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Kurzfassung

Die mögliche Kopplung von elektrischer Polarisation und der Magnetisierung

in magnetoelektrischen Materialien, hat enormes Interesse an derartigen Verbin-

dungen innerhalb der letzten zwanzig Jahre ausgelöst. Die Kombination von

ferroelektrischen und magnetischen Materialien in neuartigen Kompositverbin-

dungen ermöglicht magnetoelekrisches Verhalten bei Raumtemperatur.

In dieser Arbeit werden magnetoelektrische Pulver-Komposite aus mag-

netostriktivem CoFe2O4 und piezoelektrischem BaTiO3 bzw. CoFe2O4 und

Pb(ZrTi)O3, hergestellt mittels verschiedener Sol-Gel-Synthesemethoden, prä-

sentiert. Auÿerdem wird der Ein�uss von chemischer Synthese und Produk-

tionsparametern wie Stoichiometrie, Sinter- und Presskonditionen auf den

magnetoelektrischen Koe�zienten und auf die Mikrostruktur der Verbindun-

gen untersucht. Der Sol-Gel Prozess überzeugte im Vergleich mit herkömm-

lichen keramischen Methoden bzw. mechanischem Vermischen der Ausgangs-

sto�e durch das Erreichen einer homogenen Mikrostruktur, hoher Dichte

und guter Verteilung von Ferrit- und PZT-Partikeln. Das Komposit mit

der Zusammensetzung 55% Kobaltferrit and 45% PZT, gesintert bei 1000°C

für zwei Stunden, erreichte den höchsten magnetoelektrischen Koe�zienten

von α=2.97 mV/(cm*Oe).

Eine neue Messmethode zur Charakterisierung magnetoelektrischer Verbindun-

gen, bestehend aus einem magnetischen Pulsfeld und eine ladungssensitiven

Verstärker, wurde ebenfalls entwickelt. Dieses Messverfahren ermöglicht eine

direkte Messung, der durch das Pulsfeld entstehenden elektrischen Ladung.

Im Vergleich zur weit verbreiteten dynamischen Methode können hier Fre-

quenzabhängigkeiten und Entladungsphänomene, die das Messergebnis bee-

in�ussen, vermieden werden.
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Abstract

The strong coupling of electric polarization and magnetization in magneto-

electric materials has attracted tremendous interest of researchers over the

last 20 years. The unobstructed combination of ferroelectric and magne-

tostrictive materials in composites allows magnetoelectric behavior even at

room temperature.

In this work we present di�erent sol-gel routines for bulk composites of

magnetostrictive CoFe2O4 and piezoelectric BaTiO3 as well as CoFe2O4 and

Pb(ZrTi)O3. We investigate the in�uence of chemical synthesis and produc-

tion parameters such as stoichiometry, sintering and pressing conditions on

the magnetoelectric coe�cient. This o�ers new insights into the correlation

of microstructure and magnetoelectricity. We found the sol-gel process most

convincing through homogeneous microstructure, high density and e�cient

particle dispersion compared to conventional ceramic methods and mechan-

ical mixing. A composition of 55% Cobalt Ferrite and 45% PZT, sintered at

1000°C for 2 hours, provided the maximum magnetoelectric response with

2.97 mV/(cm*Oe).

Furthermore we present a novel measurement setup for composite charac-

terization, combining a magnetic pulse �eld and a charge ampli�er. This new

method o�ers a direct approach of magnetoelectric measurement through

processing electric charges caused by a magnetic pulse. Compared to the

state-of-the art dynamic method, frequency dependencies and discharging

processes do not occur and hence this new measurement setup will open new

avenues for characterization of bulk ME materials.
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Chapter 1

Introduction: The

Magnetoelectric E�ect (ME) an

Overview

1.1 History of the ME E�ect

The magnetoelectric e�ect can be de�ned as the dielectric polarization of a

material in an applied magnetic �eld MEH- e�ect or as an induced magneti-

zation in an external electric �eld MEEe�ect [1]. Already at the beginning of

the 19th century P. Curie introduced the possibility of an intrinsic ME behav-

ior as a result of symmetry considerations [2]. The term magnetoelectric was

suggested by Debye [3] decades after Curie mentioned his ideas. Dzyaloshin-

skii perpetuated the symmetry considerations of predecessors and explicitly

predicted the possibility of the ME e�ect for Cr2O3 [4]. First successful

experimental realization followed also in the early 1960's when magnetically

induced polarization and electric-�eld induced magnetization were con�rmed

by Astrov and others in crystals of Cr2O3 [5] [6]. Below the antiferromagnetic

Neel-temperature of 307 K ME e�ect peaked at α=4,13 ps m-1. Despite the

obvious breakthrough for ME research the relatively small magnitude of the

ME e�ect in Cr2O3 as well as the required low temperatures prohibited pos-

sible technical applications. However the possibility of mutal control between

8



CHAPTER 1. INTRODUCTION 9

magnetic and electric order made further search for new magnetoelectric ma-

terials interesting.

About ten years after the �rst detection of the ME e�ect Van Suchtelen

and others at the Philips Laboratries in the Netherlands tried to overcome

that problem by combining magnetoelastic (piezomagnetic) and ferroelectric

materials via strain mediation. Through unidirectional solidi�cation they

formed a eutectic composite of magnetostrictive CoFe2O4 and ferroelectric

BaTiO3 [7, 8]. Magnetoelectric voltage coe�cients of up to 130 mV/(cm*Oe)

corresponding to α=720 ps m-1 [9] outmatched performance of single phased

materials by up to two orders of magnitude.

Despite the obvious success in ME research, it took until the 1990s when

interest in new magnetoelectric materials rapidly started growing. New topics

of interest related to ME interactions came up and modern experimental

techniques as well as new theoretical concepts lead to a subsequent boom in

magnetoelectric research over the last two decades shown in Fig. 1.1.1. The

wide range of possible application of magnetoelectric materials as sensors,

acutators, transducers, dual electric-�eld and magnetic-�eld tunable devices

as well as memory devices drives scientists all over the world to �nd new

substances and optimize respective magnetoelectric performance.

1.2 Single-Phased Materials

The term multiferroism has been introduced by Schmid [11] in order to de-

scribe materials showing the coexistance of either two or all three properties

of ferroelectricity, ferromagnetism as well as ferroelasticity in a single phase.

Magnetoelectricity per de�nition requires the �rst two of the mentioned.

However the number of materials exhibiting a combination of those qualities

is strongly limited for a various reasons.

A primary requirement for ferroelectricity is a structural distortion from

a typically temperature dependent high symmetry phase that breaks spacial

inversion. There are 31 point groups that allow spontaneous polarization

P. Spontaneous magnetization is invariant to spacial inversion however time

reversal is not an allowed operation limiting the number of possible point
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Figure 1.1.1: Publications per year with �magnetoelectric� as a keyword ac-
cording to ScienceDirect [10]

groups also to 31. Overall thirteen point groups (of overall 122 Shubnikov

point groups) allow the coexistance of both properties in the same phase.

Ferromagnetism has its microscopic origin in the presence of localized

electrons, preferably in partially �lled d- and f-orbitals of transition- and rare

earth metals. These electrons show a locally corresponding spins and hence a

magnetic moment. The interaction of those local magnetic moments enables

a magnetic order. The direction of this spontaneous magnetization can be

changed by application of an external �eld and above the Curie-temperature

Tc overall magnetic order is lost, magnetic moments are oriented randomly

and a paramagnetic behavior is the result.

Ferroelectricity per de�nition is the phase transition from a ordinary di-

electric phase at high temperatures to a low temperature phase were polariza-

tion occures spontaneously and its direction can be switched by an external

electric �eld. Oxide structures with the chemical formular ABO3, see Fig.

1.2.1a), (A being an ion at the lattice corners, typicalle rare-earth or alkali

metals, B being a small cation at the center of the lattice), called perovskites,
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Figure 1.2.1: a) cubic perovskite structure . Small B-cation (black) in the
center of an octahedron of oxygen anions (grey). Large A cations in the
corners of the unit cell. b) hexagonal perovskite structure. The small B-
cation is �ve-fold coordinated by oxygen anions [12]

for example BaTiO3 , show such characteristic phase tranistions achieving

spontaneous polarization through the o�-center distortion of the cation. It

is commonly believed that ferroelectricity in conventional perovskites is pos-

sible because of ligand �eld stabilization in which the formally �lled oxygen

2p states donate electron density into the formally empty d-states of the

transition metal cation as it moves o�-center. In contrary to ferromagnetism

vacant d-oribital states are required. This so called �d0- dn� problem has

been subject of intensive theoretical studies [12, 13].

Consequently a coexistance of ferroelectricity and ferromagnetism in a

single phased material should be inconsisent with mentioned theories. How-

ever up to the 1990s multiferroic behavior was found in about 80 compounds

like Ti2O3 , GaFeO3, several boracite, and phosphate compounds, solid soli-

tuions like PbFe0,5Nb0,5O3 summarized elsewhere [9].

1.2.1 Magnetically Induced Ferroelectricity

In recent years two classes of single phased multiferroic materials emerged.

The �rst class is formed by materials, were a non centrosymmetric magnetic

ordering breaks the inversion symmetry and induces a ferroelectric state.

Therefore a those materials usually show a particularly strong magnetoelec-
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tric coupling since the polarization is intimately coupled to magnetic order-

ing. Representatives of this class of magnetically induced multiferroism are

orthorhombic TbMnO3 or TbMn2O5. Only the presence of a magnetic order

enables spontaneous polariztion. The strong coupling between magnetism

and ferroelectricity appears by application of an external �eld which, in case

of TbMnO3 �ips the direction of the polarization in a 90° angle, when ap-

plied in a certain direction [14]. In TbMn2O5 the e�ect is even stronger hence

polarization changes sign with the external �eld and switching between -1,5

T and 1,5 T causes corresponing oscillations in the polarizations [15]. Mag-

netically induced polarization caused great excitement among researchers

because of the unusual strong coupling of ferromagnetism and ferroelectric-

ity. However such coupling requires low temperatures (for TbMnO3 below

T= 30K).

The second class is made of multiferroics where ferroelectric and magnetic

order emerge independently. These were the �rst multiferroics discovered and

a larger number of materials can be found among this class. Usually these

types of multiferroics are good ferroelectrics and critical temperatures for

magnetic and electric ordering are often above room temperature. Ferro-

electricity is again the consequence of non-centrosymmetric structure and

magnetic order occurs unrelated in di�erent parts of the unit cell. Conse-

quently the coupling between magnetism and ferroelectricity is rather weak

and also a valid explanation for simultaneous existance of both properties

has not yet been presented. Di�erent mechanisms for multiferroic behavior

within this class of materials have been identi�ed and a small selection of

them follows.

� Several ferroelectric perovskites show additional magnetic order despite

the inconsistency with occupied and free d-orbitals in the transition

metal. A way around the �d0- dn� may be found through a formation

of mixed perovskites with d0 and dn transition metals.

� The most prominent member of this class of multiferroics is BiFeO3.

The Bi3+ion plays a critical role in ferroelectricty. These ions posses

two outer 6s electrons that do not participate in chemical bond. These
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so called �lone pairs� have a high polarizability and on microscopic level

the origin of ferroelectricity in these compounds can be explained by

ordering of these lone pairs (with certain admixture of p orbitals) in

one direction [16].

� YMnO3 crystallizes in hexagonal perovskite structure shown in Fig.

1.2.1b). Ferroelectricity in YMnO3 has nothing to do with magnetic

Mn3+ but rather is a result of the tilting of MnO5 block and a simul-

taneous shift from oxygen ions to the Y sites resulting in a change in

respective bond-lengths and a subsequent polarization [17]

BiFeO3 is the most intensively studied single phased multiferroic. The sim-

ple explanation lies within the very high ferroelectric Curie-temperature

Tc∼1103 K as well as a high antiferromagnetoc Neel-temperature TN∼643 K,
both well above room temperature and thus extremly interesting for possible

applications. Ferroelectricity in BiFeO3 has been known for a long time al-

though its magntitude is much lower than in typical ferroelectric perovskites

like BaTiO3 or PZT.

BiFeO3 shows classic antiferromagnetic behavior meaning neighbouring

Fe-moments are aligned antiparallel. Those alignments are in fact not per-

fectly antiparallel, leaving a small canting moment. Investigations of BiFeO3

thin �lms lead to very promising results in terms of enhanced ferroelectric-

ity and stronger magnetoelectric coupling compared to bulk or even single

crystal material [18]. The recently reported ferroelectic switching of anti-

ferromagnetic domains in BiFeO3 at room temperature, as a result of the

respective reaction to an underlying ferroelastic domain structure [19], paves

the way for extended discussion of approaching to control and switch mag-

netic properties by an electric �eld.

1.3 Magnetoelectric Composites

Parallel to the experiments with single-phased ME materials, the idea of com-

bining two seperate materials with either magnetostricitive or ferroelectric
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properties in one composite found positive resonance. The physical proper-

ties of a material that is formed from two or more single-phased constituents

depend both on the properties of the constituents and on the respective

interaction between them. Combinations of two or more materials into a

composite can result in three di�erent e�ects [9] graphically shown in Fig.

1.3.1:

� Sum properties: the resulting e�ect is a weighted sum of the respective

contributions from the original materials, the weight determined by the

fraction of each constituent. Density or resistivity are expamples for

this kind of composite.

� Scaling or combination properties: the amplitude of the e�ect is higher

for the composite than for the constituent materials meaning an en-

hancement of the average e�ect.

� Product properties: A new e�ect is present in the composite which is

not represented in either one of the consituents. The fraction as well as

the connectivity between the consituents determine the resulting e�ect.

Van Suchtelene et al. [7] were the �rst to propose and realize a combination

of magnetostrictive and piezoelectric materials to obtain a magnetoelectric

composite of magnetostrictive CoFe2O4 and ferroelectric BaTiO3. Although

neither constituent shows ME behavior, the product properties of magne-

tostriction and piezoelectricity result in a magnetoelectric e�ect. Exposing

the composite to a magnetic �eld induces a strain in the magnetostrictive

material which is translated to the piezoelectric constituent, where it causes

electric polarization.

The ME e�ect of this kind of composite can be written as [20]

MEE E�ect =
electrical
mechanical

× mechanical
magnetic

or

MEH E�ect =
magnetic
mechanical

× mechanical
electric
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Figure 1.3.1: Graphic scheme of composite properties [21]
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Figure 1.3.2: Schematic illustrations of three composites with di�erent con-
nectivity schemes: a) 0-3 particulate composite, b) 2-2 laminate composte,
c) 1-3 �ber/rod composite [22]

The fact that the combination of piezoelectricity and magnetostriction

results in a large magnetoelectric response to a magnetic �eld at room tem-

perature makes magnetoelectric composites very intriguing for technical ap-

plication and enhanced intensive research for suitable material compositions.

1.3.1 Types of ME Composites

Over the years three di�erent kinds of ME composites have been established

from a microstructural point of view (also see Fig.:1.3.2).

� A 0-3 type particulate composite, which is generally a magnetoelastic

material embedded in a piezoelectric matrix

� A 2-2 laminated structure, consisting of multilayered magnetostrictive

and piezoelectric materials

� A 1-3 �ber composite, with �bers of one phase embedded in the other

phase, e.g. self assembled, monolayer nanostructures

All of those di�erent types of composites o�er a variation of advantages

and disadvantages. Particulate composites (0-3) are in most cases very easy

to produce, e.g. through standard ceramic processes. However, the use of

ferrites in those ceramic composites often deteriorates the insulation of the

�nal material as a result of the conductive or semi-conductive behavior of

most ferrites. Leakage problems restrict the polarization process and thus

lower the possible ME output. To overcome this problem a high dispersion of
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Figure 1.3.3: ME laminate composite using Terfenol-D and PZT discs. a)
schematic structure, b) photograph of the composite [21]

ferrite particles in a piezoelectric matrix is desired. Several approaches were

taken to achieve such a structure, e.g. core-shell type composites [23], but

until now materials with a ferrite core in a piezoelectric shell have not been

ideally realized due to di�culties in the very complex chemical preparation.

Compared to the particulate composite ceramics, 2-2 laminate composites

with altering ferrite and piezoelectric layers, show a higher ME e�ect due to

elimination of the leakage problem. Intriguing ME voltage coe�cients were

presented by Ryu et al. [21], who combined the highly magnetostrictive alloy

Terfenol-D with PZT by bonding discs together by means of an epoxy-based

adhesive and ME voltage coe�cients were ∼5 V/(cm*Oe) at a bias �eld of

Hdc= 4000 Oe and Hac= 1 Oe at 1 kHz.

Following this publication many others synthezised laminated compos-

ites of highly magnetostrictive alloys and mostly PZT or piezoelectric single

crystals. Dong et al. [24] reported a giant magnetoelectric voltage coe�cient

by combining a 1D phase connected piezoelectric PZT-�ber layer laminated

between two two-dimension (2D) phase connected high-permeability mag-

netostrictive FeBSiC alloy (Metglas, amorphous alloy ribbon, produced by
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rapid solidi�cation) foils, forming a magnetoelectric laminate with a (2-1)

phase connectivity, reaching a ME voltage coe�cient of α=22 V/(cm*Oe) at

Hdc= 4 Oe and Hac= 1 Oe at 1 kHz.

However bonding by means of a strong epoxy adhesive leads to losses in

the translation of strain since even thin layers of adhesive absorb the strain

partly. For the very temperature sensitive magnetic alloys high temperature

processing is not possible. For ceramic oxides co-�ring processes proved quite

successful [25]. Similarly to the 0-3 type particulate composites high temper-

ature sintering is still a challenge. Occasionally high temperature triggered

interdi�usion between magnetic and ferroelectric materials and deteriorated

interfacial coupling. Additionally thermal expansion mismatch between two

phases can lead to pores or cracks during cooling and consequently high ME

response in co�red laminated composites is not easy to achieve. In multi-

layered structures ME signal loss occurs due to non su�cient conductivity

of the ferrite phase. The losses can be reduced by introduction of internal

electrodes (e.g. Ag, Ni) between ferroelectric and magnetic layers.

1.3.2 Nanostructured Composite Thin Films

Developement of modern proccessing techniques like pulsed laser deposition

(PLD), molecular beam epitaxial, and sputtering, and chemical processing,

such as sol-gel and spin-coating initiated research and production of nanos-

tructured ME composite �lms in recent years [26, 27, 28]. Compared to

bulk ME composites nanostructured �lms o�er additional degrees of free-

dom, such as lattice strain or interlayer interaction to modify ME behavior.

The coupling interaction between magnetostrictive and piezoelectric phases

is still due to elastic interaction but enhanced interfacial bonding in nanos-

tructured composites strongly a�ects the ME output.

Similarly to bulk ceramic composites there are also three types of nanocom-

posite thin �lms [22]:

� 0-3 type structures with magnetic spinel nanoparticles embedded in

ferroelectric �lms. Wan et al. synthesized a PZT-CFO composite us-

ing a sol-gel process and spincoating technique. The �lms show good
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ME performance of ∼300 mV/(cm*Oe) and strong dependence on mag-

netic �eld frequency [29]. This type of structure however has not been

reported very often compared to the following.

� 1-3 type heterostructures (vertical nanostructures) were the �rst ME

nanocomposites reported by Zheng et al. [27]. CoFe2O4 nanopillars

were embedded into a matrix of BaTiO3 by means of pulsed laser de-

position. Although design and control of such heterostructures is a de-

manding challenge these 1-3 type nano�lms have gained the substantial

attention in recent years. ME coupling has been demonstrated through

switching of the magnetization through reversal of electric polarization

[30]. A reduced clamping e�ect by the substrate and a more e�cient

strain coupling resulting from a larger interfacial surface area provided

by the vertical architecture could explain such behavior. However a

direct measurement of the ME coe�cient has not yet been reported

due to leakage problems resulting from low resistance of the magnetic

pillars in the ferroelectric matrix.

� 2-2 type heterostructures (horizontal nanostructures) conisting of al-

ternate layers of ferroelectric and magnetic oxide. These structures are

easier to fabricate and leakage problems do not occur. However the ME

e�ect is rather weak compared to other composite types due to large

in-plane constraints from substrates. Several 2-2 type combinations

of ferroelectric perovskites (BTO, PZT) and magnetic oxides (CFO,

NFO) have been grown via PLD or sol-gel spincoating processes and

summarized elsewere [22].

1.4 Applications

The possibility to in�uence electric polarization through a magnetic �eld

or magnetization through an electric �eld makes magnetoelectric materials

extremely interesting for a wide range of applications such as sensors, trans-

ducers, �lters, oscillators, phase shifters, memory devices, microwave devices

and so on.
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Especially bulk composites exhibiting the ME e�ect at room temperature

as well as sinlge phased BiFeO3 have drawn great attention for implementa-

tion into new technologies.

1. Magnetic Sensors: Exposing a magetnoelectric material to a mag-

netic �eld, the magnetic phase strains and produces a proportional

charge in the piezoelectric phase. Therefore highly sensitive magnetic

�eld sensors can be produced using materials with high ME coe�-

cients. Dong et al. [31] reported a novel push-pull layered compos-

ite of Terfenol-D and Pb(Mg1/3Nb2/3)O3 which showed high sensitivity

to ac-�elds from 10-11 T to 10-3 T. Operated at resonance frequency

of f =77,5 kHz the sensitivity even reached 1,2x10-12 T. Israel et al.

found ME behavior in industrially manufactured multilayered capaci-

tors (MLCs). Costsaving replacement of Ag and Pd in electrodes with

Ni in MLCs with BaTiO3 as dielectric enabled direct ME e�ect in mass

producable MLCs at a unit price of 1 Cent [32]. The maximum ME

output dV/dH=7 mV/(cm*Oe) which is not large but given the cheap

production cost, room temperature function without additional electric

power make those MLCs very interesting for magnetic �eld sensors,

transducers or energy harvesters.

2. Energy Harvesting: The desire for wireless charging of electronic

devices by converting ambient energy into electric energy has become

a huge �eld of present research [33, 34]. An ME energy harvester typ-

ically consists of one or multible cantilever beams, a magnetic circuit

and a ME composite, see Fig.1.4.1a). The ME transducer, a ferroelec-

tric sandwiched between to magnetostrictive layers is placed on the tip

of the cantilever which vibrates within the magnetic circuit shown in

Fig. 1.4.1b), e.g. NdFeB permanent magnets.

Vibration of the cantilver causes relative motion between the ME

transducer and the magnetic circuit and through alternating magnetic

�eld the magnetostrictive phase will generate stress which is transferred

to the ferroelectric and consequently electric charges are produced.

These transducers typically work best at their respective resonance fre-
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Figure 1.4.1: Schematic diagram of a ME energy harvester a) and the ME
transducer in the permanent magnetic �eld b) [33]

quency, consequently for technical application a broad frequency band

and low frequencies are desired and subject of current research.

3. Transformers: Dong et al. recently designed and prototyped reso-

nance type laminated composites with strong ME coupling and a large

voltage gain e�ect [35, 36]. Long type ME laminates consisting of

Terfenol-D and PZT layers showed a large gain of the input ac-voltage

at the laminate's resonance frequency due to strong magnetoelectric

coupling. The large voltage gain under resonant drive o�ers great po-

tential for high-voltage miniature transformer applications.

Fig.1.4.2 shows the voltage gain Vout/ Vin as a function of the drive fre-

quency for a ME transformer. In addition to the frequency dependence

the ME output also strongly depended on the DC-bias �eld because of

the �eld dependence of the piezomagnetic coe�cient of Terfenol-D.

4. Microwave Devices: Microwave signal processing devices such as res-

onators, phase shifters or �lters are an important part of modern tech-

nology. ME ceramic composites represent a promising new approach

for a new class of fast electric �eld tunable, low power microwave de-

vices compared to the state-of-the art magnetic tuning, which is slower

and more energy consuming. Application of an electric �eld E to a

piezoelectric transducer results in a mechanical strain coupled to the

ferrite and consquently leads to a shift of the resonance �eld [37].

Fetisov et. al presented a device concept for a magnetoelectric mi-

crowave resonator that is tunable by an electric �eld and working based
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Figure 1.4.2: Voltage gain of ME transformer, consisting of Terfenol-D and
PZT layers, as a function of the drive frequency. Under resonant drive a
voltage gain factor of ∼270 is achieved, magnetic bias �eld in�uences the
resonance frequency as well as the gain factor [35]

Figure 1.4.3: Diagram showing a microstripline resonator with a bilayer of
lead zirconate titanate (PZT) bonded to (111) yttrium iron garnet (YIG)
�lm on gadolinium gallium garnet (GGG) substrate [38]
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on the principle mentioned above. Through the application of the elec-

tric �eld a shift of the FMR (ferromagnetic resonance) due to the strain

in the ferrite was observed. Since YIG resonators form the basis for

bandpass and bandstop �lters YIG-PZT resonators would allow faster

and energy e�cient electric �eld control of such devices [38].

5. Memory Devices: The possibility of controlling the magnetization

via an electric �eld or electric polarization via a magnetic �eld makes

magnetoelectric materials interesting for the developement of novel

memory devices. Both ferroelectrics and magnetic materials are up to

now in use for binary memory storage in FeRAMs (ferroelectric random

access memory) and MRAMs (magnetic random access memory). FeR-

AMs o�er fast access speeds and high densities but require destructive

read and reset operations. MRAMs however cannot achieve compara-

ble access speeds and are more energy consuming, however su�er no

limiations concerning their endurance.

The combination of the best properties of both types of memories could

be achieved through magnetoelectrics allowing fast low power electric

writing operations and non-destructive magnetic data reading [39]. In

those novel MERAMs magnetoelectric coupling enables to control the

magnetization of the ferromagnet via the coupling interface between

the ferromagnet and the multiferroic so that ultimately the magnetiza-

tion can me switched by the electric polarization of the multiferroic.

In BiFeO3 as mentioned in Sec. 1.2.1 the coupling of antiferromagnetic

and ferroelectric order parameters has been observed recently [19]. Chu

et. al were the �rst to report magnetoelectric manipulation of magne-

tization at room temperature. Small micrometer sized CoFe elements

were deposited on BFO �lms and subsequently the magnetic domain

structure of the CoFe exhibits systematic coupling with the antiferro-

magnetic spins in BFO. Application of an in-plane electric �eld modi�es

the domain structure of the CoFe particles by rotating the magnetiza-

tion 90°. A reversal of the e�ect occurs by applying a �eld with opposite

polarization [40].
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Figure 1.4.4: Sketch of a possible MERAM element. [41]

These experiments present a huge step towards novel magnetoelec-

tric memory devices although many issues remain unresolved, such as

vertical geometry, low write voltages, high frequency operation and

nanoscale devices [41].

In Fig. 1.4.4 a schematic diagram of a MERAM element is presented.

The binary information is stored by the magnetization direction of the

bottom ferromagnetic layer (blue), read by the resistance of the mag-

netic trilayer (Rp when the magnetizations of the two ferromagnetic

layers are parallel), and written by applying a voltage across the mul-

tiferroic ferroelectric� antiferromagnetic layer (FE-AFM; green). Suf-

�cient coupling presumed reversing the polarization in the multiferroic

changes the resistance of the magnetic trilayer from parallel to antipar-

allel resulting in a hysteretic dependence of the device resistance with

the applied voltage.

1.5 Objectives Of This Work

The main purpose of this work is to implement a new measurement technique

for magnetoelectric characterization as well as to explore new synthesis routes

for magnetoelectric bulk composites. The combination of a Hirst Industrial
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Pulsed Field system and a charge ampli�er o�ers a very direct approach

for ME measurements. For the novel measurement setup a sample holder

for ME composite discs had to be designed and constructed and the charge

ampli�er had to be implemented and calibrated in an already exisiting pulse

�eld measurement system.

Parallel new synthesis routes for magnetoelectric composites of magne-

tostrictive CoFe2O4 and piezoelectric BaTiO3 or Pb(ZrTi)O3 were explored.

Following the establishment of a sol-gel synthesis route all prepared sam-

ples were investigated by microstructural, magnetic, magnetostrictive and

magnetoelctric measurements.

Variation of production parameters such as stoichiometry, sintering tem-

perature, pressing and polarization conditions on the physical properties of

the composite powders were investigated in several experiments in order to

�nd an optimal production routine for maximum magnetoelectric output and

increase the understanding of in�uencing factors on the ME coe�cient.
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Measurement Technique

2.1 Methods For ME Characterization

Although the research in magnetoelectric e�ect experienced a huge renais-

sance over the last decade, there still is no general method for determining

the magnetoelectric performance of respective materials. Therefore a com-

parison of experimental results is di�cult and a well established, reliable

measuring technique is desperately needed.

Meanwhile a broad variety of di�erent measuring methods has been pub-

lished. A few years ago a static or quasi static methods were introduced.

Both use a high impedance electrometer and a DC magnetic �eld. The ME

signal is de�ned as a function of the magnetic �eld in the static method [42]

and as a function of time by varying the magnetic �eld linearly in the quasi

static method [43].

A very common way of determining the magnetoelectric e�ect is a dy-

namic approach where a AC magnetic �eld, produced by a Helmholtz coil,

is superimposed to a parallel DC bias �eld H provided by an electromag-

net. The sample is placed in the magnetic �eld and the resulting AC voltage

caused by the electromagnetic e�ect is measured by using a Lock-In ampli�er

[44]. The resulting ME coe�cient is

dE

dH
=
Vout
h0d

26



CHAPTER 2. MEASUREMENT TECHNIQUE 27

where d is the e�ective thickness of the sample, Vout is the output voltage

and h0is the amplitude of the AC �eld.

Figure 2.1.1: Scheme of experiment setup for the dynamic method. An AC
magnetic �eld, produced by the Helmholtz Coil is superimposed to a DC
bias �eld from electromagnets. AC-voltage caused by ME interaction in the
sample is measured using a Lock-In ampli�er.[44]

By using a charge ampli�er instead of a Lock-In device a more direct way

of measuring the magnetoelectric e�ect can be provided [21, 45]. Here also a

small magnetic AC �eld is superimposed to a DC bias �eld and the magneto-

electric charge generated in response to the AC �eld is directly measured by

means of a charge ampli�er, converting the charge signal into a proportional

output voltage which is subsequently read out with an oscilloscope.

The dynamic method however cannot provide a direct measurement of

the ME response to a magnetic �eld, only the variation of it in response to

the AC �eld. As pointed out in [44] there are several other disadvantages

such as discharging processes due to the sample's resistance at low and the

capacitance at high frequencies.

Using a pulsed magnetic �eld eliminates some of the mentioned problems.

The voltage across the sample in response to a magnetic pulse of 4-50 ms

duration is ampli�ed an �ltered with a high impedance preampli�er operated

in di�erential mode to avoid induction voltages in the set-up and further

processed using a measurement card [46, 47].

Fetisov and others also used a pulsed �eld technique to study frequency

dependence of NFO-PZT laminated composites by varying the duration of



CHAPTER 2. MEASUREMENT TECHNIQUE 28

Figure 2.1.2: Dynamic method using a charge ampli�er. Electric charges
in the ME sample, caused by AC �eld modulation of the Helmholtz Coils,
are collected by the charge ampli�er, converted into a voltage signal and
processed by measns of an oscilloscope [21]

the magnetic pulse [48]. ME measurementes through piezoelectric coupling,

were a standard, quasi-static piezoelectic coe�cient measurement system is

combined with a magnetic DC bias �eld and a small AC �eld are also possible

[49], as well as the use of a magnetic cantilever to generate AC �elds up to

103 Oe to induce ME voltage response in epitaxial nanocomposite �lms of

BeFeO3- CoFe2O4 [50].

By using the advantages of modern SQUID magnetometry Borisov and

others went away from the more convenient measurement of polarization in-

duced by magnetization and observed the ME e�ect by applying an electrical

�eld through thin copper wires directly on the surface of the Cr2O3 sample

[51].
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Figure 2.1.3: Scheme of the pulse �eld method for ME characterization. The
voltage across the sample in response to a magnetic pulse is ampli�ed and
�ltered with a high impedance preampli�er operated in di�erential mode and
further processed using a measurement card [46]

2.2 The Pulse Field Method Utilizing a Charge

Ampli�er

As stated in section 2.1 the pulse �eld method o�ers several advantages

compared to the dynamic method: frequency dependance and discharging

processes as well as a decreasing modulation �eld at high frequencies among

them. Therefore our group developed a pulse �eld method using a Hirst

Industrial System pulse �eld arrangement. Giap [46] measured the ME re-

sponse to the magnetic pulse through the induced voltage across the sample

by means of a voltage ampli�er operated in di�erential mode. However his

self-designed sample holder was only applicable for samples with a narrow

range of thickness.

Our �rst goal was the design and construction of a new sample holder

in order to perform magnetoelectic measurements regardless of the sample's

thickness, with the magnetic �eld perpendicular to the sample surface. For

stability reasons and non-magnetic behavior poly-vinyl-carbonate (PVC) was

chosen as basic material. Three electric pins with an internal spring �x the
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sample disc on one side, while on the other side a copper-plate on a small PVC

disc presses the sample against the pins by means of a PVC screw, as seen

in Fig.2.2.1. This allows �xing and simultanously generates the necessary

electric contact to the charge ampli�er for a sample thickness ranging from

0.5 mm to a few cm if necessary. Since we are working with a charge ampli�er,

a specially screened low noise cable connects the electric contacts to the

measurement system. Using a conventional cable would induce small noise

charges due to cable movement and thus disturb the measurement.

Figure 2.2.1: Top of the PVC sample holder where the sample is �xed between
a copper-plate and three electric pins. The distance between pins and plate
can be adjusted by the PVC srew on the left.

2.2.1 The Charge Ampli�er (Kistler 5001)

Using a charge ampli�er instead of a voltage ampli�er o�ers the most direct

approach for MEmeasurement since piezoelectric materials exhibit an electric

charge when experiencing mechanical stress. Additionally the non-in�nite

input impedance, as well as the high resistance of the electrically insulating

sample, can cause measurement errors.

By means of the charge ampli�er the generated charge is converted into

a proportional output voltage, which is used as an input variable for our

analysis system. A charge ampli�er basically consists of an inverting voltage

ampli�er with a high open loop gain and a capacitive negative feedback.

The resulting output voltage just depends on charge input and on the range

capacitance U=Q/C.

The charge ampli�er acts as an integrator compensating the generated

charge with one of equal magnitude and an opposite polarity of the range

capacitor. The voltage across the capacitor is proportional to the incom-

ing charge and allows the mentioned conversion of a charge into a usable
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Figure 2.2.2: Kistler Charge Ampli�er 5001

voltage. The selection of the range capacitor also de�nes the magnitude of

ampli�cation.

The output voltage of the charge ampli�er undergoes further ampli�cation

in an operative ampli�er with adjustable negative feedback. The adjustment

is done by means of a potentiometer allowing the device to adapt the output

voltage to a certain calibration constant of an upstream measurement device.

In our case this is of course not necessary, we used the built-in potentiometer

to exactly calibrate the charge ampli�er. Two high-ohm resistances and a

short circuit relay are connected in parallel to the range capacitor. Short

circuiting the capacitance completely discharges the ampli�er and sets the

output voltage to zero. The resistances discharge the capacitance slowly with

a time constant T=RC preventing drifting but making quasi-static measure-

ments impossible.

2.2.2 Operating the Charge Ampli�er

In order to use the device the �operate-reset-remote�- switch must be set to

operate. In the �reset-mode� the range capacitance is short circuited and

the output voltage always zero. For our measurements in the pulsed �eld it

proofed useful to switch to the operate mode just seconds before the pulse
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and stay in reset mode the rest of the time. The �short-long-medium� switch

de�nes the time-constant. For pulse-�eld measurements the setting short is

evident whereas for calibration the switch is set to �long�. Short or medium

time constant simply means that a high resistance is connected in parallel

to the range capacitance thus allowing a slow discharge and consequently

preventing charges from eddy currents and drifting.

The range capacitance set to 103 and the potentiometer to ∼10 (which

means 1) the amplifying factor becomes 1. We used 3 di�erent range settings

of 103, 5x102 and 102 resulting in amplifying factors 1, 2 and 10.

2.2.3 Calibration of the Charge Ampli�er

The calibration of the charge ampli�er can be done by means of an integrated

calibration capacitor with a 1000 pF capacitance. By means of this capacitor

an input voltage generates a charge which undergoes ampli�cation and thus

generates an output voltage. With each mV voltage a charge of 1 pC is

generated. By means of the negative feedback potentiometer the output

voltage can be adjusted to the input voltage.

In our case we aimed for equality of input- and output voltage with a

range capacitance of 1000 pF corresponding to calibration capacitance. A

Siemens �DC-Konstanter� device was used as the source of DC voltage. An

Amprobe 38XR-A multimeter is connected in parallel to check the input

voltage. The output voltage is measured by a Keithly multimeter. The

input is set to 4.007 V and by setting the potentiometer to 10.2 the output

voltage is adjusted to the same value with an ampli�er setting of 1.

Afterwards the adjustment is checked with di�erent input voltages and

ampli�er settings whereas it makes no di�erence wether the ampli�er is dis-

connected between measurements or the settings are changed in operating

mode. In order to prevent possible drift and thus o�set voltage we switched

o� the ampli�er between the adjustments to completely discharge the device.
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2.3 Discussion of Units of the ME e�ect

Although the magnetoelectric e�ect has been studied intensely over the past

decades there is still no generally established method for determining the

magnetoelectric performance of respective materials. As a consequence a

comparison of the magnetoelectric performance of a certain compound is

di�cult. Discussions concerning a generally accepted system of units for the

magnetoelectric coe�cient are even more controversal.

Looking at the function of the free energy of a material g(E,H) ([VAs/m3]

= [J/m3]) at zero mechanical stress and developed in a limited Maclaurin

series (Taylor series at x0= 0) of the two variables E and H. [43]

g(E,H) = g0 − P s
i Ei −M s

iHi −
1

2
ε0εikEiEk −

1

2
µ0µikHiHk

−αikEiHk −
1

2
βijkEiHjHk −

1

2
γijkHiEjEk − ..., (2.3.1)

where ε0 and μ0 are the free space permittivity and free space perme-

ability. Spontaneous polarization and magnetization are denoted Psand Js

respectively. The tensor of the linear electric e�ect is referred to as α whereas

β and γ are tensors of the bilinear ME e�ects.

Di�erentiation of g in respect to E and H gives us the total polarization

P

Pi( ~E, ~H) = − δg

δEi

= P s
i + ε0εikEk + αikHk

+
1

2
βijkHiHk + γjkiHjEk + . . .

and magnetization M

Mi(E,H) = − δg

δHi

=M s
i + µ0µikHk + αjiEj

+βjkiEiHj +
1

2
γijkEjEk + . . .
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where P and M are spontanious polarization and magnetization.

For the linear magnetoelectric e�ect with E=0 (MEH- e�ect) we get

Pi = αikHk

With P [As/m2] and H [A/m] the second rank tensor α is expressed in

[s/m] in the SI-unit-system respectively. In the Gaussian unit system α is

dimensionless. In order to determine α we apply a magnetic �eld δH and

measure the electric response δP or δE. An important parameter is the mag-

netoelectric voltage coe�cient αE= δE/δH. It relates to α through

α = ε0εrαE

with εr as the relative permittivity of the material. In SI-units αE is expressed

in [V/A] but over the past decades a mixed system of units has been generally

used to express αE in V cm-1Oe-1.

Some groups have used the opposite approach and determined the mag-

netic response to a change of the electric surrounding. In that case we obtain

a αH= δH/δE.

However especially in novel epitaxial nanocomposite �lms the ME e�ect

can be detected but not quantitatively determined due to leakage currents on

the coupling surface between the ferroelectric and the magnetic phase, which

will be discussed later. By means of modern microscopy techniques like

MFM (magnetic force microscopy) or PFM (piezoresponse force microscopy)

magnetoelectrically induced switching of polarization or magnetization are

observed optically [30, 19, 40], see Fig 2.3.1.
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Figure 2.3.1: Changes in the magnetic con�guration of a (BiFeO3)0.65-
(CoFe2O4)0.35 �lm upon electrical poling. Magnetic force microscopy (MFM)
image taken (a) after magnetization in an upward oriented 20 kOe perpen-
dicular �eld, and (b) after electrical poling at +12 V [30]
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Experimental Procedures

3.1 Chemical Synthesis

3.1.1 Synthesis of CoFe2O4 via a nitrate-citrate gel com-

bustion route

Various synthesis routes for CoFe2O4are well known. Most common are stan-

dard ceramic ball milling, glycine-nitrate auto-combustion synthesis [52] or

certain sol-gel processes [53]. Later mentioned are very popular hence they

allow the production of single-phased nanopowders with a homogeneous mi-

crostructure at relatively low temperatures and shorter reaction times com-

pared to ceramic ball milling. For reasons of reproducibility, magnetostrictive

performance and cost, a modi�ed nitrate-citrate gel combustion method was

chosen for this work.

Therefore stoichiometric amounts of Fe(NO3)39H2O (Aldrich, 98%), Co(NO3)2
6H2O (Merck, 98%) and C6H8O7 (Aldrich, 99%) were dissolved in deionized

water and afterwards mixed in a 800ml beaker. The citric acid serves two

purposes in this reaction. First of all it allows the complexation of the metal

ions and second it works as a fuel for the combustion reaction. The nitrate

ions of the metal precursors however constitute a redox environment thus

acting as oxidant.

The molar ratio of nitrates and citrates was 1:1 respectively. The mixture

36
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of the red cobalt-nitrate solution and the yellow iron-nitrate solution together

with the non-coloured citric acid yields a dark brown solution. In order to

adjust the pH-value to 6-7 liquid ammonia (25%, Aldrich) is added dropwise

under constant stirring (magnetic stirrer) by means of a Pasteur-pipette. The

pH value of the reaction solution is monitored with a pH-meter, see Fig. 3.1.5

When the desired pH-value is reached the solution is allowed to evaporate

maintaining a temperature of 80-90°C. Depending on the amount of water

used of dissolving of the precursors this takes about 1.5 to 2 hours.

Evaporation leads increased viscosity and a dark brown, honey like gel

starts to form. Further increase of the temperature of the heating plate to

200°C allows the gel to slowly combust into a voluminous dark grey ash. The

reaction takes about 10-20 seconds starting at the hottest zones of the beaker

and comes with emission of large amounts of gas and smoke, additionally

small sparks occur. Below the calculations for the reaction are presented:

The molar mass of CoFe2O4 is 234.62 g/mol. For the production of 0.025 mol

of CoFe2O4 we need:

0,025 mol Co(NO3)2 6H2O (291,03 g/mol)

0,05 mol Fe(NO3)3 9H2O (403,99 g/mol)

Therefore we have 0.075 mol of metal nitrates which means we need 0.075

mol of C6H8O7 (192,12 g/mol) to get the desired 1:1 ratio of nitrate/citrate.

3.1.2 Synthesis of BaTiO3- CoFe2O4 Composites

The synthesis of core-shell type magnetoelectric composites with magne-

tostrictive CoFe2O4 as a core surrounded by a piezoelectric shell of BaTiO3

has been done successfully by various groups e.g. [54][23][55]. In principle

BaTiO3 is synthesized via a sol-gel route with CoFe2O4 particles present.

The gel surrounds the ferrite-particles thus forming a core-shell structure.

The ratio of BaTiO3/CoFe2O4 was 1:1 in mass.

For the reaction a stoichiometric amount of Ba(CH3COO)2 is dissolved

in 0.5M acetic acid. The ferrite powder is introduced into the viscous Ti(IV)
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butoxide followed by the acetate solution. Immediately a thin white skin

developes on the surface due to hydrolysis of the butoxide. The reagent

is put into an ultrasound bath at a temperature of 75°C and the water

slowly evaporates. During the evaporation process it is useful to mechan-

ically stir the solution with a glass stick every 5-10 minutes. Alternatively

the reagent was allowed to evaporate on a heating plate stirred magnetically

or by means of a rotary evaporator. The resulting grey powder is dried in air

over night, presintered at 700°C for 2 hours (heating rate 3.9°C/min), me-

chanically grinded by hand, pressed into pellets axially (6t/cm2) and �nally

sintered at 1000°C (heating rate 2.3°C/min) for 12 hours.

For 2g of composite material (1:1 ratio of the constituents) we need 1g

CoFe2O4(=4.26mmol) and 1g BaTiO3(=4.29mmol)

4.29 mmol Ba(CH3COO)2(255.42 g/mol)

4.29 mmol Ti(IV) butoxide (340.36 g/mol)

8.58 mmol 0.5M CH3COOH = 17.15 g 1

Acetic acid (96% Aldrich) has to be diluted to obtain a concentration of

0.5M. 2

3.1.2.1 Problems

Although XRD-analysis con�rmed the desired composite structure of CoFe2O4

and cubic BaTiO3 with small impurities of BaFe12O19 the magnetoelectric

performance of previously reported materials [23] couldn't be matched. From

a chemical point of view the synthesis of BaTiO3 looks like a precipitation

process instead of gelation leaving the evolution of a core-shell type structure

questionable.

Additionally the polarization process proved to be problematic. Even at

small electric �eld strengths leak currents occurred at temperatures above

120°C, implementing that the composite material was not a proper electrical

1 8,58mmol
0,5mol/l = 0.017151/l =⇒ 0.01715× 1000g/l = 17.15g

296% equals 16.79M =⇒0.03l in 1l H2O or 1.58g in 50ml H2O
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insulator. The reason for this unfortunate behavior could lie within the

structural complexity of BaTiO3where even small variations and impurities

in the lattice have a large impact on the ferroelectric behavior.

3.1.3 Synthesis of CoFe2O4-PZT composites by nitrate-

citrate combustion

Because of the unfortunate problems with the Bariumtitanate composites we

replaced BaTiO3, with PZT as piezoelectric constituent of the composite.

PZT is the acronym for Pb(ZrTi)O3. Like BaTiO3 PZT is a perovskite and

usually a molar ratio between Zirconium and Titanium of 52:48 is common

for piezoelectric behavior. For our purposes commercially available PZT was

bought from �Noliac�. The material labeled NCE55 was chosen for its high

sensitivity featuring high permittivity, large coupling factor and piezoelectric

constant and a relatively low Curie temperature [noliac ceramics data sheet,

Ver 0901). The PZT powder is doped with Nb and Ni and is pure and unsin-

tered. The exact stoichiometric composition is not known due to industrial

con�dentiality.

In-situ gel combustion synthesis of magnetoelectric composites of Cobalt-

Ferrite and PZT has been already reported [56, 57]. The process is similar

to the synthesis route for CoFe2O4 mentioned before in this chapter (Sec.

3.1.1).

After the dissolution and mixing of the precursors Fe(NO3)39H2O (Aldrich,

98%), Co(NO3)2, 6H2O (Merck, 98%) and C6H8O7 (Aldrich, 99%) the pH-

value of the reagent is adjusted to 6-7 by means of liquid ammonia (25%,

Aldrich). Then the PZT powder was introduced and the solution was stirred

thoroughly for 1.5 hours. Under further constant stirring the temperature

was raised to 80°C and the water was allowed to evaporate. With continuing

evaporation the viscosity of the reagent increases. The magnetic stirrer is re-

moved and the honey like substance evolves into a voluminous brown foam.

The temperature of the heating plate is increased further and eventually the

foamy substance combusts into a voluminous dark grey ash.
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Figure 3.1.1: Flow-Chart of the reaction procedure for CoFe2O4-PZT com-
posites
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Figure 3.1.2: Precursors for the re-
action

Figure 3.1.3: Precursor solutions

Figure 3.1.4: Reaction solution
(all reactants mixed together)

Figure 3.1.5: Adjustment of pH
value

Figure 3.1.6: Solution darkens
with rising pH value

Figure 3.1.7: Adding PZT and
heating

Figure 3.1.8: Composite powder after auto-ignition
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3.1.4 Pressing and Sintering

The obtained composite powders were grinded by means of an achate mortar

and afterwards pressed. The majority of samples was pressed axially into

circular disks (pellets) of 12 mm diameter and a thickness of 0.8-1.2 mm

applying a pressure of 6 t/cm2(22.86 MPa). We used 0.4 g of powder for each

sample disk. After the desired pressure is reached it is released immediately

to avoid the formation of cracks.

The samples CFPZT_14, CFPZT_15 and CFPZT_16 however were

pressed isostatically by means of a hydraulic press (P.O. Weber PW 40 uni-

axial press with cold-isostatic pressing chamber) at a pressure of 320 MPa.

The powder is �lled into a silicon matrix which is then covered with a �nger

of a common lab glove and sealed to avoid contact between sample and �uid

(water). It is very important that no air is enclosed to obtain complete ho-

mogeneity. The pressure is applied and kept for about one minute and then

slowly released over a time period of three minutes. The isostatically pressed

pellets have a diameter of 9mm and a thickness of 3-5mm.

After pressing, the pellets were sintered in closed Corundum-crucibles at

a temperature of 1000°C for 2 hours in case of the PZT-samples and for 12

hours for the BaTiO3 samples respectively. The heating rate was 3.25°C/min

whereas the cooling rate was 1.67°C/min (naturally cooling down by switch-

ing of the furnace). In order to obtain information about the in�uence of the

sintering temperature the samples CFPZT_15 and CFPZT_16 were sintered

at 800°C and 600°C.

3.1.5 Thermogravimetric Analysis

To understand the sintering behavior of the composite material, thermo-

gravimetric analysis was carried out at the Institute of Inorganic Chem-

istry, Technology and Materials at the Slovak University of Technology in

Bratislava. TGA-DTA measurements were done on a Perkin Elmer Thermo-

gravimetry/Di�erential Thermal Analyzer (TG/DTA 6300) from 25-1000°C

at heating rate of 10°C/min.



CHAPTER 3. EXPERIMENTAL PROCEDURES 43

3.1.6 Structural Analysis

A very crucial step in the production of magnetoelectric composites is the

structural analysis of the synthesized powders providing substantial informa-

tion about stoichiometry, micro structure and morphology and their possible

in�uence on magnetic or magnetoelectric performance. X-Ray di�raction

(XRD) was used to obtain crystal-structure and chemical purity whereas

the surface morphology was determined by Scanning Electron Microscopy

(SEM).

The XRD patterns for all the studied samples were recorded by means of

an Xpert Philips powder di�ractometer (Goniometer Philips PW 3050/60)

using CuKα1,2 radiation in a Bragg Brentano geometry, and a X´Celerator

detector. The X-ray generator Philips PW 3040/60 worked at a power

of 40 kV and 40 mA and the goniometer was equipped with a graphite

monochromator. Di�raction patterns were recorded in the angular range

5° to 135° with a scan step size of 0.02°. Collected data were re�ned using

the Rietveld package TOPAS (Bruker AXS Topas V 2.1) based on the funda-

mental parameter approach, with di�ractometer parameters and wavelength

settings adjusted using a LaB6 standard [58].

The SEM imaging for this work was performed using a JEOL JSM-6390LV

SEM. The maximum resolution power for this particular instrument is 3 nm

and possible magni�cation ranges from 5x to 3x105.

3.1.7 Electric Poling

Magnetoelectric materials exhibit an electric charge when exposed to a mag-

netic �eld. Due to the magnetostrictive behavior of the CoFe2O4 the piezo-

electric components experience a change in dimension resulting in an electric

charge in direction of the polarization. However, on a microscopic level all

electric moments of the piezoelectric phase are distributed statistically leav-

ing the resulting charge zero by the principle of superposition. This fact

can be overcome by exposing the sample to a su�ciently high electric �eld

enabling an ordering of the electric moments.

The sintered samples were slightly grinded with grinding paper and coated
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with silver paste for electrical contact. Circular copper-plates (3.5 cm diam-

eter, 1.2 mm thickness) were used as capacitance. The discs were put in

between the plates, sealed with Te�on foil and clamped to the high voltage

DC power provider (Heizinger HCNs 3500-100) allowing a maximum voltage

of 3kV. The capacitance system was then put into a silicon oil bath and sub-

sequently heated to 140-170°C in order to exceed the ferroelectric-dielectric

transition temperature for either BaTiO3 or PZT. As soon as the desired

temperature was reached the electric �eld of 3-4 kV/cm was applied (sam-

ple thickness ∼1 mm means 300V voltage). The oil was kept at the desired

temperature for 20 minutes and then allowed to cool down naturally with

the electric �eld still on. The process takes 1.5-2 hours. The oily sample is

cleaned with wipes and ethanol and then ready for measurement.

3.1.7.1 Problems

The process of electric poling is not only very important for the magnetoelec-

tric performance it is also caused some inconvenience during the experimental

phase. Initially we used an epoxy based silver paste to directly attach cop-

per wires to the sample discs, which turned out to be not only mechanically

di�cult but also ine�ective due to the inhomogeneity of thickness of the

electrodes. The copper electrodes proved to be more e�ective, however it is

very important to use blanked plates instead of cut ones, since cutting causes

sharp edges where sparks may occur when high voltage is applied.

Two di�erent kinds of silver paste were tried and only one (62900341 Ag

Leitsilber 204, purchased at Conrad Electronics) performed su�ciently. The

other one (RS-Components) repeatedly came o� after the heating the silicon

oil. In order to remove the silver paste after the measurement the samples

are dipped into acetone and the paste is slightly wiped o�.

The poling process itself sometimes didn't work properly. Either it was

not possible to reach the desired value of �eld strength at elevated temper-

ature, or the voltage gradually went down during the procedure. Especially

the BaTiO3 composites were nearly impossible to polarize and consequently

performed poorly at magnetoelectric measurements. One reason might be
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a gradient of density caused by the axial pressing process enabling electric

sparks through holes in the material. However also with isostatically pressed

samples the poling didn't work all the time.

3.1.8 Magnetic Characterization

The magnetization of the composite samples was determined by means of

a pulse �eld magnetometer PFM (Hirst Industrial Systems), seen in Fig.

3.1.9. This pulsed �eld magnetometer allows a very fast measurement of

the magnetic hysteresis loop. A condenser battery is charged up to several

kV and subsequently discharged through the magnet. The pulse duration is

determined by the inductance L and the capacitance C and was in our case

50 ms. Detailed information about the system can be found elsewhere [59].

The charging process and data acquisition are performed using a Z80

microprocessor linked to a PC. After an analogue integrator the signals are

processed through a two channel ADC card from Datel (model PCI-414N)

and �nally handled by means of a LABVIEW program. For a correct mea-

surement a zero signal is obtained and subtracted from the sample signal.

3.1.8.1 Analysis of magnetization measurement data

Because of the relatively low sample mass of 0.2-0.4g the �J-Amp�-setting in

the LABVIEW software is set to MAX (15000) in order to get suitable results.

The raw data of magnetic �eld and magnetization have to be multiplied with

certain calibration factors. For the magnetic �eld [T] the k-factor [T/V]

is 1757.62 / (1/RC-setting �H-amp�) whereas for the magnetization the M-

factor [emu/V] is 1.95075 × 106 / (J-Amp-setting). The resulting value is

divided by the mass of the respective sample in order to get the magnetization

[emu/g].

3.1.9 Magnetostriction Measurements

Linear magnetostriction was measured by a strain gauge method using a

50 kHz bridge (HBM Type KWS 85A1). Two di�erent types of strain gauges
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Figure 3.1.9: Block-diagram of the Hirst Magnetometer. Charging of the
Capacitor Bank up to 5 T and discharging through magnetic coils induces a
pulse �eld. Magnetic signals are collected by the Pick-Up coils and processed
through a data aquisition card to a PC. [59]

were used for the experiments. The Vishay L2A-06-062LT-350, shown in Fig.

3.1.10, has two separate strain gauges aligned in a 90 degree angle allowing to

measure both longitudinal and transverse magnetostriction without moving

the sample and just switching between the two circles. The HBM 1-LY11-

1,5/120 (see Fig. 3.1.11) is a single strain gauge and was used as well (for

samples CFPZT_12-14). Here the sample itself is turned 90 degrees between

longitudinal and transverse magnetostriction measurement.
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Figure 3.1.10: Vishay double
strain gauge [60]

Figure 3.1.11: HBM strain gauge
[61]

The attachment of strain gauges requires a clean sample surface. Ethanol

or acetone work as cleaning �uid. A small drop of HBM Z70 adhesive glues

the strain gauge to the sample. The strain gauge is connected to electric

contacts of the sample holder and the sample itself has to be �xed with

adhesive tape, otherwise a movement during the magnetic pulse would falsify

the results.

The sample holder is placed in the same pulsed magnetic �eld, described

in section 3.1.8. The vertical position of the sample holder can be adjusted

and is set to 12.25 on the corresponding scale, putting the sample in the

center of the magnetic coil. The system is charged up to 1 kV providing a

magnetic pulse of about 2 Tesla with pulse duration of 50 ms. During the

charging process the bridge must be continuously adjusted to zero in order

to gain a valuable signal curve. In response to the magnetic pulse the sample

changes its dimension of length causing a change of resistance in the strain

gauge. The corresponding change of the output voltage is proportional to

the linear magnetostriction.

A short acetone bath enables the detaching of strain gauges and excessive

glue in combination with paper wipes and forceps.

3.1.9.1 Analysis of Magnetostriction Measurement Data

In order to get presentable results the raw data has to be processed. We

used the data processing software Origin 7.5. The calibration factor for
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the magnetic �eld is 3.51524 T/V and the magnetostriction data has to be

multiplied by a factor F in order to gain the desired dimension of parts per

million [ppm].

F = 100× 2
k

The strain sensitivity k of a strain gauge is the proportionality factor

between the relative change of the resistance and mechanical stress. It can

be found in the technical data sheet delivered with each strain gauge package

as a nominal value with its tolerance.

3.1.10 Magnetoelectric Characterization

We used a pulsed �eld method, described in section section �2.2, to deter-

mine the magnetoelectric nature of our composite samples. The polarized

and silver coated sample discs are �xed in the sample holder. For smaller

samples one ore two contact pins on the surface are su�cient. The sample

holder's vertical position in the measurement system is set to 13.20 on the

corresponding scale, see Fig. 3.1.12. However later experiments will show

that the position in the magnetic coil has no signi�cant in�uence on the

magnetoelectric performance. The magnitude of magnetoelectric response

to the exposure to a magnetic �eld allowed us to measure without signal

ampli�cation for most samples. Therefore the charge ampli�er delivered an

output voltage directly proportional to the generated charge. This is reached

by setting the range capacitor to 1000 pF. The output voltage is processed

exactly like the magnetization and magnetostriction signals by means of a

ADC card (Datel model PCI-414N). As for magnetostriction measurements

the pulse system is charged up to 1 kV with corresponding magnetic pulse of

about 2 Tesla.

The pulse duration of 50 ms requires the operation of the charge ampli�er

in �short-mode�. Although even here a drift of the signal can be observed.

Therefor we switched the ampli�er on immediately before the discharging

process of the battery. The magnetoelectric coe�cient most commonly pub-

lished can be determined as follows



CHAPTER 3. EXPERIMENTAL PROCEDURES 49

Figure 3.1.12: Height adjustment for the Hirst PFM. The scale corresponds
to the vertical position of the sample holder in the �eld.

αE= V
H∗d

where V [mV] is the voltage across the sample, H [Oe] is the magnetic

�eld and d[cm] is the thickness of the sample disc.
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Results and Discussion

4.1 Composites of CoFe2O4 and BaTiO3

The original objective of this work was the improvement of the work of Dr.

Giap [46] who was the �rst in the group of Prof. Groessinger to synthesize

and measure magnetoelectric composites of CoFe2O4 and BaTiO3. Through

di�erent synthesis routes for Cobalt Ferrite the magnetostrictive component

of the composite should be optimized, thus enabling a stronger magnetoelec-

tric performance.

Several months of work gave new and surprising insights into the com-

plexity of driving mechanisms in magnetoelectric composites. Along our way

to improvement of ME performance we faced some unexpected obstacles.

4.1.1 CFBT_01-CFBT_03

The �rst three composites were synthesized via a sol-gel method, described

in section 3.1.2. For samples 01 and 02 unsintered Cobalt-Ferrite (sol-gel-

method) was introduced during the gelating process whereas for sample 03

a sintered product was used. The resulting powders were pressed into discs

of 10mm diameter and sintered at 1000°C for 12 hours.

At �rst the X-ray di�raction patterns were studied by means of the an-

alyzing software TOPAS 2.0. Quantitative Rietveld analysis delivered some

interesting insights. For all samples a cubic spinel structure of Cobalt Fer-

50
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Figure 4.1.1: XRD-pattern of CoFe2O4-BaTiO3 composite CFBT 01

rite, as well as the ferroelectric tetragonal perovskite structure of Barium

Titanate, was con�rmed.

CFBT01 was sintered in a non-closed crucible and somehow polluted with

Sulfates from the furnace surroundings during the process, therefore a variety

of di�erent compound phases was found besides the expected Cobalt Ferrite

and tetragonal Barium Titanate. Fig. 4.1.1 shows the XRD pattern of the

composite with characteristic re�ection peaks related to both constituents.

The non-identi�ed peaks indicate existence of additional unwanted phases

messing up the purity of the composite.

From a crystallographic point of view there was no signi�cant di�erence

between samples 2 and 3. Although originally synthesized at a 1-1 ratio of

magnetostrictive and piezoelectric phase, the CoFe2O4 percentage was at 60%

while tetragonal BaTiO3 and a small part of BaFe2O4 developed during the

synthesis process at 35% and 5% respectively. The Rietveld analysis however

is not an exact quantitative method and allows just rough estimation of the

sample composition.

According to the results of X-ray powder di�raction samples 2 and 3
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Figure 4.1.2: Longitudinal (red) and transverse (black) magnetostriction of
CFBT_01 at 3 T

the chemical synthesis was successful and provided su�cient material for

magnetic and magnetoelectric experiments.

Magnetostriction measurements were executed, as described in section

3.1.9. HBM Type KWS 85A1 strain gauges were used for determining lon-

gitudinal and transverse magnetostriction of the respective samples.

In comparison to previous experiments in our group by Giap and others

we observed a slight improvement of magnetostriction by about 10-20 ppm.

As presented in Fig. 4.1.3 and Fig. 4.1.4 samples 2 and 3 present an anomaly

since the transverse magnetostriction is higher than the longitudinal one.

4.1.2 CFBT_04-CFBT_07

The production technique varied for each sample. The used cobalt ferrite

was used in presintered and non-presintered form and was produced via a

standard ceramic-ball milling routine [62] or the sol-gel process described in

section 3.1.1.



CHAPTER 4. RESULTS AND DISCUSSION 53

Figure 4.1.3: Longitudinal (red) and transverse magnetostriction (black) of
CFBT_02 at 3 T

Figure 4.1.4: Longitudinal (red) and transverse (black) magnetostriction of
CFBT_03 at 3 T
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CFBT_04: The sol-gel routine for Barium-Titanate was done in an ul-

trasonic bath instead of a heating plate with a magnetic stirrer like in the

previous experiments. As magnetostrictive component Cobalt Ferrite gained

through ball-milling without presintering was used. The resulting powder

was sintered at 1000°C for 12h. XRD-Analysis revealed successful synthesis

of a composite with 54% CoFe2O4 and 45% tetragonal BaTiO3 and some

unde�ned structures, probably BaFe2O4.

CFBT_05: Same routine as sample 04 but the Cobalt Ferrite (ball-

milled) was presintered at 1000°C for 4 hours. The composite showed three

di�erent phases in XRD-analysis: 44% CoFe2O4, 54% tetragonal BaTiO3 and

2% BaFe2O4.

CFBT_06: The powder of sample 04 was hydrostatically pressed at a

pressure of 200 MPa and then sintered at 1250°C for 12 hours. The goal was

to gain a higher and more homogenous material density opposite to the usual

axial pressing method. XRD powder di�raction showed: 35% CoFe2O4, 29%

tetragonal BaTiO3 as well as 36% BaFe2O4.

CFBT_07: Again the synthesis was performed in an ultrasound bath.

A sol-gel combustion routine followed by 12 hour sintering at 1000°C provided

the Cobalt-Ferrite constituent. Here the XRD analysis unfolded a mixture

of four di�erent phases in the composite: 46% CoFe2O4, 25% tetragonal

BaTiO3, 25% BaTi2O5 and 5% BaFe12O19.

The lattice constants derived from Rietveld analysis are shown in Tab.

4.1

Obviously the hydrostatic pressing and higher sintering temperature en-

able additional compounds of Ba and Fe to develop, which is not suitable for

our purposes. A larger lattice constant a in cubic Cobalt Ferrite however is

assumed to proved better magnetostrictive performance. The sol-gel derived

CoFe2O4 although presintered seems to be more chemically active allowing

four di�erent phases to develop during sintering.
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Sample
Lattice-Constant (Å)

CF (cubic) BT (tetra)
a a c

CFBT_01 8.393 4.0057 4.0059
CFBT_02 8.387 4.0069 4.0151
CFBT_03 8.382 4.0042 4.0098
CFBT_04 8.387 4.0063 4.0171
CFBT_05 8.383 4.0041 4.0078
CFBT_06 8.397 4.01 4.004
CFBT_07 8.383 4.0003 4.0078

Table 4.1: Structural parameters of CF-BT composites according to Rietveld
analysis of XRD-powder di�raction

4.1.3 Magnetoelectric Measurements

Constantly occurring problems during the polarization process resulting in

zero or in some cases hardly measureable magnetoelectric e�ect, made ex-

perimental approaches from all sides necessary. Only at room temperature

a su�cient electric �eld could be applied. With rising temperature the �eld

strength either gradually decreases to zero or in some cases disrupts suddenly

with a cut through even destroying some samples.

The idea of the polarization process is to exceed the Curie-temperature by

heating a surrounding oil bath, in case of BaTiO3 Tc=120°C, while applying

an electric �eld and then cool down in order to �freeze� electric moments

in a uniform direction enabling a piezoelectric charge caused by mechanical

deformation. Otherwise mechanical stress would just induce small micro

charges, statistically eliminating each other. Consequently the impossibility

of polarizing the samples makes them improper for magnetoelectric purposes.

Only for hydrostatically pressed CFBT_06 a very small ME response

could be measured. Fig. 4.1.5 shows the magnitude of the ME voltage

coe�cient in orders of μV/(cm*Oe) - below expected values by a factor of

100.
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Figure 4.1.5: Small ME response of CFBT_06. ME voltage coe�cient α was
below expected values by a factor of 100.

4.1.4 Magnetostriction and Magnetic Measurements

Because of constant problems during the polarization process prohibiting

any success for magnetoelectric measurements further characterization of the

composite materials was not performed in order to safe time and money e.g.

for strain gauges etc.

4.1.5 Conclusions

Several approaches of synthesizing magnetoelectric composites of magne-

tostrictive CoFe2O4 and ferroelectric BaTiO3 via a wet chemical sol-gel rou-

tine were taken. Although XRD analysis revealed structurally �awless com-

posite material in most cases, hardly no magnetoelectric response could be

measured.

The only di�erence in the production route, compared to literature [23],

lies withing the synthesis of Cobalt Ferrite, where ceramic ball-milling or

sol-gel combustion was used instead of reported co-precipitation. However,
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re�ning the chemical synthesis and improving magnetoelectric performance

through enhanced magnetostriction in Cobalt-Ferrite was the original goal

of this thesis.

Possible explanations for the surprising results can be found within chem-

ical synthesis and detailed structure of the composite material.

� The often described core-shell structure with magnetostrictive Cobalt

Ferrite being surrounded by a matrix of Barium Titanate could not be

realized. During chemical synthesis no real gelation could be observed.

The Barium-Titanate somehow precipitates in form of white particles

of di�erent sizes in the precursor solution during the heating process

with Cobalt Ferrite powder being present. Consequently the intrinsic

and mechanical coupling between the constituents is not as strong as

assumed in a real core-shell structure. Despite the small ME e�ect,

which was measured, our results indicate that the general core-shell

theory, reported by Giap, might be questionable and needs further

investigation.

� Polarization of the composite samples could not be done successfully,

prohibiting any measureable magnetoelectric responses. At room tem-

perature the application of an electric �eld was possible. However

during the heating process, necessary to e�ectively unify the direc-

tion of electric moments, the �eld either gradually decreased, or a

cut-through occurred. Obviously the electric resistance changes with

temperature, showing semi-conducting and not insulating character.

Complex impedance analysis can o�er additional insight in this topic.

� Barium-Titanate itself is a very complicated compound. Although pow-

der di�raction con�rmed the desired tetragonal structure a detailed

analysis of the material could not be done. Powder di�raction o�ers just

a quantitative idea of a observed material. Accidental doping with iron

or cobalt atoms can not be excluded and could heavily in�uence the di-

electric properties. For magnetoelectric composites a soft-ferroelectric

material with a low coercivity is suitable, because it is easier to polarize
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and shows higher sensitivity to stress. This could neither be con�rmed

nor ruled out and the semi-conduction features mentioned above make

the Barium-Titanate less suitable for our purposes.

As a consequence we approached our goal with a di�erent piezoelectric con-

stituent, namely PZT, in combination with Cobalt-Ferrite for magnetoelec-

tric composite material.

4.2 Composites of CoFe2O4 and PZT

PZT is a widely spread material in piezoelectric industry. As Barium Ti-

tanate it is a perovskite with the formula Pb(ZrxTi1-x)O3 with 0≤x≤1. Since
the production of such perovskite materials especially with very speci�c fer-

roelectric properties is very complex, as observed with Barium Titanate, a

new experimental approach utilizing commercially available PZT was tried.

The experimental details can be found in section 3.1.3.

A total of 14 di�erent composite samples was synthesized and the in�u-

ence of stoichiometry, synthesis technique, pressing conditions and sintering

temperature on magnetostriction, magnetization and magnetoelectric perfor-

mance were analyzed.

4.2.1 XRD-Results

As in previous experiments with Barium-Titante the X-ray powder di�rac-

tion was done as a �rst step. Quantitative Rietveld analysis of XRD-data

con�rmed three to four di�erent phases in our respective composite samples

(space-groups in brackets). Both tetragonal and rhombohedral PZT ceramics

show ferroelectric behavior below the Curie Temperature.

� Cubic Cobalt-Ferrite (Fd-3mZ)

� Tetragonal PZT (P4mm)

� Rhombohedral PZT (R3mR)

� Massicot (PbO) (Pbcm)
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CoFe PZT tet PZT rhom PbO
CFPZT_01 (1:1) 56 36 8
CFPZT_02 (2:1) 67 26 7
CFPZT_03 (1:2) 39 38 23
CFPZT_04 (1:3) 31 43 26
CFPZT_05 (3:1) 81 16 3 1
CFPZT_06 (1:1) 53 38 8
CFPZT_07 (4:1) 86 7 7
CFPZT_08 (1:4) 26 58 15 1
CFPZT_09 (9:1) 95 5 0 0.1
CFPZT_10 (1:9) 13 66 21

CFPZT_11 65 19 16 0.1
CFPZT_12 63 7 30
CFPZT_13 63 3 33 1
CFPZT_14 62 6 31 1

Table 4.2: weight % of each structural phase according to quantitative Ri-
etveld analysis. The desired ratio of Cobalt-Ferrite:PZT is noted in brackets.

The coexistence of both the rhombohedral and the tetragonal phase in Pb(ZrxPb1-x)O3

compounds is well known [63]. The PZT system forms a solid solution with

rhombohedral Zr-rich and tetragonal Ti-rich phases with x≥0.52. The mor-

photropic phase boundary (MPB) the two ferroelectric phases is almost tem-

perature independent. Above the Curie-temperature however, only a non

ferroelectric cubic phase remains.

The analysis however only gives an idea of the phase distribution, the

percentages are not exact. According to Tab. 4.2 the preliminary desired

ratio of Cobalt Ferrite and PZT was experimentally realized with pleasing

success.

Samples 12, 13, 14 were pressed under isostatic conditions, in opposite to

axial pressing for all other samples and sintered at 1000°C, 800°C and 650°C

respectively. The detailed discussion will follow, but the ratio of tetragonal

and rhombohedral PZT dramatically shifted to the latter in comparison to

the axially pressed composites.
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Generally the count of rhombohedral PZT increases with the amount of

PZT in the precursor.

Figure 4.2.1 presents three XRD-patterns of composites with 50:50, 90:10

and 10:90 ratios of Cobalt Ferrite and PZT. The relative intensity of XRD

lines depends on the relative abundance of the particular phases in compos-

ites. The di�raction patterns of composites reveal that the intensity as well

as number of PZT peaks increases with raising its content in the respective

sample.

Figure 4.2.1: XRD graph of CFxPZT1-x ,0≤x≤1, composites with character-
istic re�ection peaks of PZT (red) and Cobalt Ferrite (black)

Table 4.3 shows structural parameters of sol-gel derived, axially pressed

CFxPZT1-x composites sintered at 1000°C for 2 hours. The lattice constant

of cubic CoFe2O4 increases with the rise of ferrite count in the composite.

The lattice parameters of the rhombohedral PZT-phase experience no real

in�uence concerning the ferrite count. The degree of tetragonality of PZT

slightly decreases with the reduction of the overall PZT constituent. The

lattice parameters are in good agreement with reported values for individ-

ual phases in literature [64]. However the slight change of lattice constants
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sample
CF PZT tet PZT Rhm

lattice const. lattice const. deg. of tet.
a [Å] a [Å] c [Å] c/a a [Å] α [°]

x=0,1 8.37 4.04 4.06 1.012 4.05 89.82
x=0,2 8.38 4.03 4.07 1.009 4.05 89.86
x=0,25 8.37 4.02 4.07 1.013 4.05 89.79
x=0,33 8.38 4.02 4.07 1.013 4.05 89.78
x=0,5 8.38 4.04 4.06 1.007 4.04 89.56
x=0,55 8.39 4.03 4.08 1.012 4.05 89.76
x=0,66 8.39 4.03 4.06 1.008 4.05 89.81
x=0,75 8.39 4.04 4.07 1.008 4.05 89.87
x=0,8 8.39 4.03 4.07 1.010 4.05 89.79
x=0,9 8.39 4.04 4.06 1.005 4.05 90.11

Table 4.3: Structural parameters calculated from X-Ray Di�raction for
CFxPZT1-x composites

indicates that the Ferrite and PZT phases are strained in the composite, a

theory consolidated by the fact that the lattice constant of CoFe2O4 shows

dependence regarding the content of PZT.

4.2.2 Scanning Electron Microscopy Analysis

The SEM micrographs of the sample disks fractured inner surfaces were

recorded in back-scattered mode. In Fig. 4.2.2 SEM images of three CFxPZT1-x

composites are presented, the values of x being 0.5, 0.6 and 0.8 respectively.

Two destinct phases occure, a white matrix of PZT and black and grey Cobal-

Ferrite. With x converging to 1 the dark regions become more dominant as

expected. The homogenious and well developed �ne grains are satisfying

and indicate good intrinsic coupling between the constituents. The grain

size seems to be well controlled and the grains themselves su�ciently dis-

persed, underlining the advantages of a sol-gel production routine. Even

with increasing the count of Cobalt-Ferrite to 80% the homogeneity prevails

and no agglomeration of grains can be observed.

The fact that the grain size of the PZT particles seems to be independent

from the count of cobalt ferrite states that the used PZT powder is already
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well crystallized. Sintering at 1000°C, necessary for crystallization of the

ferrite, has no in�uence on the material.
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a)

b)

c)

Figure 4.2.2: SEM micrographs of CFxPZT1-x composites with a) x=0.5
b)x=0.6 and c)x=0.8



CHAPTER 4. RESULTS AND DISCUSSION 64

4.2.3 Thermogravimetric Analysis

During the heat treatment of the composite powders several processes such

as dehydration and decomposition of organic groups take place. In order to

get a better understanding of the sintering step, thermogravimetric analysis

was performed on two samples with 50-50 and 67-33 ratios of CF and PZT

respectively. The sol-gel prepared powders were heated from room tempera-

ture up to 1000°C with a heating rate of 10°C/min. This is three times faster

than the heating rate during our sintering process but a lower rate was not

possible for the device. The relative weight loss of the samples is pictured in

Fig. 4.2.3

Three di�erent weight losses can be observed:

� at about 100°C excessive water evaporates

� between 200-400°C the decomposition of nitrates, citrates and hydrox-

ide or hydroxide-oxides initiates a signi�cant loss of mass. Usually for

single phased Cobalt-Ferrite produced via our sol-gel route above 400°C

no further losses follow

� above 650°C PbO can partly evaporate a critical step during sintering

PZT-ceramics, missing Pb atoms can dramatically change the complex

structure and the concurring material properties

With Cobalt-Ferrite being the dominant constituent, the TGA curve shows

a decreasing slope, the relative mass loss is higher because more excessive

nitrates and citrates decompose as compared to the composite with a higher

PZT count. The fact that at 1000°C there still is no sign of a reduced

mass loss or even a constant horizontal TGA curve indicates, that there are

decomposition processes within the PZT constituent going on. According to

the manufacturer, the purchased PZT is sintered at 1250°C in air atmosphere

so this seems probable. Since the exact composition of the PZT powder is not

known due to industrial con�dentiality, the processes at higher temperatures

cannot be characterized.

The relative weight loss of about 4.5% up to 400°C is 4-5 times less dis-

tinctive than in single phased CoFe2O4 prepared by a similar sol-gel synthesis
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Figure 4.2.3: TGA analysis curve of CFxPZT1-x composites showing the
weight loss of the sample powder with increasing temperature. Between 200-
400°C the decomposition of nitrates, citrates and hydroxide or hydroxide-
oxides leads to a steep gradient in the signal curve. Further weight loss is
attributed to evaporation of PbO.

[53].

4.2.4 Magnetic Measurements

Magnetization measurements were carried out on a pulsed �eld system, de-

scribed in section 3.1.8. The device provides a very fast way of determining

the magnetization at room temperature, however the results can not out-

match measurements done by means of a Vibrating Sample Magnetometer

(VSM).

The presented results give a qualitative examination of the magnetic be-

havior. Exact values for saturation magnetization Ms and coercivity Hc can-

not be provided by this method. Fig. 4.2.4 shows a comparison between

magnetic measurements by the pulse �eld system and a Quantum Design

Physical Property Measurement System PPMS Q6000 equipped with VSM.
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Figure 4.2.4: Magnetic hysteresis of CFxPZT1-x composites determined by a
Pulsed Field Magnetometer and a VSM

Clearly the PPMS curves are more re�ned and the absolute value for mag-

netization is about 95% higher than with the Hirst Magnetometer. However

both methods provide comparable values for the coercive �eld Hc. For the

purpose of this work only relative values for magnetization were relevant, in

respect to the ratio of magnetic and non-magnetic constituents. Therefore

the Hirst Magnetometer o�ers su�cient insight into magnetic behavior, al-

though the absolute value for the magnetization is not correct and all results

have to be multiplied by a factor of 2.

The saturation magnetization increases with the overall ferrite count in

the respective sample. The linear behavior of Ms is presented in Fig. 4.2.5.

As the amount of magnetic domains and the interaction in between them

decreases with the addition of nonmagnetic PZT the magnetic behavior di-

minishes with rising PZT count as shown in Fig. 4.2.6.

Although the presented magnetic measurements by a pulsed �eld magne-

tometer do not provide quantitatively usable results, as the comparison with

curves derived from VMS-measurements points out, we obtain good knowl-
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Figure 4.2.5: Saturation Magnetization Ms in CFxPZT1-x composites deter-
mined by a Pulsed Field Magnetometer at a �eld of 20 kOe

edge of the magnetic behavior of our magnetoelectric composites in respect

to their composition.

4.2.5 Magnetostriction

Composites of a magnetostrictive and a piezoelectric phase exhibit an elec-

trical charge when exposed to a magnetic �eld. Good mechanical coupling

presumed, a high magnetostriction of the magnetic constituent provides the

basis for good magnetoelectric performance. For a large part of this work,

starting with composites of CoFe2O4 and BaTiO3 the improvement of mag-

netostriction was the main goal.

In this section the magnetostrictive behavior of composites of Cobalt-

Ferrite and PZT was investigated in regard to a varying ratio of both con-

stituents. Linear magnetostriction was determined in parallel λpar and per-

pendicular λper direction of the applied magnetic �eld. The details for the

experimental setup can be found in section 3.1.9.
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Figure 4.2.6: Magnetic hysteresis of CFxPZT1-x composites. Saturation mag-
netization Ms rises with increasing amount of magnetic ferrite in the com-
posite.

In Fig. 4.2.7 magnetostriction curves for samples with three di�erent ra-

tios of ferrite and PZT are presented. As expected the linear magnetostric-

tion parallel and perpendicular to the applied �eld increases with the overall

ferrite count in the composite.

The comparison of all prepared composites with x varying from 0.1 to 0.9

can be seen in Fig. 4.2.8.

The addition of PZT to the ferrite obviously changes magnetic and magne-

tostrictive behavior. The maximum magnetostriction is unsurprisingly found

in the composite with maximum ferrite count of 90% with λpar=-156 ppm and

λper=70 ppm. Further addition of PZT rapidly decreases magnetostriction.

The fact that less domains react to the applied �eld and their respective

distance also increases with more PZT particles present, explains that behav-

ior. The presence of non-magnetic PZT frustrates the movement of magnetic

domains and consequently the change of dimension decreases with a growing

amount of PZT. However magnetostriction of these sol-gel derived compos-
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Figure 4.2.7: Magnetostriction curves of CFxPZT1-x composites

Figure 4.2.8: Parallel and perpendicular magnetostriction of CFxPZT1-x com-
posites at a magnetic �eld of about 2 T
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Sample Ms[emu/g] Hc[Oe] λpar[ppm] λper[ppm]
x=0.1 2.5 1 0
x=0.2 7.5 871 27 4
x=0.25 9 950 28 6
x=0.33 13 914 48 12
x=0.5 21 952 80 22
x=0.55 26 1214 85
x=0.66 29 1100 100 29
x=0.75 34 1339 133 46
x=0.8 36 1166 139 48
x=0.9 38 1377 156 70

Table 4.4: Magnetic data and magnetostriction for CFxPZT1-xcomposites

ites is still very large in comparison to samples produced through ball-milling

or co-precipitation [65][66].

Parallel magnetostriction λpar of samples prepared by sol-gel synthesis,

with a 1:1 ratio of magnetic and ferroelectric constituent is found to be

80 ppm. This exceeds λpar of composites prepared through co-precipitation

by 70% and ball-milling by 25% respectively.

Table 4.4 reviews all results from magnetization and magnetostriction

measurements for composite samples with varying ratio of Cobalt Ferrite

and PZT. Although magnetic measurements by the pulse �eld magnetometer

do not correspond to the more reliable VSM method a trend for magnetic

behavior in regard to the overall count of magnetic material in the composite

is observable.

4.2.6 Magnetoelectric E�ect in CFxPZT1-x Composites

A new pulsed �eld method utilizing a charge ampli�er for signal processing

was used for measuring the magnetoelectric e�ect in composites of magne-

tostrictive CoFe2O4 and piezoelectric Pb(ZrxPb1-x)O3. Experimental details

are presented in section 3.1.10. The magnetic �eld is applied perpendicular

to the surface of the sample disks. The resulting ME voltage coe�cient is

derived from the equation
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Figure 4.2.9: ME response of CoFe2O4- PZT composite (55:45 ratio) to a
magnetic �eld pulse

αE= V
H∗d

with V being the measured voltage across the sample, H the applied �eld

and d the respective thickness of the sample.

For all samples a �eld amplitude of 20 kOe was chosen. The ME sig-

nal reaches its maximum between 8 and 15 kOe, corresponding to the �eld

strength where magnetization and magnetostriction reach their respective

saturation. Applying higher �elds does not change the maximum ME re-

sponse and results in a constant or even slightly declining signal curve until

the �eld breaks down. Since the exhibition of a piezoelectric charge is caused

by the magnetostrictive deformation of CoFe2O4 the corresponding peak be-

havior of magnetostriction and ME response seems proper.

As shown in Fig. 4.2.10 the magnetoelectric response is strongly coupled

to the magnetostriction. The exhibited charge remains on a constant level

with the magnetostriction reaching saturation. Even with the �eld declining

and reaching zero a remanent polarization is observed.
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Figure 4.2.10: Measurement signals and magnetic pulse over time

A longer pulse duration or a constant magnetic �eld would lead to a de-

crease of the ME signal at some point, since a permanent change of dimension

cannot contribute to the piezoelectric e�ect in PZT.

The magnetoelectric e�ect in bulk composites is caused by intrinsic me-

chanical coupling of magnetostrictive and piezoelectric phases. Stress caused

by the magnetic pulse induces a change of dimension in the PZT phase and

therefore an electric charge occurs. Consequently the molar composition of

the composite samples is critical for magnetoelectric performance as pre-

sented in Fig. 4.2.11.

The measurement curves follow a similar pattern and reach their respec-

tive maximum value at the same �eld strength.

In Fig. 4.2.12 one can see even more distinctively how the ratio of Cobalt

Ferrite and PZT in�uences the magnetoelectric e�ect.

The results for the CFxPZT1-x samples with x=0.5 and x= 0.66 indicate

an optimal ratio for magnetoelectric performance would be found somewhere

in between those compound systems. The sample with 55% Cobalt Ferrite

and 45% PZT showed the largest ME response of all synthesized samples
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Figure 4.2.11: Variation of the ME coe�cient for CFxPZT1-x composites with
di�erent compositions

Figure 4.2.12: Dependence of the ME coe�cient to the overall count of Cobalt
Ferrite in the composite
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Sample α [mV/(cm Oe)]
x=0.1 1.09
x=0.2 0.8
x=0.25 0.83
x=0.33 1
x=0.5 1.96
x=0.55 2.97
x=0.66 1.96
x=0.75 0.17
x=0.8 0.13
x=0.9 0.29

Table 4.5: Magnetoelectric voltage coe�cients for CFxPZT1-x composites

with a magnetoelectric voltage coe�cient of 2.97 mV/(cm*Oe).

Obviously a decreasing rate of PZT has drastic consequences for the

magnetoelectric performance. With less piezoelectric material present, the

stress induced charge quickly approaches zero although magnetostriction is

of course much higher. However a lower count of Cobalt Ferrite still provides

su�cient magnetostriction to cause a piezoelectric response in the dominant

PZT-matrix. The fact that at the lowest count of CoFe2O4 at 10% even a

larger magnetoelectric coe�cient is observed can be attributed to the uncer-

tainties of the polarization process.

Table 4.5 lists the magnetoelectric voltage coe�cients α for all sol-gel

produced CFxPZT1-x composites, axially pressed and sintered at 1000°C.

Multiple composite powders of CoFe2O4 and PZT were produced via a wet

chemical sol-gel route. The ratio of the respective constituents was varied in

order to �nd the ideal composition for maximum magnetoelectric response.

At 55% Cobalt-Ferrite and 45% PZT a maximum magnetoelectric voltage

coe�cient of 2.97 mV/(cm*Oe) was measured. This is a rather high value for

magnetoelectric bulk composites compared to recently published literature.
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4.3 E�ect of processing parameters on the ME

coe�cient

In addition to the stoichiometry also certain steps in the synthesis were var-

ied. Axially pressed discs usually su�er a lack of homogeneity in density due

to the fact that the powder is pushed to the side by the pressure stamp.

Therefore the disc is more dense towards the center than the edges.

In order to provide a homogenous pressing procedure a hydrostatic press

(P.O. Weber PW40) was used to produce three cylindrically shaped pellets

of approximately 8 mm diameter and 4 mm height. We pressed composite

powder with a 1:1 ratio of Cobalt Ferrite and PZT at 320 MPa.

The samples underwent heat treatment at three di�erent temperatures.

The �rst one was sintered at 1000°C like the axially pressed samples. The

second one should be sintered at 800°C for 2 hours and the heating rate was

3.2°C/min and cooled down naturally for about 10 hours. Due to problems

with the furnace the cooling process was not initiated and consequently the

sample was kept at 800°C for more than 12 hours. The third sample was

sintered at 650°C for 5 hours and a respective heating rate of 3.5 °C/min and

also cooled down naturally. Afterwards the samples were cut into discs of

about 1mm thickness, coated with silver paste and polarized.

XRD-analysis revealed di�erent results for hydrostatically pressed com-

posite samples. As stated in section 4.2.1, the count of rhombohedral PZT

drastically increased whereas the count of tetragonal PZT fell below 10% in

opposite to the axially pressed samples. Especially in sample CFPZT_13

(sintered at 850°C) only two percent of the PZT material showed the tetrag-

onal structure.

Obviously isostatic pressing favors the formation of rhombohedral PZT re-

gardless of the sintering temperature according to Tab. 4.6. The temperature

itself seems to have no signi�cant impact on the stoichiometric composition

of the material.

The higher count of the rhombohedral PZT phase changes the structural

parameters of the tetragonal PZT. Once again the sintering temperature does

not seem to signi�cantly in�uence the structure, only in CFPZT_13 which
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Sample CoFe PZT tet PZT rhom PbO
CFPZT_12 (1000°C) 63 7 30
CFPZT_13 (800°C) 63 3 33 1
CFPZT_14 (650°C) 62 6 31 1

CFPZT_01 (axially pressed) 56 36 8

Table 4.6: weight % according to quantitative Rietveld analysis of hydrostat-
ically pressed composite powder with a 1:1 ratio of CF and PZT

sample
CF PZT tet PZT Rhm

lattice const. lattice const. deg. of tet.
a [Å] a [Å] c [Å] c/a a [Å] α [°]

CFPZT_12 8.38 4.00 4.08 1.02 4.04 90.21
CFPZT_13 8.38 4.02 3.99 0.99 4.04 89.87
CFPZT_14 8.38 4.01 4.08 1.02 4.04 89.88
CFPZT_01 8.38 4.04 4.06 1.01 4.04 89.56

Table 4.7: Comparison of structural parameters calculated from XRD-
analysis for isostatically and axially pressed CF-PZT composites with re-
spective 1:1 ratio

was sintered at 800°C for more than 12 hours instead of 2 a serious e�ect on

the lattice constants of the tetragonal phase are obvious.

Hydrostatic instead of axial pressing changes the dominant PZT structure

from tetragonal to rhombohedral. The structural parameter themselves seem

to be independent from pressing procedure and sintering temperature which

is surprising since usually sintering temperature strongly corresponds with

lattice constants and crystallite size.

4.3.1 Magnetic and Magnetostriction Measurements

The sintered samples were cut into discs of about 1mm thickness for mea-

surement and also comparison reasons. The measurement process itself was

exactly the same as for all other samples.

Magnetic hysteresis curves hardly di�er from the axially pressed compos-

ites, however for the sample sintered at 650°C the coercive �eld is reduced

by about 50% compared to higher temperatures as shown in Fig. 4.3.1.

Magnetostriction measurements revealed that isostatic pressing leads to
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Figure 4.3.1: Magnetic hysteresis of isostatically pressed CF-PZT composites
sintered at 1000°C, 800°C and 650°C

a reduction of longitudinal MS of about 15%, however the transverse MS

increases by 2%. Equal results for samples sintered at 1000°C and 800°C

are obtained, whereas further reducing of the sintering temperature results

in a signi�cant drop in magnetostriction, see Fig. 4.3.2. This meets general

expectations because higher temperatures favor formation of larger crystallite

sizes thus generating a stronger magnetostrictive response to an external �eld.

All magnetic and magnetostrictive data for isostatically pressed compos-

ites of 50% Cobalt Ferrite and 50% PZT are reviewed in Tab. 4.8. Isostatic

pressing does not seem to o�er improvement compared to axial method from

a magnetic point of view. The magnetic hysteresis curve shows similar be-

havior however the far more important magnetostriction drops signi�cantly.

4.3.2 Magnetoelectric Measurements

The sample discs were coated with silver paste and the polarization procedure

followed. Similar to the attempts with BaTiO3 several unexpected issues

occurred during this process. For sample CFPZT_12 the electric �eld of
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Figure 4.3.2: Longitudinal and perpendicular MS for isostatically pressed
CF-PZT composites sintered at 800°C and 600°C

Sample Ms[emu/g] Hc[Oe] λpar[ppm] λper[ppm]
CFPZT_12 21 1112 68 26
CFPZT_13 24 1112 68 26
CFPZT_14 24 629 45 18

Table 4.8: Magnetic data and magnetostriction for isostatically pressed CF-
PZT composites
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Figure 4.3.3: Magnetoelectric e�ect in isostatically pressed CF-PZT compos-
ites sintered at 1000°C, 800°C and 650°C

about 0.5 kV gradually went down with rising temperature. However it did

not break down completely because a relatively high amount of amperage was

applied in addition to the voltage. For insulating materials this is surprising.

For CFPZT_13 the application of a high voltage �eld was not possible

at all, unexpectedly a small ME signal could be detected despite this fact.

CFPZT_14 showed no problems. At elevated temperatures the electric �eld

remained on a constant level and during the cool down it even increased

before reaching the initial level at about 50°C.

All samples exhibited an electric charge during the magnetic �eld pulse,

however the magnetoelectric voltage coe�cient is outmatched by a factor of

10 compared to the axially pressed composites as displayed in Fig. 4.3.3.

4.3.3 Conclusions

Isostatic instead of axial pressing provides more dense sample discs with no

density gradient towards the edges. However the high pressure of 278 MPa

compared to about 22 MPa at axial pressing has a great in�uence on the
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magnetostrictive and consequently on the magnetoelectric behavior. Addi-

tionally to the pressing parameters also the sintering temperature was varied.

Structural changes in the composite material are observed since isostatic

pressing obviously favors the formation of rhombohedral instead of tetragonal

PZT. The structural parameters of the ferrite phase seem to experience no

signi�cant in�uences. Whereas magnetization curves show similar behavior

for both pressing methods the longitudinal magnetostriction su�ers a serious

drop of about 15%. For sintering temperatures below 800°C these losses are

even stronger, probably because only high temperatures enable formation of

larger crystallite sizes bene�ting high magnetostriction.

Because of the drop in magnetostrictive performance also a weaker ME

signal was expected since those e�ects strongly correspond. However the

magnetoelectric signal decreased by an even larger factor. Obviously the

problems during the polarization step have to be taken into account, however

a possible explanation for the non insulating behavior at temperatures above

100°C is di�cult to �nd.

In a recently published work of Groessinger and Muhammad [67] the

in�uence of hydrostatic pressure on the magnetostriction of CoFe2O4 is ex-

amined. According to the authors, magnetostriction reaches a maximum for

powder pressed at 167 MPa and rapidly decreases for higher pressures. This

coincides with our experiences and further experiments, suggesting that lower

pressure could o�er more promising results.

Reducing the temperature for the sintering step had a negative in�u-

ence on both magnetostriction and consequently the ME output. At lower

temperatures evaporation of larger amounts of PbO is prevented, however

according to TGA-analysis this is not a serious problem for temperatures

up to 1000°C. Again experiments with even higher temperatures should be

taken into consideration.
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4.4 In�uence of phase connectivity on the ME

e�ect

The connectivity of the magnetostrictive and the piezoelectric constituent

of a magnetoelectric composite is crucial for the ME performance. The me-

chanic strain in the ferrite caused by the application of an external magnetic

�eld must be transferred to the piezoelectric phase in order to generate an

electric charge. Good intrinsic connection in between the two respective

phases lays the foundation for a high magnetoelectric output.

In order to demonstrate the necessity of strong interphase coupling other

synthesis routes than our sol-gel routine were looked upon. The probably

most derivative way to synthesize a magnetoelectric composite is to mechan-

ically mix the two constituents CoFe2O4 and PZT together in a mortar.

Equal amounts (0.45g) of sol-gel derived Ferrite and PZT were grinded to-

gether for about �ve minutes until a visual homogenous powder was obtained.

The resulting material showed more shades of brown than the black-grey sol-

gel samples. The �nal powder was processed exactly like all other samples:

pressed into a pellet, sintered at 1000°C and then characterized through XRD,

SEM, magnetic, magnetostriction and magnetoelectric measurements.

4.4.1 Structural Analysis and SEM studies

X-Ray Di�raction patterns along with Rietveld analysis revealed similar re-

sults for both synthesis methods as shown in tables 4.9 and 4.10.

Sample CoFe PZT tet PZT rhom
mixed powders 53 38 9

sol-gel 56 36 8

Table 4.9: weight % according to quantitative Rietveld analysis for
CFxPZT1-x (x=0,5) composites prepared by di�erent methods

From a structural point of view there seems to be no signi�cant di�erence

between composites derived from sol-gel synthesis and mechanically mixed

powders. SEM imaging however unfolds a huge divergence in morphology
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sample
CF PZT tet PZT Rhm

lattice const. lattice const. deg. of tet.
a [Å] a [Å] c [Å] c/a a [Å] α [°]

mixed powders 8.38 4.04 4.06 1.01 4.03 89.47
sol-gel 8.38 4.03 4.06 1.01 4.04 89.56

Table 4.10: Structural parameters of CFxPZT1-x (x=0,5) composites pre-
pared by di�erent methods

for the two methods. The sol-gel sample shows a homogenous dispersion

of black/grey ferrite surrounded by white PZT particles as well as good

densi�cation. For the mechanically mixed sample however clearly a lack of

homogeneity and even the existence of pores are obvious (see Fig.4.4.1a). Ag-

gregates of accumulated Cobalt Ferrite demonstrate a poor distribution of

phases (Fig. 4.4.1b). The fact that the grain size and dispersion of the white

PZT particles is the same in both samples indicates that the well crystal-

lized material is not in�uenced by the chemical processes during the sol-gel

synthesis. Hence the sol-gel route produces a superior composite material

compared to mechanical mixing. The lack of homogeneity as well as densi�-

cation suggests a loss of connectivity between the magnetostrictive and the

piezoelectric phase consequently having a impeding e�ect on the magneto-

electric performance.

4.4.2 Magnetic and Magnetoelectric Characterization

Both composite powders experienced equal processing in terms of pressing,

sintering, polarization and measurement setups. Magnetic hysteresis shows

an almost identical curve progression which is not at all surprising since an

equal amount of magnetic ferrite material was used for the respective samples.

(see Fig. 4.4.2)

Magnetostriction is a local phenomenon measured directly at the sur-

face were the strain gauge is attached. Consequently a non homogenous

distribution of magnetostrictive particles prohibits a general information of

magnetostrictive behavior. SEM micrographs clearly indicate the lack of

homogeneity in the distribution of magnetic and piezoelectric constituents
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a)

b)

c)

Figure 4.4.1: SEM micrographs of a) and b) mechanically mixed CFxPZT1-x

(x=0.5) composites compared to c) sol-gel derived material
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Figure 4.4.2: Magnetic hysteresis of mechanically mixed and solgel derived
CFxPZT1-x (x=0.5) composites

(see Fig. 4.4.1). The increase in longitudinal magnetostriction in the mixed

composite could suggest chemical in�uence through the PZT powder in the

reaction solution during the sol-gel process resulting in a loss of MS. How-

ever only a simultaneous boost in transverse magnetostriction could prove

such demeanor. This is obviously not the case, as seen in Fig 4.4.3, and the

rise in longitudinal magnetostriction of mixed powder composites is prob-

ably due to de�cient distribution of ferrite grains. If the strain gauge is

attached on a region with a high count of Cobalt Ferrite, consequently the

local magnetostriction will be higher. With the used Vishay double strain

gauge longitudinal and transverse magnetostriction are measured parallel on

di�erent spots on the surface which is suitable for homogenous materials.

In this case it con�rms the lack of particle distribution in the mechanically

mixed composite.

A non homogeneous composite material is not expected to produce an as

strong magnetoelectric output as a composite with good particle distribution.

Agglomeration of ferrite particles favors a locally higher magnetostriction, as
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Figure 4.4.3: Longitudinal and transverse magnetostriction of sol-gel and
mixed powder composites of CFxPZT1-x (x=0,5)

presented, however the magnetically induced strain cannot be transferred to

the piezoelectric phase as e�ciently. Fig. 4.4.4 presents the the ME voltage

coe�cients for both synthesis methods. ME performance for the mechanically

mixed composite reaches about 50% in magnitude compared to the sol-gel

sample.

4.4.3 Conclusion

Magnetoelectric composites of CFxPZT1-x (x=0,5) produced via a sol-gel

synthesis route and mechanical mixing for were compared. Although the

structural parameters according to XRD-analysis seem to be independent

from the synthesis, SEM imaging reveals huge di�erence in homogeneity and

particle distribution. Whereas the sol-gel synthesis produces dense, homo-

geneous and well-developed microstructure, mechanical mixing leads to ag-

glomeration of ferrite- and PZT rich regions and even the formation of pores.

Magnetostriction measurements also demonstrate di�erences in local parti-
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Figure 4.4.4: ME voltage coe�cient for composites prepared by mixed pow-
ders and sol-gel

cle distribution by delivering non corresponding values in longitudinal and

transverse direction. The ME voltage coe�cient is reduced to about 50% of

the magnitude for the mechanical mixing method underlining the importance

of interphase connectivity as well as homogeneity in composite materials.

Even with ceramic ball-milling the ME performance of sol-gel composites

cannot be outmatched according to [68]. The sol-gel route for producing

spinel Cobalt Ferrite, with PZT particles present in the precursor solution,

favors the formation of homogeneous phase distribution and a good connec-

tivity in between magnetostrictive and piezoelectric particles and therefore

leads to a superior magnetoelectric performance compared to mechanical

mixing or ceramic ball milling.



Chapter 5

Conclusion and Outline

A pulse �eld method utilizing a charge ampli�er has been developed for the

magnetoelectric characterization of composite materials of magnetostrictive

and piezoelectric constituents. A sample holder for sample discs with varying

thickness was designed. The �eld is generated by a Hirst Industrial Systems

pulse �eld arrangement and applied perpendicular to the sample surface. The

pulsed �eld method eliminates several undesirable side e�ects occurring with

other setups such as frequency dependance and discharging processes and

o�ers a very straight forward measurement approach of the ME e�ect since

the piezoelectric charge induced by the change in dimension in response to

the magnetic �eld is measured directly.

Although the investigation of ME materials has been going on since the

early 60's of the last century, still no standardized measurement method has

been developed. Therefore only comparisons within our measurement circle

are valid and a comparison to experiments of other groups with di�erent

measurement setups is di�cult, due to non existance of any benchmarks or

calibration standard samples.

With the measurement setup established, several approaches for synthe-

sizing magnetoelectric composites combining the product properties of mag-

netostrictive CoFe2O4 and piezoelectric BaTiO3 or PZT respectively have

been carried out. For the spinel Cobalt Ferrite a wet-chemical sol-gel route

proved most promising as for the synthesis of Barium Titanate. First exper-
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iments targeted towards a formation of a BTO matrix around CFO particles

through gelation. Due to precipitation instead of gelation a mixed powder

composite was created opposite to the desired core-shell type structure with

ferrite as the core. Structural analysis con�rmed a two-phase composite of

CoFe2O4 and BaTiO3 with small percentage of additional phases.

Addition of BTO consequently lowers magnetization as well as magne-

tostriction compared to pure Ferrite material, which is of course expected.

Longitudinal magnetostriction is still on a su�cient level for good ME out-

put.

Polarizing the samples in an electric �eld above the Curie-temperature

lead to surprising behavior. The resistivity of the composite seems tem-

perature dependent and the desired insulating nature is not accomplished.

Therefore magnetoelectric response was extremely low. This is primarily

attributed to the BaTiO3 phase which is probably hard ferroelectric with

high coercivity and consequently hard to polarize and not very sensible to

small dimensional changes. Therefore a soft ferroelectric material had to

be found, for replacing BTO, namely industrial Pb(ZrxTi1-x)O3 with 0≤x≤1
doped with Ni and Nb.

Introducing the PZT powder into the precursor solution during the sol-gel

process for CoFe2O4 provided a successful synthesis method for magnetoelec-

tric composites. XRD analysis presented three structures in the �nal mate-

rial: cubic CoFe2O4 and PZT in rhombohedral as well as tetragonal structure.

X-Ray studies also revealed a straining e�ect of PZT on the lattice parame-

ters of the ferrite phase. Further investigation with SEM microscopy showed

a homogeneous composite surface with well dispersed particles.

A wide range of samples was produced in order examine the in�uence

of stoichiometry and synthesis parameters such as sintering temperature

or pressing conditions on the magnetoelectric performance. A composi-

tion of 55% Cobalt Ferrite and 45% PZT, pressed axially at 6 t/cm2 sin-

tered at 1000°C for 2 hours, provided the maximum ME response with

2.97 mV/(cm*Oe). The value dropped signi�cantly with increasing ferrite

count, whereas high percentages of PZT still yielded in proper ME output.

Alternatively to the sol-gel route, ferrite and PZT powders were mixed
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together mechanically resulting in a less homogeneous and not well dispersed

microstructure and a drop of the ME voltage coe�cient of about 50%. Con-

nectivity in between the two constituent phases as well as a homogeneous

particle dispersion are critical parameters for good magnetoelectric perfor-

mance.

Isostatic instead of axial pressing eliminated the tetragonal phase of PZT

almost completely and the rhombohedral structure was dominant. Addition-

ally polarization lead to similar incidents as the BaTiO3 samples and the ME

output was low especially for sintering temperatures below 1000°C.

Summing up the goals of this thesis were the development and installa-

tion of a new pulse �eld method for detecting the magnetoelectric e�ect. A

charge ampli�er was used to collect piezoelectric charges caused by a mag-

netic pulse. The setup of the measurement system was successful as well as

the wet chemical synthesis of magnetoelectric composites of magnetostrictive

CoFe2O4 and piezoelectric PZT. Hard ferroelectric behavior and poor electric

insulation prohibited strong ME response of composites with BaTiO3 instead

of PZT.

For the PZT composites according to TGA analysis even higher sintering

temperatures are possible without excessive evaporation of PbO. This could

be the next step of further investigation. Also isostatic pressing with lower

force could o�er performance improvement. Another approach could be po-

larization at higher temperatures because the Curie temperature of the used

PZT powder is 170°C which was never reached in our experiments. Magnetic

annealing strongly improves the magnetostriction of cobalt ferrite and there-

fore would also improve the magnetoelectric voltage coe�cient. However

through polarization at elevated temperatures magnetic order could su�er a

decline again.

For the general investigation of the ME e�ect the development of a stan-

dardized measurement system is desirable in order to obtain a comparability

of experimental results. Up to now the in�uence of the measurement method

on the actual result is not well documented. Frequency dependencies al-

low ME measurements at resonance frequencies and result in huge values

for the ME coe�cient. Consequently we cannot determine an actual and
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commonly legitimate value for the ME coe�cient. Hopefully the presented

pulse-�eld method enhances further understanding of magnetoelectric mate-

rials and further development in chemical synthesis and sample preparation

will certainly improve the ME performance of bulk composites of CoFe2O4

and Pb(ZrTi)O3.
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