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We study magnetic and magnetotransport properties of an epitaxial interfacial multiferroic system
consisting of a ferromagnetic Heusler-alloy CozFeSi and a ferroelectric-oxide BaTiO3. L2i-ordered
CozFeSi epilayers on BaTiO3(001) show an in-plane uniaxial magnetic anisotropy with strong tem-
perature dependence, induced by the presence of the magnetoelastic effect via the spin-orbit in-
teraction at the Co2FeSi/BaTiO3(001) interface. In the Co2FeSi Hall-bar devices, the anisotropic
magnetoresistance (AMR) hysteretic curves depending on in-plane magnetization reversal processes
on the a and ¢ domains of BaTiO3(001) are clearly observed at room temperature. Notably, the mag-
nitude of the AMR ratio (%) for CozFeSi Hall-bar devices can be tuned through the a—c domain wall
motion of BaTiO3(001) by applying electric fields. We propose that the tunable AMR effect is asso-
ciated with the modulation of the spin-orbit interaction, exchange interaction, and/or the electronic
band structure near the Fermi level by applying electric fields in the epitaxial CopFeSi/BaTiO3(001)
interfacial multiferroic system.
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I. INTRODUCTION

In the research field of spintronics, electric-field control of magnetic properties in ferromagnetic layers has been
proposed and demonstrated as a next-generation technology for switching the magnetization orientation with low
power consumption in magnetic memories [1-6]. The use of dielectric materials as a gate insulator enables to modulate
electric charges in magnetic materials, leading to a variation in the ferromagnetism [1] and magnetic anisotropy [2-4].
Although different ferroic orders in multiferroic materials such as ThMnOg and BiFeO3 can be controlled by an electric
field [5, 6], the magnetic order in these single-phase multiferroic materials is generally antiferromagnetic with a weak
coupling among the ferroic orders. Thus, the use of the single-phase multiferroic materials for the electric-field control
of magnetism is limited to temperatures lower than room temperature [6]. As another promising magnetization control
technique by an electric field above room temperature, interfacial multiferroic systems consisting of ferromagnetic (FM)
and ferroelectric (FE) materials have been proposed [7-14]. In particular, the magnetoelastic effect via strain transfer
across the FM/FE interfaces in conventional FM/perovskite-like FE oxide systems, Fe/BaTiO3 and CoFe/BaTiOs3, has
been demonstrated above room temperature [15-19]. In the interfacial multiferroic systems, the bonding modulation
effect [20], charge modulation effect [21], and magneto-ionic effect [22], can also be expected above room temperature.

So far, the FM/FE heterostructures consisting of Co-based Heusler alloys and BaTiO3 have theoretically been
examined by first-principles density functional calculations [23-27]. Since it is well known that the Co-based Heusler
alloys such as CooMnSi and CoyFeSi are half-metallic materials with high Curie temperatures [28-30], lots of spintronic
applications have been explored in magnetic tunnel junctions [31, 32] and semiconductor devices [33-36]. If these
Co-based Heusler alloys are integrated with FE materials such as BaTiOg, an enhancement in the charge modulation
effect is expected [23-27] because the inverse magnetoelectric-effect coefficient is proportional to the spin polarization
of the FM materials. However, there is no report on experimental demonstration of the magnetoelectric effect in the
interfacial multiferroic systems with Co-based Heusler alloys.

In this article, we experimentally study magnetic and magnetotransport properties of an interfacial multiferroic
system consisting of CooFeSi and BaTiOs. For an epitaxial CosFeSi/BaTiO3 system, an in-plane uniaxial magnetic
anisotropy and its strong temperature dependence, induced by the presence of the magnetoelastic effect via the
spin-orbit interaction at the CosFeSi/BaTiO3(001) interface, are seen. By applying electric fields to the epitaxial
CoyFeSi/BaTiO3(001), the anisotropic magnetoresistance (AMR) effect can be tuned through the a — ¢ domain wall
motion of BaTiO3(001) for CogFeSi Hall-bar devices formed on the a and ¢ domains of BaTiO3(001). We discuss
possible origins of the tunable AMR effect in the epitaxial CozFeSi/BaTiO3(001) interfacial multiferroic system.

II. CRYSTAL STRUCTURES AND CHARACTERIZATIONS

CoyFeSi epilayers were grown on BaTiO3(001) substrates by molecular beam epitaxy (MBE) at 200 °C [37-39].
Figures 1(a) and 1(b) illustrate the crystal structures and the atomic arrangement of (001) plane for L2;-ordered
CoyFeSi and BaTiOs, respectively. Because the mismatch between the lattice constant of CoaFeSi (~0.564 nm)[40, 41]
and the diagonal length of BaTiO3 (v/2 x 0.399 nm = 0.564 nm)[12] is less than 0.1%, an epitaxial relationship of
Co2FeSi(001)[100]//BaTiO5(001)[110] can be expected.

In the following, we briefly explain the growth procedure and characterizations for the CosFeSi epilayers. After
loading a BaTiO3(001) substrate into an MBE chamber, we performed heat treatment at 400 °C for 20 min with
a base pressure of ~10~7 Pa. By in-situ reflection high-energy electron diffraction (RHEED) observations, good
surface flatness of the BaTiO3(001) surface was confirmed (not shown here). Cooling the substrate temperature down
to 200 °C, we grew CooFeSi layers with thicknesses of 5, 10, and 30 nm by co-evaporating Co, Fe, and Si elements
using Knudsen cells [37-39]. After the growth, structural characterizations were conducted by in-situ RHEED, x-ray
diffraction (XRD), high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), and
energy dispersive X-ray spectroscopy (EDX) measurements.

Magnetic properties were measured by using a vibrating sample magnetometer (VSM) at various temperatures.
In this study, we focus on the low-field AMR effect of the CooFeSi/BaTiO3 heterostructures, where the longitudinal
resistance (R,) depends on the relative orientation between the magnetization (M) and current flow (I) directions
[42]. To explore the AMR effect, the CooFeSi layers were patterned into a 80 um-wide and 400 pm-long Hall-bar shape
along BaTiO3 [100] direction using photolithography and wet etching. The AMR measurements were performed by a
standard four-point dc method at room temperature under the application of in-plane external magnetic fields (H).
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FIG. 1. Schematics of crystal structure and atomic arrangements of (001) plane for (a) Co2FeSi and (b) BaTiOs, respectively.
(c) 6-20 measurements and (d) ¢-scan measurements of (111) plane for an MBE-grown CozFeSi layer. The gray data in Fig.
1(c) is the 6-20 XRD pattern for a BaTiO3(001) substrate. The intensity of the -2 XRD pattern for the CozFeSi/BaTiO3
heterostructure is multiplied by a factor of 10. The inset in Fig. 1(d) shows a RHEED pattern of the surface after the growth
of the CozFeSi layer on BaTiO3(001).

III. RESULTS
A. Structural and magnetic properties

The inset of Fig. 1(d) shows an in-situ RHEED pattern of a CoyFeSi layer during the growth. Even for the low
growth temperature at 200 °C, we can see the RHEED image with symmetrical streaks indicating two-dimensional
epitaxial growth. The 0-20 XRD pattern for the CozFeSi layer is shown in Fig. 1(c) (blue), together with that for
a BaTiOs substrate (gray). 002 and 004 diffraction peaks of CosFeSi are clearly observed at 26 of ~32° and ~66°,
respectively, ensuring the formation of a (001)-oriented CogFeSi epilayer. BaTiOs substrates used here possess a
tetragonal crystal structure at room temperature and a ferroelectric polarization along the c-axis [43]. The splitting
of h00 and 00! diffraction peaks of BaTiO3 observed (see red arrows) indicates the coexistence of two types of
ferroelectric domains, square c-domains and rectanglar a-domains, in the BaTiOj3 substrates at room temperature
[16]. From the ¢-scan measurements of (202) plane for the CosFeSi layer (not shown here), we confirmed the in-plane
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FIG. 2. (a) HAADF-STEM image with EDX line profiles of an epitaxial CozFeSi/BaTiO3(001) heterostructure. (b) Atomic
resolution HAADF-STEM image of the Co2FeSi/BaTiOs interface, acquired along the BaTiOs [110] and CozFeSi [100] zone
axes, respectively, showing the abrupt epitaxial growth of the CozFeSi epilayer. (c¢) A high-field M-H curve at 300 K for the
CozFeSi/BaTiOs heterostructure.

crystal orientation of CoyFeSi[100](001)//BaTiO3[110](001). The ¢-scan measurement of (111) plane is presented in
Fig. 1(d). Diffraction peaks with fourfold symmetry are seen, indicating the presence of L2j-ordered structures in
the CoqFeSi layers.

Figure 2(a) displays a typical HAADF-STEM image with EDX line profiles for the epitaxial CosFeSi/BaTiO3(001)
heterostructure. The contrast of the HAADF-STEM image in the CosFeSi epilayer is nearly uniform, indicating
the absence of the structural local disorder like inhomogeneous phases. The EDX line profiles of the epitaxial
CosFeSi/BaTiO3(001) are also presented in the inset of Fig. 2(a). The chemical composition of the CosFeSi epilayer
along the layer normal direction is perfectly stoichiometric (Co : Fe : Si=2: 1: 1). From these characterizations,
we conclude that the homogeneous and single-phase CosFeSi epilayers are obtained by the low-temperature MBE
technique [37-39]. Figure 2(b) shows an atomic resolution HAADF-STEM image near the CosFeSi/BaTiO3 interface
acquired along the BaTiOgs [110] and CogFeSi [100] zone axis, respectively, confirming the abrupt epitaxial growth of
the CooFeSi layer. No secondary phases are observed in the images.

Figure 2(c) shows a high-field magnetization curve (M-H curve) of the CoyFeSi epilayer on BaTiO3(001) at 300 K.
The value of the saturation magnetic moment (Mg) is estimated to be ~5.1 upg/f.u., comparable to that for CogFeSi
epilayers with a high spin polarization [37, 44, 45]. From the structural and magnetic characterizations, we regard the
grown CoyFeSi/BaTiO3(001) heterostructure as an epitaxial ferromagnetic full-Heusler alloy /ferroelectric system.

B. Observation of magnetoelastic effect

BaTiO3 is a typical displacive type ferroelectric material. As shown in the inset of Fig. 3(a), BaTiOs exhibits
the structural phase transitions from the tetragonal to the orthorhombic at ~278 K and from the orthorhombic
to the rhombohedral at ~183 K [12, 43]. Because the CosFeSi layer is epitaxially grown on BaTiOgs, the phase
transition of BaTiOs can induce the strain variation in the CosFeSi epilayer via the heterointerface at the phase
transition temperatures. Figure 3(a) shows the temperature dependence of the magnetization (M-T curve) of a 30-
nm-thick CooFeSi/BaTiO3(001) heterostructure under the application of an external magnetic field of 0.5 mT along
[100] (blue) and [010] (red) directions of BaTiOs. With decreasing measurement temperature, the magnetization
dramatically changes at 275-280 K and slightly changes at 180-185 K, arising from the changes in the lattice strain at
the CooFeSi/BaTiO3(001) interface at the phase transitions of BaTiOs, tetragonal to orthorhombic and orthorhombic
to thombohedral. The behavior of such M-T' curves is reproducibly observed for other samples (not shown here). The
magnetic properties clearly indicate the observation of the magnetoelastic effect via the spin-orbit interaction at the
interface in the epitaxial CooFeSi/BaTiOg3 interfacial multiferroic systems.

We also examined low-field M-H curves for different H directions in the layer plane at 150, 230 and 300 K, where
each temperature corresponds to the rhombohedral, orthorhombic, and tetragonal phases of BaTiOg, respectively.
Here, the samples are rotated in the (001) film plane to change the relative orientation between the H direction and
[100] crystallographic axis of BaTiOs. In Fig. 3(b) we plot the remanent magnetization (M,) normalized by Mg as a
function of crystallographic orientation of BaTiOgz at 150, 230 and 300 K. Although the crystal structure of CosFeSi
has fourfold symmetry in the (001) plane, as illustrated in Fig. 1(a), an in-plane uniaxial magnetic anisotropy can
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FIG. 3. (a) M-T curves for an epitaxial CozFeSi/BaTiOs heterostructure under the application of an H of 0.5 mT. The
directions of H under the measurements are also depicted in the inset. Schematics of structural phase transitions from
tetragonal to orthorhombic phases at 278 K and from orthorhombic to rhombohedral phases at 183 K in BaTiOs are also

shown in the inset. (b) Polar plots of the normalized remanent magnetization (M, /M) at 300 K (tetragonal phase), 230 K
(orthorhombic phase), and 150 K (rhombohedral phase).

be seen. This feature is largely different from the Fe/BaTiO3 hererostructure reported previously [12, 17], where Fe
also has a bcc crystal structure like CooFeSi. Because of the magnetoelastic effect via the interfacial strain, we regard
the magnetic easy axis of the CooFeSi epilayers as the same axis along the long axis of the rectangle in the a-domain
of BaTiO3. Considering the data in Fig. 3(b), we explain again the detailed M-T features in Fig. 3(a). Although
a uniaxial magnetic anisotropy is seen at each temperature, large changes in the direction of the magnetic easy axis
are observed at both phase transition temperatures (~278 K and ~183 K). Also, with decreasing temperature, the
strength of the uniaxial magnetic anisotropy becomes small at around 280 K. From these results, we interpret that
the magnetization directions of the CosFeSi epilayers are mainly affected by the a-domains of BaTiOg3, enclosed area
by red and green lines, respectively, in the inset of Fig. 3(a). It should be noted that the strength of the uniaxial
magnetic anisotropy at lower temperatures is relatively small compared to those observed at higher temperatures
because the magnetic hard axis is not evident. These magnetic anisotropy changes with thermal perturbation are
strong evidence for the achievement of the epitaxial CosFeSi/BaTiOj3 interfacial multiferroic systems.

To focus on the room-temperature magnetic anisotropy in detail, we further explore the shape of M-H curves for the
epitaxial CoaFeSi/BaTiO3 heterostructures for different H directions. Figure 4 displays in-plane M-H curves mea-
sured in H along (a) [100], (b) [110], and (c) [010] directions of BaTiO3 at 300 K for an epitaxial CoaFeSi/BaTiO3(001)
heterostructure, respectively. Here, the CosFeSi layer is the same sample shown in Fig. 3. On the basis of the value of
M, presented in Fig. 3, we should consider a uniaxial easy axis along [010] of BaTiO3 and a uniaxial hard axis along
[100] of BaTiO3. However, in the M-H curve measured along [100] of BaTiO3, we clearly observe hysteretic behavior
within H between + 0.05T in Fig. 4(a), which cannot be explained only by a strong uniaxial anisotropy along [010] of
BaTiOj3. Since it is well known that BaTiO3(001) has a and ¢ domains divided by 90° domain walls [46-48], we should
also take into account an influence of the CoyFeSi epilayer grown on the ¢ domains of BaTiOg that gives rise to the cu-
bic magnetocrystalline anisotropy along (110) of BaTiO3. For a thinner CosFeSi epilayer, we found that, in the M-H
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FIG. 4. Low-field M-H curves for an epitaxial Co2FeSi/BaTiO3 heterostructure, measured under applying H along (a) [100],
(b) [110], and (c) [010] directions of BaTiOs at 300 K.
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FIG. 5. (a) Schematic and (b) optical micrograph of a fabricated CozFeSi Hall-bar device on BaTiOs. (c) Room-temperature
Raa-H curves of device A for H// [100] of BaTiO3 and H L [100] of BaTiOs at an F of zero. (d) Schematics of the correlation
between magnetization directions of the CozFeSi epilayer and a or ¢ domain of BaTiO3 under sweeping H. The dotted pink
lines correspond to the magnetic easy axis of the Co2FeSi epilayers on each domain of BaTiOs3.

curve along [010] or [110] of BaTiOs3, the two-step magnetization switching of the CosFeSi epilayers is observed, also
indicating the presence of the cubic magnetocrystalline anisotropy along (110) of BaTiO3, as shown in Fig. S1 [49].
Similar two-step switching features were observed in Fe/GaAs(100)[50] and (Ga,Mn)As/GaAs(100)[42, 51] with both
conventional cubic magnetocrystalline and unconventional uniaxial magnetic anisotropies. Therefore, although it has
been indicated that there is a uniaxial anisotropy due to the a-domain of the BaTiO3 in the CosFeSi epilayers grown
on BaTiO3(001) (Fig. 3), we have to take into account the influence of the conventional cubic magnetocrystalline
anisotropy along (110) of BaTiOg, arising from the ¢-domain of the BaTiOs.

C. Electric-field control of AMR effect

A schematic illustration and an optical micrograph of a CoyFeSi/BaTiO3 Hall-bar device are shown in Figs. 5(a)
and 5(b), respectively. In Fig. 5(b) we can see stripe patterns consisting of a and ¢ domains divided by 90° domain



walls in BaTiO3 [46-48]. In this study, we have investigated the magnetotransport properties of CoyFeSi epilayers
with three different thicknesses of 5, 10, and 30 nm on BaTiO3 using lots of Hall-bar devices. Since all the devices
are fabricated along stripe patterns parallel to the [100] axis of BaTiOg [Fig. 5(b)], the direction of the current I
is also along the same direction. Here, we define the relative orientation ¢ between the directions of I and H, as
depicted in Fig. 5(a), and the AMR is measured as a function of ¢. In the following, the magnetotransport behavior
of representative devices with 10-nm-thick CosFeSi epilayers are presented.

Figure 5(c) shows a low-field MR curve, R, (= Y2=) versus H, of a Hall-bar device (named device A) at room
temperature before applying an electric field (E). Here we measure the MR hysteresis curves after saturating the
magnetization along two different H directions (¢ = 0° and ¢ = 90°). Clear hysteresis curves based on the AMR
effect of the CogFeSi epilayer are reproducibly obtained by sweeping H. To consider the correlation between the
magnetization reversal process of CosFeSi and the AMR feature, the numbers from 1 to 6 are labeled in the hysteresis
data for ¢ = 0°, as shown in Fig. 5(c¢). In this data, we first find a bell-shaped curve with respect to H. In addition
to this, there are two characteristic changes of R,, at around the magnetic fields labeled 3 and 5.

Given these characteristic features, we discuss the detailed in-plane magnetization reversal processes of the CosFeSi
epilayer on the a and ¢ domains of BaTiO3(001) for ¢ = 0° in Fig. 5(d), where schematics of the magnetization (M)
directions of CogFeSi are illustrated. First, in a high H regime (H > 0.2 T) along BaTiO3 [100] (labeled by 1), the
M directions of the CogFeSi epilayer on both a and ¢ domains of BaTiOgs are fully aligned along the H (BaTiOs3
[100]) direction, leading to the smallest relative orientation between M and I (M//I), as shown in 1 of Fig. 5(d).
Hence, we detect the smallest resistance value in H > 0.2 T. With decreasing H to zero, the value of R, gradually
increases (labeled by 2). This feature can be understood by the change in the M direction of the CoyFeSi epilayer
on the a domain of BaTiO3 to the uniaxial easy axis along BaTiO3 [010] and that of the CosFeSi epilayer on the ¢
domain of BaTiOj3 to the cubic magnetocrystalline easy axis along BaTiO3 [110], as shown in 2 of Fig. 5(d), because
of the influence of the anisotropy fields. After reversing the H direction and decreasing H to ~ —0.006 T, the value of
R, reaches the maximum value (labeled by 3). This means that the M directions of the CosFeSi epilayer on both a
and ¢ domains of BaTiOj3 are nearly aligned to the BaTiO3 [010] direction, indicating the largest relative orientation
between M and I, as shown in 3 of Fig. 5(d). At H ~ —0.017 T, the value of R,, suddenly decreases (labeled by
4) due to a reduction in the relative orientation between M and I. This feature implies that only the M direction of
the CoqFeSi epilayer on the ¢ domain of BaTiOj is varied to an easy axis, as shown in 4 of Fig. 5(d). With a further
decrease in H, resistance changes are seen at H ~ —0.111 T. Because of the presence of a small misalignment between
H and I, the magnetization reversal processes shown in 5 of Fig. 5(d) are expected. Finally, in H < —0.2 T, the
M of the CosFeSi layer is fully aligned again to the H (BaTiOgz [100]) direction, giving rise to the smallest relative
orientation between M and I (M//I), as shown in 6 of Fig. 5(d). From these considerations, we can qualitatively
understand the low-field MR features as consequences of the in-plane magnetization reversal processes of the CosFeSi
layer on both the ¢ and ¢ domains of BaTiO3.

The electric-field (E) dependence of the low-field MR curves for the device A and another device (named device B)
are explored at room temperature in Fig. 6. The data in Fig. 6(a) at £ = 0 is the same data in Fig. 5(c). Since
there are various features in these MR curves, we first focus on the change in the data for device A as follows. In
Fig. 6(a) we find that the bell-shaped AMR feature gradually disappears with applying E from zero to —1.8 kV/cm.
Because the ¢ domains of BaTiOg are grown by applying F, the uniaxial anisotropy of the CosFeSi epilayer on the a
domains of BaTiOj3 disappears and the cubic magnetocrystalline anisotropy associated with the ¢ domains of BaTiOg3
becomes dominant, as confirmed by the M-H curve measurements with applying E [52]. Namely, the MR feature at
E = —1.8 kV/cm indicates the magnetization reversal process is governed by the CosFeSi epilayer on the ¢ domains
of BaTiO3. Possible changes in the M direction of the CosFeSi epilayer are similar to those shown in Fig. 5(d) (1
— 2 — 3 — 4, only on the ¢ domain). From these features, we conclude that, for device A, the E effect on the MR
curves is governed by the a - ¢ domain wall motion of BaTiOg. For device B, on the other hand, a different feature is
seen. Although the bell-shaped curve with respect to H is also observed, similar to those for device A, the E effect is
not clearly seen within £ < —1.8 kV/cm. Notably, we find that there is almost no peak structure from H ~ —0.006
T to H ~ —0.017 T. The absence of the peak structure means that, for device B, the influence of the ¢ domain of
BaTiOg3 on the magnetization reversal process of the CosFeSi epilayer is relatively small compared to that for device
A. In other words, the a - ¢ domain wall motion of BaTiO3 does not attribute to the magnetization reversal process
for device B. These facts indicate that the AMR effect allows for high sensitive detection of the difference in the
magnetization process in the interfacial multiferroic system.

To clearly show the E effect on the AMR effect, we plot the angular (¢) dependence of the AMR ratio for devices
A and B at room temperature under the application of H = 0.4 T in Figs. 7(a) and 7(b), respectively. In this
measurement, the AMR ratio (%) is defined as [(Rg — Rooe) / Rgge] x 100, where Ry and Rgge are the resistance at
¢ and 90°, respectively, because a H of 0.4 T is sufficient to saturate the magnetization of the CooFeSi layer. As a
result, the AMR ratio for device A at E = 0 is estimated to be —0.073 % [Fig. 7(a)], where the negative value of the
AMR ratio indicates that the used CoyFeSi epilayers have half-metallic nature [53]. By applying F = —1.8 kV/cm,
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the magnitude of the AMR ratio for device A is evidently decreased from —0.073 % to —0.049 %. This means that
the AMR ratio can be modulated in the epitaxial CoaFeSi/BaTiOj3 interfacial multiferroic system. For device B, on
the other hand, it seems that the change in the AMR ratio by applying F is quite small [Fig. 7(b)].

To further understand the E effect on the AMR effect, we summarize the electro-magnetoresistance (EMR) ratio
as a function of E in Fig. 7(c) for devices A and B. The EMR ratio (%) is defined as [[MRg — MRg) / MRg] x 100
[54, 55], where MR and MRg are the MR values at F and at zero electric field, respectively. For reference, the raw
resistance changes with increasing E at ¢ = 0° and 90° under H = 0.4 T are also shown in the inset. For device A, the
magnitude of the EMR ratio reaches several tens %. Notably, despite the single ferromagnetic layer, the magnitude
of the EMR ratio is relatively large compared to those for Co/Cu/Fe giant magnetoresistance structures [55]. For
device B, on the other hand, the magnitude of the EMR ratio is relatively small.

Another great advantage is the £ controllability of the AMR effect in these interfacial multiferroic system. Because
the maximum FE value of —1.8 kV/cm is less than the coercive electric field of the used BaTiO3 substrate, the a — ¢
domain wall motion in BaTiOg is reversibly controlled by tuning E between zero and —1.8 kV/cm. Reflecting the
reversible modulation of the domain walls of BaTiO3, the AMR changes for device A are also reversible. From these
data, the AMR effect is surely tunable by applying E at room temperature fabricated on the a and ¢ domains of
BaTiO3(001).

IV. DISCUSSION

In general, the extrinsic AMR effect can be interpreted in terms of the two-current model [56, 57]. When the majority
spins (1) and minority spins () are assumed to constitute two parallel conduction channels with the corresponding
resistivities given by p; and py, respectively, the AMR ratio can be expressed using Ap =(p,; — p1) (p/; and p1.
denote the longitudinal (M//I) and transverse (M LI) resistivity) as follows.

% — (1), (1)
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FIG. 7. The angular (¢) dependence of the AMR ratio for (a) device A and (b) device B at E = 0 and -1.8 kV /cm at room
temperature under H = 0.4 T. (c) EMR ratio versus E for devices A and B at room temperature. The inset of (c) shows Rex
versus E for device A under H = 0.4 T at ¢ = 0° (closed circles) and 90° (open circles), respectively.

where a = %, ~ is the constant which is related to the spin-orbit coupling constant A and exchange interaction energy

Eey, 16, v = (E%X)2 On the basis of Eq.(1), every material should yield a unique value of the AMR ratio, given A
and Fey. Although the A\ and F.. are intrinsic parameters of the material, these are very sensitive to the strain via
the interface. Therefore, significant electric-field variation of the AMR would occur for FM/FE heterostructures with
the salient domain wall motion of FE materials. The description is partly compatible with our experimental data
that the E effect on the AMR becomes more significant for device A with the a — ¢ domain wall motion in BaTiO3
than device B without it.

Since the characteristic length scale of the magnetoelastic effect is beyond several hundreds of nm,[13] the long
characteristic length indicates that strain-induced magnetoelastic effect can mostly account for the significant F
effects on the AMR appeared in device A. In addition to this, other mechanisms cannot be excluded at this stage.
To date, there have been some reports on the origin of the E effects on magnetic properties; bonding modulation
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[20], charge modulation [21], and magnetoionic modulation [22, 58], etc, for example. These mechanisms are closely
associated with the structural and chemical modulation that leads to a change in E.x in the very vicinity of the
interface. The AMR effect we observe in the epitaxial CosFeSi/BaTiOg heterostructures could have the origin same
as these effects. We also note that our experimental findings are slightly different from F modulation of the AMR
reported in other amorphous or polycrystalline FM/FE multiferroic systems [59, 60], where the effects are related
to a change in the small magnetic domain structures of FM layers [60]. Although the microscopic origins for the
contrasting behavior are not fully understood, the results indicate that the E effects on the AMR we observe arise
from a combined effect of possible E modulation of both A and Fey at the epitaxial interface.

Finally, we should consider the intrinsic mechanism for the AMR effect on the basis of the electronic band structure.
Recently, Zeng et al. theoretically predicted that the AMR effect of single-crystalline CoFe alloys is strongly related
to shifting the special k points near the Fermi level in the band structure by varying alloy composition [61], where the
prediction is also experimentally confirmed. If the electric-field tunable AMR effect is strongly associated with the
epitaxial quality of CosFeSi in our interfacial multiferroic heterostructures, we can consider that there is a possible
intrinsic mechanism of the tunable AMR, effect observed in this study. In the future, we will further examine the
correlation between the tunable AMR, effect and the variation in the electronic band structure of CogFeSi through
the domain-wall motion in BaTiOs.

V. CONCLUSION

We have studied magnetic and magnetotransport properties of an interfacial multiferroic system consisting of
CogFeSi and BaTiOg3. For the epitaxial CooFeSi/BaTiOs heterostructures, an in-plane uniaxial magnetic anisotropy
and its strong temperature dependence, induced by the presence of the magnetoelastic effect via the spin-orbit
interaction at the epitaxial CooFeSi/BaTiO3(001) interface, have been observed. Also, in CosFeSi Hall-bar devices,
the AMR hysteretic curves depending on the in-plane magnetization reversal processes on the a and ¢ domains of
BaTiO3(001) were clearly observed at room temperature. Notably, the magnitude of the AMR ratio (%) for CozFeSi
Hall-bar devices can be tuned through the a — ¢ domain wall motion of BaTiO3(001) by applying electric fields. We
propose that the electric-field tunable AMR effect is associated with the modulation of the spin-orbit interaction,
exchange interaction, and/or the electronic band structure near the Fermi level by applying electric fields in the
epitaxial CoyFeSi/BaTiO3(001) interfacial multiferroic system.
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