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ABSTRACT

We experimentally show a giant magnetoelectric (ME) effect at room temperature in an interfacial multiferroic heterostructure consisting of
L2,-ordered Co,FeSi and Pb(Mg;,3Nb,,3)O;-PbTiO; (PMN-PT). Molecular beam epitaxy growth at 400 °C enables us to obtain epitaxial and
L2;-ordered Co,FeSi films on PMN-PT(001). For the epitaxial Co,FeSi/PMN-PT heterostructure, the remanent magnetization state can be
largely modulated by varying electric fields. We note that the room-temperature ME coupling coefficient («) is estimated to be 6.0-6.3
%107 s/m, comparable to the highest o value reported previously. Nonvolatile and repeatable magnetization changes in remanent states are
also demonstrated. These results will pave the way for room-temperature electric-field control of the magnetization of half-metallic Heusler

alloys in high-performance spintronic devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0044094

As a next-generation memory for semiconductor integrated
circuits with low power consumption, the magnetoresistive random
access memory (MRAM) has been studied because of its high-speed,
repeatable, and nonvolatile operation.'” In general, writing data
through the magnetization switching processes by applying electric
currents consumes a large electric power in spin-transfer torque or
spin-orbit torque MRAMs. To tackle the problem in these MRAMs,
the magnetization switching induced by applying electric fields has
been proposed, in which less power consumption is expected.”

To date, the electric field magnetization manipulation has been
achieved in several special systems such as multiferroic insulator
oxides,”® ferromagnetic (FM) semiconductors,”® and ultra-thin EM
atomic layers.”'” In addition to these systems, artificial FM/ferroelectric
(FE) multiferroic heterostructures have recently been explored
because of potential advantages for room-temperature operation
and a wide variety of material selections.' ™" For the electric field
magnetization manipulation in FM/FE multiferroic heterostruc-
tures, several mechanisms via magnetostriction, exchange bias,
charge accumulation, and redox have been proposed.'' Among

these mechanisms, the magnetostriction effect is particularly impor-
tant to effectively modulate the magnetization states in the FM layer
through the piezostrains induced in the FE layer. Also, the magneto-
striction from the FE layer is a long-range scale effect and induces a
relatively large modulation of the magnetization state in the FM
layer.'""”

For these reasons, an FE material, Pb(Mg;,;3Nb,,3)O5-PbTiO5
(PMN-PT), having a large piezoelectric constant (ds3 ~ 2000 pm/
V),">'° has been explored, where a schematic for the crystal structure
of PMN-PT is illustrated in Fig. 1(a). Actually, PMN-PT has been
widely studied in FM/FE multiferroic heterostructures with a combi-
nation of many FM materials: (La,Sr)MnO;,"""* Fe;0,,"” FeGa,™
CoFeB,”"”” and common ferromagnetic materials such as Fe,”
Co,”"*° Ni,”° and their alloys.ﬁ’29 Among a variety of FM materials,
Co-based Heusler alloys have attracted interest from the viewpoint of
MRAM applications because they have high spin polarization leading
a high magnetoresistance ratio in tunnel magnetoresistance junc-
tions.”"** However, only the experimental study of a Co,FeAl (CFA)/
PMN-PT multiferroic heterostructure has been reported because of
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FIG. 1. Schematic crystal structures of (a) Pb(Mgs;3Nby3)05-PbTiO; and (b)
Co,FeSi.

34,35

the growth difficulty. In fact, although the formation of the
L2,-ordered structure is required for the high-performance operation,
it is limited that the reported CFA/PMN-PT was composed of
B2-ordered or polycrystalline CFA films. As a result, the large magne-
toelectric (ME) effect in the CFA/PMN-PT heterostructure at room
temperature has not been reported yet.

Here, we concentrate on Co,FeSi (CFS), which has been expected
to be a half metal with a high Curie temperature of 1100 K. A sche-
matic for the crystal structure of CFS is shown in Fig. 1(b). Notably,
we have shown that the epitaxial and L2;-ordered CFS films can be
experimentally grown on oxides””** or semiconductor structures.” '
In this Letter, we experimentally demonstrate an epitaxial and L2;-
ordered CFS/PMN-PT(001) multiferroic heterostructure using a
molecular beam epitaxy (MBE) technique at 400 °C. For the epitaxial
Co,FeSi/PMN-PT  heterostructure, the remanent magnetization
state can be largely modulated by varying electric fields. The
room-temperature ME coupling coefficient (o) is estimated to be
(6.3+0.2) x 107 s/m, comparable to the highest o value reported
previously.”” In addition, nonvolatile and repeatable magnetization
changes in remanent states are demonstrated. These results will pave
the way for room-temperature electric-field control of the magnetiza-
tion of half-metallic Heusler alloys in high-performance spintronic
devices.

First, we explain the crystal structures of PMN-PT and CFS,
shown in Figs. 1(a) and 1(b), respectively. PMN-PT has a perovskite
structure, it can be considered as a pseudocubic, and the lattice con-
stant of PMN-PT is 0.4017 nm with the 30% PT composition,16 while
CFS is a cubic and an L2, ordered structure with a lattice constant of
0.564nm."” Thus, the mismatch between the diagonal length of the
lattice constant of PMN-PT and the lattice constant of CFS is approxi-
mately 0.7%. As a result, the epitaxial growth of CFS films on PMN-
PT(001) can be expected.

For the CFS/PMN-PT heterostructure, we next explain the
growth procedure of CFS films on PMN-PT(001). 30-nm-thick CFS
thin films were grown on single-crystal PMN-PT(001) substrates at
200 or 400 °C by MBE. Prior to the growth, the heat treatment was
performed at 600°C for 15min to obtain a flat surface of PMN-
PT(001). After cooling down to the growth temperature of 200 or
400°C, the CFS film was grown by co-evaporating using Knudsen
cells, where we set the supplied atomic composition ratio of Co:Fe:Si

scitation.org/journal/apl

t0 2.0:1.0:1.0 during the growth.”””” After the growth, in situ reflection
high-energy electron diffraction (RHEED) images are observed, as
shown in Figs. 2(a) and 2(b). For the CFS film grown at 400 °C, sym-
metrical streak patterns are observed in the RHEED image [Fig. 2(a)],
indicating two-dimensional epitaxial growth. In contrast, the CFS film
grown at 200 °C shows the ring-like RHEED patterns [Fig. 2(b)], indi-
cating the formation of polycrystalline films. 0-20 x-ray diffraction
(XRD) patterns for the CFS films grown at 400 and 200 °C are shown
in Figs. 2(c) and 2(d), respectively. Only for the CFS film grown at
400 °C, evident 004 and 002 diffraction peaks are observed, indicating
that the film is (001)-oriented epilayers. The out-of-plane lattice con-
stant of the CFS film grown at 400°C is 0.563 nm, slightly smaller
than the bulk value of 0.564 nm.*” Here, energy dispersive x-ray spec-
troscopy (EDX) measurements reveal that the grown CFS film has a
slightly Co-rich composition (Co:Fe:Si = 2.27:0.91:0.82). We infer that
the slight difference in the lattice constant between the grown film and
bulk is due to the compositional deviation and/or the in-plane tensile
strain from the PMN-PT(001) substrate. From these results, we can
form the two-different CFS/PMN-PT heterostructures (epitaxial or
polycrystalline) by varying the growth temperatures.

Figure 3(a) shows the {111} diffraction peaks of the 400 °C-grown
CFS film (top) and the used PMN-PT(001) substrate (bottom) in XRD
¢-scan measurements. The fourfold {111} peaks in the top of Fig. 3(a)
indicate the presence of the L2; structures in the 400 °C-grown CFS
film. By a comparison of the {111} peaks between the CFS film and
PMN-PT(001), we conclude the epitaxial relationship, CFS[100](001)||
PMN-PT[110](001) as shown in Fig. 3(b). Using the results in such
XRD measurements, we estimate the degree of B2 and L2; order
parameters, Sg; and Sp,,, respectively, only for the 400 °C-grown CFS
film. The values of Sg, and S;,, are expressed as follows:****

Too2/Toos 2 L1/ boy
Sp2 =4 | N S ; 1)
I§02/ T4 b3 =Sk [ I /Ly,

where I, and I}fk, are the experimental and theoretical diffraction
peak intensities for the /ikl plane. As a result, the values of Sg, and Sy,

(@)
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~
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~
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FIG. 2. RHEED images for the Co,FeSi films grown at (a) 400 °C and (b) 200°C
with the incident electron beam along the PMN-PT[110] direction. XRD profiles in
0-20 scan for Co,FeSi films grown at (c) 400 °C and (d) 200 °C.
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FIG. 3. (a) XRD ¢-scan profiles for {111} of the Co,FeSi film grown at 400 °C (top)
and the PMN-PT(001) substrate (bottom). (b) Schematic illustration of the epitaxial
relationship between the Co,FeSi film grown at 400 °C and the PMN-PT(001) sub-
strate. The red and black arrows denote the crystallographic orientations for the
Co,FeSi film and the PMN-PT substrate, respectively.

are estimated to be 0.94 and 0.80, respectively. According to EDX mea-
surements, since it was revealed that there is a slight deviation of the
atomic compositions in CFS films, we should consider the presence of
the structural disorder as a reason for Sp, S;2, < 1.0 even in the
epitaxial CFS/PMN-PT(001) heterostructure. However, we can regard
L2,-ordered structures as the dominant phase in the present CFS/
PMN-PT(001) heterostructure.

Magnetic properties of the CFS/PMN-PT(001) heterostructures
are examined using a vibrating sample magnetometer (VSM) at room
temperature (27 °C). Figure 4 shows in-plane magnetization curves for
the CFS/PMN-PT(001) heterostructures formed at 400 °C (epitaxial)
and at 200°C (polycrystalline), where the direction of the applied
external magnetic field (H) is along PMN-PT[100]. For the epitaxial
CFS/PMN-PT(001) heterostructures, the saturation magnetization

1500 T I T T T T I T T T T | T
Epitaxial
1000 = CFS[110]|PMN-PT[100] _
Z 1000 i RN Polycrystalline
~ 500-5 —
£ E 0 CFS[100]|[PMN-PT[110]
\g 0 =-1000 7 1000 T ] A
KA -800 < r
= -500 | 1
=-1000

-1000 - J 300

B N I

1500 30 0

H (kOe)

FIG. 4. Magnetization curves of the epitaxial (red) and polycrystalline (blue)
Co,FeSi films. The external magnetic field is applied along the PMN-PT[100] direc-
tion. The insets show expanded views of the magnetization curves of the epitaxial
film under the magnetic fields along Co,FeSi[110]| PMN-PT[100] and
Co,FeSi[100] || PMN-PT[110]. All the measurements were performed at 27 °C.
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(M) is estimated to be 1110 * 40 emu/cm® (5.4 * 0.2 ug/fu.), close to
Ms for the CFS epilayers with a high spin polarization of 0.7-0.8.”” On
the other hand, the value of Mg for the polycrystalline CES/PMN-
PT(001) heterostructure is 890 * 30 emu/cm’® (4.3 = 0.1 pp/fu),
relatively low compared to that for the epitaxial CFS/PMN-PT(001)
heterostructure. We infer that the above difference in Mg is derived
from the difference in the crystal quality because there is almost no
sharp diffraction peak in Fig. 2(d)."® The insets of Fig. 4 show the
enlarged magnetization curves for the epitaxial CFS/PMN-PT(001)
heterostructure, measured under the magnetic fields along
CFS[110] || PMN-PT[100] (left) and CFS[100] || PMN-PT[110] (right).
The magnetization reversal behavior of the epitaxial CFS/PMN-
PT(001) heterostructure is slightly changed by applying the different
magnetic-field directions. In contrast, the polycrystalline CFS/PMN-
PT(001) heterostructure showed an isotropic feature (not shown here).
From these structural and magnetic characterization studies, we regard
the epitaxial CFS/PMN-PT(001) heterostructure as a high-quality FM/
FE multiferroic system.

To characterize the electric-field effect on magnetic properties for
the CFS/PMN-PT(001) heterostructures, we perform magneto-optical
Kerr effect measurements at room temperature with and without
applying electric fields (E). Here, Au(100 nm)/Ti(3 nm) backside elec-
trodes are deposited on the bottom of the PMN-PT(001) substrate,
which enables us to apply E to the CFS/PMN-PT(001) heterostruc-
tures along the PMN-PT[001] direction. Figure 5(a) shows room-
temperature hysteresis loops of the Kerr rotation angle (0x) for the
epitaxial (top) and polycrystalline (bottom) CFS/PMN-PT(001) heter-
ostructures by applying E, where H is applied along the in-plane [100]
direction of the PMN-PT substrate. Notably, we can clearly see that
the value of the saturation Kerr-rotation angle (0%") for the epitaxial
CFS/PMN-PT(001) heterostructure is larger than that for the poly-
crystalline CFS one. In addition, the shape of the Kerr hysteresis loop
for the epitaxial CFS/PMN-PT(001) heterostructure is markedly mod-
ulated by changing E from +-8.0 to -8.0 kV/cm, while the shape of the
Kerr loops is slightly varied by changing E for the polycrystalline CFS/
PMN-PT(001) heterostructure.

To explore the electric field modulation in detail, we also measure
the remanent Kerr rotation (0g™) vs E for both the CFS/PMN-
PT(001) heterostructures, as shown in Fig. 5(b). For the measurement,
we first apply an E value of -8kV/cm and vary the amplitude of E
from -8.0 to +8.0 kV/cm and then back to E= -8.0kV/cm. The sweep
rate of E is 20 V/cm/s. For the epitaxial CES/PMN-PT(001) hetero-
structure, O™ sharply increases or decreases at E ~ *=1kV/cm upon
increasing or decreasing E from -8.0kV/cm or4-8.0kV/cm, respec-
tively. We find that the value of E showing the abrupt change in 0™
is close to a reported coercive field of PMN-PT(001)."” Also, the E
dependence shows a hysteretic behavior, implying the nonvolatile vari-
ation in remanent magnetization states. In general, there are two types
of piezoelectric polarization vector switchings along (111} in the pseu-
docubic unit cell of PMN-PT,'*"*’ in which one is the 109° polariza-
tion switching and the other is the 71/180° one. The former causes an
in-plane strain variation rotated by 90° along (110) in PMN-PT(001)
although the latter dose not induce the rotation of the strain.”"*” Thus,
for an application of E to PMN-PT[001], a hysteric feature seen in
Fig. 5(b) is related to the 109° switching inducing the in-plane-strain
rotation. In addition to this, since the value of 0;? for the epitaxial
CFS/PMN-PT(001) heterostructure is nearly constant for all the Kerr
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FIG. 5. (a) Magneto-optical Kerr loops for the epitaxial (top) and polycrystalline (bottom) CFS/PMN-PT(001) heterostructures at various E values at room temperature. The
external magnetic field (H) is applied along the PMN-PT[100] direction. (b) £ dependence of the remanent Kerr rotation 0™ for the epitaxial (top) and polycrystalline (bottom)
CFS/PMN-PT(001) heterostructures at room temperature. (c) Demonstration of the switching of the remanent Kerr rotation (red) for the epitaxial CFS/PMN-PT(001) hetero-
structure at room temperature. The magnitude of E is applied with the bipolar sequence (blue).

hysteresis loops in Fig. 5(a), we can conclude that the E-field-depen-
dent O™ originates from the modulation of the in-plane magnetic
anisotropy induced by the in-plane-strain variation, as reported in
many FM/PMN-PT systems.”"~>***’ Contrary to this, the polycrystal-
line CFS/PMN-PT(001) heterostructure does not show such a large
variation in Og™ with increasing and decreasing E. Taking into
account these facts, we can regard the large E effect on the remanent
magnetization (M) as a consequence of the piezoelectric induced
strain change at the epitaxial CFS/PMN-PT(001) interface.

To quantitatively evaluate the ME effect for the CFS/PMN-
PT(001) heterostructures, we define the ME coefficient o as follows:

%= 4 d7M = Mrem(E) - Mrem(E = 0)

0 dE 0 E )
where i is the vacuum permeability. Here, we define dM as the differ-
ence in the remanent magnetizations between before and after the
application of E, where this method has been established in previous
studies of FM/FE systems.”"””" Note that dM in Eq. (2) is different
from that for conventional ME substances such as Cr,O3 for which
dM is defined as the induction of spontaneous magnetization by E.”'
To indirectly deduce My, we assume that the value of 0;?
(~23.9 £ 0.1 mdeg) corresponds to the value of Mg (1110 = 40 emu/
cm®) measured by VSM. On the basis of the above assumption, Miem
is estimated as Myem = Ms x (0™ /0%"). As a result, the o values of
(6.0+0.2) x 107° s/m and (6.3+0.2) x 107 s/m are obtained at E
changing from 0 to +1kV/cm and at E changing from 0 to -1kV/cm,
respectively, for the epitaxial CFS/PMN-PT(001) heterostructure. On
the other hand, the polycrystalline CES/PMN-PT(001) heterostructure
gives smaller o values of 1.5-1.9 x107® s/m at the same E value.
Notably, the « values estimated here mean the magnitude of the
strain-mediated ME effect at the formed CFS/PMN-PT heterointerfa-
ces. Compared to the previous reports in such systems, the present values
of o for the epitaxial CFS/PMN-PT(001) heterostructure are comparable

@)

to those of amorphous CoFeB/PMN-PT(011) (8 x 10~® s/m)** and
CoFeB/PMN-PT(001) (2 x 10°° s/m),”" the highest o value in
reported FM/FE interfacial multiferroic systems. In the case of the
previous amorphous CoFeB,”” the o value increased upon changing
the PMN-PT crystal orientations from (001) to (011) where the
largest change in the piezostrain was expected.” If we can form the
epitaxial CFS/PMN-PT(011) heterostructure, further enhancement
in the « value can be expected.

Finally, repeatable switchings of the remanent magnetization
states with nonvolatile nature are shown in Fig. 5(c), where the
sequence of the E application to PMN-PT[001] is also displayed in the
right vertical axis. Evident variations in two magnetic states with high/
low 0™ can be repeatably demonstrated at room temperature.
Because the magnetization vector switching does not need an applica-
tion of H, the repeatable and nonvolatile magnetization control at the
remanent states can be utilized as a part of the technology for voltage-
induced magnetization switching in storage and/or memory devices
with high-quality Co-based Heusler alloys.”***

In summary, we demonstrated an epitaxial and L2;-ordered
Co,FeSi/Pb(Mg,;/3Nb,/3)O5-PbTiO; multiferroic heterostructure with
giant o values of 6.0-6.3 x10~® s/m. Nonvolatile and repeatable mag-
netization changes in remanent states were also achieved, meaning the
utilization for a part of the technology for voltage-induced magnetiza-
tion switching in storage and/or memory devices with high-
performance Co-based Heusler alloys.

The authors appreciate Professor Tomoyasu Taniyama of
Nagoya University for fruitful discussions. This work was partly
supported by JST CREST, Grant No. JPMJCR18]J1.
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