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We investigate the current-induced switching of the Néel order in NiOð001Þ=Pt heterostructures, which
is manifested electrically via the spin Hall magnetoresistance. Significant reversible changes in the
longitudinal and transverse resistances are found at room temperature for a current threshold lying in the
range of 107 A=cm2. The order-parameter switching is ascribed to the antiferromagnetic dynamics
triggered by the (current-induced) antidamping torque, which orients the Néel order towards the direction
of the writing current. This is in stark contrast to the case of antiferromagnets such as Mn2Au and CuMnAs,
where fieldlike torques induced by the Edelstein effect drive the Néel switching, therefore resulting in an
orthogonal alignment between the Néel order and the writing current. Our findings can be readily
generalized to other biaxial antiferromagnets, providing broad opportunities for all-electrical writing and
readout in antiferromagnetic spintronics.

DOI: 10.1103/PhysRevLett.120.207204

Introduction.—Antiferromagnets exhibit ultrafast spin
dynamics with characteristic frequencies in the terahertz
range, produce negligible stray fields, and are robust
against magnetic perturbations, offering prospects for the
design of reliable high-density memories with fast oper-
ation speeds [1–4]. Thus, it is crucial to develop new
avenues for manipulating the antiferromagnetic (AFM)
order, of particular interest being electrical methods based
on the spin-transfer effect. Spin-orbit torques (SOTs) can be
split into two generic classes, namely, fieldlike and anti-
damping torques: ∂tmjFL ∼m × p [2,3] and ∂tmjAD ∼m ×
ðm × pÞ [5,6], respectively, wherem denotes the orientation
of a magnetic sublattice and p represents the nonequili-
brium spin polarization. For bipartite antiferromagnets, if p
is the same on both sublattices, the fieldlike torque is
equivalent to that exerted by a uniform magnetic field,
forcing the Néel order to orient perpendicular ∝ p. While
this could mimic the antiferromagnetic spin-flop transition,
the corresponding critical field is in the range of tens of
tesla for conventional antiferromagnets, which would
translate into prohibitively large charge currents.
Recently, Wadley et al. [2] reported a current-induced

switching of the AFM order in CuMnAs, setting a mile-
stone for the manipulation of the staggered order parameter.
In such material, where the breaking of inversion symmetry
occurs at the sublattice level, opposite spin polarizations
are induced in the two (inversion-partner) sublattices,

p1 ¼ −p2, via the Edelstein effect. The ensuing fieldlike
torque can reorient the Néel order towards the (current-
induced) effective field ∝ p1 − p2, whenever this field
overcomes the threshold given by the in-plane anisotropy
(several tens of oersted), as dictated by the effective
energetics of the order parameter. Even though this SOT
seems attractive for the low-current switching of the Néel
order, the underlying inverse spin-galvanic mechanism
imposes stringent requirements on the crystallographic
structure and quality of the antiferromagnet, namely, global
centrosymmetry plus broken sublattice inversion sym-
metry. At present, only a few antiferromagnets such as
CuMnAs and Mn2Au can meet this demand [2,3,7].
Antidamping torques have also been proposed to trigger

oscillations and even the switching of AFM moments
regardless of the crystal symmetries [7–11]. This antidamp-
ing switching mechanism could be extended to a wide
range of antiferromagnets with biaxial anisotropy, allowing
for the extensive materials usage. However, no conclusive
experimental observation of the antidamping-torque-
induced switching has been reported yet in AFM-heavy
metal (HM) heterostructures. Moriyama et al. [12] reported
very recently the control by SOTs of AFM moments in
Pt=NiOð111Þ=Pt trilayers. While the antidamping torques
were invoked as the driving force behind this magnetization
switching, the symmetries of the structure instead seem to
point to the fieldlike scenario. Here, we investigate the
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switching of AFM moments mediated by antidamping
torques in the biaxial NiOð001Þ=Pt heterostructure. We
utilize the spin Hall magnetoresistance (SMR) as a probe
for the (dynamics of the) magnetic moments of this AFM
insulator [13–17], which is well known to display a
negative SMR signal [18–20]. We observe significant
changes in the longitudinal and transverse resistances when
current pulses are applied along the orthogonal easy axes of
NiO, corresponding to the Néel switching towards the
direction of the current.
Experimental results.—The in-plane biaxial NiO films

were obtained by deposition under compressive strain on
SrTiO3 (STO) substrates (aNiO ∼ 0.4177 nm and aSTO ∼
0.3905 nm) by using magnetron sputtering at 473 K, and
capped with 5-nm-thick Pt after cooling down to room
temperature. Afterwards, the NiOð5 nmÞ=Ptð5 nmÞ bilayers
are patterned to the desired geometry by using electron
beam lithography and Ar ion etching.
Figure 1(a) shows the x-ray diffraction pattern of the

NiOð100 nmÞ=Ptð5 nmÞ stack on STO(001), where only
(002) and (004) NiO peaks and the substrate peaks are
visible in the range from 20° to 120°, therefore reflecting
the quasiepitaxial growth of the NiO. The parameter
c ∼ 0.4205 nm, deduced from the (004) peak at 94.2°,
confirms that NiO on STO is elongated out of plane or,
equivalently, constrained within the plane. As shown in
Fig. 1(b), the cross-sectional transmission electron micros-
copy (TEM) images of the STO=NiOð5 nmÞ=Ptð5 nmÞ
heterostructure illustrate the high sample quality of
NiO, with the stack relationship of NiOð001Þ½100�k
STOð001Þ½100� and a sharp interface between the NiO
and Pt. The NiO lattice is highlighted in the inset,
magnified twice as compared to the whole TEM image.
Magnetization measurements were carried out at 300 K in a
superconducting quantum interference device to reveal the
AFM order of NiO. Magnetic fields were swept from −5 to
5 T, and only the diamagnetic background of the STO
substrate was observed [Fig. 1(c)].
Based on the lattice parameters deduced fromXRD, first-

principles calculations of the magnetocrystalline anisotropy
(MCA) of the tetragonal NiO were performed. Figure 1(d)
depicts the spatial dependence of the MCA energy in terms
of the angles θ, φ (spherical representation of the order
parameter). Note that ½11̄0� and [001] are the easy and hard
axes of the NiO sample, respectively, while a second (local)
easy axis aligns along [110]. The easy plane rotates from
(111) to (001) due to the fourfold in-plane constraint
imposed by the substrate. Also visible is that the NiO
MCA is greatly enhanced as compared to the bulk
(Supplemental Material [21]). An optical image of a
NiO=Pt eight-terminal device and the schematic of the
current-driven switching measurement are depicted in
Fig. 1(e). As the SMR measurements in Fig. 1(f) show,
two orthogonal orientations (easy axes) of theNéel order can
be reversibly written by applying current pulses at room

temperature. For this experiment, the writing current chan-
nels along the two orthogonal directions [110] and ½11̄0� of
the NiO film, write 1 and 2, respectively, allow for the
control of the spin polarization of the injected spin current.
The [100] and [010] channels are used for probing AFM
moments via the longitudinal and transverse SMR, where
current and voltage (I–V) stand for the detection. The
change in the Hall resistance is ∼30 mΩ, corresponding
to a ratio of ∼0.05% when divided by the longitudinal
resistance. An inspection of the figure shows the gradual
change in the Hall resistance with consecutive current
pulses, indicating the multidomain switching behavior.
Figure 2 illustrates the current-induced Néel switching in

the tetragonal (biaxial) NiO. In Figs. 2(a)–2(d), both the
magnitude and direction of the writing current are identical,
but the electrical readout configurations differ, as high-
lighted in the left column. Five 1-ms current pulses with the
delay time of 10 s were applied along the writing channels.

FIG. 1. (a) X-ray diffraction pattern, (b) high-resolution
TEM images, and (c) room-temperature hysteresis loop of the
SrTiO3ð001Þ=NiO=Ptð5 nmÞ heterostructure. The inset of
(b) shows the image of the NiO lattice, which has been magnified
twice. (d) Spatial (angular) dependence of the magnetocrystalline
anisotropy energy (MAE) for the tetragonal NiO. The easy axis
points towards ½11̄0�, while the local easy axis is [110]. (e) Optical
image of a NiO=Pt eight-terminal device and schematic of
current-driven switching measurements. (f) Application of writ-
ing currents along [110] and ½11̄0� yields reversible changes in the
Hall resistance that can be detected at T ¼ 300 K. Hall resis-
tances are measured 10 s after applying the current pulses.
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The current amplitude for writing was 4 × 107 A=cm2,
comparable to the ferrimagnetic system [30,31], while for
the reading we used a dc current of 4 × 105 A=cm2. As we
detail below, the data shown in Fig. 2 suggest switching of
the order parameter towards the direction of the writing cur-
rent. Figures 2(a) and 2(b) show the detection of the AFM
moments in the transverse geometry. Two distinct values
for the transverse resistance were obtained reversibly, see
Fig. 2(a), the total change in resistance being about 30 mΩ.
Since the transverse SMR is given by ρxy ¼ Δρ sin 2θ [14],
the Hall resistance is maximal (in absolute value) at the
relative angles of θ ¼ 45∘ and θ ¼ 135∘ between the probe
current and the Néel order. In Fig. 2(a), writing protocols
along ½110� (high resistance) and ½11̄0� (low resistance) are
inferred to correspond to θ ¼ 45∘ and θ ¼ 135∘, respec-
tively; i.e., the AFM order switches towards the direction of
the writing current. In contrast, the inset shows the current-
induced Néel switching in our Mn2Au control samples for
the identical experimental configuration, where the trans-
verse magnetoresistance of Mn2Au and the SMR of NiO=Pt
possesses the same in-plane symmetry and sign [13,14]. The

sign of the changes in the Hall resistance of Mn2Au is
opposite to that of NiO=Pt scenario, because the (fieldlike)
Edelstein SOTwould switch the Néel order towards the spin
polarization direction, which is transverse to the writing
current, similar to the CuMnAs case [2,7].
For the sake of completeness, we considered a different

Hall detection scheme, as shown in Fig. 2(b). Insignificant
changes in the transverse resistance were measured after
running the same current pulse protocol, which correspond
to the angles θ ¼ 0° (red circles) and θ ¼ 90° (blue circles).
This is in accordance with the aforementioned expression
for ρxy. Furthermore, we studied the symmetry of SMR
for the longitudinal geometry, see Figs. 2(c) and 2(d). The
longitudinal resistance increases when the writing current
is parallel to the probe current. Theory of SMR predicts
ρxx ¼ ρ0 þ Δρ0 cos 2θ [14], so that larger values of the
longitudinal resistance indicate the parallel alignment of the
AFMmoments with the probe current. Again, the geometry
depicted in Fig. 2(d) yields negligible changes in the
longitudinal resistance, which agrees with the theoretical
predictions. Therefore, we conclude that the Néel order
indeed switches towards the direction of the writing
current. Note that both transverse and longitudinal resis-
tances were measured 1 min after the current pulses to
minimize the Joule heating.
Model.—Dynamics of the Néel order, defined by

l ¼ ðm1 −m2Þ=2, with m1, m2 being the sublattice spin
fields, are described by the equation of motion

sχ∂2
t l × l ¼ Han × l þ αl × ∂tl þ ðϑJ=sÞl × ðl × pÞ; ð1Þ

along with the normalization condition l2 ≡ 1. Here, s
is the saturated spin density, χ is the (transverse) spin
susceptibility, Han ¼ −δlEMCA=s is the anisotropy field,
α ¼ 0.007 is the Gilbert damping constant due to spin
pumping in our 5-nm film [32,33], which is also the value
used in Ref. [10], and ϑ is a phenomenological parameter
characterizing the charge-to-spin current conversion at
the NiO=Pt interface, which can be approximated by
ϑ ∼ 0.1ℏ=2e. The last term of the right-hand side represents
the current-induced antidamping torque, which vanishes for
lkp. Contrary to the ferromagnetic case, this configuration
of the Néel order is unstable against perturbations, as
predicted by the stability analysis of Eq. (1) [11,34]:
thermal fluctuations will induce slight deviations of the
Néel order from the ground state lkp, which, above some
current threshold, will evolve in time towards the plane
perpendicular to the spin polarization, l⊥p. Note, however,
that for the case of uniaxial anisotropy (NiO on MgO
substrate), the Néel order will switch back to the (only)
easy axis when the applied current is switched off,
irrespective of its intensity [21]. This is not the case for
the (in-plane) biaxial anisotropy, for which writing currents
along orthogonal (easy-axis) directions allow for the
reversible manipulation of the AFM moments between

FIG. 2. Detection of the Néel order switching for transverse (a),
(b) and longitudinal (c),(d) geometries. Blue (red) arrows indicate
the current being applied along the writing channel [110] ð½11̄0�Þ.
I and V represent the readout scheme. The writing current density
used is 4 × 107 A=cm2. Each circle in the right column results
from the application of five 1-ms pulses with delay time of 5 s,
where the color corresponds to the writing channel considered.
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the easy axes. It is worth remarking that reactive fieldlike
torques ∝ l × p are forbidden if the sublattice symmetry
fl → −lg is preserved.
Further insight into this switching process can be gained

through monodomain simulations of the Néel dynamics
driven by antidamping torques. Zero-temperature values
of the anisotropy constants are obtained by fitting the
MCA energy calculated by the Hubbard-corrected density
functional theory method [21] to the expression EMCA½l�¼
K0þðK2⊥=2Þl2zþðK4k=4Þl2xl2y þK2kðl2x− l2yÞ, which con-
tains all (dominant) terms allowed by the tetragonal sym-
metry up to fourth order in the Néel field. Current pulses of
amplitude 4 × 107 A=cm2 and 1-ms width would heat the
sample to T ¼ 350 K [21]. Thermal effects can be incorpo-
rated into our model by invoking Bloch’s T2 law for the
sublattice spin density s in antiferromagnets [35,36] and
the power law Klk, Kl⊥ ∝ slðlþ1Þ=2 for the MCA coefficients
[37]. The resultant estimates for the anisotropy constants
are K2⊥ ¼ 3.8 × 10−8, K2k ¼ 4.3 × 10−9, and K4k ¼
1.4 × 10−9 J=cm2. The ground Néel state thus lies along
the y direction (absolute minimum of the MCA energy)
within the easy basal (xy) plane. Note that in the above
expression the frameof reference has been rotated so that ŷðx̂Þ
is the (local) easy axis.We take thewriting current along the x
axis in what follows. Stability analysis of the fixed points
l0 ¼ �ŷ ofEq. (1) indicates that theNéel order along the easy
axis is stable up to the critical current threshold

Jthx;c ¼
1

2ϑ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

K2⊥ þ α2Kk=χ
q

≃ 5.8 × 108 A=cm2; ð2Þ

where K⊥ ¼ K2⊥ − K2k − K4k=2 and Kk ¼ 6K2k þ
2K2⊥ þ K4k are effective anisotropy constants. Numerical
integration of Eq. (1) leads to the Néel dynamics depicted in
Fig. 3: transverse deviations from the easy-axis ground state
die out below Jthx;c, and therefore the Néel order eventually
evolves back to the y axis, as depicted in Fig. 3(a). Above the
current threshold, however, transverse excitations of the Néel
order blow up until the staggered order parameter becomes
confined to the xz plane, see Fig. 3(b), where its (limiting)
dynamics take the form of a limit cycle. When the writing
current is turned off (end of the pulse), no Néel dynamics
occur below Jthx;c; i.e., the order parameter remains aligned
with the easy axis.Differently, above the critical threshold, the
AFM order evolves in time to the minimum of MCA energy
within the xz plane, which corresponds to the local easy axis x̂
in Fig. 3(b).
For writing currents along the y axis, stability analysis

of the fixed points �x̂ of the dynamical system (1) yields
their instability no matter what the injected current is.
Irrespective of their steady state (either a stable fixed point
or a limit cycle), the Néel order always evolves to the
absolute minima of the MCA energy, �ŷ, when the current
is turned off. Antidamping-torque-induced switching of the

FIG. 3. Monodomain simulation of the Néel switching medi-
ated by antidamping torques for a charge current injected
along the x axis. (a),(b) Fixed points and limit cycles of the
dynamical system in the Néel-order sphere (top) and the time
evolution of the Néel order (bottom) for Jx ¼ 4.9 × 108 and
Jx ¼ 2.2 × 109 A=cm2, respectively. Blue dots represent the
initial configuration l ¼ ð−0.1; 0.99; 0.1Þ for the Néel order
and blue trajectories describe the complete time evolution of
the order parameter towards (a) the y axis and (b) the limit cycle.
Red arrows denote the fixed points of the dynamical system,
along with the easy axis (green arrows). The limit cycle in (b) lies
within the xz plane. After turning off the current, the Néel order
switches towards the x axis (local minimum of energy) above the
critical threshold Jx;c ¼ 5.8 × 108 A=cm2.

FIG. 4. Schematic of the two-step process involved in the
antidamping-torque-induced switching. Green (red) arrows de-
pict initial (final) configurations for the Néel order. Blue circle
depicts the limit cycle in the xz plane.

PHYSICAL REVIEW LETTERS 120, 207204 (2018)

207204-4



order parameter in biaxial antiferromagnets is then sum-
marized in Fig. 4, which is described by a two-step process,
namely, (1) deviation from the easy axis and confinement to
the plane perpendicular to the spin polarization and
(2) switching towards the local easy axis contained in
the same plane.
Discussion and conclusion.—The critical threshold (2) is

one order of magnitude larger than the measured threshold
current. For ferromagnetic switching, similar overestimates
of the threshold current within the monodomain treatment
are well known [38,39]. A switching process based on
domain-wall nucleation and propagation can significantly
lower the critical current. Indeed, the multistage character
of switching in our pulse-sequence experiment suggests
such multidomain mechanism for the order-parameter
reorientation. While extending our theoretical picture
towards this regime is left as an open problem, we remark
that the monodomain treatment does appear to capture the
physics qualitatively. More refined calculations and direct
measurements of the magnetic anisotropies for our struc-
tures can further reconcile quantitative aspects. The revers-
ible switching and detection reported here make biaxial
AFM HM heterostructures promising candidates for all-
electrical writing and readout of the Néel order.
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Note added.—Recently, we became aware of a report of the
switching of AFM moments in Pt-sandwiched NiO films,
with the critical current of∼5 × 107 A=cm2 [12]. Measured
changes in the transverse Hall resistance were ascribed
there to the time evolution of the Néel order towards lkp,
i.e., the order parameter being transverse to the writing
current. This interpretation contrasts with our antidamping
scenario, which could be explained by the fact that the
trilayer Pt=NiO=Pt geometry might reduce the inversion
asymmetry and thus diminish the relative importance of the
antidamping torques. These issues need to be clarified in
future studies on multilayers.
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