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Abstract
Artificial magnetoelectric materials possess huge potential to be utilized in the development of
energy efficient spintronic devices. In the past decade, the search for a good
ferromagnetic/ferroelectric combination having the ability to create high magnetoelectric
coupling, created new insights and also new challenges. In this report, the magnetoelectric effect is
studied in the FeGa/PMN-PT(001) multiferroic heterostructures in the presence of electric fields
via strain-mediated effects. The formation of magnetic anisotropy in FeGa is observed after
changing the polarization of PMN-PT to out-of-plane orientations. The magnetic domain
structures forming during the magnetization reversal were studied in compressive, tensile and
remanent strained states. The changes in the magnetic properties were reversible after each cycling
of the electric field polarity, hence creating a non-volatile system. The control of magnetization
switching sustained by an ON–OFF electric field makes our multiferroic heterostructure suitable
for application in low-power magnetoelectric based memory applications.

1. Introduction

The manipulation of magnetic properties with the sole use of electric field has attracted new attention in
recent years for its potential ability in low power memories and solid-state devices [1–5]. A major advantage
over conventional storage devices is reducing the amount of energy required to flip the magnetization during
data writing. In this context, multiferroic materials are suitable candidates having more than one ferroic
order and typically show an interplay between ferromagnetism and ferroelectric behavior [6–12]. However,
the ordering temperatures of these materials are low, which limits their usage for room-temperature devices
[13, 14]. Artificial multiferroics play a major role in this aspect, where different combinations of magnetic
layers can be stacked on a piezoelectric substrate [15–20]. The application of an electric field induces
deformation in the piezoelectric layer via the inverse piezoelectric effect. The strain is transferred at the
interface to the magnetic layer that modifies the magnetic anisotropy and domain structures. Materials
possessing high magnetostriction are ideal to generate more control over magnetization changes through
strain effects as compared to other ferromagnets. Another method of influencing the magnetization is by
inducing migration of ions from an oxide to using an electric field creating a significant change in
magnetization [21–23]. However, the reversibility is compromised by a volatile behavior after repeated
switching.

A good piezoelectric substrate with high piezoelectric coefficients along with a highly magnetostrictive
material can be a promising combination to enhance the effect of strain effect on magnetization. Among the
available piezoelectric materials, relaxor ferroelectric Pb(Mg1/3Nb2/3)O3-PbTiO3(PMN-PT) has high
piezoelectric constants [24–26]. With a PT concentration of 30%–40%, the material lies in a morphotropic
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phase boundary and consists of a mixed phase of rhombohedral and tetragonal phases [27–29]. Several
works have been performed with this substrate involving different ferromagnetic materials like Co [30], FePt
[31], FeSi [32], FeCoSiB [33], etc, where the effect of strain on the change in anisotropy has been studied.
Various in-plane strained states can be stabilized at remanence by cycling controllably the electric field
applied through the thickness of the PMN-PT [34]. This can be effectively used to control the magnetic
domains [35–37]. In the case of PMN-PT(001), the spontaneous polarization lies long the<111> directions
(out-of-plane). With the application of opposite electric field, the polarization switches in-plane via 109◦

switching thereby generating in-plane strains and permitting non-volatile magnetoelectric effects [38, 39].
Strain induction by electric field also results in the formation of surface cracks, which might result in a

discontinuity in the magnetic thin film deposited on top of it. However, the cracks were reported to be
electrically reversible and reformed by switching the polarity of the electric field in PMN-PT(001) substrates
by Liu et al [40]. Reversible crack modification has also been reported by Vinai et al in FeMn/PMN-PT(001)
films, where out-of-plane polarization induced cracks in the film [41]. Upon reversing the applied electric
field, the cracks were erased and a magnetically continuous film was generated.

In recent years, FeGa thin films have been studied in PMN-PT structures. FeGa alloys have a high
magnetostriction constant, high tensile strength and soft magnetic behavior [42, 43]. The manipulation of
magnetic hysteresis under the application of electric field has been shown by Phuoc et al [44, 45].
Ferromagnetic resonance studies have shown that the tailoring of resonant frequency and magnetic
permeability can be done at different strained values [44, 46]. Some FeGa microstructures and
nanostructures have been fabricated on PMN-PT substrates and the change in the local magnetic states by
electric field in the presence of magnetic bias field has been realized [47, 48]. However, to the best of our
knowledge, the characterization of domain textures in FeGa thin films on PMN-PT under the influence of
electric field is missing in the literature.

Understanding the change of domain structures during magnetization reversal in the presence of electric
fields is highly necessary to explain the effect of magnetoelectric coupling. In our work, we have performed
detailed characterization of FeGa/PMN-PT heterostructures using magnetic domain analysis at each stage by
correlating them with the hysteresis evolution and strain values. The realization of domain manipulation
under various electric fields (different polarized PMN-PT states) gives insights about the coupling of
magnetic domains with the ferroelectric domains of the PMN-PT. The as-deposited magnetic isotropic
behavior of the sample was transformed into a magnetically anisotropic character under application of
electric field, by exploiting the magneto-electric coupling effect. Using a Kerr microscope attached to the
magneto-optic Kerr effect (MOKE) setup, the magnetic domains were recorded at all stages of the applied
electric field to unveil the strain effects and the ferromagnetic–ferroelectric correlations. The magnetic
anisotropy of the sample was modified and reproduced by cycling through various reversible strain states.
The change of remanent magnetization of the sample was recorded by application of a cycling ON–OFF
electric field process, through the use of a vibrating sample magnetometer (VSM). A completely non-volatile
and reversible switching of magnetization was achieved.

2. Experimental methods

2.1. Sample preparation
Fe70Ga30 thin films were deposited on the polished side of (001) oriented Pb(Mg1/3Nb2/3)O3-PbTiO3

(PMN-PT) substrates using sputtering at room temperature. The concentration of PT was between 30% and
34%. The thickness of the FeGa film was kept at 50 nm and 200 nm. The deposition was performed in the
presence of an Ar environment. The pressure of the chamber during deposition was 1.1× 10−2 mbar and the
base pressure was at 10−7 mbar. No external magnetic field was applied during deposition. The substrates are
0.5 mm thick and have an Ag coating of 200–300 nm on the non-polished side. The substrates were
purchased fromMSE Supplies LLC (USA), which uses the Bridgman method for substrate preparation. The
structured layer of FeGa on PMN-PT was observed with a scanning electron microscope (FEI
Quanta3D-Inspect F).

2.2. Electric field application
The top and bottom surfaces of the FeGa/PMN-PT sample were contacted with a voltage source to generate
out-of-plane electric fields as sketched in figure 1(a). To achieve this, the Ag coating on the back side of the
sample is used as the bottom electrode and the top metallic surface made of the magnetic material is
contacted to a Cu wire using Ag paste, making it as the top electrode. These top and bottom electrodes are
connected to the voltage source present inside a Keithley 6517A Electrometer.
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Figure 1. (a) Schematic of FeGa/PMN-PT heterostructure with Ag contacts as top and bottom electrodes for voltage application.
(b, (c) The SEM images showing the thickness and cross-section at different magnification and tilt.

2.3. Strain calculation
In order to measure the in-plane strain generated in the sample, a strain gauge was attached to the top
surface using Ag paste. The internal resistance and the k-factor of the strain gauge were 120± 0.35 ohms and
1.67, respectively. The two ends of the strain gauge were connected in a half-Wheatstone bridge setup with
another reference strain gauge with the same specifications. The strain was measured using an HBMMGC
plus strain acquisition system where the strain value was calibrated to a fixed resistance. The change in
resistance of the strain gauge reflects the value of strain experienced and is measured in ppm.

2.4. Magnetic characterizationmethods
The magnetization reversal mechanism of the FeGa/PMN-PT samples was studied with the help of a MOKE
based microscope by Evico magnetics. A magnification achieved by a 20× objective lens was sufficient to
observe the large domains. The in-plane magnetic hysteresis loops were measured in the longitudinal mode
at different voltages applied to the PMN-PT substrate. The corresponding magnetic domain images of the
scanning area were recorded during reversal of magnetization. The remanent magnetization of the sample
was also recorded as a function of time during ON–OFF voltage application by using a VSM, by Lakeshore
Cryotronics, Inc., at zero magnetic field.

3. Results and discussion

Figure 1(b) reports an SEM image representing the deposited FeGa layer on PMN-PT. Here, the sample is
observed under a 51◦ tilt to visualize the correlations of the surface of the FeGa layer with that of the
PMN-PT. The cross section of the FeGa/PMN-PT stack was observed by etching with a focused ion beam,
revealing the interface as shown in figure 1(c). The thickness of the FeGa layer is ~50 nm. A more precise
calculation of the thickness was performed using an atomic force microscope (AFM). The granular
morphology of FeGa is observed and the roughness of the film was calculated to be ~5 nm, which is similar
to that of the PMN-PT surface. The magnetic film imitates the surface topography of the substrate. However,
it is smooth and continuous throughout the sample. The magnetic hysteresis loops were measured using
longitudinal MOKE for the as-deposited Fe70Ga30 (50 nm)/PMN-PT sample along the in-plane axes. The
normalized hysteresis loops are shown in figure 2(a) along the [100], [110] and [010] axes by the red, green
and orange curves, respectively. The shapes of the hysteresis curves are of squared type and are similar to
each other, representing an isotropic in-plane behavior. These loops correspond to the illuminated area of
the polarized light in the Kerr microscope and represent an intensity shift with changing magnetic field
amplitude. The magnetic domain contrasts of the illuminated area were also recorded during the
magnetization reversal, which are represented by figures 2(b)–(d). The images shown are recorded at the
points marked by hysteresis loops (near the negative coercive field) to observe any domains forming during
the reversal for all three axes separately. The bright and dark contrast regions point along the positive and
negative field directions forming 180◦ domain walls. The reversal of magnetization is sharp and occurs via
domain wall motion, also confirmed by the shape of the hysteresis loop.

The in-plane strain generated in the sample along the [100] direction is represented in figure 3, measured
using a strain gauge adhered to the sample plane. A bipolar electric field was cycled with a maximum value of
±10 kV cm−1 applied perpendicular to the sample along the [001] direction. The strain has a linearly
increasing response as the field is increased from−10 kV cm−1. At nearly+2 kV cm−1, it reaches its peak
magnitude of 460 ppm and starts decreasing as the field is further increased. A similar response is observed
as the field is decreased from+10 kV cm−1 where the strain reaches peak magnitude again at−2 kV cm−1.
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Figure 2. (a) Magnetic hysteresis curves of as-deposited Fe70Ga30 (50 nm)/PMN-PT along [100], [110] and [010] are shown by
red, green and orange curves, respectively. The corresponding magnetic domain images during the magnetization reversal (points
marked in the loops) along the three axes are shown in (b)–(d).

Figure 3. In-plane strain generated along the [100] direction as a function of electric field intensity applied along the [001]
direction and cycled within±10 kV cm−1.

At near saturation electric field values (±10 kV cm−1), the ferroelectric domains are aligned along the [001]
and [001̄] directions (out-of-plane domains). This stretches the PMN-PT along the [001] direction, thereby
generating compressive stress (negative strain) along the [100] and [010] directions. As the field magnitude is
decreased and reversed to 2 kV cm−1, the domains switch to in-plane configurations, stretching the material
and generating positive strain along the in-plane directions. These mark the two coercive electric fields where
the polarization of the PMN-PT switches. The strain responses are similar in behavior along both the [100]
and [010] directions [38, 39].

After the strain measurement, the sample was kept at a positive remanent strained state (switching from
+10 kV cm−1 to 0 kV cm−1). The magnetic hysteresis loops and domain textures were studied at this
remanent state to determine any change in magnetic anisotropy. Figure 4(a) shows the evolution of magnetic
hysteresis loops recorded in longitudinal MOKE in different in-plane directions (measured angles are w.r.t.
[100] direction). The area of the hysteresis curves decreases as the sample is rotated from the [100] axis
towards the [010] axis, with the maximum achieved at 0◦ (red curve) and the minimum at 90◦ (orange
curve). This confirms the generation of a magnetic anisotropy in the system with a preferential easy and hard
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Figure 4. The evolution of magnetic hysteresis along different axes after application of electric field to the FeGa/PMN-PT sample
is shown in (a). (b) Polar plot of magnetic remanence vs measured angle w.r.t [100] direction. The magnetic domain images
during the magnetization reversal (recorded at points marked in the hysteresis loops) along [100], [110] and [010] are shown in
(c)–(e), respectively.

axis in the system. The polar plot of normalized magnetic remanence (Mr/Ms) as a function of measured
angle is shown in figure 4(b) by the red curve. This represents a nearly uniaxial anisotropy, where the
magnetic remanence is reduced by 30% between the hysteresis recorded at 0◦ and 90◦ as compared to the
isotropic behavior in the pristine state (blue curve). Magnetic domain patterns were also recorded during
magnetization reversal. The near coercive field domain patterns (points marked in the loops) recorded along
[100], [110] and [010] are represented in figures 4(c)–(e), respectively. In figure 4(c), the magnetic domains
start to switch along the negative field direction, as represented by the darker contrasts creating 180◦ domain
walls. The reversal of magnetization occurs via the formation of large domains and small magnetic stripes
with subsequent domain wall motion. When the sample is rotated to 45◦, more densely packed domains are
formed, which are parallel to each other (figure 4(d)). The domains point along the same direction as seen in
figure 4(c) (i.e. 13◦ w.r.t. [100] as marked by the yellow dotted lines). This shows a direct implication of the
coupling of magnetic domains with the ferroelectric domains of the poled PMN-PT. Along the [010]
direction (shown by figure 4(e)), the magnetization reversal is dominated by coherent rotation with small
regions having faint domain contrasts. The easy axis in our sample is along 0◦ [100] due to the orientation of
the nearly horizontal piezoelectric domains that generates horizontal magnetic domains (figure 4(c)).
Alternatively, the hard axis points along 90◦ [010]. The inclusion of the magnetic anisotropy in the system
after application of an electric field is directly associated with the magneto-electric coupling between the
ferromagnetic domains with the newly aligned ferroelectric domains in the remanent state. The domains
forming during the pristine state (figure 2) are very large as compared to the domains forming in the easy
axis of the poled sample (figure 4(c)).

The application of voltage across the sample induced an instantaneous change in the original shape of the
hysteresis loops and domain textures. In order to understand the effect at various strained states, the
magnetic hysteresis curves were further recorded by applying a constant electric field during a hysteresis loop
measurement. Figures 5(a) and (c) represent the hysteresis loops along the [100] and [010] directions at
different electric field intensities. The green, orange and blue curves represent the longitudinal hysteresis
loops measured at 10 kV cm−1, 0 kV cm−1 and−2 kV cm−1 field intensities, respectively. With an
application of 10 kV cm−1, the area of the hysteresis loop decreased along [100] and increased along [010],
indicating a rotation in the magnetic anisotropy of the system as compared to the remanent state in
figure 4(a). The effect on the shape of hysteresis is hugely impacted by the negative strain (compressive
stress) experienced at the interface by the FeGa layer with a high value of−1108 ppm (marked by the green
dot in the strain curve in figure 5(b)). Meanwhile, the remanence of the hysteresis along the [010] axis
increases due to a relatively lower compressive strain compared to [100] [39]. The magnetic domains
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Figure 5.Magnetic hysteresis curves of FeGa/PMN-PT along the [100] and [010] directions (shown by (a) and (c), respectively)
for different electric field intensities of 10 kV cm−1 (green), 0 kV cm−1 (orange) and−2 kV cm−1 (blue). The corresponding
strain values are referenced in the strain curve (b). The domain structures recorded during magnetization reversal at these electric
fields are shown by (c) 1–3, (c) 4–6 and (c) 7–9, respectively representing the points marked in the inset of (c).

recorded during the reversal along [010] show several nucleation sites (figure 5(c)2) and large domains as
shown in figure 5(c)3. The reversal occurring is sharp and propagated by domain wall motions. As the
electric field is reduced to 0 kV cm−1, the shape of the hysteresis changed from a squared type to an S-shaped
type with lower remanence and coercive field values as represented by the orange curve. The Kerr contrast
during the magnetization reversal (figures 5(c)4–(c)6) reveals two different domain patterns. There is
vertical segregation between different domains, one being a grey contrast indicating the coherent rotation
and the other with dark–bright–dark domain contrasts involving domain wall propagation locally during
reversal. This combination of two different domain types is due to correlations of the ferromagnetic domains
with the possible vertical ferroelectric domains oriented along two different directions. The vertical
segregation between the two different magnetic domain patterns varies between 10 and 50 µm (marked by
the dotted yellow lines). These sizes are indeed similar to the reported sizes of ferroelectric domains in
PMN-PT, which vary between 10 and 100 µm [49]. Similar domain correlations are reported in the case of
CoFe/BaTiO3 samples where magnetic stripes are coupled to a ferroelectric c-domain and a single magnetic
domain with an a1-domain [50]. As the field is brought to a positive strained state (at−2 kV cm−1), the film
is relaxed along the in-plane axes with in-plane ferroelectric domains in the PMN-PT. The magnetic

6



J. Phys. Mater. 7 (2024) 015016 G Pradhan et al

Figure 6. Switching of positive remanent magnetization (red curve) as an electric field of 10 kV cm−1 amplitude is kept in an
ON–OFF process (blue curve).

hysteresis represented by the blue curve has even lower remanence. The domain structures are represented by
figures 5(c)7–(c)9 where they are also impacted by the vertical segregation of different types similar to
figure 5(c)5.

The magnetic moment of the Fe70Ga30 (50 nm)/PMN-PT sample was recorded with VSM to observe the
change under application of electric field. However, due to the low thickness and small size of the sample, the
magnitude of the recorded moment was low. In order to have higher magnetic moment response, a thicker
sample with FeGa thickness of 200 nm was deposited on PMN-PT. The Fe70Ga30 (200 nm)/PMN-PT sample
was measured to quantify the change in remanent magnetization as a function of electric field switching
between the saturation (−10 kV cm−1) and zero field values. The magnetization was recorded as a function
of time with the field switching at an average interval of 200 s and the magnetic moment is recorded along
the [100] direction as represented by the red curve in figure 6. The electric field switching is represented by
the blue curve. The magnetization decreases as an electric field of−10 kV cm−1 is applied and the cycling
magnetization has a stabilized change after a certain number of cycles. At 0 kV cm−1, the sample relaxes to
the remanent state with almost zero strain along the in-plane axes, which increases the net magnetic
moment. However, at−10 kV cm−1, the FeGa film experiences negative strain (compressive) along both
in-plane axes which tries to align the magnetic moments along the out-of-plane direction, thereby decreasing
the in-plane component of the magnetization.

4. Conclusion

The effect of electric field on the magnetization reversal of Fe70Ga30/PMN-PT(001) has been investigated.
The application of electric field induced a significant magnetic anisotropy in an isotropic pristine system.
This can be attributed to the local strain generated at the interface due to expansion and contraction of the
PMN-PT substrate. Apart from the tensile and compressive stresses generated under different electric fields,
the magnetic domains are also affected by the coupling with the underlying ferroelectric domains of the
PMN-PT. This hugely impacts the modification of the magnetic hysteresis and thereby the magnetic
anisotropy. The magnetic domain structures were significantly impacted at the saturation electric field of
+10 kV cm−1 forming larger domains. At remanent strained states, the discrete magnetic domains were
highly coupled with the relaxed ferroelectric domains, which lowers the anisotropy of the system. The
domain contrasts recorded with MOKE and the normalized hysteresis curves represented a qualitative
domain analysis. The measurements performed with VSM give more insight into the actual change of the net
magnetic moment as the sample is placed under the application of electric field. Under an ON–OFF electric
field application with a magnitude of 10 kV cm−1, a cycling behavior of the magnetization was recorded. Our
work reveals the possibility of manipulation of magnetization and domain structures with the application of
electric field. These studies can be exploited for energy efficient electric field driven spintronics.
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