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AE

Stop. Breathe. Allow yourself the luxury of doing nothing for a moment,
or an hour, or even a day. It is in emptiness that inspiration will appear.

C. Katchen
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Abstract

Dielectric materials, used to control and store charges and electric energy, play a key role in
modern electronics and electric power systems. Dielectric spectroscopy is a versatile method,
well-suited for detection, separation and characterization of various contributions to dielec-
tric response of advanced ceramic and polymeric materials, as it enables understanding of
the behaviour of interfaces at the boundary of two different materials or material phases and
accurate control of material properties. This doctoral dissertation presents the recent studies
conducted in advanced ceramic and polymeric systems by means of dielectric spectroscopy.

In the beginning, a brief overview of theoretical background, analysis and used exper-
imental techniques of dielectric spectroscopy is presented. Then, the first main focus of
the dissertation is set on CaCu3Ti4O12 ceramic thin films. First, the dielectric response of
core-shell structured ceramic material is modelled in terms of an equivalent electric circuit
with elements that describe distinctive contributions of grains and grain boundaries. Then,
the results of investigations of the influence of preparation conditions on dielectric proper-
ties of CaCu3Ti4O12 thin films are presented: It is shown that by proper post-annealing
process a high dielectric constant of ∼ 3000 can be obtained in films with thickness be-
low 600 nm. Afterwards, the main focus of the dissertation shifts towards advanced poly-
meric materials. Firstly, the results of studies of dielectric properties of distinctive dynamic
processes in a new class of relaxor polymers, the relaxor reduced poly(vinylidene fluoride-
trifluoroethylene) copolymer system, are presented and are then used in studies of changes in
dynamic processes of organic and inorganic relaxors due to a dc bias electric field. Secondly,
the structural, caloric, and dielectric properties in blends of relaxor poly(vinylidene fluoride-
trifluoroethylene-chlorofluoroethylene) terpolymer with a small amount of poly(vinylidene
fluoride-chlorotrifluoroethylene) copolymer, developed on aluminum foil, are presented. In
the end, the dielectric response of relaxor polymer systems, in which two different dynamic
processes take place and superimpose in the detected dielectric response, is modelled.

Scientific work, presented in this dissertation, was conducted at the Dielectric Spec-
troscopy Laboratory of the Condensed Matter Physics Department of the Jožef Stefan
Institute. The work on CaCu3Ti4O12 ceramic thin films has been done in collaboration
between the Condensed Matter Physics Department, F5, and the Electronic Ceramics De-
partment, K5, of the Jožef Stefan Institute. Investigations of the reduced P(VDF-TrFE)
copolymer and the terpolymer-copolymer blends have been done in collaboration with the
groups of Prof. Dr. Qun-Dong Shen from the Nanjing University in China and of Prof. Dr.
Horst Beige from the Martin Luther University in Halle, Germany.

This doctoral dissertation, scientific accomplishments of which have been published in
eight articles in peer-reviewed scientific journals, presents the dielectric spectroscopy as a
powerful tool for investigations of both basic and applicatory-oriented properties of various
organic and inorganic materials. This is anticipated to result in their optimization or even
in the synthesis of new materials for advanced applications.

Keywords: dielectric spectroscopy, CaCu3Ti4O12 ceramic thin film, equivalent circuit, film
on surface, polymer blend, relaxor, reduced P(VDF-TrFE) copolymer

PACS (2010): 77.22.Ch, 77.22.Gm, 77.80.Jk, 77.84.Jd, 77.84.Bw
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Povzetek

Dielektrični materiali igrajo ključno vlogo v sodobni elektroniki in električnih sistemih, saj
se uporabljajo za nadzor in shranjevanje električnega naboja in električne energije. Diele-
ktrična spektroskopija je vsestranska metoda, ki je zelo primerna za detekcijo, separacijo
in karakterizacijo različnih prispevkov k dielektričnemu odzivu naprednih keramičnih in
polimernih materialov, saj omogoča razumevanje odziva na meji med dvema različnima ma-
terialoma ali materialnima fazama ter natančen nadzor nad lastnostmi samega materiala. V
tej doktorski disertaciji so predstavljeni rezultati študij naprednih keramičnih in polimernih
materialov z metodami dielektrične spektroskopije.

Najprej je predstavljen kraǰsi pregled teoretičnega ozadja ter analitičnih in merskih me-
tod, uporabljenih pri raziskavah. Potem se disertacija osredotoči na CaCu3Ti4O12 keramične
tanke plasti, kjer je najprej predstavljeno modeliranje dielektričnega odziva keramičnih ma-
terialov s strukturo jedro-lupina z uporabo ekvivalentnih krogov, katerih posamezni elementi
opisujejo ločene prispevke zrn ter mej med zrni. Zatem so predstavljeni rezultati raziskav
vpliva pogojev priprave na dielektrične lastnosti CaCu3Ti4O12 tankih plasti: s primerno ter-
mično obdelavo je možno doseči visoke vrednosti dielektrične konstante, ki znaša približno
3000 v filmih tanǰsih od 600 nm. Zatem se disertacija osredotoči na napredne polimerne ma-
teriale: najprej so predstavljeni rezultati študij dielektričnih lastnosti razločljivih dinamičnih
procesov v novem razredu relaksorskih polimerov, relaksorskem reduciranem poli(vinilden
fluorid-trifluoroetilen) kopolimeru, ki se v nadaljevanju navezujejo na raziskave sprememb
v dinamičnih procesih organskih ter anorganskih relaksorjev v velikih zunanjih električnih
poljih. Nato so predstavljeni rezultati strukturnih, kaloričnih in dielektričnih lastnosti meša-
nic relaksorskega poli(vinilden fluorid-trifluoroetilen-klorofluoroetilen) terpolimera z manj-
šimi količinami poli(vinilden fluorid-klorotrifluoroetilen) kopolimera, razvitih na aluminijevi
podlagi. Na koncu so predstavljeni rezultati modeliranja dielektričnega odziva relaksor-
skih polimernih sistemov, kjer potekata dva različna dinamična procesa, ki se prekrivata v
zaznanem dielektričnem odzivu.

Raziskovalno delo, predstavljeno v tej disertaciji, je bilo opravljeno v Laboratoriju za
dielektrično spektroskopijo na Odseku za fiziko trdne snovi Instituta “Jožef Stefan”. Razi-
skave CaCu3Ti4O12 keramičnih tankih plasti so bile opravljene v sodelovanju med Odsekom
za fiziko trdne snovi, F5, ter Odsekom za elektronsko keramiko, K5. Študije na reduciranem
poli(vinilden fluorid-trifluoroetilen) kopolimeru ter na mešanicah terpolimer-kopolimer so
bile opravljene v sodelovanju s skupinama prof. dr. Qun-Dong Shena z Univerze v Na-
njingu na Kitajskem in prof. dr. Horsta Beigeja z Univerze Martin Luther v Halleju v
Nemčiji.

Ta doktorska disertacija predstavlja dielektrično spektroskopijo kot močno raziskovalno
orodje za študije tako bazičnih kot aplikativno naravnanih lastnosti različnih organskih
ter anorganskih materialov, in lahko posledično vpliva na njihovo optimizacijo ter sintezo
novih materialov za napredne aplikacije. Predstavljeni znanstveni dosežki so zajeti v osmih
člankih, ki so objavljeni v različnih mednarodnih znanstvenih revijah.

Ključne besede: dielektrična spektroskopija, CaCu3Ti4O12 keramična tanka plast, ek-
vivalentni krog, plast na podlagi, polimerna mešanica, relaksor, reduciran P(VDF-TrFE)
kopolimer
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Abbreviations

1+X-layer films = CCTO films with a nucleation layer
1D = one-dimensional
2D = two-dimensional
3D = three-dimensional
9/65/35 PLZT = Pb1−xLax(ZryTi1−y )1−x/4O3 (x = 0.09, y = 0.65)

AC = alternating current
CCTO = CaCu3Ti4O12

CFE = chlorofluoroethylene
CTFE = chlorotrifluoroethylene
DC = direct current
DG = dipolar glass
DSC = differential scanning calorimetry
FE-SEM = field emission scanning electron microscopy
FT-IR = fourier transform infrared spectroscopy
FE = ferroelectric
H–H = head-to-head
H–T = head-to-tail
P(VDF) = poly(vinylidene fluoride)
P(VDF-CTFE) = poly(vinylidene fluoride-chlorotrifluoroethylene)
P(VDF-TrFE) = poly(vinylidene fluoride-trifluoroethylene)
P(VDF-TrFE-CFE) = poly(vinylidene fluoride-trifluoroethylene-chlorofluoro-

ethylene)
PNRs = polar nanoregions
RTA = rapid thermal annealing
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UDR = universal dielectric response
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V-F = Vogel-Fulcher
VRH = variable range hopping
XRD = X-ray diffraction



XII Abbreviations



1

1 Introduction

Dielectric materials, which are used to control and store charges and electric energy, play
a key role in modern electronics and electric power systems. As commercial, consumer and
military requirements for compact and low cost electronic and electrical power systems as
well as for highly energy capacitive storage systems are growing substantially, the devel-
opment of high dielectric constant and high electric energy density materials is becoming
one of the major scientific and technological issues. For instance, high energy density di-
electric capacitors are urgently needed in hybrid electric vehicles to markedly reduce the
volume, weight and cost of the electric power system. Thus, not only the understanding
of the behaviour of interfaces at the boundary of two different materials or material phases
and accurate control of material properties, but also the separation and characterization of
various contributions in novel organic and inorganic materials with high dielectric response
has become increasingly important in the development of dielectric materials. Dielectric
investigations are also of utmost importance in the development of basic science: e.g., the
Vogel-Fulcher behaviour, which is typical for all relaxor systems, has experimentally been
observed in a variety of systems (organic and inorganic), however, its derivation at the
mesoscopic level has just recently been proposed.

Over the last decade, CaCu3Ti4O12 (CCTO) has been intensively studied due to very
high values of the dielectric constant that reveal immense potential for the use of this ma-
terial in various modern electronic and electromechanical applications. The origin of such
high values, which are almost constant in a broad frequency and temperature range, has at
first been attributed to either (i) intrinsic effect, due to the perovskite-like crystal structure
of CCTO, or (ii) extrinsic effect, i.e., the insulating grain boundaries and semiconducting
grains that form an effective circuit of parallel capacitors. In initial research, an intrinsic
mechanism was proposed for CCTO single crystal. However, it was later shown that in
fact a non-intrinsic mechanism governs its dielectric properties. In further studies, dielec-
tric spectroscopy turned out to be a powerful tool for revealing this extrinsic effect, i.e.,
electrical heterogeneities in the microstructure, as the origin of large values of the dielectric
permittivity in CCTO in general and recent reports indicate that dielectric behaviour of
CCTO ceramics and thin films can be influenced by the preparation conditions.

The increase of the dielectric constant does not represent a major challenge only in
inorganic systems, but also in the development of organic materials for electromechanical
applications. The input electric energy that can be converted into strain energy during
an electromechanical application is directly proportional to the dielectric constant of the
electroactive material. It has been shown that relaxor polymers, such as poly(vinylidene
fluoride-trifluoroethylene) [P(VDF-TrFE)] copolymer, irradiated with high-energy electrons,
and VDF-TrFE-based terpolymers, exhibit a giant electrostrictive response. Their dielectric
response is almost identical as in classical inorganic relaxors: a broad frequency dispersion in
linear and nonlinear dielectric constants, a typical temperature dependence of the dielectric
nonlinearity and an asymmetric temperature evolution of the relaxation spectrum as the
longest relaxation time diverges at a finite freezing temperature, while the bulk of relax-
ation times remain active even below this temperature. The dielectric analysis of relaxor
polymers has, however, been incomplete until now. Data interpretation and understanding
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were complicated by the fact that two similar dynamic processes are taking part in the
same temperature range, i.e., the relaxor dynamic maximum was not far enough in temper-
ature from the glass transition occurring in the amorphous matrix. Relaxor P(VDF-TrFE)
copolymer, synthesized via reductive dechlorination from the poly (vinylidene fluoride-
chlorotrifluoroethylene) [P(VDF-CTFE)], represents a new class of relaxor polymers: in
this system, the dynamic relaxor peaks take place at much higher temperatures than that
of previous reported relaxor polymers (where they remained in the temperature region of a
previous ferroelectric phase transition) and thus also much higher than is the temperature of
the glass transition in the amorphous matrix, which makes this system compelling to further
studies from aspects of both, material development and basic science. Recent reports also
indicate much higher values of polarization in terpolymer-copolymer blends than in VDF-
TrFE-based terpolymers, which could lead to a breakthrough in applicatory properties of
relaxor polymers.

Dielectric spectroscopy is a versatile method, well-suited for detection and separation of
various contributions to dielectric response of advanced ceramic and polymeric materials.
This doctoral dissertation presents an overview of the experimental and analytical work,
carried out during the past three and a half years at the Dielectric Spectroscopy Laboratory
of the Condensed Matter Physics Department of the Jožef Stefan Institute. The main
focus of the work was investigations and separation of various contributions to dielectric
response of novel ceramic and polymeric materials with a special emphasis on modelling the
dielectric response of the investigated systems. The work on CCTO ceramic thin films has
been done in collaboration between the Condensed Matter Physics Department, F5, and
the Electronic Ceramics Department, K5, of the Jožef Stefan Institute. Investigations of the
reduced P(VDF-TrFE) copolymer and the terpolymer-copolymer blends have been done in
collaboration with the groups of Prof. Dr. Qun-Dong Shen from the Nanjing University in
China and of Prof. Dr. Horst Beige from the Martin Luther University in Halle, Germany.

Chapter 2 serves as an overview of the fundamental and theoretical background of di-
electric spectroscopy. The basics of dielectric spectroscopy, together with functions and
models used for describing, analysing and modelling the detected dielectric response are ex-
trapolated. Although chapter 3 is entitled “Experimental techniques and methods”, it is not
intended to be a complex overview of the topic, but rather a collection of techniques, used to
obtain the dielectric data. It briefly describes the lock-in bridge technique used to stabilize
the temperature of the samples and the constant wave impedance measurement methods
used for obtaining the data, together with the system used for simultaneous measurements
of the linear and the nonlinear dielectric constant.

The actual results are presented in chapters 4, 5 and 6. The chapter about the studies
of the CaCu3Ti4O12 ceramic thin films begins with a brief historic overview of the scientific
interest in the CCTO systems and then continues with modelling the temperature- and
frequency-dependent dielectric response of core-shell structures in terms of the equivalent
circuit [1]. The rest of the chapter focuses on the presentation of the experimental data
and the results of the analysis and modelling of the dielectric response. The influence of
preparation conditions on the dielectric properties of CCTO ceramic thin films was studied
by detailed dielectric investigations in broad temperature and frequency ranges [2]. Anal-
ysis in terms of the equivalent circuit was used in order to study the extrinsic effect and
investigate how the preparation conditions govern the distinctive contributions of insulating
grain boundaries and semiconducting grains in different temperature and frequency ranges.
In addition, the electrical conductivity, obtained from the analysis in terms of the equivalent
circuit, was modelled in order to determine the charge transport behaviour in CCTO thin
films.

Chapters 5 and 6 are focused primarily on studies of novel relaxor polymer systems.
In chapter 5, the contributions of distinctive dynamic processes to the dielectric response
of reduced P(VDF-TrFE) copolymer system were intensively studied by investigations of
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the linear and nonlinear dielectric response, influence of DC bias electrical field and the
electromechanic response [3,4]. In the reduced P(VDF-TrFE) copolymer and the inorganic
relaxor lanthanum-modified lead zirconate titanate ceramics Pb1−xLax(ZryTi1−y)1−x/4O3

(x = 0.09, y = 0.65, denoted as 9/65/35 PLZT) the influence of DC bias electrical field on
the Vogel-Fulcher dynamics were extensively investigated and the results of the analysis were
compared to the newly derived mesoscopic model from reference 5 [4]. Chapter 6 is orga-
nized according to the types of experiments that were conducted on poly(vinylidene fluoride-
trifluoroethylene-chlorofluoroethylene) [P(VDF-TrFE-CFE)] (66.3/26.4/7.3 mol%) terpoly-
mer and poly(vinylidene fluoride-chlorotrifluoroethylene) [P(VDF-CTFE)] (91/9 mol%) co-
polymer blends on aluminium foil: X-ray diffraction spectroscopy, differential scanning
calorimetry and high resolution linear dielectric spectroscopy in broad temperature and
frequency ranges. In this system, the case, in which two different contributions superimpose
in the detected dielectric response of a relaxor, was investigated and modelled in order to
reveal how this phenomena influences on the characteristic relaxation times and, concomi-
tantly, on the Vogel-Fulcher behaviour [6].
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2 Dielectric spectroscopy

Over the last few decades, dielectric spectroscopy turned out to be a powerful tool for de-
tection and separation of various contributions to the electric response of advanced ceramic
and polymeric materials. This chapter serves as an overview of the fundamentals of dielec-
tric spectroscopy, together with functions and models used for describing, analysing and
modelling the detected dielectric response.

2.1 Fundamentals of dielectric spectroscopy

A dielectric material, i.e., a dielectric, is a material that supports charge without conducting
it to a significant degree. In dielectrics, a linear relation between the electric displacement
field, D⃗, and the applied electric field, E⃗, is satisfied by definition:

D⃗ = εε0E⃗, (1)

where ε is the dielectric constant (a 2nd-order tensor) of the material. External electric field
orients the electric dipoles in a dielectric, inducing electric polarization, P⃗ (defined as dipole
moment per unit volume), thus increasing the value of D⃗:

D⃗ = ε0E⃗ + P⃗ , (2)

where ε0 is the permittivity of free space (ε0 = 8.854 × 10−12 F m−1). Following from
Equations 1 and 2, polarization is:

P⃗ =
(
ε− 1

)
ε0E⃗ = χε0E⃗, (3)

where ε is the dielectric constant, which describes the dielectric displacement that originates
from the response of a material to an applied external electric field only, and χ = ε − 1 is
the dielectric susceptibility [7].

Polarization defined in Equation 3 is a linear function of dielectric susceptibility and
the external electric field. This linear approximation is inadequate for higher external field
strengths, in which nonlinear effects may take place. In this general case, the polarization
is described by function [8]:

P⃗ = ε0χ1E⃗ + ε0χ3E
2E⃗ + ε0χ5E

4E⃗ + . . . = ε0
∑

j=1,...

χjE
j+1E⃗ , (4)

in which χj = εj−1 (χ1 is the linear case, coefficients χj, j>1 are called hyperpolarizabilities).

Often, due to the symmetry that usually occurs in observed systems (P⃗ (E⃗) = P⃗ (−E⃗)) and
thermodynamic reasons, only odd powers contribute to that series development.

From here on, the tensor character of ε and vector characters of D⃗, E⃗ and P⃗ will be
disregarded and all quantities will be treated as scalars due to simplicity. If the dielectric
has been exposed to an external electric field, E(u), during a time between u and u + du
the resulting electric displacement is:

D(t) = ε∞ε0E(t), u > t > u+ du, (5)
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and
dD(t) = ε0E(u)α(t− u)du, t > u+ du, (6)

where ε∞ is the high frequency dielectric constant and α(t−u) is a decay function. If there
are several field pulses at different times, then the resulting displacements superimpose
linearly. In cases, where there exists a continuously varying field E(u) initiated at time
u = 0, total displacement is a sum of displacements:

D(t) = ε∞ε0E(t) + ε0

∫ ∞

0
E(u)α(t− u)du, (7)

where α(t−u) is a decay function, which describes the gradual decrease of D in the dielectric
after the external electric field has been removed, so that α(t− u) → 0 if t→ ∞ [7, 9].

2.1.1 Complex dielectric constant

In the case of periodic electric fields, E(t) = E0 cos(ωt), where the periodic electric field has
persisted for a time longer than the characteristic decay time at which the decay function
vanished, the integration over x in Equation 7 can be extended to infinity by changing the
variable u to x = t− u. Here, the characteristic decay time is the time needed for a specific
dipole moment to return to its initial position after E has been removed. Concomitantly,
electric displacement field, D, is also periodic in time, however, it is not necessarily in phase
with E, i.e.,

D(t) = D0 cos(ωt− δ). (8)

In order to better describe this situation, two different, frequency-dependent dielectric con-
stants, ε′ and ε′′, can be introduced, so that [7]:

D(t) = E0ε0
(
ε′ cos(ωt) + ε′′ sin(ωt)

)
, (9)

in which ε′ represents the part that follows the time varying electric field, ε′′ represents the
part that is shifted for π

2 and

tan(δ) =
ε′′

ε′
. (10)

By comparing Equation 9 to Equation 7, which can be rewritten as:

D(t) = ε0E0 cos(ωt)

(
ε∞ +

∫ ∞

0
α(x) cos(ωx)dx

)
+ ε0E0 sin(ωt)

∫ ∞

0
sin(ωx)dx, (11)

ε′ and ε′′ can be expressed as:

ε′(ω) = ε∞ +

∫ ∞

0
α(x) cos(ωx)dx (12)

and

ε′′(ω) =

∫ ∞

0
sin(ωx)dx. (13)

By introducing a complex dielectric constant [7]:

ε∗ = ε′ − iε′′, (14)

relations in Equations 12 and 13 can be expressed in a more condensed form:

ε∗(ω) = ε′(ω)− iε′′(ω) = ε∞ +

∫ ∞

0
α(x) exp [−iωx] dx. (15)

The frequency-dependence of the complex dielectric constant, ε∗, which measures the re-
sponse of a dielectric material to a time varying electric field, is thus completely determined
by the decay function α(x) [7, 10].
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Following from Equation 15, ε′ and ε′′ can both be derived from the same decay func-
tion α(x) and, concomitantly, they cannot be independent of each other, i.e., the dynamic
response of ε′ is influenced by the dynamic response of ε′′ (and vice versa), resulting in a
dispersion in the detected dielectric response. By performing the Fourier transformation on
Equation 15, the decay function can be extrapolated as [7]:

α(x) =
2

π

∫ ∞

0

(
ε′(ω′)− ε∞

)
cos(ω′x)dω′ (16)

and

α(x) =
2

π

∫ ∞

0
ε′′(ω′) sin(ω′x)dω′, (17)

in which ω′ is an integration variable.

2.1.2 Electric polarization

Electric polarization (i.e., polarization density or polarization) is a vector field, which ex-
presses the density of permanent or induced electric dipole moments in a dielectric material,
and is defined as dipole moment per unit volume. In other words, polarization is the re-
sponse of a charge in a dielectric to an applied electric field. In a dielectric material, the
applied external electric field, E causes a displacement of charge and affects the polarization,
thus causing occurrence of several polarization mechanisms.

2.1.2.1 Polarization mechanisms

Figure 1 illustrates four basic polarization mechanisms: electronic, atomic and orientation
polarization, which can exist in homogeneous materials, and space-charge polarization that is
often detected in electrically heterogeneous materials. Several more polarization mechanisms
can occur due to other factors, e.g., the presence of various phases and defects in the material
[8, 11].

Instantaneous polarization [11] is a term that describes two polarization mechanisms,
which form completely in a time much shorter than the time needed to apply the electric field
and are found in all materials: electronic and atomic polarization. Electronic polarization
neutralizes a part of the applied electric field and arises from a displacement caused by a
shift of the centre of mass of the negative electron charge cloud, which surrounds the positive
atomic nucleus, under applied field. The applied field also causes the equilibrium positions
of the atoms to change and, due to the relative motion of the atoms, atomic polarization
occurs.

Upon formation of molecules, the rearrangement of electrons can cause a dipole moment
in a molecule. In the absence of an external electric field, dipole moments of molecules
are oriented randomly and no net charge is present in the material. Orientation polariza-
tion mechanism originates from the reorientation of dipole moments of the molecules under
applied electric field and (similar to electronic polarization) nullifies a part of that field. [11].

Space-charge or interfacial polarization arises due to charges, which build up at interfaces
and can be polarized in an applied electric field. This mechanism often depends on the
conductivities of present phases, i.e., the motion of charge carriers may occur more easily
through one phase and is then constricted at phase boundaries [11].

2.1.2.2 Frequency effects and total polarization

Polarization mechanisms are characterized by a step-like decrease of the real, ε′, and a peak
in the imaginary, ε′′, part of the complex dielectric constant from Equation 15, i.e., each
mechanism has its own specific features in the frequency (and temperature) dependence of
the complex dielectric constant [8]. This arises from the fact that dielectrics are not ideal
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Figure 1: Polarization mechanisms. Illustration of different polarization mechanisms that occur in
dielectric materials after an external electric field has been applied.
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Figure 2: Polarization mechanisms in a dielectric material. Contribution of the different polarization
mechanisms to the frequency dependence of the complex dielectric constant. The applied external
electric field causes displacement of charge, thus affecting the value of the complex dielectric constant
[11].



Dielectric spectroscopy 9

materials and, thus, a finite time is required for each polarization mechanism to take effect:
after an electric field is applied, an inertia-to-charge phenomena occurs, in which charge
transport or dipole rearrangement takes place over a relaxation time τ . In the case of an
alternating electric field, τ defines a relaxation frequency ω = 1/τ , which in term varies
upon polarization mechanisms [11,12].

Total polarization field of a dielectric is the sum of the polarization resulting from each
mechanism [11]:

Ptotal(t) = Porientation(t) + Patomic(t) + Pelectronic(t) + Pinterfacial(t). (18)

Using Equations 2, 3, 8 and 9, total polarization can be separated to a sum of two parts:

Ptotal(t) = P1(t) + P2(t) , (19)

where
P1(t) =

(
ε′(ω)− 1

)
ε0E0 cos(ωt) (20)

represents the part that follows the changes in the electric field and

P2(t) = ε′′(ω)ε0E0 sin(ωt) (21)

the part shifted for π
2 and ε′(ω) and ε′′(ω) are the parts of frequency dependent dielectric

constant, which in term measures the response of a material to a time varying electric field,
as shown in Figure 2.

2.1.3 Heat losses

In a dielectric, absorption of energy arises due to the lag between polarization and the
applied electric field. Any change in the polarization leads to displacement current of density,
i = dP/dt, and Joule heating

Q = Ei = E
dP

dt
(22)

per unit volume. By averaging the expression in Equation 22 over a complete cycle of the
electric field, the net rate of Joule heat is [9]:

Qaverage =
ε0ωE

2
0

8π
ε′′ , (23)

where ε′′ is the imaginary part of the frequency dependent complex dielectric constant, ε0
is the dielectric constant of free space and E0 is the amplitude of the applied electric field.
Following from Equation 23, ε′′ controls the rate at which electrical energy is converted into
heat in the medium and is thus sometimes called the dielectric loss factor in literature.

Absolute released heat is more important than heat losses per unit volume in practical
applications. In order to depict dielectric losses, the loss tangent tan δ = ε′′/ε′ (Equation
10), is used, where ε′ defines the volume of a practical device (higher ε′, smaller device) and
ε′′ represents heat losses per unit volume.

2.2 Dynamic response

Dielectric relaxation processes are usually analysed using model functions. This section
serves as a brief overview of the basic theoretical and empirical functions used to describe
dispersive dielectric behaviour detected in dielectric materials. Functions that describe
symmetric broadening of the complex dielectric constant are extrapolated in more detail,
as they will be encountered in the analysis and modelling of the dielectric response in later
chapters of this dissertation.
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2.2.1 Kramers-Kronig dispersion relations

By inserting Equations 16 and 17 in Equation 15, we obtain the Kramers-Kronig dispersion
relations:

ε′(ω)− ε∞ =
2

π

∫ ∞

0
ε′′(ω′)

ω′

ω′2 − ω2
dω′ (24)

and

ε′′(ω) =
2

π

∫ ∞

0

(
ε′(ω′)− ε∞

) ω′

ω′2 − ω2
dω′, (25)

where the integrals are principal values. These results are completely general, since no
assumptions have been made regarding the nature of the decay function so far.

Kramers-Kronig dispersion relations can be used to establish a connection between the
static and the dynamic response of dielectric systems [7, 8]. For example, a resonance type
dielectric and absorption response is obtained, if the decay function is assumed to be in the
form of a dampened harmonic oscillator [7]:

α(t) = γ exp

[
− t

τ

]
cos(ω0t+ ψ), (26)

in which γ and ψ are constants that can be temperature dependent.

2.2.2 Debye relaxational dispersion

Theoretically well founded Debye expression is used to describe the case of an ideal, nonin-
teracting population of dipoles, to an alternating external electric field. Assuming a simple
exponential form of the decay function [7],

α(t) =
εs − ε∞

τ
exp

[
− t

τ

]
, (27)

and inserting it into Equation 15, the Debye equation can be expressed as:

ε∗(ω) = ε∞ +
∆ε

1 + iωτ
, (28)

which in term describes a relaxational dispersion of the frequency-dependent complex di-
electric constant with a characteristic relaxation time τ and a dielectric intensity

∆ε = εs − ε∞, (29)

where εs is the static and ε∞ is the high-frequency dielectric constant and εs > ε∞. Following
from Equation 28,

ε′(ω) = ε∞ +
∆ε

1 +
(
ωτ

)2 , (30)

is the real and

ε′′(ω) =
∆εωτ

1 +
(
ωτ

)2 , (31)

is the imaginary part of the frequency-dependent complex dielectric constant. In literature,
the dielectric intensity, ∆ε, is often referred to as the dielectric relaxation strength [9].

Figure 3 depicts the real, ε′, and the imaginary, ε′′, parts of the complex dielectric
constant vs. frequency, obtained from Equations 30 and 31, respectively. The two black
curves reveal the Debye relaxational dispersion, which is characterized by a drop in the
value of ε′, accompanied by an increase in the value of ε′′ that occurs at the characteristic
relaxation frequency ω0 = 1/τ (dashed blue line). At that frequency, the value of ε′′ is
maximal and the value of ε′ is ε∞ + ∆ε

2 . [9].
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Figure 3: Debye relaxational dispersion. Debye relaxational dispersion of both parts of the frequency-
dependent complex dielectric constant from Equations 30 (upper frame) and 31 (lower frame). Red
dashed lines indicate the values of the static, εs, and the high-frequency, ε∞, dielectric constant and
blue dashed line emphasizes the characteristic relaxation frequency, ω0 = 1/τ . Green arrow depicts
the length ∆ε/2, which corresponds to the radius of the Debye semicircle.
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lies on the abscissa axis at ε∞ + ∆ε/2 and its radius corresponds to the value of one half of the
dielectric intensity. The black arrow indicates the direction of the increasing frequency.



12 Dielectric spectroscopy

The Debye expressions in Equations 30 and 31 are the parametric equations of a circle
in the ε′′, ε′ plane [13], i.e., eliminating the parameter ωτ and rearranging the two equations
yields the ansatz: (

ε′ −
(
ε∞ +

∆ε

2

))2

+ ε′′2 =

(
∆ε

2

)2

, (32)

which is in fact the equation of a circle with its centre at (∆ε
2 + ε∞, 0) and radius ∆ε

2 in
the ε′, ε′′ plane [9, 13]. However, only the semicircle over which ε′′ is positive has physical
significance, as shown in Figure 4. The diameter of the semicircle equals the value of the
dielectric intensity and the top point of the semicircle matches to the characteristic relaxation
time τ = 1/ω0. In literature, this semicircle is often referred to as the Debye semicircle.

2.2.3 Empiric model functions

In real systems, several relaxation times can exist, which in term results in a relaxation spec-
tra, i.e., a distribution of relaxation times g(τ), that is detected in the measured dielectric
response. In such cases, Equations 30 and 31 transform into [9]:

ε′(ω) = ε∞ +∆ε

∫ ∞

0

g(τ)dτ

1 +
(
ωτ

)2 (33)

and

ε′′(ω) = ∆ε

∫ ∞

0

g(τ)ωτdτ

1 +
(
ωτ

)2 . (34)

The Debye expression is sufficient to describe only an ideal case, in which the relaxation
time is related to the position of the maximal loss via relation ω0 = 2πν0 = 1/τDebye [8]. In a
general case, however, even the simplest forms of g(τ) (e.g., a Gaussian distribution) result in
solutions for ε′ and ε′′, which are often too complicated to use for analysis of the experimental
data. Therefore, the following empiric models, described further in this section, are used: (i)
the Cole-Cole empiric expression, which arises from a symmetrical distribution of relaxation
times, (ii) the Cole-Davidson empiric expression, which can be used to describe a series
of relaxation mechanisms of decreasing importance extending to the high-frequency side of
the main dispersion and (iii) the Havriliak-Negami empiric expression, which describes any
general distribution of characteristic relaxation times [9].

It should also be noted that the results of frequency-dependent permittivity measure-
ments are sometimes displayed by plotting ε′′ versus ε′. Although information regarding
the independent variable (i.e., the frequency) can not be explicitly shown, such plots can
also provide information regarding the broadening of the complex dielectric constant: the
broadening of the complex dielectric constant is symmetric, if the locus in the ε′, ε′′ is
symmetrical about a line through its centre [8], e.g. the Debye relaxation model describes
symmetrical broadening of the complex dielectric constant for the case, in which the locus
in the ε′, ε′′ plane is a semicircle with its centre on the abscissa axis.

2.2.3.1 Cole-Cole empiric expression

In many materials, such as particularly long-chain molecules and polymers, a broader dis-
persion curve and lower maximum loss is detected than would be expected from the Debye
dispersive relaxation. This broadening of the dielectric function is symmetric (its locus in
the ε′, ε′′ plane is an arc) and can be described by an empirical equation [9]:

ε∗(ω) = ε∞ +
∆ε

1 + (iωτ)1−h
, (35)

where ∆ε = εs − ε∞ is the dielectric relaxation strength, τ is the characteristic relaxation
time and h is the parameter describing the distribution of relaxation times, 0 ≤ h < 1.
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Equation 35 is commonly referred to as the Cole-Cole ansatz or the Cole-Cole empirical
expression in literature.

Figure 5 shows a comparison between the Debye dispersive relaxation and the ε′(ω) and
ε′′(ω) curves obtained from the Cole-Cole ansatz for the case, in which the characteristic
relaxation time τ and the high-frequency and static dielectric constants have the same values.
Both relaxations are characterized by a drop in the value of ε′, accompanied by an increase
in the value of ε′′ at the characteristic relaxation frequency, ω0 = 1/τ . In the case of the
Cole-Cole curves, the ε′(ω) relaxation curve is broader and the accompanying ε′′ maximum
is lower and broader.

Rationalizing the Cole-Cole ansatz (Equation 35) and using the relation [13]

i1−h = exp

[
iπ

2
(1− h)

]
, (36)

reveals the real,

ε′(ω) = ε∞ +
∆ε

(
1 +

(
ωτ

)1−h
sin(πh2 )

)
1 +

(
ωτ

)2(1−h)
+ 2

(
ωτ

)1−h
sin(πh2 )

, (37)

and the imaginary,

ε′′(ω) =
∆ε

(
ωτ

)1−h
cos(πh2 )

1 +
(
ωτ

)2(1−h)
+ 2

(
ωτ

)1−h
sin(πh2 )

, (38)

part of the frequency-dependent complex dielectric constant. Similar as in the case of the
Debye expression, Equations 37 and 38 are also parametric equations of a locus in the
complex ε′′, ε′ plane – eliminating the parameter ωτ and rearranging results in expression
[9, 13]: (

ε′ −
(
ε∞ +

∆ε

2

))2

+

(
ε′′ +

∆ε

2
tan(

πh

2
)

)2

=

(
∆ε

2
sec(

πh

2
)

)2

, (39)

which is the equation of a circle with its centre at (ε∞ + ∆ε
2 ,−

∆ε
2 tan(πh2 )) and radius

∆ε
2 sec(πh2 ). As shown in Figure 6, only the arc over which ε′′ is positive has physical value
(solid black line) and is referred to as the Cole-Cole arc in literature. The top point of the
Cole-Cole arc corresponds to the characteristic relaxation time τ , which can be determined
from the relation [9]:

ωτ =

((
ε′ − (ε∞ +∆ε)

)2
+ ε′′2(

ε′ − ε∞
)2

+ ε′′2

) 1−h
2

. (40)

In the limit h = 0, the Cole-Cole ansatz becomes the Debye expression and describes the
case of monodispersive relaxation (solid grey line in Figure 6).

2.2.3.2 Cole-Davidson empiric expression

In the cases of, e.g., liquids and proton glasses, experimental results reveal (i) a skewed arc
in the complex ε′, ε′′ plane (see Fig. 1.17 in Reference 9) and (ii) that the characteristic
relaxation time does not coincide with the relaxation time, which is related to the position
of maximal loss (see Fig. 3.3.b in Reference 8). This kind of asymmetric broadening of the
complex dielectric function can be described by the Cole-Davidson empiric expression:

ε∗(ω) = ε∞ +
∆ε(

1 + iωτ
)α , (41)

where α is a parameter that describes an asymmetric broadening of the relaxation function
for frequencies ω > 1/τ , 0 < α ≤ 1, and τ is the characteristic relaxation time. The relation
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between the characteristic relaxation time, τ , and the characteristic relaxation frequency,
ω0 depends on the shape parameter, α:

ω0 =
1

τ
tan

( π

2γ + 2

)
. (42)

In the limit α = 1, the Cole-Davidsion expression describes monodispersive relaxation, i.e.,
if α = 1, the Debye expression can be recovered from the Equation 41 [8, 9].

2.2.3.3 Havriliak-Negami empiric expression

In order to account for the asymmetry and broadness of the dielectric dispersion curve in
general, a combination of the Cole-Cole and the Cole-Davidson ansatzes, i.e., the Havriliak-
Negami empiric expression, is used [8, 9]:

ε∗ = ε∞ +
∆ε(

1 + (iωτ)β
)γ , (43)

in which the fractional shape parameters β and γ describe the symmetric and the asymmetric
broadening of the complex dielectric constant, respectively, and 0 < β, βγ ≤ 1. The
characteristic relaxation frequency depends on both shape parameters [8]:

ω0 =
1

τ

(
sin(

βπ

2 + 2γ
) sin(

βγπ

2 + 2γ
)

)−1
β

. (44)

If β = 1 and γ = 1, the Havriliak-Negami expression is reduced to the Debye expression.

2.3 Equivalent circuit models

When dealing with extrinsic effects that influence the dielectric behaviour of a dielectric
material, a straightforward approach to understanding the dielectric behaviour is analysis
in terms of the equivalent circuit with elements that describe distinctive contributions to the
dielectric response [1,8,14,15]. In this section, representation of the dielectric material as a
leaky capacitor are elaborated, together with the model that takes into account the parasitic
resistance and inductance of the measuring setup. Basic equivalent circuits commonly used
for modelling the extrinsic effect are shown.

2.3.1 Bulk sample and the leaky capacitor

In an ideal case, an ideal capacitor would be used to describe the impedance of dielectric
material in circuits. Since the real dielectric material conducts electricity, in impedance
spectroscopy, the intrinsic effect of the bulk sample is usually presented by a leaky capacitor
[8], depicted in Figure 7.

G

C

Figure 7: Leaky capacitor. The schematic representation of a leaky capacitor. C is the capacitance
and G the conductance of the dielectric material.
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The reciprocal value of the impedance of a leaky capacitor from Figure 7 and, concomi-
tantly, of a dielectric material, is:

1

Z
=

1

R
+ iωC = G+ iωC, (45)

where ω = 2πν is the angular frequency, C is the capacitance, G = 1/R is the conductance
and RC is equal to τ , the circuit characteristic time. The resistance, R, takes into account
the overall loss due to various extrinsic and intrinsic polarizations and dipole relaxations
and the capacitance substantiates the overall ability of the dielectric to store the electric
field (via polarization mechanisms) [8].

Equation 45 can be rewritten as:

1

Z
= iωC0ε

∗ = iωC0(ε
′ − iε′′), (46)

where C0 is the capacitance of the empty capacitor:

C0 = ε0
S

d
, (47)

in which S is the area of overlap and d the separation between two plates of the capacitor.
Following from Equations 45 and 46:

ε′ =
C

C0
(48)

is the real and

ε′′ =
1

ωC0R
=

G

ωC0
(49)

is the imaginary part of the complex dielectric constant (Equation 14), in which C and G
are measured capacitance and conductance of the material. And since [8]:

G = σ′
S

d
, (50)

Equation 49 also relates the real part of the complex electrical conductivity with the imag-
inary part of the complex dielectric constant via relation:

σ′ = ωε0ε
′′. (51)

2.3.2 Resistance, inductance and resonance of the measuring setup

Experimentally detected dielectric data could be compromised due to the parasitic induc-
tance or resistance of the measuring setup. Both, inductance and resistance of the measuring
setup can be taken into account by performing analysis in terms of the equivalent circuit [8]
composed of a resistor and/or an inductor connected in series to a leaky capacitor, which
represents the sample.

Figure 8 shows the equivalent circuit for a case, in which both resistance and induc-
tance of the measuring setup influence detected dielectric response. Reciprocal value of the
complex impedance of such an equivalent circuit is:

1

Z
=

(
1

G+ iωC
+R+ iωL

)−1

. (52)

Equation 52 can be rewritten to form [1]:

1

Z
= GMEAS + iωCMEAS = iωC0ε

∗, (53)
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Figure 8: Equivalent circuit: resistance and inductance of the measuring setup. A schematic repre-
sentation of an equivalent circuit composed of a leaky capacitor (sample), a resistor (resistance of
the measuring setup) and an inductor (inductance of the measuring setup) connected in series.

-100

0

100

200

300

  PMN (x
 
1/60)

  BiNb

  TiO
2

  Teflon (x
 
10)

 

 

 

ε'

3x10
8

10
9

10
10

0

200

400

600

 

 

ε''

ν (Hz)
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where CMEAS and GMEAS = 1/RMEAS are the two quantities that are usually measured
by impedance analysers in Cp-Gp mode, ε∗ is the complex frequency-dependent dielectric
constant and C0 is the capacitance of an empty capacitor from Equation 47. In this particular
case [1]:

GMEAS =
G+R

(
G2 + ω2C2

)(
1− ω2LC +GR

)2
+

(
ωLG+ ωCR

)2 (54)

and

CMEAS =
C − L

(
G2 + ω2C2

)(
1− ω2LC +GR

)2
+
(
ωLG+ ωCR

)2 . (55)

At ω2LC = 1 resonance occurs due to the inductance of the measuring setup. This can
clearly be seen in Figure 9, which depicts resonance due to the measuring setup for several
samples at room temperature. Note that the frequency of the resonance, ω = 1/

√
LC,

depends on the material used for measurements – the higher is the dielectric constant (and
thus C), the lower is the frequency.

If measurements are performed in a frequency range that is low enough to avoid resonance
due to the measuring setup, then L = 0 can be assumed. In this case:

GMEAS =
G+R

(
G2 + ω2C2

)(
1 +GR

)2
+

(
ωCR

)2 (56)

and

CMEAS =
C(

1 +GR
)2

+
(
ωCR

)2 (57)

Concomitantly, even a small resistance of the measuring setup (a few Ohm – in this case the
term GR in the denominator of Equations 56 and 57 can be neglected) results in an artificial
Debye-like relaxation with a frequency of ω ≃

√
2/CR in the detected dielectric response.

Although this relaxation frequency, above which the response is incorrect, is usually very
high (C = 50 pF and R = 3 Ω give ν = ω/2π ≃ 1.5 GHz), it can decrease into the measuring
frequency window when samples with high capacitance are investigated [1].

2.3.3 Extrinsic effects

Extrinsic effects that influence the dielectric behaviour of a dielectric material, are often
detected as an artificial Debye-like relaxation in the dielectric response. In cases like this,
analysis in terms of an equivalent circuit enables separation and characterization of distinc-
tive contributions to the dielectric response [1, 14].

Figure 10a shows a simplified equivalent circuit, composed of two leaky capacitors con-
nected in series. Each leaky capacitor describes one contribution to the dielectric response
of the material, e.g., in the case of CaCu3Ti4O12 single crystal one leaky capacitor describes
the contributions of the bulk and the other one the contributions of surface layers [16]. In
order to account for the semiconduction of bulk material or influence of grain boundaries,
the equivalent circuit can be modified by introducing new elements. Figure 10b shows a
model for the case in which three distinctive contributions govern the dielectric response:
grains, grain boundaries, and surface layers [17] while Figure 10c depicts the case of core-
shell structured material, which is composed of semiconducting grains and insulating grain
boundaries. As usual in semiconductors [18], intrinsic effect of the bulk sample is given as a
sum of (i) frequency dependent AC conductivity, for which the universal dielectric response
(UDR) is used with the ansatz σAC = σ0ω

s, s < 1, (ii) DC conductivity, and (iii) high-
frequency dielectric constant. The intrinsic complex conductivity (σ∗ = σ′ + iσ′′) is given
as [1]:

σ′ = σDC + σ0ω
s

σ′′ = ωε0ε
′ = tan

sπ

2
σ0ω

s + ωε0ε∞.
(58)
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Similarly, several extrinsic effects within one material could be described using a cus-
tomized equivalent circuit, composed of several RC and UDR elements connected in series
or parallel. For analysis, the function of the complex dielectric constant is obtained simply
by determining the reciprocal value of the impedance of the chosen equivalent circuit and
rearranging it to form from Equation 53 [1]. However, the more constituents the model has,
the more difficult it is to use it in analysis [2].
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Figure 10: Equivalent circuits: heterogeneous materials. Equivalent circuits used for modelling and
analysis of the dielectric response of heterogeneous materials. Elements describe distinctive con-
tributions of bulk material (GBULKCBULK), surface layers (GSLCSL), insulating grain boundaries
(GGBCGB) or semiconducting grains (GDCGUDRε∞) to the dielectric response.
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2.4 Arrhenius, Vogel-Fulcher and variable range hopping dy-
namics

In analysis of the dielectric response of materials, investigated in this dissertation, expres-
sions that describe Arrhenius, Vogel-Fulcher and variable charge hopping dynamics are
used. Arrhenius expression is a simple exponential function that can be used to model the
temperature-variance of diffusion coefficients, population of crystal vacancies, creep rates,
and many thermally-induced processes or reactions. The basic form of the expression is:

k = A exp

[
− Ea

RT

]
, (59)

in which k is the rate constant of a reaction, T is the absolute temperature and Ea is the
activation energy. The pre-exponential factor A and Ea are assumed to be temperature-
independent [19].

The Vogel-Fulcher (V-F) relation is used for the analysis of characteristic relaxation
times of, e.g., relaxor polymer systems, and reads:

ν = ν0 exp

[
−E
k

· 1

T − T0

]
, (60)

where ν0 is the inverse attempt frequency, E/k is the activation energy (k is the Boltzmann
constant), and T0 is the Vogel-Fulcher freezing temperature of the characteristic (mean)
relaxation time. Although this empirical law has experimentally been observed in a variety
of systems, its derivation at the mesoscopic level has just recently been proposed [21].

Variable range hopping (VRH) is a model that describes low temperature conduction in

strongly disordered systems with localized states, where σDC ∝ T− 1
1+d and d is the number

of dimensions. It has a characteristic temperature dependence:

σ = σ0 exp

[
−T0
T

]− 1
1+d

, (61)

in which d = 0, 1, 2, 3 is the dimensionality (d = 0 describes the Arrhenius dynamics) [20].
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3 Experimental techniques and methods

So far, no universal method for measuring the complex dielectric constant in any given fre-
quency range exists. Therefore, measurement methods differ on measurement requirements
and conditions (frequency coverage, measurement range, measurement accuracy and ease of
operation) and each have their own advantages and disadvantages. This chapter serves as
an overview of the measurement techniques that were used for obtaining the experimental
data. Constant wave impedance measurement methods and the system used for simulta-
neous measurements of the linear and the nonlinear dielectric constant are sketched. The
lock-in bridge technique used to stabilize the temperature of the samples is described. For
a more detailed review, several excellent textbooks exist, written by prominent authors.
Among them are references 22–25.

3.1 Impedance measurement techniques

For impedance measurements in the range between mHz and MHz, constant wave methods
are used. This section serves as an overview of the methods used by the Novocontrol Alpha
High Resolution Dielectric Analyzer and the Hewlett Packard 4284A precision LCR-meter,
which have been used for measuring the complex dielectric constant.

3.1.1 Wheatstone bridge method

The Wheatstone bridge, depicted in Figure 11, enables high measurement accuracy and
wide frequency coverage (DC to 300 MHz, by using different types of bridges); however, a
single bridge needs to be manually balanced and covers only a narrow frequency range [22].
The Wheatstone bridge is balanced when there is no current flowing through the detector,
D. The unknown impedance, Z4, which represents the sample, is determined by correlation:

Z4 =
Z1Z3

Z2
. (62)

By writing out the reciprocal term for Z4,

1

Z4
=

Z2

Z1Z3
, (63)

and combining it with Equation 53, the complex dielectric constant of the sample is obtained.
This technique is used by the Novocontrol Alpha High Resolution Dielectric Analyzer.

With frequency range of 1 µHz to 10 MHz it is useful for low frequency measurements.
However, all measurements must be done with an external electrical field that is low enough
to maintain a linear dependence between dielectric polarization density and the electric field.

3.1.2 Auto-balancing bridge method

Figure 13 shows a simplified schematic of the auto-balancing bridge, which has a broad
frequency coverage (20 Hz to 110 MHz) with a high accuracy over a wide impedance mea-
surement range and enables grounded device measurement. In other words, the method
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Figure 11: Wheatstone bridge. The sample in the circuit is represented by the Z4 element. In order
to balance the Wheatstone bridge, there must be no current flowing through the detector D.
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Figure 12: Simplified schematic of the auto-balancing bridge. By creating a virtual ground at point
A, the value of current through the sample Z is the same to the one through R, IZ = IR = UR/R.
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Figure 13: Four-terminal pair measurement method. R1 and R2 represent the impedances due to
contacts and wires, respectively. Due to a high internal resistance of the voltmeter, the current
flowing through R3 and R4 is negligible.
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is designed to permit stable and accurate impedance measurements, without any mutual
inductance or interference of measurements signals [22,23].

Hewlett Packard 4284A precision LCR-meter uses the auto-balancing bridge method
together with the four-terminal pair measurement method, depicted in Figure 13: two re-
sistors, R3 and R4, are used in order to account for impedances due to contacts and wires,
represented by R1 and R2, respectively. The voltage on R, which in this circuit represents
the sample, is:

UR = IRR

(
1− R+R3 +R4

RV OLTMETER

)
. (64)

By taking into account the resistance of the voltmeter [23],

RV OLTMETER = 1011Ω =⇒ R+R3 +R4

RV OLTMETER
= 0, (65)

the current through the resistor is indeed:

IR =
UR

R
. (66)

With preciseness of 0.05 % in the frequency range between 20 Hz and 2 MHz, the LCR-
meter has the advantage in low as well as in high impedance measurements. If extensions are
used, five-terminal and shielded two-terminal measurements are possible (see Figure 6–12
in Reference 23).

3.2 Nonlinear dielectric constant measurements

In order to determine the dielectric nonlinearity

a3 =
ε3
ε30ε

4
, (67)

simultaneous measurements of temperature-dependence of the linear, ε1, and the nonlinear,
ε3 dielectric constant have been performed using a circuit, depicted in Figure 14. The
sample, CX , is connected in parallel to known capacitance C0 ≫ CX and UAC is applied to
the sample. Capacitors C1 ≫ C0 and C2 ≫ C0 are in the circuit in order to protect the
apparatuses from high external DC electric fields (source UDC) during such measurements.

UAC UDC

C1

SAMPLE:CX

C0

C2

ELECTROMETER

AMPLIFIER

SPECTRAL

ANALYZER

Figure 14: Circuit used for measuring the nonlinear dielectric constant. If a spectral analyser is
used in combination with this circuit, simultaneous measurements of the linear and the nonlinear
dielectric constant can be performed.
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The response of the systems is amplified by an electronic signal amplifier and then mea-
sured by the Hewlett Packard 35665A Dynamic Signal Analyzer, which enables simultaneous
measurements of the first, U1, the third, U3, and the fifth, U5 harmonic dielectric responses.
Then the linear, ε1, and the nonlinear, ε3, dielectric constants were calculated from relations:

ε1 =
C0

CX
· U1

U0 − U1
(68)

and

ε3 =
4U3

U1
· ε1
E2

, (69)

in which E is the external electric field applied to the sample [25]. If U5 ≈ U3, the nonlinear
dielectric constant was calculated using the relation:

ε3 =
4C0

CX0
· d2

(U0 − U1)3
(
U3 −

5

16
U5

)
, (70)

where d is the sample thickness and CX0 is the capacitance, calculated using Equation 47
and sample dimensions.

The advantage of the simultaneous measurement is that, in comparison to separate
measurement runs, the error in the subsequent computation of the ratio a3 = ε3/ε

3
0ε

4 is
reduced. In this computation, the real part of the linear and the absolute value, ε3, of the
third-order nonlinear dielectric constant were used [25].

3.3 Temperature stabilization

Figure 15 depicts the schematic of the circuit used for temperature stabilization. The lock-in
bridge is based on the Wheatstone bridge (Figure 11) and is composed of (i) a temperature
sensor, RX , which is a Pt1000 resistor, located in the probe, (ii) a resistor decade box,
R3, which is connected to the computer and enables the user to set the target desired
temperature in the probe, and (iii) two 500 Ω resistors, R1 and R2.

The bridge is powered by the reference signal, outputted from the phase detector. The
output signal is set to be positive, if RX < R3. A second output signal from the phase
detector is run over a signal power amplifier and used to power the heater in the probe.

A Pt100 resistor, connected to the Keithley 196 System DMM, is used to determine the
current temperature inside the probe [25]. Using the lock-in bridge technique and the probe,
depicted in Figure 16, the temperature in the range of 80–450 K can be stabilized within 5
mK.



Experimental techniques and methods 25

R3

D

R2R1

RX

PHASE

DETECTOR

SIGNAL

AMPLIFIER

HEATER

Pt100

REFERENTIAL

SIGNAL

PROBE

MEASUREMENT

CONTACTS
SAMPLE

Pt1000

Figure 15: Schematic of the circuit used for temperature stabilization. The elements within the
dashed green box are located within the probe.

(a)

(b)

(c) (d)

Figure 16: The Probe. The pictures show an empty probe (a), a sample in the probe (b), the inner
shield over the probe (c) and the outer shield over the probe (d). The contacts and the shields of
the probe are made of brass.



26 Experimental techniques and methods



27

4 Dielectric investigations of CaCu3Ti4O12 ceramic

thin films

The chapter is dedicated to CaCu3Ti4O12 ceramic thin films and core-shell structured ce-
ramic materials in general. The beginning of the chapter serves as a brief historic overview
of the scientific interest in the CaCu3Ti4O12 system. The second part of the chapter focuses
on modelling the temperature- and frequency-dependent dielectric response of core-shell
structures in terms of the equivalent circuit. The rest of the chapter presents the results of
the study of the influence of preparation conditions on the distinctive contributions to the
dielectric behaviour of CaCu3Ti4O12 thin films. The experimental work presented in this
chapter was done in collaboration between the Condensed Matter Physics Department, F5,
and the Electronic Ceramics Department, K5, of the Jožef Stefan Institute.

4.1 Overview

Over the last few decades, heterogeneous ceramic materials, such as CaCu3Ti4O12 (CCTO)
[15], Gd0.6Y0.4BaCo2O5.5 [18] and (Sr,La)NbO3.5−x [26] have been intensively studied due to
very high values of the dielectric constant that reveal immense potential for the use of these
materials in various modern electronic and electromechanical applications. Due to very high
values of the dielectric constant (a nearly constant dielectric permittivity of several 103 was
measured in CCTO bulk at 1 kHz in a temperature range between room temperature and
570 K [27, 28]), CCTO bulk, thick or thin films have intensively been studied in the last
decennium [15–17, 27–30]. The origin of such high values has at first been attributed to
either (i) the intrinsic effect, due to the perovskite-like crystal structure of CCTO, or (ii)
the extrinsic effect, i.e., the insulating grain boundaries and semiconducting grains that form
an effective circuit of parallel capacitors [27].

In initial research, an intrinsic mechanism was proposed in order to explain the physical
origin of the measured Debye relaxation with ε ∼ 105 at temperatures above 100 K and its
drop for three orders of magnitude at temperatures below 100 K for the optical response
of CCTO single crystals [29]: CCTO has perovskite-like atomic structure(see Figure 17),
in which the lack of a fourfold axis disables cubic symmetry of the Ti4+ cations , and thus
a ferroelectric phase transition based on the displacement of Ti4+ from the octahedron is
much less likely than in a perovskite (a large enough TiO6 octahedral tilt actually affects
the transition into a ferroelectric state [27]). With increasing temperature, the Ti4+ cations
could not displace off centre along a fourfold axis as they would in a perovskite, but only
along their one threefold axis, thereby creating tension on the Ti–O and causing the octahe-
dra to tilt. As no ferroelectric transition was observed, as well as no distortions in the crystal
structure (which would be due to the changes in the TiO6 octahedral tilt), the only thing
that the intrinsic effect could explain is the origin of high values of the dielectric constant at
high frequencies at high temperatures, where dielectric permittivity is almost temperature
independent [29]. The measured Debye relaxation from Fig. 2 in Reference 29 has later
successfully been modelled in terms of an equivalent circuit, depicted in Figure 10a, with
only ε∞ = 80. This showed that a non-intrinsic mechanism in fact governs the dielectric
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Figure 17: Unit cell of CaCu3Ti4O12. A unit cell of CCTO, in which the atoms are plotted according
to their ionic radius [31,32], shown as TiO6 octahedra (Ti atoms in the octahedra are grey), Cu atoms
(dark blue) bonded to four oxygen atoms (red) and Ca atoms (light blue) without bonds. The black
lines are a guide for the eye.

properties of CCTO single crystal [15,30]. In further studies, dielectric spectroscopy turned
out to be a powerful tool for revealing the electrical heterogeneities in the microstructure,
i.e., the core-shell structure, as the origin of such high values, which are almost constant in
a broad frequency and temperature range [15–17,30,33–37].

Analysis in terms of the equivalent circuit is a straightforward approach to understanding
the dielectric behaviour: Elements of the equivalent circuit are used to describe distinctive
contributions to the dielectric response, i.e., analysis in terms of an equivalent circuit enables
separation and characterization of distinctive contributions to the dielectric response [14,15].
In our studies, the dielectric response of core-shell structured ceramic material was modelled
in terms of an equivalent electric circuit with elements that describe distinctive contributions
of grains and grain boundaries. By taking into account a proper temperature dependence
of individual elements of the circuit, the temperature and frequency dependent dispersive
dielectric behaviour, typically observed in these materials, was obtained. In addition, the
use of analysis in terms of the equivalent circuit as a data rescue tool was presented for
cases in which detected dielectric data are compromised by resistance or resonance of the
measuring setup. It was shown that even small values of resistance or inductance result in
an artificial relaxation or resonance in the detected dielectric response and the influence of
parasitic inductance and resistance of the measuring setup on measured dielectric response
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was presented [1].
Recent reports indicate that dielectric behaviour of CCTO ceramics and thin films can be

influenced by the preparation conditions [15,34,38]. We studied the influence of preparation
conditions on dielectric properties of CCTO by performing detailed dielectric investigations
in a broad temperature and frequency range. Experimental results, obtained in various
CCTO thin films prepared by chemical solution deposition, and analysis in terms of the
equivalent circuit reveal that the preparation conditions govern the distinctive contribu-
tions of insulating grain boundaries and semiconducting grains in different temperature and
frequency ranges. With proper post-annealing process, dielectric constant of ∼3000 was
obtained in films with thickness below 500 nm. Additional analysis of the electrical con-
ductivity revealed that 1-dimensional variable range hopping is the dominating transport
mechanism in CCTO thin films [2,39].

4.2 Equivalent circuit modelling of core-shell structured ce-
ramic materials

In the simplest case of core-shell structured ceramic materials, two constituents govern the
dielectric response: conducting grains and insulating grain boundaries. Figures 18 and 19
show temperature and frequency dependence of ε′ and ε′′, respectively, for data obtained
in CCTO ceramic thin films [1, 2], which is similar to the case of single crystals, where the
non-intrinsic origin of colossal values of dielectric permittivity is due to the crystal structure
that consists of bulk material and surface layers, i.e., Schottky diode that was formed at
the semiconductor-metal interface [15]. Equivalent circuit used for analysis of such systems
is composed of two leaky capacitors connected in series, as shown in Figure 10a: GBULK

and GSL represent the conductance and CBULK and CSL the capacitance of bulk material
and surface layers, respectively, and CSL ≫ CBULK . The reciprocal value of the complex
impedance of such equivalent circuit is:

1

Z
=

(
1

GBULK + iωCBULK
+

1

GSL + iωCSL

)−1

(71)

and can be rewritten to form from Equation 53, so that:

1

Z
= GMEAS + iωCMEAS =

=
((GBULK + iωCBULK)(GSL + iωCSL)) (GBULK +GSL − iω(CBULK + CSL))

(GBULK +GSL)
2 + ω2 (CBULK + CSL)

2 . (72)

The characteristic frequency of the artificial Debye relaxation, derived from Equation 72
at GBULK ≫ GSL and CBULK ≪ CSL, is [1]:

ω ≃ 1/(CSLRBULK), (73)

in which RBULK = 1/GBULK represents the resistance of the bulk and CSL the capacitance
of the electrode-bulk interface or grain boundaries. If RBULK and, concomitantly, the
characteristic frequency of this artificial Debye’s response follow the Arrhenius law (Equation
59), then, with increasing temperature giant surface layer/grain boundary contributions are
detected up to higher frequencies. Thus, the temperature dependence of the conductivity
of the bulk in Equation 72 is assumed to be the usual Arrhenius expression [1]:

1/GBULK = RBULK = R0 exp (−T/T0) . (74)

The choice of parameters GBULK , CBULK , GSL, and CSL for modelling does not influence
the obtained Debye-like behaviour as long as CBULK ≪ CSL and GBULK ≫ GSL.
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Figure 18: Temperature- and frequency-dependent ε′ of CCTO thin film. Experimentally detected ε′

vs. temperature and frequency in CCTO ceramic thin films, prepared by chemical solution deposition
and post-annealed in flowing nitrogen atmosphere. Solid lines are a guide for the eye.
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Figure 19: Temperature- and frequency-dependent ε′′ of CCTO thin film. Experimentally detected ε′′

vs. temperature and frequency in CCTO ceramic thin films, prepared by chemical solution deposition
and post-annealed in flowing nitrogen atmosphere. Dashed lines are a guide for the eye.



Dielectric investigations of CaCu3Ti4O12 ceramic thin films 31

Figure 20: CMEAS vs. frequency and temperature. Modelled plot of CMEAS from Equation 72 vs.
frequency and temperature. Solid lines are a guide for the eye.

Figure 21: GMEAS/ω vs. frequency and temperature Modelled plot of GMEAS/ω from Equation 72
vs. frequency and temperature. Solid lines are a guide for the eye.
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As the result, temperature dependencies of CMEAS and GMEAS/ω in Figures 20 and 21
reveal an artificial Debye relaxation: at a fixed value of frequency the measured capacitance
drops from CSL at higher temperatures to CBULK at lower temperatures, and, concomi-
tantly, the characteristic temperature drop increases with frequency, which is indeed the
experimental case reported in core-shell structured ceramic materials. [15, 18, 26]. Due to
clarity, a simpler, two-dimensional, view of the modelled plots of CMEAS and GMEAS/ω vs.
frequency and temperature is depicted in Figure 22.
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Figure 22: CMEAS and GMEAS/ω vs. frequency and temperature Modelled plots of CMEAS and
GMEAS/ω from Equation 72 vs. frequency (left) and temperature (right). The inset shows the
equivalent circuit composed of two leaky capacitors connected in series, representing the surface
layers/grain boundaries and the bulk/grains.

4.3 Influence of preparation conditions on distinctive contri-
butions to dielectric behaviour of CaCu3Ti4O12 thin films

In order to investigate the influence of preparation conditions on dielectric behaviour of
CCTO thin films, high-resolution dielectric investigations in a broad frequency and temper-
ature range were performed. This section shows that (i) insulating grain boundaries and
semiconducting bulk grains individually determine the dielectric behaviour of CCTO thin
films in different temperature and frequency regions and (ii) by manipulating the conditions
under which the thin films are prepared, their dielectric properties can be controlled. In
addition, it is shown that in the case of CCTO thin film, prepared on a nucleation layer,
the dielectric response is determined by the microstructure consisting of large grains that
extend throughout the whole thickness of the film.
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4.3.1 Experimental procedure

4.3.1.1 Processing and structural characterization

CCTO thin films were prepared from the nitrate-alkoxide based solution. Titanium n-
butoxide (99.9+%, Alfa Aeser) and a mixture of calcium nitrate tetrahydrate (99.9995%,
Alfa Aeser) and copper nitrate hemipentahydrate (99.999%, Alfa Aeser) were separately
dissolved in 25 ml and 50 ml of 2-methoxyethanol (99.3%, Sigma Aldrich), respectively,
and mixed. The solution was heated for 30 min at 323 K. The concentration of the final
light blue solution was 0.4 M. The CCTO solution was spin-coated onto platinized silicon
substrates (100 nm Pt/10 nm TiO2/SiO2/Si, Aixacct) at 3000 rpm/30 s, dried at 523 K
for 2 min, and pyrolyzed at 623 K for 5 min. The procedure was repeated six or twelve
times and the respective films are further denoted as 6- or 12-layer films. The films were
annealed at 1023 K for 15 min in a rapid thermal annealing (RTA) furnace. Selected films
were post-annealed in a tube furnace at 773 K for 8 h in flowing nitrogen, air, or oxygen
atmospheres. In addition, some CCTO thin films were prepared on a nucleation layer. In
order to obtain the nucleation layer, CCTO solution was spin-coated onto platinized silicon
substrates (100 nm Pt/10 nm TiO2/SiO2/Si, Aixacct) at 3000 rpm/30s, dried at 523 K for
2 min, and annealed at 1023 K for 5 min. In further text, CCTO films with a nucleation
layer will be referred to as 1+X-layer films, where 1 represents the nucleation layer and X
is 6 or 12, with respect to the number of the procedure repetitions [2].

The films were characterized by X-ray diffraction (XRD, PANalytical X’pert Pro diffrac-
tometer, CuKα1 radiation). The data were collected in the 2θ-range from 15◦ to 55◦, with
a step of 0.034◦ and an exposure time of 100 s per step. The phases were identified using
the PDF–2 database [40] and the microstructure was analysed by field emission scanning
electron microscopy (FE-SEM, Supra 35 VP, Carl Zeiss) [2].

4.3.1.2 Dielectric characterization

Figure 23 depicts CCTO thin films with sample thickness in the range of 200–600 nm and
sputtered upper Cr/Au electrodes with 0.4 mm diameter (RF-magneton sputtering, 5Pascal)
that were used for dielectric measurements. The complex dielectric constant from Equation
14 was measured by Novocontrol Alpha High Resolution Dielectric Analyzer in a frequency
range of 1 Hz–3 MHz. The amplitude of the probing AC electric signal was 50 mV. The
data were obtained in the temperature range of 90–410 K during cooling with temperature
change rate of ∆T/∆t = 0.5 K/min. Temperature of samples was stabilized within 10 mK
using a lock-in bridge technique with a Pt100 resistor as a thermometer [2, 39].

4.3.2 Results and discussion

4.3.2.1 Materials properties

Figure 24 shows the XRD patterns of RTA- and post-annealed 6- and 12-layer CCTO thin
films, which could be indexed with the randomly oriented CaCu3Ti4O12 phase (JCPDF 75-
2188) [40]. Among the detected low-intensity peaks, the peak at 27.54◦ could be assigned to
TiO2 (rutile, JCPDF 89-4921) [40] and the one at 35.29◦ to CuO (JCPDF 89-5899) [40]: both
peaks are known from reports on the processing of CCTO powder [41] and solution-derived
thin films [42]. Note that the peak at 35.29◦, assigned to CuO, and the trace impurities are
much more pronounced in 12-layer post-annealed films [2].

Microstructures of RTA-annealed CCTO thin films are collected in Figure 25. The
fraction-surface micrographs in Figures 25a, c and e reveal (i) no layered structure of the
films (a layered structure could have been expected due to CCTO solution being dried
and pyrolyzed in several layers onto the nucleation layer or the substrates) and (ii) an
appreciable amount of porosity [2]. Similar as in solution derived films [43], porosity is the
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(a) 6-layer CCTO thin films (b) 12-layer CCTO thin film

Figure 23: CCTO thin films. CCTO thin films, prepared for dielectric measurements. In subfigure
a), a sample without sputtered electrodes is shown (right). Although there is a difference in colour
between the 6-layer (a) and 12-layer (b) samples, the preparation conditions did not notably influence
the physical appearance of samples.
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Figure 24: XRD patterns of CCTO thin films. XRD patterns of a) 6- and b) 12-layer CCTO films,
which were (i) RTA-annealed and post-annealed in flowing (ii) nitrogen, (iii) air, or (iv) oxygen
atmosphere.
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main microstructural feature in the case of CCTO thin films. Even so, there is not much
porosity in the plane-view micrographs (e.g., see Figure 25b), which could indicate different
conditions of the consolidation at the film surface in comparison with the film interior.

In 6- and 12-layer films, the size and the shape of the grains are unrecognizable from
the fracture-surface micrographs (Figures 25a and c); however, grains of either a few nm or
a few 10 nm in size are visible in plane-view only (Figures 25b and d) revealing a bimodal
grain-size distribution, which could be correlated to the presence of impurities [43]. Similar
microstructural features (porosity and bimodal grain-size distributions) were observed in all
6- and 12-layer post-annealed films. It should also be stressed that the measurements of the
sample thickness with the profilometer (Taylor Hobson Form Talysurf) reveal an increase in
the thickness after post-annealing: The thickness of RTA-annealed films increased from 270
or 550 nm to 300 or 610 nm after post-annealing for 6- or 12-layer films, respectively [2].

In 1+6-layer film, both, fracture-surface and plane-view micrographs (Figures 25e and f)
reveal grains of several 100 nm in size. The microstructure is, however, completely different
from that of films without a nucleation layer: In this case, a single grain extends through

Figure 25: Fracture-surface and plane-view FE-SEM micrographs of CCTO thin films. Fracture-
surface and plane-view FE-SEM micrographs of RTA-annealed 6-layer (a and b), 12-layer, (c and d),
and 1+6-layer (e and f) CCTO thin films.
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the whole thickness of the film [2].

4.3.2.2 Temperature-dependent dielectric behaviour of CCTO thin films

Figure 26 shows the dielectric constant data as a function of the temperature, obtained at
several measuring frequencies between 1 Hz and 3 MHz, for RTA-annealed 12- and 6-layer
CCTO thin films. In the 12-layer film, a typical main plateau, i.e., relatively high and
almost temperature-independent ε′ values of ∼ 2200 in the high-temperature range, arises
due to grain boundary contributions [2]. The additional high-temperature increase of ε′

at lower frequencies is due to the increasing electrical conductivity. This contribution is
more conspicuous from the increase of ε′′(T ). In the 6-layer, i.e., thinner film, in which
the ε′ ∼ 1400 plateau arises due to the contributions of the grain boundaries, the ε′ ∼ 1700
plateau can be attributed to contribution of surface layers and the high-temperature increase
of ε′′ at lower frequencies is due to the increasing electrical conductivity. The contributions
of the surface layers are naturally present also in a ceramic sample, and it is also well
known that they suppress the dielectric response of thin films [30]. Comparison of both
dielectric responses at a discrete value of frequency reveals that (i) ε′ main plateau has
higher values and (ii) the drops in the value of ε′, accompanied by peaks in ε′′, occur at
higher temperatures in the case of the 12-layer film.

The dielectric constant of 12- and 6-layer films that were post-annealed at various oxygen
partial pressures is shown in Figures 27 and 28. In spite of some porosity, which was (in
this case) not modelled by our equivalent circuits, but undoubtedly alters the dielectric
response, i.e., decreases the dielectric constant, with proper post-annealing process, for a
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Figure 26: Temperature-dependence of RTA-annealed CCTO thin films. The real, ε′, and the imag-
inary, ε′′, parts of the complex dielectric constant, obtained in RTA-annealed 12- (left) and 6-layer
(right) CCTO thin film at various frequencies.
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thin film very high dielectric constant of ∼ 3000 was obtained [2]. While at low temperatures
the bulk values are almost the same (∼ 110), comparison of samples, prepared under the
same conditions (e.g., Figures 27a and 28a), reveals much higher ε′ plateau values for thicker
12-layer samples. In fact, the plateau ε′ values, arising from the grain boundaries, is in 6-
layers films only ∼ 1500 (Figure 28a) and ∼ 1250 (Figure 28b). The influence of the surface
layers was expected to be much more pronounced in thinner samples, which is indeed the
experimental case: Another dispersive anomaly (due to the influence of the surface layers),
which further increases ε′ values, can clearly be seen [2].

Post-annealing strongly affects main plateau values and the temperature of their drop.
In comparison to the RTA-annealed samples, main plateau values increase and the tem-
perature of their drop shifts towards lower temperatures after post-annealing in nitrogen.
After post-annealing in air or atmosphere with high oxygen partial pressure, however, main
plateau values decrease and the temperature of their drop shifts towards higher tempera-
tures. These differences in ε′ can be attributed to either (i) changes in geometry that are
due to electrical heterogeneities in the microstructure (e.g., different distributions of Cu+

and Cu2+ within grains and grain boundaries of CCTO, which could perhaps imply that
post-annealing changes the thickness of grain boundaries and thus vales of CGB and charac-
teristic frequency from Figure 22 or (ii) differences in conductivity of both grains and grain
boundaries and concomitantly their influence on ε′ via the Kramers-Kronig relations [1,2]. It
should also be stressed that differences in the dielectric response are much more pronounced
in thicker samples, as the influence of surface layers suppresses the dielectric response of
thinner samples.

The distribution of Cu+ and Cu2+ ions could in fact be the reason for the core-shell
structure, i.e., electrical heterogeneities in the microstructure of CCTO thin films: Cu+

ions are distributed on the edges and Cu2+ in the centres of the grains, where there are,
concomitantly, more Ti 3d electrons available, which increase the conductivity. Thus, the
preparation conditions could influence the electrical heterogeneities in the microstructure
due to the reactions that affect copper ions in CCTO during sintering in air and post-
annealing in an atmosphere that contains a certain percentage of oxygen. Oxidation numbers
of CCTO are Ca2+Cu2+3 Ti4+4 O2−

12 . During sintering, a slight reduction of Cu2+ to Cu+

occurs, which is compensated by a slight substitution of Ti4+ ion on Cu site in a way that
the average oxidation state of 2 is maintained and the overall charge of the compound is
balanced. This can occur at temperatures as low as 700 K upon heating oxides in air [38,44].
Then, during post-annealing, reaction

Cu+
02−→ Cu2+ (75)

takes place due to the presence of oxygen in the annealing atmosphere, causing Cu+ to
revert back to Cu2+ [44]. Such a scenario would result in different distributions of Cu+

and Cu2+ within grains and grain boundaries of CCTO after the post-annealing process,
and, concomitantly, should show in the dielectric response as changes in main plateau vales
and the temperature of their drop. However, at this point it should be mentioned that
alternative explanations for the influence of preparation conditions on dielectric behaviour
of CCTO bulk and thin film exist, based on oxygen vacancies [38] or copper-less grains [34].

If the above proposed scenario is considered, then CCTO thin films that were post-
annealed in flowing air or oxygen atmospheres should have lower grain boundary contribu-
tions, i.e., lower ε′ values than samples that were not post-annealed, and the temperature
of the drop in ε′ at a given frequency should take place at a higher temperature. This
indeed is the experimental case in, e.g., Figures 27b and c. On the other hand, ε′ values of
samples, post-annealed in nitrogen, are higher in comparison to samples that were not post-
annealed. Since a very small percentage of oxygen exists in flowing nitrogen atmosphere,
a smaller number of Cu+ ions take part in the reaction in Equation 75 than in the cases,
where samples were post-annealed in air or oxygen enriched atmospheres. Instead, the re-



38 Dielectric investigations of CaCu3Ti4O12 ceramic thin films

0

1000

2000

3000

 

 

ε'

    ν 
(kHz)

 0.001

 0.003

 0.01 

 0.03

 0.1

 0.3

 1 

 3 

 10

 30

 100

 300

 1000

100 200 300 400
0

1000

2000

ν

 T
 
(K)

 
 

ε'

0

1000

2000

c)

b)

a)

 

 

 

ε'

Figure 27: Temperature-dependence of 12-layer CCTO thin films. Dielectric constant vs. tempera-
ture of 12-layer films, post-annealed in flowing a) nitrogen, b) air and c) oxygen atmosphere.

duction of Cu2+ to Cu+, which already took place during sintering, occurs again, more Cu+

ions form and, concomitantly, more liberated electrons go into Ti 3d conduction band. It
was shown that samples, which were post-annealed in flowing nitrogen atmosphere, indeed
exhibit higher electrical conductivity [2].
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Figure 28: Temperature-dependence of 6-layer CCTO thin films. Dielectric constant vs. temperature
of 6-layer films, post-annealed in flowing a) nitrogen and b) oxygen atmosphere.

4.3.2.3 Frequency-dependent dielectric response and the analysis of the elec-
trical conductivity

Figure 29 depicts frequency-dependence of the complex dielectric constant and the electrical
conductivity (see Equation 51), measured at several temperatures, for the case of a 6-
layer film, post-annealed in flowing nitrogen atmosphere. For frequencies above 1 MHz, a
resonance that is due to the piezoelectric effect, which is typical for thin samples (thickness
of the measured sample is only 260 nm), was detected. A similar frequency-dependent
response was obtained in all 6-layer samples [39].

Figure 30 shows the complex dielectric constant and electrical conductivity as a function
of the frequency for several measuring temperatures between 90 and 410 K for 12-layer thin
film that was post-annealed in the lowest oxygen partial pressure. An artificial Debye relax-
ation occurs, similar to the one depicted in Figure 22 for the case of CCTO single crystal,
only in this case the main plateau values at low frequencies are due to grain boundary (and
not surface layer) contributions [15]. The typical drop in ε′ takes place at lower frequencies
for lower temperatures (as RBULK increases) and the values of conductivity decrease with
decreasing temperature. These ε′ data are in Figure 31 compared to ε′ data, obtained in
samples that were post-annealed in various oxygen partial pressures. Main plateau values
are higher for samples that were post-annealed in lower oxygen partial pressure and the
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Figure 29: Frequency-dependence of 6-layer CCTO thin film, post-annealed in N2. ε′, ε′′ and σ′

vs. frequency, detected at several measuring temperatures in 6-layer film, post-annealed in flowing
nitrogen atmosphere.
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vs. frequency, detected at several measuring temperatures in 12-layer film, post-annealed in flowing
nitrogen atmosphere.



42 Dielectric investigations of CaCu3Ti4O12 ceramic thin films

0

1000

2000

3000

 

 

 

ε'
   

 
 T

 
(K)

  402 

  382 

  363 

  343 

  324 

  304 

  284 

  265 

  245 

  226 

  207 

  187 

  167 

  148 

  128 

  108 

  92              

0

1000

2000

 

 

 

ε'

10
0

10
2

10
4

10
6

0

1000

2000

T

c)

b)

a)

 

 

 ν 
(Hz)

ε'

Figure 31: Frequency-dependence of 12-layer CCTO thin films. ε′ vs. frequency, detected at several
measuring temperatures in the 12-layer films, post-annealed in flowing a) nitrogen, b) air, and c)
oxygen atmosphere.



Dielectric investigations of CaCu3Ti4O12 ceramic thin films 43

frequency of their drop takes place at lower frequencies for samples that were post-annealed
in higher oxygen partial pressure, which is consistent with the dielectric data, obtained in
the same samples as a function of the temperature (see Figure 27). Similar results were
obtained for 6-layer samples; however, analysis in terms of the equivalent circuit was per-
formed on 12-layer samples only. Attempts to model the dielectric behaviour of any 6-layer
film were hindered by several variables that would occur in the model due to the influence
of the grain boundaries, the surface layers and the resonance, which in term complicated
the modelling process to the point, at which it was no longer possible to distinguish between
various contributions to the dielectric response [2].

In Figure 32, the electrical conductivity is shown as a function of the frequency at a
measuring temperature of 304 K for 12-layer samples that were post-annealed in flowing
nitrogen, air and oxygen atmosphere. The solid lines present the analysis in terms of the
equivalent circuit from Figure 10c. The inset shows values of the DC conductivity, obtained
from the fit with Equation 58, revealing higher values of σDC for samples that were post-
annealed in lower oxygen partial pressure. In addition, contributions of grain boundaries to
σ′ (step from σDC plateau at ∼ 104 Hz to values measured at lower frequencies - see Fig. 3
in Reference15 for a more detailed overview) are higher for samples that were post-annealed
in lower oxygen partial pressure. These results indicate that the conductivity of both, grains
and grain boundaries, increases by post-annealing in oxygen deprived atmospheres.

Full analysis in terms of the equivalent circuit was performed on the sample with the
highest values of the dielectric constant (Figures 27a and 30 show the dielectric response
of the analysed film). Experimental ε′(ν) and σ′(ν) data have been fitted to Eqation 58 at
several measuring temperatures, and the variable range hopping (VRH) model (Equation
61) was applied. Results of these analysis are shown in Figures 33 and 34. Figure 33 depicts

the values of the DC conductivity as a function of T− 1
2 and the solid line presents the analysis

in terms of the one-dimensional VRH model (d = 1). The inset features the fitting UDR
parameter s as a function of the temperature, revealing s < 1 through the entire temperature
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Figure 32: σ′ vs. frequency at 304 K in 12-layer films. σ′ as a function of frequency at a measuring
temperature of 304 K in 12-layer films, post-annealed in flowing (i) nitrogen, (ii) air, and (iii) oxygen
atmosphere. Solid lines are fits to the equivalent circuit model (Equation 58). The inset shows the
values of σDC , obtained from the fits for each film.
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interval. Figure 34 depicts results obtained by using d = 0 and d = 3 in the VRH model,
which could hint that thermally activated Arrhenius-type behaviour governs the charge
transport at higher temperatures, while 3D VRH of charge carriers between localized states
dominates the charge transport at lower temperatures. However, this would contradict
the fact that UDR behaviour, which is typical for hopping or tunneling of localized charge
carriers and not thermally activated behaviour, was observed at all temperatures (see inset
to Figure 33). It can thus be concluded, that 1D VRH is the dominating charge transport
behaviour in CCTO thin films (in addition, results of VRH model with d = 2 revealed no
clear evidence of two-dimensional hopping of localized charge carriers) [2].

4.3.2.4 Samples with a nucleation layer

Big grains in the 1+X-layer film (see Figures 25e and f) form an effective circuit composed
of a set of leaky capacitors, connected in parallel, where the number of the leaky capacitors
equals the number of the grains. Such an equivalent circuit would give a very smoothed
ε∗(T ) response in comparison to that of any of the equivalent circuits featured in Figure 10,
which indeed is the experimental case.

Figure 35 shows the dielectric response as a function of the temperature at several mea-
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Figure 35: Temperature-dependence of a sample with a nucleation layer. Dielectric response of 1+12-
layer RTA-annealed CCTO thin film, where single grains expand through the whole thickness of the
film.
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suring frequencies between 1 Hz and 1 MHz for 1+12-layer RTA-annealed CCTO thin film,
revealing a smoothed dielectric response, i.e., ε′ drop takes place over a broad temperature
range. The comparison of dielectric response of 1+12-layer film to all other 12-layer films
(see Figures 26 and 27) reveals that in the 1+12-layer film (i) ε′ values are similar to that
of 12-layer film that was post-annealed in the highest oxygen partial pressure, (ii) ε′ drop
takes place over a larger temperature range and it ends at lower temperatures than in any
other case at all frequencies and (iii) the peaks in ε′′ at any frequency take place at the
lowest temperatures among all 12-layer thin films [2].
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5 Relaxor reduced poly(vinylidene fluoride-triflu-

oroethylene) copolymer system

The chapter is dedicated to relaxor reduced poly(vinylidene fluoride-trifluoroethylene) co-
polymer, i.e., a new class of relaxor systems, and the studies of the influence of DC bias
electric field on Vogel-Fulcher dynamics in relaxor ferroelectrics. The first part of the
chapter presents a brief historic overview of scientific research and development of relaxor
poly(vinylidene fluoride-trifluoroethylene)-based copolymer systems. Then chapter focuses
on the properties of a new class of relaxor polymers, the reduced poly(vinylidene fluoride-
trifluoroethylene) copolymer, and the results of the study of the influence of DC bias elec-
trical field on the Vogel-Fulcher dynamics in the organic and the inorganic relaxor systems.
The last part of this chapter presents the results of electromechanical measurements, con-
ducted in the reduced P(VDF-TrFE) copolymer system. The experimental work presented
in this chapter was done in collaboration with the groups of Prof. Dr. Qun-Dong Shen
from the Nanjing University in China and Prof. Dr. Horst Beige from the Martin Luther
University in Halle, Germany.

5.1 Overview

Over the last few decades, ferroelectric and relaxor polymers based on poly(vinylidene
fluoride-trifluoroethylene) [P(VDF-TrFE)] copolymer have been of great interest for a broad
range of applications, as they exhibit strain levels far above those of traditional piezoce-
ramic materials [45, 46], fast response speeds [47, 48], high electric energy density with fast
discharge speed [49] and large electrocaloric effect near room temperature [50]. Relaxor
ferroelectrics in general attract a considerable amount of attention due of their unique phys-
ical properties [51]: (i) the absence of long range ferroelectric order in zero electric field at
any temperature and (ii) a ferroelectric phase, which is formed by cooling the relaxor in an
electric field higher than the critical field [52, 53]. The relaxor state is in fact usually de-
scribed as a network of randomly interacting polar nanoregions (PNRs) that are embedded
in a highly polarizable medium and upon cooling undergo a freezing transition into a glassy
nonergodic state [52,54].

In the beginning of the millennia, giant electrostriction in electron-irradiated P(VDF-
TrFE) copolymer [47] and in terpolymer with chlorofluoroethylene, poly(vinylidene fluoride-
trifluoroethylene-chlorofluoroethylene) [P(VDF-TrFE-CFE)] [48], was detected. It was shown
that these systems exhibit an identical macroscopic dielectric properties as inorganic relax-
ors [55], which suggested that high-energy electron irradiation [47] or introduction of an
additional monomer, such as chlorofluoroethylene (CFE) [48] converts the coherent po-
larization domain (all-trans chains) in normal ferroelectric P(VDF-TrFE) into nanopolar
regions, thereby transforming the material into a relaxor system [55] and an ultrahigh strain
response in relaxor polymers is generated due to expansion of the polar regions under an
external electric field, coupled with a large difference in the lattice strain between the polar
and the nonpolar phases [47].

At this stage, some basic structural properties of ferroelectric and relaxor polymers
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Figure 36: Schematic representation of the structure of polymer spherulites. Heterogeneous structure
of PVDF and of ferroelectric and relaxor polymers in general [45].

will be presented. The first known relaxor polymer was in fact poly(vinylidene fluoride)
[(PVDF)], molecular formula of which is (CH2–CF2)n, which exhibits one of the strongest
piezoelectric and pyroelectric activity among polymers [45]. After melt-solidification, within
the so-called spherulites, crystalline lamellas are formed within the amorphous regions (see
Figure 36). The most favourable torsional bond arrangements have substituents at 180◦ to
each other (called trans or t) or at ±60◦ (called gauche or g±), although actual torsional
angles commonly somewhat deviate from these values [45]. Figure 37a and b illustrate a
sequence of three t bonds and a g+tg− bond sequence, respectively.

PVDF has three known chain conformations: All-trans (i.e., ttt), tg+tg− and tttg+tttg−

(in all cases, slight deviations from the 180◦ and the ±60◦ angle exist). The first two con-
formations, depicted in Figures 37c and d, respectively, are the most common [45]. Polymer

(a)

(b)

(c) (d)

tg  tg +
_

all  trans_

Figure 37: Schematic representation of polymer chain segments in different conformations. Schematic
representation of ttt (a) and g+tg− (b) polymer chain segments and a schematic depiction of the two
most common crystalline chain conformations in PVDF: (c) tg+tg− and (d) all-trans. The arrows
in (c) and (d) indicate the projections of the –CF2 dipole directions on planes defined by the carbon
backbone [45].
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Figure 38: Fourier transform infrared spectroscopy data of P(VDF-TrFE) copolymer film. FT-IR
data of P(VDF-TrFE) 68/32 copolymer film at room temperature: Fraction of different conformations
in film vs. irradiation dose [56].

chains that are in the all-trans conformation have all dipoles essentially normal to the molec-
ular axis and, thusly, in term form a polar conformation. The tg+tg− chain conformation is
also polar, however, due to the inclination of the dipole moments, it has components of the
net moment both parallel and perpendicular to the chain axis (see Figure 37c). It should
be noted that PVDF melt-solidifies into a tg+tg− chain conformation, in which the lat-
tices are crystallographically packed so as to cancel each other’s dipole moment, i.e., PVDF
melt-solidifies in a non-polar phase. However, by mechanical stretching, the tg+tg− chain
conformations can be transformed into all-trans chain conformations. The latter is the most
highly polar phase of the PVDF: its unit cell consists of two all-trans chains packed with
their dipoles pointing in the same direction [45]. On the other hand, P(VDF-TrFE), which
consists of –[CH2–CF2]– and –[CHF–CF2]– monomers, spontaneously crystallizes into a ttt
chain conformation and, concomitantly, has better ferroelectric properties than PVDF.

In inorganic relaxors, the typical relaxor structure (polar clusters in a non-polar matrix)
forms due to structural disorder (random distribution of different ions on the same crystal-
lographic site). In relaxor polymers, however, the disorder must first be introduced into the
ferroelectric system of a given polymer system: either by high-energy electron irradiation
or by introduction of the third bulky monomer, which contains Cl atoms (e.g., chlorofluo-
roethylene, –[CFCl–CH2]–, or chlorotrifluoroethylene, –[CFCl–CF2]–, monomers) that are
much larger than any other atom in the original chain and thus prevent all-trans chain
conformation between two neighbouring monomers. Both mentioned approaches favour the
non-polar trans-gauche chain conformations over the polar all-trans conformations, as shown
in Figure 38 [56] and Table 1 [48].

Table 1: Comparison of molecular conformations in relaxor polymers. Comparison of all-trans,
tttg+tttg− and tg+tg− molecular conformations in three polymers [48].

sample % tm>3 % tttg+tttg− % tg+tg−

P(VDF-TrFE) 65:35 75 18 7
P(VDF-TrFE-CTFE) 34 61 5
P(VDF-TrFE-CFE) 36 55 9

Relaxors are in general characterized by a broad frequency dispersion in the complex di-
electric constant, logarithmic polarization decay and slowing dynamics that signals the onset
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of freezing [54,57]. For example, in inorganic systems, relaxor behaviour (usually correlated
with the cationic disorder in the same crystallographic site – in fact, only disordered fer-
roelectric systems show relaxor behaviour), was detected predominantly in lead-containing
ternary compounds and solid solutions [52–54, 57–59]. At the freezing temperature Tf the
longest relaxation time in the system diverges, while the bulk of the relaxation spectrum
remains active [57]. The characteristic relaxation time diverges at a somewhat lower temper-
ature T0 according to the Vogel-Fulcher relation (see Equation 60). Although this empirical
law has experimentally been observed in a variety of systems, its derivation at the meso-
scopic level has just recently been proposed [21]. Furthermore, it has been argued that (i)
the external electric field induces a ferroelectric order and (ii) the dielectric relaxation time
in relaxors is governed by the mechanism of growth and percolation of PNRs [60], with an
appropriate correction of the local electric field inside a PNR if bias field is applied. This
correction has theoretically been determined by the anharmonic polarization term in the
free energy functional: The relaxation time then follows a modified Vogel-Fulcher law with
T0 depending on the applied field and nonlinear susceptibility [5].

At this point, some typical features, detected in the ε∗(T ) spectra of P(VDF-TrFE)-
based systems, should be stressed: the most distinctive feature in the ferroelectric P(VDF-
TrFE) is a frequency-independent peak in both, ε′ and ε′′, at Tc ≈ 350–380 K (depending
on the VDF to TrFE ratio), which denotes the phase transition from the distorted trans-
gauche paraelectric to all-trans ferroelectric phase, occurring in the crystalline region of
the copolymer [55, 61–63]. The second feature is a dielectric relaxation in the temperature
region of 275–335 K [61–63]. This so-called β-process is without ambiguity associated with
the dynamic manifestation of the glass transition in the amorphous phase of copolymer, i.e.,
a transition from the glassy to rubbery state [62–64]. Earlier studies have shown that the
temperature dependence of the characteristic relaxation time of this β-relaxation is of the
WLF-type (Williams, Landel and Ferry), thus being clearly different than the Arrhenius-
type relaxation process, which also occurs at low-temperatures in the crystalline region of
the copolymer [63].

In the relaxor P(VDF-TrFE)-based systems up to now only one, broad dispersive maxi-
mum has been observed (see Figure 39). Similar as in dipolar glasses and inorganic relaxor
systems, this typical relaxor feature is a result of the fact that ε′ at a certain temperature,
which depends on the experimental time scale (i.e., frequency), starts to deviate from its
static value. The static dielectric constant indeed does not show any anomaly, which was
also confirmed by measurements of the static dielectric constant via the charge accumulation
technique in the P(VDF-TrFE-CFE) terpolymer [55].

As already pointed out, it is well known, from X-ray, heat capacity and infrared investi-
gations, that poly vinylidene fluoride [PVDF] and its copolymers are semicrystalline systems
comprising noncrystalline, i.e., amorphous regions, and crystalline regions with a sponta-
neous polarization associated with parallel packing of all-trans polymer chains [45, 61]. On
heating, the amorphous region undergoes a transition from glassy to a rubbery state be-
low room temperature, while the crystalline region adopted ferroelectric phase undergoes a
transition into a paraelectric phase and finally melts [61]. Introduction of defects results in
the coexistence of polar and nonpolar phases within the same crystalline region [65], and,
concomitantly, the ferroelectric peak transforms into a typical relaxor frequency-dependent
dielectric maximum [66], which usually completely overrides the dielectric anomaly due to
the glass-to-rubber (i.e., glassy) transition in the amorphous matrix. The latter is, however,
almost uninfluenced by introduction of defects. This in term means that the typical dielec-
tric maximum, up to now observed in relaxor polymers is comprised of two dynamics: the
relaxor dynamics in crystalline regions and the glassy transition in the amorphous matrix,
i.e., the β-relaxation in the dielectric spectra of P(VDF-TrFE-CFE) terpolymer (see Figure
39) is overlapped by a relaxor dielectric dispersion [3, 4, 6, 67–69]. Similar as in inorganic
relaxors, this peak is a consequence of polar nanoregions’ dynamics and does not denote
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Figure 39: Temperature dependence of the real part of the complex dielectric constant of a relaxor
polymer. ε′ vs. temperature, measured at different frequencies in relaxor P(VDF-TrFE-CFE) ter-
polymer [3].

any phase transition, just as being the case in dipolar glasses [70]. Alas, dielectric analysis
of relaxor polymers has been incomplete until now: data interpretation and understanding
were complicated by the fact that two similar types of dynamics take place in the same
temperature range [3, 67].

In order to investigate both, relaxor and glassy dynamics separately, we performed high-
resolution dielectric measurements in a new class of relaxor P(VDF-TrFE) copolymer, syn-
thesized via reductive dechlorination from the poly(vinylidene fluoride-chlorotrifluoroethy-
lene) [P(VDF-CTFE)] copolymer [3]. The reduced P(VDF-TrFE) copolymer system is very
attractive for high-temperature applications: Not only that relatively high dielectric con-
stants (for a polymer system) are obtained around 375 K, it also exhibits a high melting
point of ∼ 475 K [71]. In this system relaxor peaks take place at much higher temperatures
than those of previously reported relaxor polymers: Here they remain in the temperature
region of a previous ferroelectric phase transition and, concomitantly, take place at much
higher temperatures than is the temperature of the glass transition in the amorphous ma-
trix [71]. Analysis of the experimental data revealed that the relaxor dielectric dynamic in
the reduced P(VDF-TrFE) copolymer, i.e., the dynamics which is now not influenced by
separate processes in the amorphous matrix, is indeed almost identical to that observed in
classical relaxor systems, such as lead magnesium niobate, and, furthermore, reminiscent
of the dynamic behaviour observed in various spin glasses [3]. In addition, electromechanic
measurements were performed.

We also studied the influence of DC bias electrical field on the Vogel-Fulcher dynam-
ics in organic and inorganic relaxor systems: In order to experimentally detect changes
in dynamics of relaxors due to a DC bias electric field, we performed measurements of
the dielectric response of the polymeric relaxor, reduced P(VDF-TrFE) copolymer, and the
archetypal inorganic relaxor lanthanum-modified lead zirconate titanate ceramics Pb1−xLax-
(ZryTi1−y)1−x/4O3 (x = 0.09, y = 0.65, denoted as 9/65/35 PLZT). The majority of inves-
tigations were performed on the reduced P(VDF-TrFE) copolymer system and the results
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of the analysis were compared to the newly derived mesoscopic model from reference 5 [4].

5.2 Experimental procedure

5.2.1 Material preparation

Reduced P(VDF-TrFE) was prepared as follows: 1.0 g of P(VDF-CTFE) 66/34 copolymer
and 88.6 mg of AIBN in tetrahydrofuran was stirred at 333 K for 30 min, then tri(n-butyl)tin
hydride (4.52 mmol) was added. The solution was kept stirring at 333 K for 24 h. P(VDF-
TrFE) was then collected by precipitation and dried in vacuum. Finally, copolymer films
were prepared by solution cast method, using dimethylformamide as the solvent, followed
by further annealing at 413 K [3].

5.2.2 Dielectric measurements

For dielectric measurements, surfaces of the 20 µm thick polymer films were covered by
sputtered gold or silver paint electrodes (see Figures 40a and b). Figure 41 shows that the
use of either silver paste (full circles) or gold sputtered electrodes (empty circles, solid lines
are a guide to the eye) does not affect the dielectric response of the investigated system.
Complex linear dielectric constant from Equation 14 was measured in the frequency range
of 20 Hz–1 MHz by using HP4282 Precision LCR Meter. The amplitude of the probing
AC electric signal was 0.1 V. The real part of the complex AC conductivity was calculated
using Equation 51. After heating the samples up to 420 K, the DC bias electric field was
(optionally) applied and then the dielectric response was detected during cooling runs with
the rate of −0.5 K/min. The temperature of the samples was stabilized within 10 mK by
using lock-in bridge technique with a platinum resistor Pt100 as a thermometer. A similar
experimental procedure was used for the polished platelet-shaped sample, cut from the hot
pressed 9/65/35 PLZT ceramics.

Similar heating/cooling procedure was used for the third-order nonlinear dielectric re-
sponse measurements, which were carried out at various frequencies, by using the HP35665A
Dynamic Signal Analyzer. Here, the first and the third harmonic dielectric responses were
measured simultaneously, which, in comparison to separate measurement runs, reduces er-
rors in the subsequent calculation of the ratio a3 = ε3/ε

3
0ε

4 (Equation 67). In this compu-
tation, the real part of the linear and the absolute value, ε3, of the third-order nonlinear
dielectric constant were used (their values were calculated from Equations 68 and 69, re-
spectively; See section 3.2 for a more detailed description).

5.2.3 Electromechanical measurements

Electromechanical characterization has been performed in the laboratories of Prof. Dr.
Horst Beige at the Martin Luther University in Halle, Germany. Equipment based on a
capacitance detector was used for measurements of the polarization and the electrically
induced strain. In this setup, depicted in Figure 42, the sample is placed in series with
a movable air capacitor within a HF resonance circuit. A change of the sample thickness
causes a change of the capacity and therefore frequency modulation of the HF circuit. After
the demodulation, a voltage proportional to the strain of the sample can be measured. By
using a quartz crystal connected in series with the sample, the strain in the direction of the
applied measuring field of the sample can be obtained for various frequencies and voltage
amplitudes by a compensation technique. Samples were measured at room temperature and
at 353 K under DC electric fields of 25–125 and 25–60 MV/m, respectively. The hysteresis
loop and the dielectric constant of the sample were measured by probing frequencies of 1.7,
17 and 170 Hz using a Sawyer-Tower circuit with an electrometer amplifier. A more detailed
review of the experimental setup is available in references 72 and 73.
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(a) Silver paint electrode (b) Sputtered gold elec-
trode

Figure 40: Reduced P(VDF-TrFE) copolymer films. Reduced P(VDF-TrFE) copolymer films with
silver paint (a) and sputtered gold electrodes (b), prepared for dielectric measurements.
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Figure 41: Temperature-dependent dielectric response, detected using different electrodes. The
temperature-dependencies of the real, ε′, and imaginary, ε′′, part of the complex dielectric con-
stant, measured at various frequencies in the reduced P(VDF-TrFE) copolymer with silver paste
(full circles) and sputtered gold electrodes (empty circles). Solid lines are a guide to the eye.
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Figure 42: Schematic of the experimental setup used for temperature stabilization. Schematic rep-
resentation of the experimental setup at Physics Department of the Martin Luther University in
Halle, Germany. This setup can be used for simultaneous detection of induced strain and electric
polarization, as well as for measurements of piezoelectric constants.

5.3 Results and discussion

This section presents the results of investigations of the dielectric properties of a new class of
relaxor polymers, the reduced P(VDF-TrFE) copolymer system. Measurements and analysis
of temperature- and frequency-dependent linear dielectric response of reduced P(VDF-TrFE)
copolymer in several DC bias electric fields, as well as the nonlinear dielectric response are
presented. The results of the analysis of the influence of DC bias electrical field on the Vogel-
Fulcher dynamics in this organic relaxor system are presented and compared to that of an
archetypal inorganic relaxor lanthanum-modified lead zirconate titanate ceramics Pb1−xLax-
(ZryTi1−y)1−x/4O3 (x = 0.09, y = 0.65, denoted as 9/65/35 PLZT). In addition, the results
of measurements of the electromechanical response of the reduced P(VDF-TrFE) copolymer
are shown.

5.3.1 Contributions of distinctive dynamic processes to dielectric response
of relaxor reduced P(VDF-TrFE) copolymer

5.3.1.1 Linear dielectric behaviour

Figure 43 shows the temperature dependence of the real, ε′, and imaginary, ε′′, parts of the
complex linear dielectric constant, measured at several different frequencies in the reduced
P(VDF-TrFE) copolymer in zero DC bias field. Two dispersive dielectric anomalies, one in
the temperature region of 350–400 K and the other in the temperature region of 275-335 K,
can clearly be seen.

Due to different synthetic process, the reduced copolymer possesses different chain struc-
ture compared with that from the normal polymerized system. Infrared spectroscopy data
clearly revealed head-to-head (H–H) and tail-to-tail (T–T) linkages in this system [71]. The
reduced P(VDF-TrFE) copolymer thus possesses high degree of T–T and H–H defects, de-
picted in Figure 44, which are very different from the predominate head-to-tail (H–T) chain
arrangement in the normal polymerized P(VDF-TrFE) copolymers. A large content of H–H
and T–T defects in the copolymer breaks coherent ferroelectric domains and is most prob-
ably responsible for the observed high-temperature relaxor behaviour [3], which, however,
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Figure 43: Temperature-dependence of the reduced P(VDF-TrFE) copolymer in zero DC bias field.
Temperature dependence of ε′ and ε′′, detected at various frequencies in the reduced P(VDF-TrFE)
copolymer in zero DC bias field.

does not shift to lower temperatures and remains in the temperature region of a previous
ferroelectric phase transition (350–380 K) and is, concomitantly, not influenced by dynamic
processes in the amorphous matrix (275–335 K).

It should be stressed here once again that relaxor polymers are usually obtained by in-
troducing disorder into ferroelectric systems. First attempts by using high-energy electron
irradiation [47] or γ-irradiation [74] indeed successfully transformed the long-range all-trans
ferroelectric ordering into trans sequences of shorter correlation length and moreover, non-
polar trans-gauche conformation has been induced. This scission of ferroelectric ordering
occurred mainly due to double C=C bonds and consequently, a typical relaxor structure,
polar nanoregions in the nonpolar matrix, was formed. Unfortunately, the radiation also
induced several other defects, for example, by breaking of C–H and C–F bonds different free
radicals were formed [75]. Thus further processing of relaxor polymers involved introduction
of monomers with large chlorine atoms [48], which, due to their size, prevent formation of
long-range ordered all-trans chains and favour trans-gauche conformation. This noninvasive
procedure is almost free of other undesirable defects and thus resulted in an almost ideal
relaxor dielectric response (see Figure 39). A similar response has also been detected here,
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in the reduced P(VDF-TrFE) system, which means that processing most probably did not
introduce additional defects to H–H and T–T linkages, which are in fact responsible for the
relaxor structure and thus for the observed dielectric response. Indeed, the electrical con-
ductivity is higher than in relaxor terpolymers (ε′′(T ) curves in Figure 43 increase at higher
temperatures even when measured at 30 kHz), but this can also be due to the fact that the
relaxor response is obtained at much higher temperatures in this system in comparison with
conventional terpolymers, which certainly implies higher electrical conductivity.

Characteristic relaxation frequencies, determined from peaks in ε′′(T ) (Fig. 45), for both
processes follow the Vogel-Fulcher law (Equation 60) with the Vogel-Fulcher temperatures
of T01 = 336 ± 5 K and T02 = 225 ± 4 K for relaxor dynamics in the crystalline regions
and glass-to-rubber transition in the amorphous matrix, respectively. Such a dependence
is typical for relaxor (and glassy) systems, and as there is also no sign of any frequency-
independent anomaly, we can conclude that during preparation P(VDF-TrFE) has been
completely transformed from the ferroelectric into a relaxor system [3,67].

The frequency dependence of ε′ and σ′, measured at various temperatures in zero DC bias
field, is shown in Figure 46. The ε′ data are presented on a logarithmic scale. Indeed, such
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Figure 46: Frequency-dependence of the reduced P(VDF-TrFE) copolymer in zero DC bias field.
Frequency dependence of ε′ and σ′, measured at various temperatures in the reduced P(VDF-TrFE)
copolymer in zero DC bias field. The solid line in the lower frame demonstrates the constant dielectric
losses dependence.
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a representation does not reveal different contributions to the measured response so clearly
as the linear one. However, main contributions to the measured response have already been
revealed from the temperature-dependent data: relaxor dynamics in the crystalline regions
and glass-to-rubber transition in the amorphous matrix. This representation clearly shows
that already at ∼ 100 K the measured value is only ε′ ∼ 4. Furthermore, this value is
independent of the measuring frequency, and the same applies to the measured ε′′ data at
this temperature. In order to demonstrate this, the solid line in the lower frame of Figure
46, representing constant dielectric losses dependence, is plotted. This, very low, frequency-
independent ε∗ data indicates that all major polar processes, connected with the above
mentioned relaxor and glassy dynamics, are already terminated, and that at temperatures
below 100 K only high-frequency non-polar processes contribute to the dielectric response.

This is further supported in Figure 47, which depicts the frequency dependent data,
obtained in the temperature range of 228–288 K, in the ε′′, ε′ plane. In this temperature
range there still exists a strong polar contribution, originating from the glassy transition
in the amorphous matrix, to the measured dielectric response. Solid lines through the
experimental data in Figure 47 are fits to the Cole-Cole expression from Equation 35. More
importantly, results of the analysis reveal almost temperature-independent value of ε∞ ∼ 4
in the temperature range where polar processes govern the dielectric response, which is of the
same value as ε′ response measured at all frequencies at ∼ 100 K. As ε∞ by definition takes
into account only high-frequency nonpolar processes, this result thus confirms the conclusion,
brought already from Figure 46, that all polar processes in this system terminate down to
T ∼ 100 K [3].
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amorphous matrix dominates the dielectric response. Solid lines through the experimental data are
fits to the Cole-Cole expression (Equation 35). The inset shows the temperature dependence of the
polydispersivity of the relaxation spectrum.
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5.3.1.2 Nonlinear dielectric behaviour

Figure 48 shows the temperature dependence of the third-order nonlinear dielectric constant
ε3 and dielectric nonlinearity a3 from Equations 69 and 67, respectively. The scaling theory
of the second order phase transition gives the following for a ferroelectric (FE) system [76]:

aFE
3 ∝ (T − TC)

γ−2β, (76)

in which γ is defined by χ1 ∝ (T − TC)
−γ and β is the order-parameter critical exponent,

η ∝ (T − TC)
β. In general, γ − 2β > 0 for cubic systems at spatial dimensionality d = 3

(e.g., mean-field approximation with γ = 1 and β = 1
2 gives γ−2β = 0), and concomitantly,

the coefficient aFE
3 decreases on approaching TC from above and should vanish at TC . In a

spin glass (SG) or dipolar glass (DG), however, χ3 behaves according to [77,78]:

χ3 ∝ (T − Tf )
−γ3 (77)

with γ3 > 0, whereas χ1 remains finite at Tf . Thus [57]:

aSG3 =
χ3

χ4
1

∝ (T − Tf )
−γ3 , (78)
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Figure 48: Nonlinear dielectric response of reduced P(VDF-TrFE) copolymer. Temperature depen-
dence of the third-order nonlinear dielectric constant ε3 and dielectric nonlinearity a3, measured
at three different frequencies. The inset shows a paraelectric-to-glass crossover in the a3(T ) in the
temperature region, where relaxor dynamics dominates the dielectric response.
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i.e., the dielectric nonlinearity coefficient diverges at the freezing transition.

On the other hand, it has been shown that in relaxors a3 undergoes a crossover from
decreasing paraelectric-like to increasing glass-like temperature behaviour when approaching
the freezing transition from above [79–82]. Such a dependence is also in accordance with the
predictions of the spherical random-bond-random-field model of relaxor ferroelectrics [79].
The inset to Figure 48 shows exactly such a crossover in the a3(T ) in the temperature region,
where relaxor dynamics dominates the dielectric response, which confirms the absence of the
long-range order and a relaxor nature of the reduced P(VDF-TrFE) copolymer system [3].

5.3.2 Influence of DC bias electric field on Vogel-Fulcher dynamics in
relaxor ferroelectrics

The influence of DC bias electric field on the dielectric response of the reduced P(VDF-
TrFE) copolymer is depicted in Figure 49. For the relaxor contribution both, ε′ and ε′′,
decrease and the peaks occur at lower temperatures, while there is almost no influence of
the bias field on the glassy processes in the matrix. The electrical conductivity astonishingly
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Figure 49: Temperature-dependent dielectric response of reduced P(VDF-TrFE) copolymer in DC
bias electric field. Temperature dependencies of ε′and ε′′, measured at 3 kHz, 10 kHz, 30 kHz and
100 kHz in zero, 10 MV/m and 38.5 MV/m DC bias electric fields.
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decreases in the DC bias electric field: A strong increase of ε′′(T ) curves in zero bias field at
the highest temperatures, which is due to the increasing conductivity, is almost completely
suppressed by the applied electric field [4, 68].

This effect is thoroughly demonstrated in Figure 50. The main frame shows decreasing
of the electrical conductivity at 400 K when DC bias field increases. The conductivity
remains low after removal of the bias field, however, it can be restored to the initial value
by applying AC voltage of the same level as previously applied DC bias [4]. Obviously,
charge carriers, which are responsible for the AC electrical conductivity, migrate in a DC
bias electric field and become pinned, probably mainly at the electrode-sample interface,
while the AC electric field unpins them and restores the conductivity. A similar space
charge blocking effect on AC electrical conductivity has already been found in various ionic
conductors [85] and thin ceramic films [86]. This is throughout a dynamic process, thus
determination of any blocking field (indicated by arrows in Figure 50, which extend the
initial linear dependence) is strongly influenced by the measurement rate. The inset to
Figure 50 shows that, at high temperatures, even very low bias voltages in a few minutes
effectively block the AC electrical conductivity of the reduced P(VDF-TrFE) copolymer.

Decreasing of ε′ values in a DC bias electric field as seen in Figure 49 could thus be
the result of either (i) the nonlinear dielectric contribution, i.e., the third order nonlinear
dielectric susceptibility χ3 affects polarization and thus detected linear dielectric constant
via relation P = χ1E+χ3E

3+ · · · (see Equation 4) or (ii) decreasing electrical conductivity,
which also affects the real part of the complex linear dielectric constant via the Kramers-
Kronig relations [4]. The data in Figure 51 reveal that the decreasing of ε′ values in a DC
bias electric field in fact occurs due to the nonlinear dielectric contribution. The dielectric
response, as shown in Figure 49, has been measured in the reduced P(VDF-TrFE) copolymer
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Figure 52: Vogel-Fulcher plot of characteristic relaxation times, obtained in inorganic relaxor in
different DC bias fields. The Vogel-Fulcher dependence of the characteristic relaxation time for the
relaxor 9/65/35 PLZT ceramics obtained from peaks in ε′′(T ) in different DC bias electric fields.
The inset shows the DC bias field dependence of the Vogel-Fulcher temperature.
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in several DC bias electric fields and Figure 51 shows the Vogel-Fulcher analysis of the
characteristic relaxation time behaviour for the relaxor dynamics. The upper inset to Figure
51 shows that the activation energy strongly increases on increasing DC bias field, while the
lower inset shows that the Vogel-Fulcher temperature strongly decreases. This suggests a
negative nonlinear dielectric contribution, as variation of T0 in DC bias electric fields is
directly proportional to the value of parameter be from the inverted P (E) relation E =
(ε0χ1)

−1P + beP
3 + · · · and thus, as be = χ3/(ε0χ1)

4, also to χ3 [5].

This result has been further confirmed by dielectric investigations of the relaxor 9/65/35
PLZT ceramics in DC bias electric fields and the analysis of the characteristic relaxation
time behaviour [4]. It is namely known that the nonlinear dielectric response in this system
increases the static polarization (the limiting value is −χ3 = 6.4 × 10−19 AsmV−3 [87]).
Indeed, as can be seen in Figure 52, the Vogel-Fulcher temperature in PLZT, contrary
to the reduced P(VDF-TrFE) copolymer, increases with increasing DC bias electric field.
Furthermore, the activation energy systematically decreases from E/k ∼ 1400 K without
DC bias field to E/k ∼ 700 K in the DC bias field of 8.5 kV/cm. It should be stressed
that, although there exist a critical DC bias field of ∼ 5 kV/cm which induces long-range

8

10

12

14

T

U
DC

 
=

 
200

 
V   

 E
DC 

=
 
10

 
MV/m

 

 

ε'

     T
 
(K)

 381.7

 380.7

 379.7

 378.6

 377.7

 376.7

 375.7

 374.7

 373.7

 372.7

 371.7

 370.7

 369.7

 368.7

 367.6

10
2

10
3

10
4

10
5

10
6

0.6

0.8

1.0

1.2

 ν 
(Hz)

 

 

ε''

Figure 53: Frequency-dependent dielectric response of reduced P(VDF-TrFE) copolymer in 10 MV/M
DC bias electric field. ε′and ε′′ vs. frequency, obtained in 10 MV/m DC bias field at various
temperatures. Solid lines represent the fit to the Cole-Cole expression from Equation 35.
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ferroelectric order in this system, the relaxor dynamic peaks can still be studied using Vogel-
Fulcher analysis, as they occur at temperatures around 350 K while the ferroelectric state
appears below ∼ 250 K [52].

In general, parameters of the Vogel-Fulcher relation (Equation 60) T0 and E/k, obtained
from peaks in ε′′(T ) may be different from those obtained from analysis of the frequency-
dependent permittivity using the Cole-Cole expression (Equation 35) [83,84]. It has already
been shown that in zero DC bias field in classical relaxor terpolymers both processes give
the same result [55], just like in inorganic relaxors [84], however, a DC bias field could
influence the shape of the static dielectric constant. Figure 53 presents frequency-dependent
dielectric response of the reduced P(VDF-TrFE) copolymer, obtained in 10 MV/m bias field
at various temperatures. Solid lines through experimental data are fits to the Cole-Cole
expression (Equation 35). Figure 54 shows the comparison of the Vogel-Fulcher analysis of
the characteristic relaxation time behaviour for the relaxor dynamics, using data obtained in
10 MV/m DC bias field from (i) peaks in ε′′(T ) and (ii) parameters obtained from analysis
of ε∗(ν) using the Cole-Cole expression (Equation 35). It can clearly be seen that the
Vogel-Fulcher parameters T0 and E/k are, within experimental error, identical [68].
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Figure 54: Vogel-Fulcher plots of characteristic relaxation times of relaxor reduced P(VDF-TrFE)
copolymer, obtained from ε′′(T ) and ε∗(ν). Comparison of Vogel-Fulcher plots, using characteristic
relaxation times, obtained in 10 MV/m DC bias field from peaks in ε′′(T ) and from Cole-Cole analysis
of the frequency-dependent response in Figure 53.
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5.3.3 Electromechanical response of relaxor reduced P(VDF-TrFE) copoly-
mer

Investigations of the electromechanical properties of relaxor polymers have been attracting
considerable attention, ever since the initial studies of the electron-irradiated P(VDF-TrFE)
copolymer revealed giant electrostriction, which is two orders of magnitude larger than in
inorganic piezoceramic and magnetostrictive materials and also considerably larger than in
ferroelectric polymers (−S3 ∼ 0.1 %) [47]. In further studies, similar electromechanical
properties were detected in relaxor terpolymers, in which the third monomer contains Cl
atoms (e.g., chlorofluoroethylene or chlorotrifluoroethylene monomers) [48]. In light of these
finds, we decided to conduct investigations of the electromechanical properties of the new
class of relaxor polymers, the reduced P(VDF-TrFE) copolymer system, in collaboration
with the group of Prof. Dr. Horst Beige from the Martin Luther University in Halle,
Germany.

Measurements of the electromechanical response of the reduced P(VDF-TrFE) copoly-
mer revealed (i) electrical breakdown field of 125 MV/m and 60 MV/m at room temperature
and 353 K, respectively, and (ii) high-field-induced longitudinal strain of ∼ 2 · 10−3 below
120 MV/m at room temperature (see Figure 55). Figure 56 depicts the measured hysteresis
loops, obtained simultaneously with the strain loops (see the experimental procedure tech-
nique described in subsection 5.2.3) in the relaxor reduced P(VDF-TrFE) copolymer at
room temperature at 17 Hz. Due to high electrical conductivity of the material at higher
electric fields, which also influenced the shape of the hysteresis loops, the analysis of experi-
mental data remained inconclusive. Similar hysteresis loops were detected at 1.7 and 170 Hz
probing frequencies at room temperature and at 353 K (at the same probing frequencies).
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Figure 55: Strain-field dependence of reduced P(VDF-TrFE) copolymer. Strain-field dependence at
room temperature, obtained using 17 Hz probing frequency.
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6 Relaxor poly(vinylidene fluoride)-based terpoly-

mer/copolymer blends on aluminium foil

This chapter is dedicated to relaxor poly(vinylidene fluoride)-based terpolymer/copoly-
mer blends developed on aluminium foil and relaxor systems in general. The first part of
the chapter is a short overview of research and development interest in polymer blends de-
veloped on a surface in general. In the second part of the chapter, structural, caloric and di-
electric properties of relaxor poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene)
[P(VDF-TrFE-CFE)] (66.3/26.4/7.3 mol%) terpolymer and poly(vinylidene fluoride-chloro-
trifluoroethylene) [P(VDF-CTFE)] (91/9 mol%) copolymer blends developed on aluminium
foil are presented. In the last part of the chapter, the results of investigations of the influ-
ence that two different dynamic contributions, which superimpose in the detected dielectric
response of a relaxor, could have on the characteristic relaxation times and, concomitantly,
on the Vogel-Fulcher behaviour, are presented.

6.1 Overview

Relaxor polymers are very promising for a broad range of energy storage capacitor appli-
cations due to their unique physical properties [51, 58]. One of the advantages for use of
polymers in such applications arises from the possibility of polymer film formation directly
on a surface [88]. Active metals such as aluminium can be used for substrates, as they are
less expensive than noble metals and mechanically more stabile than glassy carbon [88,89].
And as has already been pointed out, investigations of relaxor P(VDF-TrFE-CFE) terpoly-
mer have revealed high values of the dielectric constant at room temperature, fast response
speeds, high strain levels and energy density, and large electrocaloric effect [49, 50, 90–92].
Figure 57 thus depicts an infographic on motivation for research and development of relaxor
polymers on a metal surface.

Polymer blends exploit merits of both, base and additive polymer, as, due to the inter-
ference effect, properties of base polymer can be tailored and improved [93]. Recent studies
show that polymer blends composed of P(VDF-TrFE-CFE) terpolymer as a base with a
small amount of poly(vinylidene fluoride-chlorotrifluoroethylene) [P(VDF-CTFE)] copoly-
mer (e.g., 5 or 10 mol %) as an additive have an even higher polarization response, energy
density, elastic module and particularly important, a much higher electrical breakdown field
than pure relaxor P(VDF-TrFE-CFE) system [50,92,93].

As mentioned in chapter 5, materials based on PVDF, its copolymers, or terpolymers
are semi-crystalline systems, composed of crystalline regions embedded in an amorphous
matrix [45,61]. In most relaxor polymers, a broad relaxor peak is detected at lower temper-
atures than the previous ferroelectric peak and almost completely overrides the dielectric
anomaly due to the glass-to-rubber transition in the amorphous matrix [3,48,55]. This com-
plicates analysis and interpretation of dielectric results, since a typical detected dielectric
maximum is not only due to relaxor dynamics in the crystalline region, but comprises also
the contribution of glassy dynamics in the amorphous matrix.

We have studied structural and electrically-induced properties of relaxor polymer blend
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Figure 57: Infographics on the motivation for research and development of polymers on a metal
surface.

films composed of P(VDF-TrFE-CFE) (66.3/26.4/7.3 mol %) terpolymer and P(VDF-CTFE)
(91/9 mol %) copolymer on aluminium foil in terms of X-ray investigations, differential scan-
ning calorimetry and detailed dielectric response analysis. We have furthermore calculated
dielectric response of a relaxor polymer system in order to shed some light on the influence of
two superimposed dynamics in detected dielectric response on the characteristic relaxation
times and on the Vogel-Fulcher behaviour.

6.2 Structural and dielectric properties of poly(vinylidene
fluoride)-based terpolymer/copolymer blends developed
on aluminium foil

This section presents the results of the structural, caloric and dielectric measurements and
analysis of relaxor polymer blend films composed of P(VDF-TrFE-CFE) terpolymer as the
base and P(VDF-CTFE) copolymer as the additive, developed on aluminium surface.

6.2.1 Experimental procedure

6.2.1.1 Processing and structural characterization

P(VDF-TrFE-CFE) (66.3/26.4/7.3 mol %) terpolymer and P(VDF-CTFE) (91/9 mol %)
copolymer were dissolved in dimethylformamide respectively. Then both solutions were
mixed together with the copolymer weight content ranging from 0 % to 10 %. The final
solutions were poured on several pieces of aluminium foil and dried at 333 K for 10 h in an
air-circulation oven. Finally, the films were annealed at 378 K for 24 h in a vacuum oven.

Thermal analysis was performed on a Perkin-Elmer Pyris 1 differential scanning calorime-
ter (DSC) with a heating rate of 10 K/min. X-ray studies were carried out on a Bruker
D8 Advance X-ray diffractometer equipped with a Cu source with an average wavelength of
1.542 Å.
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6.2.1.2 Dielectric measurements

For dielectric measurements, surfaces of 3–4 µm thick polymer films were covered first by
sputtered chromium (10 nm) for better adhesion of the final 100 nm thick sputtered gold
electrodes (see Figure 58). Complex dielectric constant from Equation 14 was measured
in the frequency range of 20 Hz–1 MHz by using an HP4282 Precision LCR Meter. The
amplitude of the probing AC electric signal was 0.1 V. After heating the samples up to ≈350
K, the dielectric response was detected during cooling runs with the rate of 0.5 K/min. The
temperature of the samples was stabilized within 10 mK by using lock-in bridge technique
with a platinum resistor Pt100 as a thermometer.

(a) Pure terpolymer sample (b) Copolymer-terpolymer
blend

Figure 58: Relaxor polymer films on a surface. Relaxor P(VDF-TrFE-CFE) terpolymer (a) and
P(VDF-TrFE-CFE) terpolymer-P(VDF-CTFE) copolymer blend films (b) on aluminium surface,
prepared for dielectric measurements, with (right side) and without (left side) sputtered gold elec-
trodes.

6.2.2 Results and discussion

6.2.2.1 Structural and caloric characterization

Figure 59 shows differential scanning calorimetry (DSC) traces of terpolymer samples blended
with a different amount of copolymer. Each trace has two or more melting endothermal
peaks. For pure terpolymer, the two endothermal peaks are caused by the melting of crys-
tallites with different inclusion degree of CFE units: the peak at lower temperature indicates
more CFE units are included in the crystallites and these defects can reduce the lattice posi-
tional ordering and result in the decrease of the melting temperature [94]. As the copolymer
content increases, two apparent changes occur. First, both endothermal peaks of the ter-
polymer shift towards lower temperature. This indicates that the copolymer disturbs the
crystallizing process of the terpolymer. The CTFE units may be included in the terpolymer
crystallites thus introducing more defects into the crystallites, which can be corroborated
by the XRD data. Another proof that the crystallizing process is disturbed is the decreased
crystallinity (for binary blends being calculated through the total enthalpy method) listed in
Table 2. Second, a new endothermal peak appears around 423 K, which can be attributed to

Table 2: Total enthalpy change and DSC peak temperatures and the crystallinity of relaxor polymer
films, developed on aluminium surface. Total enthalpy change and DSC peak temperatures and the
crystallinity of the P(VDF-TrFE-CFE) terpolymer film and its blends with 5 % and 10 % of the
P(VDF-CTFE) copolymer. For comparison, data of pure copolymer are included.

sample ∆H(J/g) T1(K) T2(K) T3(K) XC(%)

terpolymer 19.0 389.5 411.6 - 45.6
5 %-blend 17.1 389.2 408.8 - 41.0
10 %-blend 14.9 385.6 406.8 422.5 35.7

copolymer 31.5 417.7 437.8 - 75.5
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Figure 60: XRD patterns of relaxor polymer films, developed on aluminium surface. XRD patterns
of the P(VDF-TrFE-CFE) terpolymer film and its blends with 5 % and 10 % of the P(VDF-CTFE)
copolymer.
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the melting of copolymer crystallites. This indicates that, particularly at higher content, the
copolymer cannot totally co-crystallize with the terpolymer but is only partially embedded
during crystallization of the terpolymer [6].

The XRD patterns are shown in Figure 60. Each sample exhibits only one peak, referent
to the diffraction in planes (110,200) [95]. The detailed lattice parameters are listed in Table
3. With the increase content of copolymer, the lattice spacing is expanded from 4.85 Åto 4.86
Å, which is due to the incorporation of the CTFE units in the crystallites. The coherence
lengths (L) perpendicular to the (110,200) planes, representing the sizes of crystallites in
the terpolymer, were estimated using Scherrer equation [6]:

L = Kλ/Bcos(θ), (79)

in which K = 0.9 is the shape factor, λ is X-ray wavelength, and B and θ are full width
at half-maximum and angular position of the diffraction peaks, respectively. The coherence
length increases from 21.2 nm for pure terpolymer to at least 23.2 nm for polymer blends.
Both the enlarged coherence length and the expanded lattice spacing corroborate the DSC
results that the addition of copolymer introduces more defects and distorts the crystalline
ordering [6].

Table 3: X-ray diffraction angle, lattice spacing, and the coherence length in relaxor polymer films,
developed on aluminium surface. X-ray diffraction angle, lattice spacing, and the coherence length
in the P(VDF-TrFE-CFE) terpolymer film and its blends with 5 % and 10% of the P(VDF-CTFE)
copolymer.

sample 2Θ(◦) d(Å) L(nm)

terpolymer 18.27 4.85 21.2
5 %-blend 18.23 4.86 23.2
10 %-blend 18.24 4.86 23.3

6.2.3 Dielectric properties

Figure 61 depicts the dielectric constant data as a function of the temperature, obtained
at several measuring frequencies between 30 Hz and 1 MHz, in terpolymer samples blended
with a different amount of copolymer. A typical dispersive relaxor dielectric behaviour
with relatively high maximum value of ε′ ∼ 80 in the low-frequency range around room
temperature has been detected in the terpolymer film. Upon increasing mol % of P(VDF-
CTFE) copolymer, values of both, ε′ and ε′′, decrease. This is in concurrence with the
interference effect, as ε′ values are lower in copolymer with respect to terpolymer [92]. Insets
to Figures 61d–f show that characteristic relaxation frequencies, determined from peaks in
ε′′(T ), follow the Vogel-Fulcher law from Equation 60, as being typical for relaxors [55].
No notable differences within statistical error in the Vogel-Fulcher temperature and the
activation energy between terpolymer and terpolymer/copolymer blends have been detected,
indicating that the level of crystallization has no influence on the relaxor dielectric dynamics
of the terpolymer film [6].

Figures 62, 63 and 64 depict the frequency-dependence of the complex dielectric constant
and the electrical conductivity (see Equation 51), detected in the terpolymer film and its
blends with 5 % and 10 % of the copolymer at various temperatures, respectively. Solid lines
are a guide for the eye. Figure 65 shows a comparison of characteristic relaxation times of
the terpolymer film, determined from ε∗(ν) data in Figure 62 by Cole-Cole fitting (Equation
35), denoted as ν-scan, to those determined from ε′′(T ) from Figure 61d, denoted as T-scan.
There is no essential difference between data obtained from both scans at temperatures
above room temperature, however, ν-scan data no longer follow Vogel-Fulcher law below
room temperature. Similar evolution of characteristic relaxation times has been observed
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Figure 62: Frequency-dependence of relaxor terpolymer film, developed on aluminium surface. ε′, ε′′

and σ′ vs. frequency, detected in the terpolymer film at various temperatures between 224 K and
323 K (∆T = 4.5 K).
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Figure 63: Frequency-dependence of relaxor 5 % terpolymer-copolymer blend film, developed on alu-
minium surface. ε′, ε′′ and σ′ vs. frequency, detected in the blend film, consisting of the terpolymer
with 5 % of the copolymer, developed on aluminium surface at various temperatures between 224 K
and 323 K (∆T = 4.5 K).
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Figure 64: Frequency-dependence of relaxor 10 % terpolymer-copolymer blend film, developed on alu-
minium surface. ε′, ε′′ and σ′ vs. frequency, detected in the blend film, consisting of the terpolymer
with 10 % of the copolymer, developed on aluminium surface at various temperatures between 224
K and 323 K (∆T = 4.5 K).
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in terpolymer/copolymer blends [6]. The differences between characteristic relaxation times
obtained from T-scan and ν-scan in this case, are further extrapolated in section 6.3.
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Figure 65: Vogel-Fulcher plots of the characteristic relaxation times, obtained in P(VDF-TrFE-CFE)
terpolymer, developed on aluminium surface. The characteristic relaxation times determined from
ε∗(ν) fit to Equation 35 (ν-scan) and those determined from ε′′(T ) from Figure 61d (T-scan).

6.3 Influence of two superimposed dynamic contributions on
the detected dielectric response of a relaxor system

Differences between characteristic relaxation times obtained from T-scan and ν-scan in Fig-
ure 65 may be explained by taking into account the structure of the studied system, which
is composed of crystalline regions with spontaneous polarization embedded into an amor-
phous matrix [55]. As mentioned in section 5.1, a typical dielectric maximum observed in
relaxor polymers is not only due to relaxor dynamics in the crystallites, but also comprises
the contributions of glass-to-rubber transition in the amorphous matrix [3,48]. This means
that there are two similar dynamic processes taking place in the same temperature range,
which complicates data interpretation and understanding, i.e., in analysis, we are obtaining
characteristic relaxation times for the sum of the two dynamics.

In the temperature domain, a slight error in the value of temperature is made when
obtaining data from ε′′(T ) at discrete values of frequency, because in this case

ε∗(T,matrix) < ε∗(T, crys.), (80)

which is engrafted into the fitting error to the Vogel-Fulcher ansatz (Equation 60) [6]. How-
ever, this is not the experimental case in the frequency domain, in which the superimposition
of the two dynamics results in a much broader dispersive relaxor peak at lower temperatures,
where

ε∗(ν,matrix) ≈ ε∗(ν, crys.). (81)

As both, glassy and relaxor, dynamics can be described using the Cole-Cole empiric
expression, the frequency-dependent dielectric response of a relaxor polymer system was
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Figure 66: Calculated dielectric response of a relaxor polymer: two dynamic processes. Calculated
dielectric response of a relaxor polymer system (red), in which two different dynamic processes that
take place in separate temperature regions: the relaxor dynamics in the crystallites (blue) and the
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Figure 67: Complex plain: two dynamic processes. Calculated dielectric response of a relaxor polymer
system from Figure 66, plotted in the complex ε′, ε′′ plane.
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Figure 68: Calculated dielectric response of a relaxor polymer: two superimposed dynamic processes.
Calculated dielectric response of a relaxor polymer (red). For both, the relaxor dynamics in the
crystallites (blue) and the glassy dynamics in the amorphous matrix (green), a Cole-Cole ansatz
with a broad distribution of relaxation times was used. The inset presents the data in the complex
plane.
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Figure 69: Complex plain: two superimposed dynamic processes. Calculated dielectric response of a
relaxor polymer system from Figure 68, plotted in the complex ε′, ε′′ plane.
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calculated using ansatz [6]:

ε∗sum = ε∞,crys. +
∆εcrys.

1 + (iωτcrys.)1−hcrys.
+

ε∞,matrix +
∆εmatrix

1 + (iωτmatrix)1−hmatrix
,

(82)

which in fact is a sum composed of two Cole-Cole expressions, representing relaxor dynamics
in the crystallites and glassy dynamics in the amorphous matrix, and its characteristic
relaxation frequency has been determined by fit to Equation 35. Figure 66 depicts the case,
in which both dynamic processes can clearly be seen in the frequency-dependent dielectric
response (denoted as sum). In this case, Cole-Cole fitting of ε∗(ν) gives (i) a small error in the
obtained characteristic relaxation times data and (ii) a notable error in the obtained values
of εs and ε∞. The latter can clearly be seen in Figure 67, which shows the calculated data
in the complex ε′, ε′′ plane. Figure 68 depicts the calculated data for the case, encountered
in analysis of the dielectric response of terpolymer/copolymer blends (Figure 65). It can
clearly be seen that the sum curve is broader, with the characteristic relaxation time for
one order of magnitude higher in comparison to crystallites. Superimposition of the two
dynamics also increases values of εs and ε∞, as can be seen in the complex plane (see Figure
69).

To summarize the results presented in this subsection: The detected frequency-dependent
dielectric response of relaxor polymer systems should not be fitted to a single Cole-Cole
ansatz, as such a procedure provides incorrect values of the characteristic relaxation time.
The obtained ε∗ spectra have to be either

• fitted to the sum of two Cole-Cole expressions (Equation 82),
or, to omit errors in fitting the data with two similar (broad) distributions,

• the characteristic relaxation times should rather be determined from the ε′′(T ) peaks
[6].
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7 Conclusions

This doctoral dissertation presented the results of investigations and separation of various
contributions to the dielectric response of novel ceramic and polymeric materials, with a
special emphasis on modelling the dielectric response of the investigated systems.

First, the temperature and frequency dependent dielectric response of core-shell struc-
tured ceramic material was modelled in terms of the equivalent circuit (the elements of which
describe distinctive contributions of grains/bulk and grain boundaries) by assuming the Ar-
rhenius law for temperature dependence of the bulk resistance. Modelling results reveal a
dispersive dielectric behaviour, typically observed in core-shell structured materials, e.g.,
CaCu3Ti4O12 (CCTO) thin film. Then, the results of the study of the influence of prepara-
tion conditions on the dielectric response of CCTO thin films were presented. In CCTO thin
films, prepared by the chemical solution deposition method, the experimental results and
analysis in terms of equivalent circuit reveal that each of the two constituents determines
the dielectric behaviour of the CCTO thin film for different frequencies: insulating grain
boundaries at lower and semiconducting grains at higher frequencies. The main influence on
dielectric properties are the conditions under which the CCTO thin film was created, i.e.,
processes taking place upon heating and cooling of the samples: By proper post-annealing
process a high dielectric constant of ∼ 3000 was obtained in films with thickness below 600
nm. It was shown that ε′ plateau values and the temperature of their drop (both quantities
are successfully ascribed to the parameters of the artificial Debye relaxation arising from
the equivalent circuit comprising contributions of grain boundaries and the bulk) strongly
depend on the oxygen partial pressure in the atmosphere during the post-annealing process.
The origin of such dielectric behaviour is attributed to (i) changes in geometry that are
due to electrical heterogeneities in the microstructure, i.e., different distributions of Cu+

and Cu2+ within grains and grain boundaries and (ii) differences in conductivity of both
grains and grain boundaries and concomitantly their influences on ε′ via Kramers-Kronig
relations. Analysis in terms of the equivalent circuit and variable range hopping model re-
veal that 1D-hopping of localized charge carriers dominates the charge transport behaviour
in CCTO thin films. In addition, it was shown that in the case of CCTO thin film, prepared
on a nucleation layer, the dielectric response is determined by the microstructure consist-
ing of large grains that extend throughout the whole thickness of the film. Such dielectric
behaviour can be modelled with an equivalent circuit, composed of a set of parallel leaky
capacitors, yielding a smooth temperature-dependent response.

Next, the results of measurements of the temperature and frequency-dependent linear
and third-order nonlinear dielectric response of the dynamic processes in relaxor reduced
poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] copolymer, synthesized via re-
ductive dechlorination from the poly(vinylidene fluoride-chlorotrifluoroethylene) [P(VDF-
CTFE)] copolymer, were shown. Analysis of the experimental data revealed that the relaxor
dielectric dynamics in the reduced P(VDF-TrFE) copolymer is almost identical to that ob-
served in classical relaxor systems and reminiscent of the dynamic behaviour observed in
various spin glasses. Also, a clear indication was obtained that all polar dynamic processes
terminate down to ∼ 100 K and that below this temperature only non-polar contribu-
tions govern the dielectric response of the reduced P(VDF-TrFE) copolymer. Furthermore,
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the study of changes in dynamic processes due to a DC bias electric field in the reduced
P(VDF-TrFE) copolymer revealed a strong electric field dependence of the Vogel-Fulcher
temperature and the activation energy. Comparison of the results with those obtained in
a classical inorganic relaxor, lanthanum-modified lead zirconate titanate ceramics, reveals
that it is the nonlinear dielectric susceptibility that dominantly affects the dielectric dynam-
ics of relaxors in DC bias electric fields. In addition, it was established that even low bias
voltage effectively blocks the ac electrical conductivity of the studied copolymer, which can
be afterwards restored to its initial value by applying a high enough AC voltage.

Finally, the results of structural, caloric, and dielectric properties of relaxor polymer
blend films composed of poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene) ter-
polymer and poly(vinylidene fluoride-chlorotrifluoroethylene) copolymer on aluminium foil
were presented. Differential scanning calorimetry and X-ray diffraction results indicate that
in this system, the copolymer additive disturbs the crystallizing process of the terpolymer.
Measurements of temperature-dependent dielectric response revealed that upon increasing
mol % of the copolymer, values of both, ε′ and ε′′, decrease in comparison to pure terpoly-
mer, which is in concurrence with the interference effect (as values of the dielectric constant
are lower in pure copolymer). Analysis of the temperature-dependent dielectric response
has revealed that the addition of the copolymer does not influence the relaxor dynamics of
the system: There are no notable differences within statistical error between Vogel-Fulcher
temperatures and activation energies of terpolymer and blends with 5 or 10 mol % of copoly-
mer. Furthermore, the analysis of the frequency-dependent dielectric response revealed that
characteristic relaxation times obtained from ε∗(ν) do not follow Vogel-Fulcher law below
room temperature, which indicates that, at lower temperatures, the dielectric response is not
governed solely by relaxor dynamics. Therefore, the dielectric response of a relaxor polymer
system was calculated for systems, in which two similar dynamic processes superimpose in
the same temperature range, e.g., relaxor dynamics in the crystalline regions and glassy
transition in the amorphous matrix in relaxor poly(vinylidene fluoride-trifluoroethylene-
chlorofluoroethylene) terpolymers. It was thus shown that in such cases (superposition of
two dynamic processes) the characteristic relaxation times should be determined from the
ε′′(T ) data and not by fitting frequency-dependent dielectric response to a single Cole-Cole
expression, which provides incorrect values.

To summarize, this doctoral dissertation investigates in detail structural and, particu-
larly, dielectric properties of

• core-shell structured CaCu3Ti4O12 thin films prepared under various conditions,
• a new class of relaxor polymer, reduced P(VDF-TrFE) copolymer, and
• relaxor films of P(VDF-TrFE-CFE) terpolymer and its blends with P(VDF-CTFE)

copolymer, developed on aluminium foil,
and thus presents the dielectric spectroscopy as a powerful tool for investigations of ba-
sic and applicatory-oriented properties of various organic and inorganic materials, which
might result in their optimization or even in the synthesis of new materials for advanced
applications.
.

More generally, with great power comes great dE/dt. [96]
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[7] Blinc, R.; Žekš B. Soft modes in ferroelectrics and antiferroelectrics (North-Holland
Publishing Company, Amsterdam, 1974).

[8] Kremer, F.; Schönhals, A. Broadband dielectric spectroscopy (Springer, Berlin, 2003).

[9] Hill, N. E.; Vaughan, W. E.; Price, A. H.; Davies, M. Dielectric properties and molec-
ular behaviour (Van Nostrand Reinhold Company Ltd., London, 1969).
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[9] Eršte, A.; Malič, B.; Kužnik, B.; Kosec, M.; Bobnar V. Equivalent circuit modelling of
core-shell structured ceramic materials. In: Nair, K. M.; Priya, S. (ed.) Advances and
applications in electroceramics II: Ceramic transactions 235, 23–29 (Wiley, Hoboken,
2012).



100 List of publications related to this doctoral dissertation



101

Appendix B: Personal bibliography for the period

2009–2012

B.1 Articles and other component parts

B.1.1 Original scientific article
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electrically induced properties by stretching relaxor polymer films. Journal of Applied
Physics 111, 083515 (2012).
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M.; Škarabot, M. (ed.) Zbornik povzetkov, 7. konferenca fizikov v osnovnih raziskavah.
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