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Abstract
Magnetoelectric materials are one of the potential candidates that can counter the growing need of low-power memory and
spintronic devices due to their ability to electrically control magnetic states. Manipulation of a magnetic state with the sole
use of an electric field has faced several challenges like volatility and non-reproducibility. Here, we propose a magnetostrictive
FeGa thin film interfaced with a relaxor ferroelectric substrate (PMN-PT) having a [011] surface cut. The polarization rotation
is controlled near the coercive electric fields and stabilized at remanence, which generates distinct strained states. This strain
transfers to the FeGa layer mechanically, inducing a net rotation of magnetization without the need of any bias magnetic field
applicators. Imaging of the magnetic domains reveals spatial and real-time information about its variation and adds insight on the
modification of magnetic anisotropy. The newly created magnetic information can be erased by reaching ferroelectric saturation
and subsequently regenerated through specific electrical pulses. These results demonstrate the possibility of manipulating the
magnetization via controlled polarization rotation, for use in strain-driven magneto-electronics.

1 Introduction

Anew era in the search of energy efficient devices has emerged to
tackle the growing requirements of current generation magnetic
memory devices and sensors [1–6]. The significant increase in
power consumption required for data storage and computing
demands urgent attention for the development of novel materials
or techniques that can be integrated with the current generation
devices [7–12]. Magnetoelectric materials are well suited for these
technological applications as the combination of ferromagnetic
(FM) and ferroelectric (FE) material opens a wide opportunity
for thorough investigation [13–22]. Manipulation of magnetism
with electric fields has been researched in the past decade in
both bulk single-phase multiferroic and artificial multiferroic
materials. Even though the single-phase materials represent

intrinsic FM and FE behavior, they are limited by low ordering
temperatures [23, 24]. On the other side, artificial stacking of
a FM layer with a FE material, sharing an interface, creates
various possibilities ofmagnetoelectric couplingmechanisms like
charge-mediated [25, 26], strain-mediated [27, 28], ion migration
[29–31] etc. The magnetoelectric coupling coefficient of these
heterostructures also becomes significantly larger than bulk ones
[28, 32]. While each of these mechanisms have some advantages,
strain-mediated magnetoelectric coupling is highly promising
due to its non-volatile, reversible and robust nature as compared
to others [33–36].

Electric field driven strain effects create a wide room for choosing
different FM that can interface well with a FE material. A highly
magnetostrictive FM material coupled with a high piezoelectric
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coefficient material can be a promising candidate for enhanced
effects due to its ability to show more variation in the magnetic
properties under strain. Several works on FMs like Fe [37], Co
[38], Ni [39, 40], CoFeB [41], FePt [42], FeCoSiB [43], or FeGa
[44, 45] have been reported in literature showing changes in
magnetic characteristics when associated with a piezoelectric
via converse magnetostriction effect (CME). Another important
parameter is the magnetic softness of the interfacial FM, which
can allow the strain-induced anisotropy to be comparable with
the magnetocrystalline anisotropy, allowing controlled magne-
tization rotation. Similarly, piezoelectric materials like BaTiO3,
Pb[Zr𝑥Ti1−𝑥]O3 (PZT), or Pb(Mg

1∕3
Nb2∕3)O3-PbTiO3(PMN-PT)

have been used in combinationwith a FM, showing reliable strain
generation and cyclability [11, 46–48]. Relaxor ferroelectric PMN-
PT, exhibiting a piezoelectric coefficient (d33) in the range of
1500–2600 pC/N, has been extensively studied for its high CME.
The out-of-plane polarization switching in PMN-PT under a bipo-
lar electric field happens via fixed rotations passing through the
metastable in-plane orientations. The polarization rotations of 71◦
and 180◦ result in a symmetric butterfly-like strain response with
the electric field in the case of PMN-PT (001) crystallographic
orientation [49, 50]. However, in PMN-PT(011), anisotropic strain
behavior is observed due to the presence of 109◦ rotations (loop-
like strain) [51]. When the PT concentration is 30%, the crystal
structure is rhombohedral and the spontaneous polarization
lies along the eight possible < 111 > orientations [52]. Under
very high electric fields, orthorhombic crystal structure with
polarization along the direction of electric field can also be
generated [39].

Magnetization rotation has been reported to be around 90◦ when
the polarization switches from positive to negative out-of plane
orientation [53, 54]. In some reports, the angle is less than 90◦
due to the formation of sheer-strain and other effects compiling
from pseudocubic axes of the piezoelectric [36]. These changes
inmagnetization are sufficient to generate variablemagnetoresis-
tive states for incorporation in magnetic tunnel junctions (MTJs)
[10, 11]. The strain generated in a PMN-PT single crystal depends
on intrinsic parameters like the %PT concentration, fabrication
type and growth temperatures that decides the crystal structure.
The initial strain generation under an electric field experiences
some fatigue and requires a minimum of 4–5 cycles to stabilize
the polarization switching paths [51]. In this perspective, the
prime advantage of a PMN-PT(011) crystal is the stabilization of
unique strain values at remanence (switching of fields) due to
its asymmetric strain behavior. The ability to stabilize different
remanent strained states can provide excellent control over
generating unique magnetic properties.

In this work, we report a controlled rotation of the magnetic
easy axis of FeGa film deposited on a PMN-PT(011) substrate
by cycling a bipolar electric field applied across the thickness.
FeGa was chosen due to its high magnetostriction, high tensile
strength and soft magnetic behavior that makes it susceptible
to small changes in strain [55–58]. The polarization of PMN-PT
was controlled near to the coercive electric fields to stabilize
different strained states. The samples were demagnetized, and
themagnetic domainswere recorded usingMOKE to successfully
visualize the anisotropy character and reorientation. The in-
plane rotation of magnetization is correlated with the increase
or decrease of interfacial strain, as measured by vibrating sample

magnetometer (VSM) and x-ray magnetic circular dichroism
(XMCD). Moreover, in-plane magnetic hysteresis curves were
recorded to calculate the angle of easy axis rotation. A comparison
ofmagnetic domains stabilized at different electric fields has been
shown, which emphasizes the ability of FeGa film to perturb
according to the strain magnitude. A reversible and non-volatile
control on the magnetic properties has been achieved solely with
the use of electric fields.

2 Results and Discussion

2.1 Magnetic and Electric Properties

The schematic of a magnetic FeGa thin film deposited on a unpo-
larized pristine PMN-PT(011) substrate is shown in Figure 1a.
The FeGa layer has a mixed phase of ordered and disordered
crystal structures as reported before in our work [56]. The top
and bottom surfaces are connected to a voltage source that creates
an out-of-plane electric field along the [011] direction. Before the
application of any electric field to the piezoelectric, the magnetic
hysteresis loops along different in-plane directions were mea-
sured using MOKE to determine the presence of any magnetic
anisotropy. Figure 1b represents the magnetic hysteresis along
[100], [011̄] and 45◦ with respect to [100]. The hysteresis along
[011̄] has the highest remanence, depicting a sharpmagnetization
reversal as compared to the other directions, where a lower
remanence is reported. The difference in hysteresis along the
three directions marks the presence of a magnetic anisotropy
in the pristine state with a possible easy axis (EA) along [011̄].
Figure 1c shows a rhombohedral phase structure of the PMN-
PT crystal owing to its [011] cut. The out-of-plane polarization
can be defined by [1̄11] or [111] components (orange arrows)
during positive saturation and by [11̄1̄] or [1̄1̄1̄] components
(purple arrows) during negative saturation. The switching of
polarization from positive to negative is mediated through four
in-plane variants along [111̄], [11̄1], [1̄1̄1] and [1̄11̄] orientations
as marked by the blue arrows. The sample surface and the edges,
([011̄] and [100]) are represented by the blue plane and the black
arrows. An application of a bipolar electric field cycled across
the thickness of the PMN-PT modifies the net polarization of the
material that is usually depicted by the polarization hysteresis (P-
E curve). We have measured the current generated in the circuit
while cycling the field with a maximum magnitude of 6 kV/cm.
The current vs electric field (I(E)) curve obtained (Figure 1d)
marks two distinct characteristic peaks near to 𝐸 ≈ 1.8 kV/cm.
The peaks correspond to the two coercive electric fields (±E𝑐)
where the polarization vectors switch from out-of-plane to in-
plane variants. This increasing current is associated with the
domain switching phenomena of the piezoelectric material [59].

2.2 Strain History and Stabilization

The application of an electric field across the opposite surfaces
of a piezoelectric, alters its dimensions due to the inverse
piezoelectric effect. The in-plane strains generated are measured
using a biaxial strain gauge that is adhered to the sample
surface. The dependence of strains generated along [011̄] and
[100] directions on the cycling electric field is shown by the
green and red curves, respectively, in Figure 2a. The amplitude
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FIGURE 1 (a) Schematic of FeGa thin film on PMN-PT(011) crystal substrate with Ag contacts as top and bottom electrodes for application of
electric field (not to scale). (b) Evolution of magnetic hysteresis along in-plane axes (0◦, 45◦, 90◦ from [100]) in the pristine state (before application of
electric field). (c) Rhombohedral unit cell showing the crystal axes shown in (a) and the 8 possible polarization orientations in PMN-PT(011). (d) Current
vs electric field (I(E) curve) of PMN-PT(011) showing the characteristic peaks which marks the coercive field (E𝑐) values where polarization switching
occur. The different colors in the I(E) curve correspond to the different polarization configurations shown in (c).

FIGURE 2 (a) In-plane strain generated along [011̄] and [100] directions with cycling electric field of amplitude between±6 kV/cm are represented
by the green and red curve. (b) The strain evolution under continuous application of ±6 and near ±1.2 kV/cm are shownmarking the stability at 0+ and
0− states. The portions of electric field application are marked with light yellow color.

of the field is cycled between ± 6 kV/cm from the pristine
state until a repeatable strain curve is achieved. The initial
electric field application creates a polarization switching path
by reorienting the crystal axes. After repeated polarity reversing,
the polarization path saturates gradually, thus generating a
repeatable strain curve. The approach of the strain curve to
and from +6 kV/cm are significantly different along [100]. This
indicates that the saturation polarization is not achieved during
positive electric field application. A saturating behavior, however,
would represent a further decreasing magnitude of strain (for
E > E𝑐) stabilizing at values similar to negative cycles [51]. The

switching of polarization in the PMN-PT crystal takes place
via 109◦ or 71◦/180◦ rotations. The former is responsible for
generating a loop-like strain behavior as a function of bipolar
electric field, while the latter is responsible for a butterfly-like
strain dependence. In the case of PMN-PT(011) crystal cut, a
combination of both rotations can create a net asymmetry in
the strain hysteresis as observed previously observed in similar
systems [49, 50].

The strain curve has an asymmetric dependence as compared to
our earlier report on PMN-PT(001) crystal, where it is symmetric
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[45]. This behavior stabilizes two different remanent strained
states depending on the poling direction. Along the 011̄ direction,
two strain peaks are observed near to 𝐸𝑐 at values of approxi-
mately± 1.2 kV/cm,whichmarks the in-plane polarization states.
The presence of strain peaks at sub-coercive field values can
be attributed to the influence of non-180◦ ferroelastic domain
switching that have been observed to affect the strain values
[60]. The presence of the PMN-30%PT substrate near to the
morphotropic phase boundary can induce such effects. As the
saturation fields are approached, the strain decreases as the out-
of plane polarization rotation stretches the PMN-PT along [011]
direction. The strains generated along both in-plane directions
are measured as a function of time to understand its stability at
various levels. A constant DC electric field of ±6 and ±1.2 kV/cm
was applied alternatively via the zero field (remanence) states.
The variation of strain levels is shown in Figure 2b by green
[011̄] and red [100] curves, and the corresponding levels of voltage
activation are marked by light yellow patches.

The evolution of strain under constant electric fields provides
insight about the stability of a particular strained state. Under𝐸 =
−6 kV/cm, 𝜀100 becomes stable after 50 s at around –0.054% while
the 𝜀011̄ is still decreasing. Similarly, at𝐸 =+6 kV/cm, 𝜀011̄ is nearly
stable around−0.018%while 𝜀100 is reducing. This suggest that the
saturation is not achieved fully and the polarization reorientation
in still undergoing. Indeed, a gradual decrease in behavior is
observed for a time period of more than 1000 s, representing a
slowly saturating behavior as shown in Figure S5 (Supporting
Information). This is directly linked to the non-overlapping part
of the curves near to ±6 kV/cm. Near to 𝐸𝑐, the 𝜀011̄ is stable
around its peak values, whereas the 𝜀100 is not since it experiences
a large strain jump. Under a continuous application of E ≈ −E𝑐,
the strain along [100] goes up instantly, representing the peak in
Figure 2a and drops down further representing the switching of
polarization. Similar jump is observed after 0− state,whichmarks
the instability of strain near to E𝑐. Overall, as the field is switched
off, the strain along both the directions are stable and distinct.
The remanent strained state achieved after a negative and positive
field cycles are hereby named as 0− and 0+ state, respectively
represented by pink and blue symbols. The two remanent strained
states are shown to stabilize a greater difference in strain values
along [100] direction of around 0.024% with a negligible change
along [011̄].

2.3 Controlling Magnetic Domains

The in-plane strain generated at the interface between FeGa
and PMN-PT is transferred to the magnetic layer via the inverse
magnetostriction effect. This affects the magnetic anisotropy of
the system, thereby modifying the magnetic domain structure.
In order to have a deeper understanding of this effect, magnetic
domains were recorded under a MOKE microscope. A 20×
magnification objective was used to capture a wide domain area
of 300 × 300 μm2. The sample was magnetically demagnetized
by applying an alternating in-plane magnetic field (H𝑝𝑒𝑎𝑘 = 20
mT, frequency = 13 Hz, decay time = 2 s) along the pristine HA
at different polarized states. The Kerr contrasts were recorded in
the same region as shown in Figure 3. A simultaneous acqui-
sition of longitudinal (along [100]) and transverse (along [011̄])
components (in-plane contrasts) was performed to determine

the preferential orientation of domains. The images on left of
each state represent the L contrast (M ∥ H) and on the right
are the T contrast (M ⟂ H). Demagnetization under a decaying
alternating magnetic field lowers the magnetic energy of FeGa
letting the domains to point along the easy axis of the system. The
domain patterns are statistically repeatable until a fixed frequency
of AC field is kept. Here, we consider the 0− state (Figure 3b)
as the reference, in which the strain is the most compressive
along [100]. The components of magnetization are majorly along
the T direction representing stripe domain pattern. The faint L
contrasts represents very minimal component of magnetization
along [100]. The relative change in % strain of each states
(compared to 0− state) are calculated as the strain changes along
both directions are asymmetric. Since [011̄] is the pristine EA of
the system, any expansion along it would reinforce the original
EA while any contraction would rotate domains toward [100].
Further, any expansion along [100] would rotate the EA toward
[100]. A compression of −0.024% along [011̄] under −6 kV/cm
rotates some of the domains toward [100] asmarked by the yellow
regions in Figure 3a. The direction of magnetic domains are
referenced by the red arrows. The domains at E field value of+1.2
kV/cm are similar to those of the 0− state (Figure 3c). Once the𝐸𝑐
is crossed and the field has reached to +6 kV/cm, a compression
along [011̄] and expansion along [100] is observed as shown in
Figure 3d. This hugely impacts the domain structure stabilization
showing a significant increase in longitudinal domains (marked
by the yellow circles with red arrows). Some regions still show the
stripe patterns along [011̄], similarly to the 0− statemarked by the
green enclosures. As the field is zeroed to achieve the 0+ state, a
similar magnetic configuration is retained after demagnetization
as shown in Figure 3e. This is directly linked to the non-saturating
behavior of the piezoelectric polarization that generates a minor
strain curve and produces a different remanent strain. Moreover,
the area of stripe domains has increased in the 0+ state since
the compression along [011̄] has reversed whilst maintaining
the expansion along [100]. This magnetic behavior is retained
(Figure 3f) until the polarization is reversed by approaching −6
kV/cm.

The region corresponding to the domain observation represents
a smaller area of 0.09 mm2, whereas the strain curves shown
in Figure 2 represent the macroscopic behavior averaged on
the whole surface, with an area of nearly 20 mm2. This larger
surface includes regions with different local strains that con-
tributes to generate a net strain [61]. The strain inhomogeneity
can be occurring due to the underlying presence of complex
piezoelectric domains of PMN-PT that forms during the electric
field switching [62]. This disorderliness has a direct implication
on the local magnetic anisotropies as the FeGa film is deformed
in a non-uniform manner, thus stabilizing different domains in
different regions. Indeed, the non-uniformity in domain patterns
is clearly observed in Figure 3 after the polarization of the PMN-
PT. The magnetic domains near to 𝐸𝑐 remains similar to the
0+ or 0− states, until a strain jump (polarization switching)
occurs. The exact quantification of domain changes cannot be
linked to the strain-time curves in Figure 2 due to limited
area MOKE measurement. Further, the strained states near to
𝐸𝑐 can also be impacted by the rate at which a particular
electric field is approached. A linear increase compared to a
sudden jump in the electric field sometimes affects the patterning
of domains.
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FIGURE 3 Schematic of measurement procedure using MOKE to obtain the demagnetized states at various strained states. A small area of the
sample is observed under the microscope as marked. (a–f) Magnetic domain contrasts of demagnetized states recorded at six distinct strained states
achieved under applied electric fields of ±6, ±0 and ±1.2 kV/cm. For each state, the left and the right images represent the longitudinal (in-planeM ∥

H) and transverse (in-planeM ⟂H) MOKE contrasts. The relative change of strain (%) with respect to 0− state (b) generated along both [100] and [011̄]
are shown on the left.

2.4 Rotation of Magnetic Anisotropy

2.4.1 Magnetization Reversal

Themagnetic domain textures forming during themagnetization
reversal along [100] and [011̄] directions are further studied to
understand the influence of electric-field induced local strains. In
the pristine state, large domains are observed along [011̄] while
magnetic ripple patterns are observed along the [100] as shown
in Figure S6 (Supporting Information). This is typical along the
hard axis of soft polycrystalline thin films such as FeGa films.
Once switched in 0− and 0+ states, the domain textures and
shapes changes. Figure 4a,b show the same region after switching
the electric polarization to 0− and 0+, respectively. The local
hysteresis loops shown on the left, refers to the specified domain
area. For the 0− state (Figure 4b), faint domains are observed

along [100] (HA)where the reversalmajorly happens via coherent
rotation along with some ripple patterns. The annihilation of
these ripples marks the influence of local substrate strains caused
by the ferroelectric domains underneath. Along the easy axis
([011̄]), a clear 180◦ domain wall was observed similarly to the
original easy axis of the sample. The loops corresponding to the
transverse contrast change for the 0+ state and 0− state are shown
in Figure S7 (Supporting Information). Some surface cracks also
form after repeated switching of the piezoelectric polarization as
marked by the dashed orange lines, in agreement with what was
reported in literature [37]. The morphology of these cracks are
shown in Figure S8 (Supporting Information). In the 0+ state,
the domain structures along [100] and [011̄] are smaller. The
pinning of domains can be referred to the surface morphological
character (marked by the dashed yellow lines) also shown in
Figure S8 (Supporting Information). It is interesting to note that
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FIGURE 4 Magnetic domain structures recorded during magnetization reversal in 0− and 0+ states are shown by (a) 1–6 and (b) 1–6, respectively.
The orange dotted lines mark the surface cracks generated by electric-field induced strain. The red and green curves represent the local hysteresis loop
(corresponding to area shown) along [100] and [011̄] directions. The images correspond to the points marked in the hysteresis loops.

the domains along the [100] direction are nowbigger as compared
to those of the 0− state, suggesting the shift of EA toward [100].
Along the [011̄], the previously easy axis (0− state) is modified
toward a mix contribution of surface induced magnetization
rotation and domain wall motion.

2.4.2 Hysteresis Evolution

The macroscopic magnetic hysteresis loops along different in-
plane directions were measured using MOKE to determine its
evolution under positive and negative electric field bias. The
beamdiameterwas∼1mm to generate a net average contribution.
Figure 5a,b show the evolution of magnetic hysteresis in 0−

and 0+ states, respectively. In the 0− state, the hysteresis loops
along 90◦ [011̄] have the highest remanence. As the 𝜃 (angle
from [100]) reduces, the remanent magnetization decreases and
becomes the lowest at 0◦. In the 0+ state, the loops are modified
due to a different underlying strain with the hysteresis along
[100] having higher remanence than [011̄]. The polar plot of
normalizedmagnetic remanence (𝑀𝑟/𝑀𝑠) of hysteresis measured
in different directions and states is shown Figure 5c. The pristine
state curve, shown by light green color has an easy axis along
the [011̄] direction. The anisotropy is modified in the 0+ state,
represented by the blue curve. The remanence of hysteresis
along 90◦ and −90◦ are not the same as the sample generates
cracks and local surface deformations that hinders the symmetry
of the domain flow [61, 63]. In the 0− state, the shape of
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FIGURE 5 Evolution of magnetic hysteresis along different in-plane axes (across an angle of 180◦) in the 0− and 0+ states are shown in (a) and
(b), respectively. (c) Polar plot of magnetic remanence vs. measured angle with respect to [100] direction.

the polar plot completely shifts, making the [011̄] direction
as the easy axis of the 0− state. Overall, a more pronounced
magnetic anisotropy is observed in the 0− state as compared to
the 0+ state. The anisotropy change observed via the shift of
hysteresis loops can be quantitatively comparedwith the expected
change due to the stress-induced magnetoelastic contribution.
The details of the in-plane anisotropy change are discussed in
Supporting Information.

2.5 Magnetization Dependence on Remanent
Strain

The influence of induced strain on themagnetization of FeGawas
measured in absence of any external magnetic field. A schematic
representation of the 0− and 0+ states is shown in Figure 6a with
the relative strain values depicting expansion along [100] and
slight compression along [011̄]. The sample was characterized by
XMCD measurements at Fe L2,3-edge. The XMCD signals show
an immediate reduction of dichroic signal at remanence on the
first application of electric field induction across the PMN-PT
substrate as shown in Figure S9 (Supporting Information). The
magnetic moment is recorded simultaneously along the [011̄]
and [100] directions using a VSM to determine the rotation of
magnetic moments. Figure 6b,c show the variation of magnetic
moments along [100] and along [011̄] as a function of time under
repeated electric field pulses. After each pulse, the magnetic
moment is averaged for 30 s and are represented by the pink
and blue squares for the 0− and 0+ states, respectively. Along
the [100] direction, the magnetic moment increases as the 0−
state is switched to 0+. This correlates well with the expansion

along [100] that forces the netmagneticmoment to turn toward it.
Under similar circumstances, a decrease in moment is observed
along the [011̄] representing a rotation of magnetization. This
shifts themagnetic EA from [011̄] in 0− state toward the direction
of [100] in 0+ state. The negative or positive pulse are repeated for
10 cycles each to maximize the effect of magnetic reorientation.
During the transition from −6 to +6 kV/cm pulse, we observe an
initial jump of magnetic moment that slowly saturates after at
least 4 repeated pulses. This is related to the fatigue that occurs
in PMN-PT during polarization switching, which subsequently
affects the strain transfer efficiency.

3 Conclusion

The magnetic properties of a FeGa film have been modified by
sole use of electric fields. The application of an electric field
generates strain at the interface that is inhomogeneous in nature
and depends on the crystallographic changes to PMN-PT during
polarization reorientation. This creates a unique but complex
dependence of magnetic anisotropy and domains on strain.
Combining mechanic, electric and magnetic characterizations,
we experimentally prove the full electric control of FeGa thin
films by modifying the piezoelectric (control layer) using an
electric field. Majorly, different strain levels are achieved in a
reproducibly controlled manner, thereby tuning the magnetic
responses. Different anisotropy levels in FeGa are shown to be
stabilized at zero electric fields after a positive/negative pulse.
The rotation of in-plane magnetization in remanent strained
states (0− and 0+ states) is proved by combining the VSM and
XMCD measurements. A change in easy axis between these
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FIGURE 6 (a) Schematic of relative expansion and contraction at 0+ state with respect to 0− state. (b,c) Magnetization recorded using VSM along
[011̄] and [100] directions after repeated application of electric field pulses of ±6 kV/cm. The pink and light blue points mark the average magnetization
after each pulse recorded both along [100] and [011̄] demonstrating a rotation of magnetic moments.

states is also presented, as studying the demagnetized states
reveals an increase in longitudinal contrast. This can only be
attributed to the inclusion of strain-induced anisotropy in the
system. The anisotropy variation was further analyzed by the
change in magnetic hysteresis along different in-plane axes. The
magnetic domains recorded during the magnetization reversal
reveals the effect of net anisotropy rotation and local surface
modifications on the magnetic character. This work proves that
the effect of strain-mediated magnetoelectric coupling can be
significant when a proper control of the piezoelectric polar-
ization is achieved. The FeGa/PMN-PT artificial multiferroic
heterostructure possess huge potential to be incorporated in low
power magneto-electronics.

4 Experimental Section

4.1 Sample Preparation

Radio frequency (RF) sputtering technique was used to deposit
FeGa thin films on (011) oriented PMN-30%PT substrates. The
target used for deposition has a composition of 70:30 (Fe:Ga).
The deposition rate of FeGa was maintained at 0.8 Å/s and the
thickness of FeGa layer was chosen to be 20 nm. The PMN-PT
substrates were bought from Crystal Gmbh, Germany having a
thickness of 0.5 mm. The substrates were used in their pristine
condition and any annealing treatments were not performed
to avoid thermal effects [64]. The deposition was performed
on the polished side of the substrate at room temperature
and in Ar ion environment at a pressure of 1.1 × 10−2 mbar.

The base pressure of the chamber was 10−7 mbar. No external
magnetic field was applied during the deposition. Scanning
electron microscope (SEM by FEI Quanta3D-Inspect F) was used
to determine the growth quality. The elemental configuration and
morphology of the FeGa film measured by X-ray photoelectron
spectroscopy (XPS) and SEM are shown in Figures S1 and S2,
respectively (Supporting Information). The surface roughness of
< 1 nm was observed for the PMN-PT substrate using atomic
force microscope (AFM) which ensures a uniform FeGa layer.
Energy dispersive X-ray spectroscopy (EDS) maps represent a
compositional homogeneity of Fe and Ga atoms present in the
sample (Figure S3 (Supporting Information)). The composition of
deposited FeGa thin film is 68.71:21.29 (Fe:Ga) as recorded from
the EDS spectra shown in Figure S4 (Supporting Information).

4.2 Electric-Field Induced Strain Application

Silver (Ag) paste was used as the bottom electrode of PMN-PT
with FeGa layer as the top electrode as shown in Figure 1a. These
electrodes were connected to the voltage source of a Keithley
6517A Electrometer for generating an electric field across the
sample. The strain generated in the PMN-PTwasmeasured using
a biaxial strain gauge that is attached to the sample surface.
The internal resistance and the k-factor of the strain gauge were
120 Ohms and 1.67, respectively. The measuring strain gauge
was attached via a half-wheatstone bridge setup to a reference
gauge of the same specifications. Any change in the resistance
caused by the expansion or contraction of the measuring strain
gauge was measured using a HBM MGCplus data acquisition
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system. The strain value is calibrated for a fixed resistance and
is measured in ppm. I(E) curves were recorded using a Keithley
6485 picoammeter/voltage source by measuring the current flow
through the thickness of the sample under a cycling electric field
within ±6 kV/cm.

4.3 Magnetic Domains and Hysteresis

The magnetization of the sample was recorded using VSM, by
Lakeshore Cryotronics, Inc in absence of magnetic field. The in-
plane magnetization components (along [011̄] and [100]) were
measured simultaneously using two separate pick-up coils. The
magnetic hysteresis loops along different in-plane angles were
measured using longitudinal magneto-optic Kerr effect (MOKE).
A s-polarized laser with a wavelength of 658 nm and 8mW
power was used [65]. To image the magnetic domains, another
MOKE setup equipped with a microscope by Evico magnetics
was used. A magnification of 20× was considered for optimal
viewing of domains. The demagnetized states were recorded with
a simultaneous acquisition of longitudinal (L) and transverse
(T) contrasts at different electric fields applied to the PMN-PT.
The magnetic hysteresis along with domains at each step of the
magnetization reversal were recorded in longitudinal mode. All
measurements are performed at room temperature.

4.4 X-ray Magnetic Circular Dichroism

XMCD spectra at Fe L2,3 edges were measured in the APE-
HE beamline at Elettra synchrotron facility in Trieste [66]. A
custom designed sample holder was used for in situ voltage
application. The spectra were measured in total electron yield
(TEY) mode in circular polarization, with a normalizing the
intensity of the sample current to the incident photon flux
current. For each energy value, a magnetic field pulse of ±20 mT
was applied in plane (a field large enough to switch and saturate
the magnetization of the sample), measuring the TEY signal at
remanence. The sample surface was kept at 45◦ with respect to
the incident X-rays for a beam footprint of around 200 μmwidth.
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