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Spin-orbit torques (SOTs) are known to be the most efficient way to manipulate the magnetization direction by elec-
trical currents. While, conventionally, one symmetry component of the SOTs, namely the damping-like torque, was
considered to play a primary role, recently the significance of the other component, the field-like torque, has been re-
vised, owing to the non-trivial dynamics it can induce in heavy metal/ferromagnet multilayers. In this work, we first
discuss the unusual behavior of the field-like SOT in a Ta/CoFeB/Ta/MgO multilayer system with a reduced magnetic
anisotropy and demonstrate an energy-efficient approach to manipulate the magnitude of the SOT effective fields. Fi-
nally, our results show a possibility to engineer the anisotropy of the field-like SOTs by piezoelectric strain, which can
be potentially attractive for application in spintronics.

Magnetic memories rely on using the magnetization direc-
tion to store information, thus, the optimization of the mag-
netization switching mechanisms has attracted significant re-
search interest in recent years. Spin-orbit torques (SOT)s'~®
are known to be the most energy-efficient approach to switch
the magnetization direction by electrical currents, in both in-
plane and out-of-plane magnetized ferromagnetic (FM) de-
vices. As an example, the SOTs can arise in heavy-metal
(HM)/FM structures (see Fig. 1 (a)), when an in-plane charge
current is applied to the HM layer to generate an out-of-plane
spin-polarized current due to the strong spin-orbit coupling
(SOC). The spin torque from the spin-polarized current is
transferred to the FM layer and influences the magnetization,
which can be decomposed into a damping-like (DL) and a
field-like (FL) contributions with different symmetries.*® The
magnitude of the SOTs limits the energy-efficiency of this ap-
proach. In turn, the magnitude of the SOTs can be optimized
by judicious material engineering, tuning e.g. the composi-
tion of the layers or their thicknesses,® which imposes cer-
tain constraints as these parameters remain fixed once a device
is fabricated. A dynamical tool to control the magnitudes of
the SOTs that was recently found”® is the use of mechanical
strain.

Particularly attractive for the control of systems parame-
ters, e.g. magnetic anisotropy,” '? is mechanical strain gen-
erated by piezoelectric effects.!> That is because piezoelec-
tric strain can be locally and reliably generated by energy-
efficient electric fields utilizing commercially available piezo-
electric substrates.'* The analysis of the impact of strain on
the magnetization switching by spin torques was addressed
computationally.”!>1° It reveals that strain, affecting primar-
ily the magnetic anisotropy, may lead to an improvement of
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the performances of SOT switching devices. Moreover, even
in a system with perpendicular magnetic anisotropy (PMA),
such as W/CoFeB/MgO,® where the strain-induced magnetic
anisotropy is negligible compared to the interfacial anisotropy,
the SOTs could be very sensitive to the strain state. In this
case, the impact of strain was found to occur via changing the
orbital polarization of the electronic states in the FM, domi-
nating the hybridization with the electronic states in the HM
underlayer, resulting in a strong tuning of the SOTs. Thus, it
is interesting to explore further possibilities to tailor the SOTs
by strain, for example, by considering a PMA system with
a lower magnetic anisotropy, where the enhanced impact of
strain on the magnetic anisotropy can possibly be expected.

In this work we experimentally investigate the
SOTs in a perpendicularly magnetized multilayer
Ta(5)/CoyoFegoBao(1)/Ta(0.08)/MgO(2)/Ta(3) stack de-
posited on a piezoelectric substrate. An additional ultrathin
Ta interlayer is introduced to decrease the perpendicular
magnetic anisotropy in the system,!”!® thus, enabling an
enhanced impact of electrically controlled strain on the
magnetic properties. The SOTs are ascertained by magneto-
transport and second-harmonic methods under in-plane strain
of different direction and magnitude. Similarly to the con-
ventional Ta-based CoFeB stacks, our system is characterized
by a significantly larger magnitude of the FL. SOT compared
to the DL torque and we find that the magnitude of the FL
SOT can be varied by modulating the piezoelectric strain with
an electric field applied across the PMN-PT substrate. We
explain this behavior of the FL SOTs by a combined action
of the current-induced reduction of the magnetic anisotropy
assisted or counteracted by the generated strain of different
symmetry.

Figure 1 (a) shows the schematic of the device struc-
ture used in the experiment. The symmetric 1 pum-wide
Hall cross devices were fabricated from a continuous single
layer stack of Ta(5)/CozoFegoB2o(1)/Ta(0.08)/MgO(2)/Ta(3)
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FIG. 1. (a) Schematic of the sample geometry showing the PMN-
PT substrate with the Hall cross device used for the SOT measure-
ments and the corresponding electrical connections. A positive elec-
tric field is applied in the OOP direction across the PMN-PT sub-
strate to generate strain. Current-induced SOT effective fields are
indicated. (b) Anomalous Hall resistance during the OOP magnetic
field sweep acquired for various currents at room temperature and
zero applied electric field across the PMN-PT substrate, showing the
change of the loop shape with increasing current. (c) Current depen-
dence of the Royg determined from the out-of-plane hysteresis loops
shown in (b).

(thickness in parentheses is given in nm) as described in Sup-
plementary Materials. For the electric field generation of
strain a [Pb(Mgo.33Nbg.6603)]0.6s-[PbTiO3]032(011) (PMN-
PT) (011) substrate was used.!?

First, we discuss the magnetic properties of the
Ta/CoFeB/Ta/MgO system. The AHE resistance mea-
sured as a function of the perpendicular magnetic field under
various input AC currents flowing along the [100] direction
of the PMN-PT substrate is shown in Fig. 1 (b). In addition
to the AHE resistance decrease, one can also observe that the
shape of the hysteresis loops changes depending on the values
of used current amplitudes. At lower currents, the loops have
a square shape and abrupt switching at approximately 0.65
mT. For higher currents, the loops become more round and
the coercive field is reduced (see Supplementary Materials).

Since the AHE in ferromagnets is proportional to the per-
pendicular component of the magnetization, M., the gradual
decrease of the AHE resistance with increasing current, ob-
served in Fig. 1 (b,c), can be related to a reduction of the
magnetization.?? This is consistent with the temperature be-
havior of the AHE resistance measured at low input AC cur-
rents (see Supplementary Materials). Similarly, in the litera-
ture, the temperature dependence of the AHE was explained
by the temperature dependence of the magnetization.?!->? Fur-
thermore, both the change in the loops shape and the decreas-

ing coercivity indicate a significant decrease of the PMA at
higher currents. Thus, it can be assumed that, in our system,
high currents with the associated Joule heating lead to a sig-
nificant change of the magnetic properties, i.e. the reduction
of My and the PMA.

Next, we experimentally study the current-induced SOT ef-
fective fields in our system. To evaluate the SOT effective
fields, we used the harmonic Hall voltage measurement tech-
nique?32?* as described in Supplementary Materials. Figures 2
(a) and (b) present the first and the second harmonic signals
measured as a function of the longitudinal (along the current
direction) and transverse (perpendicular to the current direc-
tion) external magnetic fields, respectively, for zero electric
field applied across the substrate. The AC current with the
density of (7.90340.004) x 10'® A m~2 is flowing along the
compressive, [100], strain direction of the PMN-PT substrate.
One can see that as compared to the slope of 2m signal for the
transverse field sweep, determining the FL SOT (Fig. 2 (b)),
the slopes of the ka‘l‘f} in Fig. 2 (a) are small even at a rela-
tively high current density. These small Vﬁg‘l’l signal slopes for
the longitudinal field sweep hinder the robust estimation of
the DL SOT for this system and the magnitude of the DL SOT
is found to be smaller than (0.9 +0.5) mT/10"" A m~2 at all
magnitudes of the electric field applied across the PMN-PT
substrate.

For the DL SOT is small and cannot be reliably determined
in our system, we discuss next the properties of the FL SOTs.
The current density dependence of the FL SOT effective fields
are plotted in Fig. 2 (c) for different electric fields applied
across the PMN-PT substrate. Firstly, we note that the SOT ef-
fective fields shown in red for zero electric field do not exhibit
the typical behavior with a linear dependence on the current
density, j., and zero values at j. = 0.3%-27 On the contrary,
the red solid line in Fig. 2 (c) represents the best fit to the
data using a power law function converging with the power of
3.7. This suggests a significant contribution from non-linear
effects such as the Joule heating effect,”® which is in agree-
ment with the AHE resistance behavior as a function of the
AC current, seen in Figs. 1 (b,c).

Furthermore, it can be seen that the behavior gradually
changes from the power law (red data set) to a more linear
dependence (black data set) when the electric field across the
PMN-PT substrate is increased. Figure 2 (d) shows the har-
monic Hall signals as a function of the transverse magnetic
field measured using similar current density and the same ge-
ometry as in (a) for the case of 300 kV m~! applied across the
PMN-PT substrate. One can immediately notice a significant
change of the Vﬁgl’l slope as compared to the case of zero ap-
plied electric field shown in Fig. 2 (b). Thus, one can directly
see the difference in the FL SOT effective fields at zero and
300 kV m~! and this difference becomes more pronounced at
higher current densities. Remarkably, compared to the strain
response of the SOTs in W/CoFeB/MgO multilayers,? the FL
torque in this Ta/CoFeB/Ta/MgO system is much more sensi-
tive to the piezoelectric strain.

We repeat the measurements of the FL. SOT in the orthogo-
nal configuration, i.e. when the AC current flows along the
[011] direction of the PMN-PT substrate. Thus, according
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FIG. 2. First harmonic, V3%, and the second harmonic, V3%,
Hall signals as a function of (a) the longitudinal and (b) trans-
verse in-plane magnetic field at zero applied electric field across
the PMN-PT substrate, measured using an AC current density of
(7.903 +0.004) x 10'© A m~2. Circular and square-shaped symbols
represent signals for the magnetization pointing along —z and +z,
respectively. The solid lines represent the linear and quadratic fitting
curves. (c) The field-like SOT effective field plotted as a function
of the current density when the current is flowing along the com-
pressive ([100]) strain direction of the PMN-PT substrate (i. e. the
FL SOT is along the tensile strain direction) measured at different
electric fields applied across the substrate. Note that the data points
represent the average values of the two values measured for opposite
magnetization directions. The solid lines represent a power law fit to
the data. (d) First harmonic, V}llgl’l, and the second harmonic, Végl’l,
Hall signals as a function of the transverse magnetic field at 300 kV
m~! applied across the PMN-PT substrate, measured using the AC
current density of (7.886+0.004) x 10! A m~2. The black arrow
in (c) indicates the current density value at which the data in (a), (b)
and (d) were acquired.

to the schematic in Fig. 1 (a) the FL SOT effective field is
directed along the compressive strain direction. Note that
the PMN-PT substrate was poled prior to any measurements,
which resulted in the Hall cross device being no longer sym-
metric. This is reflected in the difference in the AHE hystere-
sis loop, shown in Fig. 3 (a), as well as in the measured FL
SOTs for the orthogonal directions, in Fig. 3 (b). Furthermore,
the electric field response of the FL SOT in this configuration
has the opposite behavior. As seen in Fig. 3 (b), when the
electric field is increased to 200 kV m~!, the FL SOT effec-
tive field at high current densities becomes larger than that at
zero electric field.

While the non-linear dependence of the FL torque on the
current density measured at zero electric field can be attributed
to the Joule heating effect and the M, reduction at higher cur-
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FIG. 3. (a) Anomalous Hall resistance during the OOP magnetic
field sweep acquired for orthogonal directions of the current flow at
room temperature and zero applied electric field across the PMN-PT
substrate. The loops at higher currents have a significantly differ-
ent shape indicating that the orthogonal directions are not equivalent
even at zero field after electrical poling of the PMN-PT substrate due
to hysteresis of the strain. (b) Comparison of the the field-like SOT
effective field as a function of the current density measured along
the orthogonal strain directions: Hff]; along the compressive (red and
blue) and HeFf% along the tensile (black) strain directions at 0 kV m~L.
The field-like SOT effective fields measured in the direction of com-
pressive strain are plotted for two magnitudes of the electric fields
applied across the PMN-PT substrate. Note that the data points rep-
resent the average values of the two measured for opposite magne-
tization directions. The solid lines represent a power law fit to the
data.

rent densities, the change of FL. SOT behavior with increas-
ing electric field across the PMN-PT substrate needs to be ex-
plored. Since the strain does not significantly affect the M; in
our system, which is obtained from the strain dependence of
the Rapg (see Supplementary Materials), another mechanism
has to be responsible for the observed behavior of the FL. SOT.
In order to understand the possible mechanism, we measured
the variation of the PMA in our system at various currents and
electric fields. The angle-dependent Hall voltage due to a DC
current as a function of the constant external magnetic field of
200 mT was analyzed based on Stoner-Wohlfarth theory?® for
two strain directions. The magnitude of the DC current was
chosen such as to provide similar shapes of the AHE hystere-
sis loop (and Rayg) as in the harmonic Hall experiments. The
estimated effective anisotropy field variation due to the tensile
and compressive strain as a function of the DC current and for
various electric fields are summarized in Fig. 4 (a) and (b),
respectively. One can see, that LyH.g decreases as a function
of the applied DC current for all cases, which is consistent
with the results of the harmonic Hall measurements discussed
above.

One can also see that the increase of the electric field leads
to the opposite response of the PMA in the case of tensile
and compressive strain. As seen in Fig. 4 (a), yoH.s mea-
sured using a DC current of 0.32 mA at zero electric field
becomes smaller at 200 kV m~!, i.e. when the magnitude of
the tensile strain along the probing direction increases. On the
contrary, the effective anisotropy field measured at 0.32 mA
for the compressive strain increases with the increasing elec-
tric field magnitude (Fig. 4 (b)). This behavior is expected



since CoFeB is characterized by a positive magnetostriction
coefficient,’” i.e. under the in-plane tensile strain the magne-
tization in the CoFeB layer tends to incline towards the film
plane, while compressive strain makes the out-of-plane direc-
tion more favorable for the magnetization.

Moreover, by comparing the current dependencies of the
measured magnetic anisotropy for different magnitudes of the
electric field across the PMN-PT substrate for single strain
configuration, we can notice that the anisotropy change due
to the increasing current is also different. As seen in Fig. 4
(a), UoH.sr changes approximately by a factor of two when
the DC current increases from 0.32 mA to 0.70 mA at zero
field (red data set), while the measured change is less for 200
kV m~!(blue data set). This can be understood assuming that
the piezoelectric strain tends to counteract the anisotropy vari-
ation that results from the increasing current. On the contrary,
the change of the anisotropy observed in Fig. 4 (b) becomes
more pronounced for higher electric field magnitudes across
the PMIN-PT substrate, so that the strain in this case acts in the
same way as the increasing current. This can be attributed to
the strain-induced effects on thermoelectric properties of the
system, e.g. opposite thermal conductivity variation due to
tensile and compressive strain, which becomes increasingly
relevant at the nanoscale.?!3 As a result, application of strain
of opposite sign leads to effectively different temperatures rise
at the device due to the increased current,>® which, in turn, re-
flects on the reduction of the magnetic anisotropy observed in
Fig. 4. “This, e intuitivesi : ey

We also find that the effect of strain on the magnetic
anisotropy is smaller at higher DC currents for both strain di-
rections. This can be attributed to the variation of the satu-
ration magnetostriction, Ag, which dictates the strength of the
strain-induced magnetic anisotropy, Kmg =< AsY €, where Y is
the Young’s modulus and € is the generated strain.'” Since the
saturation magnetostriction for CoFeB itself was shown to fol-
low M;,3* it can be expected that the strain effect on the mag-
netic anisotropy is less significant at higher currents, where
also the M is reduced.

Thus, we can apply these findings to explain the current
density dependencies of the FL SOT effective fields and their
variation with the electric field applied across the PMN-PT
substrate shown in Figs. 2 (c) and 3 (b). When the FL effec-
tive field is measured along the tensile strain direction (Fig. 2
(c)), where the piezoelectric strain impedes the anisotropy
decrease at high currents (Fig. 4 (a)), the FL effective field
slope reduces from the power law to approximately a linear
dependence on the current. The opposite is observed for the
compressive strain direction, acting together with the current-
induced heating to decrease the anisotropy.

Therefore, by using electric field-induced strain it is pos-
sible to significantly tune the magnitude of the FL SOT ef-
fective fields, which according to the recent works can play
a relevant role in magnetization dynamics in certain material
stacks, where the FL torque can be much larger than its DL
counterpart.’>-38 Furthermore, the HM/FM interface can also
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FIG. 4. PMA effective fields measured as function of the current
for different electric fields across the PMN-PT substrate for (a) the
tensile and (b) the compressive strain directions. The insets show
the measurements geometries, where the angular dependence of the
AHE was measured using an external magnetic field of tigHext =200
mT directed along the tensile and compressive strain directions of the
PMN-PT substrate.

give rise to a sizeable interfacial Dzyaloshinskii-Moriya inter-
action (DMI),3%4? which originates from the inversion asym-
metry with a strong SOC and can lead to the stabilization of
topological spin textures,*! such as homochiral domain walls
and skyrmions.*? Recent studies suggest that the joint action
of the carefully tuned current-induced SOTs in such systems
provides room for further optimization of the magnetization
switching and even enables field-free switching3>*} and ul-
trafast field-free deterministic creation of skyrmions on de-
mand.* In this mechanism, the FL torque was found to ei-
ther assist or impede the magnetization switching, depending
on the relative strength of the FL torque.®® Finally, the SOTs
are also responsible for current-induced motion of skyrmions,
which is fundamental for their potential use in efficient race-
track memories*> or non-conventional computing.'8*® Their
immediate application, though, is hindered by the skyrmion
Hall effect, i.e. that skyrmions move under an angle with
respect to the driving current, which originates from the in-
ternal distortions of the non-trivial spin texture.*’*8 Recent
work stresses the necessity to take into account the FL torques
when considering the skyrmion dynamics,*® as the anisotropy
of these torques in HM/FM multilayer systems can introduce
large corrections to the skyrmion Hall effect.**>° Thus, by
tuning the asymmetry of the SOTs, which could be feasi-
bly achieved with piezoelectric strain, one could control the
skyrmion Hall effect and, as a consequence, the skyrmion mo-
tion, which is critical for their potential applications.

In conclusion, we show experimentally that the FL. SOT in
a Ta/CoFeB/Ta/MgO multilayer stack is significantly larger
than the DL SOT and exhibits a non-linear dependence on the
current density. This non-linear behavior can be explained



by a reduction of M; as well as the perpendicular magnetic
anisotropy due current induced heating, which is confirmed
in the experiments. Moreover, we demonstrate that the mag-
nitude of the FL. SOT effective field can be efficiently ma-
nipulated by piezoelectric strain. We find consistent strain re-
sponse of the FL SOT's with opposite dependence for strains of
opposite signs. The FL SOT effective fields along the tensile
strain direction, impeding the current-induced reduction of the
PMA, can be drastically reduced by increasing the electric
field applied across the piezoelectric substrate. On the con-
trary, larger electric fields lead to an increase of the FL. SOT
effective field along the compressive strain direction. This
suggests that the FLL SOT's in a Ta-CoFeB system can be mod-
ified differently by the piezoelectric strain, which could open
a way to engineer and control the anisotropy of the SOTs in a
system. The latter is potentially interesting as it can be used
e.g. to tailor the skyrmion Hall angle, which is a necessary
next step towards the use of skyrmions in device applications.
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