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Abstract

Multiferroic heterostructures consisting of Co/Pd multilayers on Pb(Mgy/3Nby/3)Os-
PbTiO3(011) substrates are experimentally investigated. The converse mag-
netoelectric (CME) effect is characterized by anomalous Hall effect measure-

ments with application of an electric field (£). The remanent magnetization

state for the [Co(0.8 nm)/Pd(2 nm)| multilayer is significantly modulated by

the application of E. The room-temperature CME coupling coefficient (ag)

is estimated to be 1.0-1.1x107% s/m, which is the largest among those of
multiferroic heterostructures with perpendicular magnetic anisotropy.

Keywords: Magnetoelectric effects, Multiferroic heterostructures,
Metastable bce CogMn, Pb(Mgy/3Nby/3)O3-PbTiO3

1. Introduction

In general, ferroic order parameters of ordinary ferroic materials are con-
trolled by external fields that are conjugate to the order parameters. For
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example, magnetisation in ferromagnetic materials and polarisation in ferro-
electric ones are tuned by applying a magnetic field (H) and an electric field
(E), respectively. On the other hand, in multiferroic materials, more than
two ferroic orders simultaneously exist [1, 2|, and it leads to magnetoelectric
(ME) coupling. The feature enables control of the magnetism by applying
E. Until now, much effort has been devoted to obtain large ME coupling
because E-control of magnetism has the potential for ultra-low-power data
writing in magnetic memory [3, 4, 5, 6, 7, 8], where current-based techniques
are traditionally used [9, 10, 11, 12, 13]. Multiferroic materials have been ex-
tensively explored for several decades in single-phase multiferroic materials
(14, 15, 2]. However, these materials have some obstacles for device appli-
cations, e.g., the small number of multiferroic materials, weak ME coupling,
and low operation temperature. For that reason, alternative strategies are
required to obtain multiferroic materials with a large ME coupling. One of
the solutions is to utilize multiferroic heterostructures that consist of ferro-
magnetic and ferroelectric layers. The multiferroic heterostructures can be
operated in a wide range of temperature including room temperature and
they show a relativley large ME effect. In addition, they have a variety of
material choices. These features are advantageous for device applicatoins
compared to single-phase multiferroic materials[16, 17, 18, 19, 20]. Several
mechanisms of the ME effect in the multiferroic heterostructures have so far
been proposed. In particular, utilization of the strain-mediated ME effect is
promising for obtaining a large ME effect [18]. Namely, when E is applied
to the ferroelectric layer, the piezoelectric strain is induced, leading to the
strain transfer into the ferromagnetic layer though the interface. As a result,
the piezostrain deforms the lattice of the ferromagnetic layer, and then, the
magnetic properties are efficiently tuned.

To make use of the strain-mediated ME effect, as a ferroelectric layer,
we have focused on the Pb(Mg;/3Nby/3)O3-PbTiO3 (PMN-PT). PMN-PT
has the largest piezoelectric coefficient [21, 22|, which is favorable for the
strain-mediated ME effect. Several studies have previously demonstrated a
converse ME (CME) effect in multiferroic heterostructures using PMN-PT
23, 24, 25, 26, 27, 28, 29, 30, 31], and CME coupling coefficients (ag) that
reach 107 s/m have been reported very recently [32, 33, 34]. Although these
multiferroic heterostructures exhibit a large CME effect, the magnetic layer
shows in-plane magnetic anisotropy. The FE-control of perpendicular mag-
netic anisotropy (PMA) is of critical importance for realizing high-density
non-volatile memory and logic devices with high thermal stability. Although



several studies have reported the E modulation of PMA in magnetic mate-
rials [35, 36, 37, 38, 39, 40, 41], the CME effect is relatively small, and the
CME coupling coefficient has remained in the order of 1077 s/m, which is
much smaller than that for in-plane magnetic multiferroic heterostructures
(35, 36, 41].

Therefore, to achieve a large CME effect in PMA multiferroic heterostruc-
tures, we have focused on perpendicularly magnetized Co/Pd multilayers
42, 43, 44, 45, 46]. The origin of PMA in Co/Pd multilayers has been in-
vestigated using X-ray magnetic circular dichroism (XMCD) measurements
and density functional theory (DFT) calculations [47, 48]. The study re-
vealed that the Co orbital magnetic moments at the Co/Pd interface are
anisotropic, and the orbital anisotropy contributes to the emergence of PMA.
Therefore, if anisotropic orbital magnetic moments are effectively modulated
by the piezostrain of PMN-PT, then a large CME effect would be expected.

In this study, we experimentally investigate multiferroic heterostructures
that consist of Co/Pd multilayers on PMN-PT(011). Firstly, we explore
the growth of Co/Pd multilayers on the PMN-PT(011) substrates. Po-
lar magneto-optic Kerr effect (MOKE) measurements confirm PMA in the
[Co/Pd]/PMN-PT multiferroic heterostructures. In addition, precise control
of the magnetic anisotropy from the perpendicular to the in-plane directions
is demonstrated by changing the Co thickness (t¢,). Anomalous Hall effect
measurements indicate that the remanent magnetization state for Co/Pd
multilayers with ¢, = 0.8 nm is significantly modulated by the application
of E. The room-temperature CME coupling coefficient is estimated to be
1.1 x 107% s/m, which is the largest among the previously reported PMA
multiferroic heterostructures. These results are expected to pave the way
for the room-temperature E control of PMA in high-performance spintronic
devices.

2. Fabrication of the multiferroic heterostructure

All the Co/Pd multilayers were prepared on 0.5-mm-thick unpolarized
PMN-PT substrates. The unpolarized substrates were chosen since the sub-
strates were heated above the ferroelectric Curie temperature of 130°C during
the heat treatment of the PMN-PT substrates [49]. The composition of the
PMN-PT substrate is Pb(Mg;/3Nby/3)1-4)03-PbTi,03 (x = 0.29 — 0.32),
which is close to the morphotropic phase boundary showing the large piezo-
electricity. Here, (011) cut substrate is selected because of the relatively



large piezostrain compared to that of the (001) substrate [50, 51, 34], where
the maximum piezostrain of ~ 0.3 % with applying an electric field of 0.8
MV/m is expected [34]. The formed multilayer structure is schematically
shown in figure 1(a). The growth of the multilayers was performed in an
ultra-high-vacuum molecular beam epitaxy (MBE) chamber, and Co and Pd
were evaporated with Knudsen cells. The thickness of each layer was deter-
mined n situ by a thickness monitor using a quartz crystal. Prior to the
growth, heat treatment of the PMN-PT substrate was performed at 400°C
for 20 min to obtain a flat surface of the PMN-PT(011). The heat-treatment
temperature was sufficiently low compared to that in the literature that gives
rise to a giant CME effect [32], and we consider degradation of the piezoelec-
tricity due to the heat treatment to be negligible. After cooling the substrate
to room temperature, a 3-nm-thick Pd layer was deposited on the substrate,
and then a [Co(tc,)/Pd(2 nm)]y5 multilayer was deposited, where tc, was
varied from 0.5 to 1.5 nm. An 8-nm-thick Pd layer was then deposited as
a cap layer. During the deposition, the pressure of the chamber was kept
under 1 x 1077 Pa. The deposition rates of Co and Pd were 0.05 and 0.09
A /sec, respectively.

3. Results

In situ reflection high energy electron diffraction (RHEED) and X-ray
diffraction (XRD) measurements were performed for structural characteriza-
tions of the [Co/Pd]/PMN-PT heterostructures. Figure 1(b) shows repre-
sentative RHEED images for the Co/Pd multilayer with ¢c, =0.5 nm. Clear
spot patterns for both Co and Pd layers were observed although weak ring
patterns were superimposed. The result indicates that the grown Co/Pd
multilayers are highly orientated with some polycrystalline phases.

Figure 1(c) shows the w-20 XRD profile for the Co/Pd multilayers with t¢,
=0.7 nm. A diffraction peak indicated by a black arrow was observed around
40 degrees, and the feature was also seen in the other [Co/Pd]/PMN-PT het-
erostructures. According to the previous research [46], diffraction peaks for
(111) planes from a Pd buffer layer and a Co/Pd multilayer were observed
around 40 degrees. Thus, we consider that the present diffraction peak is due
to the superposition of diffraction peaks from the (111) planes of the Co/Pd
multilayer and the Pd buffer and cap layers. From the RHEED and XRD
measurements, it was confirmed that the Co/Pd multilayers are highly (111)
orientated even on PMN-PT(011). Magnetic properties of the Co/Pd multi-
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layers were characterized by means of polar MOKE measurements at room
temperature. Figure 2(a) shows representative polar Kerr hysteresis loops
for the Co/Pd multilayers. Rectangular Kerr hysteresis loops with high re-
manent magnetization states were found for the Co/Pd multilayers with ¢,
< 0.8 nm, indicating the emergence of PMA. As t¢, increases, the square-
ness of the loops decreases and in-plane magnetic anisotropy is gradually
observed. Figure 2(b) shows the t¢, dependence of the Kerr-rotation angle
in the remanent magnetic state (™). Here the angle is normalized with
respect to the Kerr-rotation angle in the saturation region. The normalized
0™ is almost 1 in the range of t¢, from 0.5 to 0.7 nm. As ¢, increases, O;g™
decreases steeply in the range from 0.7 to 1.0 nm, and then becomes almost
0 at tco=1.5 nm. The tc, dependence is almost consistent with that previ-
ously reported for Co/Pd multilayers on MgO substrates [52]. A recent study
revealed that the emergence of the PMA in Co/Pd multilayers is attributed
to the anisotropy of the Co orbital magnetic moments [47]. Therefore, the
clear t¢, dependence in figure 2(b) indicates that the anisotropy of the Co
orbital magnetic moments is systematically modulated by changing t¢,. This
enables us to discuss the correlation between the strain-mediated CME effect
and the anisotropy of the Co orbital magnetic moments, discussed in detail
later. These results demonstrate the presence of a perpendicularly magne-
tized Co/Pd multilayer on the PMN-PT(011) substrates, and precise control
of the magnetic anisotropy by changing tc,. Here, we focus on multilayers
with tc, = 0.7, 0.8, and 0.9 nm because this thickness region is a transition
region from PMA to in-plane magnetic anisotropy, which is expected to real-
ize a large CME effect. The saturation magnetization (Mg,) of the samples
was measured with a vibrating sample magnetometer (VSM) at room tem-
perature. The magnetization curves are shown in figure 2(c). The multilayer
with tc, = 0.7 nm shows a rectangular hysteretic shape with a high rema-
nent magnetization. As t¢, increases, the remanent magnetization gradually
decreases. This trend is consistent with that of the MOKE measurement in
figure 2(a). The extracted values of Mg, were 1380, 1280, and 1300 kA /m
for the multilayers with t¢, = 0.7, 0.8, and 0.9 nm, respectively.

To characterize the electric-field effect on the magnetic properties of the
Co/Pd multilayers, we adopted the anomalous Hall effect (AHE) measure-
ment with application of F at room temperature, where the method has
been established in a previous study of perpendicular FM/FE systems[41].
The setup of the measurement is shown in figure 3(a). A Au (100 nm)/Ti
(3 nm) backside electrode is deposited on the bottom of the PMN-PT(011)
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substrate, which enables the application of E to the heterostructures along
the PMN-PT[011] direction. Prior to the AHE measurement, we first applied
an E of -0.8 MV/m. Then, the amplitude of E was gradually changed from
-0.8 MV/m to +0.8 MV /m, then back to E=0, which initialized the ferro-
electric polarization state. From this zero-electric-field state, E was changed
to -0.8 MV/m, and at each step, the AHE signal was obtained as a func-
tion of H along the PMN-PT|[011]. Here, the Van der Pauw configuration
was adopted. To exclude the contributions of magnetoresistance, an even
functional component was subtracted from the raw signal, and we treat the
subtracted signal as the AHE signal (Vaug).

Figure 3(b) shows the magnetic-field (H) dependence of Vayg, where H
was applied along the direction perpendicular to the plane of the film (i.e.,
PMN-PT[011]). All the samples show hysteretic features, which is consistent
with the MOKE measurement. As FE is applied, the squareness of the AHE
loops decreases for all samples, which indicates the suppression of PMA. In
particular, for t¢,=0.8 nm, the remanent state is significantly modulated by
the application of F.

The E dependence of Vayg is also measured to investigate the £ modula-
tion of PMA in detail. Figure 3(c) shows the E dependence of the normalized
AHE voltage in the remanent magnetic state (Vi$g). The Visiy is reduced
by the application of E, and the PMA is suppressed. We also show the
polarization-electric field (P-E) curve of the PMN-PT(011) substrate in the
inset of figure 3(c). The polarization reversal occurs around +0.2 MV /m.
This value is close to the point where the suppression of Vi§ii starts. There-
fore, the change of Vijiy is correlated with the ferroelectric polarization re-
versal. We discuss the detailed origin of the modulation of V pj}, in the latter
section.

From the E dependence of VijiL, we estimate CME coupling coefficient

ag, defined as:
dMI'eHl

T (1)
where pg is the vacuum permeability. To estimate My, it is assumed that
the AHE voltage at the saturation region corresponds to Mg, measured with
the VSM. Based on this assumption, the M, values are determined as
Miem = Mgy X (normalized VisiE). As a result, the value of ag is estimated
to be 1.0 - 1.1x1075 s/m for the heterostructure with tc, = 0.8 nm. As sum-
marized in table 1, the present value is larger than that of Ta/Co/Pt/PMN-

PT(011) (9x1077 s/m) which is the largest reported o among PMA mul-

Qg = Ho
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tiferroic heterostructures [41]. On the other hand, the ag values for tc, =
0.7 and 0.9 nm are 2.1-3.8 x10~7 and 5.8-8.7 x1077, respectively, which are
smaller than that for {c,=0.8 nm.

Although we performed a similar AHE measurement regarding the posi-
tive F, the modulation of the AHE curve was quite small. For in-plane strain
curves for PMN-PT(011), asymmetric curves were observed with respect to
the polarity of E due to various factors such as flexoelectric effect and in-
ternal bias in the PMN-PT(011) [53]. In future work, the origin of the E
polarity dependence should be discussed.

In addition to the CME coefficient, we also mention the modulation of
the magnetic anisotropy energy. In general, the strain-induced magnetic
anisotropy (K,) can be written as K,=(-3/2)\eEy /(1 — %), where ) is the
magnetostriction coefficient, ¢ is the strain, Fy is Young’s modulus, and v
is the Poisson ratio [54]. In our previous study [34], we measured the piezo-
electric in-plane strain €, and it was confirmed that the in-plane compressive
strain of about 0.1% was induced along in-plane PMN-PT[100] at E = -0.8
MV/m. Regarding the values of A\, Ey, and v for the Co/Pd multilayer,
we took A=1.5 X 107 and Ey = 1.5 X 10! Pa, based on the literature
[55]. We also took v=0.3 since it is the typical value for metals [54]. As a
result, the expected absolute value of K, for applying £ = -0.8 MV/m is
roughly estimated to be 3.7 X 10* J/m3. Here, we experimentally found
that the application of E suppressed the perpendicular anisotropy of the
[Co/Pd]/PMN-PT heterostructure. Therefore, the experimental value of K,
can be deduced from the present AHE measurement. As a result, we esti-
mated modulation of the effective perpendicular anisotropy energy from the
AHE measurements under £ = -0.8 MV/m and £ =0, and it was estimated
to be 3.7 X 10* J/m? for the [Co/Pd] multilayer with ¢c,=0.8 nm. This
value is in excellent agreement with the predicted value. This consistent re-
sult supports the validity of the present AHE measurement for observing the
strain-mediated CME effect.

4. Discussion

The present results raise the question of why a large ag is obtained for the
Co/Pd multilayers with tc, = 0.8 nm. To discuss the origin, we consider two
possible mechanisms for the variation of the magnetic anisotropy. The first
one is a change in the surface anisotropy suggested by Chen et al [41]. They
reported that the relatively large strain-mediated CME effect in perpendic-



Table 1: Comparison of ag from the present study and those from various PMA multifer-
roic heterostructures previously reported.

Heterostructure ag (s/m)  Reference
[Co (0.7 nm)/Pd (2 nm)]s/PMN-PT(011) 2.1-3.8x10~7 This work
[Co (0.8 nm)/Pd (2 nm)]5/PMN-PT(011) 1.0-1.1x10~¢  This work
[Co (0.9 nm)/Pd (2 nm)]5/PMN-PT(011) 5.8-8.7x10~7  This work
CoPd alloy (10 nm)/PMN-PT(001) 8.0x10~7 [35]
[Cu (9 nm)/Ni (2 nm)]5/BaTiO5(001) 6x10~7 (36]
Ta (2 nm)/Co (1.85 nm)/Pt (3 nm)/PMN-PT(011) 9% 1077 [41]

ularly magnetized Pt/Co/Ta trilayers on PMN-PT is found via E-induced
interface roughening of the Pt/Co/Ta trilayer. However, they also mentioned
that inserting a 3-nm-thick Ta layer between the Pt/Co and PMN-PT can
suppress the interface roughness caused by the E-induced roughness variation
of the substrate. In this study, we have already inserted a 3-nm-thick Pd layer
between the Co/Pd multilayer and PMN-PT substrate, inconsistent with the
change in the surface anisotropy suggested by Chen et al [41]. The another
one is an F modification of the orbital magnetic moments. Okabayashi et
al suggested that the anisotropy of the Co orbital magnetic moment at the
Co/Pd interface plays an important role in the emergence of the PMA from
angle-dependent XMCD measurements and DFT calculations [47]. Since the
Co/Pd multilayers in ref. [47] were (111) orientated, consistent with our
present case, the effect of the Co orbital magnetic moment at the Co/Pd
interface should be considered. In general, the orbital magnetic moments
can be modulated by applying E via the charge accumulation only for a few
atomic layers from the dielectric layers [56] or the piezostrain over several
hundreds nanometers. In this study, we utilized a sufficiently thick Pd buffer
(~ 3 nm) between the Co/Pd multilayer and the PMN-PT substrate. This
means that the charge accumulation in a few atomic layers can be negligible
and the piezostrain from the PMN-PT substrate can induce the variation in
the orbital magnetic moments.

Next, we further discuss the anisotropy of the Co orbital magnetic mo-
ment in our multilayers. The previous study showed that the orbital magnetic
moment of Co was anisotropic in the perpendicularly magnetized Co/Pd mul-
tilayer, whereas it was isotropic in the in-plane magnetized Co/Pd multilayer
[47]. Hence, in our case, it is expected that the Co orbital magnetic moment



is anisotropic in the Co/Pd multilayer with ¢¢, = 0.8 nm, while it is isotropic
for to, = 0.9 nm. From considering this situation and the electric-field de-
pendence of the AHE curve, it is suggested that the anisotropic Co orbital
magnetic moment is more sensitive to the piezostrain than the isotropic case;
the detailed situation of the multilayer with t¢, = 0.8 nm is shown schemati-
cally in figure 4. The orbital magnetic moments of Co along the out-of-plane
(mZ,) and the in-plane (m(l)lrb) directions are depicted as red arrows, and
the related Co 3d orbitals are shown as blue ellipsoids. The black rectangles
indicate the (011) surface of the PMN-PT unit cells. When E is zero, the
PMN-PT unit cell is elongated along the PMN-PT[100] direction [34]. In
such a situation, the Co 3d(zy, ¥* — y*) and 3d(yz, zz) orbitals that are
spread along the in-plane direction are dominantly occupied, since these or-
bitals become dominant at the Fermi level in the minority-spin state [47].
Therefore, the distribution of the 3d electrons shows an oblate pancakelike
shape, as shown on the left side of figure 4. This results in an enhancement
of mt, and leads to anisotropy of the Co orbital magnetic moment. On
the other hand, when F is applied, the elongated direction changes from the
PMN-PT[100] direction to the PMN-PT[011] direction, as shown on the right
side of figure 4. This suppresses occupation of the Co 3d(zy, 2% — y?) and
3d(yz, zx) orbitals, and increases that of the 3d 2% orbital, which leads to
the isotropic anisotropy. In other words, the occupation of the Co 3d states
is modified by the E-induced piezostrain, and it changes the anisotropy of
the Co orbital magnetic moments, resulting in variation of the magnetic
anisotropy.

In contrast, regarding the in-plane magnetized Co/Pd multilayers with
tco = 0.9 nm, the Co orbital magnetic moment is isotropic, which means that
the distribution of the 3d electrons at E=0 is isotropic. Therefore, the change
of the occupation of the Co 3d state is much smaller than that of t¢, = 0.8
nm, and it results in the small CME effect. Although the multilayer with
tco = 0.7 nm may also possess anisotropic Co orbital magnetic moments, the
CME effect is smaller than that for the multilayer with t¢, = 0.8 nm. This
is attributed to the PMA being much stronger than the piezostrain-induced
anisotropy, so that the CME effect is suppressed more than that with t¢,
= 0.8 nm. Therefore, the tc, dependence of the CME effect indicates that
both the anisotropic Co moment and moderate PMA are important. To
confirm the validity of the schematic, a direct estimation of the anisotropic
orbital magnetic moments using XMCD under the electric field is needed as
discussed in a previous report [40]. In addition, the previous study pointed
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out that the magnetic dipole moments (mr) in the Pd atoms also contribute
to the emergence of the PMA [47]. In the present schematics, we particularly
focus on the Co anisotropic orbital magnetic moments because the value of
Mory in Co (~0.1 up) is larger than that of my in Pd (~0.01 up). However,
to clarify the detailed origin of the modulation of the PMA, a further study
considering mr in Pd is also required in future work.

5. Conclusions

In summary, we have demonstrated multiferroic heterostructures that
consist of PMA Co/Pd multilayers and PMN-PT(011), and a large CME
coupling coefficient of 1.0-1.1x107% s/m has been achieved for tc, = 0.8 nm
at room temperature. This CME coupling coefficient is the largest among
those previously reported for multiferroic heterostructures with PMA. The
large CME coupling is attributed to both the anisotropic Co orbital magnetic
moment and moderate PMA. These results are expected to pave the way
for room-temperature E-control of the PMA in high-performance spintronic
devices.
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Figure 1: (a) Schematic of the [Co/Pd]/PMN-PT multiferroic heterostructure. (b) Rep-
resentative RHEED images for the Co/Pd multilayers with tc, = 5 nm. (c) XRD profile
for the [Co/Pd]/PMN-PT multiferroic heterostructure with tc, =0.7 nm. Black arrows
indicate a diffraction peak from the (111) planes of the Co/Pd multilayer and the Pd

buffer and cap layers. The peaks indicated by the solid and open squares originate from
the (011) plane of the PMN-PT and an artifactual factor, respectively.
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Figure 2: (a) Representative polar Kerr hysteresis loops of the Co/Pd multilayers at room
temperature. The Kerr-rotation angle (fx) was normalized with respect to that in the
saturation region. (b) Dependence of the normalized remanent Kerr-rotation angle on the
Co-thickness. (c¢) Magnetization curves of the Co/Pd multilayers with tc, = 0.7, 0.8, and
0.9 nm at room temperature.
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Figure 3: (a) Schematic of the configuration for measurement of the anomalous Hall effect
(AHE) with application of E. (b) Normalized AHE curves for the [Co/Pd]/PMN-PT mul-
tiferroic heterostructures with t¢, =0.7, 0.8, and 0.9 nm under various F at room tempera-
ture. (c) Electric-field dependence of the normalized remanent state of the [Co/Pd]/PMN-
PT multiferroic heterostructures with tc, =0.7, 0.8, and 0.9 nm at room temperature. The
inset is the polarization-electric field (P-E) curve of the PMN-PT (011) substrate at room

temperature.
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Figure 4: Schematic diagrams of the orbital magnetic moments (red arrows) and the
related distributions of the Co d orbitals (blue ellipsoid) in the multilayer with tc, = 0.8
nm. The rectangles indicate the (011) surface of the PMN-PT unit cells. The dashed lines
indicate the pristine unpoled ferroelectric state of PMN-PT(011).
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