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Antiferromagnetic insulators have recently been proved to support spin current efficiently. Here, we
report the dampinglike spin-orbit torque (SOT) in Pt/NiO/CoFeB has a strong temperature dependence
and reverses the sign below certain temperatures, which is different from the slight variation with
temperature in the Pt/CoFeB bilayer. The negative dampinglike SOT at low temperatures is proposed to be
mediated by the magnetic interactions that tie with the “exchange bias” in Pt/NiO/CoFeB, in contrast to
the thermal-magnon-mediated scenario at high temperatures. Our results highlight the promise to control
the SOT through tuning the magnetic structure in multilayers.

DOI: 10.1103/PhysRevLett.128.217702

Antiferromagnets (AFM) have gained considerable inter-
est in the field of spintronics due to their unique properties
such as robustness against external magnetic disturbance,
absence of stray field, and spin dynamics in the terahertz
range [1-3]. In particular, the AFM insulators have been
proved to support spin current with high efficiency [4-9]
and long distance [4,10-12], through different experiments
such as the spin Seebeck effect [6-9], spin pumping [4,5],
spin-torque ferromagnetic resonance [13], and nonlocal
spin transport [10-12]. Motivated to minimize the Joule
heat dissipation associated with the electron motion,
magnon mediated spin-orbit torque (SOT) and magnetiza-
tion switching have been further demonstrated through
inserting an AFM insulator between the heavy metal (HM)
and ferromagnet (FM) layers [14—16], which highlights the
great promise of the AFM insulators for exploring energy-
efficient SOT-based spintronics.

Toward understanding the spin transmission processes in
magnetic multilayers with an AFM insulator, intensive
studies have demonstrated that the coherent propagation of
evanescent spin waves [17,18], diffusion of incoherent
magnons [19], and thermal-gradient-driven magnon current
in the AFM insulator [11] play important roles in mediating
the spin current at high temperatures. These previous works
mainly focused on the spin dynamics of magnetic moments
inside the AFM insulator. However, the multiple interfaces
in magnetic multilayer structures may also have significant
impacts. A few recent studies have revealed the HM/AFM
interface affects the spin reflection processes greatly at low
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temperatures, which gives rise to a negative spin Hall
magnetoresistance (SMR) effect [20,21]. The HM/FM
interface has also been reported to strongly affect the spin
transmission and spin relaxation across the interface
[22,23]. On the other side, the AFM/FM interface is well
known to hold interfacial exchange coupling, which brings
about the effects such as coercivity enhancement and
“exchange bias” [24]. Nevertheless, the role of magnetic
interactions at the AFM/FM interface has yet to be
investigated in the framework of mediating spin-orbit
torque.

In this Letter, with the insertion of a prototypical AFM
insulator NiO between Pt and CoFeB, we report the
dampinglike SOT strongly depends on the temperature
and reverses the sign below certain temperatures, in
contrast to the weak temperature dependence of that in
Pt/CoFeB bilayer. The negative dampinglike SOT at low
temperatures cannot be captured by the common mediation
schemes via magnons and spin waves, but be mediated by
the magnetic interactions in the heterostructure. The SMR
ratio was found to reverse sign as well at low temperatures
in Pt/NiO/CoFeB, with the sign-change temperature
higher than that of the dampinglike SOT. Both the negative
SOT and SMR at low temperatures can be understood
within a “spin-flop” picture between the magnetic moments
of NiO and CoFeB. These results highlight the signifi-
cance of magnetic interactions in mediating SOT in multi-
layers, which will promote the AFM insulator-based SOT
applications.

© 2022 American Physical Society
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FIG. 1. (a) The stack layer structure of the samples, with a

MgO(1)/Al,05(3) capping layer to protect the underneath layers
from degradation. (b) The x-ray diffraction patterns for the
sample with NiO of 50 nm. (c) The schematic of measurement
configuration for the electrical transport experiments. (d) The
perpendicular magnetic field (H,) dependence of the Hall
resistance (Ry) for the sample with 3 nm NiO at 300 K.

Thin film stacks of Pt(5)/NiO(z)/CoFeB(6)/MgO(1)/
Al,05(3) were deposited on thermally oxidized Si sub-
strates by using magnetron sputtering with base pressure
less than 2 x 1072 Torr, where the thicknesses in paren-
theses are in nanometers and ¢t =0, 2, 3, and 50. As
schematically shown in Fig. 1(a), the capping layer of
MgO(1)/Al,05(3) works as a protection for the under-
neath layers from degradation. X-ray diffraction patterns of
the sample with 50 nm NiO are plotted in Fig. 1(b), which
shows the Pt, NiO, and CoFeB have the (111)-preferred
orientation, polycrystalline, and amorphous structure,
respectively. For the transport measurements, Hall bar
devices with a channel length of 20 ym and a channel
width of 5 ym were fabricated using standard photolithog-
raphy and Ar ion milling. The harmonic Hall method
considering the anomalous Hall effect (AHE) and planar
Hall effect (PHE) was used to investigate the SOT, which
allows us to quantify the SOT free from thermal effects
[25-27]. Figure 1(c) shows the schematic configuration of
the electrical transport experiments.

The AHE was first measured, and the perpendicular
magnetic field (H,) dependence of the Hall resistance (Ry)
is shown in Fig. 1(d), for the sample with 3 nm NiO at
300 K. From the Ry-H, curve, both the anomalous Hall
resistance Rpr and effective perpendicular magnetic
anisotropy field Hyg can be obtained by fitting linear
functions to the low-field and high-field regions. The
Rape has a monotonic decrease with decreasing the
temperature (see Supplemental Material [28]). For the
harmonic Hall measurements, ac currents with a frequency
of 133.33 Hz were applied through the Hall bar devices
while rotating the external magnetic field (H.,,) of constant
magnitude in the xy plane. The first (V) and second (V,,,)
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FIG. 2. (a),(b) The first (R,) and the second (R,,) harmonic

Hall resistance as a function of in-plane rotation angle ¢ for the
sample with 3 nm NiO at 300 K, under external magnetic field of
30 mT. The decomposed cos ¢ and 2cos>¢p — cos ¢ terms of the
R,,, are also displayed in (b). (c) The obtained &p; for the samples
with NiO of 0, 2, and 3 nm, and the NiO/CoFeB sample at
different temperatures. (d) The & of Hg + Ho. (FL 4 Oe), Hp,
(Oe), and Hg (FL) for the sample with 3 nm NiO at different
temperatures.

harmonic Hall voltages were recorded by two lock-in
amplifiers. Figures 2(a) and 2(b) show the first (R,) and
second (R,,) harmonic Hall resistance respectively as a
function of the in-plane rotation angle ¢, for the sample
with 3 nm NiO at 300 K and H,, of 30 mT. As can be
observed, the R, follows the sin2¢ dependence, which
indicates the moment of CoFeB follows the external
magnetic field. The planar Hall resistance Rpyg can be
extracted from fitting the R,-¢) curve to R,, = Rpyg Sin 2¢.
The Rpyg also shows a monotonic decrease with decreasing
the temperature (see Supplemental Material [28]).

The SOT is known to consist of two components:
dampinglike toque 7p; ~ m x (m X &) and fieldlike torque
Tp, ~ M X 6, where m and ¢ are the magnetization unit
vector and spin accumulation vector, respectively [41,42].
The oscillating SOT induced by the ac current drive the
CoFeB magnetization to oscillate both in-plane and out-of-
plane, resulting in the R,,, following R, = —{Rane[HpL/
(Hexy — Hg)] + Ry} cos ¢ + 2Rppe[(Hp + Hoe)/ Hex] %
(2cos¢p — cos ¢p) [25-27], where Hp; and Hp denote
the dampinglike and fieldlike spin-orbit effective fields
respectively, Hq. is the Oersted field induced by current,
and Ry is the second harmonic Hall resistance owing to
thermal effects. From the cos¢ term of R,, obtained
at different H.,, that is sufficiently high to saturate the
CoFeB magnetization, the Hp; and Ry can be determined
(see Supplemental Material [28]). A dimensionless damp-
inglike SOT efficiency &p; can be further calculated by
épr, = (2eHpy mg/hJ) [43], where my is the spontaneous
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magnetic moment per unit area, J is the current density
through Pt, e is the electron charge, and & = h/(2x) is the
reduced Planck constant.

Figure 2(c) summarizes the &y, for the Pt/NiO/CoFeB
samples with NiO of 0, 2, and 3 nm, and the NiO/CoFeB
sample at different temperatures. As a result, the &p;, for the
Pt/CoFeB slightly decreases from ~0.18 at 300 K to ~0.12
with decreasing the temperature to 10 K, which is con-
sistent with the previous reports for the spin Hall angle of Pt
[26,44-46]. After inserting 2 (3) nm NiO between the Pt
and CoFeB, the &p; reduces to ~0.14 (0.1) at 300 K,
indicating the spin current transmitting through the NiO
layer. More importantly, different from the weak tem-
perature dependence in the Pt/CoFeB bilayer, the &p in
the Pt/NiO/CoFeB trilayer shows a strong temperature
dependence and reverses the sign at around 30 (170) K for
the sample with 2 (3) nm NiO. For the NiO/CoFeB bilayer,
the &p; shows negative values and weak temperature
dependence, with the absolute values much smaller than
that of the Pt/CoFeB and Pt/NiO/CoFeB samples. The
extracted Ry is found to change with varying the temper-
ature, probably due to the different temperature gradients
and/or associated with the NiO.

From the 2cos’¢ — cos ¢ term of R,,, at different H.,,,
the Hy + Hp. can be determined (see Supplemental
Material [28]). After subtracting the Hg. calculated by
the Ampere’s law [27,47], the Hg, was further obtained.
The effective efficiency & for Hg, + Hoe, Hoe, and Hyp,
calculated by & = (2eHm,/hJ) were shown in Fig. 2(d) for
the sample with 3 nm NiO. As can be observed, the & of
Hgp does not change much with varying temperature,
which is different from the &p; . Similar results were also
found in the Hp for the sample with 2 nm NiO (see
Supplemental Material [28]). The fieldlike SOTs in multi-
layers have been widely considered to arise mainly from the
Rashba effect at interface with broken inversion symmetry
[48,49]. While recent studies suggest the Rashba effect
giving rise to a dampinglike SOT as well [50,51], this
dampinglike SOT should take a same temperature depend-
ence with the fieldlike counterpart as both of them are
linearly proportional to the Rashba parameter oy [52]. The
abnormal dampinglike SOT observed at low temperatures
in the Pt/NiO/CoFeB may have an origin different from
the fieldlike SOT counterpart, with the latter one being
probably related with the Rashba effect at the Pt/NiO
interface (see Supplemental Material [28]).

In order to gain a comprehensive understanding of the
spin transmission processes in the Pt/NiO/CoFeB, SMR
experiments were further conducted. A charge current (/)
was applied parallel to the x axis, and the longitudinal
resistance was recorded with rotating a magnetic field (H)
of 3 T in the yz plane. Depending on the H direction, the
spin accumulation at the Pt/NiO interface and thus the
inverse spin Hall current JSHE in Pt will change, leading
to the conductivity of Pt being modified. We define
the sample resistance as R (R ) with the H parallel
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FIG. 3. (a) The obtained SMR ratio for the samples with NiO of
0, 2, and 3 nm at different temperatures. (b) Comparison of the
temperature dependence of the dampinglike SOT efficiency and
the SMR ratio for the sample with 3 nm NiO.

(perpendicular) to the y axis, and the SMR ratio equal to
(R — R)|)/Ry, where Ry is the sample resistance at zero
magnetic field. Figure 3(a) shows the obtained SMR ratio
for Pt/NiO/CoFeB samples with NiO of 0, 2, and 3 nm at
different temperatures. For the Pt/CoFeB bilayer, the SMR
ratio is positive and has a weak temperature dependence.
The positive SMR ratio means the R | > R, i.e., the JISHE
maximizes when H |6 and minimizes when H_ Lo, which is
consistent with the previous reports [53]. For the samples
with NiO layer, the SMR ratio reduces as compared with
that of Pt/CoFeB at 300 K, and it shows a strong
temperature dependence and reverses the sign below
150 K (250 K) for the sample with NiO of 2 (3) nm.
The negative SMR ratio means R| < Ry, i.e., the J&"F
maximizes when H_Le and minimizes when H||o.

Now we discuss the temperature dependence of the &py
and SMR in the Pt/NiO/CoFeB structure. At high temper-
atures, the spin current transfer from Pt to CoFeB via NiO
layer is well understood. Spin excitations of the NiO layer
are abundant at high temperatures, either in the form of
magnons or of short-ranged spin fluctuations, which carry
intrinsic angular moments. When the electron spin current
created by Pt enters the NiO layer, the nonequilibrium
magnons are generated at the Pt/NiO interface and sub-
sequently diffuse to the other side of the interface
NiO/CoFeB, leading to a spin torque on CoFeB or being
reflected to Pt. In this process, the NiO serves as a spin-
current medium, and the SMR ratio and the dampinglike
SOT have a normal sign. A number of experiments have
already demonstrated that the NiO is capable of propagat-
ing the spin current that originated from the spin pumping
[4,54] and the thermal gradient [9], similar to the present
experiment.

To understand the negative sign of the &p; at low
temperatures, we first consider the spin transport processes
through the NiO layer. Bulk NiO is known as a biaxial
AFM insulator with two highly elliptical magnon eigenm-
odes with eigenfrequencies of 0.14 and 1.07 THz [55].
Theoretical studies suggest that the coherent propagation of
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the above evanescent spin waves [17,18] and the diffusion
of the incoherent magnons generated by the magnon
accumulation at interfaces [19], may provide an explan-
ation for the observed enhancement of spin current trans-
mission in NiO at high temperatures [18,19]. However,
these mechanisms predict a monotonical increase of the
spin current transmission with the increase of temperature
(up to the Néel temperature of NiO), and thus they are
unable to explain the sign reverse of the dampinglike SOT
at a certain temperature. Another plausible source for the
spin transmission in the AFM insulator has been attributed
to the spin Seebeck effect in which the thermal gradient
drives a thermal magnon current across the NiO layer [11].
Similarly, this picture does not work for the low temper-
ature where the magnon population is significantly reduced
and thus the spin current flowing from Pt to CoFeB is
negligible. Would it be possible that the observed negative
sign of the SOT at low temperatures comes from the
interface of NiO/CoFeB alone? As shown in Fig. 2(c),
although the sign is indeed negative, the absolute value of
the &py, in NiO/CoFeB is too small to be responsible for the
observed negative &p; in the Pt/NiO/CoFeB samples.
Therefore, the spin torque received by CoFeB originates
from the spin Hall current of the Pt layer. We propose below
that the magnetic coupling within the NiO layer and at the
interface could be responsible for mediating the spin torque
at low temperatures.

The magnetic configuration at the interface between
a magnetic layer CoFeB and the antiferromagnetic layer
NiO is generally complex, in which the “exchange bias”
phenomenon displays complicated magnetic properties.
Here, we shall start by considering a simple “spin-flop”
model proposed by Koon [56], which was initially devel-
oped to explain the “exchange bias” effect in thin films with
compensated FM/AFM interfaces. In this model, the ground
state configuration corresponds to perpendicular orientation
of the bulk FM moments with respect to the AFM magnetic
easy axis direction, and the magnetic moments of the
sublattice in AFM interfacial layer exhibit canted magnetic
moments with a small canting angle relative to the AFM bulk
easy axis as schematically shown in Fig. 4(b). The above
“spin-flop” configuration of magnetic moments at FM/AFM
interfaces has previously been experimentally confirmed by
techniques such as x-ray magnetic linear dichroism and
photoemission electron-beam microscopy [57,58]. This
assumed magnetic configuration has already been used for
explaining the negative SMR ratio at low temperatures
observed in the YIG/NiO/Pt structure [54]. The negative
SMR ratio in the Pt/NiO/CoFeB at low temperatures
probably has a same origin since the interfacial spin orbit
coupling at the NiO/CoFeB interface should be weak as
suggested by the negligible £y in Fig. 2(c).

Now let us turn on a simple form of magnetic coupling
at two interfaces, as schematically shown in Figs. 4(c)
and 4(e), E = —Am; - m,, where m; and m, are the net
moments at the interfaces of Pt/NiO and NiO/CoFeB.
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FIG. 4. (a) The schematic of the dampinglike spin-orbit
effective fields (HEY!) for the Pt/NiO/CoFeB at high temper-
ature. (b) The schematic “spin-flop” configuration between the
magnetic moments of the CoFeB (mgy;) and NiO (m}, miy)
at the NiO/CoFeB interface at low temperature. (c) The sche-
matic of the dampinglike spin-orbit effective field for the
Pt/NiO/CoFeB at low temperature. (d),(e) The schematic damp-
inglike SOTs for the Pt/NiO/CoFeB at high and low temper-
atures, respectively.

We further assume that m; receives a torque from the spin
Hall current of Pt and m is only coupled to m,, then we have
(dm,/dt) = j, — Am; x m,, where j, is the spin current
absorbed by m;. In the steady state, we have j, — Am;x
m, = (. On the other hand, the m, is coupled with CoFeB
through the “exchange bias” and one may assume that m, is
locked with the magnetization of CoFeB, and thus the spin
torque on m, received from m; is, —Am, x m; = j,.
Therefore, the magnetic coupling between two magnetic
moments at two sides of NiO interfaces can transfer the spin
torque on the CoFeB without evolving the actual spin current
flowing in the NiO layer. If the coupling between m, and
CoFeB is antiparallel, the dampinglike torque on CoFeB
reverses sign compared to that at the high temperatures. A
positive exchange bias field can be observed after cooling the
sample with a large positive magnetic field and the sign of
dampinglike SOT can be tuned by the positive exchange bias
field at low temperatures, in consistence with the proposed
scenario (see Supplemental Material [28]).

The above model ties the low-temperature spin torque
with the “exchange bias.”” In the “exchange bias,” the
rotation of m, leads to the change of the m;, while in the
spin torque, the direction of m; affects m,. When
the temperature is above the blocking temperature of the
NiO, the magnetic moments in NiO are significantly
reduced and the transfer of the torque through exchange
coupling in NiO disappears as well. Comparing the
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temperature dependences of the &p; and SMR ratio as
shown in Fig. 3(b), we find that the sign-change temper-
ature of the &y, is lower than that of the SMR ratio. This
result may be attributed to the different schemes between
the SMR and the dampinglike spin torque: the negative
SMR at low temperatures involves the reflected spin
current primarily given by the presence of Néel vector,
which is related with the characteristic temperature of
Néel temperature; the negative dampinglike spin torque at
low temperatures relies on the spin torque transfer via the
spin-flop canting of the NiO moments, which is related
with the blocking temperature of the NiO/CoFeB. Since
the blocking temperature is commonly lower than the Néel
temperature, it is reasonable that the sign-change temper-
ature is lower for the &p; than the SMR. In addition, we
note that the magnetic proximity effect may also emerge at
the Pt/NiO interface at low temperatures [59], and it is
unclear what is the role of this proximity played in the
sign-change.

In conclusion, we have observed that the dampinglike
SOT in the Pt/NiO/CoFeB structures reverses the sign
below certain temperatures with the sign-change temperature
lower than that of the SMR ratio. The negative dampinglike
SOT and SMR results at low temperatures can be understood
under the “spin-flop” picture with an antiferromagnetic
coupling between the net moment of NiO and CoFeB at
the NiO/CoFeB interface. Here, the noncollinear magnetic
configuration of NiO along with the magnetic interactions
inside NiO and at NiO/CoFeB interface are key ingredients
for mediating the SOT at low temperatures. Plenty of AFM
materials including metals and oxides and their heterostruc-
tures with ferromagnets may hold similar magnetic configu-
ration and interactions at the interface [60,61], which can
serve as an alternative platform toward noncollinear anti-
ferromagnetic spintronics other than the materials with bulk
noncollinear spin structures [62,63]. Our work demonstrates
anew way to mediate and control the SOT without involving
the moving charges, which will benefit for exploring the
energy efficient spintronic devices.
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No. 11904017), the International Collaboration 111
Project (No. B16001), Beijing Municipal Science and
Technology Project under Grant No. Z201100004220002,
the Fundamental Research Funds for the Central Universities
of China, and the Beijing Advanced Innovation Center for
Big Data and Brain Computing (BDBC).

Note added.—Recently, Ref. [39] suggests the sign change
of dampinglike SOT in Pt/NiO/CoFeB as being likely
associated with the antiferromagnetic ordering or para-
magnetic-antiferromagnetic transition in the NiO layer.
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