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Spin-orbit torques in the presence of robust interface magnetic state in a-Fe, O3 /Pt bilayers
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We have investigated the spin-orbit torques (SOTs) driven interfacial magnetization switching in the
a-Fe,03 /Pt bilayers through pulsed current, DC current and second-harmonic transport measurements.

The interfacial magnetic state stems from the combination of the strong spin-orbit coupling of the Pt layer
and the magnetic-field-dependent bulk magnetic order of the «-Fe,O5 layer. The fieldlike SOT is demonstrated
to be the dominated role and has shown a nonlinear relationship with the current amplitude and the magnetic
field, indicating the involvement of the interfacial magnetic order. The vast richness of magnetic textures based
on the antiferromagnetic insulator/heavy metal bilayers offers a fascinating playground for the investigation of
spin transport. Our paper could provide the basis for a deeper understanding of the underlying mechanisms.
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Interfacial effects have long played a crucial role in the
development of underlying scientific principles and in the
many technologies in which magnetism plays a critical role.
The combination of bulk magnetic structure and the strong
spin-orbit coupling (SOC) in the magnetic materials/heavy
metals (HM) bilayers may enable novel interfacial magnetic
and transport properties [1]. For example, the interfaces will
promote possible novel interfacial magnetic configurations
through the strong SOC [2-4]. Many excitements in the field
of interfacial properties arises from the recently developed
understanding that interfaces can enable particularly efficient
modulation and/or generation of spin currents and, hence,
spin torques, which can be used to manipulate the magne-
tization [5]. One of the key developments in investigating
and understanding the interfacial magnetic state and transport
properties is the notion of spin-orbit torques (SOT). Quite
recently, the SOT-induced Néel vector switching in the anti-
ferromagnetic insulators (AFI)/HM bilayers has raised wide
interest since the antiferromagnets are anticipated to replace
their ferromagnetic counterparts as the active spin-dependent
element in spintronic devices [3,6-20]. Furthermore, using
insulating antiferromagnets is more beneficial for investigat-
ing spin transmission, potential low-power memory, and logic
applications, such as electric-field switching of multiferroic
antiferromagnets. If a charge current is applied within the
AFI/HM bilayers plane, the bulk spin Hall effect [21] (SHE)
and/or inverse spin galvanic effect [22] (iSGE) generates a
pure spin current flowing vertically toward the antiferromag-
netic insulator. Then, this spin current will apply torques to the
AFI via transfer of spin angular momentum, and the magnetic
order can be driven. Generally, in bilayers of ferromagnets
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with HMs, the SOT contains dampinglike and fieldlike terms,
which stem from both bulk and interfacial SOCs [23]. In
contrast, although the interaction between spin current and an-
tiferromagnetic structures is of great interest for manipulating
the magnetic order, an understanding of SOT in the presence
of interfacial magnetic state in AFI/HM bilayers, accounting
for spin-orbit effects, is so far lacking.

The a-Fe, O3 film is a common antiferromagnetic insulator
[24,25] in which the spin of Fe3t ions are ordered ferromag-
netically on the (0001) plane and follow the “4+ — — +”
sequence vertical to the (0001) plane above the Morin transi-
tion temperature [26] with a weak ferromagnetism due to the
weak Dzyaloshinskii-Moriya interaction [27]. Previously, we
have investigated the temperature-dependent spin Hall magne-
toresistance (SMR) in the o-Fe, O3 /Pt bilayers [28] in which
the a-Fe,O3 has a large out-of-plane magnetic component.
The modulated spin transport behaviors have been ascribed
to the competition between the modulated interface magnetic
texture and the antiferromagnetic bulk state. In this paper, we
have further investigated the SOT-driven interfacial magne-
tization switching in the «-Fe, O3 /Pt bilayers. A long-range
order of the interfacial magnetic state should be formed due to
the combination of the SOC of the Pt layer and the magnetic-
field-dependent bulk magnetic order of the a-Fe,O3 layer.
The interaction between the spin current and the interfacial
magnetic vector determines the SOT-driven interfacial mag-
netization movement. Detailed pulsed current, DC current and
second-harmonic transport measurements have been carried
out. The fieldlike SOT is demonstrated to be the dominated
role and has shown a nonlinear relationship with the current
amplitude and the magnetic field, indicating the involvement
of the interfacial magnetic order.

The preparation and structure characterization of the Al,O3
(1120) (Sub.)/a-Fe;03 (15 nm)/Pt (3 nm) films have been
described in our previous work [28]. The crystal structure and
spin distribution are illustrated in Fig. 1(a). The easy magnetic
plane transits from the in-plane to the out-of-plane with a large
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FIG. 1. (a) The magnetic structure of the a-Fe,O; layer that deposited on the Al,O3 (1120) substrate and the schematic of the correspond-
ing coordinate systems. (b) The transmission electron microscopy of the a-Fe, O3 /Pt bilayers. (c) The perpendicular magnetic-field-dependent
magnetization of the «-Fe, O3 /Pt bilayers at room temperature. (d) Schematic of the eight-terminals Hall devices.

magnetic component. Here, the high film structure quality has
further been confirmed through cross-sectional TEM as shown
in Fig. 1(b), which demonstrates explicitly the sharp inter-
face and confirms the preparation of continuous Fe, O3 films.
The results of the atomic force microscopy and the scanning
electron microscopy measurements for the Fe,O3 (15 nm)/Pt
(3 nm) films are shown in the Supplemental Mateial Figure
S1 to confirm that the films are continuous and uniform [29].
The surface roughness is about 0.407 nm, and there are no
obvious pinholes or missing areas of the surface, indicating
that the Pt film is also continuous. Figure 1(c) shows the
M-H curve with scanning the perpendicular magnetic field
at room temperature using vibrating sample magnetometer.
One can find that the o-Fe, O3 film has undertaken two mag-
netic transition processes. As increasing the magnetic field to
~ 0.2 T, the spin flip for the «-Fe, O3 film has been found [25].
In this case, the net magnetic moment is parallel to the external
magnetic field. However, the magnetic moments still maintain
an antiferromagnetic arrangement, and the net magnetization
remains constant to 12 T. The second transition happens as
further increasing the magnetic field (>12 T). In this case, the
antiferromagnetic coupling has further been gradually broken
as the increasing field. The magnetic moments rotate in the
direction of the magnetic field. During this transition process,
the system undergoes multiple metastable transitions, so the

remanent magnetization has some slight decrease. There is
still a small inclination angle between the magnetic moments.
As further increasing the magnetic field, the tilt angle becomes
smaller, and the net magnetization increases. One of the pos-
sible configurations, which will evolve under a perpendicular
magnetic field is shown in the inset graph of Fig. 1(c) in
which the interfacial magnetic vector m, can be formed by the
interactions of the vector spins S, S, and S3. We have further
performed the in-plane M-H measurement as illustrated in
Fig. S2 of the Supplemental Material [29], which has shown a
similar magnetic transition characteristic.

The transport of the «-Fe,O3/Pt bilayers should depend
on the magnetic structures of the a-Fe;O;3 layer, and the
interface properties should play the dominated role [28,30].
In our previous work, we have demonstrated the competition
between the modulated magnetic state at the «-Fe, O3 /Pt in-
terface and the bulk antiferromagnetic state of the o-Fe,;O3
layer, resulting in a special temperature-dependent transport
behaviors [28]. In this paper, we have patterned the Al,O3
(1120)/ a-Fe,03/Pt films into the eight-terminals Hall de-
vices as illustrated in Fig. 1(d) where the length and width of
each terminal is 100 and 10 um respectively. All the trans-
port measurements have been performed in physical property
measurement system. Fig. 2(a) shows the variation of Hall
resistance R versus current pulse counts of I under zero
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FIG. 2. The variation of Hall resistance R¥ of the «-Fe, O3 /Pt bilayers versus current pulse counts of I, under zero magnetic-fields (a)—(f)
in-plane magnetic fields of 9 T (g) and out-of-plane magnetic fields of 9 T (f). The experimental schematics are shown in the right panels.

magnetic field, and the experimental schematic is shown in
the right panel. We have first applied the writing pulsed cur-
rent I, with pulse width 1 ms and varying amplitude along
the terminal direction 5 — 1. With a delay of 10 min for
thermal relaxation, the Hall resistance R‘;’ was measured with
applying sensing DC current I of 0.1 mA along the termi-
nal direction 3 — 7. Then, the next same measurement was
performed. This kind of process is denoted as “P” as shown
in Fig. 2(a). After five successive repetitions, the direction of
I, was switched from terminal 5 — 1 to 1 — 5. The Hall
resistance R was measured after a same 10-min delay with
applying sensing DC current I along terminal 3 — 7, and
the process is denoted as “N.” Finally, another five successive
repetitions were conducted. Therefore, ten values of Rf’ have
been recorded for one test period (P + N), and we have
carried out five periods and received 50 values for each fixed
amplitude of I,,. With increasing the amplitude of Iy, from 0
to 8 mA, one can find evident changes in R”. However, the
changes are found to be saturated with furthering increasing
the amplitude of I, from 8 to 20 mA. Here, we want to
note that the above characteristics are robust even the delay
time was changed from 60 to 360 s as shown in Supple-

mental Material Fig. S3 [29], which indicates the negligible
thermal effect. It can be further demonstrated by the results
shown in Fig. 2(b) in which the longitudinal resistance R, was
recorded with the same measurement method. It is found tha
as increasing the amplitude of I,,, the thermal effect seems
to be larger, resulting in the enhancement of R,. As stated
above, after applying the writing pulsed current, there is a
delay of 10 min for thermal relaxation. As the pulsed current
intensity increases, the sample temperature could even be
slightly different after 10 min, which will result in different
longitudinal resistance. However, the longitudinal resistance
does not show a quadratic relationship with the pulsed cur-
rent intensity [31]. Therefore, there should be another more
dominated mechanism to determine the variation of the lon-
gitudinal resistances. As discussed in our previous work [28],
we have found the positive field-dependent longitudinal mag-
netoresistance (FDMR) at room temperature for both in-plane
(B||I) and out-of-plane (B LI) cases. Furthermore, the FDMR
curve is an even function on the magnetic field, whereas, the
Hall resistance is an odd function. Therefore, as switching
the direction of Iy, the variation of the longitudinal resis-
tance does not show a steplike characteristic. As increasing
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the amplitude of I, the longitudinal resistance will increase,
corresponding to the positive FDMR at room temprature as
discussed in our previous work [28].

We have also performed the switching measurements and
recorded the Hall resistance Rf when both I, and Iy were
applied along the same terminal directions, such as 3 <> 7 and
1 < 5, and corresponding results are shown in Figs. 2(c) and
2(d) respectively. All the variation characteristics are evident
and similar with the results shown in Fig. 2(a). However, as
the direction of I is fixed along terminal 3 — 7, whereas, the
I, is applied along 4 <> 8 and 2 < 6, the variations of Hall
resistance RY have not shown steplike characteristics under
|Iw| = 4 mA as shown in Figs. 2(e) and 2(f), respectively. The
features could be induced by the relatively larger magnetic
anisotropy energy in these planes as compared with the (0001)
and (1100) planes, which need stronger SOT to switch the
Fe’* sublattice magnetic moments. On the other hand, the
signals from the Fe" sublattice magnetic moments compo-
nents that lay on the in-plane and out-of-plane plane may have
opposite variations and compensate each other. Meanwhile, an
opposite resistance states has been found in Fig. 2(f), which is
ascribed to the opposite direction between the initial writing
current and the sensing current.

Generally, the sawtooth switching in AFI/HM bilayers is
due to an artifact of Pt, whereas, the actual SOT induced
antiferromagnetic switching is steplike [31-38]. Cheng et al.
have attributed it to the improved stability of the 2-nm-thick
Pt layer after the annealing by a high pulse current density
9x 107 A/cm? [36]. However, Zhang et al. have conditioned
the samples with the current density of 2.5x10” A/cm? [38].
Furthermore, the authors have stated that the current-induced
annealing can change magnetic anisotropy other than the sta-
bility of the 5-nm-thick Pt layer. It seems that the annealing
current is much different. It could depend on the different
preparation method, the quality of the Pt layer, and/or the
equipment. In our paper, we have prepared the «-Fe, O3 layer
using pulsed laser deposition, and the 3-nm-thick Pt layer was
deposited in situ with magnetron sputtering. The width of each
terminal is 10 um, so the current density for I, = 4 mA is
1.3x107 A/cm?. As shown in Fig. 2, in general, more evident
variations of the Hall resistance happen as Iy, > 4 mA. There-
fore, there could be the current-induced annealing effect, but
we have not found the changing process from the sawtooth
switching to the steplike switching. Furthermore, the variation
of the Hall resistance has found to be constant as increasing
the pulsed current I,, from 8 to 20 mA, which indicates
the negligible thermal effect induced by the pulsed current.
Therefore, the steplike Hall signals should not be generated
by the electrothermal effect [36-38]. The evident variations
of the Hall signals in the current range in our paper should
mainly stem from the SOT-induced magnetization switching.

On the other hand, the Hall effect in the «-Fe,Os/Pt
bilayers is determined by both the magnetic field and the
magnetization, and we have further measured the Hall effect
of the a-Fe,O3/Pt bilayers in the perpendicular magnetic
field ranged from —9 T to 9 T as well as the planner
Hall effect under the in-plane magnetic field of 9 T. The
results are shown in Fig. S4 of the Supplemental Material
[29]. We have found that as the device was applied to the
in-plane magnetic field, the change in the Hall resistance

AR,, is much smaller than the values that were shown
in the Figs. 2(a)-2(f). In contrast, the change in the
Hall resistance AR,, were much larger and were compa-
rable with the values in Figs. 2(a)-2(f). The interfacial
magnetic moment could have both the in-plane and the
out-of-plane components for which we have given the
schematic in Fig. S5 of the Supplemental Material [29]. To
further separate the contributions of the interfacial magnetic
state and the bulk antiferromagnetic structures of the «-Fe,;O3
film, we have performed the switching measurements under
the in-plane By and out-of-plane magnetic-field Bz 9 T as
shown in Figs. 2(g) and 2(h), respectively. One can find that
the Hall resistances R in both of the two cases evolve into
a gradual increase of high-low resistance signal alternately
as carrying forward the measurement periods. On the other
hand, the relative difference between high and low values
becomes much smaller than the case of zero magnetic field,
which could be ascribed to the progressive evolvement of the
interface magnetic state driven by the spin current and/or the
magnetothermal effect.

To clarify the current-dependent transport behaviors, we
have also carried out the angular-dependent longitudinal mag-
netoresistance (ADMR) (ADMR = ApﬁL = %(pf(o)) mea-
surements at room temperature with varying DC current.
Fig. 3(a) and 3(b) show the SMR with rotating the magnetic
field of 9 T applied in the Y-Z plane and varying the current
from 0.5 to 3 mA and 4 to 7 mA respectively [(8 denotes
the angle related to Z axis as shown in Fig. 1(a)]. One can
find that the peaks at 90 ° and 270 ° gradually shift to 0 ° and
360 ° as increasing the current from 0.5 to 3 mA since the SOT
generated by the adjacent heavy metal compensated the tilting
tendency from the applied magnetic field. Further increasing
the current to 4 mA has instantaneously changed the SMR
signals configuration from the M-shaped antiferromagnetic
configuration to the W-shaped ferromagnetic one. It further
confirmed the SOT has induced the switching of interface
magnetic structure as well as the Néel vector in «-Fe, O3 /Pt
bilayers as discussed in previous report. We also performed
the SMR measurement with varying current in smaller range
as shown in the Supplemental Material Fig. S6 [29] to ex-
clude the possible electrothermal effect. Figures 3(c) and 3(d)
illustrate the 22- with rotating the magnetic field of 9 T on
the X-Y plane and varying the current from 0.5 to 3 mA and
4 to 7 mA, respectively [« denotes the angle related to the
X axis as shown 1n Fig. 1(a)]. It is found that as increasing
the current, the £2- signal featured a 45 °-shift characteristic,
which confirmed the existence of SOT under the in- plane large
magnetic field. It also further reveals that the SOT-induced
spin flop in our prepared a-Fe,O3 /Pt bilayers, which can be
characterized as the steplike variations of the Hall resistance
R as shown in Fig. 2, should have both the in-plane and
the our-of-plane components. It could also explain why there
is no evident change in R¥ when |Iy| =4 mA as shown in
Figs. 2(g) and 2(h) since the switching of the in-plane and the
our-of-plane components have compensated with each other.

To further improve that the interfacial magnetic order can
be driven by the spin current, we then performed the harmonic
resistance measurement. A lock-in technique was employed to
record the harmonic resistances with applying an AC current
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FIG. 3. Angular-dependent longitudinal magnetoresistance of the «-Fe,O;/Pt bilayers at room temperature with varying applied DC

current.

I, = I sinwt of frequency 13 Hz. Figs. 4(a) and 4(b) show
the transverse second-harmonic resistances (AR%;") with ro-
tating the magnetic field on the X-Y plane with varying the
amplitude of current and magnetic field at room temperature,
respectively. It is found that the results can be well fitted by
[39-44]

ARy = (RY, + RY) cos a + (R}, + RYY) (2 cos’a — cos Ex]))
where the Oersted (Oe) (RYY) and fieldlike SOT (RY,) con-
tribute in the form of (2 cos’w—cos o), and, whereas, the
contribution from the dampinglike SOT (R)]?y) and magne-
tothermal effects (R),) take the form of cos . The inset
graph of Fig. 4(a) shows the example of fitting as / = 8 mA.
A more detailed discussion about the contribution from the
magnetothermal effects to the transverse second-harmonic re-
sistances have been shown in the Supplemental Material [29]

and Refs. [45-49]. It seems that R)]?y cannot be separated from

RYT precisely, which is the same for R, and RO?. However, it
should be noted that, even there are magnetothermal and Oer-
sted contributions, the sign of RfyT and Rf()ye should not change
as varying current and magnetic field. Then, we have extracted
the (RD, +RY) and the (R}, + RY°) terms separately and
plotted them versus the amplitude of current and magnetic
field as shown in Figs. 4(c) and 4(d), respectively. It is found
that, under relatively small current and magnetic field, both
the two terms are negative, which should be determined by the

combination of bulk «-Fe, O3 and the interface magnetic state.
Considering the spin-flip field of bulk «-Fe,03 is very small
(~ 0.1 T), both damping and fieldlike torques, which are Rg,
and RE, in Eq. (1) should be suppressed under as H > 4 T.
Therefore, the bulk a-Fe;Os3 only contributes RXVT and Rfy
into the results shown in Figs. 4(c) and 4(d) respectively.
On the other hand, according to the data where I =2 mA
and H =9 T as shown in Fig. 4(a), one can also confirm
that RfyT and R}:y from bulk a-Fe,O; should be negative and
the amplitude are all very small. As increasing the current
[Fig. 4(c)] or the magnetic field [Fig. 4(d)], the amplitude
of (R)]?y + RfyT) has decreased. More pronouncedly, the signs
of (R}, 4+ RY7) have changed from negative to positive, and
the values increase with enhancing I and H. In this case,
AR)%;" should be mainly determined by the fieldlike torques
as the spin current was applied to the interfacial magnetic
state, which should involve the magnetic field as discussed
above. As increasing the magnetic field, AR)Z(;”S have shown
a nonlinear relationship with the magnetic field due to the
evolvement of the interfacial magnetic order. The AR mea-
surements with varying in-plane magnetic field and scanning
the magnetic field along X and Z directions are shown in
Supplemental Material Fig. S7 [29].

The interaction between the spin current and the interfacial
magnetic order should determine the SOT-driven magnetiza-
tion switching in the «-Fe,O3/Pt bilayers. Previously, two
main mechanisms have been identified as the origin of SOT:
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bulk or interfacial iISGE and SHE. Both torques are present
in the magnetic systems lacking inversion symmetry and
can provide a unique tool to manipulate the magnetic order.
The iSGE-SOT, referring to the electrical generation of spin
density, arises from the SOC in bulk noncentrosymmetric sys-
tems or the interfacial symmetry broken. Zelezny et al. have
reported that the spin-orbit fields whose sign alternates
between the spin sublattice can arise in the bulk of cen-
trosymmetric antiferromagnets, such as Mn,Au [19,50] and
CuMnAs [51]. In this case, the efficient torque enabling the
manipulation of the magnetic-order parameter is a staggered
fieldlike torque [23]. In this paper, under the applied elec-
tric field (E = ExX), the large fieldlike SOT (T pp ~ m, x
S) in the «-Fe,O;/Pt bilayers indicates that the nonequi-
librium distribution could lead to a large in-plane nonzero
net spin density aligned perpendicular to m, and E. On
the other hand, the spin current due to the bulk SHE of
Pt layer should be modulated by the magnetic exchange at
the interface. For small tilts of the spins from equilibrium,
the Bloch equations can be expressed as % = %(S X my),
where A is an exchange coupling energy corresponding
to exchange between the carrier spins S and m,. Further-
more, according to the semiclassical calculations by Amin
and Stiles [52,53], the interfacial SOC acting on the spins
passing through rather than existing in, the two-dimensional
interface creates a spin polarization that couples to the mag-
netization through interfacial exchange interaction. Therefore,

the modulated interfacial mixing conductance should also
determine the change in spin absorption and reflection as
a function of the magnetic vector m,. Besides, it was re-
cently realized that the precession of spin currents around
the spin-orbit field can substantially impact the SOT, which
is termed the spin swapping effect [54]. Under this sce-
nario, the primary spin current due to SHE in Pt will
precess around the spin-orbit field, resulting in a secondary
spin current, termed the swapping spin current. It can be
absorbed by an adjacent magnetic layer, resulting in additional
SOT components. Theoretically, as long as the nonmagnetic
metal thickness is comparable to the mean free path, the
spin swapping spin current induces a fieldlike SOT. The key
ingredients in all these mechanisms are inversion-symmetry
broken and the strong SOC.

In conclusion, we have investigated the SOT in the
a-Fe,03/Pt bilayers in which a robust interface magnetic
state due to the combination of strong SOC of Pt and
magnetic-field-dependent bulk magnetic order of «-Fe, O3 has
been formed. The steplike Hall resistance variations by the
pulsed current switching have been found in «-Fe, O3 /Pt bi-
layers, indicating the interaction between the spin current and
the interfacial magnetic vector. The sign change in the SMR
with varying DC current amplitude also indicates that the
magnetization at the interface can be driven by spin current.
Through second-harmonic measurements, we have found that
the fieldlike SOT was the dominant role and had a unique
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relationship with the current intensity and the magnetic-field
strength, indicating the involvement of the interfacial mag-
netic order.
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