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ABSTRACT

We propose the use of mechanical strain and mild annealing to achieve reversible modulation of spin-orbit torque (SOT) and Gilbert
damping parameter. X-ray diffraction results show that the residual spin-orbit torque enhancement and Gilbert damping reduction, due to
the post-mechanical strain treatment, can be reset using mild annealing to alleviate the internal strain. The spin Hall efficiency of the heat-
and strain-treated Pt/Co bilayer was characterized through spin-torque ferromagnetic resonance, and it was found that the device could
switch between the strain enhanced SOT and the pristine state. The Gilbert damping parameter behaves inversely with the spin Hall effi-
ciency, and therefore, strain can be used to easily tune the device switching current density by a factor of ~2 from its pristine state.
Furthermore, the resonance frequency of the Pt/Co bilayer could be tuned using purely mechanical strain, and from the endurance test, the
Pt/Co device can be reversibly manipulated over 10* cycles demonstrating its robustness as a flexible device.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056995

The ability to manipulate magnetization has helped the current-
induced spin-orbit torque (SOT) gather a considerable amount of
interest in recent decades.' ® SOT is induced by a pure spin current
that is generated as the result of a spin—orbit interaction when a charge
current passes through a non-magnetic metal.”” In heavy-metal/
ferromagnetic (HM/FM) heterostructures, the SOT is contributed by
two established phenomena: the spin Hall effect (SHE) in the HM
and/or the Rashba-Edelstein effect at the HM/FM interface.” "' The
spin Hall efficiency O is commonly used to quantify the performance
of this charge-to-spin conversion, and it is ideal to have a large O for
better energy-efficient memory. To date, most studies are concentrated
around HM with a strong spin-orbit coupling (SOC), such as Pt,
f-Ta, and f-W, topological insulators, and even antiferromagnetic
materials.” "

To further push the boundaries of the O, many efforts have
been devoted to manipulating the extrinsic contribution of the spin
Hall effect (SHE). Such works include alloying of the HM with lighter
conductive metals, usage of insertion layers within the HM and the
varying deposition condition of the HM, and many others.'” ** The
extrinsic SHE mechanism capitalizes on electron scattering caused by

impurities within the HM, and the two most prominent scattering
processes are skew scattering and side-jump scattering.”””® Although
the O can be easily enhanced through tuning the resistivity of the
HM, its manipulation after the device fabrication is irreversible.”” **
Among them, the use of mechanical strain is a promising candidate
not only for enhancing the 0.y but also for tuning it reversibly.””**
Previous works have demonstrated SOT enhancement with the use of
strain;”” however, the ability to revert the enhancement has yet to be
demonstrated and research is required to further develop the use of
mechanical strain into a feasible option for the manipulation of the
SOT.

In this work, we demonstrate the ability to manipulate the strain-
mediated SOT enhancement reversibly in Pt/Co using a combination
of mechanical strain and mild annealing. By annealing Pt/Co at mild
temperatures, the internal strain induced by mechanical tensile strain
is alleviated, and this has been confirmed using x-ray diffraction
(XRD). When the internal strain is removed, the device behaves simi-
larly to its pristine state making further manipulation of the device
possible. The generated spin current was characterized using the spin-
torque ferromagnetic resonance technique (ST-FMR), and the Gilbert
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damping parameter of Pt/Co was found to behave inversely with the
manipulated SOT. Furthermore, using the mechanical tensile strain,
the resonance field of Pt/Co devices can be tuned allowing for micro-
wave detection applications. These findings establish a unique tech-
nique to influence the strain-mediated SOT and have a considerable
contribution to the development of flexible spintronics devices.

The effects of tensile strain and mild annealing on the spin cur-
rent generation of Pt/Co bilayers are characterized using the spin-
torque ferromagnetic resonance (ST-FMR) measurement. The bilayer
Pt(5 nm)/Co(5 nm) films used in this study were deposited using mag-
netron sputtering onto unstrained flexible Kapton at room tempera-
ture using an Ar pressure of 2 mTorr and a base pressure lower than
5x 10 ®Torr. A Ti(5nm) seed and a cap layer were used for film
adhesion and oxidation prevention, and from the previous study, it
was shown that Ti does not contribute to spin current generation.””
Within the bilayer, Pt takes up the role of the SOT generation via SHE
due to its strong SOC. ST-FMR devices and coplanar waveguides
(CPWs) were patterned using optical lithography. Figure 1(a)

scitation.org/journal/apl

illustrates the ST-FMR measurement setup and device. During the ST-
FMR measurement, a microwave radio frequency (RF) charge current
(Je) is injected into the CPW and along the longitudinal direction of
the microstrip device (10 x 50 um?). Simultaneously, an in-plane
external magnetic field (Hey) is applied at a 45° angle with respect to
the longitudinal direction of the device. The RF current passing
through the Pt layer generates an oscillating transverse spin current by
SHE, which will then enter the adjacent Co layer. The magnetization
of the Co layer experiences an in-plane and out-of-plane torque from
the RF current.'>'"” When the RF spin current frequency matches the
precessional frequency of the magnetization, the FMR is established,
and the oscillating torques will result in the oscillation of the device
resistance due to anisotropic magnetoresistance in the Co layer. By
using a bias tee, the mixing of the RF current and the oscillating resis-
tance is measured as a rectified DC voltage signal (Vi ).

The magnitude of the strain ¢ was approximated using
&= T/2R, where T and R are the total thickness of the substrate
(120 um) and the bilayer structure and the curvature radius of the
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FIG. 1. (a) Schematic illustration of the Pt/Co bilayer device for the ST-FMR measurement. The green and navy blue arrows represent the precessing magnetization in the Co
layer and the applied external field, respectively. An RF current was applied along the longitudinal direction (x-axis) of the device generating two orthogonal torques as it
passes through the heavy metal. Photo of strained ST-FMR devices on the flexible Kapton substrate and the optical image of the device are as shown in the inset. (b) X-ray
reflectivity profiles for Pt(5 nm)/Co(10 nm) films at different steps of the process: step @ is the pristine film, step @ is the pristine film annealed at 150 °C for 1h, step ® is the
tensile strain treatment of g5t = 1.5% for 1h, and step @ is the annealing process at 150 °C for 1 h. (c) X-ray diffraction spectra of Pt(25 nm)/Co(25 nm) films demonstrating
a right shift in the Pt(111) peak shift when strained and back when treated with mild annealing.
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mold, respectively.”’ All strains used in this work are mechanical ten-
sile strain, and the direction of the strain is along the longitudinal
direction of the microstrip. Two methods of strain measurement were
used. The first is the strain treatment, where the sample is strained at a
specific &pose for 1 h and measured at its relaxed state, while the second
is an in situ strain measurement where the sample is strained at &g,
during measurement.

X-ray reflectivity (XRR) spectroscopy was performed on
Pt(5nm)/Co(10 nm) at different steps of the characterization process
to determine the effects of strain and mild annealing on the interfacial
roughness between Pt and Co. The sample used throughout the differ-
ent step processes is the same, and the spectra are shown in Fig. 1(b).
The different steps of the process are: step @ is where the film is pris-
tine, and this is used as a reference; step @ is the pristine film after
being vacuum annealed at 150 °C for 1h; step @ is the annealed film
treated with a tensile strain of gyt = 1.5% for 1h; and step @ is the
strain-treated film after annealing at 150°C for 1h. From the XRR
measurements (see the supplementary material), no significant change
in interfacial roughness was observed, and this concurs with previous
study that the strain-mediated SOT enhancement is a bulk effect due
to the extrinsic SHE.””" X-ray diffraction measurement was also per-
formed on Pt(25nm)/Co(25nm) films for steps @, @, @, and @.
Similar to the XRR measurement, the XRD sample used for all four
steps is the same. From Fig. 1(c), the Pt(111) peak shifts right after the
strain treatment indicating that the internal strain persists within the
film even after the strain has been removed. However, upon treating
the film with mild annealing, the Pt(111) peak shifted back. This dem-
onstrates the use of annealing as a means to relieve the residual inter-
nal strain-induced and suggests that the strain-mediated SOT
enhancement can be reversed. Unlike the Pt(111) peak, the Co(002)
peak remains stationary, and this difference in response found in the
Co and Pt layers is due to their different Poison’s ratios.”* This implies
that the Co layer is unaffected by both the strain and mild annealing.

Figure 2(a) shows the ST-FMR spectra for bilayer Pt/Co mea-
sured at a microwave power of 12dBm with a frequency range of
8-17 GHz in steps of 1 GHz. The measured Vyix consists of a symmet-
ric and anti-symmetric Lorentzian function, which can be expressed as

Vmix = VO [SFS(Hext) + AFA (Hext)]a (1)

where
_ 1dR VHoIRE COS @
* " 4de2nAH(df [dHex) |y, _py.
AH?
FS(Hext) = ) 5
(Hex - Hres) + AHz

and

AH(Hext - Hres)
(Hext - I—Ires)2 + AH2

Fy (Hext) =

Here, Vy, AH, Hey, S, and A are the scaling factors, linewidth,
the applied external field, the magnitude of the symmetric and anti-
symmetric components of the Vi, respectively. The symmetric com-
ponent is proportional to the damping-like torque, and the
anti-symmetric component is the result of the sum of the Oersted field
and the field-like torque.'™”” The peak-to-peak voltage Vp_p of the
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FIG. 2. (a) Measured ST-FMR spectra of the Pt/Co bilayer while applying
&n = 1.5% for frequencies between 8 and 17 GHz using a microwave power of
12dBm. (b) In situ strain dependence of Vp_p measured at 12 GHz. (c) Leftward
shift of ST-FMR spectra due to the tensile strain at varying &,. (d) In situ strain
dependence of Hges.

ST-FMR spectra decreases with increasing &, as shown in Fig. 2(b).
From Eq. (1), there are several contributing factors such as AH, and
(df /dHext) |y, g, can lead to a change in Vp_p. However, the magni-
tude of Vp_p is primarily influenced by the resistivity of Pt as an
increased resistivity would decrease the current density through the Pt
layer. When the tensile strain is employed along the longitudinal direc-
tion of the microstrip, the strip elongates and narrows along the direc-
tion of strain resulting in an enhancement in resistivity.

To determine the change in Pt resistivity, a separate set of single
layer Pt(5nm) microstrips were fabricated and characterized using a
semiconductor analyzer at different steps as shown in Fig. 3(a). At step
@, the film is in its pristine state after fabrication. To set the device, the
sample is annealed at 150 °C for 1h in step @. The resistivity slightly
decreased as a result of the improvement in film quality from the mild
annealing. Thereafter in step ®), a tensile strain of gy = 1.5% was
applied for 1h. During the strain treatment, the resistivity increases as
the microstrips are stretched along the longitudinal direction, resulting
in a narrower cross-sectional area. Relaxing the film after the treat-
ment for measurement, the residual strain within the Pt retains the
enhanced resistivity as shown in the plot. For step @, the sample was
annealed at 150°C for 1h before characterization, and upon mild
annealing, the resistivity of Pt decreases as the internal strain caused
by the strain treatment is relieved. Finally, steps ® and ® are repeated
steps that are the same as steps @ and @, respectively, that show the
repeatability of the process. The strain response of Co resistivity was
measured and found to be negligible in contrast to Pt (refer to the sup-
plementary material).

Since the Pt layer thickness is much larger than its spin diffusion
length, the field-like torque in bilayer Pt/Co can be assumed to be neg-
ligibly small as shown in previous work.'®*”** Using this approxima-
tion, the spin Hall efficiency for the Pt/Co bilayer is calculated by the
following expression:
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FIG. 3. (a) Resistivity of a single layer Pt(5 nm) microstrip measured at different steps of N with the inset illustrating the individual steps: step @ is the pristine film, step @ is
the pristine film annealed at 150 °C for 1h, step ® is the annealed film treated with a tensile strain of gyst = 1.5% for 1h, step @ is the strain-treated film annealed at 150°C
for 1h, and steps ® and ® are repeated treatment procedures that are the same as steps ® and @, respectively. (b) From the ST-FMR measurements of the Pt/Co bilayer,
Oe and (c) Gilbert damping parameter as a function of N are presented. The normalized switching current density of the Pt/Co bilayer is shown in the inset.

0 — S epyMstcolpt AT Mg
eff =

A h Hyes @

where tc, and tp; are the thicknesses of Co and Pt layers, respectively,
M is the magnetization saturation, and Mg is the effective magneti-
zation. The Mg of bilayer Pt/Co measured at eyt = 0% and 1.5% was
obtained to be 122030 and 113040 emu/cc’, respectively, which is
within a range consistent with other works, and therefore, the mag-
netic proximity effect is assumed to be negligible in this study.” ** To
obtain the required M., the in-plane magnetization Kittel equation
f = v/2n\/(Hyes + Hx) (4nMegr + Hyes + Hx) was used, where 7 is
the gyromagnetic ratio and Hy is the total magnetic anisotropy field.
Having similar behavior as the pp, the O at various measurement
steps is as summarized in Fig. 3(b). From the proportionality between
both the pp, and O, the strain-mediated SOT enhancement is a result
of the extrinsic SHE in the Pt layer.

Predominantly, the AH of the ST-FMR spectra is broadened by
extrinsic contribution such as the film inhomogeneous broadening
term (AH) and two magnon scattering. Two magnon scattering
results in a nonlinear frequency dependence of the AH, which is not
observed in the measured samples.”” The effective Gilbert damping
parameter (o) was calculated from the AH dependences of the fre-
quency expressed as AH = AH, + 4nfo.g /7, where AH is a result of
sample imperfections that are assumed to be frequency independent,
and the data are as shown in Fig. 3(c). The two main oy contributors
of bilayer Pt/Co are the intrinsic Gilbert damping (o) from Co and
the damping introduced by the spin pumping effect (asp) due to the
adjacent Pt."”"" o remains unchanged as it is independent of the
strain-induced magnetic anisotropy.”” ** The agp, however, is highly
dependent on the spin pumping effect at the interface between the Pt
and Co layers. An enhancement in the extrinsic SHE will result in a
greater spin pumping effect and, hence, larger ogp contribution.
Therefore, o has an inverse trend as compared to the pp, and Ocf.

The effects of strain and mild annealing on the critical switching
current density Joo of an in-plane magnetization SOT device can be
evaluated using the following equation:

2e Oleff 47'[Meff
Joo = —-—
h Ocs 2

) Mstam. (3
From this equation, Jco is proportional to the ratio o /0Oe, and a
decrease in this ratio will denote a lower Jco.”>** The inset in Fig. 3(c)
shows how the Jo can be controlled using a combination of mechani-
cal strain and mild annealing. This method allows the Jc to alternate
between ~90% and ~50% of the pristine Jc, allowing for an addi-
tional degree of freedom in inducing magnetization reversal of the
SOT device.

Aside from SOT manipulation, the mechanical strain can also be
used to tune the resonance frequency by shifting the FMR spectrum,
and from Fig. 2(c), a left shift motion of the ST-FMR spectra is
observed as the in situ tensile strain applied increases.”® The shift in
Hpes is attributed by the magnetoelastic anisotropy induced by the
mechanical tensile strain. This additional anisotropy has an easy axis
perpendicular to the uniaxial anisotropy generated by the external
magnetic field, which will result in a shift in the magnetic easy axis of
the Pt/Co bilayer.30 Figure 2(d) shows the Hg,s dependence of &,. The
Pt/Co device has a tunable Hg, with a magnitude of —123%6 Oe per
unit &y. Using this tuning capability, the detectable Hges can be
adjusted based on the applied strain and then reversed by relaxing the
device.

Figure 4(a) demonstrates how the Pt/Co device can switch
between two states of Hres by applying strain and relaxing it. The first
cycle begins with the device in the pristine state measured at the
relaxed position. Subsequently, the even cycles refer to the in situ strain
device while the odd cycles are measured when the device is relaxed.
With every cycle, a distinct shift in Hges is observed. This cycle of
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FIG. 4. (a) Hres of the Pt/Co bilayer as a function of the reversible tensile strain
&n = 0% and &, = 1% performed using a microwave frequency of 12 GHz. (b)
Hges over 10000 cycles of bending and relaxing to demonstrate the robustness of
the device.

straining and relaxing is performed continuously for a repeatability
test as shown in Fig. 4(b). For consistency of the cycles, the straining
and relaxing are performed using a linear actuator attached with a
stepper motor. The Hges at both 0% and 1% strain are highly stable for
10* cycles demonstrating the device robustness against the mechanical
strain.

In summary, we investigated the use of mild annealing and
mechanical strain for reversible manipulation of the SOT. In the Pt/Co
bilayer, XRD spectra show that the tensile strain induces a residual
strain within the Pt layer that can be alleviated by treating the film
with mild annealing. Using a combination of these two treatment
methods, the spin Hall efficiency and Gilbert damping parameter
become versatile and can be tuned with ease even after fabrication.
Apart from SOT manipulation, strain can be used to tune the reso-
nance field of the Pt/Co bilayer, and in the endurance test performed,
the tunability of the device remains highly stable even after 10" cycles.
These results pave an alternative avenue for manipulating the SOT
reversibly that can also be used as a tunable microwave detector.

See the supplementary material for the interfacial roughness of
the Pt and Co layers measured using XRR and the Co resistivity
change at different N steps.
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