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In this study, we investigate the influence of strain on spin-orbit torque and current-induced magnetization switching
in Ta/Pt/Co/Ta heterostructures deposited on flexible polyimide substrates. By applying strain ranging from -12.5%o
(compressive) to 12.5%o (tensile), we observe that increasing the strain amplitude reduces coercivity and enhances
spin-orbit torque efficiency, collectively leading to a 28.6% reduction in switching current density. The lowest achieved
switching current density is 3.07 MA/cm?2. Our findings demonstrate strain-mediated tuning of spin-orbit torque and
underscore the potential of such heterostructures for flexible spintronic applications.
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Spin-orbit torque (SOT), originated from spin Hall effect
(SHE) in bulk non-magnet metal (NM) or Rashba-Edelstein
effect (REE) at the interface, allows effective electrical manip-
ulation of magnetization state in the ferromagnetic layer (FM),
with ultrafast speed and lower power consumption!~’. Fur-
thermore, the separated write path from the read path greatly
reduces the breakdown risk of tunnel barrier in the magnetic
tunnel junction (MTJ), and thus increases the device durabil-
ity of SOT-based magnetic random access memory3~'!.

In addition to the memory device, the last decade has also
witnessed the potential of SOT in other applications, such
as nano-oscilators!>'#, quantum computing!>!®, magnetic
sensors!72!, Nowadays, the wearable and flexible electronic
devices are becoming trendy and demanding®?~>>. The SOT-
based devices are also expected to fit in the application sce-
nario that requires flexibility. Therefore, it is important to in-
vestigate the SOT efficiency in conventional SOT stacks fab-
ricated on flexible substrates. Attempts have been made to
demonstrate the good repeatability of flexible SOT spin logic
device through 100 cycles of bending?®. In addition, spin-
transfer ferromagnetic resonance (ST-FMR) was employed to
characterize SOT efficiency of devices on flexible substrate,
from which enhanced SOT was observed after application of
tensile or compressive strain?’-?%. Notably, strain engineering
has been shown to significantly tune critical properties of spin
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devices, including exchange bias field?® , Gilbert damping°
, spin-orbit coupling®' and magnetic anisotropy>>3. Despite
these efforts, the research on flexible SOT-based devices is
still lacking, and detailed effect of strain (both tensile and
compressive) in SOT amplitude and current-induced switch-
ing is still to be understood.

In this work, we study the strain effect in magnetic property
and SOT of Ta/Pt/Co/Ta stacks deposited on polyimide sub-
strates. Compressive and tensile strains were applied on the
substrates with maximum curvature radius of 20 mm, corre-
sponding to strain of 12.5%eo. It is found that both compressive
and tensile strains lead to decrease of coercivity and anoma-
lous Hall resistance amplitude. On the other hand, damping-
like (DL) and field-like (FL) SOT efficiencies also exhibit
changes after the application of strain, though the influence in
SOT under compression strain is less prominent. By further
performing current-induced switching measurement, we ob-
served continuous reduction of critical current density as the
increase of applied strain, which corroborates well with the
AHE and SOT characterization results and can be attributed
to both the reduction in coercivity and enhancement of SOT.
The reduction reaches maximum 28.6% at a tensile strain of
12.5%0. Our study shows the great potential of SOT stacks to
be implemented in flexible device applications.

All the samples were grown on a 125-pum-thick flexible
polyimide substrate. The atomic force microscopy (AFM) test
showed that the roughness of the substrate was 0.79 nm (see
Fig. S2). Thin film stacks of Ta(1)/Pt(4)/Co(0.8)/Ta(6) were
deposited directly on the polyimide substrate using a mag-
netron sputtering system at room temperature (the numbers
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FIG. 1. (a) Schematic of the strain engineering process. The flexible substrate is fixed on a mold during film deposition and flattened to induce
strain in the magnetic film. (b) Schematic of configuration for electric measurement. Hall resistance as a function of (c) out-of-plane field H,

and (d) in-plane field Hx under varied strain from -12.5%o to 12.5%o.

in parentheses denote thickness in nanometers). The working
and base pressure are 7 mTorr and <1x10~% Torr. As illus-
trated in Fig. 1a, during the film deposition, the flexible sub-
strates were firstly bent and fixed onto self-made convex or
concave aluminum molds with diverse curvature radii. This
operation induces either compressive or tensile strains in the
thin films, which were then flattened by a self-assembled tool
kit and further attached to a solid substrate (see Supplemen-
tary Informaition S1 for more detailed design). The above
procedure is crucial as it enables the generation of the desired
strain conditions for the magnetic film’s subsequent perfor-
mance and property analysis. To facilitate the electrical mea-
surement, the films were subsequently patterned into Hall bars
using ultraviolet lithography followed by ion etching. The
size of the central squares of these Hall bars is 30 umx5 yum.
A Keithley 6221 source meter and a Keithley 2182 nanovolt-
meter were employed to apply the current and measure the
voltage during electrical measurement.

We firstly examined the thin film resistivity along the direc-
tion of applied strain. It was found that the resistance value

exhibited a nearly linear relationship with the strain from -
12.5%0 to +12.5%0 (see Supplementary Informaition S3). This
phenomenon can be attributed to the macroscopic deformation
of the resistor length, which corresponds to the lattice strain
in a microscopic picture. We further performed the anomalous
Hall effect (AHE) measurements at different applied strains to
study the magnetic property of the SOT stack on flexible sub-
strate (see Fig. 1b for measurement configuration). Figure 1c
shows the AHE resistances of the device as a function the out-
of-plane magnetic field at different strains. As can be seen,
the AHE loop of the device has clear hysteresis throughout the
strain range, indicating the SOT stack maintains good perpen-
dicular magnetic anisotropy(PMA) on polyimide substrate. In
addition, it also implies that the polyimide substrate allows
continuous ultrathin film deposition required for formation of
strong PMA.

Despite the clear hysteresis in PMA, we can find that the
strains affect the detailed shape of the AHE loop in the thin
film. Specifically, a larger strain leads to a reduction in both
the coercivity and the AHE amplitude. The latter can be at-
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FIG. 2. First and second harmonic Hall voltages as a function of (a) Hx and (b) Hy for Polyimide/Ta/Pt/Co/Ta at zero strain. The current
amplitude is 1 mA, corresponding to current density of around 2.82 x 10°A/cm?. (c)-(d) Extracted DL and FL SOT Effective fields Hpy and
Hpyy, of the sample at different strains, respectively. (e) SOT effective fields Hl’)L(FL> after the PHE correction. (f) Calculated spin Hall angle as

a function of strain.

tributed to both the thin film resistivity reduction and mag-
netization decrease, while the former may not be directly re-
lated to the PMA strength. To further investigate the strain
effect on the perpendicular anisotropy, we also performed
AHE measurement under the in-plane magnetic field along
x-axis. The field is slightly titled towards the out-of-plane di-
rection with tilt angle of 3 - 5° to assist complete switching
of the magnetic domains. The coercivity here can be eas-
ily affected by the slight variation of tilt angle and domain
wall nucleation-propagation process. Therefore, it may not
follow the same Hc-strain relationship as the one shown in
Fig. lc. From the curvature of AHE loop obtained under in-
plane magnetic field as shown in Fig. 1d, we could estimate
the effective anisotropy field Hy ot via fitting. The detailed
fitting procedure can be found in the Supplementary Infor-
maition S4. Overall, strain leads to a noticeable reduction in
coercivity and magnetization, the strength of PMA remains a
similar level, which shows no clear dependence on the strain.
These findings are further corroborated by vibrating sample
magnetometer (VSM) measurements (see Fig. S5). Co thin
film has a relatively large negative magnetoelastic constant
of —7><10’5,34 and therefore the in-plane strain would affect
the magnetic property theoretically. Such effect may be less
prominent for ultrathin Co films used in our study due to its
polycrystalline structure with smaller magnetoelastic constant
than that of single crystalline Co. In addition, such effect may
be mainly shown on magnetization and coercivity, which how-

ever becomes negligible on the anisotropy strength. This may
be due to the fact that the PMA in the structure originates from
the electronic band hybridization of Pt and Co at the interface,
and the strain within the range of +12.5%o does not cause evi-
dent degradation of the interface.

Thereafter, We performed harmonic Hall voltage measure-
ments to characterize SOT for the above thin film. Putting
aside the detailed origin, there are generally two types of SOT
in a magnetic heterostructure - field-like SOT and damph%—
like SOT. The direction of former is given by 7 g o< & X nf,
while the latter has a direction along 7 pp o 7 X (6 x ),
where 6 and 7 represent spin polarization of the spin cur-
rent and magnetization direction of the FM layer, respectively.
From the above relationships, the DL SOT and FL SOT have
different symmetry with respect to the magnetization. The
corresponding effective field of DL SOT, Hpr,, depends on the
magnetization direction, whereas the effective FLL SOT field
Hpp, does not change direction with magnetization. During
harmonic Hall voltage measurements, an ac current /ac with
fixed frequency of 133 Hz and varied amplitude is applied to
the long axis of Hall bar. The first and second harmonic Hall
voltages are measured simultaneously by a lock-in amplifier,
as a function of the in-plane magnetic field Hy (for DL SOT)
or Hy (for FL. SOT) sweeping between -1000 Oe and 1000
Oe back and forth. The impedance mismatch/capacitive cou-
pling and thermal effects during measurements are negligible
due to the low frequency and small amplitude of current used,



respectively.

Figure 2 a,b show the first and second harmonic Hall volt-
ages (Vp and V24) versus in-plane field Hy and Hy for poly-
imide/Ta/Pt/Co/Ta stacks without applied strain, respectively.
As can be seen, the first harmonic voltage shows a parabolic
shape with the in-plane field, while the second harmonic volt-
age is linear with the in-plane field. The values of Hp, and
Hpy, can be then extracted by fitting the curves in the small
magnetic field range using the following equation:

2y 2
d w/dHX(y)

Hpy L) = —

The extracted Hpr, and Hpp, at different current density is
shown in Fig. S6, from which we could further obtain the
SOT effective field per current density Hpy,/J and Hgr./J. By
applying strain to the sample and repeating the above SOT
characterization at varied strain, we find that the Hpi /J en-
hances as the increase of tensile strain, though the enhance-
ment of Hpy,/J under compression strain is less evident com-
pared with the tensile strain case (Fig. 2c). As for Hgy /J, it
decreases at either compression or tensile strain. Considering
the possible deviation induced by the planar Hall effect (PHE)
during harmonic SOT characterization, we further added PHE
correction for SOT value extraction by employing the equa-
tion,

Hpy (kL) + 28 HeL(DL)
H],)L(FL) = =482 (2)

where the H]’)L(FL) is the DL (FL) SOT effective field after

the correction, the ratio of AHE and PHE resistance change
& = ARp/ARy is determined to be 0.28 (see Supplementary
Information S7). The relatively large & value in our samples
can lead to non-negligible underestimation of SOT. The SOT
effective fields per current density after PHE-correction are
plotted in Fig. 2e, from which we can find that the SOT sig-
nificantly improves after the tensile strain is applied, while the
effect of compressive strain on SOT is nearly negligible.
With the extracted SOT effective field, we further calcu-
lated the spin Hall angle Osy using the expression Osy =

%Mst#, where e is the electron charge, 7 is the planck
constant, M is the saturation magnetization of the sample
at different strains. It should be noted that the AHE resis-
tance values AR also changes after the strain is applied, as
shown in Fig. 1c. Considering that the AR scales with the
perpendicular component of the saturation magnetization,
the AHE resistance decrease as the strain increases can be
caused by the magnetization reduction due to the magne-
tostrictive effect. Thereafter, we used the saturation magne-
tization M, obtained from the VSM measurement at zero
strain as the reference, and estimated the saturation magne-
tization My of the sample at different strains using the rela-
tionship of My = M;0ARA/ARA o, where ARp o is the AHE
resistance change at zero strain. By taking the estimated M;
into the above equation, we could obtain the spin Hall angle
at varied strain. As shown in Fig. 2f, similar as the trend for
SOT, the spin Hall angle greatly increases as the increase of

tensile strain, while the compressive strain has very limited
effect on its level. In addition, the relatively high sy value in
our study can be ascribed to the presence of Pt and Ta layers
with opposite spin hall angle at the two sides of ferromagnetic
layer, and therefore the spin currents from the two layers will
add up.

The observed enhancement of spin Hall angle under tensile
strain may result from the combined action of the bulk ef-
fect and the interface effect due to Pt, Ta lattice deformation.
Theoretical study has reported that the tensile strain is able to
induce a large Rashba spin splitting at the valence band max-
imum of the 2D GeTe monolayer, leading to a large Rashba
coefficient of up to 1.98 eVA3®. This study further pointed out
that the detailed origin of the Rashba effect can be from the
enhanced vertical potential gradient due to the out-of-plane
orbital component induced by tensile strain. Importantly, an
earlier experimental study also found that the interface/surface
vertical potential gradient can bring about strong Rashba ef-
fect, further increasing the SOT in the HM/FM system37. On
the other hand, from the first-principle calculations, the com-
pression strain does not have such effect on band structure,
and thus does not lead to enhanced Rashba effect. The above
observation is consistent with our results. The strain effect
on Rashba spin splitting may also apply to the HM/FM het-
erostructures, which well account for the observed enhance-
ment of spin Hall angle under tensile strain in our study. Fur-
ther study is required to calculate the strain effect on Rashba
effect in HM/FM interface. In addition, as aforementioned,
we do not rule out the possible contribution from bulk ef-
fects such as SHE and orbital Hall effect (OHE) due to ten-
sile strain. In future study, one may employ non-local lat-
eral spin valve transport® | X-ray magnetic circular dichroism
(XMCD)* , or spatially resolved magneto-optic Kerr effect
(MOKE) measurements**#! to directly probe spin or orbital
current generation at different strains, and further disentangle
the contribution from bulk and interface effects.

Next, we proceeded to the current-induced switching mea-
surement, in which a pulsed current (Iy1s) With pulse width
of 100 us and varied amplitude from -20 mA to 20 mA are in-
jected in the longitudinal direction of the Hall bar. Following
each pulse, the Hall voltage was measured with a small read-
ing current of 200 uA. A fixed in-plane auxiliary field (Hy)
is applied along the current direction during each measure-
ment to break the symmetry. Figure 3a shows current-induced
switching loops of the polyimide/Ta/Pt/Co/Ta at different in-
plane auxiliary field with zero strain (left panel) and 12.5%o
strain (right panel). Deterministic switching was observed for
both cases - the switching polarity reverses as the direction
of either the current or in-plane field reverses. The switching
symmetry is consistent with previous observed SOT-induced
perpendicular magnetization switching for Pt/Co stacks. The
switching amplitude is nearly zero when the in-plane field is
absent, which gradually increases as the field increases and
eventually reaches a saturated level. Additionally, we also ob-
served evident current-induced switching for the sample under
the MOKE microscope, with the switching polarity consis-
tent with electrical measurement. The smaller contrast in the
MOKE images exhibited in sample under high tensile strain
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FIG. 3. (a) Current-induced switching loops of Polyimide/Ta/Pt/Co/Ta structure at strain level of 0 and +12.5%o, with various in-plane auxiliary

field from -1000 Oe to 1000 Oe. (b) MOKE images of the sample

with strains of 0 and +12.5%o at in-plane auxiliary field of 1000 Oe.(c)

Extracted critical current density and coercivity from current-induced and field-induced switching loops for the sample at varied strains.

might be related to the reduced switching ratio. Under large
strain and in-plane magnetic field, magnetic domains tend to
remain in a multi - domain state.

We further extracted the switching current density J.. at each
strain under an in-plane magnetic field of 1000 Oe and plot-
ted in Fig. 3c. For specific switching curves at varied strains,
one can refer to Fig. S11. Since the strain affects the co-
ercivity of the sample, which may in turn affect the critical
current density in current-induced switching, we also plotted
the coercivity as a function of strain together. Clearly, both the
compressive and tensile strain can lead to evident reduction in
the critical current density. Additionally, we can also observe
a good correlation between J; and coercivity. In the case of
tensile strain, J. drops by 28.6% from 4.30 x10°A /cm? to
3.07 x10%A /cm? as the strain increases to +12.5%c, accom-
panied by 58.4% reduction in coercivity of AHE loop. On the
other hand, under compressive strain, the coercivity decreases
by 49.6% and J, decreases by 17.5%. The larger reduction of
critical current density under tensile strain than the compres-
sive strain case can be attributed to the enhanced spin Hall
angle as discussed above. It should also be noted that the ther-
mal effect should also play a role in assisting the switching
(see Supplementary Information S9 for details), which should
not vary significantly at different strains and therefore will not
affect the analysis of strain effect on SOT and switching.

In summary, we studied the strain effect on spin-charge

conversion efficiency in Ta/Pt/Co/Ta thin film deposited on
flexible polyimide substrate. It is found that the tensile strain
leads to enhanced spin Hall angle by 69% within the applied
strain range, while compression strain has negligible effect on
the SOT efficiency of the thin film. We further demonstrated
electrical manipulation of perpendicular magnetization state
of the stack, and observed reduced critical current density at
both compression and tensile strain, which can be largely at-
tributed to the reduced coercivity. Under tensile strain, due to
enhanced spin Hall angle, such reduction is even more evident
with a 28.6% reduction of switching current density at strain
level of +12.5%o. Our work not only unveils the positive effect
of tensile strain in promoting SOT generation, but also high-
lights the potential of the SOT-based spintronic devices to be
employed in flexible and wearable application scenarios.
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