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Preface

Many decades after the discovery of piezoelectricity in 1880 by Pierre and Jacques Currie the
overwhelming number of practical applications of this phenomenon has become an integral part of
our lives. The subsequent discovery of ferroelectricity brought forth a new class of materials with
piezoelectric properties hundreds of times stronger than that of quartz. Possibility of changing the
polarization states in ferroelectric materials by the action of external electric fields has broadened
scientists’ horizons for inventing further applications. In addition, when two and more polarization
states appear in a sample and form a domain pattern, a quite new type of phenomena influences
the macroscopic properties of ferroelectric materials. In some applications, the presence of domain
patterns is quite appreciable and they enhances the dielectric response in high permittivity capaci-
tors or piezoelectric response in electromechanical actuators. In other applications, the presence of
domains has a disastrous impact on their proper function as, for example, in pyroelectric sensors
or nonvolatile ferroelectric memories. That is why our understanding and control of ferroelectric
domains are essential for all currently pursued applications of ferroelectric thin films and may
well be the key for future applications. In parallel, from the academic point of view, this topis is
complex and rich in fascinating aspects, which have not yet been explored in depth. These are the
reasons, why I become so curious to study domain patterns in ferroelectrics.

In a variety of applications of ferroelectric and piezoelectric materials, physical and application
aspects of two devices are discussed in more detail in this work. First, I am concerned with
ferroelectric thin films, which are nowadays used in computer memory devices. It appears that the
quality of ferroelectric thin films is affected by many physical phenomena, whose understanding
is essential for the future development of memory devices. Since their principal function is based
on a spontaneous polarization reversal, switching measurement techniques are often used for a
characterization of ferroelectric thin films. In this thesis, it is shown that also small signal dielectric
response can bring a lot of information on a quality of ferroelectric thin films, which were put into
the polydomain state by the electric eycling. My second scope of interest covers the research and
development of applications utilizing piezoelectric materials in acoustics.

Due to different character of these two subjects, the thesis has been divided into two parts.
The first part is devoted to the physical aspects and the role of domain patterns in ferroelectric
devices and ferroelectric thin films, in particular. The second part is dedicated to the applications
of ferroelectric polymer films in acoustics. Each of these parts has the same structure. It begins
with an introduction to the state of art in the field focusing on application aspects and reviewing
the opened problems, which are discussed in this thesis. Following this introductory part, the
collection of selected publications is presented. Finally, brief summary recollects the main results,
where I also present some points, which were not included in the original papers due to the lack of
space, and additional comments on experimental and application aspects of the presented results.
Finally, I attach appendices where additional information, which can be helpful for the reader but
which goes little beyond the scope of the thesis, can be found. I believe that this structure of the
thesis is the best option for the sake of presentation and the maximum asset for the reader.

Liberec Pavel Mokry
February 2005
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Introduction

It is hard to imagine other research field, which contributed to such an extent to a technological
development, than the material science. Contemporary trends towards miniaturization push the
device designers’ needs to the limits allowed by the laws of nature. This is the reason why nowadays
so much interest is focused on a search and investigation of materials, which can move the results
of applied scientists closer to those limits.

In 1921 the discovery of dielec-
tric hysteresis in rochelle salt by
Valasek [1] was the first encounter
with one of the most fascinating
phenomena in solid state physics

the crystal lattice of a material
can exist in two or more metastable /'/a,_./
states, which can be switched by ap-
plying the electric field or mechan-
ical stress. Figure 1 shows that in L o — —
Valasek’s dielectric measurements e e T e
two values of charge on capacitor
electrodes at the zero applied field
were measured during the electric
cycling. It corresponds to two pos-
sible values of polarization in the crystal of rochelle salt. Since the value of polarization remained
nonzero even when the electrodes of the capacitor were short-circuited, it was understood that
the polarization in the crystal had a constant component termed permanent (i.e. spontaneous)
polarization. In addition, the spontaneous polarization vector of the crystal could be reversed un-
der the action of an external applied field. This feature, the existence of spontaneous polarization
vector which may be changed under the action of an external electric field, is a common property
of all materials called ferroelectrics.
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FIGURE 1: Hysteresis loop in the measurement of the
charge versus electric field applied to a capacitor of rochelle
salt discovered by Valasek. (From Ref. [1])

It is not surprising that any ferroelectric material is not always in a ferroelectric phase. As
water can be found in a form of ice, liquid or vapor, depending on pressure and temperature,
as the solid ferroelectric material can be found in phases that are not ferroelectric. Transitions
between the ferroelectric and non-ferroelectric (paraelectric) phases are called ferroelectric phase
transitions. These phenomena usually occur at a narrow temperature region around so called
temperature of a phase transition Ty. Above temperature Ty, the crystal lattice is stabilized in
a certain arrangement of molecules by a thermal motion. With a decrease in temperature, the
thermal motion of molecules becomes unable to keep the crystal lattice in the same arrangement.
At the temperature Tp, the crystal lattice becomes instable and the structure of molecules in the
unit cell is transformed into a different arrangement of the crystal lattice, which becomes stable
again. Since this model of a phase fransition is characterized by the displacement of atoms at
the phase transition temperature, which leads to the change of the crystal symmetry, such phase
transitions are called phase transitions of the displacive type.

On the other hand, there exists another possibility of changing the crystal symmetry. In some
materials, there exist, already in the paraelectric phase, a possibility of finding particles in two



jer high temperatures, the
the both positions, which are occupied uniformly.
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keeping the equal occupation of the b
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result of redistribution of particles over equiprobable positions, are ¢
order-disorder type.

electric materials has been discovered. The diversi‘t}f of I‘;hese‘ mate-
try and micro-mechanism of the phase transition 1s evidently

an indication of the difference in molecular generation of spontaneous polarization. However, there
was identified a complex of properties that are common to all (-,'l-ystals capable to undergo the fetrro-
electric phase transition. In particular, the macroscopic behavior _Uf 'd‘“ suhstau'ccs (:le.arly mamfe.st
a similarity in temperature dependence of the spontaneous polarization and dielectric f..‘onstant in
the region of the phase transition. This accounts for the fact that the .phenomenologlcal the.ory
of ferroelectric phase transitions has been developed extensively. Applying the. ph.enomeno?ogmal
theory of L. D. Landau to ferroelectric materials, it is possible to obtain a qualitative overview on
features of ferroelectric phase transitions. Some results of Landau theory are presented in Appen-
dix K and more detailed analysis can be found in books [2, 3]. Here there are presented only its
basic consequences to demonstrate the properties of so called uniaxial ferroelectrics, which will be
used for a discussion of the role of domains, i.e. regions which differ in value of the spontaneous
polarization, in ferroelectric applications and non-volatile memory devices, in particular.

So far a large number of ferro
rials in composition, structure, symine
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around the phase transition, which

are suitable for a utilization in ap- FIGURE 2: Typical temperature dependencies of sponta-
plications. For example, a material ~neous polarization Py, dielectric constant x*'T and pyro-
with the peak dielectric constant in  electric coefficient 4” in uniaxial ferroelectric mat érialpr{ear
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. C I regions for possible applications.
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of applications. If a certain material should be considered for a high permittivity capacitor appli-
cation, the specific value of the transition temperature T¢: should be below room temperatures. On
the other hand, the value of T;: should be above room temperatures in ferroelectric memory ap-
plications. Construction of pyroelectric sensors requires materials with the transition temperature

in the range of room temperatures.

It should be pointed out that the above temperature dependencies were calculated under the
assumption that the materials are mono-domain single crystals. It means that the spatial distri-
bution of spontaneous polarization is uniform over the volume of the sample. In addition, it is
assumed that the application of the electric field does not change their state. Unfortunately, in
ordinary ferroelectric materials these assumptions do not strictly hold and actual device materials
often exhibit a domain pattern. It means that the volume of the crystal is split into regions called
domains, which differ in values of the spontaneous polarization. It turns out that the presence of
domains in ferroelectric materials tremendously affects their macroscopic properties and the role
of domains in ferroelectric devices is discussed in more detail in the next section.

Role of domain patterns in ferroelectric single crystals

In an ideal infinite ferroelectric the spontaneous polarization is uniform over the volume of the
crystal. On the other hand, in real crystals the spatial distribution of the spontaneous polarization
is affected by the presence of crystal surfaces and imperfections of the crystal lattice. In addition,
the quality of ferroelectric thin films is deteriorated by the interaction with a substrate.

Appearance of bound charges due to spontaneous polarization Py and free charges p; at the
surface of the ferroelectric results in an existence of depolarizing field E according to Poisson
equation

1
divE = — — div Py) .
v = (of iv Pg)

When the bound charges due to spontaneous polarization are not compensated by the free charges
at the surface of the ferroelectric, the nonzero depolarizing field gives rise to a contribution to the
energy of the system:

1
e §I/VE(D—P0) av, (1)

where D is the electric displacement.

When a ferroelectric erystal is cooled down
from the paraelectric phase to the ferroelectric

phase in the absence of external electric fields,

there exist at least two equivalent directions

along which the spontaneous polarization may ] l ] ] E

occur. In order to minimize Ugep, different re- h ¥ =

gions of the crystal polarize in each of these

directions forming the domains. The depolar- Po |-Po| Po | -Po ¥

izing field, which appear on cooling, is usually i

sufficient to prevent any net spontaneous polar- LLrat

ization Py to occur in a virgin crystal (Py = 0)

where P is equal to FIGURE 3: Scheme of a sample (thickness h)
1 with periodic domain pattern and the zero net

Py = 7 ‘/‘{ Po(z)dV (zx). (2) spontaneous polarization P .

I'his situation is seen in Fig. 3. Since the sign of pyroelectric coefficient alter from domain to
domain in the same way as the sign of Py, it is evident that the net value of pyroelectric coefficient

(uy |
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where £, is the extrinsic contribution to permittivity, shown in Fig. 4.

Now it is clear that the presence of domain patterns in ferroelectric samples has a strong impact
on their macroscopic properties and it plays an essential role in all devices utilizing ferroelectric
materials in a temperature range below the phase transition. There exist two principal mechanisms
of a formation of domain patterns: first, spatial fluctuations of the order parameter (i.e. polariza-
tion) during the phase transition, and second, a nucleation of domains, which results in a decrease
of the depolarizing field energy Ugep. In principle it is possible to say that domains can appear in
every device after a time long enough to allow the nucleation of new domains at given conditions
(external and depolarizing fields, temperature, presence defects, etc.) resulting in the minimum of
the energy of the system. It means that the second mechanism is essential in ferroelectric devices
whose operational temperatures are below the phase transition temperature.

Recently, ferroelectric thin films have been relatively successfully used in memory devices. Since
the principal function of these devices is based on spontaneous polarization reversal, understanding
of domain nucleation and deep insight into properties of equilibrium domain patterns with zero
net spontaneous polarization are essential for a further development of these devices. Next section
gives an overview on some physical aspects of applications of ferroelectric materials in memory
devices.

Ferroelectric materials in memory applications

Recently, very large scale integrated semiconductor memories using ferroelectric films have been
intensively investigated. The impetus for this research came from two directions. The first direction
is represented by the Dynamic Random Access Memory (DRAM), which belongs to so called
volatile memory devices characterized by the loss of all memory data when the electric power is
shut off. Although DRAM memory is widely used because of its high integration capability, its
further miniaturization has recently reached the technological limits, since the conventional silicon
micromachining technology coupled with silicon oxide or nitride is limited in its ability to produce
fine-scale high capacitance capacitors. The second direction is represented by the Ferroelectric
Random Access Memory (FRAM), which belongs to a group of non-volatile memory devices, in
which the stored information is retained even if the power to the chip is interrupted.

In DRAM., the ferroelectric material is used Word Line
in the thin-film form as a capacitor. The reason
can be explained on the description of basic op-
eration of DRAM memory. Figure 5 shows the MOSFET
the fundamental structure of DRAM, which is

Gate

composed of a transistor and a capacitor. The Fixed Voltage . - i
capacitor is connected to the source of a Metal- D_l l'——
Oxide-Semiconductor Field Effect Transistor Capacitor

(MOSFET). Writing into one DRAM element Bit Line

(bit cell) is realized by using the z-y addressing
in such a way, that the voltage is applied on the
both gate and drain electrodes simultaneously,
so that the capacitor is accumulating the charge
(memorizing). Since the accumulated charge leaks, the capacitor must be recharged repeatedly
(refreshing). It sometimes happens that the natural radiation changes the amount of charge {):n
the capacitor and sometimes destroys the memory (soft error). In order to retain stored data. the
capacitance of the memory capacitor must be higher that 30 fF.

FIGURE 5: Fundamental structure of a
DRAM, composed of a MOSFET and a ca-
pacitor (From Ref. [5]).

Now a simple estimation can explain what makes the difference, when a ferroelectric material
is used in DRAM. Considering that the capacitor is made of dielectrics of permittivity 4 and
some characteristic dimension L, the capacitance of such a capacitor scales as C' x epeqL. The
typical permittivity of silicon oxide, which is employed in the most of DRAMs, is about 5 and the
characteristic dimension is about L o< C'/eqe4. The density of the present day DRAM is limited
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electric phase is required. The I'i_r.s't uImLt'rle\l
for this purpose was strontium titanate

and

studied Al
(SrTiO3), which does not exhibit hysteresis 11 1|‘t~
polarization versus field curve and has no per-
mittivity peak in the temperature dependence.
It has a dielectric constant around 300 at room
temperature and strontium titanate ﬁllms are
superior to the conventional ferroelectrics also
from the manufacturing point of view.

The reason is that most of the conventional
ferroelectric thin films exhibit a decrease in per-
mittivity with decreasing film thickness. This is
called size effect on permitlivity and it usually
oceurs when the thickness of the conventional
film is decreased below 200nm. Although the
mechanisms, which lead to the size effect on per-
mittivity, are not absolutely clear, it is believed
that it is due to the interaction of the ferroelec-
tric film and the substrate at their interface. The
advantage of an application of strontium titanate
films in DRAM devices is that SrTiO45 films re-
tain a relative permittivity of about 220 down
to thicknesses of about 50 nin and the size effect
on permittivity fully manifests itself below these
thicknesses (see Fig. 7).

In order to fabricate thin films of adequate
quality, the dry etching technique has had to
be successfully developed and applied for micro-
machining of such films. Diffusion and contam-
ination problems have been solved by decreas-
ing film fabrication temperature and by carrying
out the ferroelectric fabrication as late as [);Jh.‘il‘
ble. Thus the compatibility of the classical semi-
conductor processing has been established, and
prototypes of 256 Mbit DRAM device haye been
fabricated and their function verified.
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based on silicon oxide.
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However, a second positive voltage pulse generates only a small current, because the spontaneous
polarization in the ferroelectric capacitor is not reversed. Thus the observed current amount for
a positive pulse can indicate the initial polarization state. Since the memory information stored
in the capacitor of this memory device is always destroyed by its reading process and its state
is always switched to “off”, a writing process similar to DRAM refreshing is required after every
reading event, in order to retain the original memory state.

Since the large voltage is applied on the ferroelectric film every reading process in FRAM, the
polarization hysteresis decreases with increasing cycles. This is called fatigue and it was one of the
most serious problems at the early stages of the FRAM research to overcome. The physical origin
of fatigue is not clear so far. A possible mechanism was related to the generation and diffusion
of oxygen vacancies in the electrode-adjacent regions but the latest studies show no correlation
between the fatigue that the oxygen vacancies redistribution [8]. Using '®O oxygen tracers, Schloss
et al. [9] studied the generation and drift of oxygen vacancies during the voltage cycling of PZT
thin films using secondary ion mass spectroscopy (SIMS). In order to better understand the oxygen
vacancy motion and its possible relationship to changes in ferroelectric switching behaviour, Wang
and Mclntyre have recently performed a systematic investigation of oxygen tracer diffusion in
PZT thin films [10]. Nevertheless, independently on the origin of fatigue, new electrode materials
ruthenium oxide (RuQ;) and iridium (Ir) have been found to exhibit improvement in fatigue in
comparison with the conventional platinum (Pt) electrodes. Furthermore, new layered structure
thin film ferroelectric material based on BiSroTazOg, called Y1 and patented by Symmetrix, shows
the superior anti-fatigue properties.

Not only fatigue but also the effect called 40
wmprint, or preferred polarization state, is
one of the major concerns in the contempo-
rary development of ferroelectric non-volatile
memories. Imprint is indicated by the volt-
age shift of a hysteresis loop. In Figure 8
this shift was induced by a thermal treat-
ment of the sample. A possible explanation
for this effect is an existence of internal bias
field, which is produced by free charges in-
jected from the electrodes and trapped in the
electrode-adjacent regions of the ferroelec-
tric thin film. The asymmetric position of
the hysteresis loop causes the difference in
switching currents and it is the origin of the

read failure of ferroelectric non-volatile mem- " ; ; y §
ory. It has to pointed out that the imprint FIGURE 8: Thermally induced imprint (pre-

characteristics also depends on the testing ferred polarization state) in 100nm PZT film
method and other techniques than hystercsié doped by 'G%L"IL' Effect of imprint is pronounced
loop measurements have been used to iden- 252 voltage shift in the hysteresis loop measure-
tify the origin of imprint including the LIMM ment. (From Ref. [12])

(Laser Intensity Modulation Method invented by Lang and Das-Gupta [13]) results by Chen and
Yao [14], who estimated the distribution of space charge or(z) as a function of film depth. It is
seen that understanding the processes of charge transport across the electrode-adjacent layers is
of great importance for future development of ferroelectric non-volatile memories.
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To summarize this section, it is seen that the development of ferroelectric non-volatile memories
depends on a deep understanding of physical properties of ferroelectric thin films, whose quality
is affected by three phenomena: first, by the size effect on permattivity, which is essential in a
construction of DRAM memory devices; second, by the fatigue, which represents one of the major
issues limiting the life time of ferroelectric non-volatile memories, since from a practical point of
view the time until the polarization degradation is observed of more than 10'® cycles is required;
and finally, by the imprint, which is the source of read failure in FRAM memories. Several exper-
imental investigations [15, 21, 23] indicated that these effects are associated with a deterioration
of the quality of ferroelectric thin films in the electrode-adjacent regions. Since principal function
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FIGURE 11: Scheme of a ferroelectric capacitor with the surface layers,
side view a), ferroelastic domain pattern, top view b)

most of the high-resolution transmission electron microscope studies show no evidence of electrode-
adjacent passive layers. Nevertheless, Abe et al. [20] demonstrated that a well-defined dielectric
layer may not be necessary for an experimental agreement with the passive layer model and var-
ious mechanisms of film-electrode interactions have been proposed: creation of variable depletion
layers associated with the Schottky barriers [21, 22], low permittivity layers due to the oxygen va-
cancy entrapment at ferroelectric-electrode interfaces [23], local suppression of polarization states
in the near-electrode regions [24], local diffusion of electrode material into the ferroelectric [25].
or chemically distinct surface phase [26]. The last example that can be mentioned here is the
classical work of Kretchmer and Binder [27], in which the variation of the local polarization due
to the presence of depolarizing field in the vicinity of a free surface of ferroelectric film has been
analyzed, as it is shown in Fig. 10. It may seem that this case of the ferroelectric film without
electrodes is not relevant to the surface layer model of a ferroelectric capacitor, but it has to be
pointed out that similar effects on polarization produced by the depolarizing field can be produced
by the flexo-electric effect by strain gradients due to the difference in crystal lattice constants of
the electrode and the ferroelectric [28].

Independently of the origin, all the above-mentioned phe-
nomena are associated with a deterioration of the spontaneous
polarization of the crystal lattice in electrode-adjacent regions.
Effect of these regions on depolarizing field can be described
within the surface layer model shown in Fig. 11. In this
model, it is considered that the ferroelectric layer of thickness
h is separated from electrodes by two low-permittivity dielec-
tric layers of the total thickness d. Domain pattern spacing is
denoted by a symbol a. In Paper A, it is considered that the
domain walls are planes and that their equilibrium position
is controlled by the condition for the minimum Gibbs electric
energy per unit area of the capacitor. In this particular case FIGURE 12: Sources of restor-
the Gibbs electric function is given by Eq. (L.3) in Sec. L.1 1& forces due to increase of
of Appendix L, where the Helmholtz free energy is given by electric and mechanical energies
Eq. (K.32) in Sec. K.3 of Appendix K. If it is considered that ~ When the planar domain walls
the spatial distribution spontaneous polarization is uniform 2te shifted from equilibrium.
within each domain and it is inhomogeneous only at domain boundaries, the Gibbs electric energy
has two contributions G = G, + G: first, the energy due to domain walls, G, and second, the
energy due to electric field, G). Minimum of this thermodynamic function gives the conditions for
several parameters of the equilibrium configuration of the domain pattern. First it is the equilib-
rinm domain spacing a.q and the net spontaneous polarization Py at given applied voltage U on
electrodes, which is proportional to the parameter A, i.e. the volume fraction of domains with the
vector of spontaneous polarization oriented along and against the electric field:

1
4 = mﬁpo(x}dV(I)
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When the domain wall is shifted from its equilibrium position, an increase of energy due to electric

i ions indi . Fie. 12. Knowing the response of the net
i d in the regions indicated by ovals in Fig ‘ . |
Bl s 5 A to the external electric field, the effective dielectric constant

ain pattern is calculated. Analyzing the formula for
can be identified.

spontaneous polarization Py = Py
o Of the ferroelectric capacitor with a dom _patt
coff, intrinsic and extrinsic contribution to permittivity

Paper B represents a marginal extension of Paper A valid for ferroe]ec.tric—[erroglastic materials
with noncentrosymmetric paraelectric phase. According to our available information only crystals
of KDP family belong to this category. In these materials the vector of spontaneous polarization
is proportional to spontaneous shear strain (see Sec. K.2 in Appendix K):

Pya= (hse/cs) €06

Under this consideration, the average shear strain eeg ¢ is changed due to the shift of domain
walls, which is proportional to the change of the volume fraction of domains with the vector of
spontaneous polarization oriented along and against the electric field. This is the source of extrinsic
contribution to piezoelectric coefficient deg 36.

The evident weakness of Paper B is the disregard of mechanical interaction of ferroelastic
layer with the surface layers and the electrodes. This drawback is eliminated in Paper C where
generalized results for effective values of permittivity 51, piezoelectric coefficient d‘;,'rr and elastic
compliance s¢ are presented under the consideration of the mechanical interaction ‘ojf ferroelastic
and surface layers. Again it is possible to identify the intrinsic and extrinsic :-m:.t.ributions. This

generalization greatly extended the applicability of this model to purely ferroelastic materials.
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well as the spatial distribution of other parameters in the expansion of thermodynamic functions
are not taken into account in the theory of Janaovec.

In Papers A to D is was considered that only the de-
polarizing field controls the equilibrium response of domain
walls. Although this assumption is acceptable in the analysis
of macroscopic properties of high quality single crystals, the
surface layer model fails with the explanation of such effects
as the size effect on permittivity in ferroelectric thin films, i.e.
the decrease of permittivity with decreasing of the film thick-
ness, which is shown in Fig. 13. Origin of the size effect can
be attributed to the presence electrode-adjacent regions and
its analysis using the surface layer model is given in Paper
E. In order to successfully explain the size effect, the purely
electrostatic approach has been generalized by the considera-
tion of so called lattice pinning of domain walls. This kind of
pinning of domain walls is e.g. due to lattice defects, which
is sketched in Fig. 14. The effect of lattice pinning can be
considered in our theory by introducing an extra term G,, into the expansion of Gibbs electric
energy G = G, + G). In this model we also do not restrict our analysis to domain patterns with
the equilibrium value of the domain spacing a, which is usually far from equilibrium in real samples
and its value also depends on the prehistory of the sample.

old new

FIGURE 14: Sources of restor-
ing forces due to lattice pinning
of domain walls under the effect
of external applied field.

Another effect, which can originate due to the existence of surface layers is the wmprint, i.e.
the preferential polarization states in ferroelectric thin films. This phenomenon can be caused
by a free charge transport across the surface layer, which results in the spontaneous polarization
screening. In Paper F, the possibility of the investigation of the free charge transport mechanism
using dielectric measurements performed on ferroelectric polydomain thin films is analyzed.

Finally in Paper G, the possibility of stress-free coexistence of four ferroelectric-ferroelastic
domain states along a line is analyzed.

For the sake of presentation, the articles A-D are presented in their revised versions. There are
two main reasons for the revision of the papers: first, the unification of symbols used in the thesis,
so that the reader of this thesis is not distracted by differences in symbols of the original versions
of the articles, and second, the elimination of misprints in the original versions of the articles.
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DISPLACEMENTS OF 180° DOMAIN WALLS IN ELECTRODED
FERROELECTRIC SINGLE CRYSTALS:
THE EFFECT OF SURFACE LAYERS ON RESTORING FORCE'

A. KOPAL®2, P. MOKRY®, J. FOUSEK® and T. BAHNIK®

“Dept. of Physics, Technical University, CZ-46117 Liberec, Czech Republic
bMaterials Research Laboratory, Pennsylvania State University, State College, PA 16801

Abstract

Macroscopic properties of ferroelectric samples, including those in form of thin
films, are, to large extent, influenced by their domain structure. In this paper
the free energy is calculated for a plate-like sample composed of nonferroelectric
surface layers and ferroelectric central part with antiparallel domains. The
sample is provided with electrodes with a defined potential difference. The
effect of applied field and its small changes on the resulting domain structure
is discussed. This makes it possible to determine the restoring force acting
on domain walls which codetermines dielectric and piezoelectric properties of
the sample. Calculations of the potential and free energy take into account
interactions of opposite surfaces and are applicable also to thin films.

Keywords: Ferroelectric domains; extrinsic contributions to permittivity

A.1. INTRODUCTION

It is known that samples of ferroelectric single crystals often posses a surface layer whose
properties differ from those of the bulk. It may be a layer produced during the growth of a
crystalline plate or produced during the preparation of a plate-like sample. Many observations
gave evidence to the fact that such a layer is either nonferroelectric or does not take part in the
switching process of the internal part; in any case its permittivity is believed to differ from that
of a homogeneous sample in the ferroelectric phase. Its existence is expected to greatly influence
macroscopic properties of bulk samples/®1:2:34] as well as of thin films.l*3] In this paper two such
consequences are investigated. First we reconsider the problem of equilibrium domain structure in
a ferroelectric sample possessing a surface layer, previously discussed by Bjorkstam and Oettel.!A6]
Second, we evaluate the restoring force acting on 180° domain walls due to the layer; this will
make it possible to estimate the extrinsic contributions to permittivity, piezoelectric coefficients
and elastic compliances of a ferroelectric sample. Investigations of crystals of the KDP family
revealed the existence of huge wall contributions to these properties.[A7:8]

In previous papers on a related subject!A2], depolarizing field was considered as the source of
energy which slows down the motion of a single domain wall in a dc electric field, as the wall departs
from its original position by substantial distances. In contrast to such models we investigate very
small deviations of walls forming a regular domain pattern.

A.2. GEOMETRY, VARIABLES AND ENERGY OF THE SYSTEM

We consider a plate-like electroded sample of infinite area with major surfaces perpendicular to
the ferroelectric axis z. Central ferroelectric part with antiparallel domains (2.) is separated from

LSupports of the Ministry of Education (Project VS 96006) and of the Grant Agency of the Czech Republic
(Grant 2022/96/0722) are gratefully acknowledged.

2¢-mail: antonin. kopal@vslib.cz
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The ferroelectric material itself is approximated by the equation of state

D,
D

EoEa by,
eoEcli; + Fy,

where Py is the spontaneous polarization along the ferroelectric axis. This linear approximation
limits the validity of our calculations to the temperature region not very close below the transition
temperature 7,.. Domain walls are assumed to have surface energy density o,, and zero thickness.

The total free energy of the system includes the domain wall energy and the electrostatic energy
whose density is (1/2) E-(D— Py). First, Laplace equations have to be solved for electric potentials
in the bulk and in the surface layers, fulfilling the requirement of potential continuity as well as
conditions of continuity of normal components of D and tangential components of E. A rather

cumbersome calculation leads to the following formula for Gibbs electric energy per unit area of
the system (in Jm—2): E

2 o
C 2 BirA PyA Bt 2EoEdV(]+B)+__—4_PL_
m 2¢0 (1 + B) (eq + Be.) gomR(1 + B)

i sin? (nm(1 + A)/2)
n®(cothnBR + gcothnRe)

(A.1)

n=1

The first term represents domain ws ibuti
g ] n wall contribution while t} i
In the second te ey lile the last one is the depolarization energy.
erm we recognize the effect of layers (1.) and (3.) and of the 'f‘-ll’lﬂiml voltage BY
Let us compare expression with formulae deduced and use
Al I and A = 0 the system goes over into 1
domain structure, placed in vacuum. In this cas
iven by Kopal (A9] 8 rers T
f; ‘ 3{( pal et al.™ for ferroelectric plates of finite thickness ; .
wo surlaces 1s accounted for. If the plate is thick i rickness in which the
simplifies to the classical formula of Mitsu; et -

d used in previous papers. For V = 0 and
an isolated ferroelectric plate with “neutral”
the equation (A.1) reduces to the expression
: interaction of the
and Faryjc} 'If\r?(:it.m,“ [‘ku e m..f'.'ll“ﬂl and Eq. (A.1)
i (cf. Eq.(9) in Ref. (A%) which is
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FIGURE A.2: Exact numerical (full lines) and approximate (dashed
lines) results for aeq(t) at different values of potential difference V and
B =0.02.

often used to determine the value o, from the observed width of domain patterns. Finally, in the
limit of V' = 0 our formula (A.1) should converge to the expression deduced by Bjorkstam and
Oettel.1A%] Tn fact this is not the case and it appears that the electric displacement as expressed in
Ref. (4] does not satisfy all boundary conditions.

A.3. EQUILIBRIUM DOMAIN STRUCTURE FOR V - 0

If the system is short-circuited, the equilibrium domain pattern is symmetric, i.e. Agq = 0.
The shape factor qu and from it also the value of u.‘gq can be found by numerical methods. As
an example, the full lines in Fig. A 2 shows the @eq(D) dependence at constant h/d and different
values of potential difference V. As it was shown in the previous paper!A9, the critical thickness
heriy can be defined by the formula

(a4 - - 2
hr_'rit = 45er7u.-\.x 5{1Ct'/ﬂj

so that for h > Ay the interaction energy of sample surfaces can be neglected. Then the minimum
energy occurs for

1/2

0 1 ?T:EE[] (E:f T vV ‘—_uf—_r') Ty \/I =

(43 o z <
P 85o(1 + B) (A.2)
and the dependence afq(!) in this approximation is shown by a dashed line with V = 0V in the
Fig. A.2. The approximate results in the Fig. A.2 with V = 250V and V' = 500V are based on

Eqs. (A.3) and (A.4). In these numerical calculations we have used the following values which
roughly apply to crystals of RbH, PO, below the transition temperature: Py = 5.7 x 1072 Cm—2,
€a = 10,6c = 100, €4 = 10, hcrie = 5.4 x 10~8 m. The value o, = 5% 10~3 J m~2 is often considered
typical for ferroelectrics.
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A.4. RESPONSE OF DOMAIN STRUCTUTE TO EXTERNAL ELECTRIC FIELD

When an external potential difference V' is applied, the asymmetry parameter becomes nonzero
and at the same time the period a = (a4 + a_)/2 changes. Both these quantities can be found
again by determining the minimum of G given by Eq.(A.1) numerically. Full lines in Fig. A.3
demonstrate both these dependencies for the following numerical values: B = 0.02, t = 104t =
10% (1 + B) heri. Starting from a certain applied voltage the domain spacing a grows very fast
with increasing V. To discuss the macroscopic properties of the sample such as permittivity, the
dependence Aqq(V') is more important. We recognize that in a considerable region of the applied
voltage this dependence is almost linear.

The Aeq(V), aeq(V) resp. Req(V) dependence can be approximated by an explicit formula if
the following inequalities are satisfied: A < 1, BR>> 1 and Re>> 1. Then it holds

"] L 2 VLA o e e
Aeq(V) 2 gpg4 (1 + B) }f— B — _';’g_‘z(if_ff;f_ﬁ (A3)
0 RY, (ea + /2ate)
Req(V) = R.gq ol
These approximations, s} in R ‘ 5 :
Eq (A1), 8, shown in Fig. A.3 by dashed lines, are based on the limit of the sum in

A.5. EXTRINSIC PERMITTIVITY
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of a restoring force when field is again reduced to zero. The calculations show that the effective
permittivity .4 defined by the total capacitance per unit area C' = ggeef /t equals

=1
_ e.(1+B) 1+B |B 2In2(l+ Bec/cd) (A.5)
~ 1+ Be.feq 14+ Befeq |ea RO (€a+ EaEe)

Eeff

In this formula the first term on the right-hand side represents the intrinsic part of permittivity,
given by linear dielectric response of the sample and of the surface layers when domain walls
are kept at rest. The second term is the contribution of domain walls displacement to effective
permittivity, often referred to as extrinsic part of permittivity.

A.6. DISCUSSION

Numerous data are available on domain wall contributions to permittivity in single crystals of
ferroelectrics and also on extrinsic contributions to piezoelectric coefficients in ferroelectrics which
are simultaneously ferroelastic. Our calculations indicate that depolarizing energy can be an effec-
tive source of restoring force whose existence is a condition for such contributions. In fact since the
model assumes a regular system of planar domain walls, it is suitable in particular for ferroelastic
ferroelectrics such as crystals of the KDP family in which a dense pattern of 180° domains is
known to exist.[411:12] Tt was found that in a wide temperature range below the Curie point of
crystals of RbHoPO, and deuterated KDP, the piezoelectric coefficient dgzg is greatly enhanced
compared to its expected value for single domain samples.[A13] Recently, this was confirmed by
simultaneous measurements of permittivity £3, elastic compliance sgg and piezoelectric coefficient
dsg of RbHoPOy4. A thorough discussion of dag in this case will be the subject of a forthcoming
paper Kopal et al.. Here we comment on the extrinsic part of e3. For simplicity, let us assume that
€d = .. This is not an unreasonable assumption since the assumed surface layer for KDP-type
samples can be supposed to have a similar chemical composition as the bulk. Then the extrinsic
part of Eq. (A.5) reduces to

B 221 Bl

2o W RO e+ /Eaee)
Numerically, the second term in the brackets represents a small correction to the first term when
approximations (A.3) and (A.4) are valid. If it is neglected, we obtain as an approximation

h
€2 extrinsic = ‘f_; =lEe E . {Af))

m

This shows that a very thin surface layer can lead to a considerable extrinsic enhancement of
permittivity. Nevertheless, the simple implication: d — 0 = &, extrinsic — 00 is not correct,
because the assumptions needed for validity of (A.3), (A.4), (A.5) and (A.6) are violated if d is
small enough.

A more general formulation of the restoring force can be used to calculate the extrinsic part of
dag for the same geometry of domains. In a recent paper!®!1 Sidorkin deduced the dispersion law
of wall contributions to permittivity, however, in his treatment the existence of a surface layer is
not explicitly considered. '

It was shown beyond any doubt that small motions of 90° domain walls are responsible for a con-
siderable enhancement of permittivity 5 and piezoelectric coefficients da;, da3 in poled ferroelectric
ceramics. 19161 One of the sources of the restoring force responsible for these wall contributions is
the elastic energy at grain boundaries."*'7} Since these boundaries may differ in chemical compo-
sition from the bulk of grains!/A™® surface layers can be expected to form so that the mechanism
proposed in the present paper may also play a role in ceramic samples.

23



DOMAIN WALLS ...

A DISPLACEMENTS OF 180°

References

d A. Savage, J. Appl. Phys- 32 (1961) 714.
d and R. Landauer, J. Appl.Phys. 30 (1959) 1663.

[A1] R. C. Miller ar
Albers, phys. stat: sol. (a) 49 (1978) 51.

iAQl M. E. Drougar
[A3] H. E. Miiser, W. Kuhn and J.

(A4] D. R. Cal )
K. Brooks and N. Sette

[A5] A. K. Tagantsev, C. Pawlaczyk,
[A6] J. L. Bjorkstam and R. E. Oettel, Phys. Kev-, 159 (1967) 427.

[A7] E. Nakamura, Ferroelectrics, 139 (1992) 237.
k, J. Korean Phys. Soc. (Proc

[A8] M. Stula, J. Fousek, H. Kabelka, M. Fally and H. Warhane

Suppl.), 32 (1998) 758.
[A9] A. Kopal, T. Bahnik and J. Fousek, Ferroelectrics 202 (1997) 267.

[A10] T. Mitsui and J. Furuichi, Phys. Rev., 90(2) (1953) 193.

[A11] A. Fouskova, P. Guyon and J. Lajzerowicz, Compt. Ren

[A12] J. Bornarel, Ferroelectrics T1 (1987) 255.

[A13] L. A. Shuvalov, L. S. Zheludev, A. V. Mnatskanya
USSR Phys. Ser. 31 (1967) 1963.

[A14] A.S. Sidorkin, J. Appl. Phys. 83 (1998) 3762.

Fi}g] G. Arlt and H. Dederichs, Ferroelectrics 29 (1980) 47.

EAN} g TrlEE:EgNI;\;’:;i;fJKT a;\dPEJ, E Cross, J. ‘Ap;.)l. Phys. 75(1) (1994) 454.

, ‘ . J. Appl. Phys. 70 (1991) 2283.

[A18] H. Heydrich and U. Knauer, Ferroelectrics 31 (1981) 151.

4. 262(13) (1966) 907.

laby, J. Appl. Phys- 36 (1965) 2751.
r, Integrated ferroelectrics 4 (1994) 1

n and T. Z. Ludupov, Bulletin Acad. Sci

"



Paper B

On the Extrinsic Piezoelectricity

(Revised version)

Poster on European Meeting on Ferroelectricity, Prague 1999.

Published in Ferroelectrics, Vol. 238, No. 1-4, Pg. 203-209 (2000)
(©) 2000 OPA (Overseas Publishers Association) N. V., published by licence under the Gordon
and Breach Science Publishers imprint.

List of citations

1. A. KorAL, P. MOKRY, J. FOUSEK AND T. BAHNIK, Extrinsic contributions in a nonuniform
ferroic sample: Dielectric, piezoelectric and elastic, Ferroelectrics 257(1-4): Pg. 211-220

(2000)

2. T. SLUKA AND A. KoPAL, Extrinsic contributions to macroscopic properties of ferroic layer
composites, Ferroelectrics (accepted for publication, 2005) Ms. No. O-14



ON THE EXTRINSIC PIEZOELECTRICITY

A. KOPAL®®, P. MOKRY®, J. FOUSEK® and T. BAHNTK®
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*Materials Research Laboratory, Pennsylvania State University, State College, PA 16801

Abstract

This work presents a continuation of our last paper, concerning the theory
of the response of an antiparallel domain structure in a plate-like electroded
sample to external electric field. The theory is based on the exact formula for
free energy of the system, formed of a central ferroelectric part, isolated from
electrodes (with a defined potential difference) by a surface layers. Our calcu-
lations are applicable also to thin films. It is usual to use the term ‘extrinsic’
for the contribution of domain walls displacement to macroscopic properties of
a sample. In our last paper we discussed the extrinsic contribution to permit-
tivity. In this work we concentrate on extrinsic contribution to piezoelectric
coefficients in ferroelectrics which are simultaneously ferroelastics. As an ex-
ample, we calculate the extrinsic contribution to dsg piezoelectric coefficient of
RbH; POy, that was recently measured in a wide range of temperature below
Curie point.

Keywords: Ferroelectric domains; extrinsic contributions to piezoelectricity

B.1. INTRODUCTION

Samples of ferroelectric single crystals often posses a surface layers. Its existence greatly influ-
ences properties of bulk samplesB1234] as well as of thin films.[B5 Equilibrium domain structure
in the system, mentioned above in the abstract, and the role of the surface layers was first dis-
cussed by Bjorkstam and OettellPS] in a special case of shorted electrodes. In our recent paper!B7
we reconsidered this problem in a general case of nonzero voltage between electrodes, discussing
the response of the domain structure to external electric field. Our calculations are valid also for
thin films and present, in fact, continnation of our discussion of domain structures of thin films/B3!

In/B7 we used our theoretical results for prediction of extrinsic contribution to permittivity of
the sample. In the next two sections we give a short review of notation, description of the model and
basic results from!B7). In last two sections we discuss as an example the extrinsic contribution to dsg
piezoelectric coefficient of RbH;PO4. We compare our predictions with the recent measurements
of record values ~ 4000 pC/N in temperature range 35 K under critical temperature 146 K[B9 (see

alsolB10))

B.2. DESCRIPTION OF THE MODEL

We consider a plate-like electroded sample of infinite area with major surfaces perpendicular to
the ferroelectric axis z. Central ferroelectric part with antiparallel domains (2.) is separated from
the electrodes (0.), (4.) by nonferroelectric layers (1.),(3.) (see Fig.B.1). The spatial distribution
of the electric field E is determined by the applied potential difference V = (%) - %) and by the
bound charge divP; on the boundary of ferroelectric material, where Py stands for spontaneous
polarization. Geometrical, electrical and material parameters of the system are shown in Fig. B.1.

Je-mail: antonin kopal@yslib.cz
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The ferroelectric material itself is approximated by the equation of state

D, = e¢aks,
D, = ceoecE.+ Fo,

where P, is the spontaneous polarization along the ferroelectric axis. This linear approximation
limits the validity of our calculations to the temperature region not very close below the transition
temperature T,. Domain walls are assumed to have surface energy density ,, and zero thickness.

B.3. GIBBS ELECTRIC ENERGY OF THE SYSTEM, EQUILIBRIUM DOMAIN
STRUCTURE

Rather cumbersome calculations!®B”) lead to the following formula for Gibbs electric energy per
unit area of the system (in Jm—?) :

PyA Bt — 26064V (1 + B) 4P

= EUER-FP{)A +
fr 260(1+ B)(ea+ Be.)  £om?R(1 + B)

i sin? (nm(1 + A)/2)
n*(cothnBR + gcothnRe)

(B.1)

n=1

The first term represents domain wall ¢ ibuti i
s contribution while the last i izati
: Sm o ast one is the depolarization energy.
In the second term we recognize the effect of layers (1.) and (3.) and of the applied voltage 2
In this model we neglect the mechanical i i
* neglect the mechanical interactions betw F
his L : : al in - ween components of the system.
?4 ”.{(.lum B and voltage V/, the equilibrium domain structure, characteri s e n} v
eq(V'), corresponds to local minimum of G. In general e o e

methods, but for BR > 1 and Re > 1, the Req(V)
formulae. For purpose of this paper we use .

a minimum can be found by numerical

e a‘nd Aeq(V) can be approximated by explicit
he following formula for Aeq(V) :

% B =
A, (V)gfi_[____ e
4 TR
where

(B.2)
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— = e e
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FIGURE B.2: Symmetric domain structure with spontaneous strain eq g,

(a) Eoxt = 0,A=0, (b) Eext #0, A #0

is considered as a small correction and qu is equilibrium value of R for zero voltage V. For the
extrinsic contribution to permittivity of the sample we get from (B.2) (see alsolB7))

e {(+52) o))

B.4. EXTRINSIC PIEZOELECTRICITY

As an example, in this section we work out the approximate prediction of extrinsic contribution
to dag of RbH,PO, (RDP), based on our simple model. RDP is a ferroelastic with spontaneous
strain eg g, opposite in opposite polarized domains. In the Fig.B.2a there is £ — y cut through
symmetric domain structure (A = 0, Fexr = V/t = 0). The situation after application of E.. is
shown in Fig.B.2b (A # 0). A simple geometric consideration leads to the formula for average
strain eqq ¢ of the sample (we neglect the mechanical coupling of the central part with the rest of
the sample)

€eff,6 = €0,6A (B.4)

For the extrinsic coefficient dzg we get from (B.2) and (B.4)

=
€eff,6 _ £0€0,6 B :
g = = = - — X 5
o [(1 F B)eg } {B:8)
neglecting the small X and for B < 1 we get more simple formula?
E0EAED.6 X
dis = —— = (B.6)

0B

4The limit B — 0 in (B.6) is not correct, because the assumptions needed for validity of (B.2) are violated if B
is very small.
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B.5. DISCUSSION
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Abstract

The contribution Ae of extremely small motions of domain walls to small-signal
permittivity of a multidomain ferroelectric sample has been a research issue for
many years. In ferroelastic ferroelectrics such motions contribute also to their
piezoelectric (by Ad) and elastic (by As) properties. Data about their simulta-
neous existence are scarce but those available point to mutual proportionality
of As, Ad and As, as expected. To understand the magnitude of extrinsic
contributions, the origin of the restoring force acting on domain walls must be
understood. In the present contribution the theory has been developed based
on the maodel of a plate-like sample in which the ferroelectric- ferroelastic bulk
is provided with a nonferroic surface layer. Motion of domain walls in the bulk
results in a change of electric and elastic energy both in the bulk and in the
layer, which provides the source of restoring force. This makes it possible to
determine all mentioned extrinsic contributions. We discuss the applicability
of the model to available data for single crystals and also for ceramic grains.

Keywords: Extrinsic permittivity, extrinsic piezoelectricity, extrinsic elastic
moduli, surface layer

C.1. INTRODUCTION

The problem of extrinsic (domain wall) contributions has been addressed by many authors, both
experimentally and theoretically. In the prevailing number of cases, only extrinsic permittivity has
been studied. For piezoelectric ceramics, Arlt et al.[°1 were the first to address the problem of
wall contributions to all involved properties: permittivity £, elastic compliances s and piezoelectric
coefficients d. In this and related papers, the existence of the restoring force is assumed and its
origin was not specified. Later, Arlt and Pertsevi®? offered a more involved approach: when
domain wall in a ceramic grain is shifted, uncompensated bound charge appears on the grain
boundary, producing electric field. Simultaneously, if the involved domains are ferroelastic, a wall
shift results in mechanical stress in surrounding grains. Thus the shift is accompanied by the
increase of both electric and elastic energies, leading to restoring forces. Results of these theories
have been su}ccessfu]ly related to experimental data on all three mentioned contributions: Ae, As
and Ad.[C12

While there exist a number of such data for ceramic materialsl®" 34l information for single
crystals is rather scarce. Understandably, for nonferroelastic ferroelectrics such as TGS only data
on At are available; %) on the other hand for crystals which are both ferroelectric and ferroelastic
with more than two domain states, dense domain systems are rather chaotical, difficult to approach
theoretically. In the present paper, we have in mind ferroelectric and ferroelastic crystals with only
two domain states. In particular, crystals belonging to the KH, PO, family belong to this category
and have been intensively studied. Nakamura et al.[%%7 determined Aess for KH,PO,, CsHo POy
and CsHyAsO4. For KH,PO4, Nakamura and Kuramotol®®! proved the existence of both Aceyg
and Asgg while Adsg was measured fl)!"]“)IIQPOJ(‘QI. For the same material, all quantities Ae;‘gk.
Adsg and Asgg have been measured by Stula et al.[®10 It was found that all these contributions are
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FIGURE C.1: Geometry of the model in z-z plane

In the present paper, we return to this approach. However, in contrast to previous calculations,
we offer a more involved model. The shift of a domain wall induced by the application of electric
field or elastic stress results in the increase of both electric and elastic energies. In the following,
these are explicitly calculated which makes it possible to determine all extrinsic coefficients Aegs,
Asgg and Adsg. Their dependence on the sample properties will be discussed.

C.2. DESCRIPTION OF THE MODEL
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very close bellow the temperature 7. Domain walls are assumed to have surface energy density
., and zero thickness.

For simplicity, we approximate elastically anisotropic material of the sample by the elastically
isotropic one. Neglecting again the intrinsic piezoelectricity, its mechanical properties are described
by equations for stress tensor components

1 i
Tn(j ) = deeij},
2 2
T!,(j ) = 2,(1.! (81‘3) — P’U.ij) 3

where yig and gy are Lame coefficients of the passive layers and the bulk respectively; e;; is the
strain tensor, ep,; is the spontaneous strain tensor of the central ferroelastic part. We suppose
that the only nonzero components of the spontaneous strain tensor are eg 1, = €21 = +eg in the
ay resp. a_ domain, see Fig. C.2. We introduce the asymmetry factor

e a+ — 3

ay +a_’

We neglect thermal interactions and suppose that the sample is thermally isolated. To keep the
constant voltage V on the sample, the electrodes should be connected to external electrical source.
In the same way, to keep constant external stress Text 12 = Text, the sample should be deformed by
external mechanical force. The infinitesimal work of these external sources should be taken into
consideration when discussing the variations of the energy of the isolated system sample + sources.

C.3. HELMHOLTZ FREE ENERGY
In what follows we consider three contributions to Helmholtz free energy, calculated per unit
area of the plate-like sample (in the z-y plane):
The energy of domain walls per unit area of the sample
Uy = owh/a [Jem™2],

the electric field energy per unit area of the sample
1 Y
Ua(V, A) = 5 [ E; (D; — Fy;) dV,
JV

where the integration is taken over parallelepiped = € (0, 2a), z € (—t/2,t/2), y € (0, 1:112/2(1)._
and energy of elastic deformations per unit area of the sample:

2
1 i
5‘ v T‘.i‘ (E,'J = on‘,j) (“ .

] ’
Ud(-f(Texl.u /1} -'/ Tij {f.'t'_;.' = ('(},‘j) d‘»‘, resp.
v

Udr.f(u, A}

Il

where the integration is taken over the same region, in the first case for constant external stress
Text in the plane & = 2a, in the second one for constant displacement u in the plane z = 2a. In
both cases, the displacement for # = 0 is chosen to be zero and the boundaries of the sample in
x-y plane are free of stress.

To find the Uy and Uger, we have calculated electric potential and mechanical displacement
inside the sample by Fourier method. We present here only the relative simple results for a “dense
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Infinitesimal work of the electric source at constant voltage V' per unit area of the sample plate

is

6Wy =V 6o [J-m~%],
where oy is constant Fourier component of the free charge density on the positive electrode, cal-
culated as
PoA +coec VIR
i s PyA+coec V/h (C.1)

1 +e.d/ (eah)

Infinitesimal work of the mechanical source, deforming the parallelepiped is

OWief = Text i/(?ﬂ:) ou ['] - m_z] 2

It is easy to prove that the equilibrium domain structure for V.= 0, 7exe = 0 resp. u(z = 2a) =0
is symmetric (i.e. A=0), with domain width

(=0

PZ
Geq = \/3.68 har,, |42 2L

+ 0 3
ta+ s o (ea+ Fate) (C2)

It can be shown (see e.g.[C'!) that within a large interval of the applied voltage the average
width

a=(ay+a_)/2

remains constant. This is why U, can be also considered as constant.

C.4. EXTRINSIC CONTRIBUTIONS Acy;, Ase; and Ads,

We calculate th libri ive et
e equilibrium effective 5T of the sample from the relations

DT = 0y(V, A) = e Bt — ot V.
o (C.3)

We keep 7e,; = 0, V=constant and we take into accor

of the sample + the work of electric source” "t that variation of “Helmholtz free energy
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aUeI(V: A) 6A + aUdEf(Text =0, A)
. e

Solving this standard problem, we get A — A(V)

For pg = py =, and from the Eqs, (C.1), (C.3)

: : the effective £§5.
tively simple result: k

€d = €c = €, we obtain the rela

h 2
£§H=EZ+52— Fi h

] 2 .
« Fih+4 r»% E0E, ut ((‘.,4)
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TABLE C.1:  Numerical estimate of Acss, Asgs and Adsg for different values of surface layer
thickness. The following numerical constants have been used: Fy = 4- 10-2Cm~2, g, = 100,
eo = 0.015, 4 = 6-10° Pa, 0, = 5-10~3Jm~2, A =5-10"*m.

d=0.510"%m d=25-10"%m d=510"%m
Aeaz [1] 12000 2500 1200
Adzs [Cm~2] 4.1.10-8 8.3-107° 4.1-10~°
Asegs [Pa™!] 1.6-10~8 3,2:10-9 1.6-10~°

The effective elastic compliance of the sample is

2et o u

Text 2a Text

off eff LE
Sge = 451212 =

We put V = 0 (shorted sample), apply constant external shear stress 7.xy and postulate, that
variation of “Helmholtz free energy of the sample + the work of mechanical source” is zero in
equilibrium

AU (0, A) U gt (u, A)
5A
oA Ea

oA W=

Solving this problem, we get u = u(7ex:) and we get for pg = py = p, €4 = €. = €5

1 1L dedege

eff sl Al
=—4—-:= ! C.5
566 p pu d [(P3/u)+4edeoe, (G5}

To find the effective piezoelectric coefficient of the sample

ff
d(zﬂ' L DE — ]
38%=. FiC e

)
Text,6 Text,b

we put V' = 0, apply ey and solve the problem

alUg (0, A) e OUger(u, A) 5L Myer(u, A) s

0A dA ' ou

u— Jl'Vdcf =

From here we obtain A = A(7ex). Inserting this result into Eq. (C.1) we obtain ¢ = oq(7ext)-
For pg = piy = p, €q = = = £, we get finally for the effective piezoelectric coefficient

h 260 Po:‘gEz

R | el e
56 de | P2 del ey

(C.6)

The same result we get for the inverse piezoelectric effect.

C.5. DISCUSSION

The above calculation leads to explicite formulae (C.4) to (C.6) for extrinsic permittivity,
extrinsic elastic compliance and extrinsic piezoelectric coeflicient, resp. Numerical values for all
involved material coefficients are available for single crystals of RbH,POy: Py = 4.1072Cm—2,
£, = 100, eg = 0.015 and g = 6-10° Pa. To obtain numerical estimates for particular Saruplcé
we put 0, = 5:107*Jm~? and h = 5-10"* m and choose three values of surface layer thickness,
namely d = 0.5:107%m, d = 2.5-10"°m and d = 5:107% m. Table C.1 shows resulting values of all
three extrinsic variables. These numbers appear very realistic and confirm the applicability of the
model presented in this paper.

It is appropriate to pay some attention to the fact that also the formula (C.2) gives a reasonable
numerical estimation for the width of equilibrium domain pattern. With numerical values specified
at Tab. C.1 we obtain aeq = 1 pm.

37



E SAMPLE
C EXTRINSIC PROPERTIES OF A FERROIC

orce acting on domain walls is the

storing f .

fof Hllz.vr:rb iferf often, the origin of restoring forces

to d fe:r;e U‘ﬁ&erstaﬁdably, the latter mechanism cannot
g to delects.

ition. On the other hand, passive surfa'ace layers can
o pRe ; for water-soluble crystals their appearance

be excluded for ferroics of any chemica : o

1 rticular : ;
be formed during sample preparations and in pa-ontaining media, the procedure obviously leading
. rically above, crystals of

is a very likely: samples are polished in wa ~xample analyzed nume
to the presence of a passive surface layer. The ix"inqii)' I)rope}‘-ies of a number of other crystals
s into this t‘.al-(‘gﬂl'..V- However, exttile: = e 2 [Cl:i] ve stron and
Eabv}:zti(e):siﬂ?e]c{ Thus, e.g., for LiTIC4H4O6 G (SPQL:IES 2)9232 fs.tiifis)urcd T}?s is poisible
nonl'w‘atcrctic dependence of sky as a function of apll]’]"‘:d_ thhc . rjnzbunced restoring force. The
S5 . 3 : : in walls with a p '

t lain by a strong contribution of dolna}n L - t L s
a%oeiipmodelfvould leai to such behavior. Similarly, large extrinsic eaniribations 6o i

measured(€1] for (NH;)4LiH3(SO04)4, species 4-ds-2.

h analyzed above, the source

n the approac :
i 2 passive sur

interaction of ferroic sample w1t.h. al
is connected with domain wall pinnin

Acknowledgements

e Ministry of Education of the Czech Republic (Projects

This w - ted by th : :
I'his work has been suppor Y and by the Grant Agency of the Czech Republic (Project

No. VS 96006 and No. MSM 242200002)
No. 202/00/1245).

References

[C1] G. Arlt and H. Dederichs, Ferroelectrics 29 (1980) 47.

[C2] G. Arlt and N. A. Pertsev, J. Appl. Phys. 70 (1991) 2283.

[C3] Q. M. Zhang, W. Y. Pan, S. J. Jang and L. E. Cross, J. Appl. Phys. 64 (1988) 6445.

[C4] Q. M. Zhang, H. Wang, N. Kim and L. E. Cross, J. Appl. Phys. 75 (1994) 454.

[C5] J. Fousek, Z. Malek, A. J. Salim and N. S. Al Ali: Proc. Phys. Soc. 80 (1962) 1199.

[C6] E. Nakamura Ferroelectrics 135 (1992) 237.

[C7] E. Nakamura, K. Deguchi, K. Kuramoto, I. Hirata, T. Ozaki and J. Ogami, Ferroelectrics
143 (1993) 157.

[C8] E. Nakamura and K. Kuramoto, J. Phys. Soc. Jpn. 57 (1988) 2182.

[C9] L. A. Shuvalov, I. S. Zheludev, A. V. Mnatskanyan and Ts. Zh. Ludupov, Bull. Acad. Sci.
USSR, Phys. Series 31 (1967) 1963.

[C10] M. Stula, J. Fousek, H. Kabelka, M. Fally and H. Warhanek, J. Korean Phys. Soc. 32
(1998) S758. ‘

[C:l,l] A. Kopal, P. Mokry, J. Fousek and T. Bahnik, Ferroelectrics 223 (1999) 127.

{gii} Jé }bf;ﬁ:l, }Til‘f\"IORT):’, J.1F01‘1se]‘(‘ and T. Bahnik, Ferroelectrics 238 (2000) 203.

[C13] E. aguc iand L. E. Cross, Appl. Phys. Letters 18 (1971) 1.

[C14] M. D. Zimmermann and W. Schranz, Ferroelectrics 190 (1997) 99

38



Paper D

Interrelation of domain wall contributions to dielectric, piezoelectric
and mechanical properties of a ferroic layer composite sample

(Revised version)

Invited talk at the 7*P International Symposium on Ferroic Domains and Mesoscopic Structures,
Giens, France, Sept. 2002,

Published in Ferroelectrics, Vol. 290, No. 1-4, Pg. 125-131 (2001)
(© 2001 Taylor & Francis Inc.

39




INTERRELATION OF DOMAIN WALL CONTRIBUTIONS TO DIELECTRIC,
PIEZOELECTRIC AND MECHANICAL PROPERTIES OF A FERROIC LAYER
COMPOSITE SAMPLE

A. KOPAL” and P. MOKRY

Dept. of Physics, International Center for Piezoelectric Research, Technical University, CZ-46117
Liberec, Czech Republic

Abstract

Interrelations of domain wall (extrinsic) contributions to dielectric, piezoelectric
and mechanical properties of ferroic samples are a hot subject of both theoret-
ical and experimental research. Recently,we have derived theoretical formulas
for such contributions, using model of composite layer sample: central single-
crystal ferroelectric-ferroelastic layer, isolated from electrodes by passive layers.
Here we present more general results, discussing the dependence of the contri-
butions on geometric and material parameters of the composite and including
in a special case intrinsic piezoelectricity. We also discuss the above-mentioned
interrelation and compare our results with measurements of all the contribu-
tions on the same RDP sample in a wide temperature interval under the phase
transition. It seems that both calculated and observed results remind of the so
called Pippard-Janovec thermodynamic relations.

Keywords: Ferroic layer composite, extrinsic contributions, piezoelectricity

D.1. INTRODUCTION

The problem of extrinsic contributions to dielectric, piezoelectric and mechanical properties
has been addressed by many authors. In prevailing number, only extrinsic permittivity has been
studied. Arlt et al. P12l and Herbiet et al. 3 were the first, who addressed the domain
wall contributions to all involved properties: permittivity £, elastic compliance s and piezoelectric
coefficient d in piezoelectric ceramics (see also a later work of Zhang et al. [°4). In this paper, we
have in mind ferroelectric and ferroelastic crystals with only two domain states, in particular, the
KH;PO, family. In our recent papers, we studied the equilibrium domain structure in thin films
D5 and equilibrium contributions to permittivity 8 piezoelectric coefficient '°7) and to all these
properties including elastic compliance "8/, In these papers ?%78] we have used the model of
passive layers (ferroic layer composite), theoretically discussed first by Fedosov and Sidorkin P9,
then developed by Tagantsev et al. [Pl and Bratkovsky and Levanyuk (P11:12],

In this paper we shall concentrate on following questions: how the geometric and material
parameters of the composite effect the extrinsic contributions, and what is the mutual relation of
contributions to £, s and d on the same sample.

In the following sections, we first introduce the model and basic symbols for geometric and
material properties of the sample. Then we recapitulate briefly our method of theoretical derivation
of equilibrium extrinsic contributions, described in detail in (D8] - Afterwards, we shall summarize
and discuss the new results, mentioned above and try to compare them with experiment. Also, in
a special case of equal material properties of both passive and central layers, we include the effect
of intrinsic piezoelectricity. These three topics were not discussed in P8

7e-mail: antonin. kopal@vslib.cz
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Because of great complexity of the problem, we shall use the ”thick sample” approximation,
valid when

h, d > a. (D.1)
In this case, we can neglect all higher Fourier components of the tensor of deformation and
electric field, except the constant one. Nevertheless, the formulas for effective parameters are still

very complex because of the intrinsic piezoelectricity. If this is neglected, we get reasonably simple
and symmetric results:

(1) (2)
Py (5|z|2d+51212h) + efeoess d

off AoHRL
SRy = T (B2
d e (s_gi)d -+ sg.lrj)h) + P} (sg}lzd + Smlgh)
- 1 (2)

Briags o (1) t €geo (Esa)d i Efss)h) P251212d (D.3)

f1212 T Sz g " 1) i
e3eo (533 d+e vs h) e (Sl.zud ar 31212h)
1) h eqPaeg t

d312 = 55212 .Ss? T (D-4)

edeo (533)d - Eg?h) + P? (Sulzd + 9(112}12?1)

For thin films, when condition (D.1) does not hold, numerical methods should be applied.

] 1) 2 (1) (2)
In the homogeneous composite case €35 = €35 = £33, S1212 = S1212 = S1212, d312 = d312 = d32,

we need not to neglect intrinsic piezoelectricity and results are still very simple and symmetric:

h i
= Eerf = EpE o D'E’
0E33 £0E33 d }32/(50533) +en/31212 + PgEu/d:;lz ( )
X el
e 2 D.6
1212 2T 4 P2 /(coess) + ea/s1212 + Poeo/dsia’ =
h eo
dg?ﬁ = daz+ = i o

d P§/(e0e33) + e§/s1212 + Poeo/dz12’

D.4. DISCUSSION

Equations (D.2)-(D.4) express the dependence of sample effective parameters on both material
and geometric parameters of the layer composite. At first, we can mention that for homogeneous
composite, these relations transform to (D.5)-(D.7), without the terms containing ds;,. Intrinsic
piezoelectricity is neglected in equations (D.2)-(D.4). Second, we can find the effective parameters
of the ferroic qdmple with thick metal Flo(imdoq and without dielectric passive layers, taking the
limit of infinite s” in (D.2)-(D.4). Third, the denominator on the right in discussed relations is
the same and we can easily express the ratio of effective parameters.

Now, we can explore the limits eg — 0 (pure ferroelectric) or Py — 0 (pure ferroelastic). In the
first case we gef

o (D.8)
[1} (22)2!
12-12%

s = 4——(‘”” (D.9)

$12124 + “1).12"*
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D [NTERRELATION OF DO

inwalls motion is nownot damped by
In Eq. (D.9) we can easily recognize
<trinsic contribution. In the second

i t doma
simple result tha .

e as reported in [D6],
te, without any €

In equation (D.8). ‘
mechanical interaction with passive layers,

the pure intrinsic compliance of the composl
case we get
D.10
eff 51{3? E‘(]? f ( )
533 = 2 ‘1) 5
séa)d+£33 h o
(1
sih2 = siziat/d:

i i i intrinsic permittivity,

i ituation: uation (D.10), there is pure in mittivi
Now we have got an Inverse situation: 1n eg ; e e e

insi ibuti i D.11) is a simple toru
i trinsic contribution, while equation ( ‘ ‘ im

;Vlthgu_t ar[lgsrx :aturally 45T, = 0 in both limits. We should A‘[!.]Entlon, that m}r:xpii -h:(mt d _]+

00111: e;atioﬁs ‘(D,S) ané (D.-ll) does not work, because condition (D.ﬂ}} ttjor t ermi :iiﬁiamai 3

approximation is violated. In the general case, Po £0, e #0, the effective pe y

' A .8), or (D.9) to (D.11).
compliance take the value in the corresponding intervals (D.10) to (D-8), or } ok )

Let us now turn to the homogeneous case of equations (DS)-(DT)' wh.ere ntrinsic plez;te?e;:-
tricity is included. First, we can see that intrinsic and extrinsic con.t.rlbutlons.; are now explicitly
separated.We denote the extrinsic contributions Acge, As, Ad. The interrelation of the contribu-

tions is now rather simple:
Acge : As: Ad = P2 : €2 : egPo- (D.12)
From equation (12), we get the simple condition

o A (D.13)
(Ad)

The authors of Ref. P13 have measured all three effective parameters on the same RbH, PO,
sample in the temperature interval of 90 to 140 K under the critical point, resulting in an exper-
imental value of 1,05 for the ratio in equation (D.13). They have come to the similar result on
the base of much more elementary considerations. In P53/ we presented discussion of other facts
concerning the agreement of theory and that experiment.

Under the critical temperature of the ferroelectric phase transition, Py and eg often undergo
substantial changes with changing temperature. Nevertheless, their ratio is almost constant in a
wide temperature interval. This can be explained by simple physical considerations. The crystals of
KDP family undergo the first order phase transition, which is close to the second order one, because

discontinuous change of P, and e is relatively small. From the Landau-Ginzburg theory that is
in a good agreement with experiment in this case, we

to (T, — T)"/? in the region of temperature 7" under th
equation (D.12) should remain also constant in this te
by the above-mentioned measurements in Ref. [P13]

discussed in connection with the so-called Pi i
‘e so-called Pippard-Janovec relations (see th : i
work of Janovec (1966) P14, 1t is obvious that the res : Wt

; ults, expressed by ti
are gener_al and independent on the model. On the other side, resultfi ?%uz)i‘{’gs 7(][);2)‘ (Dt.'l::l)‘
characteristic for our model because of the presence of geometric factors .-d b : S Pt
factors, characteristic of the passive layers. s a and b and the material

get that both P, and ey are proportional
e critical one T,. As a result, the ratios in
mperature interval. This is fully confirmed
The situation here is very similar to that
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SIZE EFFECT ON PERMITTIVITY IN FERROELECTRIC POLYDOMAIN
THIN FILMS

P. MOKRY?, and A. K. TAGANTSEV, and N. SETTER

Ceramics Laboratory, Materials Department, EPFL Swiss Federal Institute of Technology,
CH-1015 Lausanne, Switzerland

Abstract

The impact of electrode-adjacent passive layers on the small signal dielectric
response of a ferroelectric film containing a 180° domain pattern has been
analyzed. It is shown that, for a realistic physical situation, the so called in-
series capacitors formula is still applicable for the description of the dielectric
response of this system however with some apparent values of the passive layer
permittivity £mod, which is a function of parameters of the ferroelectric and
the layers. It is also shown that the suppressive effect of the passive layer on
the permittivity of the ferroelectric film can be significantly reduced when the
permittivity of the ferroelectric is mainly controlled by the extrinsic (domain)
contribution.

PACS: 77.55.+f, 77.80.-e, 84.32.T+t, 77.80.Dj

Keywords: Dielectric thin films, capacitors, domain structure

Large dielectric response of ferroelectrics is known to be easily affected by many factors like
the electric field, mechanical stress or lattice imperfections. One comes across these phenomena
in ferroelectric thin films and ceramics where the dielectric response in the regions close to the
film surface or grain boundaries may be essentially reduced due to aforementioned factors. As a
result the whole system feels these regions as low dielectric constant (passive) layers inserted in
or attached to the high permittivity material. When oriented perpendicular to the applied field,
these layers behave as capacitances connected in series to the remaining high permittivity parts of
the material and may tremendously decrease the effective permittivity of the material. It is this
effect that is presently pleaded guilty for the difference of dielectric constants in thin films [F1].

For the interpretation of suppression effect of the passive layer, one routinely uses the in-
series capacitor formula. For the description of the out-of-plane capacitance C of a sandwich
ferroelectric/dielectric structure of an area A, this formula reads

e0A/C = (h/ey) + (d/ea). (E.1)

where h and € are the thickness and permittivity of the ferroelectric layer and d and e4 are those
of the dielectric layer, respectively; g9 = 8.854 x 10712 F/m. The real experimental situation
always corresponds to the passive layer, which is much thinner than the ferroelectric layer, h > d.
Equation (E.1) describes the capacitance of a parallel plate capacitor containing the sandwich
structure, in which electric field is homogeneous in the capacitor plane. Strictly speaking Eq.
(E.1) may not work if the dielectric permittivity of the ferroelectric is controlled by the domain
contribution. The reason for this is that, in the presence of the passive layer, the domain structure
of the ferroelectric will lead to the appearance of inhomogeneous (stray) fields in the vicinity of
the layer 2], Thus, an important question arises: Can the in-series capacitor formula be applied
for the description of the permittivity of ferroelectric/dielectric structures in the case where the
permittivity of the ferroelectric is essentially controlled by the domain contribution?

Some theoretical studies that could answer this question were performed in terms of a model of
ferroelectric capacitor with a domain pattern and two dielectric layers [B3:4] as shown in Fig. E.1.
However, a very important aspect of the problem was neglected in these papers. Namely, the lattice

Be-mail: pavel. mokry@vslib.cz
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ling with crystalline potentials and
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(due to (B3] was ignored.

S i e lectric .
pinning of domain walls in the ferroe ty even in high quality crystals

C mittivi e

). which essentially controls the permit e . Spatop s
deCCth‘)' vo3 h diction of these papers, an infinite dielectric permittivity in thg limit ctf a
B with a finite permittivity of any real ferroelectric material.

anishing passive layer, is inconsistent with ilibri 80° i
\; . gp 6 eation made in Refs. E34) is that only the case of the ethbrmm. 180° domain
Ly A f pattern was never experimentally observed in the layered

i This kind o
pattern was considered. This PR i % )
ferrolectric/dielectric structures. In real systems, the domain pattern is expected to be controlled

by the prehistory of the sample so that the domain spar_ing may be PSSE“nllaH:V dlﬂfre}?t frorlr)ll its
e;]uilibriqu value. In view of the aforementioned simphﬁ(-at]on?. the dlSCUSSl(in 0 t :}gro e;n
E6.4.2] hased on results obtained in Refs. B34 cannot be considered as conclusive. us, the

problem of applicability of in-series capacitor formula to the polydomain situation remained open.

In this letter, we address this problem in terms of the same model as in the previous works
(see Fig. E.1), however our analysis is free of the principle simplification adopted in the_ea\_rl}er
works - we do not neglect the lattice pinning of the domain walls. We consider the permittivity
of the ferroelectric itself as being controlled by the sum of intrinsic and finite domain (extrinsic)
contributions. We mean that if the ferroelectric with the given domain pattern were placed in a
passive-layer-free capacitor, the permittivity £ = £. + &,, would be measured, where £, and &,
are the crystal lattice and extrinsic contributions. In addition, we do not restrict our analysis to
the case of the equilibrium domain pattern.

The principle result of the letter is that in the case where the domain pattern in the ferroelectric
is dense (i.e. domain spacing is smaller than the thickness of the ferroelectric), Eq. (E.1) can be
generalized to the form:

30-4;{C = “!/5],’ T {(H:‘mod)- [EE)

with €04 being the apparent permittivity of the passive layer

i

ST )
1 — (em/25)” €(d/a)’

s (E3)
where d and a stand for the thickness of the passive Jaye
;‘he funmiop &_{dfa} reaches values of 1 to 0 in the lir}ﬁts of d/a — 0 and d/a — oo respectively
bSrE_EIc:,E ](Jlinlﬁlz:ﬁfll?: I::r;‘c' d”Eai“ pattern (a,. = a_ in Fig. E.1), the function £(d/a) is given
C;\padmrs S |ig - Thus‘ the q::n\‘vd relation justifies the use of the in-series

p € analysis of the dielectric response of polydomain ferroelectric films. At
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r and the the domain spacing, respectively;

To obtain the above result, we
hard ferroelectric” approximation,
as a sum of the const

follow the approach of the

Lo previous works [E3.2] Using the
We express the electric displ

acement of the ferroelectric laver

ant spontaneous polarigat;
- S polarization P, (w i '
. 2 - s . : . .
domain) and the linear dielectric response of the r'n'qlljal l t;)'“ oo e
Ve attice:
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We adopt the thermodynamic potential (per unit area of the sample) of the system with a given
voltage U on the electrodes G = G + Gy, which includes: first, the energy of the electric field with
the subtracted work produced by the external voltage sources, G and, second, the lattice pinning
energy of the domain wall in the ferroelectric itself, Gp,. In order to calculate the small signal
dielectric response, we use the lowest (linear and quadratic) terms of the expansion of G with respect
to the average (net) spontaneous polarization of the ferroelectric layer Py = Py (ay — a-)/(2a).
Symbols a, and a_ stand for the width of domains where the vector of the spontaneous polarization
is oriented along and against the direction of the applied electric field, respectively. We address in
detail the case of the symmetric (a; = a_) domain pattern, i.e. we set Py = 0 in the absence of
the applied voltage U.

For the considered situation, the leading terms of G, are readily available in the literature [E3,7)
in the form:

P2 Py U/h
R T T (E.5)
2e0€el 1 +ecd/(gqh)

where
1 d daei= (-1)»
ST S S g E.6
Eel eqh +e.d i wh ngl T )
nmd Eq nh
D, = g4 coth -5 T Ve coth (1| / i%) :

Here the parameter 1/c, has the meaning of the contribution to the inverse dielectric susceptibility
of the system, which is controlled by the electrostatic energy of the domain pattern.

Function G, can be expressed in terms of the extrinsic contribution &, to permittivity (in the
sense as it was introduced above ° ):

hP?
(R = e E.7
m 2€0Em ( )
Then, the function G has a compact form
P Py U/R
ek S (ES)

20t 1+ecd/(eqh))’
where 1/e,, = 1/ep, + 1/eq.

The response of the net spontaneous polarization Py to the voltage [/ applied to the capacitor
can be found from the condition for the minimum of the thermodynamic potential G-

8G(Py, U)/8Py = 0. (E.9)

To calculate the effective capacitance per unit area of the system C/A, Egs. (E.5-E.9) should be
appended with the relation

Pn /U + eoec/h

C/A= ——————
/ 1 4 e.d/(eqh) (E.10)
obtained in Refs. [F32]. Finally, Eqs. (E.5-E.10) yield
E(]A e h i d 1 Ew 5 h
T EctEw Ed Ect+ Ew h+h.|’ (E.11)
where
dehines
i = i He=,
Ew Ec + Ew

9The validity of Eq. (E.7) can be readily verified. Setting in Egs. (E.6) and (E.8) d — 0, from Eqs. (E.8) and
(E.9) we get: Py = egemlU/h in accordance with the definition of &,,.
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coAlaNnlets [1 A (_E_m_)2 f(d/a)], (E.12)
C _5c+5m Ed EcTEm
where
deg o= (-1)*! (E.13)
€0 = T ey
DX(1r) = eq coth(nm7/2) + /Eate. (E.14)

Here £(7) is a function decreasing from 1 to 0 with increasing 7. The plots of this function for three
sets of the parameters of the studied system are shown 10 in Fig. E.2 Taking into account that
£f = £c + Em, we thus arrive at the result announced above, Egs. (E.2) and (E.3). The physical
reason for the simplification of the h dependence of the inverse capacitance of the system down to
a linear one is as follows. In the case of the dense domain pattern the stray fields created by the
periodic charge distribution at one electrode essentially decay within the distance of about a from

this electrode. Thus, the effective capacitance of the passive layer becomes independent of the film
thickness.

Comparing the obtained result to the simple "in-series” formula, Eq. (E.1), we see that though
the slope of the h dependence is the same (permittivity of the ferroelectric itself), in the polydomain
case, the offset of this dependence brings information not only on the d/z4 parameter of the passive
layer but also on the period of the domain pattern and the dist ribution of the dielectric response
of the ferroelectric material itself between the intrinsic (c.) and extrinsic (¢m) contributions.

The effect of the domain spacing on the offset of the h
predicted by Eq. (E.12) is illustrated in Fig. E.3. It is seen that, in the polydomain case, this
offset can be essenlely smaller than that predicted by the simple ”in-series” f;)rmn]a shown‘with
dashed line. In this figure, the predictions of the dense pattern approximations, Eq. (E.12), are

fzmgirzd:z t?}i}sef;fmt;,c (;xaxfl formula Eq. (E.11). It is seen that, for dense domain patterns,
e ; provides a very good approximation. The sensitivity of the ext lated
offset of the h dependence of the inverse capacitance to the distr ‘ ria renphil

the ferroelectric material between the extrin
The greater the fraction Em/€j, the
and the passive layer permittivity ¢

dependence of the inverse capacitance

o ;;C al.ld intrinsic contributions is seen from Eq.(E.12).
dg T the difference between the apparent permittivity £mod

0The curves were calculated numeri 1
T ot
analytically. crically, the limiting values (for d/a — 0 and d/a — oo) being also checked
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FIGURE E.3: Inverse capacitance per unit

3‘52 “in-series-capacitors” formula area of the ferroelectric capacitor egA/C
= 3'05_ B versus the thickness of the ferroelectric
T E layer h for different values of the domain
=, 20 = spacing a; d = 2nm and g4 = 20. The
% 15F results of the exact theory are C(.)mpz?.red
= 1_05 - :iganm £, = 300, £, = 700, with their dense pattern approximations

e T, R and "in-series” formula. Note that the ofl-

05F : i

IV I 0 I S ) B A set of the approximation d/s,0q decreases
2 o 100 0 200 250 with an increase of the domain spacing a.
h [nm] For a = 2nm, all three curves coincides.

Two qualitative predictions following from the results presented in this letter are worth mention-
ing. First, in the limit of thick passive layer d > a, the dense pattern approximation, Eq. (E.12),
reduces down to Eq. (E.1) disregarding the other parameters of the system, since £(d/a) — 0 at
d/a — oc. The physical reason behind this effect is that, in this case, the stray fields occupy only
a small (~ a/d) fraction of the passive layer so that their contribution to the total energy and
inverse permittivity [the sum in Eq.(E.6)] can be neglected. This readily leads to £(d/a) — 0.

The second prediction relates to the situation where the permittivity of the ferroelectric itself
is dominated by the extrinsic contribution, i.e. &, > &., and the domain spacing significantly
exceeds the thickness of the passive layer, i.e. a > d. In this case £,,/(e. + &) — 1 and
&(dfa) =~ 1 — nd/(4a), so that the two terms in the bracket in Eq. (E.12) start to cancel each
other. Physical interpretation of this phenomenon is that, in this case, the energy densities of the
depolarizing fields in opposite domains are equal to within d/a — 0, disregarding the value of the
ratio ay /a_ of the domain pattern. This implies an essential reduction of the suppressive effect
of the passive layers, which is driven by the difference in these energy densities. In terms of the
effective capacitance density of the passive layer, this corresponds to its increase from eqeq4/d to
(e0ea/d)-(4a/md).

For the special case of infinite domain wall mobility, i.e. in the limit £, — oo (so that
£f — o00), our both aforementioned conclusions are consistent with the results by Kopal et al. 3]
and Bratkovsky and Levanyuk (P2,

The above analysis addresses the case of the dense, periodic and symmetric domain pattern.
However, some of the results obtained above can be readily extended to the more general case
of a dense pattern, which can be characterized by a typical domain spacing a. Namely, the
qualitative conclusions of the two preceding paragraphs hold for the more general case, since the
physical argumentations summoned for these conclusions are equally applicable to this case. Formal
estimates [B7] performed for this case showed that, in the limits d/a — 0 and d/a — oo, the main
result of the letter, Eqs. (E.2) and (E.3), holds (with £ = 1 and £ = 0), respectively.

The key element of our model, taking into account the finite domain wall mobility in the ferro-
electric itself, makes the model quite realistic. However, we should recognize three factors limiting
its applicability. First, we consider films with 180° domains crossing the film thickness from one
electrode to another. Second, following the analysis in Refs. F23 we consider that domain walls
are straight. Due to inhomogeneous fields, effects of domain wall bending can contribute to the
dielectric response of a ferroelectric material. Straightforward electrostatic calculations show that
the domain wall bending contribution to the free energy is G o« aP% /ep with a proportionality
factor of about one E7). When this term is much smaller than G, [given by Eq. (E.7)] the effects
of domain wall bending are negligible. The above condition leads to an estimate for the upper limit
of the film thickness h below which our theory is applicable: h < e,,a. Finally, the applicability
of our macroscopic theory fails for ultra thin films (e.g. films of thicknesses about few unit cells).

We believe that the obtained results provide an efficient and simple tool for the interpretation
of the dielectric data on ferroelectric thin films. As a prediction of the theory ready to be checked
experimentally, we can indicate the temperature dependence of the extrapolated offset of the A/C
vs. h dependence. Namely, in the films where the dielectric data in the paraelectric phase suggests
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EFFECT OF SPONTANEOUS POLARIZATION SCREENING ON DIELECTRIC
RESPONSE OF FERROELECTRIC POLYDOMAIN FILMS
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(CH-1015 Lausanne, Switzerland

Abstract

A theoretical study on the effect of spontaneous polarization screening on the
dielectric response of ferroelectric films with 180° domains going throngh the
film thickness (through-domains) is presented. It has been shown by several
researchers that the dielectric response of ferroelectrics is always deteriorated
(e.g. due to electric field, mechanical stress, or lattice imperfections) in the thin
electrode-adjacent passive regions. As a result, these regions behave as a low
permittivity material reducing the total dielectric response of the ferroelectric
capacitor. This "depolarizing” effect can be modeled by a low permittivity
layer between the ferroelectric and the electrode. The strong electric field in
the dielectric layer can induce free charge injection from the electrode to the
ferroelectric-dielectric layer interface. We study how these free charges affect
the dielectric response of the ferroelectric capacitor with through-domains. We
found that their presence strongly influences the domain wall contribution to
permittivity of the ferroelectric. This effect is controlled to a great extent by
the domain wall thickness.

PACS: 77.55.+f, 77.80.-e, 84.32.Tt, 77.80.Dj

Keywords: Dielectric thin films, capacitors, domain structure

F.1. INTRODUCTION

A commonly reported trend in the most extensively studied films of perovskites like lead zir-
conate titanate and barium strontium titanate compounds is a reduction of their permittivity
with decreasing film thickness. Numerous indirect experimental observations (F1,2,3,4,5,6,7] Jead the
researchers to the conclusion that the observed size effect is due to the existence of electrode-
adjacent passive layers in the investigated capacitors. Despite of a wide acceptance of the passive
layer concept, the nature of these layers is not clear (F1] and the direct observations of well-defined
layers are rather scarce. A rare example of direct observation of passive layer is the work of Hase
et al. [F2 describing a formation of 100nm thick layer of pyrochlore grains during multi-target
sputtering onto Pt-coated Si substrates. In the case of ferroelectric ceramic, grain boundaries
represent another origin of passive layers [F8:3]  On the other hand, most of the high-resolution
transmission electron microscope studies show no evidence of electrode-adjacent passive layers.
Nevertheless, Abe et al. [F9 demonstrated that a well-defined dielectric layer may not be nec-
essary for an experimental agreement with the passive layer concept and various mechanisms of
film-electrode interactions have been proposed: creation of variable depletion layers associated
with the Schottky barriers (F4.5] ow permittivity layers due to the oxygen vacancy entrapment at
ferroelectric-electrode interfaces F9, local suppression of polarization states in the near-electrode
regions [F7] 1ocal diffusion of electrode material into the ferroelectric [F101 op chemically distinct
surface phase F111,

Independently of the origin, all the above-mentioned phenomena are associated with a dete-
rioration of the spontaneous polarization of the crystal lattice in electrode-adjacent regions. The
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FIGURE F.1: Scheme of the electroded
ferroelectric film with passive layers.
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thin films.

F.2. DESCRIPTION OF THE MODEL

In this article, we analyze the dielectric response of the system shown in Fig. F.1. We consider
the structure of a ferroelectric non-ferroelastic layer with lamellar antiparallel domain pattern cross-
ing the layer thickness h and two dielectric surface layers of the total thickness d and permittivity
=4, which separate the bulk from the electrodes. Using the “hard ferroelectric” approximation, we
express the electric displacement of the ferroelectric as a sum of the linear dielectric response of
the crystal lattice and the constant spontaneous polarization Fy (whose orientation differs from
domain to domain):

|
m
o
m
8
)

D, (F.1a)
D, = coeB:+ B (F.1b)

We consider that the spontaneous polarization Fy is constant within each domain and its abrupt
change to zero at the interface of the ferroelectric and dielectric layers leads to the appearance of
a bounc! charge of the surface density o), = Fj. Due to finite conductivity of the passive laver,
we consider an injection of free (screening) charges of the surface density r}f from the eiectr(;des
to compensate the bound charges. To characterize the degree of this C‘ompensation a factor A
called degree of screening is introduced in a way that o = —Aoy ;
of domains, where the vector of the spontaneous :
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the ferroelectric layer Py = Py (ay — a_)/(
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Analysis of the effect of spontaneous polarization screening on the dielectric response in our
model requires a consideration of the finite domain wall thickness a,,. The reason for this is as
follows. Let us consider, for the moment, the limiting case of complete screening (we set A = 1)
and the abrupt change of the spontaneous polarization at domain boundaries, i.e. a, = 0. If the
domain walls are in their original positions, the bound charges are completely compensated by
free charges and hence no depolarizing field is produced in the system. When the domain walls
are shifted by Az = (ay — a_)/2, there appears a periodic distribution of uncompensated bound
charges in a form of stripes of the surface charge density ¢ = 2F; and the width Az at the interfaces
of the ferroelectric and dielectric layers. Straightforward calculations show that the electrostatic
energy change produced by these domain wall shifts corresponds to a non-physical singularity in
the dielectric response. Our further analysis shows that this singularity can be regularized if a
finite domain wall thickness is considered.

In this article, we focus our analysis only on the linear dielectric response of the system and,
therefore, it is sufficient to consider that at the domain boundary the spontaneous polarization
changes, for example from P, to — P, linearly within a distance a,, representing the domain wall
thickness. In the considered situation of the non-poled domain pattern and partial screening of
the bound charges (0 < A < 1), the domain wall shift Az is proportional to the net spontaneous
polarization of the ferroelectric layer, Py = (FPy/a) Ax. Using this parameter, we can express the
spatial periodic distribution of the total charge density at the interface of the ferroelectric and
dielectric layers o(x) = oy(z) + o4(x) in a form of Fourier series

o(x) = Py +Z o {oin | 5 (14 )] - xsin (57) Joim (B cos ("22). (P2)

F.3. DIELECTRIC RESPONSE

To obtain the effective dielectric response of the ferroelectric polydomain thin film, we follow
the approach of the previous works [F1213]. We adopt the thermodynamic potential G (per unit
area of the sample) of a system with a given voltage U on the electrodes and free charges oy
inside the system. Function G = G,; + G,, includes, first, the energy of the electric field with the
subtracted work produced by the external voltage sources, G.j; and second, the pinning energy
of the domain wall in the ferroelectric itself, G,,. In order to calculate the small signal dielectric
response, we use the lowest (linear and quadratic) terms of the expansion of G with respect to the
net spontaneous polarization of the ferroelectric layer Py.

Leading terms of the function G, for a similar model are already available in the literaturel¥12:13]
however with a different distribution of charges at the interface of the ferroelectric and passive
layers than that given by Eq.(F.2). In our model we have

P2 Py U/h }
(: = h '1_.
e Yot L+ e.d/(eah) (F.3)
where
1 d Qo8 ee Gy (-D)*(A—-2) L9 (ﬂ?’l‘ﬂ-m) j
E_el T AT > amh nX::l n3D, el % 1 (F.4)

It is seen that the function 1/, is sensitive to the thickness of the domain wall a,,.

Function G, can be expressed in terms of the extrinsic contribution e, to permittivity (in the
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1/ep = 1/ea+1/em

unit area of the system C/A, Egs. (F.3-F.6) should

cj/A

9G(Px.U)/0Px =0. (F.9)
Finally, Eqs. (F-3-F.9) yield
>
A h d B o h (F.10)
o +E; [l (e,+s.,) h+h¢] )
where
4 g
T

If the domain pattern in the ferroelectric is dense (i.e. domain spacing is smaller than the
thickness of the ferroelectric, a < h), the inhomogeneous (stray) fields produced by the periodic
charge distribution o(z) at one electrode essentially decay with the distance of about a from this
electrode to the other. Thus, the effective capacitance of the passive layer becomes independent
of the film thickness h and Eq. (F.10) can be simplified to a form, which will be referred below as
the dense pattern approzimation:

204/C = (h/eg) + (d/2m0a).

with ¢y = e, + £, and Emod being the
of the passive layer, respectively,

(F1)
permittivity of the ferroelectric and apparent permittivity

=d
1—(em/2y)” €(d/a,2)’ (F.12)
Here the function £(r, A) is given by formula

Emod =

_ Bad® S (-1)Ma-2)-a

T,A) = T Dy —
&) aZxir .,2 n3D(r) e (“;:' ) : "
) = = coth(nz7/2) + VEace.

14)

12The validity of Eq. (F.8) can be readily ver . (F

(F.10) we get: Py = eoe,U/h in mﬁm;:tnsﬂ?hmx oE{q:‘ (F.6) and (F.9) d — 0, from Eqs. (F.9) and
m-
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FIGURE F.3: Effect of the distribution
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é "in-series-capacitors” formula: e E 3 :
_ 30F —--e=1000 inverse capacitance per unit area of the
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00F e e resent dense pattern approximations [see
0 50 100 150 200 250 Eq. (F.11)]. Dashed line shows the predic-

h o] tions of the “in-series-capacitors” formula

[see Eq. (F.15)]. Note that the offset of
the approximations d/ey0q decreases with
increasing the fraction e, /<.

In the absence of screening charges (i.e. A = 0), the function &(d/a,0) reaches values of 1 to 0 in
the limits d/a — 0 and d/a — oo, respectively. The plots of this function for three sets of the
parameters of the studied system are shown in Fig. F.2. The curves were calculated numerically,
the limiting values (for d/a — 0 and d/a — o0) being also checked analytically.

F.4. DISCUSSION

Figures F.3 and F.4 show the h dependence of the of inverse capacitance per unit area of the
ferroelectric capacitor g A/C for two sets of parameters of the system. It is seen that the slope
of dense pattern approximation is equal to the permittivity of the ferroelectric itself £y and the
offset of this dependence brings information not only on the d/e4 parameter of the passive layer
but also on the period of the domain pattern a, on the distribution of the dielectric response of
the ferroelectric material itself between the intrinsic (s.) and extrinsic (£,,) contributions, and on
the degree of screening A.

Several qualitative predictions following from the results presented in this article are worth
mentioning:

First, if the thickness of the passive layer is greater than the domain spacing (ie. d > a),
the fast decaying stray fields in the passive layer have a negligible contribution to the electrostatic
energy of the domain pattern and the dense pattern approximation, Eq. (F.11), reduces down to
so called “in-series-capacitors” formula

g0A/C = (h/ey) + (d/ea) (F.15)
disregarding the other parameters of the system, since £(d/a,A) — 0 at d/a — oo.

Second, when the domain spacing significantly exceeds the thickness of the passive layer, i.e.
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The sensitivity of the extrapolated offset of the h dependence of the inverse capacitance pre-
dicted by Eq. (F.11) on the distribution of the dielectric response of the ferroelectric between the
extrinsic and inirinsic contributions is illustrated in Fig. F.3. The appreciable effect of an increase
of the effective capacitance of the passive laver is seen with an increase of the ratio £,,/cy. In this
figure, the predictions of the dense pattern approximations, Eq. (F.11), are compared to those of
the exact formula Eq. (F.10). It is seen that, for dense domain patterns, i.e. for h > a. the former
provides a very good approximation.

The effect of degree of the spontaneous polarization screening A on the offset of the h dependence
of the inverse capacitance predicted by Eq. (F.11) is illustrated in Fig. F.4. It is seen that, in
the absence of screening charges, i.e. for A = 0, this offset can be essentially smaller than that
predicted by the simple “in-series-capacitors™ formula shown with dashed line. On the other hand,
theprmer_weofscreeningcharge;reprmentsarealpinningthedomain walls by the electric field
resulting in an essential suppressive effect on the effective capacitance of the passive layer, which
can be greater than predicted by “in-series-capacitors” formula as shown by dot-and-dash line.

wanmd, if the domain walls are strong?y pinned by the crystal lattice, i.e. Em < €., the domain

.:-hsplauem. ents a.re_neg_hglble even in high applied electric field. In this case, the inverse
effective extrinsic contribution to permittivity of the ferroelectric layer 1/¢,, is dominated by the
la“m? pinning contribution 1/e,, [see Eq. (F.7)]. Then the dielectric b i

Eq. (F.10) reduces down to the “in-series-capacitances” formula:

€0A/C = (h/ec) + (d/eq).
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indicated in Figs. F.3 and F.4, where predictions of the exact formula Eq. (F.10) converge to the
value d/eg on the vertical axis at h tending to zero.

The key elements of our maodel: the finite domain wall mobility in the ferroelectric itsell and the
spontaneous polarization screening, make the model quite realistic. However, as its limitation we
should recognize four factors limiting its applicability. First, we consider films with 180° domains
crossing the film thickness from one electrode to another. Second, we consider that domain walls
are straight. This may not be the case in materials with non-ferroelastic 180° domain walls due
to the effects of inhomogeneous fields. However, our analysis shows that the domain wall bending
contribution to the free energy G can be neglected in systems where h < epa. It means that
predictions of our theory fails for thick high-quality samples with dense domain patterns. Third,
our estimations on the effects of electrostatic domain wall pinning by screening charges requires
an assumption that the injected free charges from the electrode are immobile compared to the
mobility of domain walls. Finally, the applicability of the macroscopic theory fails for ultrathin
films.

We believe that the obtained results provide a useful tool for the interpretation of the dielectric
data on ferroelectric thin films. As a prediction of the theory ready to be checked experimentally, we
can indicate the temperature dependence of the extrapolated offset of the A/C vs. h dependence.
Namely, in the films where the dielectric data in the paraelectric phase suggests the presence of
a passive layer [based on Eq. (F.1)], the aforementioned offset in the ferroelectric phase may be
essentially temperature dependent due to expected temperature dependence of the ratio &,,/s.. In
addition, it is expected that the offset should be increasing with time as the free charge injection
progresses. Thus this works indicates that the slow deterioration of the capacitance of ferroelectric
capacitors due to spontaneous polarization screening can be considered as a possible origin of
fatigue in ferroelectric polydomain thin films.
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Abstract

Coexistence of ferroelectric ferroelastic domains in some materials plays an im-
portant role in practical area of domain engineering. Here the problem is dis-
cussed theoretically from the point of view of elastic aspects. Domain quadru-
plets are considered, i.e. systems of four ferroelastic domains coinciding along
one intersection line. Conditions at which the elastic energy of quadruplets is
zero are specified; they would allow for the existence of permissible quadruplets.
The problem has been solved for the species m3m-m,m,2., m3m-2,,mz,m.,
m3m-3m, and m3m-4mm. It is shown that, in general, no mechanically com-
patible (stress-free) permissible quadruplets exist. The results make it possible
to specify those conditions for spontaneous strain components which must be
complied to allow for energetically acceptable quadruplets. These conditions
are fulfilled in the orthorhombic phase of KNbOj3. The theoretical approach
offered in this paper can be used for specific discussions of the existence of
multidomain states in thin films where some components of spontaneous strain
need not play an essential role.

PACS: 77.80.Dj

Keywords: ferroelastics, ferroelectrics, domain quadruplets, KNbO3, domain
engineering

G.1. DESIGNATION OF THE PROBLEM AND ITS PRACTICAL ASPECTS

The problem of domain coexistence in a ferroic sample is of high importance from the point
of view of macroscopic material properties and application possibilities. There exist 212 ferroic
species defined by point symetries of parent and ferroic phases whose symmetry aspects were
analyzed by Aizu (612, The number n of domain states is defined by the symmetry of the given
species and is limited by the relation 2 < n < 48.

In a normally produced ferroic (ferroelastic and/or ferroelectric) sample all domain states may
be existing. Under usual conditions, domain patterns in ferroic samples are formed during cooling,
at the phase transition temperature 7rg. Domains representing different domain states are usually
formed at various edges of the sample or, in mafterials with the second order phase transition, at
paraelectric-ferroic phase boundaries. The formed domains represent a number of domain states
and the question is whether the former are electrically and elastically compatible. If not, their
coexistence would be associated with additional electric and/or elastic energy. The electrical
compatibility plays a role in ferroelectric materials and is specified by the requirement div Pg = 0.
There is a number of observations showing that this condition may not play a significant role in
static systems, because of charge compensation possibility. The coexistence of domains ("head-
to-head” coupling) separated by domain walls with div Ps # 0 has been frequently observed
(see e.g. ref. [G3]). A crucial role may play the condition of elastic compatibility, related to
ferroelastic materials. In the available discussions [G4.5] the conditions of stress-free coexistence

136 mail: pavel. mokry@vslib.cz

67



ETS IN FERROICS

i QUADRUPL
G ELASTIC ASPECTS OF DOMAIN QUA

of two o ec wever, | f materials
i :£od. However, in the case o
oelastic domains in a ic species WETE specifie . o

. ik o ; ion can be ask d: can more than two ferroelastic

fpt P%'v fr\er'rng;EI p::i:es wit.h] n > 2 the following questi . ca oo i i e _ -
rdeomr a"n. t-latess co;exjsz without requiring a strain additional to hy poni aneO”uS itam tug in alnytoi

: I5t he ds: can such domains coexist separated by domain walls W hout an

them'. n ot r words: y elastic

-
energy ! |

ch area connected
n the currently very essential resear

f domains can be arranged in fundamentally c_iiﬁ‘erem

eering” (DE) [G6.7]  Domain-geometry engineering
2 s ich the concept of

DGE) specifies particular geometries of domains; it was th:ls ap[l;:);h b;; i;:;ia - “?hj(:h

g)E was (l:rin'ina].ly introduced [G8]  Domain-average engme:ermg ( ) :faeometry

a defined nzmber of domain states is represented by domains of irreg g :

This question plays a substantial role i
with ferroic materials. Multiple systei"ns of «
ways, defining several kinds of "domain engin

= i with antiparallel Pg, even for
e 34 BGE iy consid_e rea{iag?f J[l?‘l;: :::hds?;zsn tsltlitfl;astic conjlﬁlction of domains is
I esting domain geometries *=. .1
;Ec;rtyan;)t:{:biem.g This is ngo longer true when the dom.ams In a samp!elrepr::;l: f?:;:’l‘-’t;l;aﬂ mt“:
domain states. The elastic aspect of their coexjstgnce' is a very essgntla pl‘l‘;:te ez dg; -
of view of physical properties and of possible apphc‘atlons. An 1F1ﬁmtg number ; ty? ey
systems can be proposed. Many interesting d{)mﬁll}} 1[.;:o]atte'rns including n{(i” s aB e; = eTh n
observed; let us just mention the Forsbergh pattern [G10] and Aﬂt pattern_s in BaTiOj. eir
symmetries have not been specified yet and their macroscopic properties are unknown. Such
domain configurations could offer attractive application aspects. Recently D.AE ha§ become a very
essential research area because of possible functions of polydomain systems in P?.\-P:I‘ and PMN-
PT crystals [612:13.14.15]  Piezgelectrically promising properties of DAE systems in Kl\bpg crystals
were also demonstrated [616]. Attention has been also drawn to the study of piezoelectric response
of ferroelectric ferroelastic domain structures in potassium niobate and potassium niobate-tantalate
nano-rods (17,

In most ferroelastic species, two mechanically compatible domains can be separated by one
of two walls of the Wy (of a fixed orientation) and/or of the S class (of a general orientation
matched to spontaneous strains) (4. These permissible domain walls (PDW’s) are mutually
perpendicular when the spontaneous strain ug is approaching zero; i.e. at T for a second order
transition. We can easily imagine a system of four domains separated by such two walls. The
symmetries of multidomain systems have been specified by Erhart and Cao (618 for the case when
the domain coexistence aspects due spontaneous strains are neglected. This is an effective approach
for materials with the second order phase transition, close to Ti-. At lower temperatures and for
materials with a first order transition, due to the final value of us the two walls angle is no longer

90° and they may not cross each other without additional elastic strain. Thus in general, four

ferroelastic domains do not seem to be mechanically compatible. However, several observations of

specific domain‘ patterns a%ddressing the possibility of coexistence of four ferroelastic domain states
have been published and in the following sections we discuss this problem in more detail.

G.2. OBSERVATIONS

Mutually perpendicular ferroelastic walls were observed
explained by additional elastic strains [G19] Often the
Egiztgiiwfxgér?;g ﬁhfﬁ‘?ﬁple’rsho[ systematic domain patterns with coinciding ferroelastic walls

= - € most tempti = E
domain states have been offered for KNboapc:ri:]Zta of well defined domain patterns of four

G.1 shows the observed domains in this material; w‘ ' its orthorhombic phase (620211 pig,

in‘a number of ferroelastic samples and
se strains are visible due to the elastooptic

: “ ori 3 . 5 “
coordinates. We su = . : . lentations are specified »
ggest to designate this domain geometry as domain quztfﬁ:p!et:n ';'tlll(;szu::z

OWS we i . )
shall discuss this case i particular, as well as the

reliable observations and in what foll
possibility of domain quadruplets i the additional species of KNbO i
walls elastically ¢ ¥bU3 and several other perovskites.

Are the observed systems of domain

; g ompatible fc O S
domain systems 'energetlcall_y acceptable because of vmfj- b Aecies or are the ol
spontaneous strain? Ty small values of certain components of
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a
FIGURE G.1: (a) Optical observation of domains in the orthorhombic
phase of KNbO3. (b) Domain quadruplets are represented. Arrows show
the Pg directions. From Ref. [G13]

G.3. THEORETICAL APPROACH

Let us address the elastic aspects of domain coexistence focusing on four particular species:
mﬂm—PEds-BIyzme (representing BaTiOz, KNbOjz, PbZrOj; crystals), m.'?m—Psds-ﬂiZmIme
(BaTiO3z, KNbO3, PbTiO3), rr13m—Psds—?rym,—:ym;, and m3m-Peds-mymy2. (BaTiOz, KNbO3,
PbHfO3, Cd;NbyO7, HCI). Each of these species is characterized by the number ng.s, = n/2 of
ferroelastic domain states. List of tensor components of spontaneous strains in considered species
is shown in Tab. G.1. On the basis of Refs. (647l it is easy to designate PDW'’s for all ferroelastic
domain pairs.

In the following, the problem of domain quadruplets will be addressed, with a particular geo-
metrical arrangement shown in Fig. G.2. We assume the realistic situation: first, the volume of
the crystal is split by three domain walls into four domains denoted by symbols A, B, C, and
D; second, the domain pairs A, B and C, D are separated by one and the same PDW, which is
denoted as wall N with normal vector m; and finally, the B,C' domains are separated by wall Mg
with normal vector mpe while A, D are separated by wall M 4p with normal vector map.

Now we specify the first requirement: the four domains should coexist for ug — 0. The
condition is that the intersection line of walls M4p and N equals the intersection line of walls
Mep and N. If this is so, we can speak about quasipermissible quadruplets. If we define

tpc =N X mpe, Lap =n X Map, (G.1a)
A B FIGURE G.2: Geometrical arrange-
ment of four domain states A, B,
map Mac C', and D in the considered domain
?\ T quadruplet; N, Mge, and Map are
MN%BC permissible domain walls (with normal
® t=nXm=e’ vectors m, mpc and map, respec-
D i tively), which have a common intersec-
tion line of the direction t. Vectors e,
e’ e, and e form the basis of the coor-
J dinate system S’, which is attached to

N2l e’s the domain quadruplet.
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FIGURE G.3: Graphical representations of mechanical compatibility of do-
main quadruplets, i.e. four ferroelastic domains coexisting along a line; Grayed
planes represent common domain walls of the adjacent domains where no ad-
ditional stresses are required to "stick” the domain quadruplet together; (a)
permissible domain quadruplet, i.e. stress-free coexistence of four domains,
(b) mechanical incompatibility of shear (uf ,;) and normal (uf,, and uf 44)
components spontaneous strains yields the presence of clapping angle €; (c)
and (d) difference of shear (u’ ,, and u’; ,5) components of spontaneous strains
lead to the presence of shear angles A and ©.

It is convenient to transform the spontaneous strain tensors of domain states A, B, C, and D
into a rotated coordinate system, which is attached to the quadruplet. Let us consider the basis
the coordinate system S of the paraelectric phase:

e; = (100), e;=(010),  ez=(001). (G.2)
Now we define the rotated coordinate system S’, which is attached to the intersection of domain
walls (see Fig. G.2):

t y n
J r i el il :
=T 2T T T i (G.3)
1 ; 2
|[]] It lInll ||m|

Knowing the bases e; and e], we can define a transformation matrix a;; by the equations a;; =
e e;, where i, j = 1, 2. 3. Then, the components of spfmtam‘uus strain tensors in the coordinate

system attached to the quadruplet are obtained from wg ., = @ik aix us k-

Now we reach the principal goal of this paper, the analysis of the mechanical compatibility
of the domain quadruplet when ug # 0. Let us start with the calculation of the clapping angle
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FIGURE G.4: Rotation of t}_Ie d.oma.in bmmd_
ary due to spontaneous strains in the dt?ma.m
A. Grayed area represents t.ht’a cross-section of
the domain A at the transition tempera,tufe
Tc when us = 0. Solid line shows the domain
wall Map. Gray-striped area represents the
change of the domain A sha.pe.due tO_spon—-
taneous strains ug, if the domain remam un-
clamped by the surrounding domains B, ‘?‘
and D. Dashed line represents the domain
wall M4p, which is rotated by the angle 6.
Symbols w4 and w4 stand for angles between
domain walls N and M4p at the transition
temperature T¢ (us = 0) and at temperature
T < Tc (us # 0), respectively.

Myp@Tc

0’3 MAD@T‘(TC

domain quadruplets for species m3m-P. 5d3'3ru_z=miy-

TABLE G.3: Permissible =

Dl an mpc| @ A © ||ABCD| m map mMmac
132?2 (100) (oi‘f; ©i)] 2, 0 0 || 1212](011) (100) (100) %2 g g
1234 (100) (010) (010)| @3 0 0 | 1234|(100) (101) (101) ..91
1243(100) (001) (001)| Q3 O O || 1243((100) (110) (110)f O O y
1313|(001) (110) (110)| @, 0 0 | 1313((110) (001) (001)| @, O O
1324 (001) (010) (010)| @3 O O | 1324/(001) (101) (101)| 0 0 @
1342(001) (100) (100)| 93 O O [ 1342((001) (011) (01I)| 0 ©O -6,
1414 (010) (101) (101)| © 0 0O 1414((101) (010) (0100 22 0 o
1423((010) (001) (001)| Q93 0O O 1423)(010) (110) (110)| 0 0 -8,
1432(010) (100) (100)| 23 0 0 || 1432((010) (011) (011)| 0 o0 O,
2134/(100) (110) (110)| 0 0 ©; | 2143|(100) (101) (101)| 0 o -6,
2323/ (010) (101) (101)|-0; 0 0 | 2323|(101) (010) (010) [ -9, 0 0
2341/((010) (011) (01I)| 0 ©0 -6, 2424/ (001) (110) (110) |-, 0 o0
2424((110) (001) (001) -9 0 0 |l 2431 (001) (011) (011)| 0 o0 @,
3142|(001) (101) (101)| 0 0 -8,/ 3241 (010) (110) (110)| 0 o0 @O,
3434|(100) (011) (011)| 9, o0 o0 | 3434 (011) (100) (100)| ©, 0 0

_ _—4V2uy _—'4\/(5“12 —4uy,
Ql_—1+311+ﬂ12: Qz*m' Qa=1+un, 1=—2u;3.

inate system S’ as functions of the ang] tn' =
- = 5 glews: n' = (0, 0, —1),
m' = (0, —sinw,, cosw,). The position of the domain walls (specified by coordinates z”, v anli

z = 0, for the wal N,

(G.4a)
0, for the wall Mup.

(G.4b)

ﬁ--.
)
=]
N
|
N“I
()
&
£
2
I

the material in the domain A is
' not clamped by the surrounding
1on of the domain wall M4p by an
ain walls, which is then equal to

it i in Fi a8 (G.5)
as it is shown in Fig. G 4. Position of the rotated domaip wall Myp is .
¥ sin@ig — 7 cos G4 =0, D 15 given by the equation
(G.6)
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where

==

<
Il

Y +uy, (G.7a)
Z = Ztu, (G.7b)

are the coordinates of the domain wall, which is shifted by u, and u. due to spontaneous strain in
the domain A:

B = ”’5‘,22 Y+ “fg,zs z, (G.8a)
Uz = Uggyy +ugayz’. (G.8b)

Here uf ;; are the components of the spontaneous strain tensor in the domain A expressed in the
coordinate system S’. From Eqgs. (G.4), (G.6), (G.7) and (G.8) we have:

! f}
Ugoz + (1 + ugas) tanwy
= 2 ( 9’33) ; (G.9)

tanwy = ; -
1+ Ug 99 + U 53 tanwy

Y| ey

In the same way, angles between the boundaries of unclamped domains B, C, and D can be
calculated. It is clear that at the transition temperature T, when ug — 0, the sum of these angles
equals exactly 27:

Wy +wp +we +wp = 27 (G.10)

This is no longer true at temperatures T' under the transition temperature T due to nonzero
spontaneous strains. Then we define the clapping angle

QZ2TF—-§A—QB—50——QD. (G.ll)

Similarly, the shear misfit angles A and © can be calculated, however the resulting expressions
are much simpler. In this case we need only to compare the shear spontaneous strains in the planes
perpendicular to and parallel with the domain wall N, since the lattice distortions along PDW's
forming the domain quadruplet are the same.

Aap = s p(A) — ug(B), (G.12)
Acp = ug;5(C) —ug (D), (G.13)
Opc =~ ug3(B) - ug,3(0), (G.14)
Oap =~ ug3(A) —usy3(D). (G.15)

In all considered species, it is Agp = Acp = A and Oge = O4p = O. If even one of the angles
0, A, and © is nonzero, unperturbed coexistence of four domains in the discussed species and
geometry is not, possible; no permissible quadruplet can exist except for specific cases of particular
values of the ug components. In quasipermissible quadruplets @, A, and © are equal zero, since
real lattice distortions are not yet taken into account. In permissible quadruplets, they play an
essential role. For the discussed species clapping angles and shear misfit angles have been calculated
and are included in the data of Tabs. G.2-G.5.

Should any of the quadruplets included in this table be permissible, it is required that all values
of 2, A, and O equal zero. This is not the case, in general, for any of quadruplets of our geometry
in all discussed species shown in Tabs. G.2-G.5.

Nevertheless. our results do not exclude any possibility of a stress-free or mechanically accept-
able existence of domain quadruplets in a limited temperature range or in samples of particular
composition. Data in Tabs. (G .2-G.5 show formulae for angles 2, A, and ©. These values are
functions of spontaneous strain components ug,;, which can be controlled by the composition of
samples made of solid solutions of two or more components. So, there is a possibility that for a
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and © for a particular doma}in system
h our results provide an efficient and useful tool. which can be
is case,

igi : iti taneous strains com-
can be negligibly small. In t g neering to specify condltl({ﬂs for spon !
used in the practicz:l I:ea Efp?ﬁa;?;ﬁthe mechanically compatible (stress-free) or energetically
ponents which must be co

i jc domain states.
acceptable coexistence of four ferroelastic

iti Q. A,
material of the engineered compositior all the angles

MPARISON WITH EXPERIMENTAL DATA AND ADDITIONAL CON-
G.4. CO

CLUSIONS

i entioned experimental observa-
The results of our analysis can be compared with th:habO£; A 2

tions of domain quadruplets in KNbOj3 crystals. Tywn suca 8y 61 voukein oW dn S—h erial.
The one published by Wiesendanger (520! and shown in Fig: ©." o0 #% "% % C ¥ 4L 0 il
It corresponds to the domain system ABCD = 1452. The second qu EBCD et
was observed by Li Lian et al. [62)) and corresponds to the domain system piire
observed quadruplets were fully reproducible in different parts of several KNb ?a samp mgle .
these systems are highlighted in Tab. G.5. We see Fhat both of them have zev::; c gp:ﬁg e ’
Thus the only mismatch of spontaneous shear strains leads to tl}e nonzero value ©; -I— h:u.
Then, it is the strain component u;2, which must be very small if the domau.l quadruplet s u].d
realize. And this is indeed the case: at room temperature the ug components in the orthorhom-blc
phase of KNbO; are [G22]. 4, = 0.004, u12 = —0.002, and u33 = —0.013. Let us note thzft using
these values, the parameter a specifying the orientation of the S-wall equals a = 0.26. This value
is in a good agreement with the experimentally observed [G20] grientations of the S-wall (1/0.3/1)
and (1/-0.3/1).

Using formulae in Tab. G.5 we can obtain numerical values for clapping angles €2 and shear
misfit angles ©, which correspond to the spontaneous strains in the orthorhombic phase of KNbOj3
at room temperature: {}; = 1°55'53", ), = 1°55'59”, Q3 = 1°54'1”, Q, = 21'8”, Qs = 29/53",
Qs = 21'18", ©; = 56'46”, and B, = 10'36”. It follows from these results that although the
coexistence of the four specified domain states is not stress-free in the two observed cases, it is
these domain systems, which represent configurations with minimum elastic energy, because the
value of ©, represents the smallest value in Tab. G.5. Other quadruplets would lead to higher
elastic incompatibility and thus to higher energy in KNbO; samples at room temperature.

G.5. SUMMARY

In crystals of KNbOj representing species m3m- Peds-2

5 T e observed. Here we discuss theoretically the essential aspect of the problem
of domain quadruplets, their realization from the point of view of spontaneous strains of coinciding

domains. A general theory is specified and em i
ral th ployed for four ferroelect i
number of materials, in particular by often studied perov e

i L i skites: m3m-m,m, 2., m3m-2,,mzym
ni::;ﬁn;.tand 'n:-S?;-‘imm- It is shown that, in general, no mechanically: c:m;atible (s::ess—‘él'e;i
:eous Sﬁ.:i : ecf; : ew:rth;:]l.ess, the results ms}ke it possible to specify those conditions for sponta-
! components which must be complied to allow for energetically acceptable quadruplets
These conditions are fulfilled in the orthorhombic phase of KNbO )’ } b
: 3.

It is appropriate to mention that the th i used

: I eoret 1 i
specific discussions of the coincidence b g et i P =

of multidomai o i
of spontaneous strain need not play an essential rolen states in thin films where some components

zyMzym; the coexistence of four domain
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Resume

In the previous part, there have been presented main results of our investigation of macroscopic
and other domain related problems, which cover a quite large scope of phenomena in ferroelectric-
ferroelastic films. Brief comments on the selected papers are given in following Sections focusing
on available experimental results, which can confirm the validity of the presented theories.

Comment on Papers A and B

Main results of Papers A and B are the formulae for the equilibrium domain spacing agq and the
response of the domain pattern to the applied voltage on electrodes given by parameters Aeq(V)
and Req(V). Knowing this response, the effective permittivity c.a and piezoelectric coefficient dsg
are calculated.

As the most relevant experimental results available so far, which can confirm the validity of
theory presented in Papers A and B, should be recognized the observation of nanoscale 180° stripe
domains in ferroelectric lead titanate (PbTiO3) thin films by Streiffer et al. [30]. In this work,
lead titanate epitaxial thin films of thicknesses from 6 to 42nm on strontium titanate isolating
substrates using X-ray scattering were studied. The existence of 180° stripe domain patterns of
period 3.7 to 24 nm was observer in these films and it was showed that the dependence of domain
period on film thickness agrees well with the theory presented in Paper A.

It has to be also pointed out that Papers A and B are presented in their revised forms. On the
contrary to their original versions, the dielectric anisotropy of the surface layer is not considered in
this revised version, since it is virtually impossible to obtain any experimental data on dielectric
anisotropy of electrode-adjacent regions. In addition, the gain due to less complexity of formulae
is appreciable. In the original version of the Papers there were also missing some terms in the
formula for the Gibbs electric energy of the ferroelectric capacitor. It was corrected in the revised
versions and numerical results were modified accordingly.

Comment on Paper E

In Paper E the earlier concept of surface layer model was adopted and generalized by considering
the lattice pinning of domain walls. Within this generalized model, the size effect on permittivity
was investigated theoretically. From the experimental point of view, there are many observed data
on the size effect on permittivity available in literature (16, 17, 19, 21, 22, 23]. As an example,
the size effect observed by Basceri at al. [22] is presented in Fig. 15. In this work, permittivity
of fiber-textured barium strontium titanate (Bag7Srg3TiO3) thin films grown by liquid-source
metalorganic chemical vapor deposition is studied as a function of film thickness. The type of
thickness dependence observed in this work is attributed to the presence of a constant-valued
capacitance of the surface layer, represented by the nonzero intercept of the thickness dependence

of inverse capacitance on the vertical axis, in series with the thickness-dependent capacitance of

the bulk of the film (see Fig. 15).
Analysis in Paper E indicate that the intercept of the thickness dependence of the inverse capac-

itance ferroelectric film and the vertical axis (offset) should be temperature dependent. However,
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pendence of the offset in Fig. 15 due to the limited

L " erature de :
it is difficult to observe such a temp: d on a set of thin films made of high-permittivity

accuracy of dielectric measurements performe
material.

Recently, Takahashi et al. [31] has obtained results on pOIY_Vinidilef‘e ﬂuc:ride (PVDF) polymer
films. They performed an analysis of temperature dependencies of dielectric constant of a set of
PVDF films of thicknesses down to 10nm and extracted the temperature dependence of the both
permittivity of the ferroelectric layer and surface layers. In addition, they were able to extract the
thickness of the surface layer, as it is shown in Fig. 17. As a matter of fact, they provided all
necessary data required to check the presented theory. In Fig. 17c there are shown the obtained
temperature dependencies of the ferroelectric and the surface layers permittivity. It is very likely
that actually it was the temperature dependence of the apparent permittivity of the surface layer
£mod Measured in their experiment and our theory accounts for its temperature dependence. It is
due to the fact that the apparent permittivity £,,04 is a function of the fraction of the distribution of
the dielectric response of the ferroelectric material between the extrinsic and intrinsic contributions.
It is known that the extrinsic contributions of considerable values are observed only in a limited
temperature range below the phase transition and it is actually in accord with the experimental
observation of Takahashi et al., as it is indicated in Fig. 17.

It has to be also pointed out that it is not possible to apply the presented model without any
restrictions to complex polymer systems, but published data of hysteresis loops measured in this
material (see e.g. the review of Furukawa [32]; also reports of Cho et al. [33] or Chen et al. [34])
show the existence of 180° domain switching. Thus the presence of structures that effectively

behave as 180° domains cannot be excluded from the list of phenomena that affect the dielectric
response of ferroelectric polymer ultra-thin flms.

As a conc]usiorT remark on Paper E, it is necessary to distinguish two different roles of the
Siflrfac;! la_yf.rs on dielectric response in ferroelectric thin films. First, it is clear that the presence
;acsiltl,;::’:s ;ﬁ;s 1a,]w.f]'?tys deteriorate the ‘mt.rms?ic dielectric response according to the in-series ca-

wa. It means that the dielectric response of mono-domain samples or the samples

1000 =
ggu ;_ ...............
e R

i ;_'-‘-'_'r"‘_.T_"_____..—--ﬁ--—--—-‘-""‘“"' FIGURE 16: Field dependence of the
i e an measured permittivity of the ferroelec-
950&:__’_//7 . tric film.  Parameters of the curves are
940 £ ; the values of degree of screening A\ Here

0 e b T d/a= 0,001,
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i .the. paraelectric phase is always deteriorated due to surface layers.
E indicate that when the domain spacing is greater than the thickness

'hen the dielectric of the surface layers and
wher - dielectric response of the ferroelectric layer is dominated by the extrinsic contribution,
the deteriorating effe

Y e th O_f SUF'face ]"_*Y""'S is greatly suppressed and the effective dielectric constant
ol the lerroelectnic thin film is dominated by the dielectric response of the ferroelectric layer.

Second, results of Paper

Comment on Paper F

Main result of Paper F is the analysis of the effect of the free charge transport from electrodes
across the surface layer on the dielectric response of the ferroelectric polydomain films. The free
charges compensate (screen) the bound charges due to spontaneous polarization and it is shown
that this polarization screening has a strong pinning impact on the domain walls. As a result it
suppresses the extrinsic contribution to the linear dielectric response of the ferroelectric capacitor.
Since this suppressive effect can be caused by other phenomena than the charge transport across
the surface layer, additional analysis of the dielectric response is required to make decision whether
it can be attributed to the spontaneous polarization screening or not. It appears that a hint for the
answer can be given by analyzing the dielectric nonlinearity of the ferroelectric polydomain thin
film. Figure 16 shows the applied field dependence of the effective permittivity of the ferroelectric
capacitor with domain pattern, which indicates an increase of the nonlinearity in the dependence
of dielectric constant with increasing the degree of screening \.

As a conclusion, it can be suggested that using a comprehensive analysis of the dielectric
response of ferroelectric polydomain thin films it is possible to study the processes of charge
transport in the electrode-adjacent regions. This can provide an additional information on the
phenomenon of imprint in ferroelectric thin films for non-volatile ferroelectric memory devices.

Conclusions

Since the ferroelectricity has been discovered it has been obvious to many scientists and engineers
that the two stable polarization states +P and —P could be used to encode the 1 and 0 of the
Boolean algebra that forms the basis of memory and logic circuitry in all modern computers.
Since the spontaneous polarization reversal in the ferroelectric material is used in FRAM, it offers
fast and low energy consuming memory devices. This make FRAM more attractive from the
application point of view than FLASH or EPROM memory devices. Nevertheless even today, the
reliability of FRAM represents one of the major concerns of all leading producers of ferroelectric
non-volatile memories. The origin of the reliability problems is the fact that the processing of
ferroelectric materials is not absolutely compatible with the “classical” semiconductor processing
technology based on silicon. The interaction of the ferroelectric material with the substrate leads
to the deterioration of the quality of ferroelectric thin films and it represents a possible source of

device failures.

Since the spontaneous polarization reversal plays the principal role in FRAM, switching mea-
surement techniques are used for the characterization of ferroelectric thin films. It is also known
that the spontaneous polarization reversal is controlled by the nucleation of domains, which is
affected by the quality of the ferroelectric material itself, and the presence of‘cr_\_r'st.al lattice defects
plays an essential role in these processes. Since the domain walls are sensitive to the presence of
2 re appears a new possibility to use a comprehensive analysis of the

defects in the crystal lattice, the _
ectric polydomain films for studying the processes that

small signal dielectric response of ferroel : films f
affects the quality of the ferroelectric materials. Therefore, it is evident that the presented results
5 used for obtaining a lot of additional information

provide a simple and useful tool, which can be : :
lectric thin films, in particular.

on the quality of ferroelectric materials and ferroe
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FIGURE 17: Size effect on permittivity
in PVDF polymer films analyzed by
Takahashi et al. [31]. The thickness
dependence of the permittivity at 1 kHz
at various temperature. The inverse of
effective permittivity is plotted against
the inverse of thickness a). The slope of
the line in Inset a) is plotted against its
intercept on the vertical axis. The two
solid lines are the least squares straight line
fits in the two linear regions. The common
slope of these lines gives the surface layer
thickness d = 3.8 nm b). The temperature
dependence of dielectric permittivity of the
ferroelectric layer £, (upper) and of the
surface £4 (lower) e).

There were added which indi-
cate the possible temperature dependencies
of the intrinsic contributions to permit-
tivity (dashed lines) and the temperature

range where the extrinsic contributions are
pronounced.
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Part Tl

Piezoelectric materials in noise
and vibration suppression devices



Introduction

Thanks to a fast industrial development, our lives have become much more comfortable in many

ways. As a side effect of the dynamic urbanization process, space that we live in and its surround-
ings are becoming increasingly noisy. A human desire for a life in a quiet environment results in
a demand for sophisticated devices reducing noise and vibrations. Construction of such devices

has become a big contemporary challenge for scientists, researchers and technicians in the field of
acoustics.

Principle function of recent systems for noise suppression is based on a superposition of sound
waves — the sound coming from noise sources should be completely cancelled or at least suppressed
by a sound generated from the noise suppression system. Realization of this technique has been
recently well-established in the field of acoustics and the devices are called active noise control
systems (ANC). The contemporary “classical” ANC system is composed of an ensemble of mi-
crophones and speakers connected to a control circuitry, which should make the sound detected
by microphones cancelled by the sound generated from speakers. As a result, realization of these
systems requires complicated electronics, which makes them of very disadvantageous use and pre-
vents their mass production. For that reason a search for other types of noise and vibration control
systems (NVC), which could be an alternative to ANC systems, became a very important issue.

Since electroacoustic transduction plays an essential part in the technological realization of
every NVC system, piezoelectric materials can be used with a great benefit.

Piezoelectric materials in noise and vibration control systems

Contemporary noise and vibration suppression devices consists of two functional elements: elec-
troacoustic transduction and electric control circuitry. There exist several types of electroacoustic
transducers, but the simplest appears to be the piezoelectric one. It does not need a permanent
magnet as it is required in the dynamic type or a bias source as it is required in the electrostatic
type. Small weight and easy fabrication of piezoelectric electroacoustic transducers are their best
advantages. For this reason, they have been also used as parts of systems for noise and vibration
control. During last two decades two different ways in a utilization of piezoelectric transducers in

these systems have been developed.

In the early applications of piezoelectric materials in NVC systems, pifzzoelcctric elements have
been employed (only) as electroacoustic transducers. Schema illust.raF.mg smfh arrang‘mmmt is
shown in Fig. 18. Vibration of a mechanical system is converted using a piezoelectric sensor
to electric output signal, which is introduced into a feed-forward controlle.r and fe(} through a
passive electric circuit on the electrodes of a piezoelectric flﬂi.tlﬂfor- A(fmrdmg to this approach,
Ray, Oh and Bar [35] realized the damping of thin cylindrlcl.fl.l shells using a system (tonlpt?sed .Of
: soelectric actuator and a simple derivative feedback controller. Lin, Liu
active control of acoustic pressure in a cylindrical cavity with a
flexible cylindrical panel using a pair of a piezoelectric actuator and a sensor connected to a linear

. i o : : ssented the active control of the
quadratic optimal controller. Finally, Hf‘-”r_} and Cl‘f‘rk ’,‘37] PIARRRiaL e
| panel into a cylindrical enclosure. Nevertheless, realization

ffectively reduce structural vibration and structural-borne

an accelerometer, a pie
and Wang [36] simulated the

sound transmission through a curvec
of these systems, however they can very €
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FIGURE 19: Schema of a noise or vibration con-
trol system composed of a single piezoelectric
element and a feedback circuit.

FIGURE 18: Schema of a noise or vibration con-
trol system composed of a pair of piezoelectric
sensor and actuator connected to complemern-

tary control electronics.

ntrol techniques and advanced electronics. Similar studies by Tsai
indicated that piezoelectric elements can be used for
but with less control efforts than it is needed in
achieved, when the piezoelectric

noise, requires complicated co
and Wang [38] or Morgan and Wang [39]
making comparably efficient vibration absorbers,
the purely “classical” ANC systems. This enhancement can be
nature of electroacoustic transducers is used properly.

Therefore, an alternative approach has emerged focusing on a utilization of just one piezo-
electric element, surprisingly. In this much simpler configuration, which is shown in Fig. 19,
the piezoelectric element works as a sensor and an actuator at the same time. It means that
the both direct and inverse piezoelectric effects are utilized simultaneously. This is implemented
by connecting the piezoelectric element to an external feedback circuit. Feedback action is then
realized by changing the voltage on the piezoelectric element according to the change of charge,
which is generated on the electrodes. It will be shown later that the simultaneous action of the
both piezoelectric effects make it possible to control the effective dynamic elastic properties of the
piezoelectric element offering a new approach for vibration damping using piezoelectric materials.

This method was first presented by Forward and Swigert [40, 41] and Edwards and Miyakawa
42] for applications on resonant structures. Later Hagood and von Flotow [43] investigated general
possibilities of dissipating the mechanical energy with piezoelectric materials with passive electrical
cu-cuxys.. In the '.ffork of Davis and Lesieutre [44], a vibration absorber was actively tuned using the
ca.pamtwe shuntmg of piezoelectric element stiffness. Using this technique, the effective dynamic
it;fglcss}(l)f L}lezoclcctrlc ceramics can be increased by an approximately 50% of the ordinary value.

though this amount was e i
to be iripossible tcclj :ch‘;;ajpenough} fcc)[r ol Lh.angc of the resonant frequency modes, it seemed
il it rangr; Fi;; ei];mli}l a:_]n.pmg efficiency for a complete suppression of vibrations at
3 IC) ' ally, adi: : z . 2 :
2l _ |- y \hmadian and Jeric (45] have applied this technique for the first
] a noise control system. They used lead zirconate titanate (PZT) piezoelectric ¢ s
to increase transmission loss of a plate wi : : b el bl
S 0ss of a plate with constrained-laver d: i i
s i i yer damping materials and reported an
rease he transmission loss of the sound fransmitted t} th th : i
frequency 162 Hz and 7dB in the broad by smitted through the plate by 6dB at the single
. road band frequency range of 10 — 10000 Hz.

Piezoelectric curved membrane as

a sou 5 o 5
ment nd suppression ele

In t.hﬂ. review presented in previous section piezoelectric Py
and vi bration suppression devices, Advant.a;gr- 0‘f I}f'””" [ ’FT
Ft:lu_phng factor, which makes the feedback c-‘i;n! I“R .f““l‘:'”
['his makes it possible to SUppress vibmt.imﬁ n.[m I"hmg -
crease generation of structure-born nojse. Onllhe o

ceramics has been used in the noise
al 1_3 a large value of electromechanical
s '. plezoelectric effects easily realizable.
atively rigid mechanical structures and to de-

other ha e :
and, difference in values of specific acoustic
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FIGURE 20: Early applications of PVDF polymer in electroacoustic devices:
cross-sectional view of a headphone a), a microphone b) and a tweeter c) of
Tamura et al. (From Ref. [51]); and cross-sectional view of piezoelectric poly-
mer microphone with a ring supported membrane d) of Lerch and Sessler (From
Ref. [53]).

impedances of air and PZT ceramics makes it very difficult to achieve a good overall performance
of a noise control system based on a utilization of PZT ceramics. Only an application of light
enough and highly piezoelectric material is reasonable in order to achieve the acceptable efficiency

of noise control systems.

In the 1950’s Fukada et al. investigated piezoelectricity of highly oriented and highly crys-
substances, such as collagen, bone, and silk. In the 1960’s piezoelectricity of
polypeptides, was found by Fukada et al. [46]. In 1968 the synthetic
“methyl L-glutamate) filns were used as transducing elements
however these transducers have not been com-

talline biological
synthetic high polymers, the
piezoelectric high polymer, poly(y
in experimental microphones and headphones [47],

mercialized, because the piezoelectric coefficients of those films were not large.

In 1969 piezoelectricity of polyvinidilene fluoride (PVDF) was found by Kawai [48]. This
akthrough in applications of synthetic piezoelectric polymers, since
>VDF is almost ten times larger than that of quartz. Two years
and second harmonic generation in PVDF.

discovery really made a bre
the piezoelectric coefficient of 1
later, Bergman et al. H.‘i] observed pyroelectricity . ‘
Finally, PVDF was the first polymer for which ferroelectricity was demonstrated by Furukawa et
al. [50]. Since that time, electroacoustic transduce
siezoelectric high polymer films have been col
headphone and tweeter was made by Tamura et al.
53] have developed curved single sheet

rs that use cylindrically or spherically curved

it Bloe bele oY istructed. The first application
111 nilms made O

of ferroelectric PVDF film as a microphone,

[61] (see Figs. 20a, b and c). Lerch and Sessler 52,

89



igi od i ‘urved configurati
qm is rigidly supported in a curve ; .
ymer Tr]r[;;%f %idges on a convex surface (see Fig. 20d),
by ana tm,;sfarmation of the radial movement of the film,

o site sides of the film, into th
ich i d by the difference of acoustic pressures at th,e tc:gs?:lit;port-ant to make the direci
B d contraction of the film. A curvature It t or the applied externa)
L elongat-lf;ntﬁﬂ soﬁnd field changes with the electric output o pp m
of the
phase correspondence

electric field.

ch the piezoelectric pol

by a centrally positioned meta} sty.]usb rored i
Principle function of these devices 18 Das

structures, in whi

tion has [ Feedback

Fundamentally new applica circuit

been invented by Date [54], who ap-

plied the same principle of the electroa-

coustic transducers described alJUYC‘ in | &
a system for noise suppression, whlch 18 pr('J o | P, o
shown in Fig. 21. The system consists o A ‘ é Py
of a curved piezoelectric membrane, _) .

which is fixed in a rigid frame and ‘ >
separates noise sources from an area 9 9

where the noise penetration through
the membrane is unwanted. The method I

of active control of dynamic elastic i ¢
properties of piezoelectric polymer film W) | wi2)
by connecting the external electric cir-

cuit is used for shielding the incident

noise. Principal action of the system  RIGURE 21: Principle of the sound shielding using a
can be described as follows. When the  piesgelectric curved membrane.

incident noise (of sound pressure p;)

hits the membrane, part of the sound wave (p,) is reflected making the membrane vibrate. Mem-
brane vibrations work as a noise source in the space at the opposite side of the membrane, where
the transmitted sound wave (p;) is unwanted. Now it is considered that the membrane vibration
is controlled by the effective elastic properties of the membrane, mainly in the low frequency
range. When the effective value of the Young’s modulus of the membrane becomes very large
or almost infinite, the membrane vibrations are completely suppressed as well as the transmitted
sound wave (p; = 0). Realization of this idea and a design of such sound shielding systems were
made by Okubo et al. [55] and Kodama et al. [56]. Although this preliminary device showed very
large peak values of the transmission loss, these promising results were obtained only in a very

narrow frequency range. The detailed theoretical analysis of the described mechanism and further
experimental investigation were needed to improve this te

-

chuology for practical applications.

The detail knowledge of vibration modes is essenti
Up to date several theoretical works on curved pie
Tamura et al. [51] and Edelman [57] dealt with
analyzed the resonance modes assuming uniform
clamps. In the case of PVDF ultrasound transdy
work of Lerch [52], analyzed numerica
the work of Toda and Tosima 61].

al for the design of final practical applications.
zoelectric structures are available in literature.
the static analysis. Fiorillo (58] and Naono [59]
vibration displacement and neglecting effects of
; cers, the effects of clamps were mentioned in the
lly in the work of Wang and Toda [60] and theoretically in

Principle of the active elasticity contro]

Since the beginnings of a research in the field of pie

values of elastic compliances of electrically ¢ 1}2-1“,:-!!“ ric materials, the difference between
3 : AG y clamped (g . -
constant temperature is well-known (62): : (8,,) and electrically free sample (sfl_} at
D

Ty T
Syp = -“".w = ;'31}-({”_‘(13',‘

; 1 ’r' B . .
where J‘J 18 the impermittivity e

j nsor at
coefficient tensors, (

er a constant than)
ey - ant mechanic

\tian can b al stress and - P d;, are piezoelectne

explained considering the

simultaneous action of
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the both direct and converse piezoelectric effects, which affect elastic properties of the piezoelectric
sample. When a mechanical stress is applied to the sample, uncompen :

surface of the sample due to the direct piezoelectric effect. These char
field, which causes a slight change in the mechanical
piezoelectric effect.

sated charges appear on the
ges produce a depolarization
strain of the sample due to the converse

Elasticity control is based on the same
principle. Charge Q, which appears on the Kafge.a voltage: :.Q,I'(C_'

electrodes during elongations and contrac-
tions of the piezoelectric sample, is introduced

into an external capacitor, as it is shown in o
Fig. 22. The Charg.e Q on the electrodes piezoelectric external
of the external capacitor causes the voltage polymer film capacitance
change V = —Q/C between the electrodes Capanior

and the voltage V is fed back to the elec- A

trodes of the piezoelectric sample. The total

strain of the sample is a sum of the stress in- F1CGURE 22: Principle of the active elasticity
duced strain (according to Hooke’s law) and control, which is realized by connecting the ex-
the electric field induced strain (direct piezo- ternal capacitaqce C to the piezoelectric polymer
electric effect). Finally, the effective value of 1m capacitor Cs.

the Young’s modulus Y is a function of the

ratio of the external capacitance C over the piezoelectric film capacitance C,

k2
Vi, L X
”( +1—k2+C/CS)’

where k is the electromechanical coupling factor of the piezoelectric sample (0 < k < 1) and Yj is the
ordinary value of Young's modulus of the piezoelectric sample. As it has been already mentioned
in the previous section, if the ordinary capacitor (C' > 0) is used as the external capacitor, the
effective dynamic stiffness of piezoelectric ceramics can be increased by an approximately 50%
of the ordinary value. Unfortunately, this is achievable only in the case of strongly piezoelectric
materials, such as PZT ceramics. That is why, this technique is often called “PZT shunting”. For
less piezoelectric materials or for the control of the effective elastic properties to a large extent
(theoretically from minus infinity to plus infinity), a more sophisticated method must be used.

In order to achieve a complete control of elastic properties of piezoelectric material, Date [54]
has introduced the negative capacitor as active feedback circuil. From the above equation it is seen
that depending on the value of C/C; it is possible to identify three regimes of the active elasticity
control:

I
o : —
B e Al P Ly "
CS : Co Ro Cs 0

FIGURE 23: Negative Capacitance Circuit for decreasing (S-circuit) a), and
L LW W A v 3¢ = . 1
increasing (H-circuit) b) of the effective value of the dynamic Young’s modulus.
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Y <0 for
y>Y, for -1+k< C[Cs <

i than —1, the effective value of
_ . . 1 thn C/Cs 15 less 3 -

E i ctical importance: first, ' -omes effectively softer;
i o i o ller than ordinary value Yy and the material bec : ALy Y)i/ . ft
o nziodu}l]us );“/li‘sTsagréater than —1+ k2, the effective value of Young's modulus ¥ 1s larger
and second, when C/C : . hander.
than ordinary value Yy and the material becomes effectively har
k control, two types of circuits with an operational amplifier

. in Fig. 23. For effective softening the material,
h'ave_been Cor{strltﬂlf::-ec;éIb?:l’iuifdthg: 13:33 jthli: ll:;nd,gfor effective hardening the ‘ulat.eria.l, circ'ui{,
c;lrcu: ?1}110;11 11‘2‘31&'15 e(:nployed' The stability conditions imposed upon the lellrcultshlnvolvlng

ow o . ; iy § |
sc))peraticuflal fmpliﬁers prevent using only one circuit in the .bothb regl?l::}s]. Itjp\:;ekliirsicc:l::ni}:::
using this simple electronics, a very efficient control of the vibration of the piezoeiectric ele

can be produced.

To realize such an active feedbac

Introduction to the collection of publications

In 2001 three prototypes of the noise and vibration suppression systems have ‘bfeen already suc-
cessfully realized utilizing piezoelectric materials and the method of active elasticity control: ﬁr_st,
it was a system for the enhancement of noise absorption, second, a system for the suppression
of noise transmission, and third, a system for enhancement of vibration insulation. In that time,
quite advanced experience in the realization of negative capacitance circuits was already available
due to analysis of Date [54]. With use of this circuitry, the above mentioned preliminary devices
[55, 56] showed very large peak values of noise and vibration suppression properties. Unfortunately,
these promising results were obtained only in a very narrow frequency range and the detailed the-
oretical analysis of the described mechanism and further experimental investigation were needed
to improve this technology for practical applications.

A key disincentive to further development of these devices was a lack of knowledge on how
the given effective values of elastic properties actually affects the measured acoustic properties of
the noise suppression system. It was also not known what are the requirements on the quality of
the control circuitry to obtain the desired values of acoustic properties of the system in a wide
frequency range. These unanswered questions were approached theoretically in Papers H and I
and demonstrated experimentally in Papers H, T and J. :

In Paper H there is given a detailed
analysis of the acoustic transmission
loss through a cylindrically curved elas-
tic membrane, whose schematic view R
is shown in Fig. 24. In this analysis /
1t is assumed that the spatial displace- P; === >
ment is uniform over the membrane
surface. The main objective of Paper
H is to analyze the effect of film thick-
ness h, membrane radius of curvature
R, Young’s modulus Y, and mass den-
sity o of the membrane on the acoustic
transmission loss TL = 20 log Ipi/pi
for a sound of given frequency w. When
the frequency dependence is known,
qualitative predictions for the effects FIGURE 24.
of Young’s modulus and radins of cur- Speryse iy
vature on the frequency profile of the

Bt

P, YO

100
for a contro] of tr
electric poly

metrical arrangement of the system

ansmission loss using the curved piezo-
mer membrane.
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acoustic transmission loss are obtained.
Then several types of negative ¢
the active frequency control affe
order to check the validity of thi

apacitances circuits are considered and it is demonstrated how
cts t}(]le] frequency profile of the acoustic transmission loss. In
S model, experiments were carried out and meas :
y A 2 . : : easured data were
g?’li(ei :ln thg :]0([91' (Jomfpanson of theoretical predictions and experimental results is analyzed.
ince a good agreement of theory and experiments were obtained, a brief analysis of the feedback
circuitry requirements, which

have the most im : i i
; B portant effect on the quality of the s
the acoustic transmission loss, is given. I e e

In the case of sound shielding system

» 1t is not so difficult to estimate conditions for elastic
properties, which lead to the m e L

: aximum values of transmission loss. It is clear that an increase of
the effective value of Young’s modulus results in a hardening of the piezoelectric membrane and
a grcaF suppression of the membrane vibrations. This causes a decrease in the amplitude of the
acoustic pressure of the transmitted sound wave and an increase in the acoustic transmission loss.
Nevertheless, this straightforward logic is not applicable in all systems of practical importance. A
system for enhancement of the acoustic absorption coefficient is an example.

In Paper 1 a more detailed analy-
sis of the relationship between elastic
properties of the cylindrically curved
membrane and the effective “acoustic
response” of a system for an enhance-
ment of sound absorption is given.
The main objective of this work is
to demonstrate a general method for
designing the noise and vibration sup-
pression systems using piezoelectric
materials and the technique of active
elasticity control. The considered sys-
tem, which is shown in Fig. 25, con-
sists of a curved cylindrical membrane  FIGURE 25: Geometrical arrangement of the system for
of thickness h, mass density g, radius  ap enhancement of sound absorption using the curved
of curvature R, and Young’s modulus piezoelectric polymer membrane.

Yy. This membrane separates noise

sources from a rigid backing wall, which is in distance H from the membrane. The problem
analyzed in Paper I is to maximize the acoustic absorption coefficient ag = 1 — |p,/p;|* of such a
system using the active elasticity control technique. It would appear that the maximum softening
of the curved membrane might lead to the desired increase of the acoustic absorption coefficient.
When the Young’s modulus of the membrane is very small, the membrane becomes transparent for
the incident sound wave, so that the reflected sound wave might be also decreased. Unfortunately,
it is not the case, since it is considered that the transmitted sound wave is perfectly reflected from
the rigid backing wall and strikes the membrane from the opposite side. It is clear that if the
memb-rane is transparent for the incident sound wave p;, it is also transparent for the sound wave
reflected from the rigid backing wall p,. So the maximum softening of the membrane does not
solve the problem. Therefore, some intermediate value of ¥ has to be realized using the feedback
circuit to reach an increase in the acoustic absorption coefficient. Moreover, the role of membrane
imaginary part of the Young's modulus, is analyzed and its realization using the

viscosity, i.e.
active elasticity control technique is discussed.

Paper J represent an overview of experimental results. Various types of negative capacitances
circuits are presented and several examples of the both narrow and wide frequency range sound
shielding devices are demonstrated.
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NOiSl? .Shielding system utilizing thin piezoelectric membrane and
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NOISE SHI;‘J/ILDING SYSTEM UTILIZING THIN PIEZOELECTRIC
EMBRANE AND ELASTICITY CONTROL

P. MOKRY!" g, FUKADA, and K. YAMAMOTO

Kobayasi Institute of Physical Research, Kokubunji, Tokyo 185-0022 Japan
Abstract

The description and theoretical analysis of a noise shielding system are pre-
sented. In this system, the noise and/or sound are transmitted through the
piezoelectric curved membrane, which is connected to an external feedback cir-
cuit. Using the principle of elasticity control, i.e. utilization of both direct and
inverse piezoelectric effects simultaneously, the movement of the membrane as
well as the sound pressure of the transmitted wave can be controlled to a large
extent. Transmission loss of an audible sound through the membrane in such
system 1s expressed as a function of a sound frequency, geometrical proper-
ties of the membrane and parameters of the feedback circuit. It is used for
the comparison of theoretical predictions and experimental data. Using this
technique, the increase of the transmission loss of about 60dB in a narrow fre-
quency range or about 7dB in the broad frequency range has been achieved.
The performance of this system is discussed.

PACS: 43.50.-x, 77.65.-j, 43.50.Ki

Keywords: Piezoelectric polymers, elasticity control, negative capacitance cir-
cuit, transmission loss

H.1. INTRODUCTION

The main objective of this paper is to propound a description and an overall theoretical analy-
sis of the noise shielding system (NS). Recently active noise control systems (ANC) have been
well-established in the field of acoustics. The contemporary ANC systems are composed of an
ensemble of microphones and speakers with complementary electronics in order to cancel or at
least suppress the sound field of an incident noise in some area by the sound gem.aratec.l frorn the
speakers. In the presented system, materials piezoelectric properties are utilized with minimal cir-
cuitry requirements. This system should offer an advantageous alternative to ANC systems where

complicated electronics are required.

The system consists of the curved piezoelectric membrane, which is fixed in a r?gid enough
S '[‘f]is membrane separates noise sources from an area where the noise penetratl.on .t.hroggh
this membrane is unwanted. The incident noise makes the membrane vibrate and th1§ vibration
is the effective noise source for the separated area. Using a technique called elasticity control,
the vibration of the piezoelectric membrane can be totally canceled and, consequently, the sound

cannot be transmitted through the membrane.

This system belongs to the group of devices that use c_y]?nldrica]ly or Spl.le::ilcal.ly'(lewdt[ﬁlfns
made of polyvinidilene fluoride (PVDF) or copolymer of vnmll.lenc ﬂuurldef an 't-tt;l'd. ;;(:repgDeE
(I){VDP‘/'[‘rir}5] ). These very popular structures h‘r‘!.Vt.l. Peen used in acou’i‘tiws 'orllrn:n.i ,y?ic,‘tt'ion o
material is very attractive for its small weight, ﬂt‘.x'lblllt}’ and low;os’;. : '19 c::i" 1:;1*1 : frol‘l[l)n ;mb ";adc
microphone, in which the piezoelectric film is t.cnsm[wd OV(E[I'IE\ ’%Iljd of [()io }Lllrt (I-lﬂ. ¢ (;i q,in oy
by Pioneer Electronic Corporation (H1] Lerch and Sessler ™% l1ave. eve iope cml":ah )ii,ﬁoned,
structures, in which the film is rigidly supported in a curved configuration by a centrally positione

artment of Electrical Engineering and Electromechanical Sys-

6. mail; pavel.mokry@vslib.cz, On leave from I)l(-lp
tems, Technical University of Liberec, Czech Republic
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H NOISE SHIELDING SYSTEM UTIL

surface. The principle of the function of these

vex . ich s/ Foroad a0
: f the film, which is forced by the

i dial movement O . . !
S - sformation of the ra: - circumferential el A
dgwces mhere;l; in zﬁttiza;ressures at opposite sides of the ﬁlln]:nttT];h;ith w—
dlﬁerence‘oi‘t : (E::‘:the film. The curvature is importal?t to }llna 2) e
andhcommcd]g Id changes with the electric output (micropnones
of the sound field ¢ '8 he

field (speakers).

i 1
metal stylus or by an array of ridges on a cot

(H4] gpened fundamentally new applications

osal and the design of the noise control
[H5]

The discovery of the elasticity control by Date

based on this principle. The realization of Detltg’inplt"gli)s B e was mnde by OEdbe €
is is presente )
measurement system, whose analysis is pr

a1 he transmission loss, these
: e i large peak values of t .
reliminary device showed very T tailed t 1
Altht{ll_gh I;'l;i;sullt)s were ogained only in a very narrow frequency oy ghiseis. alcl;::i :h?;:eucal
Z:;I;lrlssi;nff the described mechanism and further experimental investigation were nee 0 improve

this technology for practical applications.

The theoretical investigation presented in this paper is I?ased on the rglculam;nrc:r:ll;;i:::s-
mission loss of the sound transmitted through the viscoelastic curved 'I?l‘t.em II'a{]fE?. " o * : ;
disconnected from a feedback circuit, the calculation (?f the transmission obbb Ld.l.l et}slepara ed
into two parts. The first one is related with the dynamics of the membrane vi }-at.lo}r:, e s(:)con
one is the interaction of the membrane movement and the sounq ﬁelc! surrour.ldmg t be men.'l lra_ne
neighbourhood. In the case of the noise control, the membrane vibrations are influenced to a large

extent by the action of a feedback circuit.

The vibration problems of curved membranes and shells were addressed by several researchers.
The early models assumed uniform displacement and the effects of clamps were lleglccteq, 'I“he
further developed models by Lerch 12! and Toda (M7 took the existence of clamps and excitation
of the flexural vibration modes into account. Since the forces to flex the very thin polymer film
are much smaller than the forces to elongate one, our detailed numerical caleulation showed that
there is almost no difference between values of the transmission loss expressed using models from
the former or the latter group. But this is beyond the scope of this paper.

H.2. DESCRIPTION OF THE NOISE CONTROL MEASUREMENT SYSTEM

A measurement system was constructed M5 ip order to rigorously evaluate the transmission
loss of the NS system. Its arrangement is characterized in this section.

H.2.1. Experimental measurement system

There is a schema of the mea- Glasswool Noise Shielding
surement system in Fig. H.1. Using System

this equipment, the normal inci- E 5

dence transmviSSion loss was mea- *_S-n- 4—-&>— ;
sured. The NS system is installed )

in the middle of an acoustic tube of Acoustic St SN et
a rectangular cross-section 40 mm x sl e e
40mm. Transfer functions among

i . Power .
four microphone locations were mea- Amp Function

Glasswool

ENCREN

G
sured to extract the acoustic en- enerator PC
ergies of the incident sound (de- - AD
scribed by acoustic pressure Pi), a2 Converter

reflected sound (p,) and the trans. FIGURE H.1. Measi

mitted sound (p,) (18], sion | rement of normal incidence transmis-

088 using transfer function technique.
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The detail structure of the NS

system is shown in Fig. H.2. The Acrylic tube (40x40 mm) Urethane foam (2.0 mm)
cylindrically curved piezoelectric i
film made of PVDF or P(VDF /TrFE) LLLLTFT T i T
polymer is rigidly clamped between PVDF film :

. Steel h
two thick copper electrodes. The SR il U s
film of thickness 50 um is provided Incident sound (p) --» Transmitted
by electrodes, which are fabricated Reflected sound (p,) < -~ sound (p,)
by evaporation. The urethane foam AT
is inserted between the film and the e —
steel wire mesh fixed in the inner  Copperring electrodes Feedback circuit (—

surface of the tube so that the fine
film keeps a constant curvature. FIGURE H.2: Cross-section of the sound shielding struc-
The feedback circuit, which realizes  ture with curved piezoelectric film.

the elasticity control, is connected

to the copper electrodes.

H.2.2. Theoretical model

The detailed geometry and the

orientation of the piezoelectric film dm
inside the system is shown in Fig.
H.3. Symbol h stands for the thick-
ness of the film, R for the radius of
curvature of the cylindrical surface,
L for the membrane length and p
for the mass density of the film.
Considering the stronger piezoelec- /R
tric response, the drawn PVDF or
P(VDF/TrFE) film is used in the
system. The direction of the draw-
ing of the film and, consequently,
the direction of the polymer chains is oriented along the circumference of the cylindrical surface.
The l-axis of the attached coordinate system are oriented to the direction of film drawing, the
2-axis is parallel with the symmetry axis of the cylindrical surface and, finally, the 3-axis is per-
pendicular to the tangential plane of the cylindrical surface. Since the system is of cylindrical
symmetry, the direction of the coordinate axes differs on the membrane surface.

o

FIGURE H.3: Geometry and the orientation of the piezo-
electric film inside the system.

H.2.3. Principles of the elasticity control

Since the beginnings of the study of piezoelectric materials, the difference between the value

A : E
of the elastic compliance of the electrically clamped (sf‘,) and the electrically free sample (s;;,) at

: [H9].
the constant temperature is well-known ! I:
ok B
Suy = Spy — ‘jud*.ud}"‘

where AT is the impermittivity tensor at a constant mechanical stress and d;,, d;, are piezoelec-
' : : . ¢ : : | 1 3 41 s
tric (‘m»i‘llllir{-ivnt tensors. The prior equation can be explained by the simultaneous action of both
direct and converse piezoelectric effects. When a mechanical stress is applied to the sample, the
: face of the sample. These charges produce a depolariza-

- - - " : s . ) ‘l]r
uncompensated charges appear on the s : 2
I = : anical strain of the sample due to the converse .

tion field. which causes a slight change in the mech

piezoelectric effect.
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The schema of the uniaxia'lly
tensioned piezoelectric film, which
is connected to an external capac-
itance C, is shown in Fig. H.4.
Assume that the stress is applied
in the direction of the 1 axis and
the electrodes are perpendicular to
the 3 axis. Furthermore, consider
that there is only uniaxial stress T
in the direction of the l-axis inside
the sample and that Fj3 is the only
nonzero component of the electric

field applied to the sample. Then, the con

sETh + dai Es,
du Ty + €33 Es,

51
Dy

where Dj is the component of the electric disp
measuring the relative elongation of the sampl

G SYSTEM UTILIZIN

! #‘tlo_f =-dQE

TedTy
3

L1

mm

dQ,=- Adg;de"' c dv

[fl=nl

C,
___..._/—— i
—

V+dV
dQ,= C dV

—_—

T+dT
S;= 51‘(T1+dT1J = d31(V+dv)/h

FIGURE H.4: Principle of the elasticity control.

stitutive

for the components of the permittivity tensor.

When the stress in the sample
of an area A is changed by dTi, the
bound charge appears on the sam-
ple surface due to the direct piezo-
electric effect. This bound charge
is compensated by a free charge
dQ, = —AdDj of the sample elec-
trode that is transferred from the
external capacitor. Since the sys-
tem of these two capacitors is elec-
trically isolated, the charge change
on the external capacitor electrode
d@Q» is equal to the minus charge
change on the sample electrode

sz =

]
]
I
: e
1 V: +
L n Cofw)
]
T
B 99 [ AANA
' |
1
i Co Ry
1

c

G THIN PIEZOELECTRIC MEMBRANE

equations lead to simplified relationships:

(H.1a)
(H.1b)

lacement in the radial direction and Sy is the strain
e in the direction of the 1-axis . Symbol X, stands

FIGURE H.5: Example of a negative capacitance circuit.

—dQ;. The charge current causes the voltage change dV = dQ;/C, which is fed back

to the sample. 'ghe resulting change of the sample strain is given by the sum of the stress induced
strain change sy} d7} and the electric field induced strain change —d3, dV/h. The straightforward

calculations 4] lead to the formula for the effective value of the

24 g )
S1ni= 51}

"
l+a/’

P A g TN
where k3, = d3, /(sE L)) is the elec
external capacitance over the sam

between values of s1, and s¥ for positive

a large extent when the negative ¢

The example of a circuit that has
v+

in*

this circuit, the input voltages
Vour = G(V+

V-

to Vour and we can write Vo =V
mn

circuit capacitor (',

Ry Q)
Rl it R2 dvout == _in

it causes the change of

a negative effective
o 5 Vi, and the o
AR ), where G is the amplification
when the Vi is not saturated. the difference
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utput voltage

between g
— 3 1 !
= Vin with a high accur:
When some charge dQ is injected with the electric current
: nt de
the output voltage

cted to the sample.

ACY.

according to

dynamic elastic compliance:

(H.2)

tromechanical coupling factor and a — C'/Cy is the ratio of the
ple capacitance. However there is not :
values of a. Thus, the
apacitance (C' < 0) is conne

any significant difference
value of s}, can be controlled to

capacitance is shown in Fig. [.5. In
Vour are given by relationship
factor (G » 10%). Under normal conditions,
and V" is extremely small compared

nsity I from the sample to the

(H.3)
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The change of the output voltage
the feedback through the potentio

R,
—_— qu N
Ry + Ry ik (H4}

is linearly related with the chan

. ge of the input voltage due to .
meter resistances R, and Ry : g

dVip =

Using Egs. (H.3) and (H.4), the effective c

R _ R
d“/in ? R} 3 (H.5)

apacitance of the circuit is then equal to (see [H4])

: lhf? key mforma.t-lon in the sound transmission analysis is the knowledge of the membrane
vlbr}.itlon FEERane 1b the sound pressure difference at the opposite sides of the membrane. The
detailed function of the whole noise shielding system includine

(=]

LTl the negative capacitance circuit wi
be studied in the next section. g pacitance circuit will

H.3. SOLUTION OF THE MEMBRANE MOVEMENT

If we assume that the deflection
of the film is much smaller than the
wavelength of the incident sound,
the membrane is under an uniform
action of the acoustic pressure dif-
ference dp. Let us denote the dis-
placement of the membrane in the
radial direction by w and assume
that it is uniform over the whole
membrane surface. Now consider
a small element of the cylindrical
membrane, which is shaded in Fig.
H.3. Forces acting on this thin FIGURE H.6: Forces acting on the moving membrane ele-
stripe of the film are shown in Fig. ment.

H.6. When the membrane element

shifts from its original position indicated by the dashed line, the circumferential stress T} appears
due to the membrane expansion. Due to this stress and the membrane curvature, force dF'3 acts
in the radial direction on the membrane element of the mass dm. The equation of motion of the
element in the radial direction is

dm ﬂ =dpLRdf — dFj, (H.6)
dt? ;

where dm = ohLRdf. Using the parameters in Fig. H.6, the radial force can be expressed as
dFy = N, df, where the circumferential force N is obtained by integrating the usual stress T} over
the membrane cross-section area. Since this stress is assumed to be homogeneous inside the film,
we can easily write Ny = hL T;. Then the equation of motion can be rewritten in form:

F' ; :
gh.nfﬁ—;' = dp R~ by (H.7)
at

nates, the circumferential strain

; glok S o e s
.C slasticity equations expressed in cylindrical coor : . :
S o o] fect, the strain S; is a function

Sy is equal to w/R (see (H10), Due to the converse piezoelectric ef

: i : A
of the stress T; and the input voltage of the operational amplifier Vix:

: H.8
w/R=sE Ty — dg1 Vin/h- (H.8)

The input voltage Vin is determined by the electric currents inside the feedback circuit. The total
) : il : '

; 3 1 ch: n the sample surface of an area A can
charge @ = ff'z dt that compensates the bound charges o amj
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) L 4y On'the other hand, the voltage of Phe
1b) using relation @ = '__ —E‘Q/Cu‘ Thus, we can write the following

Eq. (H.
be expressed from Iq ( oo i ecunl Yo Vi = Vot

electrodes of the Cy capaci
equation:

(H.9)
Adz Ty — Cs Vin = —Cy {Vout == Viu)'

elationship:
The voltages on the resistors Ri and Ry are related by 1

(H.10)
Vin/Rl = (cht = Mn)/RQ

as tion of the stress
Combining Eqs. (H.9) and (H.10), the input voltage Vin can be expressed ea func
OIMN DI . . . 1

inside the sample:

Co B2\ Adyy (H.11)
w-(1-27) "
If we denote
B =Co/Cs, €= Ra/(R1+ Ra), (H.12)
Eq. (H.8) can be rewritten in a more suitable form, according to formula (H.2)
w/R = s‘ﬁ 1 ——ki—l— IE) (H.13)

T 1-BE/(1-¢)

If we express the stress T from Eq. (H.13) and substitute into Eq. (H.7), we obtain the
differential equation

eh%” +'%Y(B, §w = dp, (H.14)
where
k2 "
Y(8,6)=Yo |1- Tﬁéﬁ (H.15)

is the effective value of the Young’s modulus controlled by the feedback circuit and Yy = 1/

is the ordinary value of the Young’s modulus of the membrane. Since the mechanical system is
harmonically excited, we can assume that

w(t) =W et §p(t) = P et (H.16)
The mechanical damping effects due to material viscosit
elastic compliance s or the Young's modulus Y.
‘Eq. (H.14), we obtain the linear algebr
displacement W:

y can be introduced by means of complex
. After substitution of expressions (H.16) into
aic equation for the unknown amplitude of the membrane

/
~wohW + ZY(B,OW = P

(H.17)
Solving the preceding equation, the value of W can be finally expressed as:
W = Ei [y(ﬁ £)e— wzﬂRz]—lP
s (g g “ (H.18)

This formula represents the dynamic response of the

: i membr
difference and it will be used for

. g ane movement to the acoustic pressure
mvestigation of the sound I

shielding properties of the system.
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H.4. TRANSMISSION LOSS

Thg sognd transmission properties of this system can be evaluated using the transmaission loss
Ry, which is defined as

Ro = 10 log,, |pi/pe|?, (H.19)

where p; and p; are the sound pressures of the incident and the transmitted sound, respectively.
The value of Ry depends on the vibration response of the membrane.

The simplest way to obtain the formula for the transmission loss is to use the specific acoustic

impedance of the membrane Z, which measures how the membrane resists the action of the sound
pressure. The specific acoustic impedance is defined by formula:

Z = ép/v, (H.20)
where v is the radial velocity of the membrane. According to the harmonic dependences of the

functions w and dp expressed in Eq. (H.16), the specific acoustic impedance of cylindrically curved
membrane is

Z:

r

= iwph (l - Y18, E)) ; (H.21)

iw w?pR?

Knowing the value of the specific acoustic impedance, we can express the transmission loss Ry as
follows (see 1)

Ry = 10 log,q |1 + Z/(200¢)|*, (H.22)

where gy is the mass density of air and ¢ is the phase velocity of sound in air.

Hence, straightforward algebraic manipulations lead to the final formula

v ’ 2z
y” (¥")"+ (Y - ew?R?) H.23
Ro =10 logg 1+ 75 + (20 (H.23)

where ¢ = cogR?/h and Y', Y" are the real and imaginary part of the effective value of the dynamic

Ymmg's modulus giW’-“ ]'}}’ a (‘()]’Ilpll”)( function Y(}rj» E)

When the radius of the part of the cylindrical shell goes to infinity, there are no int.ernal s
inside the membrane, the specific acoustic impedance of the membrane is equal to iwph and the

form of the classical mass law for sound insulation of a single wall

preceding relation reaches the
(see [H11]),
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H.5. EFFECT OF THE FEEDBACK CIRCUIT

mission loss of the viscoelastic curved membrane are

shown in Figs. H.7 and H.8. The numerical results have been obta'ined using formula (HA.“ZB)_ The
following values have been considered: thickness h = 50 pm, radius ?f the membran? Lurvatl.u'e
R = 4cm, mass density ¢ = 1770 kgm™—?, Young’s modulus Y, = 3.7 GPa and mechamca.l .quahty
factor Qm = Yy/ Yy’ = 10. Physical properties of air have been taken at the normal conditions.

The frequency dependences of the trans

Figures H.7 and H.8 evince the general V-shape of the frequency dependence of the transmission
loss. Below the resonant frequency, which corresponds to the minimum of the curve, the membrane
movement is suppressed mostly by the forces arisen due to the elastic extensions and contractions of
the membrane. On the other hand, the forces due to the membrane inertia suppress the membrane
movement in the frequency range above the resonant frequency. That is why we can see the increase
of the values of the transmission loss towards lower frequencies. Since the elastic interaction doesn’t
play an important role in the ordinary sound absorbing materials, such as glass-wool, the increase
of the transmission loss in the low frequency range is not clearly observed. This is a notable benefit
to use a curved membrane as a passive sound reflector in the low frequency range.

It is evident that smaller values of the radius of the membrane curvature shifts the resonant
frequency towards higher frequencies and increase the values of the transmission loss in the low
frequency range. Since the radius of the membrane curvature is set up during the design of the
system, the another way to control the transmission loss is changing the effective elastic properties
of the membrane. If we increase the value of the Young’s modulus by a factor 100, the transmission
loss is increased by an additional 20dB in the low frequency range. Hence, the elasticity control
is realized using the feedback circuit. The behaviour of the feedback action is describe‘d by Eq.
(H.2). The ratio a = C/C; and its frequency dependence play an important role in this process.

The frequency dependence of the complex capacitance C* ;
i :apacitance C} of the sample made of PVDF or
P(VDF/TYFE) film can be approximated by ps

AC;
1+ (iwr)s’ (H.24)

::,}ll:;(;t?cst‘ls the (r;:]axat?on strength, 7 is the relaxation time and x describes the distribution of
on times. Cs(0c) is the sample capacitance at very high frequencies M2, The capacitance

of the feedback circuit C*(w) is determin i
of | : ed by the capacitar 8 . ' 0
inside the circuit. Here, we can distinguish two cases. g o ki e o U(w)

Cs (w) = Cy(o0) +

H.5.1. Sound shielding in a narrow frequency range

In this case the reference capacitor is m
series. Then, the equivalent complex capaci
Cy
1 + E’UJ}{U(;U g

ade of a capacitor C'y and

a resistor Ry connected in
tance of this ele :

ment is equal to
Co(w) =

106




P. MOKRY et al.

J. Appl. Phys. 94(1) 789-796 (2003)

70
BE
50 E- ™
‘:; R "-‘E FIGURE H.9: The effect of match-
5t_ 30;_ = Ing the real parts of capacitances
b 0.., (dashed line) and Cy (dot-and-dashed
oF O line) to the frequency dependence of the
U : . ratio Y'/Y; (solid line).
5 6 7 9 9.0
1000
Frequency (Hz)
4 /
S ? - FIGURE H.10: The effect of matching
£ 2 the dielectric loss tangents of capaci-
;: - tances Cy (dashed line) and Cy (dot-
Bt vaat - and-dashed line) to the frequency de-
;_-.-——‘_’ = pendence of the effective mechanical
_45— y .é-‘ ot | damping Y"/Y" (solid line).

B
1000
Frequency (Hz)

In the frequency range of audible sound, the real part of this capacitance is considered to be
constant. That is why we can assume that

C}(w) = Ci(1 — iwRyCy). (H.26)

Examples of frequency dependences of C}(w) and Cj(w) according to Eqs. (H.24) and (H.25) are
shown in Figs. H.9 and H.10.

Choosing the appropriate value of Cy and adjusting the resistors Ry, R; and Ry, the following
conditions can be set at some fixed critical frequency wy:

§ ReCj(wo) 1 — k2
I s e TR g1
1 —-€& ReC?(wp)

Im C§ (wo)

(H.27a)

Im C (wp). (H.27b)

Then the feedback action is optimal and the effective value of the Young’s modulus reaches the peak,
as it is shown in the Fig. H.9. In this condition, the sound of the frequency wy is completely reflected
by the NS system. The frequency dependence of the effective mechanical damping expressed by
the term Y”'/Y" is shown in Fig. H.10. As we can see the frequency dependences of capacitances
C?(w) and C}(w) influence the effective Young’s modulus Y (B, £) to a large extent.

Since the sound shielding of the NS system is governed by the membrane e]a.st.i.city i1‘1 the lo.w
frequency range, the profile of the function §*(w) defined by Eq. (‘H,IZ)‘must be mvesm‘gate(‘i in
order to evaluate the transmission loss of sound of other frequencies. Since the relaxation time
of the PVDF sample is about 10~7s and the NS system vlvorks in the fr'o.qunncy range less that
10kHz, we can approximate the preceding formula using a Taylor expansion

C!(w) =~ C(1 - itand,) [1 = 7* (w/wo — 1)), (H.%8}

where € (1—itan d,) is the capacitance of the sample at the critical frequency wo and 7" represents
- 8 T F. . . - 2 :
the frequency change rate of the sample capacitance:

wn d(./': (H?g)

_ Ci(wp) dw

*

’Y:

w=up
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Then in general the complex function A*(«) s

Co 1 — iwRpCo (H.30)
o e
g (w) = -7 (W/wo — 1= itandg

If it is set such that

taan s __-___-____l__________, (H31)
me o ST TG - el

then the condition given by Egs. (H.27) is fulfilled.

Figure H.11 shows the experi-
mental data fitted to the theoret-
ical model. We have considered
the same geometrical and mechan-
ical parameters as we have used in
Figs. H.7 and H.8. The value of
the electromechanical coupling fac-
tor has been assumed k3; = 0.1 - .
The dashed line in Fig. H.11 shows 5 5 EER e N
the frequency profile of the trans-

mission loss without the the ex- f—'requancy =) :
ternal feedback action. The solid FIGURE H.11: Comparison of the experimental data and

line represents the fitted theoretical ~ the theoretical prediction for the single frequency sound
curve, which can be realized with shielding. An increase of 60dB in the transmission was
the values of dielectric loss tangent  obtained at the single frequency 1kHz.

tand;, = 0.15 and the frequency

change rate of the sample capacitance v = 0.076. This dependency has a peak at the critical
frequency fo = 0.985kHz. The decrease of the values of the transmission loss for the frequencies
higher than the critical frequency is caused due to the over excitation of the membrane move-
ment by the feedback circuit, which results in an additional unwanted sound generation from the
membrane.

-4
o

60

40

o e ki ar

Transmission loss (dB)
S

H.5.2. Sound shielding in the broad frequency range

The above example of the elasticity control shows the importance of matching the sample and

c%rcuj.t capacitances. For sound shielding in a broad frequency range, the circuit elements with the
distribution of relaxation times should be designed in order

capacitances M6, One simple solution is to use the same P

i.n the circuit. Therefore, the ordinary capacitor Cj is substituted by the capacitor made of PVDF

film. 'Lct’s denote the frequency dependence of its capacitance by .a. symbol C? ,(w), which is the

function of form (H.24) but its parameters may slightly differ fm]ﬁ C* (w) 'Fl'][l-n ;l f ne

change rates and the dielectric losses of the capacitances C} (w) and E_-“(u.:’] are -tim:):t ;(31‘:: foyl”
i s g ;

to keep accurate enough agreement of
VDF film as a reference capacitor Cy

50

FIGURE H.12: Comparison of the ex-
perimental data and the theoretical
prediction for the broad band sound
shielding. An increase of 7dR in the
transmission was obtained in the broad

frequency range between 500Hz and
1.5kHz.

Transmission loss (dB)

Frequency (Hz)
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line) and Rp = 5 M€ (double-dot-and-
dashed line); f, = 1kHz.
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all frequencies. Without doubt we can assume that C'*
: w) =~ Cy d = :
e ot ) = Landie ) s (w) and put Ry = 0. Thereafter

C/Cy is determined only by the resistances R; and Ry:

a(w) ~ —Ry/Ry = —£/(1 - ¢€). (H.32)
The above faq‘:latiorl ar.ld Eq. (H.15) suggest the possibility to realize the homogeneous increase of
the transrpmszon loss in the very broad frequency range, as it is shown in Fig. H.8. Figure H.12
shows fitting the experimental data of the broad frequency range sound shielding to the theoretical

model. The value of the parameter £ resulting from the fitting is £ = 0.4951 and the parameter o
is then considered to be constant for all frequencies.

For some applications, the noise shielding at a specific frequency is required in addition to the
uniform noise shielding over the broad frequency range. Our theory may suggest a simple solution
for the feedback circuit for such purpose. Let’s introduce a large capacitor Rp that is connected
to the capacitor C; in parallel. Then the function 8*(w) is of form

Cio(w)/ [1 +iwRo C.:,U(W)]
Ct(w)+1/(iwRp)

B*(w) = (H.33)

The critical frequency wy of the required maximal sound shielding can be adjusted using resistances
Rp and Rg:

1
Fiine (eahrty ERN H.34
i w2RpC! ,C! e

o
o {1+( C!C! o (woRp)? } ,

1 — k%i) [] - (qupC;)z]

where the value of the resistance Rp determines the frequency characteristics of the sound shielding
and can be chosen arbitrarily. Using the above equations, example of frequency dependences of
transmission loss has been calculated. Result is shown in Fig. H.13. The theory may be useful to
design the circuits for other kinds of application.

H.6. DISCUSSION

The transmission loss of sound has been calenlated using the vibration analysis ‘of the (‘yli'n-
drically curved viscoelastic membrane. The uniform di::plac?ment. of the membrane Tth}é radial
direction has been taken into account. The maximal amplitude of th’e membrane displacement
Wiax can be calculated. From Eq. (H.21) it can be estimated th'fﬂ. |Whax| < !.anx‘/LL:;ug] IZm'm!‘
where Py, is the maximum amplitude of the 3_‘30"5“0 pressure dlﬂef‘-’ﬁce an(.l :;r:;n;i]m mt-(r; ;le
the angular frequency and the specific acoustic impedance f’f the umeml rane o ; ‘p Sl)dg qmmd.
minimal transmission loss. If we assume that the system 18 lt}adﬂ.'i the nOISPd?H an . S].na”er
pressure level, the corresponding maximum amplitude of the acoustic pressure ciflerence ‘
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53 i lue represents onl
than 0.4Pa. Using Eq. (H 18), we can estimate that Wonax = 4nm. This va p y
an 0. Sl b . b

about 0.01% of the membrane thickness. 1. Ind
e S re exerted in the real systems as well. Indepen-
: the flexural vibrational modes a ; : hich the effects
d l\lrevert}:ilizsz proach, we have also developed a more involved ml()i?]‘ lm ‘:u]ts i At tl?i
t;m{ . f th]; mem}:;rane are taken into account. The exact analytical re
e clamps o

length and thickness. In
i i i des depend on the membrane
: Sl ) iere :ﬂ tc:'ansmispsion loss exhibits deviations about 5dB to 10dB

is case. the frequency dependence of th _
;l::)i:‘r?lacfihese resc{inant frequencies, but the V-shape of the frequency dependence of ;2«; tran?fmls_
sion loss is not significantly distorted and the position of the resonant frequency of the uniform
mode is not changed considering the effects of the membrane clamps.

the transmission loss show the effect of the elasticity
of the membrane in the low frequency range. When the complex value 3* (u-')é /éll-— £ )Tt}t:nds to
1 — k2, on the real axis, the effective value of the Young.’s IIl_C)dlﬂl:IS goes to in nity. en t}Z.le
radial movement of the membrane disappears for any arbitrarily high amplitude of the a.coust'lc
pressure difference (see Eq. (H.18)). The specific acousti(.: impedance of the meml?ra.ne shown in
Eq. (H.21) goes to infinity and the transmitted wave vanishes. Hence, the transmission loss at a
given frequency goes to infinity according to formula (H.22), as well.

Profiles of the frequency dependences of

Nevertheless, at the working conditions of the NS system the effective value of the Young’s
modulus is very sensitive to the value of the external negative capacitance C < 0. If we denote
AC = C,(1 - k2,) + C, we can for small AC approximate Y/Yp = k%,Cs/AC. The increase of the
transmission loss of about 20 dB requires an increase of the effective value of the Young’s modulus
by a factor of 10 (see Fig. H.8). Then the relative change of the feedback circuit capacitance
6C = AC/C, from the required value must be smaller than 0.1%. This very narrow region of
capacitances of the external circuit, in which the markedly raised values of the Young’s modulus
could be observed, imposes high requirements to the external circuit. Fortunately, this problem
can be successfully solved using circuits with distributed relaxations times.

It has been shown that a transmission loss larger than 35dB in the frequency range from 100 Hz
to 2kHz can be achieved using the NS system composed of a curved piezoelectric membrane and
a feedback circuit to enable the dynamic elasticity control. The advantages of this method stem
from the small weight, simplicity, low cost, and superb sound shielding performance of the whole
system, offering a noise suppression device that can be profitably used in many places such as
planes, high speed trains, and similarly noisy environments. !
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SOUND ABSORBING SYSTEM AS AN App
LICATION OF
ELASTICITY CONTROL TECHNIQUE LHEACTIVE

P. MOKRY! g, FUKADA, and K. YAMAMOTO

Kobayasi Institute of Physical Research, Kokubunji, Tokyo 185-0022 Japan

Abstract

Active elasticity control has recently become
acoustics to suppress the vibration of mechanical systems or to increase the
noise transmission loss. The principle of this t.

missi echnique is based on the simul-
taneous utilization of both the direct and inverse piezoelectric effects, which

is realized by connecting the piezoelectric sample to an external feedback cir-
cuit. The action of the feedback circuit results in an essential change of the
vibrational response of the system, and a significant change of the resonant fre-
quency in the mechanical system. This leads to the modification of the acoustic
properties of the system. For that reason, this technique offers a very general
approach to solve vibration and noise problems. To demonstrate this method,
the design and theoretical analysis of an experimental realization of a sound
absorbing system are presented. The system consists of a curved piezoelectric
membrane and a passive sound absorber, which are attached to a rigid backing
wall. The theoretical analysis of the system starts from the calculation of the
absorption coefficient of an audible sound. This result is used for the deter-
mination of the optimal adjustment in the feedback control electronics. The
efficiency and the frequency range of the active sound absorption, as well as
aspects of the generalization of this method to solve other kinds of noise and
vibration problem are discussed.

a promising method used in

PACS: 43.50.-x, 77.65.-j, 43.50.Ki

Keywords: Piezoelectric polymers, elasticity control, negative capacitance cir-
cuit, absorption coeflicient

I.1. INTRODUCTION

The main objective of this article is to demonstrate the application of the active et'a:sticity
control technique on the design of a sound absorbing (SA) system. The SA system consists of
a curved piezoelectric membrane fixed in a rigid frame and connfﬂ.c‘ted to an e‘xternal feedback
circuit. The membrane is placed between noise sources and a rigid wall, which sgpport.s the
whole system. The incident sound makes the membrane vibrate; a part of the sgund is reflected,
annl-hor" part is absorbed and transmitted. It is t.l?on assumed that the transmitted :?oun'c(l‘] wa;e
is completely reflected from the rigid wall and strikes the membrane from the o‘pp.omt(-; S‘l e. In
the usual Sii:!lal.i(}ll, when the frequency of the incident sound differs from the resonant l;Lguezltl;y
most of the incident sound is completely reflected from the SA system. Using the
onal response of the system can be changed and the
SA system can be completely suppressed.

of the system,
active elasticity control technique, the vibrati
amplitude of the sound wave reflected from the
ave been considered as parls of vibration and noise control
ing of thin cylindrical shells using a sysl;(lzlm Coil-l,poi?:
of an accelerometer, a piczoelectric actuator and a simplt.? dm‘l\leﬂ.tvc‘fct::l:3;;]:];32;06;\[{“ I“t;th ;
and Wang ("2 simulated the active control f)f - a“-msnc I)I;c‘bf*“‘['?d‘: ;enl‘mr in r:ml_]unct.vion with
flexible cylindrical panel using a pair of a piezoelectric actuator a Sens

Recently, piezoelectric materials h
systems. Ray, Oh and Bar 1] predicted damp

lectrical Engineering and Electromechanical Sys-

’ 3 fE
e-mail: pavel. mokry@vslib.cz, On leave from Department o

tems, Technical University of Liberec, (zech Republic
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sation of these systems, which can

: the reali 5
er. Unfortunately, \-borne noise, requires complicated

: : imal ¢ 1l
a linear quadratic optimal contro | vibration and the structura

very effectively reduce the structura
circuitry. | .
ion has been presented by Davis ham:'LPSl?utt;e

i i sing the capacitive shunting of the
18] In this work, the .vi.bration ‘gbsoil‘)azlart ;ih;a]t;;[::’l};htfgggc :ive i e st aeat
ement stiffness. Using this L T deon sy, i
e}((i haso developed an evolved technique called elasticity
s of a piezoelectric material are controlled to a ]aJ:ge
Jves an operational amplifier and works as a negative
le total control of the effective value of the dynamic

Young’s modulus possible including the mode, in which the ﬂﬁgati‘f‘* "al}‘(’s of the.effet‘..tlve elastic
pr.operties are observed. This method can be beneficially used in noise gnd vibration control
systems. The realization of this proposal and the design of the noise shielding system, was made

by Okubo et al. [55] and Kodama et al. [56].

Another method of active vibration absorpt

piezoelectric el ;
ceramics can be increased by approximat
has used a more sophisticated approach anc
control. In this method, the elastic propcr.tle
extent using a simple feedback circuit that invo
capacitor or inductor. This technique makes tl

The theoretical investigation presented in this article is based on a calculation of the atfous.tic
absorption coefficient of the SA system. We start with the analysis of thlr; sound field, which in-
teracts with the membrane vibration. Here we use our previous results 070 on curved membrane
vibration dynamics. Then, we calculate the absorption coefficient, Wh‘l(:l.l ia?- governed by elastic
properties of the piezoelectric membrane. The analysis of their relationship is used for the deter-
mination of the values of the Young’s modulus, which lead to the required value of the absorption
coefficient. Finally, we finish with the design of the circuit electronics, whose optimal feedback
action realizes the needed elastic properties of the piezoelectric membrane.

According to this procedure, the article is organized in five sections. In section 1.1, a brief
introduction is given. In section 1.2, the description of the sound absorbing system is presented.
The analysis of the sound field and the calculation of the absorption coefficient are developed in
section 1.3. In section 1.4, the effects of the elasticity control and the feedback circuit are analysed.
Section 1.5 gives a brief summary of the conclusions.

I.2. DESCRIPTION OF THE SOUND ABSORBING SYSTEM

The frequency dependence of the absorption coefficient is measured using the two-microphone
impedance tube system "8, According to the standard arrangement, the SA system is installed
at the right-hand end of the tube, which is of the rectangular cross section 40 mm x 40 mm. The
time dependencies of the acoustic pressure fluctuations are measured at two different positions
inside the tube. The transfer function technique is applied in order to extract the amplitudes of
the incident (p;) sound wave and the sound wave (pr) reflected from the HA s.\,-'st('m ¢

Schema of the structure of the
SA system are shown in Fig. I.1.
The fundamental element of this
system is a cylindrically curved thin EeE AL L -

Acrylic tube (40x40 mm) Steel wire mesh

piczo(?l({ct:ric film, w.hi(‘h is made of '::D: film e S L /e P°"°'-'5 5°U“d ¥ ':4
polyvinidilene fluoride (PVDF) or it ) I eI j
copolymer of vinidilene fluoride and g '

e e e e S SO e T
tetrafluorethylen [P(VDF/T\:FE)]‘ e e o st /1
"The thickness of the polymer film, 7 s - "/1
which is electroded by aluminium : : ' !

electrodes, is denoted by the symbol
h and varies from 40 ym to 200 pum
in our i‘e)rperiuwm.s. To make the FIGURE [.1. Cross section of 1]
connection between the film elec- ture with a curye reesdnin
trodes and the external feedback

Copper ring electrodes

Feedback circuit —g"

] sound absorbing struc-
d piezoelectric film.
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circuit, which actively controls the mechanical d i
am e e
rigidly clamped at its edges inside the tube by Ping properties of the membrane, the film is

: thick copper elect i
the membrane curvature is essential to make the direct phase é;ﬁi;;ﬁ;ii:eo “;f”:ﬁz rsz?lm; ‘f?;:ir
s ! Il €.

changes and the internal stresses inside the membrane. For that reason, the thin film i ted
; is supporte

by a steel wire mesh, which is fixed in the in
_ rder to obtain the
the system, drawn PVDF or P(VDF/TrFE) film is used due
which is obtained along the direction of the drawing. It i
the circumference of the cylindrical surface. Let us co
membrane are described by tensor compone
point on the curved membrane surface.

drawing, its second axis is parallel with th
axis is perpendicular to the tangential pla

to its stronger piezoelectric response,
§ convenient to orient this direction along
‘ nsider that the material properties of the
nts in a coordinate system, which is attached to any
Its first axis is oriented with the direction of the film
€ symmetry axis of the cylindrical surface, and its third
ne of the cylindrical surface at the certain point.

In order to improve the sound absorbing performance of the system, a passive sound absorber

(glasswool) is placed in the space between the SA system and the rigid wall. The distance of the
membrane from the rigid end of the tube is denoted by the symbol H. If we neglect the effects of
the sound field inhomogeneities caused by the interaction of the curved membrane and the inner
surface of the tube, we can consider that only plane waves propagate in the direction of the axis of
the tube. In order to simply describe the acoustic wave motion of air particles, let us assume that
the cartesian coordinate system is attached to the tube. Its z-axis coincides with the symmetry
axis of the tube z- and y-axes are perpendicular to the tube surfaces. The membrane, which is at
z = 0, splits the tube into two parts. In the left-hand side part of the tube (z < 0), the incident
and reflected sound waves propagate in air. In the right hand side part of the tube (z > 0), the
transmitted (p;) wave and the wave reflected from the rigid wall backing (py) propagate in the
sound absorbing porous material. For simplicity, we will assume that the thickness of the film
supporting structure made of urethane foam and the steel wire mesh is much smaller than the
distance H.

Elasticity control plays the key role in the total control of the value of the absorption coefficient
of the SA system. The feedback circuit, which has the effective complex capacitance denoted by
the symbol C, realizes the simultaneous utilization of the direct and inverse piezoelectric effects
leading to an arbitrary change of the effective value of the dynamic Young’s modulus. Date (1]
has derived the general formula:

Yoy (1 (L1)
=l 1-k3, +a/’

where Yj is the ordinary value of the Young’s modulus, k3, is the electromechanical coupling factor
and the parameter a represents the ratio of the feedback circuit capacitance C over the sample
capacitance ;. For positive values of the capacitance (C > 0), the effective value of the Young’s
modulus remains almost unchanged. On the other hand, when the effective capacitance of the
feedback circuit is negative (C' < 0), the effective value of the Young’s modulus can reach any

arbitrary value from minus infinity to plus infinity.

The circuit that works as aneg- | memmm-mm——=mmmmeemmooo—m-o--- :
ative capacitor is shown in Fig. [.2.

The detail function of this circuit 5 — NN

connected to the curved piezoelec-

tric membrane, which is excited by
the incident harmonic sound pres-
sure, is analyzed in 071, 1t is shown
in 147 that the effective capaci-

-dQ |
tance of the feedback circuit is .,.[ : lD\ flhdd Gy

s | R
(_,' —. —(_'[; Ez— & (12} Cs Rl l._ ----------------- T e !
R , e
o ot ance circuit.
where €} is the complex capac- FIGURE 1.2: Example of a negative capacitance circ

itance of the reference capacilor,
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lik acitor Cop and a resistor Ro, inside the circuit, with Ry, R, as
uum-like capac J

Jich is made of a vac
W| ances. 1f we denote

the potentiometer resist : 3)
B=C;/Csy §= Ry/ (R + Ra);
. ' i ith a resi
g Jex capacitance of the sample capacitor Cs c.omblned with a resistor
where C? is the effective comp can be expressed as a function of parameters ( and

R., the effective value of the Young’s modulus
&
“ ) (L4)
e e ]
v0.0 =% (14 =g s 0

ystem is harmonically excited by the sound of an angular frequency

ue to the material viscosity can be introduced by means of
dulus Yo of the PVDF material. Similarly, the effect of the

be described by means of the complex value

Since it is assumed that the s
w, the mechanical damping effects d
the complex value of the Young’s mo
dielectric relaxation of the piezoelectric membrane can

of the capacity Cs.

I.3. ABSORPTION COEFFICIENT

The sound absorption properties of this system can be evaluated using the absorption coefficient

avg, which is defined as [120]

ao =1~ Ip/pil”. (L5)

Since the sound propagation is quite different in the media on the left-hand side (z < 0) and the
right-hand side (z > 0) from the membrane, it is convenient to write two different wave equations
describing the movement of air particles in the tube.

Let us start with the left-hand side of the tube filled with air that, in the absence of sound, has
a uniform density g, static pressure py and is everywhere of constant temperature. Moreover, let
us assume that it is nonviscous and has zero heat conductivity, so that the only energy involved
in the acoustic motion is mechanical. According to "1 we can write the wave equation

f-)z
2’ {Iﬁ)

92
0z

-~

s
=

|

L]
crl:ri =
3]

where ¢g is the phase velocity of sound in air at the given conditions.

In the right-hand side of the tube, the situation is more
absorber is present. According to the classical theory of Ber
wave equation for air particles in porous medium

22_ T (Ef_l dp sz)

T — 4+ —
922 cf \o1 Ot " o

complicated, since the porous sound
anek 2] we can write the modified

(L7)

wh.cre 01 1s the effective density of gas particle
resistance, 7o is the porosity of the material

over the total volume of the material, and ¢

motion of the solid particles :
that o1 = gg and ¢; = co.

s in the mate

rial, oy is the specific dynamic frictional
defined

as ratio of the volume of air in the material
is small cor ; Po/er. If we accept an approximation that the
-1 o i § .

npared to the motion of the air particles, we can assume

It is possible to show that fanctions p, = p

Bl . | M 1
?}esc,n?)e the p]zlme waves propagating in the direction
le wave equation (I.6). Similarly, functions

il = (ﬂn/p{:) (00 — 101 /w), describe
sound absorber (z > ()

ew(t—vy9z) | ; )
and p, = P, ew(t+%2) where ~o = 1/co,
a P c-,f“t.hp z-axis in air (z < 0) and fulfill

t = F, ewilt=vz2) :
plane waves t} |" and p, = P, e'w(t4M2) where
° V1Al propagate in the z-direction in the porous

and fulfill the :
A€ Wave e -
ave equation 7)o Iy order to obtain the unknown
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amplitudes of the acoustic pressures P, P, and P,

: &= compl arv conditi ;
Assuming steady-state conditions, the gas particle velorj{)ye;:;ill;irz (,ond;i:;nm must be specified.
=Halh - > expressed as

2 1 dp
iwgg 0z’ for z <0, (1.8a)
e s 1 Wi
T o1 +iwgg 92’ for z > 0. (1.8b)

This function is continuous at the membrane
(z = H). Moreover, the gas particle velocit
e éwwelu}t.

. (z = 0) and zero at the rigid end of the tube
y is equal to the velocity of the membrane movement

r a1 1 IT : 5
The detailed e.malysm 17] of the uniform vibration dynamics of the curved membrane connected
to the feedback circuit shows that the amplitude W of the membrane displacement at the steady-

state condition is proportional to the amplitude of the difference P = P, + P.— P, — P. of th
acoustic pressures at the opposite sides of the membrane : % t : -

w-’—R—ﬂ[Y(G §) — W R 'P
=4 Y@, W oR*] P, (L9)

where Y (3, €) is the effective complex value of the Young’s modulus of the piezoelectric membrane
connected to the external feedback circuit.

Proceeding the straightforward calculations we can express the amplitude of the reflected sound
wave

i = 2iw(
P; Y (8,€) — ow?R? + iwC [1 — im1/(70m0) cot(wy1 H)]’ (L10)

where ¢ = poR?*/(h~o). Using the above formula, we can finally obtain the formula for the absorp-
tion coefficient:

ap = a1 (w)Y" + az(w) (I.11)
Y’ — (13(“4‘)]2 + (Y - ﬂq(“’)]z‘ |

where Y’ and Y” are the real and imaginary part of a complex value of the complex function

Y(5,€), and

a1(w) = 4Cw, s
2,2 ! sinh (2w~ H) — ~Y si 1 F
i dweC*y M Smh'(zw?u H) — 7 sin (2::" nH) (1.12b)
~oTo cos (2w} H) — cosh (2w H)
i sl g ! L !
o 22 wC \ 7} sin (2wl H) + 91 sinh 2wy o (I.12¢)
i) = o+ (o0 ) G o Gt )
J wC \ 7} sinh (2w H) — 7y sin (2wyi H) (I.12d)
a(w) = —w(- o5 2y, H) — cosh (w7 H) |
) e Gt ) — s (o

sive sound absorber between the membrane and the rigid

It is pointed out that if there is no pas _ _
(1.12) are of the simpler form:

backing wall, v; = 7o, 71 = 0, porosity mo = 1. and functions
l‘l](w;l ’1(;4.1‘ (J.z(w} = [],

az(w) = w [LMH"E — ( cot (w'r;,”)] : as(w) = —wG.

absence of the sound absorbing material, the absorption

Since the coefficient a: = 0 in the i
ince the coefficient a(w) - (mechanical damping) of the membrane is

coefficient is then nonzero if and only if the viscosity

nonzero,
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: £ I
The effect of the radius of the 1.0 . _._R=4cm 5 A
the fre- = .- R=8cm L )
membrane curvature on & 08F R =16 cm i (A
quency dependence of the ibsofl‘;‘ : : - gkl
tion coefficient is shown in Fig. L.3. S ,'I L sy
The numerical results have been 5 0.45— S ; \
obtained using formula (“1)- Th“ g‘ = 7 Y ; -
following values have been 0011S}d- :.(? 02E S \_\
ered: thickness h = 50 pm, mdm_s_ o et R T ?élaoou
of the membrane curvature R = 100 1000
16 cm, distance H = 20mm, mass Frequency (Hz)

density 0 = 177ng.fn_3’ Yzmﬁi FIGURE L3: Effect of the radius of the curvature R to the
mOdl.ﬂus Yo 5 3{17(:}’3'@&“ _ 10 frequency dependence of the absorpt.lon coeticien N
Chhmlm(lz quahtfn/a}f"or— 10. The 4cm (solid line), R = 8cm (dashed line), and R = 16cm
where me—= 0 (0 : —a ne
porosity of the porous sound ab- (dot-and-dashed line).

rber has been assumed my = 0.99 . s ] : :
Z.;d its dynamic specific frictional resistance o1 = 10° Pasm™ 2. Physical properties of air have been

taken at the normal conditions. The maximal values of the absorption coefficient take place infthe
frequency range around the resonant frequency of the uniform vibration mode wy = (1/R)\/Yy /o.

L.4. EFFECT OF THE ELASTICITY CONTROL

Formula (I.11) poses the question, is it possible to make the value of the absorption coefficient
at some fixed frequency wp equal to some arbitrary value n, which is from 0 tol, only by an
appropriate choice of the effective value ¥;, = Y, + 1Y, of the Young’s modulus of the membrane?
To answer the question, we simply write the equation

ap(wo; Yy, ¥y') = m. e

Using Eq. (L.11) we can derive the condition for the real (Y,) and the imaginary (Y,') part of the
Young's modulus in a form:

[¥, — y1(wo, ??)]2 1 [Yq" — y2(wo, ’.')]2 = yi(wo, 1), (L.14)
where

nw,n) = asw), (I.15a)

va(w,m) = aa(w) +ay(w)/(2n), (I.15b)

yr(w,n) = (2w(/n)\/1-7. (1.15¢)

The condition (I.14) represents a circle of a
the membrane that lead to the re
circle is given by functions 11 and
(I.14) can be expressed in the foll

. Il complex values e T 1Y, of the Young’s modulus of
quired value 7 of the absory

‘ stion coefficient. The origin of the
Y2 and its radius is eq

: _ ual to yi. Values Y, and Y, given by Eq.
owing parametric form:

Il

Yiw, )

vi(w, ) + yg(w, 1) sin T,
Y,;"(;.J, T)

_ (I.16a)
v2(w, 1) + yg(w, 1) cosT,

(1.16b)

Il

where 7 is a parameter running from () to 27 After the
can directly show that the ive vi e

G el thceie:;tl:‘\srft’.‘:;tltleﬁls of t.hr‘r Young’s modulus that are constructed according
s S : 1 wLEC Valle 1 of the absorpt; oeffio; ; ;
EdeDIILs of .‘:llclll circles are shown iy Fig. 14. | Tption coefficient at a given frequency.
absorption coefficien( ao fl‘('(]lll'ilt‘_\‘ dependencies of the

“Xamples of the

the f; for four constant values of the Young's :

he frequency f 2l Ng's modulus that lead to ag = 0.5 at
Fig. 1.4) are shown

= 1kHz (see circular markers ip

substitution of Egs. (I1.16) into Eq. (1.11) we

in Fig. 1.5, This figure also
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10
E — r=05kHz
8fF ---f=10kHz Sl TR
E —--f=15kHz _-~ S
o L o 1=0 e J
: of pre . FIGURE 1.4: Complex values Yy 5 of
E o . \ the Young’s modulus, which lead to the
By ok o Ao :51:,‘,.2 ;'! ap = 0.5 value of the absorption co-
g e s i efﬁc.lent at the frequency f = 0.5kHz
of e s (solid line), f = 1.0kHz (dashed line)
., VIR | BT S andf:I.5kHz(dot-and-dashedline).
% 4 5 0 2 4 6 8
Y5 (10°Pa)
. FIGURE 15: Effect of the elasticity
3 control to the frequency dependencies
§ of the absorption coefficient ag. Four
: constant values of the Young’s modulus
2 have been considered: Yos(1kHz, r =
§ 0) (SO]Id line), Yu_5(1 kHZ,T = 71'/2)
= - N (dashed line), Y 5(1kHz, 7 = m) (dot-
35 - ; =TT, and-dashed line), and Yy 5(1kHz, 7 =
1000 10000 3m/2) (double-dot-and-dashed line).

Frequency (Hz)

indicates the possibility of the control of the frequency spectrum of the absorption coefficient by
choosing the certain value of the parameter 7 and, consequently, the effective value of the dynamic
Young's modulus given by Egs. (I1.16)

Our task now is to determine the best adjustment of the feedback circuit, which makes the
required effect. The basic idea of elasticity control is formulated by Eq. (I.1), which defines the
effective value of the Young's modulus in form of the complex analytic function of a complex
parameter & = o +1ia”. The parameter o plays a crucial role and it can be expressed as an inverse
function of the effective Young’s modulus.

2
k.’jl

Yo/Y)= -1+ ————. I.17
a(Ye/Y) +l—Yn/Y (1.17)
If we denote A = Y,/Y = X +iA”, then it is equal to
> A —=1—3\
a(N +i)") = -1 - k2, : (L18)

(=1 N

The pair of inverse complex functions defined by formulae (I.1) and (I.17) expresses t.he direct
single-value correspondence between any complex value of the Young's modulus and its corre-
The detail analysis of the realization of negative

sponding value of the complex ratio a = C/Cs.
[14] Ip case of the example

complex capacitances by circuits with operational amplifiers is given in case pl
presented in this article, it is convenient to use the negative capacitor sl19wn in Fig. 1.2, As 1thls
discussed in 17) for the transmission loss, the frequency range of the optnna]tperforn;ance of the
SA system depends on matching the frequency dependencies of the sample (C3) and the reference
capacitor (C) capacitances.

optimal working conditions of the feedback circuit
the stability conditions of the feedback
sample capacitor Cy in series. This
and makes the circuit

In our experiments it is difficult to find the ‘
in a broad frequency range. For that reason, and taking

circuit M into account, the resistor Ry is connected to the apac
orking conditions of the circuit

shrinks the frequency range of the optimal w : 2
sl o s ; ance of this combined element 15

adjustment, easier. The equivalent complex capacit

C (1.19)

i B M e
+(@) 1 Fie O R,
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ireui us ; that lead to the re-
anacitance circuit adjustments :
drpi;i the frequency f = 1kHz. The following val-
’ radius of curvature R = 40mm, dlstangce H =

= s Y, = 3.710° Pa, th
20 membrane mass density ¢ = 1770kgm 3, the Y_’Olmgb m‘OdUi'US'L 0 gl sz di‘:‘
£ Icnl;:r’lical quality factor Qm = 10 the electromechanical coupling f'*; (;1: an; C ) 4an
mec r , 1 . J E : e -
electric loss tangent of capacitors tands 0.01, capacitances Cs n 0
R, = 1000 R, = 2009 s = 00082
f

by T Y Y" a4l o |Aef R | AT Ro | AC L Ro
: IOTnPa l[];?Pa 10- 10-% ] 1006 MQ | 10°® MQ | 10~ M
0.5 0 -4.153  35.690 | 108 —954_| 38 25.521 59 9.770 12 3.426
D5 /2 13830 IT.7068 414 475 | 90 19514 | -73 8.740 -1 3.290
0.5 ™ -4.153  0.277 111 -3.6 42 15.853 59 7.921 130 3.167
0.5 3m/2 | -22.137 17.706 [ 541 -478 148 19552 | 164 8.748 | 235 3.291
1 -4.153  4.990 99 ;142 | 38% 16777 | 56 % 8.145 | 126 t 3.

TABLE L[.1:  Examples of the negative.c
quired value ap of the absorption coefficien
ues have been used: thickness h = 50 pm,

fSymbol A¢ stands for the numerical value of 0.5 — &. =3
!Frequency dependence of the absorption coefficient with this adjustment of the feedback circuit

is shown in Fig. L.6.

Similarly, in order to tune the frequency profile of the negative capacitance circuit, the reference
capacitor is made of a capacitor Cy and a resistor Ry connected in parallel. The equivalent complex
capacitance of this element is equal to

1
*(w) = = = 1.2
Cow) = Co+ 5. (1.20)

Hence, the frequency dependence of the complex parameter a in the system, which consists of the
capacitances Cj and C7, is according to Egs. (1.3) equal to

§

where the complex function 3(w; Ry, €) is of the form
.py_ Co+1/(iwRy)
B(w; Ro) = CIA T iCR) R’ (1.22)

The given frequency profile of the parameter a can be adjusted using the resistance Ry and the
ratio £.

If we compare the FQE!.I parts (denoted by a symbol o) and the imaginary parts () of equations
(1.18) and (1.21), the resistances Ry, R, and R can be adjusted at any arbitrary critical Jrequency

wo. Since both capacitors ', and Co in the system are made of the PVDF film, the dielectric
ctric loss tangent: C, = Ci(1 —itand,), Cp =

relaxation is introduced by means of the diele
S gt : 2
Co(1 —itand,). Then, assuming 1 + tan ds =~ 1 we finally obtain the values for the resistance Ry

and the ratio &;

N i S RN b
woCy [woC! R, (' — o' tan 05) —a”|’ (a8
: L e
= ~ % 15 +wo R, (2tand, + qu';R‘,)}} x
(1.23b)
where
Ai=ol -y (tand, + woC R
(1.23¢)
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1.0
F —— No feedback
e %% __R=1000
S 05F ___R=2m0 FI
£ 3 3 "IGURE L6:
2 o4 _._Rl=s000 ! ‘(‘L.Rh L.6: Effect of the feedback cir-
: 02F cuit to t:ho frequency dependency of the
§ " : absprptmn coefficient ag: no feedback
E p gctlon (dotted line), R, = 1000 (solid
< | line), R, = 2000 (dashed line), and
. A Ry = 5009 (dot-and-dashed line).
100 1000 10000
Frequency (Hz)

1.0
” 0.8 —— No feedback
= " F — Fitted model
.\2 0_8:— O Experimental data
§ 0.4 ;—
¢ 02f FIGURE L.7: Comparison of the exper-
.% 00 imental data and the theoretical predic-
é 02F tion of the theoretical model.

04F

5 2

g
1000
Frequency (Hz)

The process of the circuit adjustment can be summarized as following: First, the required
frequency profile of the absorption coefficient is decided. Second, knowing the given value of n
at some fixed frequency wy, the appropriate value of the Young’s modulus is calculated using Eq.
(L.14) or (I.16). The choice of the value of the parameter 7 must be done carefully in order to make
a good agreement of the required frequency profile of the absorption coefficient and which can be
realized using available feedback circuit components. Next, the value of the complex parameter
a = o +1a” is calculated using Eq. (1.17). Finally, the resistances Iy, Ry, and R; can be adjusted
using values obtained from substitution of the values @’ and a” into Egs. (1.23). The value of the
resistance R, determines the width of the frequency range, in which the action of the feedback

circuit is optimal.

In our experiments, we have prepared a system with the radius of the membrane curvature
R = 4cm. Capacitances of the membrane C, and the reference capacitor Cy are equal to 4nF
and the dielectric loss tangent have been estimated to be tand, = 0.05. Examples rI)[ the rPsIu]t:s of
the feedback circuit ;nl';tml"nn'nts of this system are shown in Tab. I.1. The theoretical prcdlct.lons
of the effects for this kind of the feedback circuit are shown in Fig. 1.6. The numerical results
rol in the frequency range from 1kHz to 10kHz. In
the frequency range below the critical frequency 1 kHz, the pi('z('mlc-('t.rl‘it‘ mpmb'rano is over excited
due to the mismatch of the frequency dependencies of complex capacitances C_-s(w‘) and Cp(w). In
aker and the amplitude of the reflected sound
Then, the negative values of
iour of the active

shows the possibility of the absorption cont

this condition the membrane works as a sound spe
pressure wave P, is larger than the amplitude of the ”"‘l.d”,"' one. ' .
an be obtained and measured. This undesirable br‘h:nlr _ .
simple set-up of the feedback circuit and can l;(-_
The optimization of the frequency dependence of
Experimental data

the absorption coefficient ¢
sound absorbing system is caused by the very

eliminated using more advanced electronics. : o
luce this unwanted attribute.

.d and fitted to our theoretical model. The
s for the parameters § = 0.4998,
actual values, which have

the reference capacitor « ;1;};|rit:|nrv l"”{_.,-'} can rec
determining the effect of the feedback circuit was measurec
results of the fitting are [:I"l'h('llT!'lI in Fig. 1.7. The resulting V“'“f e
Ry = 2.989 MS) and R, = 496 are in a very good agreement with the

been used in the experiment,
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I.5. DISCUSSION

1t of the system, which is composed of the
gid backing wall, has been calculated using
mbrane in the radial direction and the
e have been considered. The sound absc.)rption‘ of the
resonance of the membrane or the air particles in

lotted profiles of the frequency dependencies of the
stem, which we have used

ence sound absorption coe.fﬁclexl
nbrane and the supporting Il
he uniform displacement of the me

The normal incid
cylindrically curved mer
the vibration analysis. T :
plane sound waves inside the acoustic tub
system reaches the maximal values when the

. The p
the porous sound absorber takes place -
absorption coefficient indicates that the m(.embrane resolr;anceeo;‘it I g)
in our experiments, takes place at frequencies about 6 kHz (see Fig. 1.3).
bsorption coefficient suggests the possibility
stem at any arbitrary fixed frequency using
le frequency absorption control, but the

a broad frequency range is suggested in

The theoretical analysis of the formula for the a
of the total control of the sound absorption of the sy3
the elasticity control method. Moreover, not only sing
possibility to influence the sound absorption spectrum 1n
our theory (see Figs. 1.5 and L6).

Elasticity control has been realized utilizing a piezoelectric membfane connected to a feed‘ba,ck
circuit inside the SA system. The feedback action causes the essential change of t?e Vlbr{it-loflal
response of the whole system, which leads to the increase of the sound absorption. T hf.? reallz.atlon
of the control of the absorption coefficient in the frequency range from 1 kHz to 2 kHz using a simple
feedback circuit and an operational amplifier has been demonstrated. This frequency range can
be arbitrarily shifted by the appropriate choice of the resistances Rs and Ro (see Egs. 1.23) inside
the external feedback circuit. The theory presented in this article can be used for the design of
improved feedback circuits offering better performance of the whole SA system in the low frequency
range, which is of practical importance.

This article is not only a description of the sound absorption control system, but also presents
the general approach of noise and vibration control using piezoelectric materials and negative
capacitance circuits. The method starts from the vibrational analysis concentrating on the effects
of the elastic properties of the system. Making the essential system parts of piezoelectric materials
and connecting them to the feedback cirenits, the noise and vibration control can be realized in a
narrow or broad frequency range. An example to find the optimal feedback has been presented.
The advantages of this method stem from its generality and simplicity offering a noise and vibration
suppression device that is of small weight and cost, and can be profitably used for sound absorption
in the low frequency range where the passive sound absorbers are ineffective.
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SOUND ISOLATION BY PIEZOELE

CT
TO NEGATIVE Oa RIC POLYMER FILMS CONNECTED

PACITANCE CIRCUITS

E. FUKADA'® M. DATE, K. KIMURA, T. OKUBO, H. K

ODAMA, P. MOKRY,
K. YAMAMOTO n
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Abstract

Sound isolation has been achieved using a piezoelectric polymer film connected

to a nc‘:gative capacitance feedback circuit. A curved PVDF film was located in
t‘he middle of an acoustic tube and the transmission loss of sound through the
film was determined in the audio frequency range. At any chosen frequency.
the complete isolation of sound was achieved by adjusting the feedback, i.e. tll(;
complex capacitance of the circuit was matched precisely to that of t};e film.

Keywords: Sound Isolation, Transmission Loss, Piezoelectric Polymer Film,
Negative Capacitance Circuit I

J.1. INTRODUCTION

Applications of piezoelectric polymers have been developed in various fields "], This paper
presents a novel method of sound shielding using such films. PVDF and its copolymers are available
in large area flexible film form. Tanaka et al. U2l reported that PVDF sensors bonded to a solid
structure can act as a feed-forward control system to suppress vibration and sound. Nishigaki
et al. 3 succeeded in suppressing vibration in a cantilever beam by bonding the beam to two
piezoelectric PVDF films. The films formed two arms of a bridge working as a self sensing actuator.

Date et al. ¥ have recently invented a novel technique to control the elastic properties of
piezoelectric materials by connecting an electric circuit that behaves as a negative capacitance.
The combination of PVDF film and negative capacitance acts simultaneously as a detector and
generator of vibration and sound. Some early applications of this system have been reported [75],
This paper reports further experimental observations of electrical control of the Young’s modulus
of poled PVDF films, and attenuation of sound transmission through curved PVDF membranes

coupled to negative capacitance circuits.

J.2. PRINCIPLE OF ELECTRIC CONTROL OF ELASTICITY

The basic idea for controlling the elasticity of piezoelectric materials is to superpose the direct

and inverse piezoelectric effects. Application of mechanical stress to a piezoelectric material gener-

ates clastic strain. Simultaneously, electric polarization proportional to the strain is generated by

the direct piezoelectric effect. The electric charge induced on the electrodes by the polarization is
s fed back to the electrode. The electric field due to this voltage

amplified and the resulting voltage i _
: 5 al strain is the sum of the stress-induced

generates strain by the inverse piezoelectric effect. ['he tot
strain and the field- induced strain.
induced strain, the total strain decreases and

if the field-induced strain reinforces the stress-
In the case of

If the field-induced strain opposes the stress-
the elastic coefficient increases. On the contrary, ‘ i i
the total strain increases and the elastic coefficient decreases.

induced strain, . i v -
sinusoidal stimulation, the magnitude and phase of the dynamic clastic coefficient are controlled

by the magnitude and phase of the feedback voltage.

e mail: fukada@kobayasi-riken.or.Jp
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J.3. NEGATIVE CAPACITANCE

Figure J.1 shows the circuit that

[}
I
increases the elastic coefficient, des- v I ‘
ignated circuit H. On the left of the : :
figure a piezoelectric sample discon- I :
- i e 3 I VOl.It
nected from the circuit is shown. A S +-l-+ d ! :
static stress is applied to this sam- & N : :
ple. The strain (the polarization i :
proportional to it) is represented : -0 +0 :
by an arrow. The magnitude of — Sl et : _I I'_/\AAfJ |
. . I
strain/polarization is shown by the - - ; Co Ro :
length of the arrow. The polar- bir. 37 fratisl .y SnelC ORI R i
ization induces negative charge on B P
the upper electrode, and positive  pyaRE J.1: Principle of operation of the negative capac-
charge on the lower electrode. Wanteicirenst Bl
When the piezoelectric sample ;
is connected to the circuit H, the :
non-inverting (+) and inverting (—) :
voltages of the operational ampli- | o : i
fier (OA) are V;; and V,, respec- i :
tively. To simplify the analysis of =fels : ,
this circuit, we will temporarily ig- # i :
nore the resistor Ry and consider : I
Cp as a perfect capacitor with zero : :
dielectric loss. Straightforward cir- i :
; s 20 |
cuit analysis gives SEar oy romm :
i
V- L i [ | :
. = ——— I
in Rl +R2 out ( 3 ) [T77r7 /7777 :_ ____{E] _____ R _2 ________ |
” Co FIGURE J.2: Principle of operation of the negative capac-
Ve = Oyt O, C, Vout, (J.2)  itance circuit S.
where C's is the capacitance of the sample. The charge Q on the capacitor Cj is given by
Q = CU IVl: =i Vnut.| . (-]3}

With the OA in negative feedback mode we may assume that V! = Vi. = V. From Egs.

(J.1-1.3) we recover -

RQV

Q:C(]Rl (J.4)

The input impedance of the OA at the non-inv
R, /(R2iwCy), and so the OA circuit prese

O=——0,
A (J.5)

iverting input is readily shown to be Z
nts an effective capacitance of

in

Thus circnit H may be considered

by Eq.(J.5).

as a negative capacitance cirenit wi i 7 gi
E apacitance circuit with a capacitance ¢ given

Stable operation of the circuit (negati ) i

s cire gative feedback) requires the conditi : f
:, ; : ‘ . 3 dit W =V {
[hm.l,[mm }'fls_'_ ('_]‘l)"‘”d (J.2) we have (Cs/Co) > (R2/Ry). ('nmll:'m'{ {L“:' }l'm‘}/'“”‘_'_‘ s
stability condition is |C| < ICs] (see 194] b
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If the absolute value of the capacit: :
‘apacitance C' of the circuit ; -
increases and the apparent elastic coefficient also i ircuit approaches the value of €'y, the feedback

: cre
between the elastic coefficient and C/C; is given byr“ases. It has been shown 4 that the relation

Y 1
Yo {1-k2/(1+C/C,)} (J.6)

where.Y is You.ng’&f modulus of the film with the negative capacitance circuit attached, Yy is its
value in short circuit, and k the electromechanical coupling [actor. Since k=0.1 S0 llb its
PVDF, we expect Y'=1.11Yp at C/Co=-0.9 but Y = 00 at C/C, = —0 e approximately for

: P p : :

Figure J.2 s}%ows an‘ther type of negative capacitance circuit designated circuit S, which de-
creases thc‘clabtlc_cocﬁ'lcmnt. The sample electrode is connected to the inverting (-) input of the
OA. Equation (J.5) holds for this circuit also, and the stability condition requires |C'| > || 4],

In this case we expect Y'=0.91Yp, 0.5Y; and 0.09Y; at C/C,=-1.1, -1.01 and -1.001 respectively.

J.4. RESULTS AND DISCUSSION

J.4.1. Young's modulus of PVDF films

The complex Young's modulus ¥ = Y’ +¢Y"” of a PVDF film connected to the negative
capacitance circuits was measured as a function of C'/Cy and frequency using a Rheolograph-Solid
(Toyo Seiki). The dimensions of the rectangular film were approximately 25 x 5 x 0.05 mm. Figure
J.3 shows the dependence of Y’ on C/C, measured at 9.8 Hz. C; = 628pF, Cp = 30nF and
Ry + Ry = 100kQ). The value of C was varied by changing the ratio R2/R; according to Eq. (1¢S5

Since C/C, in Eq. (J.6) is in fact a complex quantity, we must consider dielectric loss in
analyzing the frequency dependence of Y. The complex capacitance C, of the sample may be
written as Oy = C! —iC? = C.(1 — i tandy), where the dissipation factor of the sample tand, =
C”/C". The resistor Ry (Figure J.1) must be taken into account when considering the dielectric
loss in C,. Regarding the series combination of Cp and Ry as an equivalent capacitance Ceq and

equating impedances gives

(of ~,, 1—itané (J.7)

i ol SONEE R S
A T iRy %7 + tan?d

where tand = 27 fCyRo. By replacing Cp in Eq. (1.5) by Ceq, we have the following expression

4.5
9.8Hz
40F
£ 35
e ot Gt FIGURE J.3: Dependence on C/C; of
> 30f Young’s modulus Y’ of a PVDF film
: connected to circuits H and S.
2.5 Circuit S
| | |
2.0 ! 1
A A3 1. =1.0 09 -08 -07

cic,
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2.2 _—_______———m
26 : R =-1.01 —0— without Ci
=.0.99 O~ without Circuit GlC=-1- R
- _C-'CS 9! sl e —e— with Circul
—_ o
o olaE
Q = L
& > 16 FIGURE J.4: Frequency

dependence of Young’s

141
B e e ey
modulus Y =Y’ +1Y” of
a PVDF film connected to

@ = 0 :
s & 00 circuits H and S.
;' L ,.OJ —
02f
DIE ] | ] 1 03 | | ] ]
0 2 4 3 8 10 o 2 4 6 8 10
a) Frequency (Hz) b) Frequency (Hz)

for C'/C; ignoring tan? ds (tands = 0.02 for PVDF).

(8] R . : !
e — ,f-R—f{l-yz(tano,q—tazlo)}

Cy ; f
= _--CE {l+1tan53 (1—5)}, (JS)

where fp is the frequency at which tand is equal to tan 5s. By substituting Eq. (J.2) into Eq.
(J.6), Y’ and Y" are represented as a function of frequency f.

R o k2 (1— k% - A)

i (1 — k2 — A)? + A2tan26, (1 — f/fo)*’

yone k?Atané, (1 — f/fo)

Yo  (1-k - A+ A2tan?3, (1= f/fo)?’ e -

where A = ]C/C,T[ = (Cy/C%) (R2/Ry). We expect Y’ to increase steadily with increasing frequency
up to a maximum at fo and then decrease steadily. We expect Y to be positive below fy, zero at
fo and negative above fj. ,

.k‘iggre J.4a shows the variation of Y' and Y with frequency in the range 1-10 Hz measured
using circuit H. fo=4 Hz was selected and C/C; was fixed at -0.96. When the circuit \;'as discon-
necl,(la.d, both Y and Y were constant against frequency. When the circnit ‘w.as connected, the
maximum increase of Y’ occurred at 4 Hz. Y showed a beak below 4 Hz ﬂtl(j a dip .aho;rp —IH‘IZ |

5 Ii(:(i:m;it S', the parallel c‘.omb‘inatinn of Cp and Ry (see Fig. J.2) gives an equivalent capacitance
eq = Jo(1 — itand) where tand = (1/2)r fCyRy. By replacing Cp by Ceq, it is derived that Eqs
(3.2) and (J.9) also hold for circuit S. sl S BB

Figure J.4b shows the results obtained using circuit S e
showed a maximum decrease at 4 Hz and Y S
3 e showed a dip below 4 Hyz : p Gt
Figures J.4a and J.4b indicate that the elastic dissipation factor. tan § i’_d}n:! a ‘Eu ak above 4 Hz.
at fo . In other words, the phase between the stress yvtandg = Y" /Y, ch

4Hz and C'/C,=-1.03. Values Y’

s : anges its sign
and the strain changes by 180 degrees at Jo-
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J.4.2. Acoustic tube experiments

The transmission loss of ay-
dible sound through PVDF flms
connected to negative capacitance
circuits was measured using the
acoustic tube shown schematically
in Figure J.5. An oriented an'd
poled PVDF film with dimensions
of about 50 x 45 x 0.04 mm?® was
installed in the middle of a plastic
tube with rectangular cross section
of 40 x 40 mm and length of about
I m. The radius of curvature of the PVDF film was about 100 mm. The plastic tube was rigidl
fixed to the table and surrounded by thick urethane-foam blocks to prevent by-pass transmifsioi

of sound. Using a two-microphone method the transmission loss (- i i
: s (TL
e rengs M0 O (TL) was determined in the

Glasswool PVDF Film (40mm) o
asswool

Acryl Tube
(40mm)

Transmission Loss : TL = 10log|pi/pt|2
FIGURE J.5: Schematic diagram of the acoustic tube.

J.4.8. Transmission loss

Figure J.6 illustrates the frequency dependence of the transmission loss (TL) for a curved PVDF
film connected to the negative capacitance circuit H. The circuit was tuned at fy=1kHz. When
the circuit is attached, TL increases with increasing feedback voltage. The maximal increase in TL
(relative to the TL without feed back) is 40 dB. Figure J.7 shows the results when the circuit was
tuned at different frequencies. Tuning was achieved by adjusting Ry/R; so that C'/C, was close to
-1, and then adjusting Ry to make tand (= 27 fCyRp) of the circuit equal to tan &, of the sample.

Figure J.8 shows that the TL as a function of frequency for a curved PVDF film connected to
circuit S tuned to 1kHz. It will be seen that the TL decreases by approximately 13dB around
1 kHz. It is noteworthy that the transmission loss is increased or decreased depending on the
attached circuit and that the magnitude of the change can be arbitrarily controlled by adjusting
the feedback of the circuit.

Mokry et al. 78] have recently derived the following expression for the TL of a curved membrane:

gx’n (}/1!)2 i E (}'I . N'}!RZ)?

L= ; : ; J.10
TL = 10 log,q |1 + e, 4 202 (3.10)
60
= Circuit
g LR Ty
o E
@« i -=== BV
B 40 = i Bl b
| ;)I:' FIGURE J.6: Frequency dependence of
5 30 = f? the transmission loss through a curved
2 4 ) PVDF film connected to circuit H
£ 20 tuned to 1 kHz, for three different feed-
]
5 back voltages.
@
i 10
¢ 0
600 800 1000 1200 140

Frequency (Hz)

133



" . 1E ILMS ...
J SOUND ISOLATION BY PIEZOELEC T'RIC POLYMER F

50 — circuit off
» e tuned at
e L b weee 1100 HZ
il el --== 880 Hz
§ 30 : FIGURE J.T: Transmission loss
= through a curved PVDF film con-
5 2 nected to circuit H tuned to various
8 frequencies, 690, 880 and 1100 Hz
E 5 respectively.
&
B 50
{
10 i e ey e T | x A L
R e SRR R G =R e AT 2 4
1000
Frequency (Hz)
25
o : :
T 20— Disconnected
w
3
Bl 1S
& FIGURE IJ.38: Transmission loss
g 10 through a curved PVDF film con-
E Connected nected to circuit S tuned to 1 kHz.
=
© 5
’_
0 | | |
800 900 1000 1100 1200

Frequency (Hz)

where ¢ = poeoR%/h, R the radius of curvature, h the thickness of the film, pgthe density of the
air, and cg the sound velocity of the air. It will be seen that TL increases with increasing Y and
h, and with decreasing R and w.

Equation 10 indicates that the frequency dependence of TL is governed by both Y’ and Y.
As shown in Fig. J.7, TL shows a peak when Y’ increases at f;, where tan § of the circuit is

adjusted equal to tan d; f)f the sample. The dip of TL above fy corresponds to the sign reversal of
Y" illustrated in Fig. J.4 (8]

For practical applications, a uniform increase of TL over a broad frequency range is required.
'I"hJ(.-‘frcqm:n(:y (l{.-p(-m]('m;(_' of the complex capacitance C; is an inherent property of PVDF film.
Cy’ is nearly {_:onbtfa.nl against frequency and tan é, gradually increases with frequency M, gy is

- e al E ~ . - (2 Bl -~ :
constant, but tand = 2m fRyCy increases with frequency. Thus the condition tan dg

gk ; = fan 0. is
satisfied only at f = fo, and so the increase in TL is limited to a small fre

quency range around fo.
To obtain an increase of TL over a b enc

' incres L o a broad frequency range, the frequency dependence of €
and €' must be similar. In an initial attempt to satisfy this requireme
Ry in Fig. J.1 were replaced by several paralle
circuit has a distribution of relaxation time

_ nt, the components Cy and
I combinations of Cy in series with Ry, so that the
s. However, this attem /as 1

|  tim , this ; pt was only partially successful.
Another att.empfj was made by substituting a PVDF film for the Cy and R, ('c'm|h:m"ttinn An
example of the frequency dependence of the TL of a PVDF film connecte h a .
shown in Fig. J.9. The increase of T, by 5-10dB is re; :

d to such a circuit is
alized over a [requency r: T
” i - . - . . . Il{ 1 Ze
to 2kHz. Work is continuing in this area, l i
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50
& 40
% Connected
w
o 30
|
‘5 FIGURE ). Transmission loss
: . through a curved PVDF film con-
g nct‘:t.cd to circuit H (Figure J.1), in
: which a PVDF film is used as a circuit
D element replacing Cy and Ry.

0 | g 1 L1 1 31l

2 3 4 56 788 2
10 1000

Frequency (Hz)

J.5. CONCLUSIONS

Attenuation of sound through a curved PVDF film connected to negative capacitance circuits

has been determined. A 40 dB increase and a 13 dB decrease in TL at frequencies around 1 kHz
have beep observed. By using a PVDF film as a capacitance in the negative capacitance circuit, a
uniform increase of TL by 5-10 dB in the range 100 Hz — 2 kHz has been obtained.
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Resume

In the previous part, results of the both theoretical and experimental
uation through the curved membrane made of a piezoelectric high pol
in a form of a collection of papers, which were published on this to
papers are given in following Sections.

investigation of sound atten-
ymer film has been presented
pic. Brief comments on these

Comment on Paper H

This article is the first one in the series of publications concerning the sound suppression using
cylindrically curved piezoelectric membrane connected to the negative capacitance feedback circuit.

Our investigation of the sound transmission
through the curved membrane starts with the
analysis of sound fields interacting with the
curved membrane vibrations. Starting point
in this analysis is a derivation of the equation
of motion for the curved membrane [see Eq.
(H.14)]. To obtain this equation, it is assumed
that the displacement over the membrane sur-
face is uniform. In this case, the membrane
displacement in the radial direction w is pro-
portional to the circumferential strain S; (i.e.
elongation of the membrane along its curva-
ture), which is shown in Fig. 26. In the original
position, the membrane length in the circum-
ferential direction is equal to

FIGURE 26: Assumption of the uniform dis-
placement over the membrane surface.

ly = Ra,

where a is the angle with the origin on the symmetry axis of the cylindrical membrane. When the
membrane is shifted by w in the radial direction due to the sound pressure difference op at the
opposite sides of the membrane, the total radius of the membrane curvature equals R + w and the

length of the shifted membrane is equal to

l=(R+w)a.

Strain tensor component S) measures the relative elongation of the membrane in the circum-

ferential direction:
b

ly

.S‘] =

and with use of two above relations one finally gets the expression

which is actually used in Eq. (H.8).
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if mode can
From the equation of motion [see Eq. (H.18)], the resonant frequency of the uniform

be expressed:

1 e
W= R E‘
Y is the Young’s modulus and ¢ is the membrane
density. From this equation it is seen that with an increase of th{? Young]’s m?d\uluséorafllgefr:?;zgls::t
frequency wg of the uniform mode increases, and for all fl:eqwtlencws w bc ow.t 1€ e =5 acoustii
wg the amplitude of membrane vibrations is decreased. This results in an increase ot the

transmission loss for sound of frequencies below wg (see Fig. H.8).

where R is the radius of the membrane curvature,

Knowing the formula for the acoustic transmission loss as a function of. the effec..t.lve Yf?.ungjs
modulus, the effect of the active elasticity control technique using the negative capacitance circuit
on the value of the acoustic transmission loss can be analyzed. In Ref. [54] Date shOv'ued t.hat
the complex Young’s modulus of a piezoelectric material connected to external capacitor is a
function of the ratio of the external over piezoelectric capacitor capacitances. Thus, wh{cn thf:*
frequency dependencies of the considered capacitances are known [see Eqs,. (H.24) a.nd. (H.25)], it
is a straightforward task to predict the frequency dependence of the acoustic transmission loss. In
Paper H two systems for sound shielding in narrow and wide frequency range have been proposed
and analyzed. To verify this prediction, acoustic measurements were performed and their results
were fitted to our model. A quite reasonable agreement of experimental results with predictions
of the theory has been achieved.

Comment on Paper I

The purpose of Paper I was to give an example of a general approach for designing the NVC devices,
which is offered by the active elasticity control technique. This approach was demonstrated on a
design of the sound absorbing system using the piezoelectric curved membrane. In this work the
external feedback circuit has been proposed and the front-end realization of such a device has been
demonstrated. Although the configuration of measurement system has been changed, the principle
of the interaction of membrane vibrations with surrounding sound fields remained the same.

Elastic properties of piezoelectric elements of the system controls the dynamic vibrational
response of other parts of mechanical system mainly in the low frequency range. In addition, the
elasticity control based on Date’s idea gives a powerful tool to completely redistribute the vibration
response over the mechanical system using piezoelectric elements. Detailed theoretical analysis of
the system vibration is used for the determination of the critical conditions for elastic properties of
piezoelectric elements, which results in a suppression of vibrations. Knowing these critical values,
the optimal feedback circuits realizing such a control can be made.

Comment on Paper J

In Paper J, a quite wide range of possibilities in designing the sy
devices utilizing curved piezoelectric polymer membrane and technic
properties of piezoelectric materials have been demonstrated.

stems for noise suppression
jues for controlling the elastic

Figure J.3 shows the direct measurements of complex Young’s modulus of a PVDF film con-
nected to the negative capacitance circuit, which was measured as a function of C/Cy ratio by
means of Rheolograph-Solid (Toyo Seiki). It is seen that the large values of Youn ";m:)rliuiug
which are of irFt.erest in noise shielding devices, are very sensitive to Smatl deviations irg: ‘“It’ ratio 1%
capacitances C'/Cy from the ideal value —1+4 k2, It is actually de:rmnstrat.orl. t]l;;l lh.mm ;] :
represents the most limiting factor, which deteriorates the r.)erforman{‘e of the thme. ci : '“wn*(m']l(‘?l]'a
is actually demonstrated in Fig. J.4 where the both real and imaginary parts | f l". ?\'m'eb‘ .
ol Young’s modulus are measured as functions of s theslet g

f -ql]( 1('V € nd }
; : i re - v 1. where t-h( f‘{ff"('t (][ (h(’ ]]Pgﬂ' i\'"
. v = nc ease I decr 1 t re wrt e s1 I I1 2 l t] e
Capa('j[t,a_n(_,e CII Cult 18 M. An mcerease o ILC ease In .-]lB H-l I)i It ﬂnd th "gn C}l' ]1g( (8] : A
see 3 - © -

142



imaginary part of Young’s modulus is caused b, :
: : Y the mismatch in fre uer 7
y ; 1
both 1.'9:11 anq 1m§g1nal'y parts of capacitances of the piezoelectric lcl e gt
capacitance circuit. ‘ polymer film and the negative

In Figures J.6 and J.7, the possibilit
It is seen (Fig. J.7) that these systems
shows the possibility to decrease the tr

y of so‘und shi.clding at the single frequency is demonstrated.
fcxre‘ ea.sﬂ.y readj ust.able to any arbitrary frequency. Figure J.8
ansmission loss using the negative capacitance circuit for the

this disadvantage by replacing the conventional
the capacitor made of the same material as the
good matching of the both real and imaginary
and of the feedback circuit can be achieved in a wide

reference capacitor Cy in the feedback circuitry by
piezoelectric membrane. By doing this, the \;er};
parts of capacitance of the membrane
frequency range.

Figure 27 shows the experimental system for measurements of the acoustic transmission loss

It consists of an acrylic acoustic tube of rectangular cross-section w
two moving microphones. In the center of the tube there is placed the sound shielding element
which is made of the cylindrically curved membrane made of piezoelectric PVDF polymer film 0%
thickness 50 um and provided by aluminium electrodes (see Fig. 28). The constant curvature of
the film was kept by the steel wire mesh and polyurethane foam. Detail of the placement of sound
shielding element in the acoustic tube is shown in Fig. 29. During the measurements, the acoustic
tube was covered by pieces of glass-wool sound absorber to reduce the sound transmission through
the surrounding environment and through the vibrations of the acoustic tube itself. It has to be
pointed out that the purpose of this measurement system was not to provide exact measurements
of the acoustic transmission loss but to qualitatively and to some extent quantitatively evaluate
the performance of the sound shielding element.

ith a sound generator and

Conclusions

It was shown that using a single piezoelectric element, which is connected to the feedback electronics
involving an operational amplifier, it is possible to construct a simple but efficient tool for sound
shielding. Using this system the possibility of 60dB increase of acoustic transmission loss in
narrow frequency range and about 10dB in a wide (from 500Hz to 2kHz) frequency range was
demonstrated (see Papers H and J). It has been also demonstrated that the technique of active
elasticity control in piezoelectric materials offers a quite general tool, which can be used for a
construction of other devices for noise and vibration suppression. In Paper I a general approach
for design of such devices was demonstrated on a system for noise absorption. The method starts
with analyzing the effect of elastic properties of piezoelectric elements in the system on the acoustic
response of the system. Minimizing the values of acoustic properties with respect to the elastic
ones, it is possible design a feedback electronics, which realizes the required acoustic response of

the system.

The advantages of this method stem from the small weight‘, simplicit_v,. low cqst, and superb
sound shielding performance of the whole system, offering a noise suppr.cssmn d‘evme that can be
profitably used in many places such as planes, high speed trains, and similarly noisy environments.
However, as a limitation of its use in commercial applications sho.ulq be recFJgn!zed the low oper-
ational stability, which is sensitive to temperature changes. To elxrplllat:e t.hm d]sadvanta.gc, 1.nor(=.
advanced f(‘.f*dl;al:.k electronics has to offer self-adjustable circuitry with dlstnbuter}i I'BIa)(B..tvl.OIl !.llmt?s
and these are the devices, which are of interest in the ongoing research and design activity these

days.
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shielding element.

a) b)

FIGURE 28: Detail of the sound shielding element made of curvnd pi(rz(‘)r‘ltrcf.rir:
(ferroelectric) PVDF film that is clamped in the acrylic acoustic tube: side view
a), top view b).

a)

FIGURE 29: Sound shielding element,
PVDF film of thickness 50 pm and proy

made of piezoelectric (ferroelect ric)

ided by alumininm electrodes is placed
in the acoustic tube; front view a), rear view where

mesh and polyurethane foam keeping the const

there is seen the steel wire
ant film curvatyre b).
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Appendix K

Phenomenological theories of
Landau and Ginzburg

Landau described in 1937 a general phenomenological theory of the second-order phase transitions
based upon symmetry criteria. Although the detailed micromechanisms of phase transitions are
different if particular substances, the Landau theory made it possible to examine the anomalies of
physical properties of crystals in the second-order phase transitions and to get insight into their
general physical causes without any reference to details of mechanisms on the microstructural level.
The starting point of the theory is a general consideration that a certain temperature T, called
Curie temperature, represents a transition point between two phases, which differ in symmetry. It
is natural to consider that the symmetry of the phase above temperature T¢ is higher than the
symmetry of the phase below T-. Hence these phases are called symmetric and non-symmetric.
In Ref. [63] Landau formulated rigorous conditions! for the symmetries of the high and low
temperature phases, which define a special type of the phase transition called second order phase
transition of the Landau lype. The practical meaning of these conditions on symmetry is that in
the phase transitions of this type the non-symmetric (ferroelectric) phase may be represented as a
distortion of the symmetric (paraelectric) phase.

The physical quantity, which actually “mea- (a) ettt (b)
sures” the distortions of the symmetric phase, o et o
is called order parameter. By definition it has '*f/\\ R
a zero and nonzero equilibrium values, which aP| a 2 ’g
correspond to the symmetric and non-symmetric \}t,\~ \,{-,  Ax
phase, respectively. Generally, it is not a simple i It

task to find out a correct physical interpretation
of the order parameter and its exact specifi-
cation can require a comprehensive symmetry
analysis of a crystal structure changes during
the phase transition in a given material. How-
ever, in ferroelectric materials lowering of the
crystal lattice symmetry is characterized by t.hn
change of polarization. On the other hand, in
ferroelastic materials the phase transition results
in the appearance of strain in the low symmvl.lr_v

ase. Therefore, two macroscopic properties : ‘ ‘
‘l:}l‘“";]‘t-! usfrci;’l.r:‘aI:'J|I|(u-a.~;||r|_»" distortions of the crys-  larization and mechanical strain: %a). 11[’1.dlS-.
tal lattice: the change of polarization AP and  torted structure; (b) changf* of polarization;
mechanical strain e;; (see Fig. K.1 ). The former  (c) appearance of shear strain.

is proportional to the relative displacement Az

(a)

FIGURE K.1: Microscopic origins of ionic po-

mmetry of the low temperature phase must be

LOne of the conditions is a requirement th
a subgroup of the point group of symmetry o

at the point group of sy
f the high temperature phase.
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om their symmetrical positions in the unit cell:

of a k-th set of ions in the crystal lattice fr
(K.1)

AP = Z K Aﬂfk/\"ucv
k

s the charge of k-th ion and k is running through all

where v, is the volume of the unit cell, gk 1 formations of the whole unit cell:

: : to de
ions in the unit cell. The latter is equal to the strain due

) — Azg,i(Tk) N Az j(Ti + i) = Al‘k,j("k)} : (K.2)
a;

1 Zi [Aiﬂk,i(fk + a;

2 j
- J

where N is a number of ions in the unit cell; A i(rx) and Azp,i(Tk ‘:haj) ar;’tth:;lr::?;:";

displacements of k-th ion in the given and the next unit cell; afncll a; are thle OLh ;’fg’zi m’)’? ma.nifes?s
: SEy : 5 arization of the non-polar

vectors of the crystal lattice. Since usually the pola.rma.' Doy g

itself in any way, however it already exists, it is simply 1gnoref:l ar.ld we define thle Hola:;?at]{on of the

crystal lattice by the bound charge on the sample surface, which is due tf’ the re.atlve Isplacements

of ions in the crystal lattice. For the sake of simplicity, the symbol P is used instead of AP.

K.1 Second-order phase transition in ferroelectrics

Having defined the means that measures the distortions of the crystal lattice, it is possible to
analyze the “dynamics” of the phase transition. In order to do this, the following thermodynamic
considerations start with the definition of a thermodynamic function @ per unit volume of the
dielectrics called Helmholtz free energy:

®(T, P;, i) = U(S, B, e;5) — TS, (K.3)

where U is the internal energy of the dielectrics, 7" and S are temperature and entropy of the
dielectrics, respectively. At the constant temperature 7', the change of the Helmholtz free energy
is proportional to change in the distortions of the crystal lattice

do ad

0BT oo e S e —
The precise functional form of ®(T', P, €;;) is now the question. In the equilibrium of the symmetric
phase @ should be zero. It means that d®/dP, = 0 and 0%/0e;; = 0 for all i and j. Since in the
paraelectric or ferroelectric phases close to the Curie point, the distortions of the crystal lattice,
i.e. the values of 4 P; and de;;, are small, it is a common practice to define a linear hor low-order
nonlinear theory in which 6P, = P, and deij = e;; are defined as small deviations from a high
symmetry equilibrium state in which P, = eij = 02 . Then the Helmholtz free energy can be

expressed in the form of a Taylor expansion in F; and e;; up to the terms of the fourth order:

(] REL s o) —D 4
( 11 €ij) = o + (K.5)
e, T
—a’TP,P;
gty S (second-order terms)
Sy -
295k PP — hl,Puey +

3 (third-order terms)

1 e I
0 PiPiPP + ~ql PP, L by
2%k b sk biben + 2%ikiCi€kt + --- . (fourth-order terms)

For a given material, function ® is

: a scalar quantity ¢ B e .
the crystal and it must be invariant with respcr(:tl to 'a,m}' t(rhﬂranerm”g the physical property of

b, ; ans ‘ ' . :
Therefore, all the coefficients EY:}F‘ rrc'f Hiish oo o i Iann!]’l?} ion of the symmetric phase.
¥ : ikt kigr Ly @ a o7 2 . m— . -
the operations of the appropriate sy i %kt Gy and ¢,y are tensor invariants under

mmetr ' 1
y group. It is generally quite difficult to investigate

2Note that now the polarizati
! F: * polarization components P, or i
with the definition of the order parameter 4 O strain components €ij are defined i

n a way, which is in accord
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‘ nal electric field E, is of ical i

et 01 : practical importance. i

case, d;ml}‘r:}s of d.h.by&ttln with a Biven constant applied field E requires a dif?ercntnii ; t(i“s

namic function, which must determine the work performed over the system by external fc?:clzgso ])f(_
. In

Appendix L there is given a detailed derivat; : :
energy: erivation of such a function, which is called Gibbs electric

G(T, Ei, e;;) = ®(T, P, eij) — E;P,. (K.6)

Considering the constant electric field, variation of Gibbs electric energy is zero in equilibrium:

Y/ — 2l — 2l a¢
0G(T = Teonst; By = Econst,i, €35) = (ﬁ—_ 2 b) 5P, + j—flcse,-j =4 (K.7)
1 "JI

Since in general changes of polarization § P, and strain de;; in ferroelectric are not zero during the

phase transition, Eq. (K.7) is satisfied when

JdP P
P —— o E — ——— —
ap, i =0, Jes = 0. (K.8)

It should be noted that usually the system of Eqs. (K.8) has more than one solution for equilibrium
values of Py, and eg;; and Eqgs. (K.8) have to be accompanied by a system of complementary
conditions which specify which values of P, ; and €p,i; correspond to minima of the Gibbs electric
energy. In order to do this, Hessian matrix H(G)mn(P;, €;;) of Gibbs electric energy with respect
to all variables P; and e;; has to be calculated. The equilibrium values of Fy,i and eg ;; correspond
to the minimum of function G, if and only if the Hessian matrix H(G)mn(Po i, €0,i;) is positively
definite.

Having now established a general method of find- T>Tc T<T¢
ing the equilibrium values for polarization and strain
during the phase transition, these thermodynamic 1 zl
tools are demonstrated on the example of an analy-

sis of dielectric properties of so called uniazial ferro-
electric, which undergoes a second order phase tran-
sition into the ferroelectric state by changing the v /r—-;;'
symmetry at T' = T from 2/m into 2. X

In this particular case at the Curie temperature
Tc, the instability of the crystal lattice leads to the 2/m P 2 $
appearance of polarization P along the two-fold axis
2 and the crystal loses the inversion center and the pIGURE K.2: The symmetry elements of
plane of symmetry (see Fig. K.2). Now the objec- {10 9/m and 2 group, respectively. At the
tive is to find the leading terms of the Helmholtz ¢ je temperature T¢ the crystal loses the
free energy ®. Now it is considered that the driving  ; vorcion center and the plane of symmetry
force of a phase transition is an appearance of po- Jeading to the appearance of polarization P
larization and the fact that there could exist a cou- along the two-fold axis 2.

- arizati strain affecting
pling between the polarization and strain a e i = e
the phase transition is neglected. It means that all terms containing strain e;; can be ignored in the

expansion of Helmholtz free energy. Although it is clear that during the thermfal motion of 101:13n1tI;
the symmetric case there exist fluctuations, which lead to the presence of polarization (‘::mp(;i e .
hf'I'IH."IIlli('llI‘r'lI' {6 the z-axis, these components do not take control over the phase transition due t

This means that when studying the phase transition

INote that the group 42m is not centrosymmetric. ate (KDP) family materials, the third-order rank

42m — mm2, which takes place in potassium dihydrogen phosph

tensors cannot be omitted.
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be neglected from the expansion of function ®. So the remaining
e Il

symmetry reasons and they can :
. y f polarization 2

terms contain only the z-component o
N (K.9)
‘I‘(T, P,:) = @0—{— §C(’Pz 4 zﬂpz

Now the question is what can be said about coefficients a and f.

Here it should be emphasized again that in the secon.d—order ph‘ase tfi?is(:tlcl’:l; fflillfhﬁiﬁjdzz
type, the non-symmetric phase is represented as a distor.tmn of the symme - Oll)ariz‘-;tion -
also pointed out that P. = dF; in Eq. (K.9) has a meaning of the chan}gl;e 251 o e
equilibrium of the symmetric phase. It means that function (T, P:) a.sba e Tr is ot;iti\ﬂ:'
in the symmetric phase and the variation of function ® at temperatures above 1¢ 15 POSILIVE:
00(T) = «(T)(6P,)> >0 at T > Tc. (K.10)

Although the origin of polarization P. in the symmetric phas.e is attributed to the thern;elil n;otlon
and only its average equilibrium value P. = 0 is mcasurc(l‘. it b(‘CO_mCS a real measura .
of polarization in the nonsymmetric phase. As a result, in the dl.st-c?rted non~5)./mmetnc phase
P. = 0 is not the equilibrium value of polarization anymore and variation of function ® below T

is negative:
6®(T) = o(T)(6P,)2 <0  at T < Tg. (K.11)

Comparing the last two expressions, it is concluded that the coefficient o is strongly temperature
dependent and changes its sign at the Curie temperature T, In the linear approximation, it is
usually considered:

O:(T) = O:Q(T = Tc), (K12)

where ag > 0. Since in the non-symmetric phase the crystal lattice has to be stable again, it is
stabilized due to the higher order terms in the expansion of function ®. Thus in the second-order
phase transition, it is considered that coefficient 3 is temperature independent and positive.

Knowing the qualitative temperature dependencies of coefficients o and 4, the equilibrium
values of polarization can be finally expressed from Eqgs. (K.8), (K.9) and (K.12):

ao (T —Tc) P, + B8P ~E, =0. (K.13)
with a condition specifying the minima

To obtain‘the analytical solution of Eq. (K.13) in an explicit form, an approach called hard
ferroelectric approzimation is often followed, assuming that the polarization of the crystal lattice
due to the phase transition is given by the constant contribution calle :

. d spontaneous polarization
Fy and the linear dependence on the electric field ;

P =P+ X.?::'sTEz

(K.15)
where
hes { 0 Poad fore AT,
V(Tc - T)/(8C) o Per, (K.16)
| 0/(T = Ts) e
ar - {9 i
- C/2Te - T)) for D<oy (K.17)

and C' = 1/aq is called Curie-Weiss constant.

Change of
: : ' O spontane i
ture is measured by the pyroelectric coefficient 8 pontaneous polariz

S ation with tempera-
ant pressure +P:
apP 0

= (——) = { — for T'>Tx
iy 1/V2BC (T =) o ' (K.18)

Teln,
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K.2 Anomalous temperature de i
pendencies of potassi i-
hyirogen S ho potassium di

s k‘}l(’“’“ dus to Robayashu that potassiun, dihydrogen phosphate (KDP) or rubidium dihydrogen

phoep m.te (Rb.DP) fiEftals "“defgo the first order phase transition. Nevertheless, the digcontgin—

uors changp . §p011taneou5 polarization P, is relatively small. Moreover. all t‘ ial ¢

£33, d36, Sts fulfill the Curie-Weiss law in a wic : - y, 8% JIALCLIAL CONSLARGS

:1231‘]' £ ; q?; b el $8 law In a wide temperature region over transition temperature.
erefore 1t can be said that the most of crystals from KDP and RbDP families undergo the first

OTdE"T_ phase transition, which is close to the second order phase transition, and following expansion
of Gibbs energy can be adopted as an acceptable approximation:

W is ol ol M }‘ r
G (T, E3, 76) = Go + zap (T — Tc) P2 +%BP“ dL

i
2 Ecspﬁ eg — h3s Paeg — P3E3 — g5, (K.19)

where I3 and P53 are the electric field and polarization along the ferroelectric axis respectively
Symbols eg and 7gs represent the shear strain and stress in the plane perpendicul'ar to the fer;
roelectric axis in the notation due to Voigt, respectively. It is known from experiments that the
inverse dielectric constant (35, of this crystal along the ferroelectric axis at a constant shear strain €g
vanishes at the transition temperature and at the same time the elastic compliance sé’ﬁ of the crys-
tal at a constant polarization Pj is practically temperature independent. It is therefore natural to
assume that the polarization in the expansion of the thermodynamic function is the primary order
parameter; this assumption has been used as a basis for simple development of phenomenological
theory of a phase transition in KDP and RADP crystals.

The anomalous behavior of temperature dependence can be obtained for the £5; component
of permittivity tensor, dss component of the piezoelectric coefficients matrix and s resp. e
components of the elastic compliance resp. stiffness matrices at a constant electric field. Solution
of two equations for equilibrium values of P; and eg:

oG

TR (T —Tc) Ps+ PP —hsses — E3 = 0, (K.20a)
or3
oG » TS
P = cgges — hse P — Te = 0 (K.20b)
deg

vields the temperature dependencies of polarization and shear strain. In the absence of external
electric field E; = 0 and mechanical stress 75 = 0, the temperature dependencies of spontaneous
polarization and shear strain can be obtained in the hard ferroelectric approrimation

) Vao/B(To—T) for T < To, (K.21)
%,3 (T) 0 for T > Ty,
20.6 (" i {h:;u/‘:vj':.) vV ao/B (To - T) for T < To, (K.22)
€0,6 T 0 far ol =~
where
e
Ty =T + Ii.si.
Cpe (Y0

is the transition temperature.

S E R arizati 2 and
From Egs. (K.20), the electric field E4 and shear stress 7 as functions of polarization P3

shear strain eg can be expressed:
(K.23)

T T ) . j.:! — a6 €6
By = ao(T—Tc)Pa+PFs—hase (K.24)
P —hae P2 + Cep €6

J




ric coefficient 36 and e‘]a.;,stic stiffness at;(con-
during the phase transition. From Eq. ( _?3)‘
polarization P; can be expressed considering
t of impermittivity tensor at constant

From BEq. (K.24), it is can be shown th.at piezoelect
stant polarization ¢l are temperature independent
the derivative of electric filed F3 with respect - en
constant value of eg, which is actually equal to the compon

strain (5;:
1 < To,
h/ (chgao) +200 (To = T) for T<To, 0 o)

ae aES 3 P2 =
O = (5174) =ag (T — Tc)+38 Po,s{T} hg,;/ (C&ao) +ap (T - To) tor' & = .

Differentiating Eqs. (K.20) with respect to Fj3, the solution of the obtained system of linear

algebraic equations

- >, a s
[ao (T —Tc) + BP]] 35 — has 555 —1 =0 (K.26)
P o oe
— h'SE %ﬂ. + Cgﬁ TEE% = 0

for unknown partial derivatives dP;/E; and deg/0Es yields the expressions for relative permit-

tivity €3, at constant stress
Y €a3

h 3P3 i Bl I/ {20({] (TQ = T” for T < Ibv (K?T)
EQEgy ~ (G_E;), " ao (T - To) + 30P25(T) 1/[ao (T —Tp)] for T>Tp
and piezoelectric coefficient dag
: F 2ckao (T =T for T < To,
dag = QE_E_ hag 136/[ (5500( 0 )] 0 (K.QS)

0F; C&;GD (T —To) + 366‘:333{3 (T) i hae/ [(_'.gﬁ(xn (T — T@)] for T >"T5:

Similarly, differentiating Eqs. (K.20) with respect to eg and considering the constant electric
field Ej, the anomalous temperature dependencies of elastic stiffness at the constant electric field
can be obtained:

cE = (E)_E) =ck - h3s = h3s/ [2a0 (Tp — ). S e i
i “ o £+ 2 — 866 .

des ) ap (T —T¢) 3BF; 4(T) hgﬁ/ leo (T - 7o) Y TS

(K.29)

Finally, differentiating Eqs. (K.20) with re
Ej3, the anomalous temperature dependencie
can be expressed:

spect to 7 and considering the constant electric field
s of elastic compliance at the constant electric field

: 2 P s oy

sE = Oes =t his Se6 i p h3esés/ [200 (To — T )| Jdor T <15
87 ) & Ao (T Ty) RpRIT) — W EY e O

: 136566/ (o (1" — T} for T > Tj.

(K.30)

K.3 Fluctuations of the order parameter

The above examples of ferroelectric phase transitions show th

i e ; at in the fi setric
lattice can exist in two or more enantiomorphons states w( he ferroele tric ph
es,

\ ; ase the crystal
hich differ in

a vector of spontaneous
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polarization and a tensor of Spontaneous straiy
that the non-symmetric phase is spatially hom
monodomain state. But this is actually not the

However, in the above ex
Ogeneous, j.e. that 4
case of many observat

amples it wag considered
phase transition occur into
lon in real systems.

' Ll ‘ eason for this is that the 0
order parameter, which is considered to be uniformly distributed over the vo]ufn;n(?fotnlf:tssa?;;ie

represent. the only degrees of freedom in the system in the classical Landa th W
temperature of the sample is decreasing towards the phase transition the crusta.le?;.-ltyt.' bhen %
very soft (see the temperature dependence of the parameter v Eq. K‘ 12) 8.13((1 the /i 13& :‘fconhles
the order parameter become to play an important role. It means th;s.t other de, rei:cotfwfrw?:is i
in the system described within the Landau theory “are necessary” to reach thei eemen‘i’e O:E
experimental results. In order to correct the Landay theory, the spatial a’nhomogeneoirs distribuv:;o
of the order parameter is introduced into the considerations of the theory. i

To refine the thermodynamic theory, the approach of Ginzburg [65]
Taylor expansion of the Helmholtz free energy also in terms of derivatives of the order parameter
with respect to the space coordinates. In order to follow the purely phenomenological considera-

tions, following terms of the order parameter (i.e. polarization) and its derivatives are introduced
into the expansion of function ®:

is followed considering the

®(T, P;, OP;/dz;) = &y + (K.31)
1 - 1.
5(}3!’,}} + ZG'EHHPJHH i (second and fourth-order terms)
aP; JdP; 1 JdP; P,
f I ] T ] T [ k c
okl B il SRR i
Hyj 9z, ki 35 501kl 3. o%, (gradient terms)

Again, function ®(7, P;, dP,;/0z;) must be invariant with respect to any transformation of the
syminetric phase and, therefore, restrictions imposed upon coefficients ,ug, /\:-':;k and 6;-‘;,‘1 due to
symmetry reasons have to be taken into account. In the symmetry 2/m the Helmholtz free energy
expansion for one-component order parameter is written here as an example:

1 ) 1 s
T, P., VP.) = @ + 5aP.(2)" + 10P.(2)" + 56 (VP (). e

It can be pointed out that the coefficient § is positive. This implies that spatially homogeneous djs;;
tribution of polarization is energetically favorable. This Ginzburg correction term (1/2)é [VPZ(:.::)J
in the expansion of function ® brings fundamental consequences, which play an important role in
the formation of equilibrium domain patterns.



Appendix L

Thermodynamics of ferroelectric
domains

In this Appendix, the thermodynamic functions for a system of ferroelectric capacitor with domain

patterns are defined. Without any proof the Helmholtz free energy per unit volume of the sample
is defined by formula )

@(T' P; (’U) = IU(S, P,_. t"U') — TS, {Ll)

where U is the internal energy of the dielectrics, T and S are temperature and entropy of the
dielectrics, respectively. Considering the first and second law of thermodynamics for the internal
energy U, the zero variation of the Helmholtz free energy at the constant temperature T specifies
the conditions for equilibrium of electrically and mechanically free sample

: : o 0P

0P(T = Teonst, P, €ij) = =— 0P, + — de;; = 0. :

{ t [ IJ) P, at’:,} ij (L 2)
Nevertheless, from the application point of view, the dielectric properties of a system with the
constant electric field E is of practical importance.

L.1 Gibbs electric energy

Gibbs electric energy G is a thermodynamic function, which has a minimum with respect to the
polarization P when the constant voltage is kept on the electrodes of the system. In that case, the
definition of function G must determine the work performed over the system by external voltage

sources:

electrodes
(::/ [«b(m ' é-.’nﬁ‘z:| av- 3 Qe )
v 1

and the potential on the i-th

‘here ) is > free energy, Q; and g, are the charge
where ®(P) is Helmholtz free 9y, @ i v the st

electrode, respectively. Considering the constant electric potential on e

on the right-hand side of Eq. (L.3) is equal to:

electrodes

Z Qipi f (¢ D, )n; dSE,
JSE

1

(L.4)

i 4 2 . 5 ) 1 1 itv 1s
where S is the surface of electrodes. By applying the Gauss theorem the following identity is

immediately obtained:

' (L.5)
f (¢Di)n; dSE = — / EiD;dV.
J 5y Jv




Thus the Gibbs electric energy of the whole system is equal to:

1 ; (L.6)
= {@(P) _ JeoB? ~ Byl aV,
g

where the formula for the electric displacement
il
D; =¢eoE; + P (L.7)
that the electric field is constant in the sample,

has been used in the derivation. Having in mind :
llowing formula:

the Gibbs electric enerqy per unit volume of dielectrics is defined by the fo

G = Gy + ®(P) - E;P.. €&

It can be immediately obtained that zero variation of the Gibbs electric energy at constant electric

field
0P 2 (25 (L.9)
= — de;; = 0. :
oG (BP,- E‘) oP; + 5 €1
determines the local equations of motion in equilibrium of a system with fixed electric field at the
electrodes.

L.2 Gibbs electric energy of a system with surface layers

Objective of this section is a derivation of a formula for the Gibbs electric energy of a system of
ferroelectric capacitor with domain pattern and the electrode-adjacent (surface) layers considering
that free (screening) charges o are present at the interface of ferroelectric layer and surface layers.

The inhomogeneity of the system can be introduced in our theory by considering the different
form of the Taylor expansion of Helmholtz free energy in the surface layer and in the ferroelectric
layer:

B(P) = { Qs (P) = (1/2)0:.(}3? = P-;) +(1/2) ac(T - Tc)P2 4 (1/4) BPY  in ferroelectric film
D, (P) = (1/2) ay(P; + Py + P7) in surface layer,

(L.10)

Then, it is considered that screening charges oy are present only at the interface of ferroelectric
and surface layers, which is denoted by symbol Sp:

(Dgi — Dgi)ni = oy, (L.11)

where D, ; and Dy ; are the components of the electric displacement in the surface and ferroelectric
layers, respectively, and n; are the components of the normal vector of the interface

: between the
surface and ferroelectric layers.

Using the Gauss theorem and Eq.

(L.11), the straightforward calculations vi
| ‘ : ations yield t i
for the work of external voltage sources : il

(@Dl)ﬂj 08 — f woy dSp — : E;D; d'y’f - /V E:.D; f“;n {le)

S Sp Vv

where V; and V”f are th{‘-. voll.lmm of the ferroelectric layer and the surface layer and Sp is tl
surface representing the interface of the ferroelectric and surface layers COI;I‘I'JII'IH 1 ‘(l’L-U ]bl t‘ )
(L.4), (L.7), (L.11) and (L.12) it is immediately obtained: ST ng Eqs. (L.3),

1
G=/ [‘D P) - 5e0B" — ELP, LB~ B
-’ #(P) ~ 5eo e e ‘T’g(P)—rzEuEz—b‘Pi] dvg+f

S

wordSpg. (L.13)
2]
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Considering the equations of motion d®/9F; = E; [see Eq. (L.9)], the integrals in Eq. (L.13) can
be expressed in the hard ferroelectric approximation

e 1 .
G= [@f(Pg) ~ seoel ) EiE; — ElP.;.,l] v, —f ~coe\ D E,E; dV, 4-} poy dSg, (L.14)
vy 2 v, 2 Sg
where EE;-‘) and sff) are components of the relative permittivity tensors of the ferroelectric and

surface layers. Again with use of Eq. (L.11) and the Gauss theorem, the formula for Gibbs electric
energy can be finally expressed in a form, which is profitably used for calculations in Papers A, B,
C, D, E and F:

- 4 Ik or 1 :
G=Go+; % o(Po,ini +05)dSp — r% popdSE, (L.15)
2 /sy 2 )5

where o is the charge on electrodes.

L.3 Landauer formula

In Ref. [66] Landauer used another form of the Gibbs electric energy, which is convenient for use
in theoretical considerations, however he provided no reasoning to confirm the correctness of his
formula. In this section, the brief derivation of the Landauer formula under more general condition
considering the presence of free charges in the ferroelectric is provided. Having in mind Eq. (L.3)
it is considered that the electric potential ¢ is a superposition of two electrostatic potentials ¢y
and @p, where the confribution g4 is produced by free charges p; and by bound charges due
to spontaneous polarization —9P,;/dz; according to the Poisson equation z,;(0%¢a/0z:0x;) =
0Fy,;/0z; — o5 and where the value of ¢y is zero on electrodes (¢4 = 0 on Sg). In addition, it is
considered that the contribution g satisfies the Laplace equation £,;(9%¢po/0z,0x;) = 0 and the
value of g is kept nonzero on electrodes by the external voltage sources.

Then with use of the identity
[ <oeis @patow:) @go/0m;) av 0 (L.16)
v

the straightforward calculations involving several applications of Gauss theorem lead to the formula

1 :
G =Gy + ] [E_neEj = E(:I,PQI, + Yoof dV, (L17)
-
where Eg, = —dpa/0z; is the depolarizing field in a situation when the electrodes are short-
circuited and Ep; = —0pg/0x; 1s the external electric field.



