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Manipulating spin polarization orientation is challenging but crucial for field-
free spintronic devices. Although such manipulation has been demonstrated
in a limited number of antiferromagnetic metal-based systems, the inevitable
shunting effects from the metallic layer can reduce the overall device effi-
ciency. In this study, we propose an antiferromagnetic insulator-based het-
erostructure NiO/Ta/Pt/Co/Pt for such spin polarization control without any
shunting effect in the antiferromagnetic layer. We show that zero-field mag-
netization switching can be realized and is related to the out-of-plane com-
ponent of spin polarization modulated by the NiO/Pt interface. The zero-field
magnetization switching ratio can be effectively tuned by the substrates, in
which the easy axis of NiO can be manipulated by the tensile or compressive

strain from the substrates. Our work demonstrates that the insulating anti-
ferromagnet based heterostructure is a promising platform to enhance the
spin-orbital torque efficiency and achieve field-free magnetization switching,
thus opening an avenue towards energy-efficient spintronic devices.

Magpnetization switching driven by spin-orbit torque (SOT) is a pro-
mising technology for low-power, high-speed logic and storage
devices'®. However, traditional SOT structures such as Pt/Co/Al,O5
and Ta/CoFeB/MgO require an auxiliary magnetic field to switch the
perpendicularly magnetized layer, which significantly constrains
device integration and scalability’. As a result, there is a need to
develop a method for achieving zero-field magnetization switching
(ZFS)® and various attempts have been made to achieve this goal. One
method is to introduce an effective field along the in-plane direction

using the exchange bias effect from an antiferromagnetic layer’™". The
effective field functions as the auxiliary magnetic field to tilt the per-
pendicular magnetization state and achieve ZFS. Another method is to
utilize two competing spin currents generated in two heavy metal
(HM) layers on the bottom of the magnetic layer. The opposite spin
Hall angles (Osy) of the HM layers create two spin currents with
opposite polarization directions, facilitating ZFS™. In addition, ZFS can
be realized in wedge architectures by introducing gradient spin
current” ™,
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Typically, spin-current and spin-polarization (o) resulting from a
charge current are mutually orthogonal. Thus, a charge current along
the x-axis with a spin-current flowing along the z-axis accompanies
with a spin-polarization along the y-axis. However, a a5 deviating from
the y axis is required to achieve ZFS. Recently, an approach was pro-
posed to generate a spin polarization with a component perpendicular
to the plane defined by the directions of the charge and spin
current'®?°, referred to as “out-of-plane”. This kind of spin current has
been demonstrated in ferromagnetic (FM) trilayers'®” and single-
crystal WTe,'®. Specifically, the o5 with an out-of-plane component can
exist in the non-collinear antiferromagnets Mn;GaN” and Mn;Sn* as
well as the collinear antiferromagnet Mn,Au”. However, due to the
metallic nature of these antiferromagnetic layers, the current will flow
through both the antiferromagnetic and ferromagnetic layers, leading
to a current shunting effect that decreases overall device efficiency.
Besides, the relatively low Néel temperatures of the above-mentioned
AFM metals could be another limitation for the practical applications,
as AFM ordering becomes unstable near the Néel temperature, parti-
cularly in the presence of a current. Therefore, an efficient approach to
generating spin polarization with an out-of-plane component and a
high Néel temperature is required for next-generation high-perfor-
mance spintronic applications.

In this work, we propose a stacking structure based on insulating
antiferromagnet/HM heterostructures to achieve a spin polarization
with an out-of-plane component. Using NiO/Ta/Pt/Co/Pt as an exam-
ple, we demonstrate that an out-of-plane polarization component o
(0sz) can be introduced by the NiO/HM interface, enabling ZFS.
Moreover, the insulating nature of NiO prevents the current shunting
effect. Our experiments and first-principles calculations confirm that
the ZFS ratio can be effectively tuned by different substrates. Notably,
the Néel temperature of the antiferromagnetic insulator NiO is high,
reaching up to 520K?*, which enables operation of this spintronic
device at higher temperature.
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Results
We utilized pulsed layer deposition (PLD) to epitaxially grow NiO(001)
layers on both MgO(001) and SrTiO3(001) substrates to investigate the
performance of NiO-based spin-orbit torque (SOT) devices.
Figure 1a-d shows X-ray diffraction (XRD) and cross-sectional trans-
mission electron microscopy (TEM) images of MgO(001)/NiO(20)/
Ta(0.2)/Pt(4) (the numbers in brackets indicate the thickness in nan-
ometers), revealing the high crystalline quality of the NiO layers.
Additionally, the insulating nature of the NiO layer is demonstrated by
the I-V curve (see Supplementary Fig. 1), which ensures avoidance of
the current shunting effect in the NiO layer, in contrast with that in
antiferromagnetic metal layers as proposed in previous studies. Next,
we deposited multilayers of Ta(0.2)/Pt(4)/Co(1)/Pt(1) on MgO (STO)/
NiO(20) using magnetron sputtering. Control groups were also fabri-
cated without the NiO layer, consisting of MgO(001)/Ta(0.2)/Pt(4)/
Co(1)/Pt(1) and STO(001)/Ta(0.2)/Pt(4)/Co(1)/Pt(1) structures. These
samples will be referred to as MgO(001)/NiO(20), STO(001)/NiO(20),
MgO(001), and STO(001) samples in the subsequent discussions. An
ultrathin Ta(0.2) layer was inserted to stabilize the perpendicular
magnetic anisotropy (PMA) of the Pt/Co/Pt multilayers.

The samples were patterned into Hall bars with a size of
20 um x 10 um by electron beam lithography (EBL) and etching pro-
cess, asillustrated in Fig. 2a. The perpendicular direction to the plane is
defined as z, current is along the x direction, and lateral Hall voltage is
measured along the y direction. As shown in Fig. 2b-e, the anomalous
Hall effect (AHE) curves show the change of the anomalous Hall
resistance (Ry) with respect to the magnetic field, which is the char-
acteristic feature of multilayers with PMA. To investigate the role of
NiO layers in magnetization switching, we compared SOT-based
switching in MgO(001) and MgO(001)/NiO(20) samples under var-
ious magnetic fields. Figure 3a, b reveals that the MgO(001)/NiO(20)
sample can achieve current-induced ZFS, unlike the MgO(001) sample.
By comparing Fig. 3c with d, we observe that the ZFS ratio is around 0%
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Fig. 1| Structure characteristics of NiO on different substrates. a, b The X-ray
diffraction patterns of the NiO(20 nm) film on the MgO(001) and STO(001) sub-
strates, respectively. The pentacle marks out the peak of NiO(001). ¢ Cross-

sectional TEM image of the structure of MgO(001)/NiO(20)/Pt. d HRTEM image of
the MgO(001)/NiO(20) interface.
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Fig. 2 | Anomalous Hal voltage hysteresis of different structures. a The scheme
of Hall bar and the relationship of the direction of current flow and Hall voltage.

Iouise represents the pulse current, V;, represents the hall voltage, H represents the
magpnetic filed and the red arrow indicates its direction. b-e The AHE loop of the
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Hall bar with the stacking structure of MgO(001)/Ta(0.2)/Pt(4)/Co(1)/Pt(1),
MgO(001)/NiO(20)/Ta(0.2)/Pt(4)/Co(1)/Pt(1), STO(001)/Ta(0.2)/Pt(4)/Co(1)/Pt(1)
and STO(001)/NiO(20)/Ta(0.2)/Pt(4)/Co(1)/Pt(1), respectively.

for MgO(001) and nearly 50% for MgO(001)/NiO(20). Additionally, we
performed MOKE measurements on the MgO(001)/NiO(20) sample to
demonstrate SOT-based ZFS. As shown in Fig. 3e-h, the impulse cur-
rent’s direction caused domain inversion without an external magnetic
field, providing direct evidence for SOT-driven ZFS. These results
provide compelling evidence for the crucial role of the insulating NiO
layer in achieving ZFS.

Next, we explore the mechanism that is responsible for the
magnetization switching. It is known that the exchange bias field can
serve as an auxiliary magnetic field to achieve ZFS’™", thus the
exchange coupling effect between NiO and Co might contribute to
the ZFS. However, in our samples a thick Pt layer (4 nm) was inserted
between the Co and NiO layers to minimize the exchange bias effect.
And the hysteresis loops for the in-plane and out-of-plane directions
of the samples (See Supplementary Fig. 2) also clearly show the
absence of exchange bias in the MgO(001)/NiO(20) sample. There-
fore, we can rule out the contribution of the exchange bias between
the NiO and Co layers to the ZFS in this device. Furthermore, com-
paring with previous reports about the Néel vector switching of
NiO?*"?¢, we only applied a pulse current along one direction, thus the
variation of the resistance caused by electron migration and Joule
heating should not have a significant contribution to the AHE and Ry-
Iloops. The loop-like signal is not observed in the samples without Co
layers (See Supplementary Fig. 3). Therefore, it can be concluded that

the loop-like curves are only a response to the magnetization
switching of the magnetic Co layer. On the other hand, the predicted
critical current threshold for NiO Néel order switching is up to
5.8x102Am™*, which is nearly one order of magnitude larger
than that in this work (a maximum current of 6 x 10" A m™). Previous
experiments have demonstrated the switching of Néel order using a
lower threshold current, however, this was accomplished using
alonger pulse width of up to 1 ms**?. In contrast, our study utilized a
low-current pulse with a short pulse width of 16 ps, which sig-
nificantly reduces the likelihood of Néel vector switching during Co
magnetization switching. Therefore, we do not anticipate the reor-
ientation of the Néel vector in our measurements.

Another possible mechanism for the ZFS is that o5 has an out-of-
plane component o, which has been proposed in several recent
reports'®?. To unravel this effect, we study the AHE loops of the
MgO(001)/NiO(20)/Ta(0.2)/Pt(4)/Co(1)/Pt(1) sample with the variation
of the direction and magnitude of the applied current. As shown in
Fig. 4a-d, the center of each AHE loop begins to exhibit a relative offset
when the current is as large as +4 mA, and the absolute value of the
bias field further increases with the current. The center of the mag-
netization switching loops, defined as Hp(/*), can be calculated by
Ho(I*) =[IH (1) = |[H-(I%)[)/2, and the bias field AH(/) is obtained by |
AH(I)| = |[Ho(I") = Ho(I")|. The absolute values of |[AH(/)| with respect to
the magnitude of the current are summarized in Fig. 4d. A clear critical

Nature Communications | (2023)14:2871



Article

https://doi.org/10.1038/s41467-023-38550-1

/L
7/

E Pt
Co
I 0 c:
_ | . e
G| <= ~
Wl gl —

o

O e e e e

[ s e -
[ Tar .:é; ” » o
-3 2 2 3

Current density (107" A m?)
c llll

0 Oe

| %WWP

-I3 -2 2 3
Current density (107" A m?)

Ry (Q)

Fig. 3 | Current-driven SOT switching. a, b The SOT-based magnetization
switching curves of the MgO(001) and MgO(001)/NiO(20) samples under a series
of auxiliary magnetic fields, respectively. ¢, d show the ZFS curves of the MgO(001)
and MgO(001)/NiO(20) samples, respectively. e-h MOKE images of the
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magnetization switching in MgO(001)/NiO(20) sample post applying different
directions of impulse current without the assistance of magnetic field. +/ and -/
represent the different directions of the applied current.

state transition can be observed at around 3 mA. When the current is
less than 3 mA (see more details of the R,-H curves for +1 and +2 mA in
Supplementary Fig. 4), the center of the AHE loop does not have
relative deviation for the positive and negative current.

The phenomenon can be explained as follows. In the perpendi-
cularly magnetized structure, a spin current with o, will generate an
anti-damping like torque on the magnetic ordering'®. When the current
is large enough, the anti-damping like torque exceeds the intrinsic
damping like torque, leading to the threshold phenomenon. The
center of the AHE loop will shift with the change of the current

direction and result in the offset of the bias field, as shown in Fig. 4d.
This critical phenomenon combined with the current-induced ZFS
confirms the existence of o, in the heterostructure. og, breaks the
symmetry of the magnetic ordering in the ferromagnetic layer with
PMA, which enables the magnetization switching occur preferably in
one direction depending on the direction of the current, resulting in
the asymmetric Ry-H curves. In contrast, in the traditional structure
without o, the center of the AHE loop should not shift with the cur-
rent direction without the assistance of a magnetic field along the x
direction. After applying an external magnetic field along the x
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Fig. 4 | Out-of-plane polarized spin current generated by antiferromagnetic
interface. a-c The AHE loops with the applied current of +£3 mA, +5mA and +t8 mA
on the MgO(001)/NiO(20)/Ta(0.2)/Pt(4)/Co(1)/Pt(4) sample, respectively. d The
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shift of [AH(/)| with respect to the magnitude of the applied current. The error bar
comes from the increment of magnetic field during the measurement.

direction, a |AH ()] proportional to the current will appear for any
given magnitude, which is different from the results we observed'.

To further demonstrate the contribution of o, to the ZFS, we
fabricated another two samples with the same thickness (4 nm) of the
top and bottom Pt layers on MgO(001) and MgO(001)/NiO(20),
respectively. As shown in Supplementary Fig. 5a, d, both the AHE
results display PMA. However, when the thickness of the top and
bottom Pt layers is the same, the spin accumulation generated at the
upper and lower interfaces between the Pt and Co layers will have the
same magnitude but in opposite directions, which will cancel each
other out. Therefore, as shown in Supplementary Fig. 5b, c, the mag-
netization switching cannot be achieved even under a large auxiliary
field of 800 Oe. In contrast, when the NiO layer is inserted between the
MgO substrate and Ta layer, the o5, of the spin current at the interface
deviates from the in-plane direction and has an out-of-plane compo-
nent. Therefore, the SOT-driven magnetization switching can be
observed at +500 Oe, as shown in Fig. Se, f.

For comparison, we also grew epitaxial NiO(001) with different
thicknesses on STO substrate and fabricated the Hall bar structures.
Figure 5 shows the R, measurement results of the MgO(001)/NiO(5/
20 nm)/Ta(0.4)/Pt(4)/Co(1)/Pt(1) and STO(001)/NiO(5/20 nm)/Ta(0.4)/
Pt(4)/Co(1)/Pt(1) heterostructures. For NiO layer with a thickness of
20 nm, the sample with STO substrate can also achieve the SOT
induced ZFS. However, comparing with the samples on the MgO
substrate, the ratio of ZFS decreases from 50% to 40%, as shown in
Fig. 5a, b. For the cases with 5 nm NiO layer, the ZFS ratio of the MgO
substrate sample is about 52% (see Fig. 5c), which is comparable with
that of the thick NiO sample. While for the sample grown on the STO
substrate, the ratio of ZFS dramatically decreases to about 21% (see
Fig. 5d), which is much less than that of the STO/NiO(20 nm) sample.

To clarify the interfacial magnetic order of stacking structures, we
have characterized the samples of MgO(001)/NiO(5)/Ta(0.2)/Pt(4)/
Co(1)/Pt(1) and STO(001)/NiO(5)/Ta(0.2)/Pt(4)/Co(1)/Pt(1) by using

polarized neutron reflectivity (PNR) measurements. Figure 6a, b show
the nuclear scattering length density (nSLD) and magnetization scat-
tering length density (mSLD), which represent the chemical and
magnetization profiles of the sample, respectively. Figures 6c, d show
the splitting between the spin-up and spin-down neutrons corre-
sponding to the magnetic contribution from the in-plane direction of
Co layer, as the PNR is only sensitive to in-plane magnetization. How-
ever, due to the large external field, the perpendicular Co magnetic
moments can be tilted, resulting in the splitting”*%, It is obvious that
the magnetization only comes from the Co layer and the NiO layer is
antiferromagnetic with zero magnetization. According to the PNR
results, the NiO in our sample can be confirmed to be anti-
ferromagnetic even at the thickness of about 5 nm. Moreover, we can
obtain the compensated antiferromagnetic interface in the MgO(001)/
NiO(5) sample by PNR measurement. As illustrated in Fig. 6a, c, there is
no obvious net magnetic moments observed at the NiO/HM interface,
which indicates that the uncompensated magnetic moments are neg-
ligible. While in the PNR measurement of STO(001)/NiO(5)/Ta(0.2)/
Pt(4)/Co(1)/Pt(1) sample, as presented in Fig. 6b, d, the negative net
spins can be obtained at the NiO/HM interface on STO(001)/NiO(5)
substrate. It indicates that the interface of NiO/HM is uncompensated
in the STO(001)/NiO(5) samples.

These results can be explained as follows. NiO is a collinear anti-
ferromagnetic insulator. Due to the work function difference between
the NiO and Pt, there is an internal electric field pointing from NiO to
Pt*. When a current (denoted as /) flows through the HM layer, it
can be converted into a spin current (denoted as J5) via the spin Hall
effect. The initial polarization direction of the spin current is perpen-
dicular to the current /. and in the in-plane direction. At the NiO/HM
interface, the internal electric field interacts with /5, leading to spin flip,
rotation, and precession, resulting in the reorientation of the spin
polarization with an out-of-plane component. The out-of-plane polar-
ized spin current will be reflected to the Co layer and drive the ZFS. In
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respectively. ZFS represents the magnetization switching occurred without the
assistance of magnetic field.

the MgO(001) sample, the process of generation and transportation of
z-polarized spin current are illustrated in Fig. 6e. In this case, the
interface of NiO/HM contains both spin up and spin down Ni moments,
so the magnetic moments cancel each other out and cannot contribute
net spins. Consequently, the z-polarized spin current induced by the
internal electric field in the MgO(001) sample reflects back at the
compensated interface without absorption. Furthermore, the thick-
ness of the bottom Pt layer (4 nm) is less than the typical spin diffusion
length of Pt (4—10 nm)*°, enabling the transport of the J; with o5, to Co
layer to drive the ZFS. In the stacking structure, the thickness of the
HM Pt layer between NiO and Co is critical for realizing the o,,-driven
ZFS. A Pt thickness of 4 nm is thick enough to minimize exchange bias
effects between NiO and Co but thin enough to maintain spin current
transport.

Third, we reveal the substrate strain effect on the Néel order of
NiO. The substrate MgO (with a lattice parameter of 4.21 A) enforces a
slight tensile strain on NiO (with a lattice parameter of 4.17 A), while the
substrate STO (with a lattice parameter of 3.91A) imposes a larger
compressive strain on NiO**2 In the STO(001)/NiO(5) sample, the Néel
vector of NiO tilts from out-of-plane to in-plane under the compressive
strain and the NiO/HM interface tends to turn into uncompensated®.
The z-polarized spin current will be absorbed partially at the uncom-
pensated interface, which means less z-polarized spin current will act
on the Co layer (shown in Fig. 6f). Therefore, the different interactions
of the antiferromagnetic interfaces are responsible for the changed
ZFS ratio in MgO(001) sample and STO(001) sample. In addition, when
the NiO film is thinner, the influence of the lattice strain from STO will
have a more significant impact on the Néel vector direction of NiO(5
mn). In contrast, when a thicker NiO(20 nm) layer is used, the stress
from the substrate will be released. In such case, the Néel vector tends
to lie in the (111) plane and the resulting compensated interface will

lead to a larger ZFS ratio (see in Fig. 5b, d). Comparing to the STO
substrate, the crystal lattice of NiO matches better with the MgO
substrate (around 1% mismatch). As a result, the NiO layer suffers
smaller lattice strain and can retain the Néel vector in the (111) plane.
Therefore, the ZFS ratio of the sample on the MgO substrate is
insensitive to the thickness of NiO. Furthermore, to compare the
quality of NiO layer growth on different substrates, we have studied
the surface of NiO and NiO/Pt films by atomic force microscopy (AFM).
The AFM images of the as-deposited NiO and NiO/Pt films on MgO and
STO substrates are presented in Supplementary Fig. 6. It can be seen
that the films are smooth with a R, value lower than 0.2 nm after NiO
layer growth and the roughness also remains comparable after the
metal layers deposition. Meanwhile, the high crystal quality of the NiO
layer and the NiO/Pt interface on MgO and STO substrates are con-
firmed by HRTEM, as shown in Supplementary Fig. 7.

Based on the above analysis, it can be concluded that the ZFS in
our samples is related to the internal electric field and interfacial states
of NiO/HM. To further verify this model, we also fabricated another
sample with the stacking structure of MgO(111)/NiO(5)/Ta(0.2)/Pt (4)/
Co(1)/Pt(1). In this sample, the crystal orientation of epitaxially grown
NiO is [111]. Therefore, the Néel vector of NiO is along the in-plane
direction since the easy plane is along the (111). In this case, the SOT
induced ZFS ratio (see in Supplementary Fig. 8) is comparable with
that of the STO(001) sample. The switching ratio of ZFS is calculated to
be about 18% on the MgO(111) substrates. Considering that the Néel
vectors in MgO(111)/NiO(5) and STO(001)/NiO(5) samples are along the
in-plane direction, the uncompensated interface will absorb the z-
polarized spin current partially, similar to the STO(001) case.

Finally, in order to support our proposed mechanism of the NiO/
HM interface-induced ZFS, we performed first-principles calculations
for the NiO bulk with different in-plane strains. The schematic
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come from the fitting process in Fig. 6¢c, d.

diagrams of atomic structure and the magnetic moments of NiO are
shown in Fig. 7a. Considering the non-polar and insulating nature of
NiO, STO and MgO, the interface effects of MgO/NiO and STO/NiO are
expected to be dominated by strain effects. The strain dependent
magnetic easy axis can be identified by rotating the spins of all the Ni
atoms simultaneously within the (110) plane and picking the spin
alignment with the energetic ground state for each strain. The direc-
tion of the magnetic easy axis is indicated by its angle with the [110]
orientation (6) as shown in the inset of Fig. 7b. The specific magneti-
zation directions examined in this work and their magnetic anisotropy
energies (MAE) are summarized in Supplementary Fig. 9. As shown in
Fig. 7b, the magnetic easy axis of pristine NiO is along [112] orientation
with a 6 value of 54.73°, in line with the experimental observations®.
Interestingly, a compressive strain tilts the magnetic easy axis to the
[110] orientation, while a tensile strain enhances the out-of-plane

strength gradually and the magnetic easy axis even completely aligns
along the [001] direction at 2% tensile strain. This is in line with the
larger SOT ratio for NiO grown on MgO than that on STO.

The projected density of states (PDOS) for orbitals with out-of-
plane component are shown in Fig. 7c. A strong hybridization
between the Ni-d,,/d,,/d,. and O-p, orbitals is evidenced by their
similar profiles. Besides, the tensile (compressive) strain pushes
these orbitals to higher (lower) energy level. According to the
second-order perturbation theory, the perpendicular MAE is pro-
portional to the energy of the occupied orbitals with out-of-plan
component®**, Thus, the change of magnetic easy axis can be
understood by the shift of the Ni-d,, /d,,/d,» and O-p, orbitals due to
the substrate induced strains. As for the Hall bar on MgO substrate,
the NiO is close to the pristine state, and the Néel vector lies in the
[112] direction. Therefore, when the current flows through the Hall

Nature Communications | (2023)14:2871



Article

https://doi.org/10.1038/s41467-023-38550-1

b 100

80 - .

60 - --

,' tensile strain
40 | .

6 (degree)

20 | ’ [001]

Biaxial strain (%)

0.6 - Ni'dxz/dyz/dz2

0.4} AN

0.0 L L
0.6

T
1
I
I
I
I
I
0.2 » /"/ :
1
|
I
1
I
1

0.4+t | compressive 2%

O pristine

0.2+ oA tensile 2%
I

Projected density of states

-0.4 -0.2 0.0 0.2
Energy (eV)

0.0 L L
-1.0 -0.8 -0.6

Fig. 7 | First-principles calculations for the NiO under strains. a Structural gui-
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spin-down Ni as well as O atoms, respectively. b Biaxial strain dependent magnetic
easy axis of NiO. The direction of magnetization (/1) was rotated within the (110)
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dependent PDOS of Ni-d,,/d,, /d,. and O-p, orbitals. It should be noted that the
spin-down PDOSs are not shown for clarity as they identical to the spin-up com-
ponents due to the antiferromagnetic nature of NiO.

bar, the NiO/HM interface induces the o5, and the consequent ZFS of
magnetization.

It is noted that various antiferromagnet-based ZFS SOT devices
have been reported. Table 1 summarizes the comparison between our
device and previously reported devices. Since the NiO is an insulator,
the mechanism of the @, is intrinsic without the undesired influence
from ambiguous shunting effects in metallic antiferromagnetic layer.
Thus, we can expect a higher efficiency in our AFM NiO based SOT
derives. Another advantage for this NiO based SOT devices is the

Table 1| The comparison between our NiO based ZFS devices

and previous AFM metals based ZFS devices

Items This work Previous works
Structure of devices  Antiferromagnetic insulator  Other AFM metallic
NiO-based device structures'®"1%2°

ZERO-FIELD Spin polarication with out-  a) Exchange bias'*"
SWITCH'ING of-plane component b) Competing spin
mechanism

current™

c) Spin polarization
with out-of-plane
component'®-?°

Critical switching 3~6x10"Am? a)8~9x10"Am2"°
current b) 3x ,Iom A m72 12
c) 6x10"Am?%°
Néel temperature 520 K* 345 K (MngGaN)™®, 475 K
(MngSnN)?°
Shunting No Yes
Néel vector Yes Yes
regulation
z-direction spin- Yes (Lattice strain) No
polarization
regulation

higher Néel temperature of NiO, which enables the device to work at
higher temperature, compared with those AFM metal based SOT
devices. Besides, our work successfully demonstrates the tuning of the
spin-polarization direction in the ZFS SOT devices.

Discussion

In this study, we propose an antiferromagnetic insulator-based het-
erostructure to realize SOT induced perpendicular magnetization
switching without the assistance of a magnetic field. The anti-
ferromagnetic insulator used in the structures prevents the current
shunting and induces the out-of-plane component of spin polariza-
tion due to the internal electric field at the interface of NiO/HM.
Moreover, we unravel the effect of the substrate induced lattice
strain on the Néel order of NiO layer and NiO/HM interface states,
resulting in substantial tuning of ZFS. Our work demonstrates the
field-free SOT devices based on antiferromagnetic NiO, which can
increase the device efficiency, enhance the device stability to higher
working temperature, and extend the limited choices of anti-
ferromagnetic metals to a broad range of antiferromagnetic insula-
tors, paving a promising avenue towards high-performance and low
energy consumption memory.

Methods

Sample preparation

The NiO was deposited on MgO and STO substrates by pulsed laser
deposition (PLD) at the temperature of 550 °C and the O, pressure of
5 Pa. The metal layers Ta, Pt and Co were deposited using magnetron
sputtering under the Ar pressure of about 0.5 Pa at room temperature.
The Hall bar structures were patterned into 20 x 10 um by electron
beam lithography (EBL) and Ar ion milling etching technique.

Characterization

The magnetic properties of the multilayers were measured by vibrat-
ing sample magnetometer (VSM, Quantum Design Versalab). Ry-H and
Ryl loops were measured in physical property measurement system
(PPMS, Quantum Design Dyna Cool) or in air by using Keithley 2400,
6221 and 2182 A and the current pulse width time is set to 16 ps. The
magnetization switching images were obtained by MOKE microscope
under an impulse current without external magnetic field. (Vertisis
Technology, MagVision). PNR was measured on the Multipurpose
Reflectometer (MR) beamline at the Chinese Spallation Neutron
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Source (CSNS). The PNR measurements were conducted under an in-
plane external field of 1.9 T at room temperature.

Simulations

All first-principles calculations were performed by density functional
theory (DFT) based Vienna ab initio Simulation Package (VASP)** with
the Perdew-Burke-Ernzerhof (PBE) approximation for the exchange-
correlation functional and the frozen-core all-electron projector aug-
mented wave (PAW) method for the electron-ion interaction”. To
include the strong on-site Coulomb interaction of 3d orbitals, GGA with
a Hubbard Ue=5.0 eV was used for Ni***. The cutoff energy for the
plane wave expansion was set to 500 eV. A I'-centered 13 x 13 x 13 k-point
grid was applied for Brillouin zone sampling. The rhombohedral unit cell
of the bulk NiO was used and the atoms were relaxed until the energy
and force were converged to 107 eV and 0.001eV/A, respectively. The
optimized lattice parameter is a= b =c =4.19 A, consistent with previous
studies*. Since the (001) surface planes of NiO, MgO and STO are non-
polar and charge neutral, the deposition of NiO on these two substrates
will not induce significant charge transfer or magnetic reconstruction
between NiO film and the substrates. The MgO and STO substrates
mainly introduce varied strain effect on the NiO film, in which about 1%
tensile strain and 6% compressive strain are imposed on the NiO film,
respectively””’. Thus, we only consider the substrate induced strain
effect on the magnetic properties of the NiO.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.

References

1. Brataas, A., Kent, A. D. & Ohno, H. Current-induced torques in
magnetic materials. Nat. Mater. 11, 372-381 (2012).

2. Manchon, A. A new moment for Berry. Nat. Phys. 10, 340-341
(2014).

3. Miron, I. M. et al. Current-driven spin torque induced by the Rashba
effect in a ferromagnetic metal layer. Nat. Mater. 9, 230-234 (2010).

4. Pi,U.H.etal. Tilting of the spin orientation induced by Rashba effect
in ferromagnetic metal layer. Appl. Phys. Lett. 97, 162507 (2010).

5. Brataas, A. & Hals, K. M. D. Spin-orbit torques in action. Nat. Nano-
technol. 9, 86-88 (2014).

6. Liu, L., Lee, O. J., Gudmundsen, T. J., Ralph, D. C. & Buhrman, R. A.
Current-induced switching of perpendicularly magnetized mag-
netic layers using spin torque from the Spin Hall Effect. Phys. Rev.
Lett. 109, 096602 (2012).

7. Pai, C.F.,Mann, M., Tan, A. J. & Beach, S. G. Determination of spin
torque efficiencies in heterostructures with perpendicular mag-
netic anisotropy. Phys. Rev. B. 93, 14 (2016).

8. Salahuddin, S., Ni, K. & Datta, S. The era of hyper-scaling in elec-
tronics. Nat. Electron. 1, 442 (2018).

9. Oh,Y.W. etal. Field-free switching of perpendicular magnetization
through spin-orbit torque in antiferromagnet/ferromagnet/oxide
structures. Nat. Nanotechnol. 11, 878 (2016).

10. vanden Brink, A. et al. Field-free magnetization reversal by spin-Hall
effect and exchange bias. Nat. Commun. 7, 10854 (2016).

1. Fukam, S. et al. Magnetization switching by spin-orbit torque in an
antiferromagnet-ferromagnet bilayer system. Nat. Mater. 15,

535 (2016).

12. Ma, Q. et al. Switching a perpendicular ferromagnetic layer by
competing spin currents. Phys. Rev. Lett. 120, 117703 (2018).

13. Yu, G. et al. Switching of perpendicular magnetization by spin-orbit
torques in the absence of external magnetic fields. Nat. Nano-
technol. 9, 548-554 (2014).

14. Chen, T.-Y., Chan, H.-l., Liao, W.-B. & Pai, C.-F. Current-induced spin-
orbit torque and field-free switching from Mo-based magnetic
heterostructures. Phys. Rev. Appl. 10, 044038 (2018).

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Chuang, T. C., Pai, C. F. & Huang, S. Y. Cr-induced perpendicular
magnetic anisotropy and field-free spin-orbit torque switching.
Phys. Rev. Appl. 11, 061005 (2019).

Baek, S. C. et al. Spin currents and spin-orbit torques in ferro-
magnetic trilayers. Nat. Mater. 17, 509 (2018).

Humphries, A. M. et al. Observation of spin-orbit effects with spin
rotation symmetry. Nat. Comm. 8, 911 (2017).

Macneill, D. et al. Control of spin-orbit torques through crystal
symmetry in WTe2/ferromagnet bilayers. Nat. Phys. 13, 300
(2017).

Nan, T. et al. Controlling spin current polarization through non-
collinear antiferromagnetism. Nat. Commun. 11, 4671 (2020).

Hu, S. et al. Efficient perpendicular magnetization switching by a
magnetic spin Hall effect in a noncollinear antiferromagnet. Nat.
Commun. 13, 4447 (2022).

Chen, X. et al. Observation of the antiferromagnetic spin Hall effect.
Nat. Mater. 20, 800 (2021).

Baltz, V. et al. Antiferromagnetic spintronics. Rev. Mod. Phys. 90,
015005 (2018).

Churikova, A. et al. Non-magnetic origin of spin Hall
magnetoresistance-like signals in Pt films and epitaxial NiO/Pt
bilayers. Appl. Phys. Lett. 116, 022410 (2020).

Baldrati, L. et al. Mechanism of Néel order switching in anti-
ferromagnetic thin films revealed by magnetotransport and direct
imaging. Phys. Rev. Lett. 123, 177201 (2019).

Moriyama, T. et al. Spin torque control of antiferromagnetic
moments in NiO. Sci. Rep. 8, 14167 (2018).

Chen, X. Z. et al. Antidamping-torque-induced switching in biaxial
antiferromagnetic insulators. Phys. Rev. Lett. 120, 207204 (2018).
Jin, Q. et al. Strain-mediated high conductivity in ultrathin anti-
ferromagnetic metallic nitrides. Adv. Mat. 33, 2005920 (2020).
Zhang, E. et al. Manipulating antiferromagnetic interfacial states by
spin-orbit torques. Phys. Rev. B 104, 134408 (2021).

Jin, T. et al. Spin reflection-induced field-free magnetization
switching in perpendicularly magnetized MgO/Pt/Co hetero-
structures. ACS Appl. Mater. Inter. 14, 9781 (2022).

Liu, L., Buhrman, R. A., Ralph, D. C. Review and analysis of mea-
surements of the Spin Hall effect in platinum. Preprint at https://
arxiv.org/abs/1111.3702 (2012).

Fischer, J. et al. Spin Hall magnetoresistance in antiferromagnet/
heavy-metal heterostructures. Phys. Rev. B. 97, 014417 (2018).
Baldrati, L. et al. Full angular dependence of the spin Hall and
ordinary magnetoresistance in epitaxial antiferromagnetic
NiO(001)/Pt thin films. Phys. Rev. B. 98, 024422 (2018).

Wang, D., Wu, R. & Freeman, A. J. First-principles theory of surface
magnetocrystalline anisotropy and the diatomic-pair model. Phys.
Rev. B. 47, 14932 (1993).

Xie, Q. et al. Giant enhancements of perpendicular magnetic ani-
sotropy and spin-orbit torque by a MoS, layer. Adv. Mat. 31,
1900776 (2019).

Kresse, G. & Hafner, J. Ab initio molecular-dynamics simulation of
the liguid-metal-amorphous-semiconductor transition in germa-
nium. Phys. Rev. B. 49, 14251 (1994).

Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid
metals. Phys. Rev. B. 47, 558 (1993).

Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B. 59, 1758 (1999).
Hubbard, J. Electron correlations in narrow energy bands. Proc. R.
Soc. A. 276, 238 (1963).

Dudareyv, S., Botton, G., Savrasov, S., Humphreys, C. & Sutton, A.
Electron-energy-loss spectra and the structural stability of nickel
oxide: An LSDA+U study. Phys. Rev. B. 57, 1505 (1998).

Linnera, J., Sansone, G., Maschio, L. & Karttunen, A. J. Thermo-
electric properties of p-type Cu,O, CuO, and NiO from hybrid
density functional theory. J. Phys. Chem. C. 122, 15180 (2018).

Nature Communications | (2023)14:2871


https://arxiv.org/abs/1111.3702
https://arxiv.org/abs/1111.3702

Article

https://doi.org/10.1038/s41467-023-38550-1

Acknowledgements

This work was partially supported by the National Key Research and
Development Program of China (2022YFA1402602), Beijing Natural
Science Foundation Key Program (Grant no. Z190007), and National
Natural Science Foundation of China (Grant nos. 52061135205,
51971024, 51927802, 51971023, 51971027, 52130103). We acknowledge
the computational resources supported by the National Super-
computing Centre (NSCC) Singapore and Centre of Advanced 2D
Materials (CA2DM) HPC infrastructure. We are grateful for discussion
with Prof. C. Song and he gave us constructive advice.

Author contributions

M.X.W. and J.Z. contributed equally to this work. X.G.X, M.Y. and Y.J.
conceived the project. MMX.W., T.Z.Z.,, Z.Q.Z., Z.X.G., and Y.B.D. grew
materials. M.X.W., T.Z.Z. and Z.Q.Z. fabricated devices. M.X.W., T.Z.Z.
and Z.Q.Z. performed magnetic and electrical transport measure-
ments supervised by X.G.X., Y.J. and J.Z. performed the first-principles
calculations with M. Y.’s guidance. B.H. and G.Q.Y. performed Moke
measurements. J.L.L. and T.Z. performed PNR measurement. A.L. and
X.D.H. performed TEM measurement. All authors contributed to dis-
cussions. M.X.W. and J.Z. wrote the manuscript with the input from all
authors.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-38550-1.

Correspondence and requests for materials should be addressed to
Xiaoguang Xu, Ming Yang or Yong lJiang.

Peer review information Nature Communications thanks Christian Binek
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:2871

10


https://doi.org/10.1038/s41467-023-38550-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Field-free spin-orbit torque switching via out-�of-plane spin-polarization induced by an antiferromagnetic insulator/heavy metal interface
	Results
	Discussion
	Methods
	Sample preparation
	Characterization
	Simulations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




