows
along the x axis, spins σ polarized along y from the Pt SHE
are injected into α-Fe2O3 and lead to antiferromagnetic
SMR signal RSMR

H ¼−RSMR
0 nxny¼−1

2
RSMR
0 sin2φcosχtilt,

[29] where RSMR
0 is the transverse SMR amplitude, and

nx ¼ − sinφ and ny¼−cosφcosχtilt are components of n,
with φ being the azimuthal angle [see Fig. 3(a)]. Figure 3(b)
shows the measured RSMR

H (or Rω
H as in a first harmonic

lock-in measurement) as a function of β under different
field strengths, after an ordinary Hall resistance is sub-
tracted. The ordinary Hall resistance from Pt linearly
depends on the z component of H and can be calibrated
in a standard way [30]. We see that Rω

H has an angular
dependence with 180° period, consistent with the sinð2φÞ
factor in its formula. Under lower magnetic fields
(H < 12 kOe), Rω

H exhibits magnetic hysteresis, while
for H > 20 kOe, Rω

H is smoother and agrees better with
a sinusoidal function, consistent with the switching fields in
Figs. 2(e) and 2(f). Moreover, in Fig. 3(b) we notice that the
slopes for −45° < β < 45° are flatter compared with the
ones for 45° < β < 135°, in agreement with the fact that
the a axis is the easy axis within the easy plane. Besides the
sinð2βÞ dependence, we find that Rω

H in Fig. 3(b) has a
small, residual component with a 360° periodicity, which
maximizes (minimizes) for H along the þz (−z) direction.
This anomalous-Hall-like signal may originate from mag-
netic proximity or crystal Hall effect [30,35], both of which
have the dependence of RH ∝ mnet

z . Since this signal is
small and can be separated from SMR via its angular
dependence, we choose not to expand on its root origin.
The equilibrium orientation of n, hence RSMR

H under H
can be determined via the magnetic free energy
F ¼ EZ þ Eex þ EDM þ Ean. Here, the Zeeman, ex-
change, DM interaction and anisotropy energies are
EZ ¼ −μ0M0ðmA þ mBÞ · H, Eex ¼ μ0M0HexmA · mB,
EDM¼−μ0M0HDMĉ·ðmA×mBÞ, and Ean ¼ K1½ðmA · ĉÞ2þ
ðmB · ĉÞ2� − K2½ðmA · âÞ2 þ ðmB · âÞ2�, where μ0 and M0

are the vacuum permeability and the saturation magneti-
zation of one sublattice, Hex and HDM are effective fields
from exchange and DM interaction, K1 and K2 are energy

densities for easy-plane and easy-axis anisotropy. Because
of the very strong easy-plane anisotropy, mA and mB are
mostly confined within the C plane in our experiment. As
an approximation, we only consider their degrees of
freedom within the C plane, quantified by the two angles
φ and δ defined in Fig. 3(a). For a given H, we can
determine [30] the equilibrium angle φ0, δ0 through
½∂Fðφ; δÞ=∂φ� ¼ ½∂Fðφ; δÞ=∂δ� ¼ 0. RSMR

H is further calcu-
lated with its formula using φ0, as shown by black lines in
Fig. 3(b), which agree well with the experimental data.
Using parameters reported in the literature [26,36,37]:
M0 ¼ 759 emu=cm3, Hex¼9000 kOe, HDM ¼ 17.8 kOe,
and K1 ¼ 7.6 × 104 erg=cm3, we determine the single
fitting parameter K2 ¼ 4.9 × 103 erg=cm3, which univer-
sally fits all of the experimental curves.
We quantify SOT by detecting the second harmonic

resistance R2ω
H , as has been widely used in ferromagnets

[38]. Theoretically R2ω
H can be expressed as R2ω

H ¼
1
2
ðdRω

H=dφÞjφ0
·ΔφðIÞ, where ðdRω

H=dφÞjφ0
is calculated

from SMR’s formula, and ΔφðIÞ is the SOT induced n
rotation from its equilibrium φ0, ΔφðIÞ can be determined

FIG. 3. (a) SOT geometry, with the current Ikx and the injected
spins σky. H with an angle of β is applied within the xz plane. φ
and δ define the angles of n, and the spanning angle between
mAðBÞ, respectively. Top-right inset: device illustration. (b),(c)
First (b) and second (c) harmonic results of the transverse SMR as
a function of β. The current is 4 mA (root mean square value). τDL
(red) and τFL (blue) contributions to R2ω

H at H ¼ 20 kOe are
separately plotted. (d),(e) Current dependence of Rω

H and R2ω
H ,

taken at H ¼ 23 kOe.
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through the balance between SOT and the torque due to the
magnetic free energy τSTðIÞ þ τMðIÞ ¼ 0, with τSTðIÞ
consisting of τDLðFLÞ¼−μ0M0ðmA×μ0HA

DLðFLÞþmB ×

μ0HB
DLðFLÞÞ·ĉ and τMðIÞ being τφMðIÞ≈−ð∂F=∂φÞjφ0þΔφðIÞ.

Here, HDL (HFL) are the dampinglike (fieldlike) effective
fields on individual sublattices, and HDL is further related to
the spin Hall efficiency ξ throughHDL ¼ 1

2
ðℏξJC=2eμ0M0tÞ

[34,39], where ℏ, e, μ0, JC, and t are the reduced Planck
constant, electron charge, permeability of vacuum, current
density in Pt, andα-Fe2O3 thickness. For themeasuredR2ω

H in
Fig. 3(c), outside the hysteresis region (H ≥ 15 kOe), R2ω

H

has peaks close to β ¼ �90°, and the peak magnitude
decreases when H increases. The position and the field
magnitude dependence of R2ω

H are consistent with signatures
of SOT. First, at β ¼ �90°, the slope of ðdRω

H=dβÞ (and
similarly ðdRω

H=dφÞ) reaches maximum in Fig. 3(b), which
thereforeconvertsn rotation toR2ω

H most efficiently. Second, a
higher H pins n more strongly, and suppresses the rotation,
resulting in a smaller R2ω

H . We also verify that R2ω
H is

proportional to the current [Fig. 3(e)], as expected from the
SOT mechanism, while Rω

H shows no current dependence
[Fig. 3(d)]. R2ω

H can be calculated [30] as

R2ω
H ≈ RSMR

0 cos χtilt cos 2φ0

HDL sin χtilt þHFL cos χtilt cos
δ0
2
cosφ0

ð4K2 cos 2φ0 cos δ0Þ=μ0M0 − 2H cos δ0
2
ðcos β cosφ0 þ sin χtilt sin β sinφ0Þ

: ð1Þ

Here, we neglect the very small contribution from Oersted
field, which has similar symmetry with HFL. Equation (1)
shows that τDL and τFL own different angle dependences
[see red and blue lines for H ¼ 20 kOe in Fig. 3(c)],
allowing independent determination of the two. We fit the
data in Fig. 3(c) with ξ and HFL as the only fitting
parameters, as shown by the black lines. From the fitting,
we obtain ξ ¼ 0.015 and HFL ¼ 100 Oe under a current of
1.4 × 107 A=cm2, translating into τDL ¼ 200 erg=cm3 (in-
dependent of φ0) and τFL ¼ 150 erg=cm3 (maximum value
at φ0 ¼ 0°). ξ is smaller than the intrinsic spin Hall angle of
Pt (0.05 ∼ 0.3) [39,40], but comparable to values reported
in the Pt-ferrimagnetic insulator [41,42], probably due to a
lower spin-mixing conductance with insulating material.
The similar magnitude in dampinglike SOT between
ferromagnet and antiferromagnet therefore proves that
τDL can be an efficient mechanism for controlling n in
this geometry.
The SOTorigin of the measured signal is further verified

through control experiments by flipping the current and
voltage terminals, i.e., applying current along y and
measuring voltage along x in Fig. 3(a). Now the injected
spins lie within the C plane and τDL causes an out-of-easy-
plane rotation, similar to Fig. 1(a). The negligible signal
from dampinglike torque in our observation therefore
agrees with this [30]. Meanwhile, our measurement is also
insensitive to thermal effects including the magnetoelastic
effect because for any thermal cause, the n tilting will
depend linearly on the temperature variation, and quad-
ratically on I, which gives rise to R3ω

H rather than R2ω
H .

Besides the harmonic measurement with ac, the rotation
of n can also be more intuitively captured through a direct
current (dc) measurement. In Fig. 1(b), the role of τDL is to
cause an almost constant rotation on n when β is varied,
which will result in a horizontal shift in the RSMR

H − β
curve. This is demonstrated in Fig. 4(a) for I ¼ �6 mA,

with a systematic shift of Δβ between the two curves,
whose direction agrees with the sign of τDL determined
from the harmonic measurement. Since we compare �I
with the same magnitude, artifacts with thermal origins get
canceled. We note that the waveforms of dc SMR in
Fig. 4(a) are not exactly the same with the ac results in
Fig. 3(b), and the latter has stronger hysteresis. This is
because we conditioned the samples with a large current
(11 mA) before dc measurements, as previous studies show
the current-induced annealing can change magnetic
anisotropy and make the dc measurement more repeatable
[11]. When H is much larger than the anisotropy field, we
can assume the current induced n rotation roughly follows
the angle shift of H, i.e., Δφ ≈ Δβ. In Fig. 4(b) we
summarize Δβ measured under different currents and
fields, where Δβ scales proportionally with I and inversely
proportionally with H, agreeing with the expected value
[30] Δφ ≈ ½HDL sin χtilt=H cosðδ0=2Þ�. Linear fittings in
Fig. 4(b) lead to ξDL ¼ 0.018� 0.003, close to the R2ω

H
results.
Using the titled easy plane geometry, we also observe a

current-induced switching. Figure 4(e) shows RSMR
H mea-

sured with a small dc sensing current (1 mA) after applying
positive or negative single current pulse (15 ms) along the
same channel, where finite differences in the remnant RSMR

H
values develop for jIj ≥ 13 mA. During this measurement,
a constantH close to the spin-flop field is applied along the
z axis, to compensate the in-plane anisotropy field and
assist the switching [23]. Switchings only happen under
intermediate fields (4 kOe ≤ jHzj ≤ 6 kOe) [Fig. 4(f)] as
the net effective field is low after the compensation [30].
Nonmagnetic or thermal artifacts can be excluded as they
are insensitive to fields, or current sign. The partial and
nonvolatile switching can be understood through Fig. 4(c):
τDL under a positive (negative) current rotates n clockwise
(counterclockwise) and causes a ΔRSMR

H . In Fig. 4(f), the
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polarity ofΔRSMR
H remains the same forH ¼ �5 kOe. This

is explained by comparing Figs. 4(c) and 4(d), where the
rotation direction of n under a pair of �I remains the same
2ΔφðIÞ, independent on the H sign. Meanwhile, the H
reversal changes the equilibrium angle of n from φ0 to
φ0 þ 180°, which does not affect the SMR with 180°
periodicity. ΔRSMR

H ¼ −RSMR
0 cos χtilt cos 2φ0 · 2ΔφðIÞ is

therefore the same between the positive and negative H
cases. Finally, we note that the bipolar switching in our
experiment represents a different switching mode com-
pared to previous demonstrations with antiferromagnets
where current pulses are usually applied along two

orthogonal channels. The single current channel geometry
employed here allows more compact design for practical
applications. Our switching magnitude is still relatively
small, corresponding to ∼2% of the total SMR. This small
portion can be related to the weak hysteresis in the
magnetization loop [Fig. 2(f)], where two remnant states
under the same Hz bear small differences. Future efforts on
increasing the remanence may enhance the switching.
To conclude, we experimentally demonstrate and quan-

tify current-induced magnetic rotation in an antiferromag-
netic insulator with a tilted easy plane. Spins injected along
an oblique angle with respect to the easy plane provide an
efficient mechanism to reorient Néel vectors. Aside from
this titled geometry, the finite angle can also be achieved by
using SHE materials with reduced symmetry like WTe2,
Mn3GaN, and Mn3Ir, where an out-of-film-surface spin
component can be generated from the nonconventional
SHE [43–46]. The concept proved in our experiment can
also help to investigate a rich family of antiferromagnetic
dynamics such as terahertz spin torque oscillation and spin
superfluidity.
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