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ABSTRACT

Magnetoelectric (ME) effect is defined as the induction of dielectric polarization
P by an applied magnetic field H (i.e. direct ME effect, or MEy effect: P = aH,
where « is called coupling coefficient), and/or the induction of magnetization M by
an external electric field E (i.e. converse ME effect, or MEg effect: M = «’'E). Among
all the composite materials reported in the literature, systems that consist of a piezo-
electric phase (represented by BaTiO3z, PZT, PVDF and etc.) and a magnetostrictive
phase (represented by Terfenol-D, CoFe,O,4 and etc.) are most widely investigated.
ME effect in composites, normally measured by the ME coupling efficient, «, is in-
fluenced by a number of factors including composition and structure of each indi-
vidual phase, the way that all phases are connected, external electrical/magnetic con-
ditions, and so on. While significant progress has been made on the research and de-
velopment of ME composites over the last decade, there are still a number of ques-

tions remaining to be answered.

The research work for this thesis has been focusing on the following three issues,
which, as we believe, are critical for better understanding of the structure - property
relationship in ferroelectric/magnetostrictive composites: direct observation of lattice
coupling, analysis of nonlinear piezoelectric response of the ferroelectric phase and
analysis of the percolation effect due to the low-resistivity magnetostrictive phase.

More details are given below.

First, an experiment was conducted for direct observation of coupled lattice
distortion of the ferroelectric and magnetostrictive components in a 0 - 3 type com-

posite consisting of PZT and CFO. In the experiment, the composite sample was
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prepared via conventional ceramic processing. With a static electric field applied on

the composite, changes in lattice parameter of both PZT and CFO were observed by
means of X-ray diffraction running in an ultra-slow mode. The experimental results
have verified a coupled lattice distortion in the composite, providing an experimental
evidence for the long-existing assumption that the ME effect is based on mechanical
coupling. Based on the lattice distortion under different electrical fields, the ME cou-

pling coefficient was estimated and found to match well with experimental data.

Secondly, the influence of microstructural inhomogeneity on the magnetoelec-
tric coupling effect was studied. It is important to note that the piezoelectric coeffi-
cient of PZT is sensitive to electrical field strength. In a 0 - 3 composite, the electri-
cal field around CFO particles could be distorted due to the relatively low-resistivity
of CFO. Analysis was made to investigate how such electrical field inhomogeneity
would affect the performance of the composite via finite element analysis method.
An averaged method was developed to evaluate the overall piezoelectric property.
The computation results show that the difference in electrical property between PZT
and CFO causes a large weakening in PZT’s piezoelectric property. Such weakening
effect concentrates in the interaction regions between the two phases, which will fi-

nally cause an enlarged weakening in the converse magnetoelectric effect.

Thirdly, the influence of percolation effect on the magnetoelectric performance
of the composite has been studied by numerical approach. The percolation effect in
the composite is also due to the relatively low resistivity of CFO. As a result, there
exists an upper limit to the volume fraction of the magnetostrictive phase and conse-

quently a limit to the coupling coefficient as well. Such percolation problem could be
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solved through modification of the microstructure - in particular the grain boundaries
in the composite. Numerical approaches have been made to reveal how effective it
could be to improve the coupling effect through modification of the grain boundaries.
Experiments were also conducted to verify the effect. In the experiment, composites
with a core-shell type of microstructure were prepared. Wrapped with a thin layer of
zirconia, CFO particles became electrically resistive and they would not form elec-
trical conduction paths in the composite. With the shell to act as a barrier to electron
and vacancy transportation, the leakage current of the composite material was sig-

nificantly reduced, giving rise to enhanced coupling effect.

In addition to the above work, effort has also been made to develop prototype
devices using PZT - CFO composites as key materials. One of the important devices
that have been developed was a magnetically tunable piezoelectric-transformer. The
device are designed with a step-down transformer structure and its response to both
AC electric field (with/without DC bias) and an AC magnetic field were investigated
respectively, which showed good sensitivity to both DC and AC magnetic field and

are potentially useful for magnetic field detection.
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CHAPTER 1

Introduction

1.1 Introduction to magnetoelectric materials

Magnetoelectric (ME) materials are featured with electrical polarization in the
presence of external magnetic field and magnetization in the presence of external
electric field, i.e., the magnetoelectric (ME) effect. These magnetoelectric materials
provide potentials in various technological applications including magnetic field
sensors, transformers, gyrators, oscillators, filters, phase shifters and so on. The study
of magnetoelectricity also remains one active area in solid state physics and materials

science for decades [1 - 4].

1.1.1 Early history of ME coupling

The ME effect was first discovered in 1888 by Rontgen, who found that a mov-
ing dielectric became magnetized when placed in an electric field [5]. And later in
1905, the converse effect, i.e., the polarization of a moving dielectric in a magnetic
field, was observed [6].The first theoretical statement about the interaction between
magnetic field and electric field was made by Curie in 1894 who pointed out the
possibility for an asymmetric molecular body to polarize directionally under the in-
fluence of a magnetic field [7]. Curie stated that there should be materials whose

magnetism is induced by electric field (i.e., My, = Gg,Eg) and whose polarization by
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magnetic field (i.e., Pg = G,sB,).Then Landau and Lifshitz [8] stated that a linear ME
can occur in magnetically ordered crystals based on symmetry considerations. Sub-
sequently, Dzyaloshinskii [9] predicted the existence of the ME effect in an-
ti-ferromagnetic Cr,O3 on the basis of theoretical analysis. This prediction was fur-
ther confirmed by Astrov [10] through measuring the electric field induced magneti-

zation (see Fig. 1.1 (a)) and later by Rado and Folen [11] through detection of the

magnetic field-induced polarization (see Fig. 1.1 (b)).
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Fig. 1.1 Temperature dependence of the magnetoelectricity in Cr,03 [11].

1.1.2 ME material development

After its first observation in Cr,0O3, magnetoelectricity has been found to exist in

tens of natural and man-made compounds, such as Ti,O3 [12], GaFeO3 [13], several
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boracite [14] and phosphate [15] compounds, solid solutions like PbFegsNbys03 [16]

and garnet films [17, 18], and tens of other compounds [19]. These single phase ma-
terials show two transitions: one from ferroelectric to paraelectric state and the other
from ferromagnetic/ferrimagnetic/antiferromagnetic to paramagnetic state. ME effect
in these compounds arises from the local interaction between the ordered magnetic
and ferroelectric sub-lattices. Currently these single phase materials can be summa-
rized into four major crystallographic types: compounds with perovskite structure
(represented by PbFe;,Nb;,03, BiFeOs) [20 - 23], compounds with hexagonal
structure (represented by hexagonal manganites, i.e., RMnO3; with R = Sc, Y, In, Ho,
Er, Tm, Yb, Lu) [24 - 27], Boracites (M3B7;013X, with M = Cr, Mn, Fe, Co, Cu, Ni
and X =Cl, Br, 1) [28, 29] and BaMF, compounds (M = Mg, Mn, Fe, Co, Ni, Zn) [30,

31] .

Figures 1.2 and 1.3 give the lattice structure of BiFeO3 and HoMoOs;
with/without an electric field. In their structures, the electric field induces reordering
of its antiferromagnetic lattice and ferromagnetic lattice. The function of the electric
field is not only to transform the sample into a single-domain ferroelectric state and
generate a saturated macroscopic polarization P. For this purpose the electric field is
best applied close to room temperature since at low temperature the ferroelectric po-
larization reversal is difficult to achieve. During cooling, the electric field can be re-
moved once the single-domain state is stable at zero fields. The polarization interacts
with the induced magnetization M of the lattice and lowers the free energy via the

magnetoelectric contribution.
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Fig. 1.2 Lattice structure of perovskite BiFeOg3 in the absence (E = 0) or presence (E

#0) of an electric field.

Fig. 1.3 Lattice structure of hexagonal HOMnOs in the absence (E = 0) or presence

(E #0) of an electric field.

Although extensive study has been made, single-phase multiferroic materials

are not ready for application due to several limitations:
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(1) The realizable magnitude of the magnetoelectric voltage coefficient in the
single phase material is of the order of ~ 1 - 20 mV/cm Oe, which is not sufficient
for practical applications. The reason as proposed by Brown et al in 1974 is that the

magnetoelectric effect in single phase materials cannot be larger than the geometric

mean of electric and magnetic permeability. That is,

aijz < Ziieljjm (1-1)

where a;j is the coupling coefficient, yi® is the electric permeability and y;™ is the

magnetic permeability.

(2) The working range of temperature is limited for these materials. Most of the

single phase materials can be used only at very low temperatures.

(3) Many of the materials are expensive and suffer from degradation under cyc-

lic conditions. The processing technique is also expensive.

The solution to these limitations is offered by shifting to composite materials,
which provide greater design flexibility and larger coupling coefficient. In Section

1.2, a detailed introduction is given to the magnetoelectric composites.

1.2 Magnetoelectric composites

Magnetoelectric (ME) composites are multi-component material systems typi-

cally made by combining piezoelectric and magnetic substances together. The coupl-
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ing interaction between piezoelectric and magnetic substances could produce a large

ME response (several orders of magnitude higher than that in those single phase ME
materials) at room temperature. With large multi-functionality, these ME composites
have drawn significant interest in recent years and provide opportunities for potential
applications as multifunctional devices such as magneticelectric transducers, actua-

tors, and sensors.

1.2.1 Origin of magnetoelectricity in composites

The ME effect in composites is realized by using the concept of product proper-
ties introduced by Van Suchetelene [32] in 1972. According to this concept, a suita-
ble combination of two phases can yield the desirable property. For example, a com-
bination of piezomagnetic and piezoelectric phases, or a combination of magneto-
strictive and piezoelectric phases, can yield the magnetoelectric effect. The ME effect
can also be realized by coupling the thermal interaction in pyroelectric-pyromagnetic

composites.

The most investigated ME composites are made of ferroelectric and ferromag-
netic phases (Fig. 1.4), in which ME effects arise from the cross interaction between
different orderings in the composites, i.e., the magnetostrictive effect (magnet-
ic/mechanical effect) in the magnetic phase and the piezoelectric effect (mechani-

cal/electrical effect) in the piezoelectric one [32 - 34].
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Fig. 1.4 lllustration of the magnetoelectric effect in ferroelectric - ferromagnetic

composites.

The coupling between the electric and magnetic components is achieved via the
elastic interaction at the phase boundary. That is, for the MEy effect, when a mag-
netic field is applied to a composite, the magnetic phase changes its shape magneto-
strictively. The strain is then passed along to the piezoelectric phase, resulting in an
electric polarization. Therefore, the ME effect in composites is an extrinsic effect, of
which the magnitude is largely dependent on the composite microstructure and
coupling interaction across the magnetic-piezoelectric interfaces. To express this
process quantitively, if an input magnetic field (H) is applied to this composite ma-

terial, we may have:
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—=e" 1-2
oH (1-2)
for the magnetic phase, and
oE
—=e 1-3
p (1-3)

for the piezoelectric phase, where S is the strain and e™and e are, respectively, pie-
zomagnetic and piezoelectric coefficients. As a result, this two-phase composite ma-

terial can be characterized by:

aza—P:a—Pxézkceme (1-4)
oH &S oH

where k. is a coupling factor (0§|kc| <1) between the two phases, and « is the ME

coefficient of the composite. Thus, a new property (i.e., a nonzero ME coefficient)
appears in the composite consisting of magnetic and piezoelectric phases, since nei-
ther constituent phase is magnetoelectric. This new ME product response is due to
elastic coupling between the two constituent phases. High piezomagnet-
ic/piezoelectric coefficients and strong coupling with large k. favor a large ME coef-

ficient. [1, 33, 35]
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1.2.2 Features of magnetoelectricity in composites

Compared with the ME effects in single-phase materials, ME effects in compo-

sites show two distinguished features. They are :

(1) Nonlinearity. Most ferromagnetic materials show the magnetostrictive effect,
however, piezomagnetic effect in these materials has not been observed. This means
that the strain caused by a magnetic field in these materials is not linearly propor-
tional to the field strength but is related to the square of the magnetic field strength.
This makes the product property, the magnetoelectric effect in the piezoelec-
tric-magnetostrictive composites, a non-linear effect. As a contrast, the ME effect in
single phase materials is a linear effect over a wide range of the magnetic or electric

field.

(2) Hysteretic behavior. Fig. 1.5 shows an example of the hysteretic magnetoe-
lectric effect in a PZT/LSMO laminated composite, in which one can find the hyste-
resis loop highly sensitive to the volume factions of the components. The hysteresis

behavior of ME composites makes it difficult for them to apply in linear devices.

To achieve the linearity in such composites, a bias magnetic field is applied
across them, i.e., by DC biasing the magnetostrictive phase to an effective piezo-
magnetic state, so that the magnetoelectric effect over a short range around this bias
can be approximated as a linear effect. The hysteretic nature of this effect can be

deployed in memory devices, for which there is no need for a bias magnetic field.
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Fig. 1.5 Magnetoelectric hysteresis curve showing the magnetic response of the PZT
- NZFO - Ni bilayer system as a function of the applied electric field. The factor R in
figures (a) to (d) stands for the ferrite-to-Ni thickness ratio. MEVC stands for the

magnetoelectric voltage coefficient. [36]

1.2.3 Linear approximation of magnetoelectricity in composites

The constitutive equation for describing coupled mechanical-electric-magnetic

response in ME composites to linear approximation can be written by direct notation
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o=cS-e'E-q'H,
D=eS+eE+aH, (1-5)

B=qS+a'E+pH,

where o, S, D, E, B, and H are the stress, strain, electric displacement, electric field,
magnetic induction, and magnetic field, respectively; c, ¢, and u are, respectively, the
stiffness, dielectric constant, and permeability; e and q are the piezoelectric and pie-
zomagnetic coefficients, respectively; a is the ME coefficient. The superscript T
means the transpose of the tensor. The tensors c, e, q, & u and a are (6>6), (3>6),
(3>6), (3>3), (3>3) and (3>3) matrices, respectively, by means of the compressive
representation. For the piezoelectric phase (e.g., BaTiOz and PZT) in the composites,
g =0 and a = 0; while for the magnetic phase (e.g., Co ferrites and Ni ferrites) in the
composites, e = 0 and a = 0. For their composites, however, the effective ME coeffi-
cient @ # 0, which depends on details of the composite microstructures, i.e., compo-

nent phase properties, volume fraction, grain shape, phase connectivity, etc.

1.2.4 Magnetoelectric composite systems

A large ME effect was produced in composites experimentally soon after the
product ME property in the composite combining magnetostrictive and piezoelectric
phases was proposed. The first artificial magnetoelectric composite was grown by

van Suchtelen et al by combining ferroelectric piezoelectric BaTiO3 and ferromag-
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netic piezomagnetic CoFe,O4 in an eutectic composite (quinary Fe - Co- Ti-Ba- O
system) by unidirectional solidification. [37 - 40] The microstructure of this compo-
site is given in Fig. 1.6. Depending on the growth conditions, the magnetoelectric
voltage coefficient obtained with this method reached as high as 6E/6H = 0.13
V/cm-Oe at room temperature, which exceeds the largest values observed in sin-

gle-phase compounds by more than an order of magnitude. [3]

Fig. 1.6 Microstructure of the first ME composite by Suchtelen [36]. Samples were
fabricated by unidirectional solidification of an eutectic composition of the quinary

system Fe - Co - Ti-Ba- O.

The composite ME effect is an addition to the class of ME coupling phenomena.
Many new parameters can be tuned in order to optimize the ME response, such as the
stoichiometry and microstructure of the composite. Subsequent to the pioneering ex-
periment on BaTiO3;/CoFe,04, a variety of titanate/ferrite compositions were inves-

tigated [41 - 49]. A material that combines a large piezoelectric constant and com-

SUN Li 12



£
&
mercial availability is Pb(ZrsTiy . )O3 (PZT) [3], whereas aside from ferrites,
Th,«DyyFe; alloys (Terfenol-D) also display superior magnetostrictive behavior [50].
Therefore PZT/ferrite and PZT/Terfenol-D represent the most frequently studied
composites thus far [3, 51 - 63], although materials with higher piezoelectric coeffi-
cients do exist [64, 65]. Further, experiments on many doped titanate/ferrite compo-
sites like BaggPbo,TiOs/CuFe; gCro204[66] were reported. Other piezoelectric con-
stituents include BisTi3O1, [3], polyvinylidene fluoride (PVDF) [67],
Pb(Mg1/3V23)03 [68] and PbX13Nby303 - PbTiO3; (X = Mg, Zn) [3, 69]. As alterna-
tive magnetostrictive ingredient manganites [49, 70], LiFesOg [3], YIG [71] and

Permendur [72] have been studied as well.

Table 1-1  Saturation magnetostriction of some representative magnetic phases in

ME composites at room temperature.

Material Terfenol-D CoFe,O, NiFe,0, MnFe,O, CuFe,O, LiFesOg
Js (x<10°) 1080 -110 -26 -5 -9 -8

Table 1-1 provides a list of the frequently used magnetostrictive materials in
ME composites. [73 - 75] High magnetostrictive coefficients are obtained in the bi-
nary compound Tbo3Dyo 7Fe19 - 1.95 commercially known as Terfenol-D, which has
the highest room-temperature magnetostriction. Terfenol-D is widely employed as
the magnetostrictive material in several important applications including active noise
and vibration control systems, low frequency under-water communications (sonar),
linear and rotational motors, ultrasonic cleaning and so on. This material also has

importance as the magnetostrictive phase in ME laminated composites.
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Table 1-2  Longitudinal and transverse piezoelectric strain constant (ds3 and ds;) of

some representative piezoelectric phase in ME composites at room temperature.

Material dsz (pPC/N) ds; (pC/N)
BaTiO; 190 -78
APC 850 (soft PZT) 400 -175
APC 855 (soft PZT) 630 -276
APC 840 (hard PZT) 290 -125
PZT - Pb(Niy3Nby3)O3 600 -250
0.92 Pb(Zn13Nby3)0s - 0.08PhTiO3(<001>) 2230 -1080
PVDF -33 23

The choice for the piezoelectric material in magnetoelectric composites is also
diverse including ceramics, single crystals, and polymers as shown in Table 1-2. [76
- 79] The compound Pb(ZrTi; . x)O3 (PZT) is commonly used as the piezoelectric
material due to its availability, low costs and convenience to process. Also, some re-
laxor ferroelectric single crystal material, such as PZN - PT listed in Table 1-2, pro-
vides considerably high piezoelectric performance but suffers from their low transi-
tion temperatures, high nonlinearity, and large temperature and vibration sensitivities
at the same time. Besides, piezoelectric polymers, like PVDF (polyvinylidene fluo-

ride), [80] can also be used for the piezoelectric phase. In the preparation of the

SUN Li 14



&

magnetoelectric composites, selection of both magnetic and piezoelectric compo-

nents depend on the fabrication technique including ceramic processing, hot-pressing,

lamination, co-firing and so on.

1.2.5 Potential applications of ME materials

The possible applications of the ME materials have been reviewed by Wood and
Austin. [81] They proposed 15 types of applications of ME materials and discussed
devices for (i) modulation of amplitudes, polarizations and phases of optical waves,
(if) ME data storage and switching, (iii) optical diodes, (iv) spin-wave generation, (V)
amplification and (vi) frequency conversion. The prospect of these applications is
more promising after researchers found that composite ME effects can exceed the

intrinsic ME effect in single-phase compounds by many orders of magnitude.

Based on the aspect that the composite ME effect is a dynamic effect: a pro-
nounced linear ME response is only observed for an AC field oscillating in the pres-
ence of a stronger DC bias field, composite ME effect is predetermined for micro-
wave applications. Different frequency ranges are accessed by using the enhance-
ment from the electromechanical resonance (~ 100 kHz), the ferromagnetic reson-
ance (~ 10 GHz) or the antiferromagnetic resonance (~ 100 GHz) [82]. At resonance
frequencies, a ME composite can be used as a transducer which converts the micro-
wave magnetic field into a microwave electric field. Because of the shift in the re-
sonance frequency in a static magnetic or electric bias field the composite materials
can be employed as phase shifters or attenuators. For this type of applications, the

field-induced shift in the resonance frequency must be at least of the order of magni-
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tude of the resonance line width. For example, for PZT/NiFe,Q4, an electric field of

300 kV/cm is required for obtaining a line shift of 330 Oe for a resonance line width

of 450 Oe [82].

Because of the hysteretic nature of the ME effect, ME composites may find ap-
plications in memory devices. The linear ME effect has a positive or a negative sign,
depending on the annealing conditions (parallel or anti-parallel magnetic and electric
fields). In binary data storage devices, the ME material can thus store information in
two different states distinguished by the sign of the ME response. Such a memory
will be an effective read-only memory, since the reading can be done at very high
frequencies. Data writing is more difficult because it involves temperature annealing

in magnetic and electric fields or the use of very high writing fields [3].

Further applications include magnetic field sensors (thus complementing Hall
sensors and current measurement probes). Since the magnetic field input is required
to have two components, a DC bias and an AC probe, either of the two can be de-
tected by providing the other component. The ME composite can thus be used as a
magnetic probe for detecting AC or DC fields. The transduction properties of the ME

effect can also be employed in ME recording heads and electromagnetic pick-ups [3].

1.3 0 - 3 type magnetoelectric composites

According to the connectivity schemes between the two component phases,
most magnetoelectric composites can be commonly divided into three major catego-
ries (see Fig. 1.7): (i) O - 3 type particulate composites which are mostly in the state

of bulk ceramic, (ii) 2 - 2 type laminated composites which can be bulk ceramics [83
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- 88] or heterostructures [89 - 93], and (iii) 1 - 3 type composites with fibers/rods of

one phase embedded in the matrix of another phase [94 - 96].

Among these composite structures, the ferromagnetic/piezoelectric 0 - 3 com-
posite ceramics have attracted much research interest mainly because their fabrica-
tion procedures are compatible with conventional ceramic processing process, thus
can be produced at low cost in large quantities easily. Many 0 - 3 type composites
have been developed such as LaFeO3/PbTiOs, PZT/NiFeMnO, CFO/PZT,
(Nig5Zng5)Fe;,04/BaTiO3z, Nig2C0oggFe,04/PbZrygTig 203, SrosBagsNb,Os/CoFe,0y,
[Pb(Ni13Nby3)O3 - PhTiOz]/[(Nig2Cuo2Znos)Fe204], Nig2C0gsFe,04/PbZrysTig 203,

COo,ngo,1F9204/PZT, and PZT - NCZF. [97 - 108]

(a) (b) (c)

Fig. 1.7 Schematic illustration of three bulk composites with the three common con-
nectivity schemes. (a) 0 - 3 particulate composite, (b) 2 - 2 laminate composite and (c)

1 - 3 fiber/rod composite.

1.3.1 Ashort introduction to 0 - 3 type particulate composites

As mentioned in Section 1.2.2, the first work on ME composites was done at
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Philips Laboratories in the Netherlands. The particulate ME composites were pre-

pared by unidirectional solidification of a eutectic composition of the quinary system
Fe - Co - Ti - Ba - O. [36 - 39] Unidirectional solidification helps in the decomposi-
tion of the eutectic liquid into alternate layers of a piezoelectric perovskite phase and
a piezomagnetic spinel phase. For example, their results showed that excess of TiO,
by 1.5 wt % gives a high ME voltage coefficient (ag = 50 mV/cm Oe). However,
other compositions showed a lower ag of 1 - 4 mV/cm Qe only. In a subsequent work,
a high ME coefficient of 130 mV/cm Oe was obtained in a eutectic composition of
BaTiO; - CoFe,O4 by unidirectional solidification. However, this method is complex

and requires critical control over the composition.

In comparison, sintered composites are easier and cheaper to fabricate with sev-
eral advantages such as freedoms in the selection of constituent phases, their starting
particle sizes, and the sintering temperatures. Furthermore, sintering does not require
the presence of eutectic or eutectoid transformations, and also provides the opportu-

nity to combine phases with widely different crystal structures.

In the past two decades, various particulate composites consisting of piezoelec-
tric and magnetostrictive materials with 0 - 3 connectivity have been prepared using
the traditional sintering method. In a common preparation process for such ceramic
composites, the powders of piezoelectric ceramics and magnetic oxides (mostly fer-
rites) are firstly mixed together, and then the mixed powders are pressed into green

bulks followed by sintering at high temperature.

Accordingly, there are some primary requirement to prepare this kind of com-

posites using the sintering route, including: (1) individual phases should be in equili-
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brium, (2) mismatch between grains should not be present, (3) large magnetostriction
and piezoelectric effects in the respective constituent phases, (4) high dielectric insu-
lation so that accumulated charge does not leak through the composite, and (5) the

ability to pole the piezoelectric phase in the composite.

At low frequencies and under DC bias fields, the magnitude of the ME coeffi-
cient from the bulk sintered composites was in the order of 10 - 100 mV/cm Oe.
Hot-pressed samples exhibited an order of magnitude improvement in the ME vol-
tage coefficient, as compared to the sintered samples [27]. Some typical experimental

results are stated in Section 1.3.2.

1.3.2 Typical experimental results of O - 3 particulate ME ceramics

Ryu et al have investigated the effect of sintering temperature on the sintering
behaviors, microstructures, piezoelectric, and ME properties of particulate compo-
sites constituting Ni-ferrite doped with Co, Cu, Mn particles in a PZT matrix [51, 52].
It was found that not only the connectivity of the ferrite phase, but also the sintering
temperature are important parameters for higher ME voltage coefficient dE/dH. The
chemical reaction of PZT with ferrite, and connection of ferrite particles makes it
difficult to get high ME effects. Fig. 1.8 shows the maximum ME voltage coefficient
of various composition as a function of sintering temperature [52]. They obtained the
highest ME voltage coefficient (115 mV/cm Oe) from the composite with 20 % of
ferrite added and sintered at 1250 °C. These excellent results were attributed to ho-
mogeneous and well dispersed microstructure, no chemical reaction between the two

phases, and large grain size of the matrix PZT phase. [109]
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The low-frequency ME coefficients of the sintered 0 - 3 composite ceramics is

in the range of 10 to 100 mV/cm-Oe in the literature, while this value can be enlarged
to as much as ~ V/cm-Oe at resonance frequency. For example, Petrov et al studied
the frequency dependence of the ME coupling. [110, 111] The bias field was set at a
constant value and the ME voltage coefficients were measured as the frequency ( f)
of the AC field was varied. Typical ag - f profiles are shown in Fig. 1.9. In the figure,
for the sample with porosity = 5 %, upon increasing f, ag 31 remains small and con-
stant for f up to 250 kHz. At higher f, one notices a rapid increase in ag, 3; to a peak
value of 9 V/cm-Oe at 350 kHz. The peak value of ag, 3; is a factor of 100 higher than
the 1 kHz value and then it levels off at a much lower value. A similar resonance in
ae Was also observed for longitudinal fields, which is not shown here. In this study it
was also found that the increase in the magnitude of ME coefficient at resonance is

much higher in the sintered samples as compared to the laminated composites.

Magnetic field is also a factor affecting the magnetoelectric effect, which has
been widely studied. In Petrov’s work, for example, the bias magnetic field H de-
pendence of ag 33 was studied[111]. In Fig. 1.10, for samples with p = 5 %, one ob-

serves a general increase in ag, 33 with H to a peak value, followed by a rapid drop.
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Fig. 1.8 Maximum ME voltage coefficient of the PZT and Ni-ferrite particulate
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Fig. 1.9 Frequency dependence of transverse ME coefficient for samples with 5 %

and 40 % porosity. [111]
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The influence of microstructure such as porosity was also studied in Ref. [111].

In Figs 1.9 and 1.10, the p value stands for the porosity, which is obtained by varying
the applied pressure to the sample over a wide range from 700 kPa to 200 MPa (cor-
responding to porosity p =5 % - 40 %). It was found that compared to the sample
with p = 5 %, the sample with p = 40 % exhibited quite small peak value at a much

lower frequency in the og, 3; - f relationship and a much lower magnetic bias in the in

the ag, 33 - H relationship.
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Fig. 1.10  Static magnetic field H dependence of the longitudinal ME coefficient
ag, 33 Tor bulk composites of nickel ferrite and lead zirconate titanate (PZT). The data
at room temperature and 1 kHz are for samples with porosity p = 5 % and 40 %.

[111]
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Fig. 1.11  Scanning electron microscopy images of the NFO - PZT composite ce-

ramics via SPS. (a) Polished surface and (b) fractured surface

Apart from the traditional sintering method, some other techniques including
hot pressing [112] and spark plasma sintering [113] (SPS) were developed in order to
achieve sufficient bulk density while avoid possible reactions between the constituent
phases to occur. Hot-pressed and SPS samples exhibited a large improvement in the
ME voltage coefficient, as compared to the conventionally sintered samples. SPS of-
fers an efficient sintering that allows rapid consolidation (e.g., 5 min) at compara-
tively low temperatures, [114] which is considered an efficient process to fabricate

composites with high density and prevent unwanted reaction to occur. For example,
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dense composite NFO - PZT ceramics with relative density of 99 % have recently
been prepared by SPS consolidation of mechanically mixed powder mixtures. [113]
Also, the composite ceramics via SPS is shown to lead to fine microstructure and an
obvious improvement in the ME voltage coefficient. The composite ceramics via
SPS exhibit fine microstructure (Fig. 1.11), and the SPS condition has an essential
influence on the ME properties. In comparison to the conventional sintering, SPS
leads to an obvious improvement in the ME voltage coefficient, as shown in Fig.
1.12, though the grain size in the ceramics via SPS is much smaller than those via

conventional sintering.
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Fig. 1.12  Comparison of the ME coefficients of the 0 - 3 type NFO - PZT ceramic

composites via SPS and conventional sintering.

There is also much work about the relationship between the composite’s proper-
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ties and the content of the component phase. A series of studies on the dielectric and

magnetoelectric properties of several composites as a function of relative phase con-
tent have been reported by Patankar and co-workers, including: NiCo [45, 115], Cu

[116], CuCr [117] and CuCo [43] ferrite - BaggPby,TiO3 composites; and MnCr
[118], Cu [119] and CuCr [120] ferrite - BaTiO3 composites. In most cases, the
maximum static magnetoelectric coupling coefficient is found for ferroelectric con-
tents between 70 - 85 %, with maximum values in the range of 0.1 - 0.5 mV/cm-Oe
at an optimum magnetic field in the range of 0.5 - 2 kOe. The small load of the mag-
netic phase in the composites suggests that leakage may be an important limiting
factor for the magnetoelectric property. The role of conductivity in the ferrites in re-
ducing ag was demonstrated by Srinivasan et al [121] in NiFe,O,4 - PZT composites,
where substitution of 2 % of the Fe with Co leads to a sharp increase in resistivity by
six orders of magnitude and a concomitant increase in ag by nearly a factor of 10.
Besides, analysis of the conductivity response of these sintered composites suggests
that conduction takes place via polaron hopping at high temperatures and via impuri-

ties or defects at low temperatures. [45, 117, 119]

In order to achieve good dispersion of a high concentration of ferrite particles in
the composite ceramics, wet-chemical processing (e.g., sol - gel method) has also
been employed to in situ synthesize the homogeneously mixed composite powders of
the piezoelectric and ferrite oxides. [122 - 125] For example, Ren et al [122] used a
one-pot method, which added cobalt ferrite nanoparticles obtained by coprecipitation
into the precursor gel of BTO, to allow the in-situ formation of ferrite - BTO compo-
site. The one-pot synthesized samples showed a piezoelectric dsz constant approx-

imately six times larger and a ME voltage coefficient approximately three times
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larger than the corresponding mechanically milled samples. This high property was

attributed to improved distribution of CoFe,O,4 phase in the BaTiO3 matrix (see Fig.

1.13), which restricted the contact of the ferrite particles during sintering.

The converse ME effect has been measured less often in these composite struc-
tures. One instance has been reported in a BaTiO3 - LaMnO3 ceramic composite,
[126] where a large change in the saturation magnetization is observed as a function
of the applied electric field. The presence of magnetism is attributed to the formation
of (La, Ba)MnOs at sintering temperatures near 1100 °C, and the modifications in the
magnetization are attributed to strain and to the sensitivity of the colossal magnetore-
sistance (CMR) manganites to strain, giving a = 3.4x10™ Oe-cm/V at room tempera-

ture.

(a) (b)

Fig. 1.13  Schematic diagrams of distribution of CoFe,O,4 phase (in black) in Ba-
TiO3 matrix in two different ways. (a) Composite materials prepared by mixing and

sintering method and (b) composite materials produced by one-pot approach. [115]
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1.3.3 Theories of 0 - 3 type particulate ME ceramics

Theoretical models are available in the literature to account for the large ME
effect of composites [38, 127, 128]. In the past, studies on ME composites have con-
centrated on estimation of the effective properties of the composite as a function of
microstructural variables such as physical properties of individual phases, volume
fraction, shape and connectivity. These models have their own advantages and dis-

advantages.

Van den Boomgaard et al [38] assumed that if (1) the dielectric constant of Ba-
TiO3 >> dielectric constant of the ferrite, (2) Young’s moduli for both phases are
equal and (3) there is perfect coupling between the phases, then the ME voltage coef-

ficient is given as:

L@, e
dH comp dH ferrite dX BaTiO;

where (dx/dH) is the change in dimension per unit magnetic field and (dE/dx) is the
change in dimension per unit electric field. The subscript ‘comp’ stands for compo-
site and m, is the volume fraction of the ferrite. Using the maximum optimistic value
for these parameters, the ME coefficient is estimated as 5 V/cm Oe. This value was

later modified by Zubkov [127], giving the expression as:
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where gs3 and Cs; are the piezoelectric voltage and stiffness coefficients of the pie-
zoelectric phase. This modification gives the ME voltage coefficient dE/dH as 0.92

V/cm Qe.

Harshe et al calculated the ME voltage coefficient theoretically by using a cubes
model with 3 - 0 or 0 - 3 connectivity of phases [128]. They assumed a simple cube
model, in which the particulate composites were considered as consisting of small
cubes, and then solved the fields in one cube for which the boundary value problem
involved is tractable. According to their results, for the best ME effect, both phases
should have comparable elastic and dielectric properties. The maximum theoretical
effect for the composites studied was found to be in a CoFe,O3 (80 %) and PZT - 4
(20 %) composite. The magnitude of the ME coefficient was 4.5 (V/m)/(A/m)
(equals to ~ 358 V/cm-Oe). This simple cube model is an elementary single-grain
model. Though conceptually straightforward and providing physical insight, it cannot

be generalized to other phase topologies.

More rigorous treatments of the ME behavior of the composites were then per-
formed by using physically based methods. One typical method is the Green’s func-
tion technique (multiple-scattering approach). [33, 129] Green’s function technique

was developed for solving the constitutive Eq. (1-5) for the ME composites. It de-
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rived the effective properties of the composites, defined as usual in terms of averaged

fields. All effective properties of the composites can be obtained by this approach.
With this method, Nan et al calculated the magnetoelectric coefficient ag 33 for 0 - 3
or 1 - 3 CoFe,04/BaTiO3 ceramic composites (BaTiOz being the matrix phase). [33]
The effect of the grain shape and phase connectivity on the ME response of this
composites is also discussed. They demonstrated that for 0 - 3 particulate ceramic
composites, the ME voltage coefficient ag 33 reaches a maximum in the middle con-
centration region around f ~ 0.6 with ag 33 ~ 400 mV/cm Oe, but for 1 - 3 composites,
the maximum og, 33 appears at f ~ 0.9 with a relatively small ag 33 ~ 200 mV/cm Oe
( f stands for the volume fraction of magnetic phase). This result is given in Fig. 1.14.
Thus remarkable ME effect could be achieved in the composites with high concen-

tration of particulate magnetic phase well dispersed in the piezoelectric phase.

Similarly, the constitutive equation (Eq. (1-5)) for the ME composites can also
be solved by using micromechanics methods. Among them, Li [129 - 134] and
Huang [135 - 137] gave more details about these micromechanics simulations. The
micromechanics models are also formally straightforward and universal. It has been
already known that micromechanics methods give almost the same approximations

as the Green’s function technique.

Although the calculations above focus on ferrites/piezoelectric ceramic compo-
sites with the piezoelectric phase as the matrix, not high enough resistivity of the fer-
rite phase would make it hard to obtain high ME response in the 0 - 3 particulate
composites with high concentration of ferrite grains as expected, due to their large

leakage. Also, it has been difficult to obtain qualified multiferroic 0 - 3 composite

SUN Li 29



&

ceramics due to ions diffusion during the sintering process while few research papers

have reported about ferroelectric, piezoelectric and magnetic parameters.
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Fig. 1.14 Calculated ag 33for 0 - 3 or 1 - 3 CoFe,O4/BaTiO3 ceramic composites

(BaTiOg3 as the matrix phase). [33]

1.3.4 Some key issues in 0 - 3 type ME ceramic composites

Although 0 - 3 ME ceramic composites were considered to exhibit promising
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larger ME effects, the ME effect so far observed in co-fired ceramic composites is
ten times or more lower than that predicted, mainly due to their inherent preparation
problems, such as atomic interfacial diffusion and/or reaction problems between two
ceramic phases during high-temperature preparation. A large number of combinations
of piezoelectric oxides and magnetic oxides (mainly ferrites) have been studied.

However, several important problems still remain to be solved, including:

1) Though most of the theoretical work devoted to the constitutive problem is
based on the mechanical interaction between the components in a macroscopic view,
little work is done to provide experimental evidence about the coupling in the scale
of crystal lattice in O - 3 type composites. This issue is of importance to understand

the mechanism of magnetoelectric coupling effect in composites.

2) Magnetoelectric composites are a multiphase material system expected to
work under electric/magnetic field, while the piezoelectric/magnetic properties of its
component is sensitive to the external field, which may cause the local material to
exert its property under application. Such effect of microstructural inhomogeneity

under external field is not studied in detail.

3) Another difficulty lies in the achievement of high concentration of magnetic
phase in the composite. Though it is predicted theoretically the 0 - 3 type ceramic has
a potential to produce larger coupling coefficient than 2 - 2 type composites, this
conclusion is based on the assumption that the magnetic phase content in the compo-
sites could reach 0.4 - 0.6 for particles with an aspect ratio of ~ 1. [33, 132, 133] In
experiment, it still remains a problem to achieve a high concentration of the magnetic

grain in the co-fired ceramics. At high magnetic phase content, current leakage hap-
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pens through this phase and reduces or even breaks down magnetoelectric coupling.
Considering this system as a resistance network, one may estimate the magnetic
phase content above which such effects are likely to dominate. For a cubic lattice in
three dimensions, the bond percolation threshold (pc) occurs at ~ 0.25, [138] while
for a three-dimensional “Swiss cheese” continuum percolation model, p is ~ 0.3.
[139] Therefore, in 0 - 3 composites, electric leakage can only be expected to disap-
pear with a magnetic phase weight content below 20 - 30 %. This is confirmed expe-
rimentally in 0 - 3 type co-fired piezoelectric-ferrite ceramics. For example, in Ba-
TiO3 - Nig3Zng7Fe,104 ceramic composites, the percolation threshold happens at p¢
= 0.27. [140, 141] Also, in most of the reported results about O - 3 co-fired ceramics,
the systems exhibited the largest magnetoelectric effect at the lowest magnetic con-
tents. This is because the large current leakage effectively precludes the use of pie-
zoelectric effect. Besides, other difficulties related to electrical percolation from the
low resistivity magnetic component includes limiting the electric field strength used

for poling and resulting in the loss of induced voltage. [46, 142]

4) To achieve maximum product property, good mechanical interaction is re-
quired between the phases. At the same time, it is desired that no chemical reaction
occur between the phases. In the sintered composites or the unidirectionally solidi-
fied composites of piezoelectric materials and ferrites, the temperature of processing
is too high to avoid any chemical reaction of the phases. Also small deviations in
compositions while sintering may cause a reasonable drop in the piezoelectric or
magnetostrictive properties of the component phase. This will hinder their applica-

tions in real systems.
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1.4 Scope of the present study

As discussed above, 0 - 3 type co-fired magnetoelectric ceramic composites has
been extensively investigated but there are still a number of questions that remain
unanswered. The research work for this thesis has been focusing on the following
three issues, which, as we believe, are critical for better understanding of the struc-
ture - property relationship in 0 - 3 type ferroelectric/magnetostrictive composites:
direct observation of lattice coupling, evaluation of the coupling efficiency, and in-
fluence of inhomogeneous internal electric field caused by the low-resistivity mag-
netostrictive phase. The primary objective for this dissertation is to (1) provide an
experimental evidence for the mechanical coupling in 0 - 3 type ME composites; (2)
study the influence of microstructural inhomogeneity on the magnetoelectric coupl-
ing effect; (3) develop a method to prevent the electric percolation in 0 - 3 type
composites; and (4) make 0 - 3 type PZT - CFO ceramic composites-based prototype

devices.

Following the introduction given in this Chapter, the thesis involves the next

five Chapters:

Chapter 2 gives a short introduction to the key techniques that have been em-
ployed in the study, including X-ray diffraction, ferroelectric/magnetoelectric mea-

surements, scanning electron microscope, and finite element analysis method.

Chapter 3 focuses on the experimental evidence for the mechanical coupling
between magnetic and piezoelectric phases in 0 - 3 type PZT - CFO ceramic compo-
sites. The PZT - CFO composite was synthesized via conventional ceramic sintering

method. With a static electric field applied on the composite, changes in lattice pa-

SUN Li 33



2>

&
rameter of both PZT and CFO were observed by means of X-ray diffraction running
in an ultra-slow mode. The experimental results have verified a coupled lattice dis-
tortion in the composite, providing an experimental evidence for the long-existing
assumption that the ME effect is based on mechanical coupling. Based on the lattice
distortion under different electrical fields, the ME coupling coefficient was also es-

timated.

Chapter 4 gives a numerical approach to estimate the magnetoelectric effect in
composites with any desired structures. This method is based on finite element anal-
ysis method. By including a component to simulate the magnetostrictive effect, this
method can be used to calculate the electric response of a composite to an applied
magnetic field directly. In particular, the random distribution of CFO particles in O -
3 type ME composites is simulated by introducing a Monte - Carlo method. Besides,
a method based on lattice coincidence is developed to evaluate the interfacial coupl-

ing efficiency in ME composites.

Chapter 5 is related to the influence of microstructural inhomogeneity in mag-
netoelectric composite. Analysis was made to investigate how the electrical field in-
homogeneity in 0 - 3 type PZT - CFO composites would affect its performance via
finite element analysis method. The effect of inhomogeneous internal electric field
on the poling behavior (before use) and efficient piezoelectric property (under use)
are both discussed. It is proposed that the difference in electrical property between
PZT and CFO causes a large weakening in PZT’s piezoelectric property. Such wea-
kening effect concentrates in the interaction regions between the two phases, which

will finally cause an enlarged weakening in the converse magnetoelectric effect.
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Chapter 6 aims to improve the electric percolation effect on the magnetoelectric
performance of the 0 - 3 type PZT - CFO. Composites with a core-shell type micro-
structure were prepared. Wrapped with a thin layer of zirconia, CFO particles be-
came electrical resistive and they would not form electrical conduction paths in the
composite. With the shell to act as a barrier to electron and vacancy transportation,
the leakage current of the composite material was significantly reduced, giving rise
to enhanced coupling effect. In addition, effort has also been made to develop proto-
type devices using PZT - CFO composites as key materials. A magnetically tunable
piezoelectric-transformer are designed with a step-down transformer structure and its
response to both AC electric field (with/without DC bias) and an AC magnetic field
were investigated respectively, which showed good sensitivity to both DC and AC

magnetic field and are potentially useful for magnetic field detection.

Conclusions and suggestion for future work are given in Chapter 7.

1.5 Statement of original contribution

To the best of my knowledge, the present work has made the following original

contributions:

Experimental evidence for the long-existing assumption that the ME effect is
based on mechanical coupling is observed in 0 - 3 type magnetoelectric composites

in the grain lattice scale by the method of X-ray diffraction.

The influence of microstructural inhomogeneity on the magnetoelectric coupling

effect was studied in detail. Computation results show that the difference in electrical
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property between PZT and CFO causes a large weakening in PZT’s piezoelectric

property and an enlarged weakening in the converse magnetoelectric effect.

A numerical approach is developed to estimate the magnetoelectric effect in
composites with any designed structures. This approach can be based on the com-
mercial finite element analysis software and is universal to composites with any

complex structures.

Composites with a core - shell type microstructure were prepared to increase the
percolation threshold in 0 - 3 type PZT - CFO ceramics. The modified composites
are observed to exhibit enhanced piezoelectric and magnetoelectric properties. The
composite is also used to fabricate a magnetically-tunable piezoelectric transformer

based on its piezoelectric performance.
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CHAPTER 2

Techniques for the study of

0 - 3 type Pb(Zr, Ti)O3 - CoFe,O, composites

2.1 Introduction

The study of 0 - 3 type Pb(Zr, Ti)O3 - CoFe,O4 composites involves a number of

advanced techniques and facilities. They include:

(1) Ceramic preparation: conventional ceramic sintering process, sputter coater

(for Au electrode coating).

(2) Structural characterization: X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), SEM - BSE (backscattered electron), transmission electron micro-

scopy (TEM).

(3) Electrical and magnetoelectric characterization: dielectric tests by imped-
ance analyzer, ferroelectric tester, piezoelectric tester and magnetoelectric measure-

ment.
(4) Numerical simulation: Finite Element Analysis (FEA).

In this Chapter, a short introduction is given to some typical techniques and
equipment that were particularly useful in our research. They are: ferroelectric mea-
surement, magnetoelectric measurement, XRD, SEM and finite element analysis

method.
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2.2 Ferroelectric measurement

2.2.1 Background

The hysteresis loop is referred to as the electric displacement (or polarization) -
electric field loop (D - E loop or P - E loop as D =< P in a ferroelectric material),
which is similar to that shown in Fig. 2.1. In the P - E loops, the coercive field E,
remnant polarization P,, and spontaneous polarization Ps, of the material can be de-

termined.

D
B o
E__———=
P,
‘PT
E, E
F N
0
H
G

Fig. 2.1 Atypical ferroelectric hysteresis loop.

2.2.2 Experimental set-ups

The hysteresis loops of the samples were measured by a modified Sawyer Tower
circuit at 10 Hz [143]. Fig. 2.2 shows the basic idea of the Sawyer - Tower circuit in

which Cg and Cg are the ferroelectric capacitor (sample) and a reference capacitor,

SUN Li 38



respectively. During the hysteresis measurements, the value of Cg should be much

greater (around 1000 times) than that of Cg. Otherwise, the resultant hysteresis loop

cannot be formed.

&
L ]

Cx Digitizer

Fig. 2.2 A schematic circuit of the Sawyer - Tower bridge.

Figure 2.3 shows the computer-controlled experimental setup of the hysteresis
measurement. During the measurement, the sample was put into a silicone oil bath to
avoid electrical breakdown in air. An AC signal was applied to the sample by a func-
tion generator (HP 8116A), which was amplified by the high voltage amplifier (Trek
609D - 6). The input and the output signals from the Sawyer - Tower circuit were
displayed on the screen of a digital oscilloscope (DSO). The P - E loop of the sample
can be observed directly on the computer monitor and the data can be extracted from

the computer for further analysis.
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Fig. 2.3 Aschematic diagram of the hysteresis measurement.

2.3 Magnetoelectric measurement

2.3.1 Experimental set-ups

The set-up for measuring the direct magnetoelectric effect is shown schematically,

in Fig. 2.4. This consisted of:

(1)A Helmholtz coil which provided an AC magnetic field Hs. This coil is driven
by a dynamic signal analyzer (Ono Sokki CF5220) via a constant-current supply am-

plifier(AE Techron 7572).

(2)A U-shaped electromagnet (Myltem PEM-8005K) which provides a DC Hgiss.

This electromagnet was controlled by a DC current supply (Sorensen DHP200-15).

(3) A pick-up coil connected to an integrating fluxmeter (Walker MF-10D) and a

Gaussmeter (F. W. Bell 7030). This will monitor the Hz and Hgiqs in situ.
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(4) A charge amplifier (Kistler 5015A) and an impedance analyzer (Agilent
4294A). From these two equipments, the induced charge (Qs) in the composite and

its capacitance(C) can be acquired.

During the measurement, all quantities mentioned above are recorded by the dy-

namic signal analyzer and stored in a computer.

Dynamic Signal Analyzer

DC Guassmeter

Signal Out ~ Channel A Channel B < 1l orob
Hall probe
o @) @) or
i bias field
Swept-sine I nteg rati ng Isai?;nfl
voltage Fluxmeter <
Pickup
coil signal
Drive Pickup Coil
(w)y current Voltage out
— >
Signal In Signal Out N
Constant-Current-Supply i e s

Amplifier

Variaty/Gap Permananwagnet
/

) . Hall Probe
Sample Under Test ~ Helmholtz Coils

Fig. 2.4 A schematic diagram of the set-ups for magnetoelectric measurement.

2.3.2 Determination of the direct magnetoelectric coefficient

The direct magnetoelectric effect of the fabricated composite was characterized at
room temperature and with zero stress bias. The ME voltage(Vs) induced in the
composite was measured under different combinations of AC magnetic field

strength(H3), DC magnetic bias level (Hgiss), and AC magnetic field frequency(f) in
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the ranges of 3x10™ - 10 Oe, 0 - 9 kOe, and 1 - 100 kHz, respectively. V3 was deter-

mined from the measured charges (Qz) and capacitances (C) of the sample based on

the relationship:

V, = & (2-1)

The dependence of the ME voltage coefficient (ag, 33) on both Hgiss and f was es-

tablished from the slope of the corresponding Vs - Hs plot, i.e.,

oE,

O 33 = oH (2-2)
3

where Ezis the induced electric field that can be obtained from V3 and the thickness

of the sample.

2.4 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a well-established non-destructive analytical tech-
nique which reveals information about the crystal structure, chemical composition
and many other properties of materials. In this Section, a short introduction is given

to the technique and the instruments. Detailed introduction is given in Chapter 3.
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2.4.1 Principle of XRD measurement techniques

When an incident X-ray beam interacts with the atoms arranged in a periodic
manner as shown in Fig. 2.5 (a), the atoms, represented as green spheres in the graph,
can be viewed as forming different sets of planes in the crystal (straight lines in Fig.

2.5 (a)).

For a given set of lattice planes with an inter-planar distance of d, the condition

for a diffraction (peak) to occur can be simply written as the Bragg’s law (Fig. 2.5

(b)), i.e.:

2dsing = nk (2-3)

where 4 is the wavelength of the X-ray, # the scattering angle, and n is an integer
representing the order of the diffraction peak. The Bragg's law is one of most impor-

tant laws used for interpreting X-ray diffraction data.

(a) (b)

A
Boeos

MRS iR
Lattice planes Bragg’ s law

Fig. 2.5 Illustration for the (a) lattice grains and (b) Bragg’s law.
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2.4.2 The instrument

The X-ray diffraction measurements of the composites were carried out on a Ri-
gaku automated multipurpose Smartlab X-ray diffractometer (XRD: Rigaku Corp.,
Tokyo, Japan) shown in Fig. 2.6. The X-ray source is a long-fine-focus, ceramic
X-ray tube with Cu anode. Normal operating power is 40 kV and 40 mA and Cu Koy
radiation with a wavelength A = 0.15406 nm is used. The sample stage supports spe-

cimens of a wide variety of shapes and sizes.

;N”n

e
.f/a/.SV/:V/,ZSmZ’

Fig. 2.6 The Rigaku automated multipurpose Smartlab X-ray diffractometer.
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2.5 Scanning electron microscope

Scanning electron microscope (SEM) is a type of electron microscope to explore
the microstructure of materials. It can form images of a sample by scanning it with a
beam of electrons. The electrons interact with the atoms that make up the sample
producing signals that contain information about the sample’s surface topography,

composition, and other properties such as electrical conductivity.

2.5.1 General principle

In SEM, the sample is bombarded by a focused beam of electrons. Most incident
electrons interact with specimen atoms and are scattered, rather than penetrating the
sample. They follow complicated twisting paths through the sample material, losing

energy as they interact.

The scattering events are of two types, either elastic or inelastic. In elastic scat-
tering, the electron trajectory changes, but its kinetic energy and velocity remain es-
sentially constant. This is because of the large difference between the mass of the
electron and atomic nuclei. Alternatively, in inelastic scattering, the trajectory of the
incident electron may be only slightly perturbed, but energy is lost through interac-

tion with the orbital electrons of the atoms in the specimen.

Inelastic interactions produce a number of effects, including secondary electrons
(SE), backscattered electrons (BSE), cathodo luminescence (CL), continuum X-ray

radiation, characteristic x-ray radiation and phonons (heat).
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Different effects can be detected from different interaction volume, which is
plotted in Fig. 2.7. This is because beam electrons lose energy during interactions
within the sample. Electron energy generally decreases with depth. As a result, if a
certain amount of energy is required to produce an effect, it will not be possible to

produce it from the deeper portions of the volume.

The degree to which an effect can be observed is controlled by how strongly it
is diminished by absorption and scattering in the sample. For example, secondary
electrons are produced throughout the interaction volume, but have very low energies
and can only escape from a thin layer near the sample’s surface. Similarly, soft
X-rays, which are absorbed more easily than hard X-rays, will escape more readily

from the upper portions of the interaction volume.

2.5.2 Secondary electron image

The most common imaging mode collects low-energy (< 50 eV) secondary elec-
trons that are ejected from the k-orbitals of the specimen atoms by inelastic scattering
interactions with beam electrons. Due to their low energy, these electrons originate

within a few nanometers from the sample surface.

Secondary electron (SE) images show morphology and topography of a sample.
In SE image, steep surfaces and edges tend to be brighter than flat surfaces, which
results in images with a well-defined, three-dimensional appearance. Using the signal

of secondary electrons image resolution less than 0.5 nm is possible.
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Incident electrons
Auger electrons ( 10A)

Secondary electrons ( 50-500A )

Backscattered electrons

Continuum X-rays

J/-) Fluorescent X-rays

Characteristic
X-rays

Fig. 2.7 Illlustration of interaction volumes for various electron - specimen interac-

tions.

2.5.3 Backscattered electron image

Backscattered electrons (BSE) consist of high-energy electrons that are reflected
or back-scattered out of the specimen interaction volume by elastic scattering inte-
ractions. Since heavy elements (high atomic number) backscatter electrons more
strongly than light elements (low atomic number), and thus appear brighter in the
image, BSE are used to detect contrast between areas with different chemical com-

positions.

Backscattered electrons can also be used to form an electron backscatter diffrac-
tion (EBSD) image that can be used to determine the crystallographic structure of the

specimen.
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2.6 Finite element analysis (FEA)

2.6.1 General principle

The study of physical systems frequently results in partial differential equations
which either cannot be solved analytically or lack an exact analytic solution due to
the complexity of the boundary conditions or domain. For a realistic and detailed
study, a numerical method must be used to solve the problem. The finite element
method is often found to be the most adequate. In this thesis, the finite element ap-
proach is used to simulate the local electric field, the piezoelectric response of the

component in the composite, as well as the coupling effect.

Basically, the finite element method (Zienkiewicz, 1971; Reddy, 1984; Hughes,
1987) consists in a piecewise application of classical vibrational methods to smaller
and simpler subdomains (called finite elements) connected to each other in a finite
number of points (called nodes). The fundamental principles of the finite element

method (displacement) are:

(1) The continuum is divided into a finite number of elements of geometrically

simple shape.
(2) These elements are connected in a finite number of nodes.
(3) The unknowns are the displacements of these nodes.

(4) Polynomial interpolation functions are chosen to describe the unknown dis-
placement field at each point of the elements related to the corresponding field values

at the nodes.
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(5) The forces applied to the structure are replaced by an equivalent system of

forces applied to the nodes.

2.6.2 Modeling of piezoelectric and magnetostrictive problems

Generally, linear piezoelectricity can be described by the following equation:

N

where D is electrical charge displacement, S the strain, T the stress, E the electric
field strength, s° the compliance, d the direct piezoelectric effect, d'the converse
piezoelectric effect, and ¢ is the permittivity. Since normal piezoelectric materials

shows linear response, this formula is accurate enough for calculation.

Oppositely, magnetostriction is often not a linear response, at low values, the
strain - magnetic field relation is approximately quadratic, as schematically illu-
strated in Fig. 2.8. However, in practice, the H-field excitation is often small, so the
linear simplification is acceptable. We estimate the magnetostrictive coefficient d =
Ac/AH, as illustrated in Fig. 2.8. Then the constitutive equations for the magneto-

striction can be described by:
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where B is magnetic flux density, H the magnetic field strength, s the compliance,
dm the direct magnetostrictive coefficient, d'the converse magnetostrictive coefficient,

and i’ is the permeability.

- ]

Fig. 2.8 Schematic illustration of determination of magnetoelectric coupling coeffi-

cient.

Rigorously, these equations described every single spatial point in the defined
geometry of the problem. And the fields must be continuous across the entire volume.
Hence the problem is reduced to the finding of solution to these equations under the
constraints of continuity. However, except for several accurate methods for solution

of specified geometry (rectangular, or sphere, etc.), there are no analytical solution to
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these kinds of problem. FEA generally divides the geometry into thousands of simple

elements/meshes (ordinarily using tetragonal elements), which can be solved analyt-
ically. And the overall solution is to solve all these equations in every element and to

simultaneously obey the condition of continuity.

2.6.3 Simulation using COMSOL multi-physics software

COMSOL multi-physics is a software that can be applied in various fields in-
cluding structural engineering, RF engineering, fluid dynamics and acoustics etc.
Numerous scientific research has been published based on the results calculated by
COMSOL. The software is considered as a credible solution to FEA problems. The

operation of the software generally includes the following steps:

(1) Geometrical modeling: the software provides numerous geometrical modeling
tools. 3D tools include blocks, cones, cylinders, spheres and ellipsoids etc. Also, one
can exploit the geometrically Boolean operation of union, difference, intersection and

so on, to build more complicated geometries.

(2) Physics settings: the ordinary/partial differential equations are internally built
in the physics model of the software package. After the geometrical modeling, one
should select the corresponding physical model (in our case, model of piezoelectrici-
ty, which contains the algorithm for solving Eq. (2-4)), to specify basic equations the
problem involved. Material properties must be specified for each geometrically se-
parated region, to provide associative constants (also in Eq. (2-4)). Also, boundary

conditions must be added to make the problem solvable. These boundary conditions
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will be different on different surfaces, lines and points.

(3) Mesh generation: this process is to divide the whole geometry into small ele-
ments where physical properties are assumed to be uniform. The assembly of the
small elements is called meshes. Principally, the finer the meshes are generated, the
more accurate the result will be, while the lower the speed of solving. COMSOL

provides different mesh generating options.

(4) Computing and solution: after the previous 3 steps, the problem can be ana-
lyzed after different algorithms. These algorithms are generally different approaches
to solve a super large linear matrix equation. The problems can be solved are “sta-

tionary” type, “time-dependent” type, “eigenfrequency” type and so on.

(5) Post-processing and visualization: COMSOL also provides post-processing
models to present the calculated data graphically. Conventionally, any scalar fields
can be displayed by color scales on the geometry built at step 1, vector fields can be

displayed by arrows with different colors or lengths.

To visualize the simulation procedure, an example is introduced to display the
construction of model and retrieval of results. This example involves a static 3D
analysis of an oblate cylinder type piezoelectric actuator, which convert applied vol-

tage to the variation of thickness.

Figure 2.9 shows the operation process of the piezoelectric modeling via COM-
SOL multi-physics software. A ceramic disc can be drawn through the software. (Fig.
2.9 (a)) The parameters are 10 mm in radius and 2 mm in height, respectively. After

the geometrically modeling, Materials and boundary conditions should be specified.
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In this example, we set the material to be PZT-4H with constants offered by the

software data base. The bottom face is set to be electric ground with potential V = 0,

and the upper face is set as constant potential V = 100 V, which resembles two layers

of electrodes for loading of external voltages. Also, we set spatial constraints around

the side surface of the cylinder.
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Fig. 2.9 Illustration for the modeling of piezoelectric ceramic through COMSOL

multi-physics software. (a) The operation geometric model, (b) the meshes generated

in COMSOL by default options, (c) the displacement at the upper surface and (d) the

displacement at the bottom surface.

Figure 2.9 (b) shows the meshes generated in default options set by COMSOL,

the sizes of unit elements are approximately 0.3 mm 0.3 mm 0.2 mm. Figs. 2.19
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(c) and 2.19 (d) show the simulation results of the downward displacements and up-

ward displacements. The final results show that the PZT cylinder is “pressed” by the

applied voltage. The maximum displacement is 0.114 um.

2.7 Summary

A number of advanced techniques were used in the fabrication and characteriza-
tion of Pb(Zr, Ti)O3 - CoFe,0O,4 particulate composites. In this Chapter, we have only
demonstrated three typical techniques. In the following Chapters, more discussions

on the fabrication and characterization techniques will be given whenever necessary.
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CHAPTER 3

Direct observation of lattice coupling

in 0 - 3 Type Pb(Zr, Ti)O3 - CoFe,O, composites

3.1 Introduction

ME effect in composites is a product tensor property of the magnetostrictive ef-
fect (magnetic/mechanical effect) and the piezoelectric effect (mechanical/electrical
effect). The coupling between the magnetic phase and the piezoelectric phase is rea-
lized through elastic interaction at their interface. That is, when a magnetic field is
applied to a composite, the magnetic phase changes its shape magnetostrictively. The
strain is then passed along to the piezoelectric phase, resulting in an electric polariza-
tion. As a result, ME effect in composites is a complex and extrinsic property, de-
pending on the composite microstructure and coupling interaction across the mag-
netic - piezoelectric interfaces. Composites with different types of connectivity (0 - 3
type, 2 - 2 type and 1 - 3 type) have been developed to improve the coupling effects
in ME composites. However, there is still much room for improvement when com-
pared to theoretical predictions. One reason responsible for the variance between ex-
perimental data and theoretical predictions could be attributed to the non-ideal elastic

coupling at the interface between different components in the composites.

In this Chapter, we perform a direct observation of coupled lattice distortion in O
- 3 type ME composites using XRD measurements. An in-situ XRD study of the

crystalline structure was conducted on particulate PZT - CFO ceramic composite
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under a static electric field, and special attention was paid to the characteristic XRD
peaks of the piezoelectric phase (PZT) and magnetostrictive phase (CFO). A simple
model based on the lattice distortion of both component phases under a static electric
field was also proposed to estimate the magnetoelectric coupling coefficient under an

ideal condition.

This Chapter is divided into eight sections including the Introduction. Section 3.2
provides a short introduction to X-ray diffraction (XRD) technique, especially its use
for analysis of lattice strain. Section 3.3 provides a literature review of prior work on
investigation of coupled magnetoelectric effect in microstructure. Sections 3.4 and
3.5 give the experimental procedures, and the structure and morphologies of the
composite. Section 3.6 focuses on the XRD study of the coupled ME effect and a
detailed discussion of the result. In Section 3.7, a numerical method based on the
mechanical coupling between the component phases is proposed to estimate the

magnetoelectric effect.

3.2 Investigation of grain lattice by X-ray diffraction

X-ray diffraction (XRD) is a well-established non-destructive analytical tech-
nique which reveals information about the crystal structure, chemical composition
and many other properties of materials. In our study, the technique of X-ray diffrac-
tion (XRD) was employed to characterize the crystalline structure of both compo-
nents in the composite. In particular, the lattice parameters, and the induced strains in

PZT and CFO were determined by means of XRD.
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3.2.1 Determination of lattice constant by XRD
Figure 3.1 gives a typical XRD peak. One can see that the peak shapes in XRD
pattern are characterized by three factors, including peak position 26, peak width
(represented by the full width at half maximum, FWHM), and peak intensity (Imax).

Among these factors, the peak position 26, is important for obtaining information

about the lattice parameters as well as uniform strain within the lattice. [144]

Peak position, 260

Intensity

Background

T A AW
2theta

Fig. 3.1 Illustration of a typical peak in XRD patterns.

For the observed sind value of any peak in an indexed XRD pattern, the unit-cell
dimension can be determined by employing the Bragg’s equation. For example, for a

cubic structure, we have:

SUN Li 57



Ah2+ k2 +12
a=- (3-1)
2 sin@

To investigate the errors in determining the lattice parameters in this way, we diffe-

rentiate the Bragg’s equation with respect to 6:

nA=2dsin@

Ozzﬂsin 6+2dcosd (3-2)
AO

Ad _ C0SO ) h_ cotans

d sing

For the cubic system, it is evident that Ad/d = Aa/a, hence:

% =—CcotoAl (3-3)

Eq. (3-3) shows that, for a given precision of measurement of the diffraction
angle A#, the precision in a is proportional to cotd. The error in calculating the lattice

parameters with this method tends to a minimum as & approaches 90°.
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3.2.2 Determination of lattice strain by XRD

Stress - strain phenomena are conventionally illustrated by the dimensional
changes of a uniform material bar when a tension is applied along its axis. Under
such stress the bar is lengthened, and its area of cross section decreases in direct
proportion to the applied stress, provided that the bar’s elastic limit has not been ex-
ceeded. The resultant effect on each individual crystallite in this bar is an extension
in the direction parallel to the bar axis and a compression in directions normal thereto.
Crystal planes perpendicular to these extensive or compressive forces have their in-
terplanar spacings changed by amounts +Ad, and measurement of this change yields

a measure of the elastic strain and thereby of the stress as well.

Figure 3.2 gives two variations in XRD peaks caused by different types of lattice
strain in materials. Fig. 3.3 (a) stands for the original crystal grains and correspond-
ing XRD peak without strain. Strain within the lattice can distort the lattice leading to
a shift of the d spacing (8d). If the lattice distortion is uniform within the lattice, even
expansion or contraction perpendicular to the crystal grains happens, which presents
in the XRD peak as a left or right shift to its original position without changing its
shape (shown in Fig. 3.3 (b)). The relationship between the strain and the shift of 8
(marked as 66) can be obtained by differentiating the Bragg equation with respect to

d and & with A fixed, i.e.:

0 = 2xd(d)xsind + 2xdxd(sinb) (3-4)
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which can be arranged as:

(8d)/d = de = strain = - 3(sind)/sind = - cotbddo (3-5)
(a)
dy
— k—
b
Ol
—l
(c) d,
—
>l —
d, 20 —

Fig. 3.2 Two types of strain-induced lattice deformation and the corresponding XRD
peak. (a) Original lattice without strain, (b) lattice with uniform expansion and (c)

lattice with non-uniform deformation.
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Apart from the strain given in Fig. 3.2 (b), strain within the lattice may also arise
from residual stress and is then non-uniform within the lattice, as shown in Fig. 3.3
(c). This will lead to a range of 4d, rather than a single value of “5d”. Consequently a
small range of the diffraction angle for a given (h k I) is induced, i.e., the 66 can be
on either side of the peak position. This will in turn cause overall widening effect in

the peak.

In this Chapter, we focused on the strain caused by the piezoelectric effect and
the mechanical coupling in the converse magnetoelectric effect. Such strain is caused
by a field-induced (for the piezoelectric phase) or stress-induced (for the magneto-
strictive phase) expansion or contraction of the lattice, which is sorted into the uni-

form strain in Fig. 3.2 (b).

3.3 Prior investigations of the coupled magnetoelectric effect

In the literature, a number of studies have been conducted to reveal the
stress-induced ME coupling mechanism in microstructure. Two techniques widely
used are the Raman spectra and X-ray diffraction (XRD). Li et al used Raman scat-
tering to study the magnetic-field-induced stress in Pb(Zr, Ti)Os; - CoFe, 04 (PZT -
CFO) bilayered system and pointed out that the magnetostriction of CFO layer is re-
sponsible for the changes in the phonon modes in the PZT - CFO films. X-ray dif-
fraction is also a well-established method for characterizing crystalline properties of
materials, including the determination of lattice parameters as well as strain in the
lattice. [145] Zheng et al used XRD measurement to examine the piezoelectric sub-

strate-induced strain on magnetoresistive manganate films grown on ferroelectric
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Pb(Mg, Nb)O3 - PbTiO3 substrate, giving direct evidence for the mechanical interac-

tion between the piezoelectric and the magnetic phases in the heterostructures. [146,
147] For example, in Ref [146], Zheng et al used XRD to study the substrate-induced
strain effect in Lagg7sBag12sMNnO3 (LBMO) thin films grown on ferroelectric sin-
gle-crystal 0.67Pb(Mg1/3Nb3)O3 - 0.33PbTiO3 (PMN - PT) substrate. Both the strain
and resistance of the films were in situ varied by applying an electric field across the
PMN - PT substrates. X-ray diffraction analysis (Fig. 3.3) indicates that the varia-
tions of strain and resistance result from the induced strain in the PMN - PT substrate
due to the ferroelectric polarization or the converse piezoelectric effect. The rela-
tionships between the resistance and the induced strain in the LBMO film and PMN -

PT substrate were quantitatively analyzed (see Fig. 3.4).
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Fig. 3.3 XRD pattern of the LBMO/PMN - PT structure. Insets (a) and (b) are the

ferroelelctric hysteresis loop of the PMN - PT substrate and the electrical measure-

ment circuit, respectively. [146]
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Fig. 3.4 Lattice constant ¢ of the PMN - PT substrate and LBMO film as a function
of the electric field. Insets (a) and (b) show the temperature and field dependence of

the resistance for the LBMO film, respectively. [146]

Nevertheless, most work on coupling observation was based on a 2 - 2 layered
structure. For 0 - 3 type composites (which could provide more room to enhance
coupling due to their complex structure and freedom in design), little experimental
evidence has been available for revealing how the components in these composites
interact with each other in the lattice scale. Having noticed this, our experiment is
designed to focus on the 0 - 3 type composites, with lead zirconate titanate as the

piezoelelctric phase, and cobalt ferrite as the magnetostrictive phase.
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3.4 Experimental procedure

3.4.1 Preparation and structural characterization of 0 - 3 type Pb(Zr,

Ti)O; - CoFe,O4 composites

The composites were prepared via traditional ceramic synthesis process from
commercially available powders PZT502 (from PKI USA) and CFO (from Aladdin
China, sphere, 40 nm). The PZT powder was first mixed with sintering additives and
pre-sintered at 600 °C for 2 h before the processed PZT powder was mixed with CFO
powder at a weight ratio of 1 : 0.05. This well dispersed mixture was then pressed
into disc at a pressure of 12 MPa, and sintered in air at 1050 °C for 2 h. The micro-
structure of the sample was examined by transmission electron microscopy (TEM)

and XRD.

3.4.2 Poling and piezoelectric measurements

After firing silver electrodes on its both sides, the sample was electrically pola-
rized in its thickness direction in silicone oil under a field of 7 kV/mm at 80 °C. The
piezoelectric constant ds; was measured using a standard piezo ds; meter (model

Z3-3A).

3.4.3 XRD study of the composite under electric field

To perform the XRD study under an electric field, the sample was polished and
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thinned down to a thickness of 0.168 mm, coated with thin Au electrodes on both
sides using a sputter coater (BAL-TEC SCD 005) at a current of 80 mA for 180 s
before it was adhered to a microscope slide by silver paint. Two copper electrodes
were fixed on the two edges of the microscope slide. The bottom surface of the sam-
ple was electrically connected to one copper electrode via the silver paint, and the
upper surface was connected to the other copper electrode using a silver filament
(Fig. 3.5). A Keithley 1100 V DC bias sourcemeter (Model 2410) was used to gener-
ate a static DC bias. The crystalline structure of the prepared sample under an electric
field was then examined by X-ray diffraction using a Rigaku automated multipurpose

Smartlab X-ray diffractometer (XRD: Rigaku Corp., Tokyo, Japan).

3.5 Structures and morphology of the composites

3.5.1 Crystal structure of CFO, PZT and 0 - 3 type PZT - CFO compo-

sites

The crystal structure of the sample has been verified by the XRD patterns as
shown in Fig. 3.6. Figs. 3.6 (a) and 3.6 (b) show the XRD patterns of pure PZT and
CFO ceramics sintered from the same raw material and sintering method which can
be characterized as pure PZT perovskite structure (PDF # 33 - 0784) and CFO spinel
structure (PDF # 03 - 0864), respectively. The pattern of PZT - CFO composites in
Fig. 3.6 (c) is found to be a combination of these two sets of XRD patterns. To show
CFQ’s peaks (marked with hollow square) clearly, the intensity in Fig. 3.6 (c) is pre-

sented in log scale.
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Fig. 3.5 Illustration of the sample used for XRD measurement.
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Fig. 3.6 XRD patterns of (a) PZT, (b) CFO and (c) PZT - CFO ceramics.
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3.5.2 Microstructure of 0 - 3 type PZT - CFO composite

Figure 3.7 shows TEM images of the sample. According to the EDS-mapping
analysis of the random local area in PZT - CFO ceramics, CFO grains are distributed
uniformly in PZT ceramics, as indicated by the white arrow (the EDS mapping data
is not shown here). Fig. 3.7 (b) and the inset of Fig. 3.7 (a) show the HRTEM image

and SAED pattern in the thin area of the complex ceramics.

The single crystalline diffraction pattern belongs to the PZT phase, corresponding
to the (011) and (200) planes, respectively, while the polycrystalline diffraction ring
belongs to the CFO phase, corresponding to the (110) and (311) planes, respectively.
In addition, from the HRTEM image, the two phases show a clear grain boundary (as
shown by the white circle), suggesting that the CFO phase contacts the PZT phase

directly without a second phase between them.

Fig. 3.7 TEM images of the PZT - CFO ceramic at (a) low and (b) high magnifica-

tion. The inset of (a) is the corresponding SAED pattern.
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3.6 XRD study of the converse magnetoelectric effect

3.6.1 Experiments

The in-situ XRD study for observation of lattice coupling was conducted. In the
measurement, a very slow scan (0.1 °/min) was performed within the 26 range of 20°
to 70°. The XRD patterns of the sample without a DC bias, under a DC bias (1100 V),
and after removing the bias (DC off) were scanned in sequence. Each scanning
started after keeping the corresponding state for 30 minutes. During the measurement,
both the X-ray generator and the detector rotated at half of the diffraction angle 6,
while the sample was kept still in the sample holder (see Fig. 3.8). This could ensure
that all the observed crystal planes were parallel to the top surface of the sample.
Consequently, the calculated lattice deformation based on the shift of the XRD pat-

terns is along the direction normal to the sample surface.

X-ray
source

Fig. 3.8 Illustration of the & - 20 scan used in the measurement.
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3.6.2 Results and discussions

Figure 3.9 (a) presents the diffraction profiles during the measurement with the
intensity in log scale. Two typical peaks, PZT’s (211) peak and CFO’s (511) peak, are
selected and shown in Figs. 3.9 (b) and 3.9 (c) to present a clearer view (in normal
scale). According to Fig. 3.9 (b), the (211) peak of PZT is located at 55.08 “initially
before dropping to 55.03° at V = 1100 V, implying a strain induced by the converse
piezoelectric effect within its lattice. After the electric field is removed, the peak re-
turns to its original position at 55.08°, indicating the electrical field-induced lattice
distortion is revertible. Accompanying the change in PZT’s grain lattice, the (511)
peak of CFO shows similar variation trends under an electric field (see Fig. 3.9 (c)),
with its peak position fitted as 57.17° (V = 0), 57.08° (V = 1100 V), and 57.15° (DC
off), respectively. According to Bragg’s law, the strain perpendicular to the corres-

ponding crystal plane (h k I) can be calculated as:

S = Add“k' =—cotf-AO (3-6)

hkl

where 6 and A@ can be derived from the XRD pattern, dnq the lattice space of the
plane (h k I), Adnq the change in the lattice space, and Sy is the strain along the di-
rection of [h k I]. Based on Eq. (3-7), in our sample, the strain within PZT along the
[211] direction is 8.37X10™ and the induced strain within CFO along the [511] di-
rection is 6.40X 10™*. As mentioned before, the calculated strains of the two phases

are both in the direction normal to the sample’s top surface.

SUN Li 69



(b)

55

[$)]
(o]

Intensity (a.u.)

remove bias : oV

Gauss of B
=
-
o
o
<

DC off

20 30 20 50 80 >0568 572 576
20/deg.

Fig. 3.9 XRD patterns of PZT - CFO ceramic composite during the measurement. (a)

20° - 70° scan, (b) PZT (211) peak and () CFO (511) peak.

This strain within PZT observed in the XRD pattern is in good accordance with
that calculated from the converse piezoelectric effect (11.98X10™) via the piezoe-

lectric equation below:

Sy =dyE (3-7)
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where Sz is the induced strain in the direction normal to the sample’s surface, E the
electric field which can be calculated with the applied DC bias V3 and the thickness

of the sample t, and ds3is measured as 183 pC/N for our 0-3 type PZT - 0.05CFO

composite.

To verify the calculated strain in CFO, we suppose two simple connecting modes
of PZT and CFO phases, series connection (Maxwell - Wagner two-layer Model) and
parallel connection (or Rheuss model) in Fig. 3.10, to estimate the strains of them. In

the parallel connection, the strain of the two phases is equal. That is:

wn

CFO _q (3-8)

S PZT

In the series connection, the stress of the two phases equals. According to

Hooke’s law, we have:

SCFO — EPZT =0.41 (3_9)

S PZT CFO

where E is the Young’s modulus (Ecro = 17.34x10"° Pa, Epzr = 7.1x10"° Pa), and S is

the strain.
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Fig. 3.10  Two connection modes. (a) series connection and (b) parallel connec-

tion.
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Fig. 3.11  The relationship between CFQO’s strain and PZT’s strain under ideal se-

ries connection and parallel connection.

The relationship between CFQO’s strain and PZT’s strain under ideal series and
parallel connection is given in Fig. 3.11. What attracts special attention is that when
the strain within CFO is larger than its saturated magnetostriction, A, its magnetiza-

tion will not increase though the strain increases. In a real 0 - 3 type composite sys-
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tem, the two component phases are in combined hybrid connection of parallel and

series, and the ratio of strain in CFO and PZT should be between 0.41 and 1. This is

in good agreement with our sample (Scro : Spzt = 0.77).

3.7 Derivation of magnetoelectric coefficient based on coupled lattice

strain

3.7.1 Strain-field relationship in PZT and CFO

Based on the coupled lattice strain of the components in the composite, the ME
coupling coefficient can be estimated. First we should begin with a universal condi-
tion. For a PZT - CFO ME composite, when a magnetic field, H, is applied along its

poling direction, the magnetostrictive strain along the direction of H within CFO is:

(3-10)

where Asis the saturated magnetostrictive constant, M the magnetization, Mg the vo-
lume saturated magnetization, yn, the magnetic susceptibility (this value is not a con-
stant because CFO is ferrimagnetic) and H is the magnetic field intensity. Eq. (3-10)
is only suitable for a condition when the magnetostriction does not exceed the satu-
rated magnetostriction, otherwise, the magnetization should be equal to the saturated
value and the derivative should be zero. The strain in CFO will cause a coupled strain,

Spzt, Within PZT through mechanical interaction. Spzt is in the same direction as
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Scro, and its value follows the piezoelectric equation:

Sezr =0gE (3-11)

where E is the piezoelectric-induced electric field along the poling direction.

3.7.2 Estimation of the magnetoelectric coefficient in the PZT - CFO

composite: a universal condition

To estimate the ME coupling coefficient, we assume two simple connecting

modes of PZT and CFO phases: parallel connection and series connection.

When the two phases are in parallel connection, we have S,,; =S., and the

coupling coefficient can be estimated as:

34 x..°H
dE/dH =—20— 3-12
M (3-12)

2
33""'s

When they are in series connection, we have S, E.; =S ,E.so and the

coupling coefficient is:

SUN Li 74



dE/dH — 3//{S/}//mzH ECFO (3'13)

where E is the Young’s modulus (Ecro = 173.4 GPa, Epzt = 71 GPa). In general, the
incomplete coupling of two components in a real material system could be caused by

defects, loss and random orientations of the grains and etc. Therefore a coupling fac-
tor k (0£|k| <1) should be added into Egs. (3-12) and (3-13) to describe a real com-

posite system, such as:

3_5| real — k 3_5 theory (3-14)

In Eq. (3-14), the theoretical values should be calculated with Egs. (3-12) and
(3-13). Here, we use Egs. (3-12) and (3-13) to estimate the minimum and maximum
values of ME coefficient under the condition that CFO has not achieved its saturated
magnetostriction. When the magnetostrictive phase becomes saturated, a further in-
crease in the magnetic field should not be able to excite a larger strain within CFO,
and the electric output will remain constant despite an increase in input H, resulting
in a sharp fall of the coupling coefficient to zero. Also, if there is strong coupling
around the particles, this value should be multiplied by the volume fraction of dis-

torted zones which can be estimated with the volume fraction of CFO.
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3.7.3 Estimation of the magnetoelectric coefficient in the 0 - 3 type PZT -

CFO composite

For a PZT - 0.05CFO composite, we have fcro = 7.1 % (volume percentage), As =
110 %10, ym = 0.37 (this value is calculated with the constants supplied in Ref [17]),
Ms = 4.13 < 10° A/m (this value can be calculated by multiplying the density and the
mass saturate magnetization) for CFO, and ds3 = 183 pC/N for the PZT - 0.05CFO
composite. Applying these material parameters into Egs. (3-12) and (3-13), the rela-
tionship between the coupling coefficient and the applied magnetic field under ideal
series connection and parallel connection can be inferred as shown in Fig. 3.11. It
can be seen that for a composite with fixed composition under the same magnetic
field, a series connection mode favors a larger ME coupling coefficient than that of a

parallel connection mode.

In our O - 3 type PZT - CFO sample, the ratio between Scro and Spzt can be esti-

mated with the XRD result (Scro : Spztr = 0.77), then we get:

34 H

dE /dH = .
0.77d,,M,

(3-15).

The calculated results are also plotted in Fig. 3.12. Eq. (3-15) is also an ideal
condition, which should be corrected with Eq. (3-14) in order to describe a real ma-
terial system. We managed to measure the ME coefficient of our sample under a wide

range of electric and magnetic fields. It was found that the coupling effect is depen-
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dent on test frequency. When under a pseudo-static field condition, the coefficient for
the sample is in the order of tens of mV/cm-Oe, which matches well with theoretical
estimation if the microstructural complexity of the real sample is taken into consid-

eration. This estimation is also consistent with most of the literature data.

Ve

s00k = series connection o |
[ —— 0-3 connectivity - |

| — — parallel connection 5 I
150 |
I

100

ME coefficient oy (mV/cmOe)
o
o

0 2 4 6 8 10 12 14 16

Magnetic Field (kQOe)

Fig. 3.12  Calculated relationship between ME coupling coefficient and the mag-
netic field under a static DC bias for PZT - CFO composite with ideal parallel con-

nection, series connection and 0 - 3 type connectivity.

It should be noted that the relationship between the coupling coefficient and the
DC magnetic bias is linear in Fig. 3.12. This is under an ideal condition that in all the
regions within the composites, the strain ratio between PZT and CFO is of a consis-
tent value. However, in real materials, the strain ratio between these two phases va-

ries everywhere in the composites. This will cause the ag-Hpc curve to be a slow in-
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creased into the maximum value, followed by a slow drop to zero in real materials.

3.8 Summary

To summarize, we have investigated the crystalline structure of PZT - CFO par-
ticulate composites via XRD measurement and studied the lattice parameter of both

components under electric field. The results are outlined as below:

(1) PZT - CFO particulate composites were prepared by conventional ceramic
sintering process. According to the microstructure and XRD characterization under

no external field, the composites are of high crystalline quality.

(2) When applying a static electric field to the composites, coupled distortion in
crystal lattice of the components was observed. The change in lattice parameter un-
der external field gives direct evidence for the mechanical interaction between these
two phases. Such finding is the first observed evidence about coupling in 0 - 3 type

magnetoelectric composites in the grain lattice scale.

(3) A correlation between lattice distortion and the magnetoelectric coupling ef-
fect has been established. Simple models were proposed to estimate the ME coupling
coefficient based on the mechanical interaction between CFO and PZT under ideal

cases.
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CHAPTER 4
Magnetoelectric coefficient vs. microstructures in pie-
zoelectric/magnetostrictive composites:

A numerical approach

4.1 Introduction

In Chapter 3, we observed that lattice distortion happened when the ME compo-
sites was placed under an electric field, which gave a direct evidence about the
long-existing assumption that the magnetoelectric effect in composites was based on
the mechanical interaction between the components. In this Chapter, we try to de-
velop a numerical approach based on finite element analysis method to estimate the
magnetoelectric effect in any given structures. The core of this approach lies in the
mechanical coupling between the piezoelectric phase and the magnetostrictive phase
at their interface, and the commercial software COMSOL 3.5a is employed to simu-
late their interaction. Besides, we develop a method to evaluate the coupling effi-
ciency in composite materials. This method relates the lattice coincidence to the
coupling efficiency, and explains existing experimental results in the literature rea-

sonably.

Before the analysis, we need to give a brief introduction of the theoretical work
in the literature. There have been continuous efforts to establish the relationship be-
tween ME property and composite structure. For example, Harshe and Newnham
presented a way to derive the coefficient by assuming a relatively simple cube model,

in which the 0 - 3 particulate composites were considered as consisting of small
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cubes, and then solved the fields in one cube for which the boundary value problem
involved is tractable; [128, 148] Srinivasan et al developed a theoretical model for
ME coupling in layered magnetostrictive/piezoelectric samples; [46, 70, 83] Bichurin
and Petrov developed a generalized effective medium method for calculating the
composite ME effect by introducing an interface coupling parameter k for characte-
rizing actual bonding conditions at the interface; [149] Dong et al calculated the ME
coupling in the dynamic cases with equivalent circuit model; [150] and Nan et al

gave a model based on Green’s function method. [151 - 154]

Apart from these analytical methods, some indirect simulation methods based
on commercial software were also introduced to analyze ME composites. For exam-
ple, Liu et al noticed the fact that the constitutive equations of magnetostriction and
piezoelectric effect are identical. They used two groups of piezoelectric models (one
of which is replaced by the magnetic phase) to analyze the ME effect at resonant

frequencies. [155] However, this method is only restricted to simple structures.

Having noticed that, we herein proposed a numerical approach through which
the ME coefficient of any given ME system can be predicted (stated in Section 4.2).
This approach is based on finite-element analysis method. With this method, the
electric response of a composite to an applied magnetic field can be calculated di-
rectly, thus giving a clear relationship between output electric field and input mag-
netic field. Two simple examples are also given to explain the method (Section 4.3).
In Section 4.4, we focus on the coupling factor (k.), the parameter describing the ME
interfacial coupling efficiency, which has been discussed in the literature but still

lacks an accurate physical understanding. We propose an evaluation method to esti-

SUN Li 80


file:///D:\Dropbox\��ҵ����\second%20version-0623\Revised%20CHAPTER%205-Manumerical%20approach.docx%23_ENREF
file:///D:\Dropbox\��ҵ����\second%20version-0623\Revised%20CHAPTER%205-Manumerical%20approach.docx%23_ENREF

2>

mate the value of the coupling factor k. for composites with any given structures,

which explains the existing experimental results reasonably.

4.2 Theory and simulation method

4.2.1 General consideration

The ME effect in composites is generally believed to be achieved through me-

chanical coupling. That is, the ME coefficient, a, can be expressed as:

P POS

a=—=k ———=ke"" (4-1)
oH oS ¢oH

where H is the externally applied magnetic field, S the mechanical strain exhibited at
interface of the two component phases, P the resulting electrical polarization within
the piezoelectric phase, e™ and e’ the piezomagnetic and piezoelectric coefficient,
respectively, and k. is defined as the coupling factor describing the elastic coupling
between the two constituent phases. In our simulation, we use the magnitude of out-

put voltage (V) to calculate the polarization (P).

4.2.2 Modeling the magnetostrictive effect

The magnetostrictive effect is a sub-problem in ME effect. To the best of our

knowledge, in present commercial finite element analysis software, there is no indi-
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vidual component to express the magnetostrictive effect. The existing simulations of

magnetoelectric effect usually use the linear piezoelectric component in the software
to stand for the magnetostrictive effect. Such substitution limit the modeling of ME
effect only to composites with simple structures. To express the magnetostrictive ef-
fect in complex structures, we need to include it into the software. Our method is

given below.

For different kinds of materials, suitable equations should be selected. In mag-

netostrictive materials, the strain induced by H field can be expressed as:

A=dH (4-2)

where 4 is the strain along the magnetic field, and d is called piezomagnetic strain
coefficient. But in reality, the strain and magnetic field has no linear dependence. In
our simulation, the magnetic phases are of multi-domains, the magnetic moment
orient randomly. In this case, we follow Chikazumi’s approach, then the strain along

any directions i should be: [156]
3 M 1
A ==A[(—)*-= 4-3
=5 s[(MS) 3 (4-3)

Here Asis the magnetostrictive constant, M the magnetization, and M is the sa-

turated magnetization. The negative “1/3” means that the magnetic moments are
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randomly oriented in the material when no magnetic fields applied. In our simulation,

we don’t use “1/3” as we assume the pre-stress is sufficient to align the magnetic

moments perpendicular to the direction of magnetization from the beginning. [157]

When the ME composites is placed in an external magnetic field, the two phases
behaves according to the magnetostrictive and piezoelectric effect respectively. If
physical constraint (e.g., mechanical clamping) exists, the two phases will mechani-
cally interact with each other at the phase boundary till self-consistent. Based on this,
our simulation includes not only the two respective effects described in Eg. (4-1), but
also a self-consistent method, which means that the magnetic field, deformations and
electric field should balance each other. The self-consistent solving process is de-
scribed in Fig. 4.1, which is expanded from Mudivarthi’s sketches. [158] The final

solution should pass all 3 convergent tests.

4.2.3 Numerical approach

The software COMSOL (version 3.5a) is employed in simulation. We expand a
magnetostriction example supplied by the COMSOL group to solve the ME effect.
COMSOL cannot simulate magnetoelectric or magnetostriction directly, so the “mul-
tiphysics mode” of this software is used to do it. As shown in Fig. 4.1, three applica-
tion modes should be added into this model: magnetic analysis, solid analysis, and

piezoelectric analysis, among them the first two are for magnetostriction simulation.
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Fig. 4.1 The process of the self-consistent process.

4.2.4 Simulation process

The simulation process is described as follow:

(1) As we only simulate the static state of the ME composites, at the beginning,
three static modes should be added into a blank COMSOL project: “magnetostatics -
no currents” (which is in the AC/DC module group), “solid stress - strain - static
analysis” (which is in the structure mechanic module group), and “piezo solid - static
analysis” (which is also in the structure mechanic module group, and the piezoelec-

tric effect sub group).

(2) When designing the structures for simulation, a big bulk shape which is cor-
responding to the air in the environment which is used to offset the boundary effect

should be added to cover the whole structure usually. Then the whole structure can
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be separated into three kinds of subdomains: magnetic phase, piezoelectric phase,

and air phase. The three application modes should be active or not in different sub-
domains after designing: the “piezo solid mode” must be active in subdomains which
stand for piezoelectric phases, but it should not be active in other domains. The “sol-
id stress - strain mode” must be active in magnetic domains, but not for others. The
“magnetostatics mode” is different; sometimes this mode should be active in all do-

mains, as the magnetic field exists everywhere usually.

(3) In the “magnetostatics mode”, the relationship B vs. H (bold letters mean
vector) is the most important property. Simply, the following two formulas are com-

monly used:

B = puH (4-4)

B=f(H e, (4-5)

EQ. (4-4) is very basic and can be used in most of nonmagnetic phases (air and
piezoelectric phases in this model). In Eq. (4-4), ey presents the unit vector along the
H field, this formula is often used for magnetic phases, as the magnetization (M) of
most of the magnetostrictive materials is nonlinear to H field. This relation can be

taken from the experimental data, and be set in “functions” in COMSOL options.

(4) In the “solid stress - strain mode”™, the Young’s modulus, Poisson’s ratio, and

density should be typed in. Also, the strains root in the magnetostriction must be set
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somewhere, because this is the key to combine magnetic and mechanics into magne-

tostriction. In this project we follow COMSOL group’s advice, [157] and set the

strains as initial value in this mode.

(5) In the “piezo solid mode”, the piezoelectric tensor and mechanical properties
are needed. Sometimes to import them from the materials library in COMSOL and

add modification is enough.

(6) Suitable boundary conditions which should be corresponding to the experi-
ments should also be set for each mode. Static magnetic field can be obtained by set-
ting the magnetic potential in magnetic mode boundary conditions of air environment.
After solving the model, the boundary integration (COMSOL provides this function)
of electric potential on the top surface will be calculated, to get the average value of

the voltage.

(7) The “nonlinear solving method” should be appointed as this is a nonlinear

and self-consistent problem.

4.3 Results and discussions

To verify the feasibility and accuracy of our method, we use two typical struc-
tures in ME composites to explain the modeling process of our method. In the two
composites, we use CoFe,0,4 (CFO) as the magnetostrictive phase and PZT-5H as the

piezoelectric phase.
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4.3.1 1-3composite

As shown in Fig. 4.2 (a), the 1 - 3 type ME composite is structured with 9 pie-
zoelectric rods (painted in pink, cylindrical rods with radius of 0.1 cm) arrays em-
bedded in a magnetic cubic matrix. The size of the magnetic cube is set as 1x1x1
cm?, and the distance between the nearest two piezoelectric rods is 0.25 cm. The vo-
lume percentage of the piezoelectric phase in this model is 28 %. All the PZT-5H
rods are poled along the z axial direction. Mechanical and electric boundaries are set
to both the bottom and top surfaces of the sample. The bottom surface is fixed and
grounded, while the top surface is fixed with a free electric boundary. In simulation,
we apply a H field (0 ~ 4x10° A/m) perpendicular to the top and bottom surfaces of
the composites, and a gradient distribution of electric potential can be observed from
within the piezoelectr