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ABSTRACT: Spin-orbit torque (SOT)-based flexible devices have
been proved to be promising candidates for wearable technology
and artificial intelligence. However, there is still a blank for the
bending sensitive SOT devices, which hampers the applications
of flexible spintronic devices. Here we report a bending strain-
mediated perpendicular magnetic anisotropy (PMA) and current-
induced magnetization switching in Kapton/polyimide/Ta/Pt/Co/Pt
ferromagnetic heterostructures. The coercivity of anomalous Hall
effect loop increases about 15% under a tensile strain of about
1.35%. Moreover, the critical current density (J.) gradually
decreases with increasing of the tensile strain, and the magnitude
of J, reduces about 7.6% under 1.35% tensile strain. It is notable
that the Hall resistance can be reversible modulated by tensile
strain. These strain sensitive behaviors can be attributed to the
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mechanical strain from the flexible substrates. This study paves the way for future train sensors and low energy

consumption logic-in memory basing on mechanical strain.

KEYWORDS: spin-orbit torque, anomalous Hall effect, flexible electronics, mechanical strain

1 Introduction

Recently, flexible spintronic devices have garnered significant
attention due to their deformable and lightweight characteristics
which are suitable for wearable applications [1-5]. Especially,
perpendicular magnetic anisotropy (PMA) and current-induced
magnetization switching via spin-orbit torques (SOT) have
emerged as key topics of interest, owing to their potential
applications in flexible spintronic devices [6—12]. Spintronic devices
with PMA have great advantages over those with in-plane
anisotropy due to their higher storage density and thermal stability
[6, 13]. SOT-based magnetization switching can also be realized in
the devices with PMA. SOT-based magnetic random-access
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memory (SOT-MRAM) has many advantages including low power
dissipation and high storage density, which make it desirable for
flexible applications [14—17]. To date, researchers have attempted
several  possibilities ~ of  integrating  flexibility  into
ferromagnetic/heavy metal (FM/HM) systems. Researchers have
put great efforts on the strain tunable magnetic properties of
magnetic thin films. In 2020, Zhang et al. reported that an emergent
Dzyaloshinskii-Moriya interaction can be achieved in a
centrosymmetric material, La,,Sr;,MnOs, by a graded strain [18].
In 2024, Jun et al. demonstrated the relationship between the strain
and orbital magnetic moment in an interfacial multiferroic system
with a giant magnetoelectric effect [19]. In 2021, Wen Siang Lew et
al. demonstrated that the Pt/Co bilayer grown on flexible Kapton
substrate showed a 45% increase of spin Hall efficiency under
mechanical strain. Moreover, the enhancement can be preserved
about 78% even after the strain was removed [20]. Researchers have
also tried to study the SOT effect in flexible devices. In 2015, Lee et
al. realized the SOT induced magnetization switching in
Pt/Co/MgO heterostructure on flexible polyethylene naphthalate
substrate, demonstrating the stability of the Pt/Co/MgO system
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under strain [11]. According to these studies, SOT-induced
magnetization switching is sensitive to the magnetization states of
the FM layer which has also been demonstrated tunable by strain.
Therefore, it is reasonable to expect that the SOT behaviors can be
modulated by strain. In 2020, the SOT-driven magnetization
switching ratio was demonstrated to be tunable by the in-plane
strain on piezoelectric substrate [21]. However, the modulation on
current-induced magnetization switching of flexible devices under
bending strain is still in its infancy. It is necessary to reveal how the
SOT behavior of flexible devices responds to bending strain state,
which is crucial for strain sensors, especially in wearable
applications.

In this work, we study bending tensile strain mediated PMA and
SOT-based current-induced magnetization  switching in
Kapton/polyimide (PI)/Ta/Pt/Co/Pt multilayers. It was found that
the magnetic anisotropy of the ferromagnetic layer can be
controlled by the mechanical strain. Furthermore, the critical
current density (J.) of current-induced magnetization switching can
also be modified by tensile strain, which performs a promotion
effect of the strain on SOT behavior.

2 Results and discussion

The flexible device was schematically illustrated in Figs. 1(a)-1(c)
and the stacking structure of Kapton/PI/Ta (1)/Pt (3)/Co (1.5)/Pt
(1) (thickness in nm) was shown in Fig. 1(d). The surface of Kapton
substrates was optimized by coating a PI layer. Since the surface of
flexible substrates usually cannot satisfy the requirements of
spintronic devices, the PI coated Kapton possesses the following
advantages. First, bending cycle experiments show that the devices
fabricated on the Kapton/PI will neither detach nor crack during
the strain application process (Fig. S1 of in the Electronic
Supplementary Material (ESM)). Second, the roughness of Kapton
surface can be greatly decrease. As shown in Fig. 1(e), the root
mean square roughness (R;) of the Kapton substrate without a PI
layer is measured to be about 0.98 nm by the atomic force
microscope (AFM). After coating a thin PI layer, the R, of the
Kapton/PI film can even reach 0.56 nm, as shown in Fig. 1(f),
which is comparable to most rigid substrates for spintronic devices.
For spintronic devices, the contact between the function layer and
the substrate greatly influences their behaviors. The large roughness
of traditional flexible substrates might be the reason for the failure
of the devices and their modulation. We have measured the AFM
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and Ry-I loop of Kapton/Ta (1 nm)/Pt (3 nm)/Co (1.5 nm)/Pt
(1 nm) structure. As shown in Figs. S2 and S3 in the ESM, it can be
concluded that the spin-coated PI layer is a key factor for the good
device performance in this study. So, the coated PI layer is a key
factor for the device performance in this study. Finally, when we
use the photolithography technique to fabricate Hall bar devices as
shown in Fig. 1(c), no crack appears on the surface of the substrate.
The flat and bending states photographs of the flexible spintronic
devices after various bending cycles are shown in Fig. 1(g), which
demonstrates the excellent flexibility.

Before the study of strain-controlled magnetization switching, it
is necessary to confirm the magnetic properties of the as-deposited
Kapton/PI/Ta/Pt/Co/Pt heterostructure. The thickness of the
magnetic layer is optimized first to ensure the strain sensitivity of
the stacking structure in the following strain engineering of the
flexible Hall bar devices. The typical thickness of the Co layer with
strong PMA is 0.8 to 1.4 nm [22]. Therefore, the Co thickness is set
to 1.0 and 1.5 nm, respectively. Figure S2 in the ESM and Fig. 2(b)
show the out-of-plane and in-plane hysteresis (M-H) loops of the
Kapton/PI/Ta/Pt/Co (1.0)/Pt and Kapton/PI/Ta/Pt/Co (1.5)/Pt
multilayers, respectively. The difference of the out-of-plane and in-
plane magnetization M-H loops clearly indicates the PMA of both
samples. The effective magnetic anisotropy field (H,) is estimated to
be about 1497 and 1214 Oe for the samples with 1.0 and 1.5 nm Co
layer [23, 24]. Therefore, the PMA of 1.0 nm Co layer sample is
stronger than that of 1.5 nm. And the two groups of samples were
prepared for the following SOT measurements.

Spin transport properties were characterized by anomalous Hall
effect (AHE) [25] and SOT measurements, which geometry is
schematical illustrated in Fig. 2(a). Figure 2(c) shows the Ry—H loop
of anomalous Hall resistance (Ry) variation versus magnetic field
for the flexible sample. A direct current Iy. = 100 pA was applied
along x-direction of the Hall bar device, and a magnetic field (H,)
was applied perpendicular to Hall bar device with a step of 50 Oe.
The AHE loop exhibits squareness with a coercivity of about
382 Oe. The SOT induced magnetization switching of the flexible
device at as-prepared state was measured under an in-plane field
(H,) of £300 Oe with a pulse current I = +11 mA applied along x-
direction of the Hall bar device. Figures 2(d) and 2(e) present the
Ry variation as a function of the pulse current. The magnetization is
switched from +m, (up) to —m, (down) under the H, = +300 Oe
when sweeping the pulse current from negative to positive. And the
magnetization is switched back to +m, when sweeping the current
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Figure1 (a)-(c) Schematic diagram of the fabrication process of flexible spintronic devices. (d) The stacking structure of the Hall bar. (¢) AFM image of Kapton
substrate. (f) AFM image of Kapton/PI surface. (g) Images of the flexible devices at flat and bending states.
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Figure2 (a) Schematic geometry of the AHE measurement. (b) In-plane and out-of-plane hysteresis loops of the Kapton/PI/Ta (1)/Pt (3)/Co (1.5)/Pt (1) multilayer. (c)
The AHE loop of the Kapton/PI/Ta (1)/Pt (3)/Co (1.5)/Pt (1) Hall bar. (d) and (e) The SOT induced magnetization switching loops under the flat condition with an in-

plane magnetic field H, = 300 Oe.

from positive to negative. Under the H, = —300 Oe, the opposite
switching behavior can be observed. According to the Ry—Iloops, J.
is calculated to be about 9.2 x 10 A-m™ And the magnetization
switching ratio is estimated to be about 98% by using ARy/Ry,
where ARy is the change of anomalous Hall resistance. As for the
device with a Co layer of 1.0 nm, the magnetization state can also
be switched similarly. However, its ARy is insensitive to strain in the
following bending state SOT attempts (Fig. S3 in the ESM). This
might be explained by the PMA strength of the heterostructures.
The orbital moment of the sample with 1.0 nm Co layer is stable in
out-of-plane direction due to the strong PMA. However, the orbital
moment of the other sample is close to the magnetic anisotropic
transition area of the multilayers [26, 27], which can respond to
strain easily and lead to effective regulations. This has also been
demonstrated in our previous in-plane strain modulated SOT
device [21]. Considering the magnetization switching behavior of
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the device with 1.5 nm Co layer, we fixed the Co layer as 1.5 nm in
the following strain modulation measurements.

To understand the process of the SOT induced magnetization
switching on the flexible substrate, we tried to directly observe the
magnetic domain motion process of the device during
magnetization switching by Magnetic Optical Kerr Effect (MOKE)
measurements. A perpendicular saturation magnetic field (H,) was
applied to align the magnetic moments along the —z direction
before the measurement. Then H, was removed and an in-plane
magnetic field of about £300 Oe was applied. Next, as schematically
illustrated in Fig. 3(a), a pulse current of +11 mA was applied
through the Hall bar to generate SOT, and the nucleation and
expansion of domain in the magnetic layer were recorded [28-31],
as shown in Figs. 3(b)-3(e). When a pulse current of +11 mA was
applied, partial domains of the Hall bar area changed from gray to
white, indicating the magnetization switching from —m, to +m,
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(a)

Probe laser

Figure3 (a) Schematic illustration of the MOKE measurement. (b)-(e) A series of typical MOKE images showing current-induced domain nucleation and expansion
process of the Kapton/PI/Ta/Pt/Co/Pt sample by applying a pulse current. The pulse current is set to 11 and —11 mA for (c)—(e), respectively. The gray and white contrasts

correspond to the —, and +m, states, respectively.

direction. On applying two more current pulses, the magnetization
of the whole Hall bar current channel is switched to +m, direction.
When applied one current pulse of —11 mA, the whole current
channel changed to gray, which means the magnetization reversal
from the +m, to —m, direction, as shown in Fig. 3(e). According to
the MOKE images, the magnetization switching ratio of the as-
prepared Hall bar is almost 100%. Moreover, MOKE results
provide intuitively evidence for the dominant role of the SOT effect
in the magnetization switching process [32, 33].

Since the Kapton/PI-based SOT device has been proved to be a
desirable candidate for flexible SOT devices, we further studied the
bending strain effect on the transport property. The SOT loops of
Kapton/PI/Ta/Pt/Co/Pt device were measured under uniaxial
tensile bending strain, where the strain direction is illustrated in the
inset of Fig. 4(a). The magnitude of the strain can be estimated by
&= T/2R [34], where R is the curvature radius of the device and T is
the total thickness. We use three molds with different curvature
radius to get the strain € approximately as 0.67%, 0.77% and 1.35%,
respectively. By using molds, uniform strain can be transferred
from the substrate to the thin film, since the thickness of the film is
very low in comparison to the substrate. As shown in Fig. 4(a), the
multilayer takes on a PMA character based on the results of the
Ry—H loops under different strain conditions. The results show that
the PMA is enhanced as the strain increases. Similar changes of
magnetic anisotropy due to external strain have also been reported
previously [20]. These phenomena could be explained by the
inverse magnetostriction effect. For the Kapton/PI/Ta/Pt/Co/Pt
PMA heterostructure, the tensile strain will enhance the PMA due
the negative magnetostriction coefficient of cobalt [10, 35].
Moreover, according to the results of Ry—H loops, H. increases
from 323 to 382 Oe when the tensile strain increases from 0 to
1.35%. The rate of change in H, is as high as 15%. The values of H,
are extracted from the Ry—H loops under different magnitude of
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the strain and is presented in Fig. 4(d). It was found that the H,
variation almost takes on a linear trend. Such behavior can be
explained as the strength of strain induced anisotropy is significant
over the interfacial anisotropy [36, 37]. The Ry-I loops were
measured using a pulse current under a magnetic field H, =
+300 Oe with applying different tensile strain, as presented in Figs.
4(b) and 4(c). The Ry-I loops show obvious change for both J. and
ARy;. J. decreases from 9.2 x 10" to 8.5 x 10° A-m™ when the tensile
strain increases from 0 to 1.35%. The rate of change in J. is about
7.6%. The values of J. are extracted from the Ry-I loops under
different magnitude of the strain and is presented in Fig. 4(e). It can
be found that the J, variation almost takes on a linear trend. Such
behavior can be explained as follows. J. is determined by Eq. (1)
(21]

_ szstFM (Hk Hx> (1)

l=% "0, \2 "2

where e is the elementary charge, i denotes the Dirac constant, fzy
is the thickness of the Co layer, 6 is the spin hall angle, M; is the
saturated magnetization, H, is the external field along the direction
of current, and Hy represents the anisotropy field. According to the
study of Wong et al. [9], in the Pt/Co system, the spin Hall angle
By increases monotonically with tensile strain. Due to the intrinsic
properties of non-alloyed metals, the intrinsic scattering
contribution in Pt predominates. However, when tensile strain is
introduced, the extrinsic contribution from skew scattering
increases, leading to an enhancement of Ogy. This conclusion
provides a robust explanation for the observed reduction in J
measured in our experiments. Moreover, as shown in Figs. 4(b) and
4(c), there is also obvious ARy changes between the Ry—I loops
measured at different bending states. ARy decreases from 2.23 to
1.81 Q when the tensile strain increases from 0 to 1.35%. The values
of ARy; extracted from the Ry—I loops under different magnitude of

@ i1 g | Sci®@pen


https://www.sciopen.com/article/10.26599/NR.2025.94907066
https://www.sciopen.com/article/10.26599/NR.2025.94907066
https://www.sciopen.com/article/10.26599/NR.2025.94907066
https://www.sciopen.com/article/10.26599/NR.2025.94907066
https://www.sciopen.com/article/10.26599/NR.2025.94907066
https://www.sciopen.com/article/10.26599/NR.2025.94907066
https://www.sciopen.com/article/10.26599/NR.2025.94907066
https://www.sciopen.com/article/10.26599/NR.2025.94907066

Nano Research | Vol. 18, No. 1 Lietal.
2.0 2.0 v+ 2.0 £
(a) —0.00% (b) L5 | H,=300 Oe (c) 15
5P 0.67% St St . i
1LOF—0.77% 1.0F 10} P00
_ asp 13w Y , Losp f  we
<) <) : —+0.00% S e [ o071 T
= 0o} = 0OF 3 0.67% | = r 135% il
= -0.5F & 054 :’ >—0.77% e & -0.5p 3 34
% 135% ) it X 4
“10} bara alf 1 o ol 10} e T A
Lor pos | TJ‘§'— = i A AR 1.0 R RS
-1.5pk - -1.5F a7 -1.5p @
-2.0 . . : 20 ) — R 20 " s i
<1000 -500 0 500 1000 <0.015 -0.010 ~0.005 ~ 0.005 0.010 0.015  -0.015 —0.010 -0.005 ~ 0.005 0.010 0.015
I(A
d H (Oe) (e) 94 I(A) (f) - (A)
C o3}
— 9.2k % 22F
‘E 91p i
gseo < 9o} * a21f
= 2 89F ~.«=2 o
) Y < 88} : )
340 ‘U’ 87k 38
~ K13
86}
320 8.5p * 18}

0.0 0.2 04 06 08 1.0 1.2 14
£ (%)

] S N S S S
0.0 0.2 04 06 08 10 1.2 14

0.0 02 04 06 08 10 1.2 14

£ (%) £ (%)

Figure4 (a) The AHE loops of the Hall bar measured under different strain conditions. (b) and (c) Ry—I loops of the Hall bar measured under different strain conditions
and in-plane magnetic fields H, = 300 Oe, respectively. (d)-(f) The variations of H,, . and ARy; versus tensile strain.

the strain is presented in Fig. 4(f). According to the fitting results,
the ARy also exhibits predominantly linear dependence on the
tensile strain. The resistance changes can be explained by domain
wall motion. Under the tensile strain state, the propagation of
domains is hindered and the growth of domains is prevented,
causing the smaller switching ratio under an external magnetic
field. Magnetization reversal along with domain nucleation also
requires a larger magnetic field under tensile strain due to the
increase in overall energy barrier [36]. When the device is back to
flat state, the domains are not affected by strain and the required
magnetization switching field recovers to the initial value.
Consequently, the device achieves fully switching ratio compared to
that of the strained state. As a result, the Hall resistance of the
device can be controlled by the tensile strain.

Basing on the tensile strain modulation results, we carried out
experiments to study the performance of the device serving as SOT-
based strain sensors. The Kapton/PI/Ta/Pt/Co/Pt Hall bar device
was pasted on finger joint to monitor the action of finger via strain
state. Figure 5 shows the operation dependent Hall resistance of the
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Figure5 Ry measured by using a read current of 100 pA after the magnetization
switching driven by a pulse current of £11 mA at the flat and 1.35% tensile strain
states, together with the schematic illustrations and images of measurements.
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strain sensor, together with the schematic illustrations and images
of operations. At each flat and bending state, the Hall resistance was
recorded for 20 times and then the magnetization was switched by
pulse current under 300 Oe. In each bending cycle, the finger joint
was bent to the same angle and then released after holding for 5 s. It
can be seen that the Hall resistance is stable at each strain state and
is sensitive to the bending action. When the tensile strain increases
to 1.35%, ARy decreases by 19%. Moreover, the resistance can be
quickly restored to its original value after strain releasing during the
repeated bending/releasing cycles. According to the strain response
performance, the Kapton/PI-based SOT device is capable of serving
as data storage device and strain sensors in flexible applications with
low power consumption.

3 Conclusions

In this study, we present an effective strain-controlled flexible SOT
device on Kapton substrate coated with PIL It is demonstrated that
the tensile strain plays an essential role in manipulating the SOT-
induced magnetization switching. The coercivity of Pt/Co bilayer
can be increased about 15% by a tensile strain of 1.35%. Meanwhile,
the J. decreases about 7.6% under 1.35% tensile strain. The flexible
SOT-based device is successfully applied as a strain sensor on finger
joint and performs good sensitivity to finger actions. Therefore, the
Kapton/PI based device is a kind of promising candidate for power-
efficient and flexible spintronics devices through mechanical strain
engineering, which will accelerate the development of the flexible
data storage devices and strain sensors.

4 Methods

Sample preparation: The PI solution was dropped on Kapton
surface and spin coated at 5000 rpm. After spin-coating, the PI film
was baked at 200 °C for 5 h on a hot plate followed by annealing at
300 °C for 30 min under normal atmospheric conditions. Then,
Ta/Pt/Co/Pt multilayers were deposited by magnetron sputtering at
room temperature. The base pressure was better than 1 x 10° Pa.
During the deposition, the Ar pressure was maintained at 0.5 Pa.
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The multilayer was then patterned into Hall bars with dimensions
of 10 pm x 20 pm by using standard photolithography and an Ar
ion milling technique.

Characterization: The surface roughness of the multilayers was
measured by AFM (Bruker, ICON). The magnetic properties of the
multilayers were measured using a vibrating sample magnetometer
(VSM, Quantum Design, Versalab). MOKE microscope
(Magvision Kerr system) was used to observe the process of the
magnetization switching. The Ry—H and Ry—I loops were measured
in a physical property measurement system (PPMS, Quantum
Design, Dyna Cool) by using Keithley 2400 and 2182A systems.

Electronic Supplementary Material: Supplementary material (the
characterizations of Kapton/Ta (1 nm)/Pt (3 nm)/Co (¢t nm)/Pt
(1 nm) samples (¢ = 1.0, 1.5), detailed analysis of M-H loops, and
Ry—I loops under different tensile strain states) is available in the
online version of this article at https://doi.org/10.26599/NR.2025.
94907066.
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