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Abstract

The experimental study of small signal dielectric nonlinearity is a powerful procedure for the investigation of complex ferroelectric
materials. Dielectric nonlinearity of a copolymer of polyvinylidenefluoride with trifluoroethylene, in the compositions 70/30 and 56/
44 mol%, has been measured by an analysis of the harmonic spectrum of the electric current in response to a sinusoidal voltage. The Landau
parameters of the crystalline phase are determined from the experimental data, and the order of the phase transition is discussed. It is found
that the values of the Landau parameterg in the ferroelectric and in the paraelectric phase are different. In the ferroelectric phaseg is a
function of the degree of poling. The experimental results are also compared with theoretical predictions derived from Odajima’s micro-
scopic model, which assumes a one-dimensional Ising model for the dipolar coupling along the polymer chains and a mean field theory for
the interchain interaction. Copolymer film deposited from a solution that is poled before annealing shows a small second-order dielectric
nonlinearity even in the paraelectric phase. The reason for this is a non-switchable polarization, which is stable above the Curie temperature.
We attribute this polarization to the intermediate phase in between the crystallites and the amorphous regions.q 2000 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

The investigation of nonlinear dielectric permittivities
gives valuable information on the ferroelectric properties
of a material. The permittivities of odd order give direct
access to the free energy (Landau parameters) [1–3] and
the order of the phase transition [4,5]. The second-order
permittivity provides information on the degree of poling
[6] and the existence of fixed dipoles [7]. The method
should, in particular, be suitable for describing complicated
ferroelectric systems such as the semicrystalline polyvinyl-
idenefluoride–trifluoroethylene, P(VDF–TrFE), copolymers,
as it provides much more information than the linear permit-
tivity alone. P(VDF–TrFE) copolymers consist of ferro-
electric regions with crystalline order embedded in an
amorphous matrix. They exhibit a diffuse phase transition
from the ferroelectric to the paraelectric phase caused by a
statistical variation of the VDF content of the crystallites
[8]. The dielectric properties of the copolymers near the
phase transition depend strongly on the composition of
VDF and TrFE.

In this work the nonlinear dielectric properties of
P(VDF–TrFE) copolymers are investigated and some inter-
esting conclusions are obtained from the results. The data
are compared with a detailed phenomenological description.
A microscopical approach developed by Odajima [9] for
describing the polarization of P(VDF–TrFE) copolymers
is, for the first time, considered with respect to the nonlinear
dielectric permittivities and compared with the experi-
mental results.

2. Theory

2.1. Model for the nonlinear dielectric properties of a
semicrystalline ferroelectric system

Fig. 1 illustrates the structure of a semicrystalline
polymer (Fig. 1a) and its approximation by a brick like
structure (Fig. 1b) as proposed for PVDF [10]. For this
structure, the electric field in the whole sample is assumed
to be in parallel to the external field, and the dielectric
properties are described by a capacitor model (Fig. 1c).
The ferroelectric crystalline system is characterized by
nonlinear dielectric permittivities1 cn defined by the
expansion of the dielectric displacementD in powers of
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the electric fieldE:

D � Pcs 1 101c1E 1 101c2E
2 1 101c3E

3 1 … �1�
The amorphous system is described by the linear permittiv-
ity 1a. The calculation of the effective nonlinear dielectric
permittivities1n of the whole system yields [11]:
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whereXc � Vc=V is the volume fraction of the crystalline
part, i.e. the crystallinity of the sample. The quotienth�
dc=d of the thickness of the crystalline region and the sample
depends on the shape of the crystallites. For cubic crystal-
lites, h is equal to

���
Xc

3
p

:

2.2. Phenomenological theory for the crystalline system

Ferroelectrics near the phase transition are usually
described phenomenologically by the Landau free energy

F � F0 1 1
2 aD2 1 1

4 gD4 1 1
6 dD6

: �4�
Using the nonlinear relation between the electric fieldE �
2F=2D and the dielectric displacement, the nonlinear dielec-
tric permittivities1cn can be calculated as a function of the
Landau parametersa , g and d . In the paraelectric phase
Ps � 0 and the permittivities of even order vanish. The

permittivities of the odd order are

101c1� 1=a 101c3�2g=a4 101c5� �3g2 2 ad�=a7
:

�5�
A measurement of the odd-order permittivities of a crystal-
line ferroelectric gives direct access to the temperature
dependencies of the Landau parametersa , g andd in the
paraelectric phase. In particular, the sign of the third-order
permittivity in the paraelectric phase yields the sign ofg ,
which according to the Landau theory determines the order
of the phase transition [4].

In the ferroelectric phase, the second-order permittivity of
the crystalline system is given by [6]:

101c2 � 2Pcr�1011�3�3g 1 10dP2
s� �6�

with the mean polarization of the crystalline systemPcr �
XPPs: The factorXP is the degree of polarization and is equal
to one if all dipoles are oriented in parallel to the poling
field. For copolymer material with randomly oriented crys-
tallite axes, fully poled samples would have a polarization
degree ofXP < 2=3 [12].

2.3. Microscopical theory for the crystalline system

P(VDF–TrFE) copolymers with a VDF content above
60 mol% show thermal hysteresis, i.e. the phase transition
is of first-order, while for copolymers with lower VDF
content no thermal hysteresis is observed. Odajima [9]
derived a microscopical theory which is capable of describ-
ing both the first and the second-order phase transitions
depending on the intrachain interaction energyJ. The inter-
action of the dipoles along one polymer chain is described
by a one-dimensional Ising model, while the dipolar inter-
action with thez neighboured chains is taken into account
by a mean field approximation with the interchain inter-
action energyL. An approximation in the theory is the use
of the same mean dipole momentm for the VDF and TrFE
monomers with the dipole densityN. Furthermore,transand
gauchebondings are simplified by parallel and antiparallel
orientations of the dipoles, respectively. The interaction
energy is equal to the energy difference between thetrans
and gauchebondingsJ � uG 2 uT: As a result, Odajima
obtains a relation betweenP andE:

P
Nm
� eJ=kT sinh�mE 1 zLP=2Nm�=kT���������������������������������������������

1 1 e2J=kT sinh2�mE 1 zLP=2Nm�=kT
p �7�

The spontaneous polarizationPs is given by the zeros of
E�P� with a positive derivation dE=dP: For comparison
with the experimental data we have derived the nonlinear
dielectric permittivities from Eq. (7) using a recursion
procedure. For comparing the microscopical and the
phenomenological theories, the Landau parameters can be
evaluated by a power series expansion ofE�P�: The expres-
sion ofa shows that the Curie temperatureT0 and the inter-
chain interaction energyzL� 2kT0 e2J=kT0 are directly

B. Ploss, B. Ploss / Polymer 41 (2000) 6087–60936088

Fig. 1. Model for the dielectric properties of the semicrystalline copoly-
mers: (a) ferroelectric crystallites embedded in an amorphous matrix; (b)
simplification of the geometry; and (c) capacitor model.A, Ac, d anddc are
the electrode areas and thickness of the capacitors representing the entire
specimen and the crystalline system, respectively.



related.g is positive forJ . 2kT ln 3=2 and negative for
J , 2kT ln 3=2: d is always positive.

3. Measurement principle

In order to measure the nonlinear dielectric permittivities
1n; a sinusoidal electrical field with the frequencyf0 �
1 kHz �v0 � 2pf0� and an amplitudeE, far below the coer-
cive field is applied to the sample. A signal with high spec-
tral purity is generated by appropriate filtering of the output

signal of a frequency synthesizer. The current through the
sample is recorded by the voltage over a series resistor and
digitized by a 16 bit A–D converter at a sampling period of
20ms. Spectra of the current densityj�t� are calculated by
Fourier transform:

j�t� � d
dt

D�t� �
X∞
l�0

� j 0l coslv0t 1 j 00l sin lv0t� �8�

Fig. 2 shows as an example the Fourier spectrum of the
current through a poled 56/44 mol% VDF–TrFE copoly-
mer. The nonlinear permittivities1n can be evaluated
from a sum of Fourier coefficientsj 00l [2]. If the excitation
amplitude is chosen appropriately, i.e. sufficiently small so
that the coefficientsj 00n decrease strongly with increasing
ordern, then1n can be approximately calculated from the
componentj 00n:

101n <
21
v0

2n21

nEn
,

j 00n: �9�

In the general case, the1n defined by Eq. (9) form the real
parts 1 0n of the complex nonlinear permitivitties. Non-
vanishing componentsj 0n can be described by the defini-
tion of imaginary parts1 00n that are calculated fromj 0n
analogous to Eq. (9). Eq. (1), however, explains only real
permittivities.

4. Results

P(VDF–TrFE) films 2mm thick with compositions of 56/
44 and 70/30 mol% have been prepared by spin-coating
from solution in dimethylformamide using material from
Solvay. The annealing was performed at 1208C for 3 h.
The first, second and third-order permittivities were
measured at a frequency of 1 kHz and an amplitude of
8 V/mm as a function of temperature for poled and unpoled,
annealed and unannealed samples.

4.1. Description with the Landau theory

Fig. 3 shows the temperature dependence of the nonlinear
dielectric permittivities of poled and unpoled 56/44 mol%
P(VDF–TrFE). The experimental results are compared with
the Landau theory taking into account the semicrystallinity
by the capacitor model (Sections 2.1 and 2.2). The Landau
parameters are determined successively as explained in the
following. The crystallinityXc is known from the literature
[8]. a is obtained from the temperature dependence of 1=11

in the paraelectric phase. It shows a linear dependence on
temperature. At the Curie temperature of our semicrystal-
line material the reciprocal first-order permittivity 1=11 does
not vanish as it would be the case for an idealized ferro-
electric crystal with a second-order phase transition. Its
value depends on the crystallinity of the sample and the
permittivity of the amorphous phase1a, which is in serial
to the crystallites.1a is therefore extracted from11 at the
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Fig. 2. Fourier spectrum of the current through a poled 56/44 mol% VDF–
TrFE copolymer sample during application of a sinusoidal electric field
with frequency 977 Hz and amplitude 7 V/mm.

Fig. 3. Nonlinear dielectric permittivities of 56/44 mol% VDF–TrFE copo-
lymer as function of temperature (K, —: heating cycle,XP � 0:4; W - - -:
cooling cycle,XP � 0). The experimental data (symbols) are described by
the phenomenological theory (lines) with1a � 8; a � �T�8C�2 64� ×
3:3 × 107 V m=C; g � 2�3:6XP 1 0:4� × 1011 V m5

=C3
; for T , T0 and

g � 1 × 1012 V m5
=C3

; for T . T0; d � 2:1 × 1013 V m9
=C5

: A Gaussian
distribution of Curie temperatures of widthdT0

� 48C is taken into account.



Curie temperature.13 in the paraelectric phase depends on
the parameters already determined and ong , which can be
described by a temperature independent positive value
above 908C. In the ferroelectric phaseg , d and the poling
degreeXP are determined from11 and12. In this tempera-
ture range the experimental data are better described by a
small negativeg . That means that the sign ofg changes at
the phase transition. As an effect of domain wall motion,11

and13 are functions of the poling degree [7]. The experi-
mentally observed shift of the phase transition temperature
with the poling degree is described by the dependence ofg
on the poling degree together with a Gaussian distribution of
Curie temperatures.

The measured temperature dependencies of the linear,
second- and third-order permittivities are not completely
described by the phenomenological description. Near the
phase transition, the calculated values are higher than the
experimental data. In addition, the temperature dependence
of the third-order permittivity in the unpoled state is not
described satisfactorily. Using more sophisticated functions
for the temperature dependence of the Landau parameters,
in particular forg at the phase transition, one could derive
theoretical curves that would fit better with the experimental
data. However, this would introduce a set of additional
parameters and exceed the scope of a phenomenological
description. At this point microscopical models have to be
studied. A first approach is the theory of Odajima.

4.2. Description with the Odajima theory

The effects of domain wall motion are not included in
Odajima’s theory. Therefore, we consider only poled
material.Xc, 1a and Xp are assumed to be the same as for
the phenomenological description. The mean dipole
momentm and the dipole densityN are known. The only
fit parameters are the intrachain interaction energyJ and the
Curie temperatureT0. The interchain interaction energyL is
then evaluated fromJ and T0. J determines the order of
phase transition, the width of the thermal hysteresis and
the sign of the third-order permittivity in the paraelectric
phase. As shown in Figs. 4 and 5, Odajima’s theory allows
to describe both the first and the second-order phase transi-
tion simply by a change of the intrachain interaction energy
J. Taking into account that the permittivities of the first,
second and third-order of the theoretical calculation are
determined only by the same parameterJ, the orders of
magnitude and the signs of the permittivities are described
well. However, the quantitative temperature dependence of
the second- and third-order permittivity is not explained
well by the theory. This is, however, not very surprising
when the approximations in Odajima’s theory are con-
sidered. The dipoles along a P(VDF–TrFE) chain can actu-
ally rotate in steps of 1208 [13], i.e. they have three stable
states; the Ising model describes a two-state model,
however. Furthermore, the dipolar moments of the VDF
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Fig. 4. Nonlinear dielectric permittivities of initially poled 56/44 mol%
VDF–TrFE copolymer as function of temperature (heating cycle). The
experimental data are described by the microscopical theory with the
intra- and interchain interaction energiesJ � 21:52 kJ=mol and zL�
9:7 kJ=mol; respectively. The symbols are as in Fig. 3.

Fig. 5. Nonlinear dielectric permittivities of initially poled 70/30 mol%
VDF–TrFE copolymer as function of temperature (heating and cooling
cycle). The experimental data are described by the microscopical theory
with the intrachain and interchain interaction energiesJ � 22:38 kJ=mol
andzL� 13:1 kJ=mol; respectively. The symbols are as in Fig. 3.



and the TrFE monomers, which differ by a factor of two, are
approximated by an average value in the theory.

For a comparison of the Odajima theory with the
phenomenological description, the temperature dependence
of the Landau parameters can be evaluated from the
Odajima model [11]. It yields a negative parameterg for
the 70/30 mol% VDF–TrFE copolymer. For the 56/
44 mol% VDF–TrFE copolymerg changes its sign near
the phase transition temperature from a negative value in
the ferroelectric phase to a positive value in the paraelectric
phase. This is in agreement with our assumption forg made
in the phenomenological description with the Landau
theory.

4.3. Permittivity of annealed and unannealed material

The crystallinity of P(VDF–TrFE) copolymers is
increased when a sample is annealed after its preparation
by spin-coating [12]. Fig. 6 shows theD�E� hysteresis
curves measured on an unannealed and an annealed 56/
44 mol% VDF–TrFE copolymer sample. Owing to
the higher crystallinity the remanent polarization of the
annealed sample is 1.7 times higher than that of the

unannealed one. After poling the first and second-order
dielectric permittivities of both the samples have been
recorded as a function of temperature during heating. In
Fig. 7, the quotient1012=�1011�3 shows the decrease of the
remanent polarization at the transition to the paraelectric
phase for both the annealed and unannealed samples.

The temperature dependence of the linear permittivity of
these poled samples are depicted in Figs. 8 and 9 together
with the linear permittivity of unpoled samples (annealed
and unannealed, respectively). The dielectric properties of
the annealed material are clearly influenced by the poling.
The linear permittivity of the poled material (Fig. 8) is lower
and the transition temperature from the ferroelectric to
the paraelectric phase is higher than that of the unpoled
material. In contrast, the linear permittivity of unannealed
material is not influenced by poling. Fig. 9 shows that there
is no difference in the temperature dependence of the linear
permittivity of the poled and unpoled samples. The
measured second-order permittivity (Fig. 7) proves the
remanence of the polarization after the poling process.

This result shows that the change of the dielectric permit-
tivity after poling of an annealed sample cannot be attrib-
uted to the different values of the dielectric permittivity in
parallel with and perpendicular to the polarization [8], as
such a difference would also reduce the dielectric constant
of unannealed films after poling. However, the findings can
be explained if the difference of the dielectric constant in the
poled and in the unpoled state is due to a contribution of
domain wall motion [8]. The crystallites of an unpoled
annealed sample fall into domains (typically two domains
per crystallite [14]). The crystallites become monodomain
after poling and the domain wall contribution to the dielectric
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Fig. 6. Hysteresis loops of the dielectric displacementD as a function of the
electric fieldE for an unannealed and an annealed 56/44 mol% VDF–TrFE
copolymer sample.

Fig. 7.1012=�1011�3;which is proportional to the remanent polarizationPr,
as a function of temperature for an unannealed and an annealed 56/44 mol%
VDF–TrFE copolymer sample. The crystallinity of the unannealed film
increases during the heating process.

Fig. 8. Temperature dependence of the real part1 01 and imaginary part1 001 of
the linear permittivity for a poled (A) and an unpoled (W) 56/44 mol%
VDF–TrFE copolymer sample measured during a heating cycle. The
samples have been annealed before the measurement.



constant vanishes. In unannealed samples, the crystallites
are smaller (about half the size). For these small crystallites,
the formation of domain walls is unfavourable and they are
in a monodomain state. Thus no domain wall effects contri-
bute to the dielectric permittivity; it is the same for the poled
and for the unpoled case. This explanation is in agreement
with X-ray investigations on 73/27 mol% VDF–TrFE copo-
lymer samples with different crystallite sizes prepared by
annealing at different temperatures [15].

4.4. Persistent non-switchable polarization in samples
poled before annealing

We compared the second-order permittivity of two 56/
44 mol% VDF–TrFE copolymer samples. Sample A has
been annealed directly after its deposition from solution
while sample B was first poled and then annealed.

Fig. 10 shows the temperature dependence of the second-
order permittivity of the annealed sample (Sample A) in the
unpoled state and in the poled state for two opposite poling
directions. In the paraelectric phase12 vanishes. In the
ferroelectric phase it depends on the poling direction and
is zero for the unpoled sample. In Fig. 10, the quotient
1012=�1011�3; which is proportional toPr is also depicted.
For the unpoled sample the polarization in the ferroelectric
phase is not completely zero but reaches a small value more
than two orders of magnitude below the remanent polariza-
tion of poled samples. This asymmetry might be due to the
slightly different properties of the surfaces of the sample
spin-coated on a glass substrate.

Sample B is poled in the positive direction before
annealing. After the annealing process the sample is poled
and the second-order permittivity is measured. This is
depicted in Fig. 11 for the unpoled state and for two differ-
ent poling directions. Compared with sample A, the
temperature dependence is significantly different. Near the
Curie temperature and in the paraelectric phase,12 occupies
positive values instead of being zero like in the case of
sample A. The quotient1012=�1011�3 depicted in Fig. 11
indicates a small positive polarization that remains stable
in the paraelectric phase. It has the same direction as the
polarization of the sample before the annealing. Poling of
the annealed sample in the opposite direction does not
change this permanent polarization.

During the annealing process the crystallites grow mainly
in the direction of the copolymer chains [15]. From the
poling experiments on unannealed and annealed material
two conclusions can be drawn. The chain links that are
built in a crystallite during the first annealing show a prefer-
ential dipolar orientation in the direction of its polarization,
i.e. in poled material polarization persists in an amorphous
interphase near the surface of the crystallites [16–18].
Furthermore, a part of the dipolar chain links built into the
crystallites during the first annealing cycle cannot be
switched by an electric field. The non-switchable chain
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Fig. 9. Temperature dependence of the real part1 01 and imaginary part1 001 of
the linear permittivity for a poled (A) and an unpoled (W) 56/44 mol%
VDF–TrFE copolymer sample measured during a heating cycle. The
samples were unannealed before the measurement.

Fig. 10. Second-order nonlinear dielectric permittivity12 (real part) of
sample A (56/44 mol% VDF–TrFE copolymer annealed directly after
preparation) and quotient1012=�1011�3 as a function of temperature. In
the lower diagram the vertical axis is spread. The sample poled at room
temperature in the positive direction (A); in the negative direction (K); and
the unpoled sample (W) measured during the heating cycle. The sample
poled at room temperature in positive direction (S) measured during the
cooling cycle.



links form an intermediate phase between the crystalline
and the amorphous phase.

5. Conclusion

The investigation of the nonlinear dielectric permittivities
of P(VDF–TrFE) copolymers allows a significant compari-
son of the experimental data with the theoretical models.
The phase transition from the ferroelectric to the paraelec-
tric phase of the crystalline part was described by both the
phenomenological Landau and the microscopical Odajima

theory. The semicrystalline structure was taken into account
using a capacitor model. A comparison of the linear and
second-order permittivity of poled and unpoled unannealed
samples shows that the poling degree dependence of the
linear permittivity of annealed samples is attributed to
domain wall effects. The measurement of the second order
dielectric permittivity provides a very sensitive method for
the investigation of polarization. Even a very small, fixed
and temperature independent polarization can be detected.
A persistent non-switchable polarization in samples poled
has been found before annealing. It may be attributed to
fixed dipoles at the border between the annealed crystallites
and the amorphous phase.
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Fig. 11. Second-order permittivity12 of sample B (56/44 mol% VDF–TrFE
copolymer poled before the first annealing) and quotient1012=�1011�3 as a
function of temperature. In the lower diagram the vertical axis is spread.
The symbols are as in Fig. 10.


