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1. Introduction

Spin–orbit torques (SOTs) in ferromagnetic metal (FM)/
nonmagnetic heavy metal (NM) heterojunctions induced by 
in-plane currents have attracted robust research interests, and 
they have been demonstrated as an alternative approach to 
switch the magnetization efficiently [1, 2], to drive fast chi-
rality dependent domain wall motion [3–5], as well as to excite 
high-frequency magnetization oscillations [6–8]. Generally, 
two sorts of spin–orbit coupling (SOC) mechanisms have been 
considered as candidate sources for SOTs: the spin current can 
be generated in the NM layer with the bulk spin Hall effect 
(SHE) [9], which can diffuse into the adjacent FM layer and 
exert torques on the moments via spin transfer torque [10]. 

On the other hand, SOTs can also be induced from the inter-
facial Rashba effect [11], for which the accumulated spins at 
the interface can force the moments to change their direction 
by direct exchange coupling [12].

Generally speaking, most of investigations focus on two 
orthogonal SOTs, namely the damping-like torque with the 
form of τD ∝ m  ×  (σ  ×  m) and the field-like torque with the 
form of τF ∝ m  ×  σ, where m and σ are unit vectors of the 
magnetization in the FM layer and spin polarization direction 
in the NM layer, respectively. For ferromagnetic materials, 
the damping-like torque can overcome the magnetization 
damping, and switch the magnetic moments directly [13]. The 
field-like torque can lower the energy barrier of switching, 
and affect the magnetic dynamic processes [14]. More inter-
estingly, it is reported that these two SOTs are used to rotate 
the antiferromagnetic moments that are immune to magnetic 
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Abstract
We studied the current-induced spin–orbit torques in a perpendicularly magnetized Pt (1 nm)/
Co (0.8 nm)/Pt (5 nm) heterojunction by harmonic Hall voltage measurements. Owing to 
similar Pt/Co/Pt interfaces, the spin–orbit torques originated from the Rashba effect are 
reduced, but the contribution from the spin Hall effect is still retained because of asymmetrical 
Pt thicknesses. When the temperature increases from 50 to 300 K, two orthogonal components 
of the effective field, induced by spin–orbit torques, reveal opposite temperature dependencies: 
the field-like term (transverse effective field) decreases from 2.3 to 2.1 (10−6 Oe (A cm−2)−1), 
whereas the damping-like term (longitudinal effective field) increases from 3.7 to 4.8 (10−6 Oe 
(A cm−2)−1). It is noticed that the damping-like term, usually smaller than the field-like term 
in the similar Pt/Co interfaces, is twice as large as the field-like term. As a result, the damping-
like spin–orbit torque reaches an efficiency of 0.15 at 300 K. Such a temperature-dependent 
damping-like term in a Pt/Co/Pt heterojunction can efficiently reduce the switching current 
density which is 2.30  ×  106 A cm−2 at 300 K, providing an opportunity to further improve and 
understand spin–orbit torques induced by spin Hall effect.
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field due to the net zero magnetization [15]. Therefore, tuning 
these two kinds of SOTs is the key for practical use of SOTs 
in spintronic devices.

Nowadays, these two kinds of SOTs in FM/NM hetero-
junctions have been widely studied through using various 
methods, such as varying the thicknesses of FM and NM 
layers [16], modulating the chemical ordering [17], inserting 
additional metal and oxidation layers [18, 19], and changing 
the structure of the stacks [20]. However, the investigations 
on the temperature feature of SOTs are controversial and 
the underlying physics is unclear. For the Ta/CoFeB/MgO 
system, Qiu et  al found that the field-like torque increased 
with decreasing temperature, whereas the damping-like torque 
was insensitive to temperature [21]. Similar results were also 
confirmed by Kim et al [22]. By varying Ta thicknesses, Kim 
et al further separated the temperature-dependent SOTs into 
the interface (i.e. Rashba effect) and the bulk effect (i.e. SHE), 
where the Rashba effect was unchanged with temperature, and 
SHE dominated the temperature feature of SOTs. In the case 
of NM/FM/oxide asymmetrical heterojunctions, Ou et al [23] 
inserted the Hf and HfOx into the interfaces of NM/FM and 
FM/oxidation, respectively. They found that the field-like 
torque was yielded by the spin scattering at interfaces due to 
the spin current in NM via SHE, rather than the Rashba effect. 
Moreover, a different temperature dependence of SOTs was 
reported in weak spin–orbit coupling Cu40Au60 metal, where 
the damping-like torque increased with temperature, but the 
filed-like torque decreased with temperature [24]. As men-
tioned above, the asymmetrical structure was used to enhance 
the efficiency of the SOTs. This makes it difficult to quanti-
tatively separate the temperature-dependencies of these two 
SOTs, because the Rashba effect and SHE are mixed in those 
asymmetrical heterojunctions. Thus, to study the origins of 
temperature-dependent SOTs is necessary.

In this work, we used a Pt/Co/Pt heterojunction to study 
the temperature dependence of SOTs. The magnitude and ori-
entation of the field-like and the damping-like torques were 
measured by the harmonic Hall voltage measurements [25]. 
In contrast to the fact that the field-like torque is larger than 
the damping-like torque in the asymmetrical heterojunction, 
the field-like torque is two times less than the damping-like 
torque in our Pt/Co/Pt heterojunction. At 300 K, the field-like 
torque is only 2.1  ×  10−6 Oe (A cm−2)−1 and the damping-
like torque reaches 4.8  ×  10−6 Oe (A cm−2)−1. This means 
that the Rashba effect is reduced compared with the asymmet-
rical Ta/CoFeB/MgO heterojunction [23] due to the similar Pt/
Co/Pt interfaces, as expected. More interestingly, since SHE 
dominates SOTs in our experiment, the damping-like torque 
with respect to SHE contrasts with the previous temper-
ature independ ence feature. With increasing the temper ature 
from 50 to 300 K, the damping-like torque increases from 
3.7  ×  10−6 Oe (A cm−2)−1 to 4.8  ×  10−6 Oe (A cm−2)−1. 
At 300 K, the damping-like spin–orbit torque efficiency can 
reach up to 0.15, which yields the switching current as low as 
2.30  ×  106 A cm−2. These results provide potential applica-
tions at high temperature for the Pt/Co/Pt heterojunction and 
are helpful to further understand the origins of SOTs.

2. Experiment

The film stack of Ta(3)/Pt(5)/Co(0.8)/Pt(1)/AlOx(2) (thick-
ness in nanometers) was deposited on Corning glass substrate 
by magnetron sputtering with a base pressure 4.0  ×  10−5 Pa. 
The film was patterned into 8.9 µm wide and 190 µm length 
Hall bars using standard lithography and Ar-ion milling tech-
niques. Figure 1(a) displays a schematic of the sample layout 
and the measurement configuration. When the in-plane cur-
rent is applied along the  +x direction, the spin current in 
the top and bottom Pt layers diffuses into the Co layer with 
inverse spin polarization due to SHE. Owing to asymmetrical 
Pt thicknesses, the net spin current, which exerts SOTs on the 
Co magnetization, can be obtained, as shown in the zoom-in 
area of figure 1(a). In figure 1(b), the anomalous Hall effect 
(AHE) curves were measured under the magnetic field Hext 
along the z axis. The sharp switching of AHE resistance (RH) 
indicates a good perpendicular magnetic anisotropy of the Co 
layer in the temperature range from 50 to 300 K. Figure 1(c) 
shows the AHE curves when Hext is swept along the x axis. 
It clearly shows that RH decreases with increasing Hext, indi-
cating that the magnetization of Co is gradually rotated from 
out-plane to in-plane.

Owing to exerting SOTs on the Co layers, the current-
induced magnetization switching is realized, as shown in 
figures 1(d) and (e). In order to break the symmetry of mag-
netization switching in response to the SOTs, we applied a 
fixed external magnetic field along the x direction. One can 
easily find that the magnetization switching, induced by cur-
rent, shows a typical hysteresis loop, but the switching direc-
tion depends on the sign of the external magnetic field. For a 
positive magnetic field Hext  =  +500 Oe, the switching direc-
tion is clockwise, as shown in figure 1(d). However, for a neg-
ative magnetic field, Hext  =  −500 Oe, the switching direction 
is anticlockwise, as shown in figure 1(e). The switching direc-
tion dependence of Hext can be well understood in the term of 
the macro spin model [2]. Remarkably, in our Pt/Co/Pt hetero-
junction, the switching current density is around 2.30  ×  106 
A cm−2 at 300 K, which is very close to the value observed in 
the asymmetrical heterojunction Pt/Co/Ta with an inverse spin 
Hall angle of Pt and Ta [26].

In order to further quantitatively measure the magnitude of 
the effective field (HDL and HFL) induced by SOTs, the har-
monic Hall voltage measurements were taken [25]. A sinu-
soidal current ( I = I0 sinωt) with a frequency of 133 Hz was 
applied through the Hall bars along the x axis, then we meas-
ured the first (V1ω) and the second (V2ω) harmonic Hall volt-
ages as a function of in-plane external fields using the AD/DA 
card, which reflect the Co magnetization oscillations driven by 
the external magnetic field and SOTs, respectively. As shown 
in figures 2(a) and (b), V1ω shows similar parabolic behaviors 
both for Hx and Hy, respectively. However, V2ω shows different 
linear behaviors for Hx and Hy, depending on the magnetic 
field direction with respect to the current flow direction (i.e. 
longitudinal or transverse magnetic field). For the longitudinal 
magnetic field in figure 2(c), the signs of slopes of V2ω are 
the same for the magnetic states along  +z and –z directions, 
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whereas for the transverse magnetic field in figure 2(d), the 
signs of slopes are reversed for  ±Mz. This can be easily under-
stood by considering that the longitudinal (transverse) comp-
onent of SOTs has an even (odd) symmetry with respect to the 
inversion of the magnetization [27].

The damping-like effective field HDL (longitudinal effec-
tive field) and field-like effective field HFL (transverse effec-
tive field) can be calculated using the following relation [16]:

H0
DL(FL) = −2

∂V2ω

∂Hx(y)
/
∂2Vω

∂H2
x(y)

. (1)

According to equation  (1), the first and second harmonic 
curves were fitted through the quadratic and linear functions, 
respectively. To further consider the influence of planar Hall 

effect (PHE), the modified H1
DL(FL) can be determined by [25]:

H1
DL(FL) =

H0
DL(FL) ± 2rH0

FL(DL)

1 − 4r2 , (2)

where r is the ratio of PHE resistance (RPHE) and AHE 
resistance (RAHE) and the  ±  sign is the magnetization direc-
tion  ±Z. The angular dependence of Hall resistance RH and 

the fitting curves in the temperature range of 50–300 K are 
shown in figure 3(a), where an in-plane magnetic field of 5 T 
is applied to saturate the magnetization. RPHE is obtained by 

the fitting equation: RH = 1
2 RAHE cos θ +

1
2 RPHEsin

2θ sin 2ϕ. 

Here, the fitting parameter θ  =  87° indicates a small misalign-
ment between the sample plane and the applied magnetic field. 
The extracted ratio r in the temperature range of 50–300 K is 
shown in figure 3(b). H1

DL and H1
FL at 300 K are plotted as a 

function of current density jc in figures 3(c) and (d), respec-
tively. H1

DL and H1
FL are both linear with jc, indicating that the 

Joule heating and other non-linear effects can be negligible. 
At 300 K, H1

DL (βDL) and H1
FL (βFL) per unit current density 

are 4.8  ×  10−6 and 2.1  ×  10−6 Oe (A cm−2)−1, respectively. 
Although both the Rashba effect and SHE contribute two 
effective fields, the mechanisms behind them are different. 
The Rashba effect generally contributes a larger HFL than 
HDL by analyzing drift-diffusion [28], while SHE contributes 
a larger HDL than HFL due to the absorption of the transverse 
polarized spin current [23]. Interestingly, in our Pt/Co/Pt het-
erojunction, HDL is twice as large as HFL, which contrasts with 
the previous results of asymmetrical structure where HDL is 

Figure 1. (a) Measurement configuration and schematic of a Ta/Pt/Co/Pt/AlOx multilayer. The zoomed-in area shows that spin current is 
injected from top and bottom Pt layers and then switches the Co magnetization. The measured RH curves when Hext is fixed in the (b)  +z 
direction and (c)  +x direction. Magnetization switching characterized by RH for (d) Hx  =  500 Oe and (e) Hx  =  −500 Oe when temperature 
is changed from 50 to 300 K.
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usually much smaller than HFL [21]. Thus, the Rashba effect 
is indeed reduced due to our Pt/Co/Pt heterojunction, in con-
sistency with the previous work of the similar heterojunction 
Pt/Co/Pt [29].

In order to further study the origin of SOTs in Pt/Co/Pt 
heterojunction, the temperature dependences of HDL and HFL 
per unit current density (βDL  =  HDL/Jc and βFL  =  HFL/Jc) are 
summarized in figures 4(a) and (b), respectively. The results 

Figure 2. The first harmonic voltages V1ω versus in-plane (a) longitudinal magnetic field Hx and (b) transverse magnetic field Hy at 300 K. 
The second harmonic voltages V2ω versus in-plane (c) longitudinal magnetic field Hx and (d) transverse magnetic field Hy at 300 K. The 
hollow black and red symbols correspond to  +Mz and  −Mz magnetized states, respectively. The solid lines stand for the fitting results.

Figure 3. (a) Hall resistance RH as a function of angle ϕ in the temperature range from 50 to 300 K. The solid line is a fit to obtain the 
planar Hall resistance RPHE. (b) The correction factor r as a function of temperature from 50 to 300 K. (c) Damping-like effective field H1

DL 
as a function of Jc at 300 K. (d) Field-like effective field H1

FL as a function of Jc at 300 K.
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show that both types of SOTs are affected by the temperature, 
but present opposite behaviors. With increasing temperature, 
βDL increases, but βFL decreases. The opposite temperature 
dependence of βDL and βFL indicates two different underlying 
mechanisms. Owing to the similar Pt/Co/Pt interface, the 
Rashba effect is reduced. Given that the damping-like torque 
originates from the SHE, the relation between HDL and effective 
SOTs efficiencies ξSH is given by ξSH  =  Js/Jc  =  2|e|MstFHDL/
(ћJc), where e is the elementary charge, tF is the thickness 
of the ferromagnetic layer, ћ is the reduced Planck constant, 
and Ms is the saturation magnetization of Cobalt (figure 4(c)). 
Figure  4(d) shows that the effective SOTs efficiencies ξSH 
increase with the increasing temperature. The value of ξSH is 
around 0.15 at 300 K, which is consistent with the reported 
value of 0.06–0.19 [12, 30–32]. The damping-like torque not 
only depends on the spin Hall torque efficiency (ξSH), but also 
is affected by the saturation magnetization (Ms). In the frame-
work of the SHE, which is considered as the main source of 
the damping-like torque and of the conventional spin transfer 
theory in ferromagnets, the damping-like effective field HDL is 
usually described by the formula [33]:

HDL

jc
=

�
2 |e| tF

1
Ms

ξSH. (3)

In Pt/GdFeCo bilayers, owing to the strong temperature-
dependent Ms from ferrimagnet GdFeCo, HDL/Jc and 1/Ms 
have been confirmed to have a nice linear relationship [34]. 
Because in our results Ms decreases with increasing the 
temper ature, it is necessary to distinguish the contributions 
of 1/Ms and ξSH to the damping-like effective field HDL. 
When the temperature increases from 50 to 300 K, the rela-
tive variation ratio of HDL/Jc reaches 27.37%, but 1/Ms is only 
increased to 9.01%. This indicates that the increasing of ξSH 

plays a dominant role for the temperature dependence on the 
damping-like effective field.

The fact that ξSH increases with increasing temperature can 
be explained by the temperature dependence of ρPt  and the 
magnetic proximity effect [35, 36]. In perpendicularly mag-
netized Pt/Co bilayers, Nguyen et al have reported that ξSH per 
unit current density is enhanced by an increase in ρPt , which is 
consistent with an intrinsic SHE mechanism [35]. This effect 
could be used to understand our result. When the temperature 
increases from 50 K to 300 K, in our Pt/Co/Pt heterojunction 
ρPt  almost linearly increases from 47.9 µΩ cm to 63.3 µΩ 
cm. The increased ρPt  will induce an increase of ξSH, which 
is consistent with our results. Moreover, ξSH is also related 
to the temperature-dependent magnetic proximity effect [36]. 
The increase of ξSH would be also ascribed to the reduced 
proximity-induced magnetic moments with the increasing 
temperature.

In conventional quantum system, because the potential 
profile becomes clearer, the Rashba term corresponding to 
the field-like torque should increase with decreasing the 
temper ature. This could well explain our temperature depend-
ence of field-like torque. However, our result contrasts with 
the previous works, in which field-like torque increases with 
increasing the temperature. The opposite temperature depend-
ence of the field-like torque is related to the interfacial current. 
Within the scenario of interfacial Rashba torque, the increase 
of field-like torque could be attributed to an increase in bulk 
resistance upon an increase in temperature, thereby increasing 
the current flowing through the interface. This enhancement 
can therefore be accompanied by an increase in field-like 
torque. Because the Rashba effect is reduced in our Pt/Co/
Pt heterojunction, another possible origin of this field-like 
torque might be the presence of spin swapping. As suggested 

Figure 4. The temperature dependence of (a) βDL (damping-like effective field per unit current density), (b) βFL (field-like effective field 
per unit current density), (c) saturation magnetization of Co and (d) ξSH (spin Hall efficiency).
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in previous theories and experiments [37, 38], spin swap-
ping will decrease with increasing temperature, leading to a 
decrease in field-like torque. We emphasize that this explana-
tion remains speculative and requires further experiments to 
be able to confirm.

3. Conclusions

In summary, we have investigated the temperature dependence 
of spin–orbit torques in a Pt/Co/Pt heterojunction. Compared 
with the asymmetrical heterojunction, the damping-like torque 
of a Pt/Co/Pt heterojunction could be obviously influenced by 
temperature. The damping-like effective field increases with 
increasing temperature, indicating that the lower switching 
current density would be obtained under room or higher 
temper ature. Our results highlight the Pt/Co/Pt heterojunction 
as a very promising class of SOT device, operating in a high 
temperature range.
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