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Abstract: The choice and configuration of the ferroelectric (FE) substrate and the ferromagnetic
(EM) layer in FM/FE heterostructures play an important role in magnetism modification with
regard to amplitude and efficiency. In this study, we fabricated FeSi films on low crystalline (011)
[Pb(Mg1/3Nby/3)03]0.7-[PbTiO3]0.3 (PMN-0.32PT) using radio frequency magnetron sputtering. In the
annealed FeSi/(011) PMN-0.32PT heterostructures, the FeSi film presented with a (011) preferred
orientated polycrystalline structure and low magnetocrystalline anisotropy. Both loop-like and
butterfly-like magnetism modifications were observed by applying bipolar electric fields, and the
weak and abnormal electrically mediated magnetism behaviors were significantly different from
the prominent magnetic anisotropy transition in FeSi/(011) PMN-0.3PT. The comparative analyses
suggest that the resulting high-quality single-crystalline PMN-XPT and FM films with low coercivity
are of great significance for exploring giant, reversible, and non-volatile magnetism regulation.

Keywords: electric fields; polycrystal FeSi/(011) PMN-0.32PT; non-volatile; weak and unusual
magnetism regulation

1. Introduction

Multiferroic materials with strong magnetoelectric (ME) couplings have attracted ever-increasing
interest due to their potential application in ultra-sensitive sensors, microwave performance,
and magnetic memory with ultralow energy consumption [1-4]. Most research activities have
been focused on the converse ME coupling effect, i.e., electric field control of magnetism, with the
aim of realizing giant, stable, reversible, and non-volatile magnetism regulation under the
stimulation of electric fields [5-8]. The magnetism modification mechanism primarily includes
interface charge accumulation/dissipation, exchange coupling, strain effect, orbital reconstruction,
and electrochemical effect. Among them, the strain-mediated effect is widely recognized in
artificial ferromagnetic/ferroelectric (FM/FE) multiferroic heterostructures with a thick FM layer [4].
For amorphous FM/FE heterostructures, the strain effect typically induces a uniaxial magnetoelastic
energy in FM films, and the magnetic variation generally tracks the strain vs. electric-field (S-E) curves
of the FE substrate [9-12]. For epitaxial FM/FE heterostructures, the magnetism is determined by
the competition between strain-induced magnetoelastic energy and magnetocrystalline anisotropy
energy [6,13-16]. To date, single crystal [Pb(Mg1/3Nby/3)O3]x-[PbTiO3]1-x (PMN-xPT) has been the
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most promising FE substrate candidate, owing to its excellent piezoelectric properties. The strain
response is closely correlated with its FE polarization reversals, which depend on the crystal orientation
as well as PT content [17-20]. In most cases, for (011)-oriented PMN-xPT, there is a strong loop-like
S—E curve along the [01-1] direction under unipolar electric fields (asymmetric mediated between
saturated and reversed coercive electric fields), which stems from the non-180° ferroelectric polarization
switching between the out-of-plane and in-plane direction [8,21-24]. For (001)-oriented PMN-PT,
it exists a loop-like S—E curve along the [-110]/[110] direction under bipolar electric fields (symmetric
mediated between positive and negative saturation electric fields), which originates from the 109°
ferroelectric polarization switching [5,6,12,20].

In addition, other S—E behaviors and unusual electrically modified magnetism behaviors have
been reported in FM/PMN-xPT with different nominal composition. For instance, Yang et al.
reported the non-volatile and volatile strain changes in two (001) [Pb(Mg1,3Nby/3)03]0.7-[PbTiO3]0.3
(PMN-0.28PT) with the same nominal composition; the comparison of the S—E curves and the FE
domain switching revealed that an absence of 109° ferroelectric domain switching was responsible
for the volatile strain response [12]. Zhang et al. further demonstrated the coexistence of volatile and
non-volatile converse ME effects in Fe/(001) PMN-0.3PT, which can reasonably explain the previous
volatile magnetization—electric (M—-E) curve in FM/PMN-xPT [18]. Compared with pure Fe films,
the magnetocrystalline anisotropy field can be decreased by the addition of the non-magnetic element
Si, it is easier to achieve the magnetization switching by electric field-induced piezoelectric strain.
In FegSip/(011) PMN-0.3PT, we reported a reversible and non-volatile magnetic transition between
four-fold and two-fold anisotropy by applying unipolar electric fields [15,25]. On the basis of these
results, it was fascinating to further study the influence of PMN-xPT substrate selection on FeSi
magnetic properties as well as its magnetism regulation results.

In this work, we prepared FeSi/(011) PMN-0.32PT heterostructures with relatively low crystallinity.
The initial magnetic properties and electrically modified magnetism behaviors for the FeSi/(011)
PMN-0.32PT were significantly different from those of the previously reported FeSi/(011) PMN-0.3PT.
Both loop-like and butterfly-like magnetism modifications under bipolar electric fields were observed
at room temperature. By comparative analysis, we illustrate the correlation of the selected PMN-xPT,
FeSi film crystallinity and magnetism modification behaviors.

2. Experimental

A (011)-oriented PMN-0.32PT (nominal composition) substrate was selected as the FE substrate,
and a 65 nm-thick layer of FegSiyg (FeSi) was deposited onto the 0.5 nm thickness (011) PMN-0.32PT by
radio frequency magnetron sputtering with a substrate temperature of 600 °C. After 300 °C annealing
treatment, the crystallinity, initial magnetic properties, and electrically controlled magnetism were
measured. As shown in Figure 1, the electric fields were applied along the [011] direction, where Ta
and Pt layers served as the top and bottom electrodes. ¢ and 6 are the in-plane azimuthal angles of the
external magnetic field (H) and the equilibrium magnetization (M) with respect to the PMN-0.32PT
[100] direction; the detailed preparation conditions and schematic configuration are similar to those
described in Ref. [15]. The crystallographic structure of FeSi/(011) PMN-0.32PT was characterized using
X-ray diffraction (XRD, PANalytical X’ Pert pro, Cu K« radiation with wavelength A = 0.15406 nm)
and high-resolution transmission electron microscopy (HRTEM, FEI Tecnai G2 F30). The sample
for TEM analysis was prepared by utilizing the focused ion beam etching technology mounted in a
TESCAN MIRA 3 XMU field emission scanning electron microscope. The static magnetic hysteresis
(M-H) loops were measured using a vibrating sample magnetometer (VSM, MicroSense EV-9) and a
magneto-optical Kerr magnetometer (Durham Nano-MOKE TM2).
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Figure 1. The coordinate system and schematic diagram of FeSi/(011) PMN-0.32PT heterostructures for
the electric field control magnetization measurements.

3. Results and Discussion

3.1. Structural Analysis

Figure 2a shows the XRD patterns of FeSi/(011) PMN-0.32PT. In the normal 8-26 XRD patterns,
only the strong diffraction peaks indexed to PMN-0.32PT (011) and (022) were observed. It is clear that
the diffraction peak width is larger and the peak intensity is lower than that of PMN-0.3PT reproduced
in Ref. [15], suggesting that although the PMN-0.32PT substrate in this work is (011)-orientation,
its crystallinity is significantly lower than the normal single crystal substrate. In order to avoid the
influence of strong diffraction peaks originated from the PMN-0.32PT substrate, we conduct a glancing
angle XRD measurement at a glancing angle of w = 1°. As shown in Figure 2a, the diffraction peak
that appears at 20 = 44.65° is observed, which corresponds to the (011) diffraction peak of bcc-FeSi.
The grain size along the normal direction of the (011) crystal face is approximately 12.3 nm based on
the Debye—Scherrel fromula [26]. Since both the single crystal FeSi films grown in the [011] direction
and polycrystal FeSi films with (011) texture structure will present the only one (011) diffraction
peak, we cannot judge the crystallinity only from the single diffraction peak in the glancing angle
XRD pattern. Apparently, the formation of full ordered epitaxial FeSi films is ruled out due to the
broadened peak width as well as the later mentioned magnetic properties. We further conduct the
transmission electron microscopy (TEM) and selected area electron diffraction (SAED) measurements
to confirm the crystal structure. As seen in the low-magnification TEM cross-section images shown
in Figure 2b,c, the FeSi film is composed of regularly distributed nano grains stacked layer by layer,
with an average grain size of approximately 10 nm, which is close to the value calculated by the
Debye—-Scherrel fromula. The discontinued diffraction rings with spots reveal that the FeSi film is a
polystalline structure with texture characteristics. It should be noted that the weak and regular arrayed
diffraction spots were introduced by the adjacent PMN-0.32PT. From the high-resolution TEM image
of the FeSi film in Figure 2d, one can see the obvious crystalline FeSi grains as well as distinct grain
boundaries. The typical SAED pattern in the inset indicates a single-crystalline diffraction pattern with
(011) preferred orientation. Thus, we conclude that the FeSi film is a polystalline structure composed of
nano crystalline grains and there is a strong (011) crystallographic texture within the thickness range.

3.2. Electrically Modulated Magnetization

Figure 3a,b shows the angular dependence of the remanent magnetization (ARM) curve and M-H
loops along the easy and hard axis directions. Compared with FeSi/PMN-0.3PT [15], the four-fold
ARM curve still remained in our sample. The M-H loops vary greatly, the coercivity along the easy
axis sharply increases from =5 to 24 Oe, and the magnetocrystalline anisotropy field extracted
from the hard axis significantly decreased from ~200 to ~40 Oe. For an ideal polystalline magnetic
film, it consists of a large number of small single crystals. When these small single crystals are
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randomly distributed and are bound by highly defective boundaries, it results in normal continuous
diffraction rings in an SAED pattern. In this case, the magnetic film is magnetic isotropy. Based on the
aforementioned structure analysis, for the magnetic anisotropy of as-deposited FeSi films, it originates
from the presence of an (011)-oriented texture in the polycrystalline FeSi films. We first focused on
the electrically modulated magnetization in the ¢ = 0° and 90° directions, i.e., the in-plane [100] and
[01-1] crystallographic directions of (011) PMN-0.32PT. After several cycles of electric field stimulation,
the ARM curves and M—H loops under the pulsed electric field remain nearly unchanged. In order
to detect the weak magnetization varization under electric fields pulse, we measured the remanent
magnetization upon the application of cyclic +6 kV/cm electric field. In this process, the influence of the
external magnetic field-induced Zeeman energy is ruled out, and M; is determined by the contribution
of crystalline anisotropy energy and strain-induced uniaxial magnetic anisotropy energy. As shown in
Figure 3c,d, when +6 kV/cm cyclic pulsed electric fields are applied to the heterostructures, at ¢ = 0°,
M, changed periodically between about 800 and 760 emu/cc. At ¢ = 90°, M, varied periodically
between approximately 960 and 1000 emu/cc. The change of M, under the action of the +6 kV/cm
is exactly opposite to that under the action of the —6 kV/cm. Hence, a reversible and non-volatile
regulation of magnetization under symmetric bipolar electric fields is obtained.
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Figure 2. (a) X-ray diffraction (XRD) patterns of FeSi/(011) PMN-0.32PT and FeSi/(011) PMN-0.3PT
heterostructures. (b,c) Low-magnification TEM cross-section of FeSi/(011) PMN-0.32PT heterostructures.
(d) High-resolution TEM image of the FeSi films. The insets in (c,d) show the corresponding selected
area electron diffraction (SAED) patterns.
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Figure 3. Angular dependence of the remanent magnetization (ARM) curve (a) and the magnetic
hysteresis (M-H) loops (b) of FeSi/(011) PMN-0.32PT heterostructures. Non-volatile variation of M, at
@ =0° (c) and ¢ =90° (d) under electric fields pulses of +6 kV/cm.

3.3. Electrically Modulated Shape of Kerr M—H Loops

For the FeSi/(011) PMN-0.32PT heterostructures, there was no expected [01-1]/[100] direction
magnetization regulation between the saturated and reversed coercive electric fields. This can be
ascribed to the following reasons. (i) There was no electric fields-controlled non-180° FE domain
switching in the PMN-0.32PT substrate, resulting in no magnetization regulation by unipolar electric
fields. (ii) The change of magnetization near the coercive electric field is either extremely small,
or the accurate in-plane direction of the magnetism manipulation has not been found. Therefore,
we measured the Kerr M—H loops relative to the electric fields through the longitudinal magneto-optical
Kerr effect (MOKE), which is a more convenient and sensitive approach to detect weak magnetism
changes with continuous electric fields [27,28]. For H along the ¢ = 90°, the electric field sweeping
route is 8 kV/cm — 0 kV/ecm — -8 kV/cm — 0 kV/cm — 8 kV/em. The M—-H loops always remain stable
while electric fields gradually decrease from 8 to 0 kV/cm (Figure 4a). When further decreasing the
electric fields to —8 kV/cm, the inclination of the M—H loop became smaller once the electric field was
less than the coercive field of —2 kV/cm (Figure 4b). The M—-H loops also remain unchanged with an
electric field increase from —8 to 0 kV/cm (Figure 4c). After this, upon the application of the positive
electric fields, the inclination of the M—H loop sharply returns to its original state once the electric fields
exceeds 2 kV/cm (Figure 4d). This reveals that the M-H loops shape undergoes a loop-like modulation
under symmetric bipolar electric fields. Figure 5a summarizes the variation of coercivity (H.) and the
remanence ratio (M;/M;) on the continuing electric fields. M,/M; shows no noticeable change, and H,
shows an obviously loop-like non-volatile behavior; i.e., the effect of positive and negative saturated
electric fields on H, are opposite, which is consistent with the tendency exhibited in Figure 3d.
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Figure 4. Longitudinal Kerr M—H loops as a function of bipolar electric fields ((a,c) correspond to the
descent branches of electric fields. (b,d) correspond to the ascent branches of electric fields) with H
along the ¢ = 90° direction.
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Figure 5. H; and M,/M; versus the electric field curves along the ¢ =90° (a) and ¢ =75° (b) directions.

However, for the case of M—H loops along ¢ = 75°, the shape of the M—H loops remains unchanged
for electric fields ranging from +8 to 0 kV/cm, indicating that the effect of positive and negative
saturation electric fields on magnetism is equal and the modification is non-volatile (Figure 6a,c).
For near-coercive electric fields of +2 kV/cm, the M—-H loops change from inclined to rectangular
with increasing H. and M,/M;. Once the electric fields are switched off, the rectangular M—H loops
can remain stable owing to the residual strain, leading to loop-like magnetism regulation between
saturated and reversed electric fields [20]. As long as the electric fields exceed the opposite coercive
electric fields and continue decreasing to —8 kV/cm or increasing to +8 kV/cm, the rectangular M-H
loops will rapidly recover to their original inclined state, as is shown in Figure 6b,d. As a result,
the shape of the M—H loops has a butterfly-like tendency under bipolar electric fields. The M,/M;
and H, relative to the electric fields are summarized in Figure 5b, while the variation curve of M,/M;
on electric fields is consistent with the S—E curve of (011) PMN-0.32PT, indicating a reversible and
non-volatile magnetism regulation under the action of unipolar electric fields. The butterfly-like curve
is a consequence of the strain reponse of (011) PMN-0.32PT related to non-180° ferroelectric polarization
switching [20-22]. When applying symmetric bipolar electric fields of +8 kV/cm, one can observe the



Magnetochemistry 2020, 6, 57 7 of 10

butterfly-like anisotropy strain curves accompanied by two peaks around the around the coercive
electric field of 2 kV/cm. It should be mentioned that due to the weak crystallinity of FeSi film, the H,
variation generally fits this tendency, but the ascent branch and descent branch are not consistent.
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Figure 6. Longitudinal Kerr M-H loops as a function of bipolar electric fields ((a,c) correspond to the
descent branches of electric fields. (b,d) correspond to the ascent branches of electric fields) with H
along the ¢ = 75° direction.

3.4. Comparison and Analysis

In the FM/PMN-XPT heterostructure, the FM film microstructure, strain response of FE substrates,
and strain transfer efficiency are the important factors to affect the converse ME coupling effect.
Generally, only one kind of non-volatile M—E behavior was reported: either a loop-like M-E curve
related to 109° ferroelectric polarization switching or a butterfly-like M—E curves related to non-180°
ferroelectric polarization switching. For the case of FM/(001) PMN-xPT, Feng et al. reported
the loop-like and butterfly-like M—E curves along the [100] and [-110] directions in CoFeB/(001)
PMN-0.18PT, while the absence of the complementary M-E curve is ascribed to the cooperation of
the FE phase transition induced by electric fields, internal electric fields in PMN-0.18PT, and the
competition of different FE domains [29]. In FeSi/(011) PMN-0.32PT of this study, we observed both
weak loop-like and weak butterfly magnetism regulation under a bipolar electric field, which is different
from the huge butterfly magnetic anisotropy regulation under bipolar electric fields in FeSi/(011)
PMN-0.3PT. For the FeSi/(011) PMN-0.32PT and the reported FeSi/(011) PMN-0.3PT, we compared
and analyzed the results from the following two aspects: (i) crystallographic structure. For FeSi
deposited on single crystal PMN-0.3PT, the crystalline grains only appear near the interface area,
while the grain boundary gradually disappears and forms a large crystalline area with (011) oriented
far away from the interface. For FeSi deposited on PMN-0.32PT with low crystallinity, as shown
in Figure 2a, FeSi is a polycrystalline structure with (011) preferred orientation texture within the
thickness range. The structural difference may be due to the defects, components, and impurities of the
PMN-0.32PT substrate. (ii) initaial magnetic properties and magnetism modulation. FeSi/PMN-0.3PT
presented a stable uniaxial magnetic anisotropy dominates. By applying asymmetrical unipolar electric
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fields, a large, reversible and non-volatile magnetization switching along the [01-1] direction was
realized, leading to the reversible and non-volatile magnetic transition between four-fold and two-fold
anisotropy [15]. In contrast, for FeSi/(011) PMN-0.32PT with low crystallinity, the polycrystalline
structure with obvious grain boundaries results in an increased coercivity and weak magnetism
regulation amplitude. Instead of the expected magnetic anisotropy and magnetization transition,
we observed a weak and loop-like non-volatile M—H loop shape variation at the ¢ = 90° direction and
butterfly-like M—H loop shape modification at the ¢ = 75° direction by applying bipolar electric fields.
By comparing the crystallographic structure and magnetism characteristics, we found that the larger the
coercivity from grain boundaries and defects, the harder it is to obtain uniform electric-fields-controlled
magnetism. The polycrystalline structure with texture and obvious grain boundaries in FeSi films results
in a low strain transfer efficiency as well as a weak magnetism regulation amplitude. The coexistence
of loop-like and butterfly-like magnetism regulation may be ascribed to the special ferroelectric domain
reversal induced in-plane strain response in the low crystallinity of PMN-0.32PT, which needs further
exploration in the future. The comparison results indicate that the selection of PMN-XPT substrate will
directly influence the final magnetism under electric fields.

4. Conclusions

In summary, we fabricated FeSi/(011) PMN-0.32PT using radio frequency magnetron sputtering
with a substrate temperature of 600 °C. After annealing at 300 °C treatment, it formed the (001)-oriented
polycrystalline structure with regularly arranged crystalline grains. The FeSi films presented lower
magnetocrystalline anisotropy and a weak magnetoelectric coupling effect. Combining VSM and
MOKE measurements, both loop-like and the butterfly-like non-volatile magnetism modification under
bipolar electric fields were observed. The weak and unusual electrically modulated magnetic behaviors
were significantly different from the large and stable magnetic anisotropy transition in FeSi/(011)
PMN-0.3PT heterostructures. The comparison analyses reveal that high-quality single-crystalline
PMN-xPT and FM films with low coercivity are key to realizing the huge, reversible, and non-volatile
magnetism modification via electric fields. This finding will be helpful for choosing a proper FE layer
when designing advanced ME devices.
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