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Controlling magnetism by electric fields offers a highly attractive perspective for designing future generations18

of energy-efficient information technologies. Here, we demonstrate that the magnitude of current-induced spin-19

orbit torques in thin perpendicularly magnetized CoFeB films can be tuned and even increased by electric field20

generated piezoelectric strain. Using theoretical calculations, we uncover that the subtle interplay of spin-orbit21

coupling, crystal symmetry, and orbital polarization is at the core of the observed strain dependence of spin-orbit22

torques. Our results open a path to integrating two energy efficient spin manipulation approaches, the electric23

field-induced strain and the current-induced magnetization switching, thereby enabling novel device concepts.24

Controlling efficiently the magnetization of nanoscale de-25

vices is essential for many applications in spintronics, and is,26

thus, attracting significant attention in basic and applied sci-27

ence. In recent years, current-induced switching via spin-orbit28

torques (SOTs)1 has emerged as one of the most promising ap-29

proaches to realize scalable magnetoresistive random-access30

memories (MRAM). The SOT-induced switching is realized31

in a ferromagnet/heavy metal (FM/HM) bilayers, where the32

existence of sizable damping-like T|| ∝ m × (y ×m) and33

field-like T⊥ ∝ m × y components of the SOT due to the34

flow of an electrical current along the x-direction was theoret-35

ically and experimentally studied.2–9 These torques originate36

from the spin Hall effect in the bulk of the HM material10 and37

the inverse spin galvanic effect at the FM/HM interface.11
38

It was shown that the damping-like torque term can be large39

enough to switch the magnetization direction at low current40

densities down to 107 − 108 A cm−2,6,12 which makes them41

particularly attractive for device applications.13
42

While sample parameters such as composition and layer43

thickness of FM/HM heterostructures can be adjusted to de-44

sign the magnitude and the sign of SOTs, their “dynamical”45

control in a given system on-demand by external means is46

of great fundamental and technological interest. One of the47

energy-efficient tools for that is offered by the use of elec-48

tric field-induced mechanical strain.14 Avoiding the need for49

electrical currents and, thus, eliminating the associated losses,50

strain is known to effectively tune magnetic properties such as51

magnetic anisotropy and, consequently, the magnetic domain52

structure and dynamics of in-plane thin films.15–18 Moreover,53

as strain can be applied locally, it provides a playground to54

develop and realize complex switching concepts in simplified55

device architectures.56

While attempts were made to investigate the effect of strain57

on switching by spin torques,19–21 primarily the effect of strain58

on the anisotropy and the resulting impact on the switching59

was studied. Furthermore, these previous studies focused ex-60

clusively on systems with in-plane magnetic easy axis and61

experimental studies in perpendicularly magnetized multilay-62

ers are still elusive. However, in the light of the potential for63

technological applications, it is most desirable to optimize all64

magnetic parameters including the SOTs in ferromagnetic el-65

ements. In particular using systems with perpendicular mag-66

netic anisotropy (PMA) is attractive as increased thermal sta-67

bility, higher packing densities and improved scaling behavior68

are intrinsic to PMA materials as compared to their in-plane69

magnetized counterparts.22,23
70

In this work, we demonstrate electrically induced71

strain control of SOTs in perpendicularly magnetized72

W/CoFeB/MgO multilayers grown on a piezoelectric sub-73

strate. The SOTs are evaluated by magnetotransport and74

second-harmonic methods under in-plane strain of different75

character and magnitudes. We find that the strain, as modu-76

lated by the electric field applied across the piezoelectric sub-77

strate, leads to distinct responses of field-like and damping-78

like torques, with a large change of the latter by a factor of79

two. Based on the electronic structure of realistic heterostruc-80
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FIG. 1. (a) Schematic of the Hall-cross device fabricated on top of
the PMN-PT(011) substrate and the electrical contacts to the Hall bar
as well as additional electrical contacts used for the application of the
OOP electric field to generate strain. In this configuration the current
flow (x-axis) is along the [011̄] direction of the PMN-PT substrate,
thus, in the text it is referred to as tensile strain configuration. For
compressive strain, the the current flow (x-axis) is along the [100]
direction. (b) 1ω Hall voltage hysteresis loop measured in the OOP
direction at 0 kV m−1 (red), and 400 kV m−1 (black) applied to the
PMN-PT substrate using a current of 0.33 mA. The inset shows the
optical microscope image of the Hall-cross structure used for the spin
torque measurements.

tures, we explain our experimental findings by theoretical ab81

initio calculations and reveal the microscopic origin of the ob-82

served strain effects on the magneto-electric coupling and the83

spin-orbit torques.84

Figure 1 (a) shows the schematic of the Hall-cross de-85

vice employed for the measurements of the damping-like86

(DL) and the field-like (FL) effective SOT fields in W(587

nm)/CoFeB(0.6 nm)/MgO(2 nm)/Ta(3 nm) multilayer fab-88

ricated on a [Pb(Mg0.33Nb0.66O3)]0.68-[PbTiO3]0.32(011)89

(PMN-PT) substrate, employed to electrically generate me-90

chanical strain.24 An optical microscope image of the Hall-91

cross device used in the experiment is presented in the inset in92

Fig. 1 (b) and more details are provided in the Supplemental93

Material.24
94

Uniaxial in-plane strain was generated by applying an out-95

of-plane (OOP) DC electric field across the piezoelectric96

PMN-PT(011) substrate. Generally, the piezoelectric strain97

response to the applied electric field exhibits a hysteretic be-98

havior.38 However, electric fields that exceed the material-99

specific coercive field pole the substrate and promote a regime100

where the generated strain is characterized by a linear re-101

sponse. The linear regime is maintained until the substrate102

is poled in the other direction by application of the electric103

fields larger than the opposite coercive field.38 Therefore, be-104

fore the first measurements, but after the structuring process,105

we poled the PMN-PT substrate by applying an electric field106

of +400 kV m−1. In the following, we used the DC elec-107

tric fields that allowed us to vary the strain within the linear108

response regime,38 as this provides reliable electrical control109

over the induced strain.110

We also note that the Hall cross in Fig. 1 (b) was fabricated111

such that the arms were oriented along the [011̄] and [100] di-112

rections of the PMN-PT(011) substrate, which correspond to113

the directions of tensile and compressive strain, respectively,114

as set by the crystallographic structure of the substrate.38 The115

experimental results of the SOTs obtained in the configuration116

with the current (x-axis) flowing along the [011̄] and [100] di-117

rections will be referred to as modified by tensile and com-118

pressive strain, respectively [Fig. 1 (a)]. We present the esti-119

mation of the strain exerted on the Hall bar due to the electric120

field applied between the bottom electrode and all top elec-121

trodes in the Supplemental Material.24 We also note that in122

the configuration shown in Fig.1 (a) the Hall bar itself acts as123

a top electrode, so that uniform strain can be expected.124

First, we characterize the magnetic hysteresis of the sys-125

tem at zero DC electric field. Figure 1 (b) shows the anoma-126

lous Hall voltage sweep with the OOP magnetic field (µ0Hz)127

measured for W/CoFeB/MgO/Ta at 0 kV m−1 (red line),128

demonstrating the easy-axis switching typical for W-based129

thin CoFeB stacks.39,40 The OOP magnetization loop, mea-130

sured at 400 kV m−1 (black line), is overlaid on top of it and131

shows no sizeable change due to the generated strain indicat-132

ing that the system has always a dominating PMA. This is133

further supported by the measurements probing the anisotropy134

changes induced by the strain presented in the Supplemental135

Material.24
136

The current-induced effective SOT fields were measured137

using 2ω Hall measurements,41,42 as the high harmonic tech-138

nique provides robust determination of relative changes of the139

SOTs1 (see Supplemental Material24 for more details).140

Fig. 2 shows the representative in-plane field dependencies141

of the first (V1ω) and the second (V2ω) harmonics of the Hall142

voltage when an AC current with the current density of jc =143

3.8 × 1010 A m−2 was applied to the current line. The DC144

poling voltage was set to zero, thus, no strain was imposed on145

the Hall cross. The longitudinal [Fig. 2 (a)] and the transverse146

[Fig. 2 (b)] field sweeps exhibit the expected symmetries: for147

the longitudinal field, the slopes of V2ω versus the field are148

the same for both magnetization directions along +z (+Mz)149

or −z (−Mz), whereas their sign reverses for the transverse150

field sweep.151

Using the procedure described in Supplemental Material24
152

we analyze the transverse (µ0∆HT) and the longitudinal153

(µ0∆HL) components of the SOT effective field for both mag-154

netization directions ±Mz and plot the average of these field155

components as a function of the applied current density jc in156

Fig. 2 (c). The resulting linear dependencies are fitted such157

that the slopes µ0∆HT/jc and µ0∆HL/jc determine the FL,158

µ0H
eff
FL, and the DL, µ0H

eff
DL, SOT effective fields, respec-159

tively. Similarly, the effective field were extracted for differ-160

ent DC electric fields applied to the PMN-PT substrate to vary161

the magnitude of the generated strain.162

The electric field dependent results are summarized in163

Fig. 3. We obtained that the FL torque does not change sig-164

nificantly for both tensile and compressive strains as shown165

in Figs. 3 (a) and (c). On the contrary, Fig. 3 (b) demon-166

strates that the tensile strain increases the DL torque up to two167
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FIG. 2. (a) V1ω and V2ω (inset) signals as a function of the in-plane
field directed along the current flow. (b) V1ω and V2ω (inset) signals
as a function of the in-plane field directed transverse to the current
flow. The data were measured at the current density of 3.8 × 1010

A m−2. Black and red symbols represent signals for the magneti-
zation pointing along +z and −z, respectively. (c) The longitudinal
(µ0∆HL) and the transverse (µ0∆HT) components of the SOT ef-
fective field plotted as a function of current density jc. At each value
of current density, the averaged values of the SOT effective field for
+Mz and −Mz are shown.

times when 400 kV m−1 is applied, which corresponds to ca.168

0.03% strain.24,38 On the other hand, when the current is flow-169

ing along the compressive strain direction, the magnitude of170

the DL torque decreases with increasing strain. Thus, we find171

experimentally that the magnitude of the DL torque increases172

(decreases) upon the application of electrically induced tensile173

(compressive) strain.174

In order to understand the microscopic origin of the exper-175

imentally observed strain dependence of FL and DL SOTs,176

we perform density functional theory calculations of the elec-177

tronic structure of Fe1−xCox/W(001), which consists of a178

perpendicularly magnetized monolayer and non-magnetic un-179

derlayers (see Supplemental Material24). As illustrated in Fig-180

ure 4 (a), we expand or contract the crystal structure while181

keeping the in-plane area of the unit cell constant to account182

for the effect of uniaxial strain. This strain can be quantified183

by the ratio δ = (a′j − aj)/aj , where aj and a′j denote the184

lattice constant along the jth in-plane direction in the relaxed185

and distorted case, respectively. As a consequence, any fi-186

nite strain reduces the original C4v crystal symmetry to C2v ,187

see Fig. 4 (a). We employ a Kubo formalism43 to represent188

the SOT Ti = τijEj acting on the magnetization as the lin-189

ear response to the applied electric field Ej , mediated by the190
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FIG. 3. (a) FL and (b) DL SOT effective fields as a function of
the electric field applied across the PMN-PT(011) for the current
flowing along the tensile ([011̄]) strain direction. (c) FL and (d) DL
SOT effective fields as a function of the electric field applied for the
current flowing along the compressive ([100]) strain direction. The
solid lines represent the linear fit of the data to guide the eye.

torkance τij . Owing to the mirror symmetries of the strained191

films with OOP magnetization, the torkances τxx and τyy192

characterize FL SOTs rooted in the electronic structure at the193

Fermi surface, whereas τxy and τyx correspond to DL torques,194

to which also electrons of the Fermi sea contribute. In order to195

model additionally disorder and temperature effects, we eval-196

uate these response coefficients using a constant broadening197

Γ = 25 meV of the first-principles energy bands.43 In the fol-198

lowing, δ refers to the strain along the orientation of the ap-199

plied electric field, which points into x-direction.200

Based on our electronic-structure calculations, we obtain201

the δ-dependence of the SOTs shown in Fig. 4 (b), which re-202

veals similar qualitative trends as found in the experiment.203

Since FL and DL SOTs originate from different electronic204

states, they generally follow distinct dependencies on struc-205

tural details. Specifically, while the FL term τxx is hardly206

affected if δ is varied, we predict that the magnitude of the DL207

torque τxy increases (decreases) linearly with respect to ten-208

sile (compressive) strain. For instance, expanding the lattice209

by 1% along the electric-field direction drastically enhances210

the DL torkance by about 35%. To elucidate this remarkable211

behavior, we compare in Fig. 4 (c) the momentum-space dis-212

tribution of the microscopic contributions to the DL SOT for213

relaxed and strained films. In contrast to the occupied states214

around theM -point that are barely important, electronic states215

near the high-symmetry points Γ, X , and Y constitute the216

major source of the DL torkance. In particular, tensile strain217

promotes strong negative contributions around X and Y [see218

Fig. 4 (c)], leading to an overall increase in the magnitude of219
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FIG. 4. (a) The uniaxial strain δ modifies the equilibrium crystal
structure of the Fe0.7Co0.3/W(001) film, and reduces the symme-
try from C4v to C2v . (b) Dependence of FL (blue) and DL (red)
torkances on strain along the direction of the electric field, where a
constant broadening of the energy bands by 25 meV is used. (c) Mi-
croscopic contribution of all occupied bands to the DL SOT in re-
laxed and strained crystal structure. Gray lines indicate the Fermi
surface. (d) As compared to the behavior without strain (gray), the
density of dyz-states in the magnetic layer changes for majority (red)
and minority (blue) spin channels owing to tensile strain of δ = 1%.
The red and blue curves, showing the difference with respect to the
unstrained case, are scaled by a factor of 10. (e) Momentum-space
distribution of the dyz-polarization of all occupied majority states in
the magnetic layer of the relaxed and strained system.

τyx as depicted in Fig. 4 (b).220

To further associate our findings with the underlying elec-221

tronic structure, we turn to the orbital polarization of the222

states in the magnetic layer, the physics of which is domi-223

nated by d-electrons. Whereas the behavior of dxy , dx2−y2 ,224

and dz2 is independent of the sign of the applied strain δ,225

the states of dyz- and dzx-character transform manifestly dif-226

ferently with respect to tensile or compressive strain. Re-227

markably, the latter orbitals also mediate the hybridization228

with the heavy-metal substrate, which implies that their de-229

pendence on structural details offers additional microscopic230

insights into the SOTs in the studied thin films. As an exam-231

ple, we consider in Fig. 4 (d) the strain-induced change of the232

density of dyz-states in the magnetic layer as compared to the233

case with four-fold rotational symmetry. While the density of234

minority-spin states at the Fermi level is hardly affected by235

tensile strain, the majority-spin states are redistributed rather236

strongly. As revealed by the momentum-resolved orbital po-237

larization in Fig. 4 (e), microscopically, this effect stems from238

pronounced δ-driven variations of the dyz-polarization around239

the X-point, which correlates with the presented changes of240

the DL torkance, Fig. 4 (c).241

As the system considered in this work has a relatively242

strong PMA, the static magnetic properties of the CoFeB film243

as visible from the hysteresis loop (Fig. 1b) did not show any244

significant change with the applied strain. Prior work has fo-245

cused on systems where the dominating effect of the strain246

was a change of the anisotropy,19–21 but here we have strong247

PMA and probe the change of the SOTs as the main factor.248

The sizable change in the torques found can be explained by249

our theoretical calculations.250

Using our microscopic insights obtained from the elec-251

tronic structure calculations, we uncovered that the distinct252

nature of the experimentally observed trends for FL and DL253

torques roots in unique changes of the orbital polarization of254

the electronic states due to distortions of the lattice. Beyond255

revealing the key role of hybridized states at the FM/HM in-256

terface, our results suggest a clear scheme for generally en-257

gineering spin-orbit phenomena. Utilizing the complex inter-258

play of spin and orbital magnetism, spin-orbit coupling, and259

symmetry, we can tailor the magnitude of SOTs in multilayer260

devices by designing the orbital polarization of the states near261

the Fermi energy by strain.262

Importantly, our work opens up a route for shaping funda-263

mental spin-orbitronic concepts into competitive technologies264

by “dynamically” tuning the SOTs in perpendicularly magne-265

tized multilayer systems by means of electrically controlled266

strain. For example, as the strain can be generated locally and267

imposed on selected parts of the switching area, one can tune268

the current density such that the DL torque is large enough to269

switch the magnetization direction in these parts, while it is270

too small to switch the unstrained parts. In this case it would271

be possible to switch only selected parts of the area in one run272

with the given current density. The selected parts can then be273

altered on demand by utilizing a different configuration of the274

electric fields, which allows for an additional level of control.275

Thus, by designing particular strain patterns of the switching276

area by electric fields, an energy efficient multi-level memory277

cell capability can be realized, which is practically important,278

e.g. for the emerging field of neuromorphic computing.44
279

In addition, we anticipate that strain will not only alter the280

dynamical properties of topological spin textures but could281

also modify the Dzyaloshinskii-Moriya interaction45,46 that282

may stabilize two-dimensional magnetic solitons. As a con-283

sequence, strain offers an efficient means to control the shape284

and nature of chiral spin structures such as skyrmions47 and285

antiskyrmions, which are perceived to hold bright prospects286

for innovative information processing.287

In conclusion, we studied the strain response of current-288

induced SOTs in perpendicularly magnetized W/CoFeB/MgO289

multilayers grown on a piezoelectric substrate. The SOTs are290

evaluated by magnetotransport and second-harmonic methods291

under in-plane strains of different character and magnitude.292

We find that the strain leads to distinctly different changes of293

FL and DL torques, with the latter enhanced by roughly a fac-294

tor of two if a tensile strain is applied parallel to the current295

flow. Our experimental results are in qualitative agreement296

with ab initio calculations that uncover the microscopic ori-297

gin of the observed strain effects on SOTs. We reveal that the298

character of strain imprints on the orbital polarization of the299

electronic states in the ferromagnet, which reflects directly the300

hybridization with the HM underlayer. This manifests in a siz-301

able variation of the magnitude of the DL torque while the FL302

torque remains mostly unaffected. The demonstrated possibil-303

ity to tune the SOTs by means of electric field-induced strain304

paves a novel path towards to the energy efficient “dynami-305

cal” control of the current-driven SOT-switching necessary to306

enable future spintronics applications.307
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