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Enhancement of Spin—Orbit Torque by Strain Engineering

in SrRuO; Films

Jinwu Wei, Hai Zhong, Jiuzhao Liu, Xiao Wang, Fanqi Meng, Hongjun Xu, Yizhou Liu,
Xin Luo, Qinghua Zhang, Yao Guang, Jiafeng Feng, Jia Zhang, Lihong Yang, Chen Ge,*
Lin Gu, Kuijuan Jin, Guogiang Yu,* and Xiufeng Han

Complex oxides with 4d/5d transition metal ions, e.g., SrRuO;3, usually possess
strong spin—orbit coupling, which potentially leads to efficient charge-spin
interconversion. As the electrical transport property of SrRuOj; can be readily
tuned via structure control, it serves as a platform for studying the manipula-
tion of charge-spin interconversion. Here, a factor of twenty enhancement of
spin—orbit torque (SOT) efficiency via strain engineering in a SrRuO;/Nig;Fe;q
bilayer is reported. The results show that an orthorhombic SrRuO; leads to

a higher SOT efficiency than the tetragonal one. By changing the strain from
compressive to tensile in the orthorhombic SrRuO3, the SOT efficiency can be
increased from an average value of 0.04 to 0.89, corresponding to a change of
spin Hall conductivity from 27 to 441 x fife (S cm™). The first-principles calcu-
lations show that the intrinsic Berry curvature can give rise to a large spin Hall
conductivity (SHC) via the strain control, which is consistent with the experi-
mental observations. The results provide a route to further enhance the SOT
efficiency in complex oxide-based heterostructures, which will potentially pro-
mote the application of complex oxides in energy-efficient spintronic devices.

1. Introduction

Current-induced spin—orbit torques (SOTs) in the mate-
rials with strong spin-orbit coupling (SOC) continuously
attract attention due to their promising prospect in energy-
efficient and ultrafast spintronic devices.'™ Exploration of
the new mechanism for enhancing the SOT efficiency and
development of new SOT materials are crucial for practical
applications. Recently, the conducting perovskite oxides with
4d/5d transition metal ions are predicted to have large SOT

efficiency due to the strong spin Hall
conductivity (SHC) ogy that arises from
the competition between crystal field
energy and large SOC of conduction elec-
trons.P1% The ruthenate conductors are
of particular interests because they have
shown many appealing features due to
the strong SOC originated from the Ru
ion, M such as the superconducting
property in Sr,RuO,,[" the strong magne-
tocrystalline anisotropy of SrRuO; (SRO)
at low temperature,'® and the topological
Hall effect.l”l Recently, the spin-charge
conversion has also been experimentally
reported through spin pumping experi-
ments in the SrRuOs/La,;Sro3Mn0O; and
StRu0;/YIG heterostructures.'®1% More-
over, it was found that a current can gen-
erate a damping-like SOT in the SRO at
room temperature, and a corresponding
intrinsic SHC of gy = 200 X fi/e (S cm™)
was obtained.l?”) The large room-temperature SHC establishes
SRO as a potential candidate material for generating SOT in
the spintronics devices.

One intriguing property of SRO lies in the interplay between
its transport property and crystal structure. The theories and
experiments have demonstrated that the structure of SRO
films can be controlled by using different substrates.?'-2°! The
SRO grown on orthorhombic substrates, such as (110) DyScOs,
GdScO;, and NdGaO;, exhibits a tetragonal structure.?%?2 By
contrast, the SRO exhibits an orthorhombic structure when
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it is grown on cubic substrates, such as (001) SrTiO;, LSAT,
and KTa0;.2%] To accommodate the compressive or ten-
sile strains imposed by the substrates, the RuOg octahedra
need to distort through tilting and rotation.?3! Consequently,
the structure change induced by substrate strain can strongly
affect the transport and magnetic properties of SRO films. For
instance, the tetragonal SRO on DSO has a higher resistivity
than orthorhombic SRO on STO,! and the resistivity of tetrag-
onal SRO under compressive strain is lower than that of the
film with tensile strain.??l The results can be explained that the
strain-induced RuOg octahedra distortion modifies the crystal
field splitting, which influences the electronic band struc-
tures.>/ As the intrinsic spin Berry curvature and SHC are
closely related to the band structure in SRO, the spin-charge
conversion can likely be manipulated by the strain, which, how-
ever, has not been explored.

In this work, we study the SOT efficiency in SRO/Nig Fejo
(Permalloy, Py) films grown on different substrates, which intro-
duce different structure phases and strains in the SRO films.
The SOT efficiency in the orthorhombic SrRuO; films can be
significantly increased from an average value of 0.04 to 0.89
by changing the strain from compressive to tensile. The first-
principles calculations indicate that the large SHC is originated
from the intrinsic spin Berry curvature, and the SHC can be
efficiently controlled by strain.

2. Results and Discussion

2.1. Sample Structure

The high-quality SRO films were epitaxially grown by pulsed
laser deposition (PLD) on single crystal substrates with dif-
ferent lattice constants, including the cubic (001)-oriented
KTaO; (KTO), SrTiO; (STO), (LaAlOjs)o3(St,TaAlOg),; (LSAT)
and orthorhombic (110)-oriented GdScO; (GSO), DyScO;
(DSO), NdGaO; (NGO) substrates. The ferromagnetic Py
polycrystalline films were then deposited on SRO films by a
magnetron sputtering system. A schematic depiction of heter-
oepitaxial growth of SRO layer on different substrates with the
pseudocubic unit cell is shown in Figure 1a. The bulk SRO has
an orthorhombic phase with lattice parameters a = 5.5670 A,
b =5.5304 A, and ¢ = 78446 A, which can also be represented
as a pseudocubic structure with a = 3.93 A. All the substrates
in this work are regarded as pseudocubic structure. The lattice
constants are shown in Figure 1b. The strain applied in SRO
films varies from compressive strain —=1.91% on NGO, —1.57%
on LSAT, and —0.64% on STO to tensile strain +0.38% on DSO,
+0.89% on GSO, and +1.5% on KTO. Because of the lattice mis-
match between the films and substrates, the SRO lattices can
be stretched or compressed, which alters the tilting and rota-
tion angle of the RuOg octahedra. The scanning transmission
electron microscopy (STEM) measurement was performed
to verify the quality of the SRO films. Figure 1c,d shows the
high-angle annular dark-field (HAADF) images of the SRO/
Py bilayers grown on the (001) STO and (001) KTO substrates,
respectively. The SRO films have a high-quality epitaxial struc-
ture, and the interfaces between the films and substrates are
sharp. The adjacent Py films are also distinct and not oxidized
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Figure 1. Sample structure. a) Schematic of the SRO film grown on the
substrate. Both the film and substrate can be considered as the pseudo-
cubic phase with the unit cell of RuOg octahedra. The [001] direction of
the octahedra is perpendicular to the SRO film. b) The lattice parameters
of the SRO film and different substrates. The NGO, LSAT, and STO exert
compressive strain to the SRO films, and the DSO, GSO, and KTO exert
tensile strain. ¢,d) STEM images of the SRO films on the STO and KTO
substrates, showing the clearly layered structures and atomically sharp
interface.

at the interface (see section S1 of Supporting Information). The
structure phases of the SRO films were characterized by X-ray
reciprocal space mapping (RSM) (see section S2 of Supporting
Information). The RSM results suggest that the SRO films
grown on the (110) orthorhombic substrate have a tetragonal
structure and the SRO films grown on the cubic substrate have
an orthorhombic phase, which is consistent with the previous
work.[21-24

2.2. Extraction of SOT Efficiency

The current-induced SOT efficiency is evaluated by the spin-
torque ferromagnetic resonance (ST-FMR) technique,?®-1 as
shown in Figure 2a. All the measurements were performed
at room temperature. Figure 2b,d shows the typical ST-FMR
spectra for the SRO/Py on NGO and KTO substrates. The
ST-FMR spectrum can be analyzed by the equation V., = V;
Fy(Hey) + Vu Fi(Hey), which consists of the Lorentz symmetric
and antisymmetric components (see section S3 of Supporting
Information). In terms of the ST-FMR model,??>4 the sym-
metric component V; is mainly attributed to the damping-like

© 2021 Wiley-VCH GmbH
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Figure 2. ST-FMR measurement. a) The schematic of ST-FMR measurement. A radio frequency charge current J. with a frequency of 6 GHz and power
of 13 dBm from the signal generator is applied to the device, which induces an alternating spin current J; due to the spin Hall effect. The spin current
then flows into the adjacent Py layer with the polarization direction ¢ and exerts a torque on the magnetization. The mixing voltage is measured by
using lock-in amplifier. b,d) ST-FMR spectra of the SRO (6 nm) /Py (6 nm) bilayers on the NGO and KTO substrates, respectively. The external magnetic
field is oriented at ¢ = —45° with respect to the charge current direction. Black circles denote the measured data. Red solid lines are the fitting curves,
which are composed of the symmetric (green dashed) and antisymmetric (blue dashed) components. c,e) Angular dependence of V; and V, of the
SRO (6 nm)/Py (6 nm) bilayers on NGO and KTO substrates, respectively. The black lines are the fitting curves by using the relationship of cosgsin2¢.

(DL) torque, while the antisymmetric component V, is origi-
nated from the field-like (FL) torque and Oersted field. From
the ratio of the symmetric (V) and antisymmetric (V,) compo-
nents, one can define the SOT efficiency3?!

1% | ATM
V, h H,

(4
éso-r = —— UoMytrutsro

O

Here, e is the electron charge, 7 is the reduced Planck con-
stant, (oM, is the saturation magnetization of Py layer, tpy is
the thickness of Py, tspo is the thickness of SRO, 47M.g is the
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effective magnetization of Py layer, and H, is the resonance
field, respectively. We note that the FL torque is much weaker
than the torque arising from the Oersted field, and hence
the SOT efficiency is approximately equal to the DL torque
efficiency (&py), ie., &or = &pr (see section S4 of Supporting
Information). The ST-FMR spectra show that the symmetric
component is larger than the antisymmetric one for the sample
grown on the KTO substrate, while the symmetric component
is smaller for the sample grown on the NGO substrate. As the
symmetric component corresponds to the DL torque efficiency,
the direct comparison implies that the SRO grown on KTO

© 2021 Wiley-VCH GmbH
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Figure 3. SOT efficiencies of SRO on different substrates. a) The SOT
efficiencies of SRO/Py bilayers on various substrates. To ensure the
observed large SOT efficiency for the KTO substrate is repeatable, we
performed the SOT characterization for many devices using SRO films
from different batches, the structure of which may be slightly different.
Blue hollow rhombus represents the (110) orthorhombic substrates. Red
hollow square represents the (001) cubic substrates. b,c) Schematic of
the tetragonal phase and orthorhombic phase. The out-of-plane direction
is aligned with the [001] direction of the pseudocubic phase.

substrate leads to a larger DL torque efficiency compared to the
NGO substrate. Figure 2c,e shows the angular dependences of
Vi) for the samples on NGO and KTO substrates, which can
be nicely fitted by the angular relationship of cosgsin2¢.3>3¢
Based on the fitting, the V; and V, can be accurately extracted,
and hence the current-induced SOT efficiency &sor is further
evaluated by Equation (1). Note that there is a parasitic voltage
with the same angular relationship of cosgsin2¢ arising from
the inverse spin Hall effect due to the spin pumping, which is
much smaller than the ST-FMR voltage and has been neglected
here (see section S5 of Supporting Information).

2.3. Comparison of the SOT Efficiencies for Different Substrates

Figure 3a summarizes the SOT efficiencies of the SRO films on
different substrates. To get reliable results, the SOT efficiencies
for each structure are characterized for at least five devices. The
first important feature is that the SOT efficiencies of samples
on cubic substrates (LSAT, STO, KTO) are larger than that on
orthorhombic substrates (NGO, DSO, GSO). As shown by the
RSM results (see section S2 of Supporting Information), the
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SRO films grown on the (110) orthorhombic substrate have a
tetragonal phase, as shown in Figure 3b. Whereas the SRO films
grown on the cubic substrate have an orthorhombic phase, as
shown in Figure 3c. This result implies that the SOT efficiency
is closely related to the structure of SRO. For the tetragonal
SRO structure, the RuOg4 octahedra are rotated only about the
[001] direction (pseudocubic structure). The orthorhombic SRO
is a three-tilt system, where the RuOy octahedra are not only
rotated about the [001] direction but also tilted about the [100]
and [010] directions. From the viewpoint of crystal symmetry,
the orthorhombic phase has a larger spin Berry curvature and
thereby a lager SHC than the tetragonal phase due to the band
overlaps and crossings induced by the octahedra distortion.”"]
The previous experimental work showed that the SOT effi-
ciency was correlated to the current flow direction with respect
to the crystal orientation in the SrIrO; thin film.’”] However,
this phenomenon is not observed in our sample (see section
S6 of Supporting Information), which indicates the weak corre-
lation between SOT and crystalline direction and requires fur-
ther exploration. The second feature shown in Figure 3a is that
the SOT efficiencies of orthorhombic SRO films are strongly
dependent on the substrate-induced strain. Particularly for the
KTO substrate, the tensile strain results in large SOT efficien-
cies ranging from 0.62 to 1.07 among nine different devices,
and the average value for all the measured devices is 0.89. This
value is larger than that of heavy metal (& = 0.05-0.20 for
Pt,138491 | &1 = 0.3-0.55 for W*L42)) and close to that of the topo-
logical insulator (&pp = 2.0-3.5 for Bi,Se;??). When the strain
changes from tensile to compressive stress, the &y of SRO
decreases with respect to the strain. This result provides a broad
control range from 0.04 to 0.89 for the SRO films through the
strain engineering, which also covers the previously reported
values (e.g., &pr = 0.3 for Py/SRO on STO substratel!®]).

To understand the underlying physics of the strain effect,
we first examine the influence of strain on the interfacial spin
transparency Ti,, which can affect the DL torque efficiency.
The correlation between T, and &y is &pp = TinOsy. The T, is
smaller than unity due to the finite spin-mixing conductance
of the interface. sy is the spin Hall angle to determine the
strength of SHE. The interfacial spin transparency T;, can be

_ 26" tanh(tseo [2A)

1/ AuPsro +2G™ cothltseo [Asa)
G™ is interfacial spin mixing conductance, psgo is the resis-
tivity, and Ay is the spin diffusion length. The electrical resistiv-
ities of SRO films on different substrates are determined by the
four-terminal measuring method (see section S7 of Supporting
Information). The SRO films under large tensile strain (SRO
on KTO) have higher resistivity compared to the compressively
strained SRO films (SRO on STO or LSAT), which suggests
that electron correlation in SRO is enhanced due to the lattice
distortion induced by tensile strain. We have further estimated
the spin diffusion length Ay = 1.9-2.2 nm based on the results
of the SRO thickness dependence of DL torque efficiency (see
section S4 of Supporting Information), and the effective inter-
facial spin mixing conductance GZ} ranging from 3.06 x 10* to
3.57 x 10" Q7 'm2 based on the NiFe thickness dependence of

damping constant (see section S7 of Supporting Information).
The interfacial spin transparency Tj, is thus determined to be

43,44]

determined by! Tin where

© 2021 Wiley-VCH GmbH
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0.82-0.85 for the three samples with orthorhombic SRO. The
almost same T;, for the samples grown on different substrates
indicates that it cannot be responsible for the great change of
DL torque efficiency. Therefore, this wide range of &, from
0.04 to 0.89 controlled by misfit strain is mainly attributed to
the intrinsic spin Hall effect in SRO films. The SHC of SRO
films can be deduced from the ogy = (i/2€)&p1 Osro/ Tin- The
tensile strain-induced lattice distortion in SRO on KTO leads
to a large SHC = 441 X fife (S cm™). While under compressive
strain, the SRO on STO and LSAT have relatively smaller SHC
~ 285 x hije and 27 X fijfe (S cm™), respectively. The large vari-
ation of the SHC can likely be explained by the change of the
spin Berry curvature, which is determined by the crystal struc-
ture and SOC of conduction electrons in SRO.

2.4. Physical Origin of the Enhanced SOT Efficiency

To gain more insight into the strain effect on the SOT effi-
ciency and SHC, we calculate the spin Berry curvature and
the intrinsic SHC for SRO with tetragonal and orthorhombic
phases by using first-principles calculations, as listed in the
section S8 of Supporting Information. The calculation results
show that the SHC of the orthorhombic SRO is larger than that
of the tetragonal one (11.3 x ki/e (S cm™)), which is consistent
with the first feature of the experimental results. This is also
in accord with the previous experimental results,’] in which
the orthorhombic SrIrO; is found to have a larger SHC than
the tetragonal one because the orthorhombic phase exhibits
narrow t,, electron bands and has more band crossings due to
the octahedral rotation and tilting. The recent theoretical work
has also demonstrated that the octahedral rotation and tilting in
the perovskite oxides can break up the t,, manifold into mul-
tiple sub-bands.'”) Consequently, this enhances the overlaps
or mixings of d-orbitals through the SOC interaction, which
leads to a larger spin Berry curvature and thereby a larger SHC.
On the other hand, the intrinsic SHC for the orthorhombic
SRO under different strains are also calculated and shown in
Figure 4. The strain is considered by using different lattice
parameters, which are given based on the substrate lattices.*!

0.5 —™— SHC_KTO/SRO
—&— SHC_STO/SRO

—A— SHC_LSAT/SRO

-0.5F

-100 0 100 200 300
SHC (x#i/e S/cm)

Figure 4. Theoretical spin Hall conductivity of SRO. Energy dependence
of spin Hall conductivity obtained from the first-principles calculations for
the orthorhombic SRO under different strains, corresponding to the SRO
on KTO, STO, and LSAT substrates.

400 500
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The intrinsic SHC for the SRO on KTO is found to be as large
as 400 x hi/e (S cm™) at Fermi energy. With the decrease of the
misfit strain, corresponding to the substrates change from KTO
to STO and LSAT, the SHC decreases gradually, which is con-
sistent with the second feature of our experimental results. As
the band structure is susceptible to the strain in the SRO,[M
the overlaps or mixings of d-orbitals are likely modified
by the strain, and hence the correlated SHC is affected. In fact,
the influence of strain on the mixing or overlaps between the
d,, and d,, orbitals can be observed in the band structures, as
shown in Figure S7 in the Supporting Information. One can
note that the calculated SHC of SRO on KTO is slightly lower
than the average value of SHC evaluated from our experiments.
This may be partially ascribed to the fact that we only consider
the intrinsic SHC of perfect crystal structures, while other
extrinsic SHC contributions existing in real samples have not
been considered in the present calculation. For instance, the
SRO films are usually accompanied by oxygen vacancies in the
preparation process, which are also important to the transport
property of SRO.[#]

3. Conclusion

We have studied the SOT efficiency in SRO films by strain
engineering and obtained a great enhancement of SOT effi-
ciency ranging from an average value of 0.04 to 0.89, cor-
responding to a change of spin Hall conductivity from 27 to
441 x hje (S cm™). The first-principles calculations demon-
strated that the enhanced SOT efliciency is dependent on the
electronic band structure and spin Berry curvature due to
the distortion of RuOg octahedral, which are consistent with the
experimental results. This work provides a path to manipulate
the SOT efficiency of SRO films and will facilitate the potential
applications in spintronic devices.

4. Experimental Section

Materials: The SrRuOs thin films were epitaxially grown on various
substrates by pulsed laser deposition (PLD) using a 308-nm XeCl
excimer laser. Various substrates, including NGO, LSAT, STO, DSO,
GSO, and KTO, were utilized in order to investigate the strain effect.
The laser fluence was =1.3 | cm™ and the laser frequency was 2 Hz. The
distance between the target and substrate was =50 mm. The SrRuO;
films were deposited at 600 °C in a flowing oxygen atmosphere at the
oxygen pressure of 13 Pa. The deposition rate of SrRuO; films was
calibrated by X-ray Reflection (XRR) using a Rigaku Smartlab instrument.
The SrRuO; films were transferred to the chamber of magnetron
sputtering, and then the chamber was vacuumed. The Py films were
sputter deposited at Ar pressure of 0.08 Pa with a background pressure
=1 X 107® Pa. The capping layers MgO (2 nm)/Ta (2 nm) were added to
prevent oxidation of Py films.

Device: The samples were fabricated into a strip with a length of 50 um
and width of 20 um and assembled with a coplanar waveguide (CPW)
using standard photolithography and argon ion etching techniques. The
Cr(5 nm)/Au(80 nm) bilayers were deposited by magnetron sputtering
as the CPW electrodes. The CPW has a signal line with a width of 80 um
and the gap between the signal line and ground was 40 um. In order
to avoid the electric leakage of the oxide substrate after the etching
process, the samples were annealed at 250 °C for 20 min under an
oxygen atmosphere.

© 2021 Wiley-VCH GmbH
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