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In this work, a type of asymmetric granule/matrix composite film is designed, where the Ni granule
is dispersed in PZT matrix, meanwhile the top and bottom electrode is constituted by Au and
SRO respectively. Predicted through the electrostatic screening model and mean field approximation,
considerable electrostatic charge is induced on Ni granule surface by ferroelectric PZT polarization.
Predicted through the spin splitting model and spherical shell approximation, both the magnetization

and magnetic anisotropy of Ni granule are modulated by ferroelectric PZT polarization. As the volume
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fraction of Ni granule is increased, the electric modulation of magnetization and magnetic anisotropy
is reduced and enhanced respectively. As the dimension of granule/matrix composite is varied, such
modulation is retained. Due to the large area-volume ratio of nano-granule, this work benefits to realize
the converse magnetoelectric coupling in nanoscale.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

In the magnetic/dielectric composite film, the magnetism could
be manipulated by electric polarization, which is known as the
converse magnetoelectric (CME) coupling. Usually, there are two
types of CME coupling, ie. the strain-mediated and charge-
mediated type. During the strain-mediated coupling, the electric
polarization induces electrostrictive strain in dielectric compo-
nent, and the piezomagnetism in magnetic component is generated
through strain transfer [1-3]. During the charge-mediated cou-
pling, the electric polarization induces electrostatic charge on the
magnetic/dielectric interface, and the itinerant magnetism on in-
terface is influenced by the spin-polarizing of electrostatic charge
[4-6]. Based on the CME coupling, the electric-write magnetic-read
memory device could be realized, which increases the running
speed and decreases the energy loss in computing machine [7].
Thus, the CME coupling is attractive in the condensed matter
physics and functional material.

At present, the CME coupling is mainly investigated in laminate
composite film, where the magnetic and dielectric laminates are
combined layer by layer. In such composite structure, the strength
of strain transfer, and the depth of screening region, is crucial to
the strain-based and charge-based CME coupling respectively. On
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the magnetic/dielectric interface, the strain transfer is seriously re-
stricted by substrate, while the screening region is only as deep as
0.1~1.0 nm [8,9]. Consequently, the CME coupling is usually weak-
ened.

Compared to the laminate composite film, stronger CME cou-
pling could be obtained in the granule/matrix composite film. Such
composite film is assembled by distributing magnetic granule into
dielectric matrix, where the granule size is in nanoscale [10-12].
Due to the large area-volume ratio of magnetic granule, the CME
coupling on the granule/matrix interface is obvious. Furthermore,
the size effect in magnetic granule is significant. If the granule size
is larger or smaller than the critical size of superparamagnetism,
the magnetic granule exhibits ferromagnetism and superparamag-
netism respectively [13]. Consequently, novel CME coupling may
exist in granule/matrix composite film.

However, to achieve meaningful CME coupling in granule/ma-
trix composite film, the composite structure is critical. Usually,
the granule/matrix composite is symmetric type, i.e. mirror sym-
metry with the middle horizon plane. As the electric polarization
orients upward and downward, its manipulation of magnetism in
granule/matrix composite is identical. In order to the bipolar CME
coupling that does not cancel out, i.e. the distinctly different ma-
nipulation of magnetism between upward and downward ferro-
electric polarization, the asymmetric granule/matrix composite is
required.

In this work, a type of asymmetric granule/matrix compos-
ite film is designed, where the screening depth of top and bot-
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Fig. 1. (Color online.) The illustration to granule/matrix composite structure with
Ni/PZT component.

tom electrodes is distinctly different from each other. The com-
ponent of top and bottom electrode is Au and SrRuOs; (SRO) re-
spectively. The dielectric matrix is constituted by the ferroelectric
oxide PbZryTi1_x03 (PZT). The magnetic granule is formed by the
ferromagnetic metal Ni, meanwhile the granule shape is defined
as regular sphere. Through theoretical model, the CME coupling
in present granule/matrix composite film is investigated. Under
the ferroelectric polarization of PZT matrix, both the magnetiza-
tion and magnetic anisotropy of Ni granule is modulated. Further-
more, the CME coupling in present granule/matrix composite film
is bipolar type.

2. Theoretical model
2.1. Electrostatic screening

The composite structure is illustrated in Fig. 1. Usually the SRO
substrate is adopted as bottom electrode. Both the SRO and PZT
crystalline is perovskite type, which permits the preferred orienta-
tion of (001) PZT. Thus the in-plane epitaxial strain of PZT matrix is
estimated by u = [apzr —asro]/apzr = —2.2%, where the lattice con-
stants are apzr = 0.402 nm and asgo = 0.393 nm [14]. Under such
compressive strain, the spontaneous polarization of PZT matrix
is along the out-of-plane axis [15]. Accordingly, the upward and
downward polarization is defined as Py <0 and Py > O respec-
tively. Based on Thomas-Fermi model, the potential drop across
out-of-plane polarized PZT matrix is expressed as [16,17]:

(8sro — 8au)t — (8sro + 8au)Zz Po
&r(8sro + 0au) + 2t €0

where t represents the half thickness of PZT matrix, the screening
depths are dp, = 0.06 nm and §sgop = 0.6 nm [16], the spontaneous
polarization and static dielectric constant is Pg &~ 40 pC/cm? and
& ~ 100 respectively [18].

If one Ni granule is solely embedded in PZT matrix, the electric
polarization of PZT matrix is expressed by P = Po + &r&0[— V¥ @],
where ¥(© represents the electrostatic screening potential [16].
The spontaneous polarization ﬁo Is uniaxially along the out-of-
plane axis. The other item &¢o[— V¥ ©] represents the extra po-
larization induced by electrostatic screening field —V¥ @, Near
Ni/PZT interface, the local electrostatic screening field is non uni-
axial. Consequently, the polarization P near Ni/PZT interface devi-
ates from the uniaxial polarization T’o. Under Py <0 and Py > 0,
the average potential in PZT matrix is negative and positive re-
spectively, as demonstrated in Eq. (1). Such potential induces the
accumulated or depleted carrier on Ni granule surface, which is
demonstrated through the surface charge density 05(0).

A spherical coordinate is set up around the Ni granule, where
the polar axis is along the vertical direction. Outside the spherical
surface, the Laplace equation V2¥© =0 is adopted for insulating
PZT matrix. Furthermore, as the radial position r becomes infinite,
the electrostatic potential ¥(© tends to w2 expressed in Eq. (1).
Thus, the electrostatic potential ¥ (©@ is deduced as:

w0 =

(1)

W — R 0
v O =yQ + —>rcosh + ) ¥ Pa(cosd) (2)
n=0

where R represents the spherical radius of Ni granule, P,(cos6)
is the n-order Legendre polynome, and !I/,.,(O) is constant potential.
Inside the spherical surface, the electrostatic potential llfs(o) is ex-
pressed by the Thomas-Fermi model [16,17]:

(0)

10 r—R

VZ%(O) =——3 exp (3)
&0 ONj ONi

where dy; represents the screening depth of Ni granule. Applying
Gauss law and potential continuity on Ni/PZT interface, the charge
density 05(0) is derived as:

© _ &rl(8au — dsro)t + (8au + dsr0)Z]
% 7[R+ erdniller(Sau + Ssro) + 2t]
2[&r(8au + Ssro) — tIR
[R + 2¢&rdniller (Bau + dsro) + 2t]

where 05(0) varies with both z and cosé linearly.

Actually, numerous Ni granules are embedded in PZT matrix, as
illustrated in Fig. 1. Between adjacent Ni granule surfaces, the elec-
trostatic screening interacts with each other, which is described
through the perturbation method and mean field approximation.
Under the zero-level condition, i.e. the isolated condition, the
charge density 05(0) on each Ni granule surface has been expressed
in Eq. (4). It is equivalent to some free charge in PZT matrix, which
is expressed as:

¢f o ¥ R? sin6dodg 5)
47T R3/3

where p, is the free charge density, and n represents the vol-

ume fraction of Ni granule in composite. Correspondingly, the po-

tential drop in PZT matrix obeys the Poisson equation V2@, =

—pe/(&r€0), which is deduced as:

2 3
., (0) V4 V4 zZ
Voo =¥ +1|¥0,0 + ¥o,1 7 4+ Yo,2 7 + Yso.3 I

(6)
Here, the Vs 0, Yoo,1, ¥oo,2 and W 3 are constant potential drops,
which represent the first-level modification for lllég).
Outside the spherical surface, the electrostatic potential ¥ still
tend to ¥, as the radial position r becomes infinite. Thus, the
first-level modification for ¥ (@ is deduced as:

3 i 00

Z+rcosé Rn+1

v=v®4n) woo,,(it ) +n) T ¥nPn(cos )
i=0 n=0

Py cosf (4)

Pe =1

(7)
where ¥, is constant potential drop. Based on Eq. (3) and Eq. (7),

applying the Gauss law and potential continuity on Ni granule sur-
face, the first-level modification for 08(0) is derived as:

3 n—1

Z+ Rcosf

O'a:o’s(o)-‘rrlg no*n<f> cosf
n=0

3
+1Y (1 +1)071Pn(cos0) 8)
n=0
where o, is constant surface charge density, while o, is sur-
face charge density varying with z. The first and other item of
os represents the harmonic and anharmonic surface charge den-
sity respectively, which varies linearly and nonlinearly with cos@
respectively.
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