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Metallic antiferromagnets are demonstrated to show an unconventional spin Hall effect (SHE) and the
inverse spin Hall effect (ISHE), which are very promising for Néel-vector detection. However, the ISHE
is absent in insulating antiferromagnets, as it does not conduct charge current. Here, we report our obser-
vation of the anomalous ISHE at the interface of the easy-plane insulator antiferromagnetic nickel oxide
and the heavy metal platinum. We find that, at the interface of NiO/Pt, the ISHE generates an anomalous
hysteretic transverse voltage in both Hall and planar Hall measurements, depending on spin-current prop-
agation and the polarization direction. The observation of a nonzero transverse voltage in Pt indicates the
appearance of a spin current with longitudinal polarization reflected from NiO, implying Néel-vector reori-
entation from the transverse to longitudinal direction. Our simulation indicates that the Néel vector can be
reoriented by a spin current injected from the heavy metal and an applied magnetic field. The observed
anomalous ISHE permits the manipulation and detection of the Néel order in insulating antiferromagnets.
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Antiferromagnets (AFMs) have drawn intensive atten-
tion in spintronics for their advantages, such as ultrafast
signal generation, characteristic symmetry breaking, and
resultant emergent spin functionalities due to their unique
magnetic order [1-8]. Control and readout of the antifer-
romagnetic order parameter the Néel vector is a critical
issue for AFM-based spintronics, although it is still chal-
lenging [9]. So far, different methods, including spin- or
current-induced torques and magnetoelectric and magne-
toelastic coupling, have been used to control the Néel
vector [10—12]. Furthermore, spin Hall magnetoresistance
and the inverse spin Hall effect (ISHE), as well as optical or
electrical imaging methods, have been developed to detect
the Néel vector [1,13].

Recently, it has been shown that a spin current generated
by the spin hall effect (SHE) can be very efficient at manip-
ulating the Néel vector [14-21]. Detecting spin dynamics
in antiferromagnetic insulators (AFMI) by the ISHE in the
proximity of a heavy metal (HM) is an established method
involving the spin Seebeck effect [22,23] or spin Hall mag-
netoresistance [24]. Injection of a charge current into the
HM layer [17,25] generates a spin current through the SHE
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and transmits a pure spin current to an adjacent AFMI
through the AFMI/HM interface [18,26,27]. The injected
spin current interacts with the Néel vector, and spin cur-
rent with polarization parallel to the Néel vector can be
reflected back to the HM layer in the AFMI. The reflected
spin current generates a voltage in the direction perpen-
dicular to spin polarization via the ISHE, providing an
electrical readout of the Néel vector in the AFMI. In fact,
Neéel vectors in the AFMI tend to be aligned along the cur-
rent direction [28] but perpendicular to the magnetic field
[29]. Thus, a prospective approach to realize simultaneous
manipulation and detection of the Néel vector is to measure
the field-dependent ISHE in the HM layer.

In Hall measurements, a transverse voltage, AV, is
measured as a function of magnetic field with a longi-
tudinal current in Hall bar patterned devices (Fig. 1).
Typically, a transverse voltage, AV,,, can originate from
spin Hall magnetoresistance, the Hall effect, or the pla-
nar Hall effect in the presence of a magnetic field; the
anomalous Hall effect in the presence of magnetization; the
inverse spin Hall effect in the presence of a spin current;
and the Seebeck effect due to a thermal gradient. Regard-
less of details of the mechanisms generating AV, it is
established that detecting a transverse voltage, AV, is a
reliable method for detection of the orientation of the Néel
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vector in an AFM. In fact, a transition between zero and
nonzero Hall voltages is observed in Néel-vector rotation
in an antiferromagnet [30].

Here, we observe the magnetic-field-dependent anoma-
lous ISHE at the interface of an insulating easy-plane anti-
ferromagnet, NiO, and a HM Pt layer, which reflects the
injected spin-current-controlled Néel-vector rotation in the
AFMI. NiO has a simple face-centered-cubic structure and
possesses NiZ* ions, which are ferromagnetically ordered
in the {111} planes and antiferromagnetically ordered in
adjacent planes at room temperature. Differ from easy-axis
antiferromagnets, such as MnF;, NiO has a hard axis along
(111) and an easy axis along (11—2), called hard-axis or
easy-plane antiferromagnets, respectively [8,26]. The Pt
layer is used to generate a spin current and transmit to
the top AFMI layer [Fig. 1(a)] [15,31,32]. The injected
pure spin current in NiO interacts with antiferromagneti-
cally ordered sublattice magnetization, which results in the
reorientation of Néel vectors. The reorientation of the Néel
vector in an AFMI generates a change of the reflected spin
polarization at the NiO/Pt interface, leading to a change
of the transverse-voltage signal via the ISHE in Pt [33,34].
Figure 1(b) shows an optical image of one of the devices.
Pt layers are (111) orientated [Fig. 1(c)] with a smooth
surface of the top NiO layer [Fig. 1(d)].

Figure 2 shows our main results for the field-dependent
anomalous ISHE at the interface of NiO/Pt as a func-
tion of out-of-plane magnetic field for a sample with 5-nm
NiO on 15-nm Pt. The transverse Hall resistance, R,
clearly shows anomalous hysteretic behavior, deviating
from that of conventional Hall resistance, which is lin-
ear with respect to the magnetic field. Interestingly, the

FIG. 1. Experimental setup and device
structure for ISHE measurements and
Néel-vector detection. (a) Layout of the
sample structure with HM and AFMIs.
Charge current, J,, is applied to the HM
layer, which generates a spin current, J,
flow along the z direction, transforming
into a magnon current Jy, in NiO. (b) Opti-
cal image of the device. (c) X-ray reflec-
tion data (XRD) on NiO/Pt/SrTiO;(001)
around the (111) reflection of Pt (111) film
on SrTiO;5 substrate. Left inset shows the
wide-angle XRD data. Right inset shows
the crystallographic structure of NiO(111).
(d) Atomic force microscopy image of the
NiO/Pt(111) film with 20-nm Pt. Size of
the white scale bar is 200 nm. Roughness
is 0.216 nm.

magnetic-field-dependent Hall resistance measured at a
large current (3 mA) is linear, as shown by dark lines,
which is consistent with a conventional Hall effect. This
indicates that anomalous transverse Hall resistance appears
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FIG. 2. Anomalous transverse-voltage signal in NiO/Pt under
an out-of-plane magnetic field. (a)y«d) Four types of magnetic-
field-dependent Hall resistance measured in the Hall bar device
at room temperature. Hall resistance data shown are for sample
B [NiO(5)/Pt(15 nm)] under a current of 500 yA. Insets show
the hysteretic transverse-voltage signal after subtracting normal
Hall resistance data. Dark lines are linear Hall resistance mea-
sured with 3 mA without loops. 1, a pair of loops at positive and
negative magnetic fields (a); 2, a nearly symmetric loop (b); 3 (¢)
and 4 (d), asymmetric loop.
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only for a small current and is absent for a large cur-
rent. There are mainly four types of anomalous trans-
verse Hall resistance (indicated by black, pink, cyan, and
blue solid dots) observed in a few hundred measurement
scans. The first type (1) shows a hysteresis with a pair
of loops [Fig. 2(a), dark]; the second type (2) [Fig. 2(b),
red], third type (3) [Fig. 2(c), cyan], and fourth type (4)
[Fig. 2(d), olive] have single loops. The insets in Fig. 2
show AV, after subtracting the normal Hall signal (dark
lines) (see Note 1 within the Supplemental Material [43]).
As we mention, NiO is insulating; thus, the Hall volt-
ages measured are from the Pt layer. The appearance of an
anomalous transverse voltage originates from the NiO/Pt
interface.

The observed anomalous hysteretic transverse voltage
has several possible mechanisms. (1) Spin Hall magnetore-
sistance. (2) The Hall effect; an out-of-plane net magne-
tization is within the scope of the Hall effect, similar to
the anomalous Hall effect in ferromagnetic systems. In this
case, the observed zero and nonzero values of anomalous
transverse-voltage signals correspond to switching on and
off of the out-of-plane net magnetization. (3) The ISHE;
a spin current with polarization along the x direction and
propagating direction along the z direction can generate an
additional transverse voltage via the ISHE at the interface.
(4) A thermal temperature gradient in the case of the See-
beck effect; as a hysteretic transverse loop is unexpected
in spin Hall magnetoresistance and the Seebeck effect, a
possible mechanism should be either the Hall effect with
an emergent net magnetization moment or the ISHE in the

Magnetic field (T)

FIG. 3.

presence of an emergent spin current with different polar-
izations. A net magnetization moment in NiO appears in
the spin-flop state when the two antiparallel-aligned sublat-
tice moments rotate along the magnetic field; in this case,
one would expect the net magnetization moment to reverse
sign when the magnetic field changes direction, thus the
transverse voltage should reverse sign, as in the anoma-
lous Hall effect. This suggests that the Hall effect is very
unlikely to be the origin of data shown in Fig. 2.

We further investigate the field-dependent transverse
voltage in Hall effect measurements with an out-of-plane
magnetic field and a planar Hall effect measurement with
an in-plane magnetic field for different samples, as shown
in Fig. 3. The thickness of NiO is fixed to 5 nm with thick-
nesses of Pt of 20, 15, and 10 nm. All four sets of data (1,
2, 3, and 4) can be observed for all the samples, and we
show data sets 1 and 2 here. The left (right) panel shows
anomalous transverse voltages of data sets 1 and 2 with
an out-of-plane (in-plane) magnetic field for three different
samples. We notice that the slope of the transverse voltage
in Hall measurements with an out-of-plane field is much
steeper than the slope in planar Hall measurements with an
in-plane field. It seems that there could be some correla-
tions between the observed linear voltage increase in the
planar Hall effect shown in Fig. 3(b) and the previously
reported intrinsic ordinary magnetoresistance of Pt [41].

The long-range magnetic order in NiO results from
the superexchange interaction that favors antiparallel
alignment between neighboring sublattice magnetizations
(M; and M) in the {111} planes. The Néel order,

(b)

101 20 nm

AV, (uV)

0 1
Magnetic field (T)

Anomalous inverse spin Hall voltages under out-of-plane and in-plane magnetic fields. Left panel, measurement scheme

with out-of-plane magnetic field, H;, is shown in (a). Anomalous ISHE is shown in (c),(d) for sample C (20 nm); (g),(h) for sample
B (15 nm); and (k),(1) for sample A (10 nm). Right panel, measurement scheme with in-plane magnetic field, H,, is shown in (b).
Anomalous ISHE shown in (e),(f) for sample C (20 nm); (i),(j) for sample B (15 nm); and (m),(n) for sample A (10 nm).
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L =M, — M., is rotated by the antidampinglike torque,
Tio~M2 x (M, x Ji), due to spin current, acting as
an effective field [9] (see Note 2 within the Supplemental
Material [43]). In an easy-plane AFMI such a field is stag-
gered, namely, alternating in sign between sublattices and
the staggered fields can efficiently manipulate the AFMI.
Unlike spin-transfer torque, the torque induced by spin cur-
rent is expected to be much more robust against disorder,
and it would be able to rotate the Néel vector.

As previously mentioned, the Néel vector tends to align
with the direction perpendicular to the magnetic field and
parallel to the current. Pt is (111) orientated in our sam-
ples [Fig. 1(c)]; thus, the sample plane (in-plane) is the
easy plane in which the Néel vectors are located. When
no magnetic field is applied, the SHE-induced spin current,
J,,, with polarization along y and the propagating direction
along z is generated at the NiO/Pt interface. No trans-
verse voltage is expected in this case. As the Néel vector
prefers to be aligned perpendicular to the magnetic field,
the Néel vector is rotated to the longitudinal x direction
with increasing out-of-plane magnetic field under certain
conditions. A nonzero transverse voltage is expected in
this case. However, as the magnetic field is reduced toward
zero, the spin current J7,, with polarization along y induced
by the SHE appears again; thus, the transverse voltage
decreases with reducing field and disappears at some point.
Thus, the jump of the transverse voltage from zero to
nonzero indicates rotation of the Néel vector from the y
to x direction and vice versa. With an applied in-plane
magnetic field, there are two opposite torques on the Néel
vector from the current and magnetic field, leading to com-
peting Néel vectors along the x and y directions. In this
case, an antiferromagnet with multidomains is preferred
[40], and a gradual change of x- and y-orientated AFM
domains is expected, which is consistent with shallower
slopes in the planar Hall measurements (Fig. 3).

We next investigate the current-dependent anomalous
transverse voltage, as shown in Fig. 4. We notice that a
minimum current of about 300 1A is needed to observe
a stable anomalous transverse voltage, while no visible

anomalous transverse voltage is observed for currents
above 3 mA [Fig. 4(g)]. The maximum transverse-voltage
signal appears at around 750 pA for all three samples.
This is consistent with our analysis that there are two dif-
ferent torques on the Néel vector from both the current
and magnetic field. Considering the appearance of hys-
teretic transverse-voltage loops, as well as the absence of
an anomalous transverse voltage above 3 mA, the origin of
the transverse-voltage signal is mainly from the ISHE.
When a charge current, J,, is injected along the x direc-
tion, a spin current, JZ“'y, is generated in Pt due to the SHE
with polarization along y and the propagating direction
along z, obeying J° =#h/2e6syJ.p, where Ogy is the spin
Hall angle of Pt and p is the polarization of the spin cur-
rent. Unlike the SHE in ferromagnets and heavy metals,
in which spin polarization, the spin-propagating direction,
and charge-flow direction are all orthogonal [3,4], the spin
current generated in antiferromagnets can have polariza-
tion parallel to the spin-current propagating or charge-flow
direction, e.g., J3,,J,, and sty [2,35], as observed in the
antiferromagntic SHE in manganese [1,2,35]. As the Néel
vector prefers to be aligned with the current but perpendic-
ular to the magnetic field, the spin current with polarization
in the x-y plane and propagating along the z direction
injected from Pt into NiO will be reflected back to the
NiO/Pt interface in NiO. Namely, spin current J?, in the
case of the Néel vector along y or J;, for the Néel vec-
tor along x, can be reflected in NiO while others will be
scattered and dissipated [Figs. 5(a) and 5(b)]. The reflected
spin current transforms into a voltage signal via the ISHE
at the NiO/Pt interface. A nonzero transverse voltage is
possible in the presence of spin current J7,, indicating a
Néel vector along the x direction. Notably, in the case of
a certain magnon excited in the AFMI NiO, it is possi-
ble to generate an oscillating moment along the x direction
in NiO, generating a nonzero transverse voltage at the
NiO/Pt interface. This is possibly the case for data sets
24, with big loops in Figs. 2 and 3. If there is a net out-of-
plane magnetization in an AFMI, e.g., in a spin-flop state, a
nonzero transverse voltage is also possible. However, this

FIG. 4. Current-dependent anoma-
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o ?g :m Type-1 transverse hysteretic loops
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3 mA (a)~e), while they are absent for
currents larger than 3 mA (f). (g) Max-
imum value of magnonic inverse spin
Hall voltage signal, AV, as a func-
tion of applied current for all samples.
Dark line is a guide to the eye.
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Mechanism of anomalous transverse voltage and electrical detection of Néel-vector reorientation in easy-plane AFMI NiO

via the ISHE. (a),(b) Schematic picture of the mechanism of the origin of nonzero (zero) transverse voltage via the ISHE induced by a
spin current polarized along the x ()) direction with a propagating direction from NiO to the Pt interface. (¢c) ISHE as a function of time
under different magnetic fields and applied currents. Top, current 750 1A, out-of-plane magnetic field 0.5 T; middle, current 750 yA,
out-of-plane magnetic field —0.5 T; bottom, current —750 1A, out-of-plane magnetic field 0.5 T. (d) Simulated phase diagram of the
Neéel vector in easy-plane AFMI NiO. L||x indicates the Néel vector with a dominating component along the longitudinal x direction
(green area), while L||y indicates the Néel vector with a component along the transverse y direction (yellow). In the spin-flop state, a
net magnetization moment exists (red and blue area). Initial sublattice moment is along the easy axis, with current along the x direction
and an applied out-of-plane magnetic field; resultant Neel vector is recorded for each point.

requires a large externally applied magnetic field or applied
charge current. We observe data set 2 with big hysteresis
loops for a small current and small magnetic field; thus,
this situation is highly unlikely in the scope of our exper-
iments. Thus, we conclude that the observed anomalous
transverse voltage is generated via the ISHE at the NiO/Pt
interface.

One remarkable observation is resonance peaks in the
time-dependent anomalous ISHE under positive and neg-
ative magnetic fields with the charge currents shown in
Fig. 5(c). The anomalous ISHE signal reverses sign upon
reversing the direction of the applied current, while revers-
ing the direction of the magnetic field does not lead to
similar results, indicating the crucial role of the spin cur-
rent injected via the SHE. The periodicity varies with
applied field and current. In the experiment, a pulse current
is applied with a duration of about 1 us and an interval of
about 1 ms. With spin polarization accumulating, the Néel
vector can be rotated to the x direction at a certain thresh-
old with increasingly accumulated spin polarization and
finally induces a transverse-voltage signal. Interestingly,
the generated ISHE signal slowly decays as a function of
time and the process repeats. This fits well with a mul-
tidomain scenario. The thermomagnetoelastic switching
mechanism combined with thermal excitations can have

possible contributions for the observed transverse-voltage-
signal variation [12]. Figure 5(d) shows the calculated
phase diagram for NiO under a current and out-of-plane
magnetic field along the hard axis (see Note 3 within
the Supplemental Material [43]). When the current slowly
increases, there can be a Néel vector along the y direc-
tion. With both current and magnetic field applied, the Néel
vector can be aligned along the x direction. The change
of the Néel vector is dynamic and a magnon can exit
to assist reorientation of the Néel vector [21] (see Meth-
ods and Note 2 within the Supplemental Material [43]).
The alignment of spin current along the Néel vector and
reflection of spin current from the antiferromagnet can be
related to the existence of different magnon modes [39].
Hysteretic transverse voltages of types 2—4 with big loops
show nonzero values at zero magnetic field, indicating the
presence of spin current J;, with polarization along the x
direction required by the ISHE; thus, in this case, spin cur-
rent J7, is rotated to J7, in NiO, which is consistent with
the presence of excited magnon modes in the AFMI.

The spin-current-induced anomalous ISHE requires
a current of 300 pA [Fig. 3(d)], corresponding to a
current density of 2 x 10° A/cm? for sample B. For
comparison, the reported current-induced Néel-vector
switching requires a current around 107 A/cm? [18-20],
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about 2 orders of magnitude higher than our experiment.
This indicates that external-magnetic-field-assisted Néel-
order switching by utilizing a pure spin current is much
more efficient, less power consuming, and avoids Joule
heating (see Note 4 and Fig. S8 within the Supplemental
Material [43]). When the charge current is too large, torque
generated by the spin current is so strong that it makes
reorientation of the Néel vector more difficult, leading to
the disappearance of hysteretic transverse-voltage loops.

We finally remark that the surface of the Pt thin film can
be made ferromagnetic, depending on the interface con-
ditions [36], and there can be an exchange bias between
the antiferromagnetic order in NiO and induced ferromag-
netism at the interface of NiO/Pt [37]. In this case, one
would expect to observe an anomalous Hall effect with an
exchange bias. Notably, the magnetic proximity effect [36,
37] or thermomagnetoelastic effects [12] can be present in
our system, although the effects are insignificant. However,
data sets 1 and 4 show a shift of the hysteresis loops by
about 0.6-0.7 T from the zero field, which is too large for
the exchange bias in NiO at room temperature, compared
to the exchange bias in ferromagnet/NiO bilayer systems
[38]. We notice that NiO can be in the spin-flop phase
[21] under certain conditions with large spin currents and
magnetic field, and thus, the observation of the anomalous
Hall effect with a small exchange bias (see Fig. S9 within
the Supplemental Material [43]) is possible. In contrast,
the anomalous ISHEs in data sets 1, 2, 3, and 4 are due
to spin-current-induced Néel-vector switching in antifer-
romagnetic NiO and can only be observed within a certain
current range with a maximum transverse voltage value
at current of about 750 uA (Fig. 4), which is consistent
with theoretical simulations [42]. Regarding switching of
the Néel vector with current and an out-of-plane magnetic
field [big loops, such as data set 2 in Fig. 2(b)], a possible
approach is to excite the so-called alpha-magnon mode in
NiO [39], which can rotate the Néel vector to the longitu-
dinal direction and have a nonzero oscillating longitudinal
polarization, leading to a transverse-ISHE voltage.

In summary, we observe an anomalous ISHE at the
interface of the easy-plane AFMI NiO and Pt. The anoma-
lous ISHE can be manipulated by charge current and
magnetic field and originates from rotation of the Néel
vector in an antiferromagnet. This provides us an effective
approach to manipulate and detect the Néel order in an oth-
erwise AFMI, facilitating the achievement of high-quality
antiferromagnetic memory devices.

Data are available upon reasonable request from the
corresponding authors.
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