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Efficient Electrical Manipulation of the Magnetization Process in an Epitaxially
Controlled Co,FeSi/BaTiO; Multiferroic Interface
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We investigate the magnetic properties of an epitaxial full-Heusler Co,FeSi film with an atomically con-
trolled multiferroic interface coupled with a BaTiO3 substrate. The real-space observation of the magnetic
domain structure using a magneto-optical Kerr microscope reveals perfect domain-pattern transfer from
the ferroelectric substrate, indicating strong interface magnetoelectric coupling. The unique anisotropic
magnetization reversal process was found to be induced by lateral modulation of the magnetic anisotropy
constant through the strain-induced magnetoelectric coupling effect. The strong interface coupling yields
efficient electrical manipulation of the magnetic property with the appropriate initial ferroelectric domain
pattern. Our finding indicates that the interface multiferroic structure based on an epitaxially grown
Heusler thin film is a promising approach for efficient electrical manipulation of magnetization.
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I. INTRODUCTION

Spintronic devices driven by spin-polarized currents
are expected to have attractive properties, such as small
cell size, fast switching, and low power consumption
[1-3]. Manipulation of the magnetization by electrical
means with low power consumption is recognized as a
key technique for the development of future spintronic
devices. Especially, voltage control of the magnetization
has attracted considerable attention owing to its lower
power consumption than current-driven manipulation with
significant Joule heating [4-9]. Gate-controlled carrier
modulation with a moderate voltage is an ideal method [10,
11]. However, it can be applied only in carrier-mediated
ferromagnetic semiconductors. Voltage control of antifer-
romagnetic domain structures has also been demonstrated,
but it is limited to magnetic insulators [12].

In ferromagnetic metallic systems, the electric field is
known to control the electron filling state in the d orbital,
resulting in a change of magnetic anisotropy [5,6,13].
Indeed, various important demonstrations, such as control
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of the perpendicular anisotropy, the ferromagnetic reso-
nant property, and the magnetic domain structure, have
been reported recently by applying an electrical voltage
[14-18]. However, this method can be applied only for
an ultrathin ferromagnetic film owing to the extremely
short screening length in the metallic system. This sig-
nificantly reduces the thermal stability of the magnetiza-
tion state. Since high thermal stability is indispensable
in future spintronic devices, this requirement is a seri-
ous obstacle in nanoscale spintronic devices. Apart from
filling-state control in metallic systems, multiferroic mate-
rials with coexisting ferromagnetic (FM) and ferroelectric
(FE) domains also have an excellent capability for volt-
age control of magnetism through strong coupling between
electrical and magnetic polarizations [19-25]. However,
this kind of attractive property appears only in limited
materials, especially at room temperature.

In order to solve the aforementioned issues, multiferroic
heterostructures combining ferromagnetic and ferroelec-
tric materials with interface magnetoelectric (ME) cou-
pling, namely interface multiferroic systems, are a promis-
ing approach toward the efficient voltage control of mag-
netism [23,26-30]. The mechanism of voltage-controlled
magnetization is mainly due to the strain from the
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ferroelectric substrate. In addition to the strain effect, other
interface interactions such as charge modulation and spin-
orbit interaction are known to contribute to the control of
the magnetization. The proper combination of these inter-
actions is expected to yield efficient electrical manipulation
of the magnetization. However, the details of the magne-
toelectric interaction at the FE/FM interface are smeared
out by undesired extrinsic effects, such as redox reactions
and dislocations at the interface. In order to deepen under-
standing of the interface magnetoelectric interaction, it
is indispensable to form a well-defined FE/FM interface,
along with minimizing the extrinsic contribution.

Most of the previous research on the interface magne-
toelectric interaction has been carried out by using Fe,
CoFe, or other conventional ferromagnetic films grown
on BaTiO; (BTO) [28,31-36]. On the other hand, a
highly spin-polarized FM is theoretically expected to
show a significant increment of the interface ME cou-
pling [37]. Recent density-functional theory (DFT) cal-
culations predicted that interface bonding effects play
an important role in the anisotropic magnetoresis-
tance and magnetoelectric effects for Co,FeSi/BaTiO3
(CFS/BTO) heterostructures [38,39]. Indeed, a large ME
coupling constant of (6.0-6.3) x 107® s/m has been
reported in the epitaxial L2,-ordered Co,FeSi film grown
on Pb(Mg; /3Nb2/3)03-PbTiO3 (PMN-PT) substrate [40].
Moreover, a giant ME coupling constant of over 1 x
10> s/m was found in a Heusler alloy Co,FeSi with
L2-ordered structure grown on PMN-PT(011) [41].

However, the underpinnings of elevated ME coupling,
as revealed by previous reports, consistently originate from
strain [29,42—45]. Concurrently, Yamada et al. have devel-
oped a fully epitaxial CFS/BTO heterostructure with an
atomically controlled interface [46]. This excellent struc-
ture provides an ideal platform for the experimental inves-
tigation of the contribution from the interface bonding
effect as well as for seeking efficient voltage manipulation
of magnetic properties. In the present paper, we inves-
tigate the magnetization reversal process in an epitaxial
CFS/BTO heterostructure and show that a large ME effect
can be induced by optimizing the initial (or remanent)
ferroelectric domain structure.

II. EXPERIMENTAL

The crystal structure for BTO is known to take a tetrago-
nal crystal system in the temperature range from 278 to 400
K with ferroelectric property and becomes a cubic system
with a lattice constant of 0.401 nm above the Curie tem-
perature T¢. Since the lattice constant of CFS is 0.564 nm
at room temperature [47,48], which is the diagonal length
of the cubic BTO, a fully epitaxial CFS film can be grown
on the (001) BTO surface. In the present study, the L2,-
ordered CFS film with a thickness of 30 nm was grown on

the (001) BTO surface at 473 K by using molecular beam
epitaxy (MBE) techniques [46].

Figure 1(a) shows a cross-sectional image obtained by
scanning transmission electron microscopy (STEM) at the
(001) BTO and (001) CFS interface along the [100]gto
and [110]cps zone axes. From the image, the length
of the Ba—Ba bond along [010]gro is estimated to be
0.391 nm and that for [001]gto is 0.4037 nm. The bond
length between the Co atoms for [110]crs is 0.391 nm.
These results reveal that the in-plane [100]gT0 is perfectly
acquired along the [110]cps zone axis, as schematically
shown in the inset of Fig. 1(a). From lattice-constant val-
ues, we can confirm that CFS is similarly a tetragonal
structure consistent with XRD ¢-scan results [46]. Based
on TEM image analysis, it is evident that the termination
of the BTO interface is primarily characterized by BaO.
It is worth noting that there are Ba vacancies around the
interface. The gradual contrast change near the interface
may be attributed to oxidation of the Co atoms. Therefore,
such complex interface conditions may blur the predicted
bonding effect in theory [39].

The lateral size for the present CFS/BTO multiferroic
sample is 5 mm square and the thickness of the BTO sub-
strate is 500 pm. After growing the CFS film, the crystal
structure for the BTO becomes a tetragonal system during
the sample cooling process across the Curie temperature.
Here, the elongated direction in the tetragonal system can
be normal to the plane (¢ domain) or in-plane (¢ domain),
depending on the direction of the electric polarization.
However, in order to reduce the internal stress of the BTO
with the tetragonal system, a periodic domain structure
consisting of a — ¢ strip domains is formed at the surface
of the BTO.

From the polarized optical microscope image shown in
Fig. 1(b), the BTO substrate for the present study is found
to consist of three kinds of ferroelectric domain patterns
composed of an a; — ¢ strip domain along the [100]gro
direction, an a, — ¢ strip domain along the [010]gro direc-
tion, and uniform ¢ domains, in the present sample. The
typical lateral size of the periodic domains is approxi-
mately 10 wm. The three domain regions are not uniformly
distributed on the substrate from the optical microscope
image. Their distributions strongly depend on the substrate
and electric field treatment history. The 200-nm-thick Cu
was deposited on the bottom of the opposite side of the
surface as a back-gate electrode for applying an electric
field.

II1. RESULTS AND DISCUSSION

In order to evaluate the magnetization characteristics of
the epitaxial CFS grown on the BTO, we have measured
the magnetic hysteresis loop (M-H loop) by using a vibrat-
ing sample magnetometer (VSM). Figures 2(a) and 2(b)
show the magnetic hysteresis loops of the CFS under an
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FIG. 1.

(a) Cross-sectional STEM image of an atomically controlled epitaxial Co,FeSi/BaTiOj; interface together with a schematic

illustration of the atomic geometry. (b) Polarized-light microscope image of the Co,FeSi/BaTiO; sample for ferroelectric domain
observation. The dark strips correspond to a; domains elongated along the [010]gro direction or a, domains elongated along the
[100]gTo0 direction, while the light strips are the ¢ domain elongated along the [001]gro direction.

in-plane magnetic field along the [010]gto and [100]gro
directions, respectively. Enlarged plots at low magnetic
field are shown in Figs. 2(c) and 2(d), respectively. In
Fig. 2(c), a magnetization reversal process accompanied by
two irreversible switchings has been clearly observed. A
similar two-step magnetization process has been reported
in ferromagnetic systems with a biaxial magnetocrys-
talline anisotropy due to the fourfold symmetry [49] and
the microsized magnetic wires with the crystal magnetic
anisotropy [50].

Since the crystal structure of CFS is a body-centered
cubic lattice with fourfold symmetry [51], the observed
two-step switching process seems to be related to the biax-
ial magnetic anisotropy. However, as shown in Fig. 2(b),
this two-step signature disappeared after a 90° rotation.
This is inconsistent with the biaxial anisotropy originat-
ing from fourfold symmetry. Therefore, the biaxial crystal
anisotropy cannot fully explain the observation of the
magnetization process. Lahtinen et al. also reported a
two-step switching behavior in a Fe/BTO multiferroic
system with a — ¢ strip domains because of laterally mod-
ulated strain with magnetostatic interaction [28]. In the
present case, CFS grown on the ¢ domain of BTO does
not feel any stress from the BTO because of the per-
fect matching of the lattice parameters. This may produce
the unique modulation of the magnetic anisotropy in the
CFS magnetization coupled with the ferroelectric a — ¢
strip domains. In order to provide the proper descrip-
tion of the magnetization process of CFS, it is essential
to investigate the magnetoelectric coupling effects more
clearly.

To obtain further information related to the ME coupling
effect in the present system, we should consider the mag-
netization on the different ferroelectric domain patterns
individually. The real-space observation of the magnetiza-
tion process was performed by using magneto-optical Kerr
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FIG. 2. (a) The M-H loop of epitaxial CFS/BTO under a mag-

netic field along the [010]gto direction and (b) that along the
[100]gTo direction. The magnetic moment has been measured by
VSM. (c) Enlarged plot of panel (a) at low magnetic field and (d)
similar enlarged plot of panel (b).
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FIG. 3. (a) MOKE M-H loop in the a, — ¢ strip domain, (b) that in the a; — ¢ strip domain, and (c) that in the uniform ¢ domain
for the CFS/BTO sample. (d)—(f) The magnetic domain patterns observed by Kerr microscopy using the focused laser beam; panels
(d)~(f) correspond to the areas for the a, — ¢ strip, the a; — ¢ strip, and uniform ¢ domains, respectively. (g) Schematic of the expected
magnetization process for the CFS films coupled with the a, — ¢ domain and (h) that for the a¢; — ¢ domain.

effect (MOKE) microscopy with a focused laser beam.
From the MOKE image, the magnetic domain of the CFS
film was found to be divided into three different patterns
consisting of two types of strip domains and a uniform
domain. Here, the two types of strip domains are vertically

aligned and horizontally aligned alternate patterns. These
results can be well understood by the pattern transfer
from the ferroelectric into the ferromagnetic domains, indi-
cating a strong ME coupling between the CFS and the
BTO.
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(a) MOKE M-H loops in the ferroelectric a; — ¢ strip domain under the application of various electric fields. (b) Ferromag-

netic domain patterns during the magnetization reversal process under various magnetic fields. The imaging patterns correspond to the
related positions marked as 1-6 in the hysteresis curves. (c) The electric field dependence of the magnetoelectric coupling coefficient

o at zero magnetic field.

Figures 3(a)-3(c) show the MOKE M-H curves together
with MOKE images for the three different patterns
[Fig. 3(d)-3(f)]. Here, the magnetic field is applied along
the horizontal direction, which is parallel to the [010]gTto
direction. First, we focus on the magnetization process for
the vertically aligned strip domain, which corresponds to
the ferroelectric a, — c strip domain. In Fig. 3(a), the mag-
netization shows a broad linear change with a rapid change
in slope below 10 mT and a small increase above 10 mT.
As can be seen in the MOKE image, a clear magnetic
strip domain is still observed above H = 20 mT, indicat-
ing that the part of the magnetization coupled with the a,
ferroelectric domain does not align with the magnetic field
while that coupled with the ¢ domain fully aligned with the
magnetic field at 10 mT.

For the magnetization coupled with the @, domain, the
magnetic anisotropy is induced by the strain from the
BTO. Since the BTO domain is elongated along the elec-
tric polarization, the magnetic anisotropy is induced by
the inverse magnetostriction effect in the CFS. From the
experimental fact that the direction normal to the expanded
direction, which is parallel to the [010]gTo direction, is
a magnetically hard axis for CFS, the magnetostriction
coefficient for CFS is found to be positive. For the magne-
tization coupled with the ¢ domain, since there is no stress
from the BTO, the observed magnetically hard signature in
the low magnetic field originates from the crystal nature of
the CFS. This is consistent with the cubic crystal structure
of the epitaxial CFS. Thus, the MOKE M-H loop for the
magnetization coupled with the a; — ¢ strip domain can be
understood by the combination of the two hard-axis mag-
netization processes with different magnetic anisotropies
as schematically shown in Fig. 3(g).

On the other hand, in the a; — ¢ domain where the mag-
netic field is normal to the strip, we observed a sharp rect-
angular M-H loop with a single switching process. From
the viewpoint of magnetostriction, since the [010]gTo
direction is an easy axis for the CFS magnetization coupled
with the a; domain, the rectangular hysteresis loop can
be understood by the inverse magnetostriction effect. For
the magnetization coupled with the ¢ domain, the [010]gT0
direction is a magnetically hard axis from the viewpoint of
magnetocrystalline anisotropy. However, as can be seen in
Fig. 3(e), we did not observe a strip magnetic domain pat-
tern in the MOKE image during the magnetization reversal
process. This is because the magnetocrystalline anisotropy
is smaller than the exchange energy and the magneto-
static energy at the boundary. Therefore, the magnetization
coupled with the ¢ domain behaves similarly to the mag-
netization coupled with the @; domain, leading to the a
sharp rectangular M-H loop, as schematically shown in
Fig. 3(h).

Thus, the difference in the magnetic anisotropy between
the vertical and horizontal strip domains produces a unique
angular dependence of the M-H loop. For magnetization
coupled with the uniform ferroelectric ¢ domain, the M-
H loop exhibits a standard hard-axis character with biaxial
magnetic anisotropy. We also emphasize that the shapes
of the M-H loops for the a; — ¢ and a; — ¢ strip domains
are interchanged by a 90° rotation of the external mag-
netic field. Thus, the magnetization processes coupled with
various ferroelectric domains can be fully understood by
a combination of strain-induced magnetic anisotropy and
magnetocrystalline anisotropy.

Based on these results, we are able to provide a consis-
tent description of the M-H loops measured by the VSM
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for the whole region of the sample shown in Fig. 2. The
total M-H loop for the whole region can be understood as
the sum of three different magnetization processes coupled
with the different ferroelectric domain patterns. The two-
step switching process shown in Fig. 2(c) can be under-
stood by two switching processes originating from the
irreversible rotation of the magnetization coupled with the
uniform ¢ domain and the easy-axis magnetization switch-
ing coupled with the a; — ¢ domain. The large saturation
field observed in Fig. 2 is caused by the strain-induced
magic anisotropy in the magnetization coupled with the
a; — ¢ domain. Here, the magnetic anisotropy constant for
the a; — ¢ domain is K5 = 0.12 MJ/m’, while that for
the uniform ¢ domain, where there is biaxial anisotropy
originating from the fourfold crystal structure, is Kcps =
0.005 MJ/m?>. On the @ domain of BTO, the long axis is in
the plane of CFS. Hence, a uniaxial magnetic anisotropy
can be generated. The anisotropy constant for the a; — ¢
strip domain is over one order higher than that for the ¢
domain. This significant difference in anisotropy constants
indicates that the uniaxial anisotropy constant of a domain
can be recognized as that of the a; — ¢ strip domain. If a
high out-of-plane electric field is applied to the a domain,
a strain-induced ME effect on the CFS/BTO system will
drastically affect the anisotropic magnetic constant of CFS
when the @ domain is changed to the ¢ domain.

We next focus on the effect of the electric field on the
magnetization process. Since a sufficiently large electric
field using the Cu back-gate electrode induces the ferro-
electric domain change from the a; — ¢ strip domain to
the uniform ¢ domain, we expect a significant change of
the magnetization property by the application of the elec-
tric field. Figure 4 shows the M-H loops under various
electric fields. With increasing electric field, the shape
of the hysteresis loop changes from a rectangle to a
broad change. Here, the normalized remanent magneti-
zation M, /M, changes from 1.0 at £ = 0MV/m to 0.32
at £ = 0.4 MV/m, which is the coercive electric field for
the BTO. The electric field dependence of the magneto-
electric coupling coefficient &, which is estimated from
the relation wodM,/dE, is shown in Fig. 4(c). The coef-
ficient o exceeds —5.8 x 107® s/m, which is a relatively
large value reported so far [29,30,40]. Such a large «
indicates that the mechanism for the modulation of the
magnetic anisotropy in the present system is dominated by
the strain nature. Thus, optimizing the original ferroelectric
domain structure facilitates an efficient electric modulation
of magnetization by strain.

IV. CONCLUSION

We have investigated the magnetoelectric effect in an
epitaxial Co,FeSi/BaTiO3; multiferroic interface. We con-
firmed that the ferroelectric domain patterns of the BTO
surface perfectly transfer to the ferromagnetic domain

structures. The magnetization process is found to show
a unique angular dependence due to the strain-induced
magnetic anisotropy with the magnetostatic interaction. By
optimizing the ferroelectric domain pattern coupled with
the ferromagnetic film, we are able to obtain a large mag-
netoelectric coupling coefficient, assuring strong interface
magnetoelectric coupling. These results indicate that the
atomically controlled epitaxial ferromagnetic/ferroelectric
interface is able to induce multiferroic properties effi-
ciently.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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