IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Coupling interaction in multiferroic BaTiO3—CoFe20 4 nanostructures

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2005 J. Phys. D: Appl. Phys. 38 2321
(http://iopscience.iop.org/0022-3727/38/14/005)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 117.32.153.144
This content was downloaded on 07/07/2017 at 10:17

Please note that terms and conditions apply.

You may also be interested in:

Theory of the magnetoelectric effect in multiferroic epitaxial Pb(Zr0.3, Ti0.7)03/Lal.25r1.8Mn207
heterostructures
ChongGui Zzhong and Qing Jiang

Design of magnetoelectric multiferroic heterostructures by topology optimization
Kyung Ho Sun and Yoon Young Kim

Theory of magnetoelectric coupling in 2?2-type magnetostrictive/piezoelectric composite film with
texture
Chao-Qian Liu, Wei-Dong Fei and Wei-Li Li

Phenomenological theory of 1-3 type multiferroic composite thin film
XiaoYan Lu, Biao Wang, Yue Zheng et al.

Thermodynamic theory of strain-mediated direct magnetoelectric effect in multiferroicfilm—substrate
hybrids
V G Kukhar, N A Pertsev and A L Kholkin

Strain-modulated magnetocapacitance of vertical ferroelectric?ferromagnetic nanocomposite
heteroepitaxial films
Huaping Wu, Bin Xu, Aiping Liu et al.

Potentials and challenges of integration for complex metal oxides in CMOS devices and beyond
Y Kim, C Pham and J P Chang

The single-phase multiferroic oxides: from bulk to thin film
W Prellier, M P Singh and P Murugavel



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0022-3727/38/14
http://iopscience.iop.org/0022-3727
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1088/0022-3727/41/11/115002
http://iopscience.iop.org/article/10.1088/0022-3727/41/11/115002
http://iopscience.iop.org/article/10.1088/0022-3727/44/18/185003
http://iopscience.iop.org/article/10.1088/0022-3727/41/12/125404
http://iopscience.iop.org/article/10.1088/0022-3727/41/12/125404
http://iopscience.iop.org/article/10.1088/0022-3727/42/1/015309
http://iopscience.iop.org/article/10.1088/0957-4484/21/26/265701
http://iopscience.iop.org/article/10.1088/0957-4484/21/26/265701
http://iopscience.iop.org/article/10.1088/0022-3727/45/45/455306
http://iopscience.iop.org/article/10.1088/0022-3727/45/45/455306
http://iopscience.iop.org/article/10.1088/0022-3727/48/6/063001
http://iopscience.iop.org/article/10.1088/0953-8984/17/30/R01

INSTITUTE OF PHYSICS PUBLISHING

JOURNAL OF PHYSICS D: APPLIED PHYSICS

J. Phys. D: Appl. Phys. 38 (2005) 2321-2326

doi:10.1088/0022-3727/38/14/005

Coupling interaction in multiferroic
BaTiO;-CoFe,O4 nanostructures

Gang Liu', Ce-Wen Nan', Z K Xu? and Haydn Chen’

! State Key Laboratory of New Ceramics and Fine Processing and Department of Materials
Science and Engineering, Tsinghua University Beijing 100084, People’s Republic of China
2 Department of Physics and Materials Science, City University of Hong Kong, Kowloon,

Hong Kong, People’s Republic of China

E-mail: cwnan@mail.tsinghua.edu.cn

Received 19 January 2005, in final form 18 May 2005
Published 1 July 2005
Online at stacks.iop.org/JPhysD/38/2321

Abstract

Recent experimental results (Zheng et al 2004 Science 303 661) have
shown that a 1-3-type BaTiO3;—CoFe,O4 composite film exhibited a strong
coupling between the ferroelectric and ferromagnetic order parameters. The
coupling interaction in the nanostructured multiferroic film could be
different from that in a bulk composite because there exists a giant residual
stress/strain in the film. In this paper, by considering the influence of the
three-dimensional residual strain in the film, the magnetically induced
polarization of the nanostructured BaTiO3—CoFe, 0,4 multiferroic films has
been studied using the Landau—Ginsberg—Devonshire thermodynamic
theory. The calculation results show that the 1-3-type nanostructured
composite film could produce a ferroelectric—ferromagnetic coupling larger
than that of its bulk counterpart which is in broad agreement with the
experimental results. The 2-2-type nanostructured composite films were
found to produce much less coupling interaction in comparison with the
1-3-type film. The dependence of multiferroic coupling on composition and
temperature was analysed on the basis of the calculated results.

1. Introduction

Multiferroic materials have attracted great interest owing to
their multi-functionality [1-3], which provides significant
potential for application as next-generation multi-functional
devices. In these multiferroic materials, the coupling interac-
tion between the multiferroic orders could produce some new
effects, such as the magnetoelectric [1-3] and/or the magne-
todielectric effect [4]. The magnetoelectric response is the
appearance of an electric polarization on applying a magnetic
field and/or the appearance of magnetization on applying an
electric field. This magnetically induced ferroelectric polar-
ization has been observed in TbMnOj at a low temperature of
~20K and a high magnetic field of ~9T [5]. More impor-
tantly, the multiferroic composites formed by the combination
of the ferromagnetic and the ferroelectric substances, such as
combinations of piezoelectric ceramics (e.g. BaTiOs, lead—
zirconate—titanate PZT) and ferrite or rare-earth-iron alloys
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(e.g. Terfenol-D), have been recently found to exhibit a large
magnetoelectric response at room temperature [6—8]. The
magnetoelectric behaviour in these multiferroic composites is
dependent on their microstructure and the coupling interaction
across the ferromagnetic—ferroelectric interface [9].

More recently, nanostructured BaTiO3;/CoFe,O4 multi-
ferroic composites have been deposited in a film-on-substrate
geometry [10]. The coupling interaction between BaTiO;
and CoFe,Oy4 in the multiferroic nanostructures is still found
to be due to elastic interaction as in the bulk composites.
However, the mechanical constraint arising from the film-on-
substrate and the good bonding between the ferromagnetic
and the ferroelectric phases in the nanostructured films could
significantly affect the coupling interactions, thus resulting
in a magnetoelectric effect and/or magnetically induced
polarization at room temperature. Therefore, the theoretical
and experimental study of these multiferroic nanostructures
has been of significant interest.

For the bulk ferroelectric/ferromagnetic multiferroic
systems, several theoretical methods or approaches have been

2321


http://dx.doi.org/10.1088/0022-3727/38/14/005
mailto: cwnan@mail.tsinghua.edu.cn
http://stacks.iop.org/jd/38/2321

G Liu et al

suggested to describe the coupling magnetic-mechanical—
electric interactions, including the Green’s function tech-
nique [7,9, 11], the finite element method [12] and the simple
averaging method [13]. Recently, a theoretical description of
such multiferroic nanostructured films has been proposed by
using the Green’s function technique to estimate the magneto-
electric effect or the magnetically induced polarization, which
takes account of the influence of spontaneous polarization and
the constraint effect by the substrate and present a new set
of constitutive equations for the multiferroic nanostructured
films [14]. In this paper, a phenomenological model based
on the Landau—Ginsberg—Devonshire (LGD) thermodynamic
theory is used to investigate multiferroic BaTiO3/CoFe,04
nanostructure films. The calculated results by the present
thermodynamic method are in good agreement with those
using the Green’s function technique [14] and the available
experimental results from Zheng et al [10].

2. Theoretical framework

According to the LGD thermodynamic theory, which has

been extensively and successfully used to understand the

ferroelectric behaviours of perovskite films [15—17], the Gibbs
free energy of the ferroelectric BaTiO3; could be written as
follows:

AG = a| (P} + P + P{) +ap (P + P + P
+ap(P2PY + PRPY + PP +apii (PS + PP + PY)
+ap[PH(PE + PP+ P (PR + PP + PYH(PE+ P)]
+a3PEPYPY — Lsi(XP + X5+ X5)

—s512(X1 Xo + Xo X3+ X3X1) — Ssua(XF + X5+ XQ)

— Qn(X1 P2+ X2 P + X5 P)

— Q[ X1(Py + P{) + Xa(PP + PY) + X3(PP + PY)]

— Qu(PP3 X4+ P P3 X5+ P1 P2 X6), Y]
where AG is Gibbs free energy function for unit area of
BaTiOs, o;, «;; and «;j; the dielectric stiffness and higher-
order stiffness coefficients at constant stress; X;; the stress
in the BaTiOs; s;; the elastic compliance coefficient and Q;;
the electrostrictive constant in polarization notation. The first
partial derivatives of the energy with respect to the components

of P and X give the conjugate parameters of the electric field
E and the negative of the strain —e¢, respectively,
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We consider three types of nanostructured BaTiOs/
CoFe 04 multiferroic films, i.e. (1) 1-3-type film with
CoFe, 04 nanopillars (shaded) embedded in the BaTiO3 matrix
(figure 1(a)), (2) BaTiO3/CoFe,04 2-2-type (P/M) with the
BaTiO; layer (white) deposited first on the substrate of
SrRuO; and then the CoFe,04 layer (shaded) deposited on
the BaTiO; layer (figure 1()) and (3) CoFe,04/BaTiO5 2-
2-type (M/P) with the CoFe,O4 layer (shaded) deposited
first on the substrate and then the BaTiO;3 layer (white) on
the CoFe,0, layer (figure 1(c)). The mechanical boundary
conditions for BaTiO3 in the M/P 2-2-type films are essentially
the same as those proposed by Pertsev er al [15], i.e.
0AG/0X, = 0AG/3X, = —sﬁ’l, 0AG/0Xe = 0, X3 =
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Figure 1. Schematic illustration of the nanostructured multiferroic
BaTiO3/CoFe; 0y in (a) 1-3-type films with CoFe,O4 nanopillars
(shaded) embedded in the BaTiO; matrix (white), (b) P/M 2-2-type
film with the BaTiO; layer deposited first on the substrate STRuO;
and then the CoFe, Oy layer (shaded) on the piezoelectric layer and
(c) M/P 2-2-type film with the CoFe, O, layer (shaded) deposited
first on the substrate and then the BaTiO; layer on the CoFe, 0,
layer. The applied magnetic field and the polarization are along the
epitaxial direction.

— — P _ .ms P P . .
X4 = X5 = 0 and ¢], = &} + &, where ¢, is the in-

plain residual constraint strain in piezoelectric BaTiO3 layer
that results from a lattice mismatch with the substrate and the
magnetostrictive layer and &]}° is the magnetically induced
strain in the external magnetic field that should be passed
from the CoFe, Oy layer to the BaTiOj3 layer. In comparison,
in the 1-3-type films, there also exists a strain along the 3-
direction or the epitaxial direction besides the in-plain strains.
Correspondingly, the mechanical boundary conditions for the
BaTiOj3 phase in the 1-3-type composite film are IAG /0 X | =
IAG/0X, = —é&), 0AG/0Xs = —é&%, IAG/0Xy =
IAG/3Xs = AAG/3Xe = 0, (1 — f)e}, + fe = 0
(f is the volume fraction of the magnetostrictive phase),
&b, = & and & = &y, + &/}, where the superscript p and m
refer to the piezoelectric BaTiO3; phase and magnetostrictive
CoFe;04 phase, respectively. As for the P/M 2-2-type films,
the CoFe, 04 layer is clamped by the substrate directly and thus
on applying the magnetic field the magnetostrictive behaviour
in the CoFe, Oy layer is restricted almost completely.

Based on the above mechanical boundary conditions,
the polarization of the epitaxially grown c-phased BaTiO;
(P, = P, = 0, P; # 0) or the nanostructured multiferroic
films could be calculated from the following stationary electric
equilibrium condition:

IAG
=E;=0. 3
o P 3 3
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Table 1. Properties of BaTiO; used in the present calculations [15].

Parameters Expression or values
a; (VmC™) 3.3(T — 110) x 10°®
ay (Vm’ C3) 3.6(T — 175) x 108
ay (Vm® C™d) 6.6 x 10°

ap (Vm’ C3) 4.9 x 108

ayn (Vm® C™d) 2.9 x 10°

Q1 (m*C?) 0.11

Q12 (l‘l’l4 C72) —0.043

Si (102m2N-1) 8.1

Si> (102m2N-1) —3.5

* The temperature is in “C.

Taking the 1-3-type multiferroic film as an example,
equation (3) together with the above mentioned boundary
conditions yields the following:

—A1 + ,/A% — 12(){111A2A3

6011142

Pl = ; “

A =2a11A2+2 011A4 +4012A5 — Ag,

Az = (s11+2s12) (511 — 512),

Az =142 — O1nds — 2 Q12A7 + Ay,

Ay = Qn(si +512) — 2012812,

As = Qs — Quisiz,

Ag = &3 (s11 +512) — 28] 512,

A7 =&l s11 — 55510,

_ [s11(2 Ag + Ai) +2 slz(Ag +2A4A5)]
Ay ’

_ [511(2 AsA7 + AgAg) + 2 512(AsA7 + AgA7 + AsA)]

Ay

When no external magnetic field is applied, sfj is composed
only of the residual strain, and the polarization corresponding
to H3 = 0 can be regarded as the spontaneous polarization Py.
After applying the external magnetic field, ef’j is composed
of not only the residual strain but also the magnetically
induced strain passed from the magnetostrictive CoFe,;Oq4
phase. As a result, a magnetically induced polarization,
AP, is produced, i.e. AP; = P3(H3) — P3(Hz = 0).
The magnetically induced polarization indicates a coupling
between the ferroelectric order and the ferromagnetic order
and it is easily understood that this multiferroic coupling is
dependent on the applied magnetic field. Besides, the dielectric
constants are temperature dependent (see equation (1) and
table 1) and the relationship between &}, and & for
the 1-3-type film is dependent on the composition, f.
Therefore, the magnetically induced polarization should then
be dependent on the temperature and the composition as well
which will be discussed in the next section.

Ag

Ag

3. Results and discussion

From [10], the out-of-plane residual strains in the 1-3-type
nanostructured film with [001]g,tio, [[[001]core,0, are given
as e’; = —&%; = 0.8% and the in-plane residual strains
are determined as e”,, = ™, = —1.2% based on the lattice
mismatch both between BaTiO5 and the substrate and between

(a) 500
400 Nano system
300
—1-3
20+ / 0 P/M 2-2
----------- M/P 2-2
« 100 f
E
(@) (O J Tt et S S
b = "
1o Bulk system
< 400F o, o
300 | g 200
< 100
200 + 0
0 100 200 300 400
100 H, (kA/m)

Figure 2. Dependence of the magnetically induced polarization,

A P;, on the magnetic field, Hj, for (a) the nanostructured
BaTiO;/CoFe, 0, films and (b) the bulk BaTiO3;/CoFe,0,
composites (f = 0.35) at room temperature. The inset in (b) is the
magnetostrictive behaviour for CoFe,Oy.

CoFe,04 and the substrate. However, in a P/M 2-2-type film
only the lattice mismatch between BaTiO3 and the substrate
is simply considered, so that the in-plain residual strain is
approximately 85” =&, = —1.0%.

For quantitative purposes, the ferroelectric properties,
including the spontaneous polarization and the magnetically
induced polarization in all the three types of nanostructured
BaTiO3/CoFe,O4 multiferroic films are calculated using the
values of parameters listed in table 1, the residual strains and
the magnetostrictive behaviour for CoFe,O,4 as shown inset in
figure 2(b) [18].

3.1. Ferroelectric properties of the nanostructured films

According to the LGD phenomenological thermodynamic
theory, the relative dielectric constant 33 of the tetragonal
BaTiOs3 phase is related to the inverse of the second derivation
of AG (equation (1)) with respect to the polarization
component P; and is given by the following:

P2AG\
) e
Ko 8P3

with xo being the vacuum dielectric permittivity. Also, the
piezoelectric strain coefficients d;; are defined as follows [19]:

d31 = b31k33, d33 = bxskss, (0)
where by are the piezoelectric polarization-related coefficients

b I’AG o
YR X;

Using equation (1) and (5)—(7), the spontaneous polarization
and the dielectric and piezoelectric constants can be calculated
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Table 2. Comparison between the calculated and the measured [10]
parameters for the 1-3-type multiferroic films.

Predicted Experimental
values values
P (1 Ccm™2) 17.5 16.7
E.MVm™) 11.2 9.1
K33/K() 330 270
d33 (pm Vﬁl) 12.5 ~10

as Pj = 12.6 uCcm™2, k33/k9 = 650, d33 = 18.0pm V™!,
and d3; = —7.1pmV~! for the nanostructured P/M 2-2-
type films; and P = 17510 Cem™2, k33/kp = 270, d33 =
12.5pmV~! and d3; = —5.0pm V~! for the nanostructured
1-3-type film under no applied magnetic field (table 2). These
calculations for the nanostructured 1-3-type film are in good
agreement with the measured values of P; ~ 16.7 uC cm2,
k33 /Ko < 330, ds3 ~ 10 pl’IlVil [10].

In addition, when an external electric field E; is applied,
the total Gibbs free energy G is given as follows:

G = AG — E5Ps. )

The stability condition of the dielectric stiffness x33 =
32G/d P32 > 0 for the ferroelectric phase makes it possible
to calculate the minimum polarization which can exist in an
antiparallel electric field [20]. From the condition of x33 = 0,
the critical polarization P§" could be obtained in a similar form
to equation (8), and as a result the coercive field EC is given
from 0G /0 P; = 0 as follows:

A IAG
E j—

©= 3p C))

Py=P§T

For comparative purposes, the E. value is calculated as
~11.2MV m~! for BaTiO; in the nanostructured 1-3-type
BaTiO3;—CoFe,04 composite film, also in agreement with the
measured value of ~9.1 MV m~! [10].

3.2. Magnetically induced polarization in the multiferroic
films

With the application of an external magnetic field,
the polarizations of the multiferroic films will vary
correspondingly. Figure 2(a) shows the calculated AP; in
these three types of multiferroic films with f = 0.35 at room
temperature. A P; of the 1-3-type and P/M 2-2-type films
increases nonlinearly with the magnetic field owing to the
nonlinear dependence of the magnetostriction of CoFe,O4 on
the applied magnetic field, while A Ps; of the M/P 2-2-type
film is almost equal to zero regardless of the application of
the magnetic field. The reason for the latter result is that the
CoFe,04 layer in the M/P 2-2-type film is fully constrained
by the substrate so that the magnetostrictive capability is
destroyed almost completely. It is particularly interesting
to note that a large magnetically induced polarization is
obtained in the 1-3-type films at room temperature. When
the applied magnetic field increases from zero to 5000 Oe
(0.5T), the magnetically induced polarization in the 1-3-type
film increases up to 420 uCm~2, on an equal level with
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Figure 3. Dependence of the magnetically induced polarization,
A P;, on the magnetic field, H3, at various saturation
magnetostrictions for 1-3-type nanostructured BaTiO3/CoFe,O4
composite films (f = 0.35) at room temperature.

that of TbMnOs at a low temperature (~20K) and a high
magnetic field (~9T) [5]. In contrast, the magnetically
induced polarization in the P/M 2-2-type BaTiO3/CoFe;04
film is quite low and much less than that in the 1-3-type. This
could be attributed mainly to the tremendous clamping effect in
the 2-2-type film, where the in-plane constraint effect greatly
inhibits the magnetostriction of the CoFe,O4 layer. In the
actual experiment [10], the 2-2-type BaTiO3/CoFe,Oy4 film is
indeed found to exhibit far weaker magnetoelectric coupling
than the 1-3-type one. For comparison, the cases in bulk 1-3
and 2-2-type BaTiO3/CoFe, 04 composites are also calculated
by assuming the absence of residual strain, as shown in
figure 2(b). The mechanical boundary condition of (1— f )slpl +
fel} = 0 for the 1-3-type nanostructured multiferroic films
should be revised as &}, = &1} for the 1-3-type bulk systems
because the in-plain constraint will be released completely in
bulk case. As seen in figure 2(b), the 1-3-type bulk composites
exhibit a lower magnetically induced polarization than the 1-3
nanostructured counterparts, and the 2-2-type bulk composites
also exhibit lower magnetically induced polarization than
the 1-3-type. The present calculations are quite agreeable
with those recently calculated by using the Green’s function
technique [14].

As shown in figure 2, the magnetically induced
polarization of the nanostructured composite films is
closely dependent on the magnetostrictive behaviour of the
ferromagnetic phase. For further illustration, we take
a few different values for the saturation magnetostriction
Aogor (figure 3). As seen in figure 3, the magnetically
induced polarization depends strongly on the magnetostriction.
With the decrease in the saturation magnetostriction of the
magnetostrictive phase, the magnetically induced polarization
decreases monotonously. The comparison of figure 3 with
figure 2(b) indicates that the magnetostrictive phase with
Aoor = —50ppm in the 1-3-type nanostructured multiferroic
films could produce an almost equally magnetically induced
polarization to that caused by the magnetostrictive phase with
Aoor = —350 ppm in bulk systems.

The entire discussion above is based on an assumption
of f = 0.35 [10]. For 1-3-type composite films, the
volume fraction of the magnetostrictive phase will exert a
significant influence on the magnetically induced polarization
as shown in figure 4(a). On the contrary, the magnetically
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Figure 4. (a) Dependence of the magnetically induced polarization,
A P3, on the volume fraction, f, of CoFe,0, phase for both 1-3-type
and 2-2-type nanostructured BaTiO3;/CoFe, 04 composite films at
room temperature; (b) dependence of the magnetically induced
polarization, A P;, on f at various saturation magnetostrictions for
1-3-type nanostructured BaTiO3;/CoFe,O4 composite films at room
temperature.

induced polarization in 2-2-type composite films is insensitive
to the constituent content, which proves again that the elastic
coupling in 2-2-type composite films is very weak. For further
illustration, figure 4(b) shows the variation of the magnetically
induced polarization with f as a function of the saturation
magnetostriction, from which the coupled influence from both
f and the magnetostrictive behaviour on the magnetically
induced polarization is quantitatively presented for 1-3-type
composite films.

As mentioned above, the magnetically induced polariza-
tion is also dependent on the temperature, 7. Although the
spontaneous polarization of the BaTiO; phase increases with
decreasing T, the magnetically induced polarization decreases
at a lower temperature, as shown in figure 5(a). This con-
trary variation trend may be attributed to the larger sponta-
neous polarization at lower 7', which makes further increases
in polarization more difficult and so the magnetically induced
polarization will decrease. However, the less the saturation
magnetostriction, the less is the magnetically induced polar-
ization sensitive to the temperature (figure 5(b)). In this sense,
a lower f or a higher volume fraction of the BaTiO3 should
produce a magnetically induced polarization less sensitive to
the test temperature. It is particularly interesting to note that at
room temperature the calculated spontaneous polarization for
the 1-3-type nanostructured BaTiO3/CoFe, 04 composite film
with f = 0.35 is about 17.5 uCcm™2 (figure 5(a)), close to
that measured by Zheng et al [10] of ~16.0 uCcm™2.

(@) 17 600
18} 1{ 550
§ 15 {500 ‘“g
S o1al laso0 2
- 18 - 1400 5

12t 4 350

11 1 1 1 1 1 300

10 20 30 40 50 60 70
T (°C)

(b) 600

500 |
E 400t
g
= 300 |
o
<

200 |

100 I I I I I

10 20 30 40 50 60 70
T(°C)

Figure 5. (a) Dependence of both the spontaneous polarization, P;,
and the magnetically induced polarization, A Ps, on temperature 7
for the 1-3-type BaTiO3;/CoFe, 04 composite films (f = 0.35) with
Aoo1 = —350 ppm; (b) dependence of the magnetically induced
polarization, A P5, on temperature 7' at vaious saturation
magnetostrictions for 1-3-type nanostructured BaTiO3/CoFe,O4
composite films (f = 0.35).

4. Conclusions

The magnetically induced polarization in the nanostructured
BaTiO3/CoFe, 0,4 multiferroic films has been calculated using
the LGD thermodynamic theory. The calculation results show
that the 1-3-type nanostructured BaTiO3/CoFe,O4 composite
films exhibit a large magnetically induced polarization, but the
2-2-type films exhibit a much weaker magnetoelectric effect
because of large in-plane constraint, which is in agreement
with the experimental observations. The dependences of
magnetically induced polarization on the composition and the
temperature have also been revealed explicitly.
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