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ABSTRACT

We report current-induced magnetization switching in Pt/Co/Ir/Co/Pt multilayers with different Ir layer thicknesses (tIr), where the perpen-
dicularly magnetized Co layers are coupled ferromagnetically or antiferromagnetically through an interlayer exchange coupling and are sand-
wiched by the Pt spin Hall layers. The domain structures formed during switching vary depending on the magnetization alignment, i.e., a
ferromagnetically coupled or antiferromagnetically coupled configuration. These results clarify the macroscopic picture of switching process
for interlayer exchange-coupled systems. The local picture of the switching process is also examined by a numerical calculation based on a
macrospin model, which reveals the switching dynamics triggered by dual spin–orbit torques for both antiferromagnetically and ferromag-
netically coupled cases. The numerical calculation shows that the dual spin–orbit torques from the two Pt layers effectively act on the two Co
layers not only for the antiferromagnetically coupled case but also for the ferromagnetically coupled one. Our findings deepen the under-
standing of the switching mechanism in a magnetic multilayer and provide an avenue to design spintronic devices with more efficient spi-
n–orbit torque switching.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0140328

Antiferromagnetic materials garner attention1–3 because of low
magnetic susceptibility,4 lack of magnetic stray field, and fast magneti-
zation dynamics reaching the terahertz-order resonance frequency,5–7

which are suitable to realize spintronic devices enabling ultrahigh den-
sity and ultrafast operation. The spin–orbit torque induced by the spin
Hall effect is one of the techniques to electrically control antiferromag-
netic structures as well as ferromagnetic structures.8 For example, in a
tri-layer system of nonmagnet/antiferromagnet/nonmagnet, where the
nonmagnet with a large spin–orbit coupling shows the spin Hall effect
allowing the conversion of a charge current into a spin current, the

accumulated spin angular momentum at both the top and bottom
interfaces are transferred to the antiferromagnetic structure. The spin-
orbit torques then act on each sublattice of the magnetic moment,
resulting in the switching of antiferromagnetic alignment. Electrical
magnetization switching in a antiferromagnetic structure was first
reported for bulk antiferromagnets.9–16 However, the complicated
domain structures of bulk antiferromagnets10,11,17 are unfavorable for
efficient spin–orbit torque switching. The uncontrollable exchange
coupling strength also hinders a systematic investigation. Instead of
bulk antiferromagnets, a synthetic antiferromagnet is focused on in
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Refs. 18–51. In a tri-layer system consisting of ferromagnet/nonmag-
net/ferromagnet, magnetizations of top and bottom ferromagnetic
layers couple with each other ferromagnetically or antiferromagneti-
cally due to the interlayer exchange coupling.52 The interlayer
exchange coupling strength can be modulated by simply changing the
layer thicknesses, enabling the systematic experiments of the spin–
orbit torque switching in the coupled system. Current-induced
magnetization switching in a synthetic antiferromagnet has been dem-
onstrated with interlayer materials of Ta,22,27,29,39,44 Ru,21,25,26,41,46 and
Ir.42,48 The Ta interlayer shows both the spin Hall effect and the inter-
layer exchange coupling, but its interlayer exchange coupling strength
is small (�0.01� 10�3 J m �2, Ref. 53). On the other hand, Ru and Ir
interlayers lead to a remarkable interlayer exchange coupling strength
in wide thickness ranges, where the first peak values of antiferromag-
netic coupling strength are larger than 5� 10�3 J m�2;40,53 however,
they usually do not show a remarkable spin Hall effect. Instead, the
spin–orbit torque switching is realized by setting an additional spin
Hall layer adjacent to a synthetic antiferromagnet. Previous studies
have eagerly investigated the spin–orbit torque switching in antiferro-
magnetically coupled systems. However, the switching behavior for
the film with dual spin Hall layers is still unclear in the case of inter-
layer exchange-coupled films although there are several studies on the
dual spin Hall layers for the single ferromagnetic layer cases.54–58

Here, we report the current-induced magnetization switching in
the interlayer exchange-coupled Co/Ir/Co system sandwiched by the
Pt layers. The switching processes for different magnetization align-
ments, i.e., ferromagnetically coupled or antiferromagnetically coupled

configuration, were investigated by changing Ir layer thickness (tIr)
through the electrical measurement and the magnetic domain imag-
ing. The local picture for the switching process triggered by the dual
spin–orbit torque was also clarified for both antiferromagnetically and
ferromagnetically coupled cases by the numerical calculation based on
the macrospin model.

Thin films consisting of Pt (2 nm)/Co (0.65nm)/Ir (tIr ¼ 0.45,
0.50, 0.80, or 1.30nm)/Co (0.9 nm)/Pt (2nm) were deposited on a ther-
mally oxidized Si substrate using magnetron sputtering at room temper-
ature with a base pressure below 6.0� 10�6Pa. Ta was deposited as
1nm thick buffer and capping layers before and after deposition of the
Pt/Co/Ir/Co/Pt, respectively. We expected the interlayer exchange cou-
pling in the Co/Ir/Co tri-layer and the perpendicular magnetic anisot-
ropy induced by Pt layers on magnetizations in Co layers.
Magnetization curves are shown in Figs. 1(a)–1(d), which were mea-
sured by the vibrating sample magnetometer at room temperature. At
tIr ¼ 0.45nm, both the out-of-plane and the in-plane magnetization
curves exhibited the remanent magnetization, indicating that the magni-
tude of perpendicular magnetic anisotropy is insufficient for achieving
the fully perpendicularly magnetized state. This is possibly due to the
non-perfect film growth of the top Co layer on the thin Ir layer.
However, at tIr� 0.50nm, the perpendicular magnetic anisotropy over-
comes the out-of-plane demagnetizing field, resulting in the perpendicu-
larly magnetized state. Low (large) remanent magnetization and large
(small) saturation field at tIr¼ 0.50 and 1.30nm (at tIr¼ 0.80nm) indi-
cate the antiferromagnetic coupling (ferromagnetic coupling) in the Co/
Ir/Co structure, being consistent with our previous report.49

FIG. 1. Magnetization curves for Pt/Co/Ir
(tIr)/Co/Pt samples with (a) tIr ¼ 0.45, (b)
tIr ¼ 0.50, (c) tIr ¼ 0.80, and (d) tIr ¼
1.30 nm. Red and black curves were
obtained by applying the out-of-plane
magnetic field and the in-plane magnetic
field, respectively.
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For the current-induced magnetization switching measurement,
thin films were patterned into Hall-bar-shaped devices with 5lm wire
width using photolithography and Ar-ion milling. Each device has the
electrical contact pads of Cr (20 nm)/Au (200nm) deposited by ion-
beam sputtering. Figure 2(a) schematically illustrates the damping-like
spin–orbit torque in the antiferromagnetically and the ferromagneti-
cally coupled Pt/Co/Ir/Co/Pt structures with magnetizationm for each
Co layer. The application of a charge current with a current density jc
in the x direction induces the spin current density js in the z direction
in Pt layers due to the spin Hall effect. The ratio of conversion is
expressed as the spin Hall angle: hSH ¼ (2e/�h) js/jc, where e and �h
denote the elementary charge and the Dirac’s constant, respectively.
The spin moments r accumulate at the interfaces pointing in the 6 y
direction, generating the damping-like spin–orbit torque (sDL) propor-
tional tom� (m� r).59 The effective field of damping-like spin–orbit
torque (BDL) then works parallel tom � r on magnetizations. For the
antiferromagnetically coupled system, BDL acting on both top and bot-
tom Co layers point in the –x direction. On the other hand, for the
case of the ferromagnetically coupled system, BDL acts in the –x direc-
tion for the top side and in the þx direction for the bottom side. One
may anticipate that BDL for the top Co and BDL for the bottom Co can-
cel out in the case that two Co layers are strongly coupled, which is
regarded as the condition that dual spin–orbit torque with opposite
signs simultaneously acts on the single ferromagnetic layer. As it will
be shown, however, the ferromagnetically coupled system having a
moderate coupling strength exhibits a different behavior from that of
the single ferromagnetic layer.

The measurement setup for the four-probe method is depicted in
Fig. 2(b). A DC charge current (Idc) with pulse width of �100ms was

applied in the x direction using a Keithley 2400 DC source meter. The
Hall resistance (Rxy) was detected by applying an AC charge current of
20 lA with a frequency of 9997Hz using a lock-in amplifier SR830
after each application of Idc. An external magnetic field of 80mT was
also applied simultaneously in the x direction to assist the magnetiza-
tion switching. The values of Rxy as a function of Idc for the devices
with tIr ¼ 0.45, 0.50, 0.80, and 1.30 nm are shown in Figs. 2(c)–2(f),
respectively. The Rxy–Idc curves with hysteresis were observed for all
the samples, suggesting that magnetization switching is induced by the
Idc application. The Rxy–Idc curves for tIr¼ 0.45 and 0.80 nm show the
gradual change in Rxy with positive Idc in the transition from a low
resistance state to a high resistance state. Compared with these Rxy–Idc
curves, Rxy was sharply changed at Idc �16.5 and�23.6mA (12.6 and
�17.4mA) for the antiferromagnetically coupled sample with tIr ¼
0.50 nm (1.30 nm). The difference in Rxy–Idc curves indicates that the
switching process depends on the magnetization alignment via inter-
layer exchange coupling. It is noted that the asymmetry in the positive
and negative switching currents means that the observed Rxy–Idc
curves are minor loops. This is attributed to the domain-wall trapping
at the intersected region between the channel and the branches of
Hall-bar-shaped device which will be discussed in a later paragraph.

In order to understand the switching process in detail, the domain
structures were visualized using a commercial Evico magnetics GmbH
Kerr microscopy with an in-plane magnetic field coil. Figures 3(a)–3(d)
display the domain structures under l0Hx ¼ 80mT, visualized after the
application of Idc for tIr ¼ 0.45, 0.50, 0.80, and 1.30nm, respectively.
First, Idc> 22mA was applied in theþx direction, which led to the sat-
urated magnetic state. The images at Idc > 22mA were used as the
background signal and subtracted from the obtained images. For all the

FIG. 2. Current-induced magnetization switching in Pt/Co/Ir/Co/Pt systems. (a) Schematic illustration of spin–orbit torque in the antiferromagnetically coupled and the ferromag-
netically coupled Pt/Co/Ir/Co/Pt systems. A charge current with the current density (jc) is applied in the x direction. The spin Hall effect in Pt layers induces the spin accumula-
tion at the Pt/Co and Co/Pt interfaces, generating the damping-like spin–orbit torques (sDL) in top and bottom Co layers. m, r, and BDL denote the magnetization in the Co
layer, the accumulated spin moments, and the effective field of damping-like spin–orbit torque, respectively. (b) Measurement setup of four-probe method under the application
of magnetic field in the x direction (Hx) with the coordinate system. (c)–(f) Rxy as a function of a DC charge current under l0Hx ¼ 80 mT for the devices with (c) tIr ¼ 0.45, (d)
tIr ¼ 0.50, (e) tIr ¼ 0.80, and (f) tIr ¼ 1.30 nm.
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samples, the black and white contrast changes were observed with vary-
ing Idc. For tIr ¼ 0.45nm, the complicated white regions were observed
at Idc¼ –5.3mA. The black regions also appeared at Idc� –14mA. The
complicated and intermixed contrasts for tIr¼ 0.45nm are attributed to
the existence of not only out-of-plane magnetized component but in-
plane magnetized component as well, which is in agreement with the
magnetization curves. For the antiferromagnetically coupled samples
with tIr ¼ 0.50 and 1.30nm, the abrupt expansion of black region was
observed, being consistent with the Rxy�Idc curves showing the sharp
change in Rxy. On the other hand, the ferromagnetically coupled sample
with tIr ¼ 0.80nm showed a sparse nucleation at Idc ¼ –9.6mA, and
the switched region gradually increased with increasing jIdcj. This is an
apparent difference in the magnetic domain structures formed during
the spin–orbit torque switching between the antiferromagnetic coupling
case and the ferromagnetic coupling case. It is worth noting that the
domain-wall trappings were observed in the intersected regions between
the channel and the branches of Hall device for all the samples. This
behavior is reminiscent of the magnetic ratchet effect found in the
device with asymmetric configuration,60 which would induce the asym-
metric hysteresis in the minor loop as observed in Fig. 2. One may antic-
ipate the formation of skyrmion bubbles in the Pt/Co/Ir structure,61 but
we did not observe it possibly due to the decrease in the interfacial
Dzyaloshinskii–Moriya interaction31 and the relatively large perpendic-
ular magnetic anisotropy in the present Pt/Co/Ir/Co/Pt films.

Considering that the magnetization switching occurs through the
nucleation of a reversed domain and the subsequent domain

expansion as visualized in Fig. 3, the nucleation of a reversed domain
is triggered by the spin–orbit torque, and we may assume that the spi-
n–orbit torque locally acts on the Co magnetization for some parts of
the device. To understand the local picture of current-induced magne-
tization switching in Pt/Co/Ir/Co/Pt systems, we numerically simu-
lated the spin–orbit torque switching dynamics. Let us consider the
magnetic multilayer systems consisting of two coupled ferromagnetic
layers, FM1 and FM2, with a common saturation magnetization (Ms)
and thicknesses tm1 and tm2, sandwiched by the spin Hall layers. The
surface magnetic energy density (E) was assumed to be

E ¼ JIECm1 �m2 � K tm1 mz
1

� �2 þ tm2 mz
2

� �2h i

� l0Mshx � tm1m1 þ tm2m2ð Þ; (1)

where JIEC is the interlayer exchange coupling strength, K is the per-
pendicular magnetic anisotropy constant, m1 (m2) is the unit vector
representing the magnetic moment in FM1 (FM2) layer, and hx is the
external magnetic field in the x direction. Here, we assumed that JIEC
> 0 (< 0) for the antiferromagnetically (ferromagnetically) coupled
case. The dynamics ofml (l¼ 1 and 2) were described by the coupled
Landau–Lifshitz–Gilbert equations as follows:

@ml

@t
¼ �cml � hl þ aml �

@ml

@t
� cml � ml � rlð Þ; (2)

where c is the gyromagnetic ratio, and a is the damping constant. The
effective magnetic fields hl were defined by

FIG. 3. Domain structures during current-induced magnetization switching observed by Kerr microscopy for Pt/Co/Ir (tIr)/Co/Pt samples with (a) tIr ¼ 0.45, (b) tIr ¼ 0.50, (c) tIr
¼ 0.80, and (d) tIr ¼ 1.30 nm. Values of Idc are shown in the left side of figures. l0Hx ¼ 80mT was applied during the measurements.
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hl ¼ �
1

l0Mstml

dE
@ml

; (3)

and the spin–orbit torques were characterized by

rl ¼ 6
�hhSH

2el0Mstml
jcy; (4)

where the upper (lower) sign corresponds to l ¼ 1 (2). Figures 4(a)
and 4(b) show the calculated switching dynamics for the antiferromag-
netically and the ferromagnetically coupled systems, respectively, with
parameters of l0Hx ¼ –10mT, tm1 ¼ 0.8 nm, tm2 ¼ 0.5nm, jJIECj
¼ 1.5�10�3 J m�2,49 K¼ 5.7� 105 J m�3,49 Ms ¼ 1.1� 106 A m�1, a
¼ 0.03,62 and hSH ¼ 0.15.63 When a charge current with jc ¼ 3.1
� 1013 A m�2 was applied to the antiferromagnetically coupled sys-
tem, m1 and m2 were first tilted toward the –x direction and then
almost aligned antiparallelly along the y axis. Note that m1 and m2

acquire the small z component opposite to their initial directions. The
turning-off of jc then resulted in the full switching of the antiferromag-
netic order. This switching scheme is consistent with a CoFeB/Ta/
CoFeB system.22 For the case of the ferromagnetically coupled system,
on the other hand, m1 and m2 first instantaneously exhibited the tilt-
ing toward the –x and þx directions, respectively, when the same
charge current as before was applied. This was followed by the antipar-
allel alignment along the y axis, similar to the antiferromagnetically
coupled case. Note that jm1zj > jm2zj in this intermediate state (m1z

� 0 andm2z� 0) because jr1j � jr2j due to tm1� tm2 [Inset of the far
right figure in Fig. 4(b)]. For the ferromagnetically coupled case, the
fact that r1 and r2 are in the opposite directions may appear to be
unfavorable, since the spin–orbit torque effect seems to be canceled

between the two layers, as has been discussed above. However, because
the interlayer exchange coupling is not very strong, the spin–orbit tor-
que can overcome the former when jc is sufficiently large and lead
temporarily to the “antiferromagnetic” configuration of m1 and m2.
After turning off jc, m1 first started to switch toward the negative z
direction, with m2 dragged by m1 via the ferromagnetic coupling, to
complete the switching into the final ferromagnetically coupled state.
Although the antiferromagnetically and the ferromagnetically coupled
cases exhibit similar intermediate states during the current application,
the switching current density (jsw) can be different for the two cases.
Figure 4(c) shows jsw as a function of jJIECj. For jJIECj � 1.5� 10�3 J
m�2, jsw was smaller for the ferromagnetically coupled case. This ten-
dency was widely observed when tm2 is varied in the range of 0.3 nm
� tm2 < 0.8 nm, as shown in Fig. 4(d). In addition, for the ferromag-
netically coupled system, the magnetization switching was observed
even when tm2 ¼ 0.792 nm (¼ 0.99� tm1), whereas the switching did
not happen when exactly tm1 ¼ tm2, indicating that the asymmetry in
the properties of magnetic layers, such as the difference in the layer
thicknesses, is indispensable for the deterministic SOT switching.
Based on the macrospin model, therefore, we expect that a ferromag-
netically coupled system with relatively low jJIECj is promising for effi-
cient spin–orbit torque switching.

These calculations also suggest that the formation of the com-
plicated domain structure in Fig. 3(c) may not directly be attributed
to the fact that rl lies in the opposite directions in the top and bot-
tom layers. A multiple domain state may be more favored for the fer-
romagnetically coupled case to lower the magnetostatic energy,
accompanied by the domain-wall trapping after the switching. This
suggests that the highly efficient switching is expected not only for

FIG. 4. Numerical calculation of spin–orbit torque switching in a magnetic multilayer with interlayer exchange coupling sandwiched by spin Hall layers. (a) and (b) Switching
dynamics for systems with (a) the antiferromagnetic coupling and (b) the ferromagnetic coupling. Left, middle, and right figures show the x, y, and z components of top (m1)
and bottom (m2) magnetic moments as a function of time, respectively. In the yellow shaded region, jc ¼ 3.1� 1013 and 3.15� 1013 A m�2 were applied in (a) and (b),
respectively. The enlarged figure of mz in the intermediate state is shown in the inset of the right figure in (b). Results were calculated using the parameters of tm1 ¼ 0.8 nm,
tm2 ¼ 0.5 nm, l0Hx ¼� 10 mT, jJIECj ¼ 1.5� 10�3 J m�2, K¼ 5.7� 105 J m�3, Ms ¼ 1.1� 106 A m�1, a ¼ 0.03, and hSH ¼ 0.15. (c) and (d) Switching current density
(jsw) as a function of (c) jJIECj and (d) tm2. In (c), tm1 ¼ 0.8 and tm2 ¼ 0.5 nm were used. In (d), tm1 was fixed to 0.8 nm.
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an antiferromagnetically coupled film but also for a ferromagneti-
cally coupled film if one can fabricate a nanometer-scaled device
with its size smaller than the single magnetic domain size.

In summary, we investigated the current-induced magnetiza-
tion switching in the magnetic multilayer system with interlayer
exchange coupling sandwiched by two spin Hall layers of Pt. The
domain structures formed during switching varied depending on
whether the layers were ferromagnetically coupled or antiferromag-
netically coupled. The macrospin calculations for the spin–orbit tor-
que switching revealed that the dual spin–orbit torque from the two
Pt layers effectively acts on the two Co layers not only for the antifer-
romagnetically coupled case but also for the ferromagnetically cou-
pled one. The present results give an understanding of the current-
induced magnetization switching mechanism in a magnetic multi-
layer system and information to design a spintronic device with an
efficient magnetization switching.
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