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Pavel Mokry, MSc. Supervisor: Ass. Prof. Dr. Antonin Kopal, Ph.D.
Role of the Domain Structures in Piezoelectrically Active Systems
Resume:

The subject of this Ph.D. Thesis is to theoretically investigate the role of the domain struc-
tures in piezoelectrically active systems. It is well known that the response of domain structure
to external electric field and mechanical stress influences, to large extent, dielectric, elastic and
electromechanical properties of ferroic samples. Domain wall motion is a basis of extrinsic contri-
butions to e.g. dielectric constant, elastic and piezoelectric coefficients, which are frequently much
higher than intrinsic ones.

We start with a simple thermodynamic theory of anomalous temperature dependencies of €53
component of permittivity tensor at a constant strain, sf; component of elastic stiffness tensor
at a constant electric field and dsg component of piezoelectric coefficient during first order phase
transition 42m — mm2. The comparison of theoretically predicted values and results of experimen-
tal measurements is discussed. The model of passive surface layer is introduced to explain this
disagreement of a theory with an experiment.

First the equilibrium response of ferroelectric or ferroelastic domain structure to external elec-
tric field or mechanical stress is examined. On the base of this equilibrium response the restoring
force acting on the domain wall can be calculated as well as extrinsic contributions to electrome-
chanical properties of electroded ferroic samples. The effect of the passive surface layer thickness
on the values of domain wall contributions is discussed.

The main results of our theoretical investigation are presented in form of collection of com-
mented published papers. The applicability of the surface layer model is discussed as well as
comparison of its theoretical predictions with experimental data.

Ing. Pavel Mokry Skolitel: doc. RNDr. Antonin Kopal, CSc.
Role doménovych struktur v piezoelektricky aktivnich systémech
Resumé:

Cilem této disertaéni préce je teoreticky vyzkum role doménovych struktur v piezoelektricky
aktivnich systémech. Je dobfe zndno, Ze reakce doménové struktury na vnéjsi elektrické pole
a mechanické napéti do znaéného rozsahu ovliviiuje dielektrické, elastické a elektromechanické
vlastnosti feroickych vzorki. Pohyby doménovych stén tvofi zédklad tzv. "vnéjsich” prispévki
k napf. relativni permitivité, elastickym a piezoelektrickym koeficientli, které prevysuji ¢asto i
radové prispévky dané vlastnostmi jednodoménového vzorku.

Vychédzime z jednoduché termodynamické teorie anomdlnich teplotnich zdvislosti slozky €,
tenzoru permitivity pfi konstantni mechanické deformaci, slozky sf tenzoru elastickych pod-
dajnosti pfi konstantnim elektrickém poli a slozky d3¢ tenzoru piezoelektrickych koeficientii pfi
fézovém prechodu prvniho druhu 42m — mm?2. Pfedpovédi termodynamické teorie jsou porovnény
s vysledky experimentdlnich méfeni. Abychom se pokusili vysvétlit vysledky experimenté4lnich
méreni, zavadime tzv. model s pasivni povrchovou vrstvou.

Nejprve je vySetfovdna rovnovazna reakce feroické doménové struktury na vnéjsi elektrické pole
a mechanické napéti. Ze znalosti této rovnovazné reakce mizeme vypoéitat vratnou silu, kterd
pusobi na doménovou sténu, a déle vnéjsi prispévky k elektromechanickym vlastnostem feroickych
vzorkil opatfenych elektrodami. Diskutujeme vliv tloustky pasivni vrstvy na hodnoty pifspévkii
pohybu doménovych stén.
vanych publikovanych ¢lankt. V zavéru prace je diskutovdna pouzitelnost modelu s pasivni povr-
chovou vrstvou, spoleéné se srovnanim jeho teoretickych predpovédi s experiment4lnimi daty.
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Introduction

Microelectromechanical devices such as actuators, microaccelerometers, gyroscopes and other elec-
tromechanical transducers are of a very intensive interest of scientists and technicians. The piezo-
electrically active systems play the fundamental role in these devices. That is why the contempo-
rary scientific research pays attention to investigation of these systems both experimentally and
theoretically.

The piezoelectric ceramics or single crystals are used for a transfer of mechanical stresses or
strains to electric signals and this is the fundamental principle of their function in microelectrome-
chanical devices. The electromechanical coupling factor is one of the most useful measure for
selection of the best material. For this reason the ferroelectric piezoelectric materials, especially
ceramics are often used. The influence of the domain structure to electromechanical behaviour of
these materials is well known from many experimental observations.

The strong nonlinearity and very complicated time-dependent behaviour of material properties
make a big challenge for theoretical analysis.

Role of the domain structures in piezoelectrically active sys-
tems

Very complicated piezoelectric active systems can appear in many microelectromechanical devices
as well as they are prepared in many experimental apparatuses to observe fundamental physical
properties of materials. It is clear that domain structures of many kinds are present in these
elements when ferroelectric (or more general ferroic) materials are used for their preparation.

The main aim of our work is to explain the question: Crystals Or Cow /€0
"How the domain structure can influence the physical K 103 K
properties of ferroic samples?” To answer this question KH,PO, 122.76 2.9
we start from the fundamental physical observations of KD,POs 207.16 3.9
temperature dependencies of relative permittivity €33, RbH,PO, 147.66 3.7
elastic compliances sgg and piezoelectric coefficients d3g CsH,PO, 146.15 2.9
of KDP, DKDP, RbDP etc. single crystals. This sub- KH,AsO,4 96 2.49

stances undergo first order phase transition 42m — mm?2
close to the second order phase transition. There are
values of phase transition temperatures Oy for some
materials of KDP family in fig. 1. Change of the val-
ues of material constants due to symmetry change during phase transition is shown in fig. 2.
The anomalous behaviour is typical for temperature dependencies of components: €33 of rela-
tive permittivity tensor, c& of elastic stiffness tensor, sf; of elastic compliance and dsg or esq of
piezoelectric coefficients. We start from the simple thermodynamic theory and determine the tem-
perature dependencies of these material constants. As we shall see the experimental observations
of macroscopical values of these material constants disagree with theoretically predicted values,
when they are measured on multidomain samples. Therefore we are going to discuss the influence
of domain structure on macroscopic properties of electroded samples.

FIGURE 1: Transition temperatures O,
and Curie-Weiss constants Cow for some
materials of KDP family (see [15])
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FIGURE 2: Change of the values of material properties due to symmetry
lowering that occurs during 42m — mm2 phase transition. Values written
with respect to the parent phase. Star "*” marks the material constants
with anomalous temperature dependencies.
Simple thermodynamic theory
It is known that KDP or RbDP crystals undergo the first ;
order phase transition. Nevertheless, the discontinuous change 10?
of spontaneous polarization Ps is relatively small (see fig. 3).  (m? ° ’
Moreover, all material constants £33, dsg, sé'js fulfill the Curie- ] Al
Weiss law in a wide temperature region over transition temper- =P -
ature. Therefore we can say that the most of crystals from KDP ‘b%
and RbDP families undergo the first order phase transition, -
which is close to the second order phase transition. Then we
can adopt the following thermodynamic potential of a clamped
crystal as an acceptable approximation: 1
(0, P3, es; E3, 76) =
1 1
%ot 50s (O=OLLE ta i (1) T SR G R
1 Tal b = —==Bl
+5 Ce6 € — has Pses — Py E3 — Tges,

where Ej resp. Pj is the electric field resp. polarization along
the ferroelectric axis. egg resp. Tgg represents the shear strain
resp. stress in the plane perpendicular to the ferroelectric axis.
It is well known from experiment that the inverse dielectric
constant 355 of this crystal along the ferroelectric axis at a con-
stant shear strain eg vanishes at transition temperature and at
the same time the elastic compliance sk of the crystal at a con-

FIGURE 3: Temperature depen-
dence of spontaneous polariza-
tion for KDP single crystal (see

[15])

stant polarization P; is practically temperature independent. It is therefore natural to assume that
the polarization in the expansion of the thermodynamic potential is the primary order parameter;
this assumption has been used as the basis for simple development of phenomenological theory of

a phase transition in KDP, RdDP crystals.

The strong anomalous behaviour of temperature dependence can be easily derived for the €33
component of permittivity tensor, dsg component of the piezoelectric coefficients matrix and 18
resp. ck; components of the elastic compliance resp. stiffness matrices at a constant electric field.
Simultaneous solution of the equations that determine the equilibrium value of two parameters

0P *

3 = o (0-0¢) Pos+p Pg‘g — hsgeog — E3
0P

a_uﬁ = cgﬂ £0.6. = hag Po,:a — Ts

10

0,

0

(2)
(3)



yields to temperature dependencies of polarization and shear strain. In the absence of any ext,er:}a,l
electric field B3 = 0 and mechanical stress 7¢ = 0 we get the well known temperature dependencies
of spontaneous polarization and shear strain

N for © < O,
Pg‘g (e) = or tr (4)

0 for © > O,
h 0 (6. —0)

€6(0) = Eg‘: 8 for © < O, (5)
D fOl’ O i 9;,,

where

hie
@tr = 9:,: + P
Cﬁﬁ ap

is the transition temperature of a free crystal.

From equations (2,3) we can easily express the electric field E3 and shear stress 76 as functions
of polarization P; and shear strain eg:

E; = ap(©0—0}) Py+BP;— hsseg, (6)
6 = —h3s Ps + cgo €5 (7)

It is easy to show from equation (7) that the piezoelectric coefficient hgg and the elastic stiffness
at a constant polarization cfy are temperature independent during phase transition. Expressing
the derivative of electric filed E3 with respect to polarization P; we obtain the 8§; component of
impermittivity tensor 2

;&gﬁz -+ 2&0 (Gtr s @) for © < 9“,
2
;ﬁaﬁ-‘; + ag (9 = @tr) for @ =G

0FE5

B33 = ETo =ag (0 -0F) +38P3;(0)=

(8)

Differentiating the equations (2,3) with respect to E3 we obtain system of linear algebraic
equations

[ao (© — ©F) + BP2;) %R — has B3 -1 =0,

3853 835'3 (g)
= Fo,3 P Oeps i
haﬁ 653 + Cﬁﬁ 853 = 0-

Solving the system of linear algebraic equations (9) for unknown partial derivatives 0P3 /0E3 and
Oeg /OF3, we find formulae for relative permittivity 33

0Py 5 1 E o for © < Oy,
EDEE ~ L ~ —_ 0 tr 10
BT 0E;  ao (0-0f)+38P2,(0) b Ehle oo (10)

and piezoelectric coefficient dsg

830 6 h36 "—p-—h"m_;'— for © < E)t,,
dgo = o= = 3 el (11)
0E;  cgg a0 (O — Ox) + 3cgs B F5 3(0) B8 . for @ > 6.

Cgg X0 (e_etr)

We can express the temperature dependencies of cf; and s& using transformation rules
Bk R e = Bl P T T
Cijkt = Cijkl — Emn hmij hnki, 8iiki = Sijr T Brm Amij dnki, ﬁi_f = ﬁfj = hikt hjmn Sf;mn- (12)

Substituting equations (10) and (11) into (12) we can express the anomalous temperature depen-
dencies of elastic stiffness

h'.l
E_ p_ ) Tg@e=e for 0O <O,
Ce6 = Cee 2 (13)

h
m’fe—ﬁ for © > Oy,

11



and elastic compliance

e
Sg6 = 566

at a constant electric field.

The theoretically predicted and ex-
perimentally observed [15] temperature
dependencies of relative permittivity £33
for the KDP multidomain single crys-
tal is shown in dashed line shows the
values of permittivity according to the
theoretical formula (10). The solid lines
represent the experimentally observed
ones. These observed values of 33 dif-
fers extremely from theoretical predic-
tions of classical Landau theory in the
35 K temperature region below the tran-
sition temperature ©@y.. On the other
hand, the measurements match perfectly
with the theory if they are performed on
single-domain single crystals.

Similar temperature dependencies
have been observed for elastic compli-
ance sf of simultaneously ferroelectric
and ferroelastic KDP crystals. Naka-
mura and Kuramoto measured the elas-
tic stiffness cf; as a function of temper-
ature for potassium dihydrogen phos-
phate [6]. Two types of KDP samples
were prepared for this measurement, see
fig. 5. First, the ordinary KDP crystals
(filled circles) and second, the lossy ones
(empty circles). Adding the extra ad-
ditives they produced the samples with
extremely high dielectric losses. The
secondary effect could happen due to
this procedure. The number of crystal
lattice defects could extremely increase
and, therefore, the mobility of domain
walls could diminish. The dashed line

4h4 (EP )2
P G%(a—eu) o

h2 (SP J'Z
ety for © < O, (14)
P \2 2 P y2
i%_?éﬁ%%% el ;";1(@6!(_’_%% for © > Oy,
5
v | 1| |
v’ e
J !
il ] :
» v ‘r i
] | i
s
w0 < ; ;
: ”‘...4—"}%4 : ]
& 70 750 200 20 X 00

f.——.-

FIGURE 4: Theoretical (dashed lines) and experimental
(full lines) temperature dependence of relative permit-
tivity £33 for KDP single crystal (see [15])

Cs
(Pq)

]0‘0 mﬂ"'ﬂ“ﬂ"‘c-—-‘

S 0 £
. f{-
P
: H
0%t ] '}! g
! « ordinary KDP
. ! o lossy KDP
n"...
s —s 1 '} 1 _ch L 1 L 1
70 80 90 100 110 120 130 140 150 160
T(K)

FIGURE 5: Nakamura’s and Kuramoto’s measurements
of elastic stiffness [6]

represents theoretically predicted values of temperature dependence of elastic stiffness ct: at a
constant electric field. The minimum values of elastic stiffness in fig. 5 corresponds to maximum

values of elastic compliance in fig. 6.

Moreover, record values were measured for piezoelectric coefficient dsg for RbDP single crystal
in a 35K temperature range below phase transition point. An example of such experimental data
of temperature dependence of d3s for RbDP single crystal taken by Shuvalov et al. (7] is shown in
fig. 7. Also, the theoretical values are represented by the dashed curve.

12
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FIGURE 6: Measurements of elastic compliances for KH;PO4 single
crystal [15].

FIGURE 7: Measurements of piezoelectric coefficients for (1-pure, 2-
doped) RbH;P Oy single crystal taken by Shuvalov (see [7]).

Disagreements of theoretical tem-
perature dependencies with experi- €0 J L T T T f T 2 ‘

mental data measured on multido- ¢
main samples lead to following con- E > j/// |
clusion: the existence of 180° lamel- [ i

lar domain structure in ferroelectrics
and the possibility of a small domain

wall shifts can contribute to observed 17
macroscopic values of €53, s& and dag 1|
of multidomain samples. For exam- ';5'
ple, the effective permittivity of a e
ferroelectric crystal bellow the tran- '
sition temperature can be regarded J .
as composed of two contributions: |
50 T — R |
B = s i e, i e s i e

where &.4. is the permittivity of the FIGURE 8: Measurements of the complex permittivity of

single domain sample and the Aey,  BaTiOj single crystal (Meitzer [4]).
contribution of the displacements of

the 180° domain walls. It is suitable to assume that €545, fulfils the Curie-Weis law (10). The
similar domain wall shifts in ferroelastics contributes to the value of elastic compliance sﬁ‘% at a
constant electric field. Moreover the extrinsic piezoelectricity Ad, is assumed if the sample is
simultaneously spontaneously polarized and deformed.

The question of existence of Ag,, has been discussed many times in the literature. One of the
first works was (1] discussing the aging of ferroelectrics and (2, 3] with the frequency dependencies
of permittivity. Fousek was one of the first who proposed the method for determining the exact
value of Ae,, [5] in barium titanate single crystal: The existence of Ae, would be apparent if
the permittivity € is an increasing function of area of the 180° domain walls. This method is
particularly based on measurements of Meitzler and Stadler (4]. Fig. 8 shows the two dependencies

13
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Electrode
2w
e
a) b)

FIGURE 9: Geometry of the surface layer model a) side view, b) top
view

of real and imaginary part of permittivity as a function of ratio of average polarization of the
sample P, to spontaneous polarization Ps. The permittivity reaches to its minimum, when the
sample is single domain and P,/Ps = —1. Situation when F,/Ps = 0 is connected with the
highest number of domain walls and the permittivity reaches to its maximum. Contributions of
small domain walls shifts to macroscopic properties are often referred to as extrinsic contributions.

Surface layer model

The most interesting question is: "How we can explain disagreement of theoretically predicted
temperature dependencies of €53, s‘fﬁ and dijs with experimental data measured on multidomain
samples?” This problem has been addressed by many authors, both experimentally and theo-
retically. In the prevailing number of cases, only extrinsic permittivity has been studied. For
piezoelectric ceramics, Arlt et al.[8] were the first to address the problem of domain wall contribu-
tions 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 Pertsev [9] 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 me-
chanical 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 successfully
related to experimental data of all three mentioned contributions: Ae, As and Ad [8, 9].

In single crystals, the origin of the restoring force is usually energy
connected with domain wall pinning on crystal lattice defects
(see fig.10). Other origin of restoring force can exist in single
crystalline samples. The idea of model of a passive surface layer
or, shortly surface layer model is introduced in this work. The
restoring force acting on domain walls and the resulting extrin-
sic contributions can be calculated using this model. In fact,

the influence of surface layer on the properties of a ferroelec- Domain  wall
f ¥ displacement
tric sample was discussed repeatedly several decades ago. In (position)

particular, in connection with the sidewise motion of domain
walls in BaTiOjg, thickness dependence of the coercive field, FIGURE 10: The condition for
asymmetry of a hysteresis loop or the problem of energies of extrinsic contribution - the exis-
critical nuclei, theoretically impossibly high. tence of restoring force

14



The geometry of one model is shown in fig.9 a). It consists e
of a central ferroic part of thickness d that is spontaneously T "N=-
polarized. This central part is separated from the electrodes : | |:
by nonferroic passive surface layer of thickness s. The applied
voltage on the electrodes is denoted by symbol V. We assume
ideally movable domain walls of zero thickness and the influence
of crystal lattice defects is neglected. If the single crystal is | :
simultaneously spontaneously deformed by a shear strain, fig.9 bt /‘
b) shows the top view of the typical deformation of such system.
The physical aspects are illustrated in fig.11. Domain wall shifts
create regions of electrical and mechanical mismatch near the FIGURE 11: Sources of restor-
old and new domain wall positions on the interface of the central ing forces due to increase of elec-
ferroic part and the surface layer (see dashed ovals in the fig.11). tric and mechanical energies
This mismatch is connected with a high increase of both electric
and elastic energies and this is the source of restoring force (see fig.10). Our task is to calculate
explicitly the spatial distribution of electric field and the spatial distribution of elastic stress caused
by the shift of the domain wall. On the base of these electric fields and mechanical stresses and
by integration over the volume of the sample we calculate the electrostatic and elastic energy and
thus the restoring force acting on the domain wall. Then we are able to determine the domain wall
shifts contributions to relative permittivity £5,, elastic compliance 3556 and piezoelectric coefficient
dgﬁ.

old new

Mathematical approach

However, our model seems to be simple, the correct mathematical approach is very complicated.
We have to solve the Maxwell equations for electric potential in the surface layer and the central
ferroic part. Also the Lame equations for the vector of mechanical displacement have to be solved.
We can also include the intrinsic piezoelectric effect into our considerations. It is possible to solve
the system of partial differential equations with the system of boundary and transition conditions
analytically, but the resulting formulae become very complicated and cannot be easily published.

We give exact mathematical formulations of boundary problems for systems of partial differen-
tial equations in following three subsections. The first mathematical model was used to calculate
the electrostatic potential in articles A to F. The second mathematical model was used to de-
termine the spatial distribution of components of vector of mechanical displacement in article F.,
The intrinsic piezoelectric effect was taken into consideration in the last mathematical model. The
numerical results of the last one is published in the article G.

However, we don’t present the concrete procedures of the solution of electrostatic potential and
the vector of mechanical displacement in detail, the results of our calculation are presented in each
article or in its comment.

Ferroelectric samples

The system of Mazwell equations sets the fundamental features of the electromagnetic field:

. [
iv - divB =0, (15)
0B 10F
tE = ——- = fin] + —=——
o TR rot B = upg + Ry v
System of partial differential equations (15) enables one to express vector fields E, B as function
of scalar potential ¢ and vector potential A. Using relations div B = 0,0t E = 0 and using



principles of vector analysis it is easy to obtain the transformation rules:

Ez—grad(p—%i:-, B = rot.A.

The system of partial differential equations with the system of boundary and transition conditions
can be derived using these fundamental equations of electromagnetic field.

1. We have to solve the system of anisotropic Laplace equations:

(1) %) - 1) 8%V

] TR
8% {2J 52(2)
2 (o’
ot g = (16)
1) 8% ¢ i 8%p®) o
b @t ot Dzs
2. The continuity of electric potential ¢ must be fulfilled:
1 = \'% 1 = 2
110{ )]z3=!+3 T LP( )‘I;;:% o {p( ) T — 5 (17)
2 = 3) (3) = ¥
(P( ]Ixs——— - W( ‘:3 —- - ‘.13:—%—3 = 2°

3. The condition can be easily expressed for tangential components of electric field on the planar
interface of central ferroic part and the surface layer:

EMN —E? =,

We can transform the preceeding rule to conditions for electric potential:

At (1) A2
L ) w
T1 lz3=44s T1 |z3=4 Tl |zy=4
A2 dp(3) apt) o
dz, zy=—14 3 0y _— ! oz, g, =U.
4. The next condition (Gaufl’s theorem)
D) - DY) =gy, 19)

where oy is free charge surface density on the interface of the central ferroelectric part and
the surface layer, lead to transition condition:

(2) (1)
(2) 9% Ol () A (1)
058 "B, 4 e EOfsRip e e + By (71) + 0y ' (21), (20)
2 =3
(3) (2)
(1) Op (2) 0 (3)

E0E3  —m— = EnE — By (z1) + o} ' (21), 21
Oz zg=—§ 3 dzs zy3=—4 1 f ( 1) ( )

where

are screening charges — partial compensation of bound charges due to finite small conduc-
tivity of surface layers separating the electrodes and the sample.

5. The additional conditions can be derived from symmetry resp. antisymmetry considerations
using Laplace-Fourier transformation. These conditions allow us to find the solution of
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electrostatic potential more effectively. The periodicity and the symmetry of the model with
respect to planes z; = 0 and z; = w lead to important rules:

LA Qo h (22)

Oz, =0 0z, T1=w

The equally important feature of electrostatic potential leading from the antisymmetry of
the model with respect to plane z3 = 0 is given by rule

o(z1,z3) = —p(x1, —23), if we put ¢(z1,0) =0. (23)

Ferroelastic samples

The mechanical interaction of central spontaneously deformed part with the passive surface layers
is considered to be one of the sources as a source of restoring force. For simplicity, we approximate
the elastically anisotropic material by elastically isotropic one. Then the elastic stiffness tensor
can be expressed in a very compact form

Cijkt = A0ij0k + p (0ixdji + 0udjn) , (24)

where A, p are so called Lamé coefficients. Mechanical properties are described by equations for
stress tensor components.

Tij = Adij (9 — Do) + 21 (ei5 — €0,ij) » (25)
where 5 .
Uj ey
d= 6‘_:1:: = €11 + €22 + €33 = div . (26)

The system of partial differential equations for vector of mechanical displacement components
can be derived from differential conditions of equilibrium

0Tij

6:1:3+F_0 oTi, =Sl (27)

and using definition of strain tensor
- 1 Bu; 3“&}‘
€ =3 (axj % a—) | (28)
Using equations (25, 27, 28) we can form the following system of Lamé equations
0 s Ou;  Ou; 8 -
-5&:(/\19)-{-;6% [ (31‘3 3%)] F+2—- }\190)+ Zla— ,ueo,,) (29)

It is easy to show that Yo = eg 11 +€9,22+€p,33 = 0. Also cumbersome calculations lead to condition
¥ = 0 and then equation (29) could be further simplified.

We have to solve the system of partial differential equations. The conditions for vector of
mechanical displacement are summarized in the following paragraphs.

1. Mechanical displacements components u; satisfy the Laplace-Poisson equations:

Ausl) = 0 on Q) (30)

Augz) = 380 on 02, (31)
Ly

Auga) = 0 on Q) (32)

wherei =1,2,3.
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2. We have to distinguish boundary conditions for clamped and free sample.

(a) The following boundary conditions must be fulfilled in the case of clamped sample:

and

Uq

=) fors 1,23 (33)
=i, fony = 19253 (34)
I, wherei=1,2,3. (35)

za=+(g+s) |

(b) The relatively simple boundary conditions can be written for mechanically free sample
(without electrodes)

Moreover,

= [ DLo — 12353, (36)
x1=0
= 0, (37)
=1
E — e + 2ep,12, (38)
= (39)
1=l
Ot =0. (40)
073 las=s(4+9)

3. The continuity of the vector of mechanical displacement components should be fulfilled

ud

u?

=
T3=%5

Ia:%

u;

u®

; wherei =1,2,3, (41)
‘Ia:%

where i = 1,2, 3, (42)

232—%

4. The mechanical forces equilibrium conditions on the interface of the central ferroic part and
the surface layers leads to the following conditions:

il
1y Oug =
61‘3 n:%
2
(2) 611.5 ) _
3&3 Igz—g

(2)

4

8u£2} .

'%3— :;,:%‘ where i = 1,2, 3, (43)
Bugs) ;

e B wherei =1,2,3, (44)

5. Using elastic Green’s functions the following conditions, that reflect the periodicity of the
sample and the symmetry of the sample with respect to planes z; = 0 resp. r; = w can be

expressed in form:

6u£”
o,
au?}
8z,
Buga}
dzy

ou

z1=0 o 85’51
(2

_ 8u?
z1=0 gz,
oul®

z1=0 - 8I1

= 0, wherei=1,2,3, (45)
T1=w

= 0, wherei=1,2,3, (46)
Ir=w

= 0, wherei=1,2,3. (47)
Ii=w

6. The last condition follows from the symmetry of the sample with respect to the z3 = 0 plane:

oul?

61”3 z3=0

=10 where i = 1,2, 3. (48)
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Piezoelectric ferroic samples

A similar boundary problem for the system of partial differential equations can describe the sit-
uation, when the ferroic sample (without passive surface layer) of thickness d is provided with
relatively thick metal electrodes of thickness s. Then we shall approximate the material of a
ferroic phase by equations of state

D; = Py;i+eoei Ex + diki Trt, (49)
€0,ij + dk{j E, + 35!:! Tkl (50)

€ij

Using transformation rules, the equations of state (49, 50) could be written in the form:
D; = Pyi+eocs Bk + dimncBnp (ex1 — €on) (51)
Ty = —OkmnGine Lk +cEry (ert — eor) - (52)

Substituting equations (51, 52) into Gauf’s theorem (19) and differential conditions of equilibrium
(27) we obtain the system of four partial differential equations

0%p 0%u OF,; Oe
—eoe s O G BBy tmaoiene w0eu
Eoik 85:;;63:; o dtmﬂcmnkl 3.17{6271 83;‘ e d‘mncmnki a H (53)
s %) 0%uy Oe
E E E 0, ki
dkmncmni_‘,r 8Ika$3‘ 3r c:.jki 3:.:_,-8.1:; dar Cajkl aIJ (54)

If we approximate the orthorhombic anisotropy of the ferroic phase by the tetragonal anisotropy
of the parent phase and substitute the values of components of elastic stiffness tensor, piezoelec-
tric coefficients and the relative permittivities to equations (53, 54) we get the system of partial
differential equations, that can be solved analytically.

1. The electrostatic potential is constant

v

o=’

(3)_—_i
fiaht= 2"

in the metal electrodes. The system of partial differential equations for vector of mechanical
displacement of the electrodes reduces to:

3211(11} 32 (1) 621&;(;1]
Ce,11 *”3';?“‘ SRS e 3 .2 += (Ce,13 + Ce,44) m‘s' =l
a?u(l) (9211.“’
Ce 66 __.33% + Ce 44 BI% = Ur
32!1:(3” 62ugl) azugl)
Cetd —gz7— + Ce,33 TER + (Ce,13 + Ce,a4) Bt 0. (55)

The similar system of partial differential equations can be written for the electrostatic po-
tential and the vector of mechanical displacement of the bulk:

€011 %%(1—21 + €033 %; = 4 (diacyaq + dsschige) 5%% =~i @,
Ch11 6—;-;;—} + Cb 44 ?;1;—? + (cb,13 + Cb,44) %;; = 0,
Ch,66 3;_(;} + Cb,44 8:.;(2) 4 (dHCb a4 + dsecy 66) ;;i;:z =8 Cfea eo,12(21),
Ch 44 9—; + Cb 33 ?%l;_? 4 (cb13 + Cb,44) 86;:21 = 0 (56)

This system of partial differential equations must be completed by the system of boundary
and transition conditions.
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2. We have the only one boundary condition for electrostatic potential of the bulk:

174 Vv
2 =1 (2) —
99( )123:% 3 _-2_1 W [x;:—% i ) j (57)
3. We assume that electrodes are free of stress
augl) 6“5” = O
8 1
aml :3=%+s &8 .‘r3=§-+3
ou!)
;e =0
2 13_%-{-3
oulV) oulV
cfis 3 : + Ce33 T : = 0 (58)
I d T3 d
T3=5+8 T3=5+8

and similarly for the opposite electrode.

4. The continuity of the vector of mechanical displacement components must be fulfilled ac-
cording to the conditions (41, 42).

5. The equilibrium conditions on the interface of the electrodes and the central ferroic part lead
to following equations:

1 il (2 2
E 3’”; : ok 5“& ; = i dug : $ef 3“5 :
e,44 3$1 o e,44 6.’1."3 L b,44 axl - b,44 62’:3 R 1
=3 T3=3 3=% I3=3
auil) au(l) 9o(2)
E 2 E 2 E ¥
(i = & +4c,’y,d
e,44 Oz3 . e,44 9z e, 4414 oz, :3=£1
I3=3% T3=375 2
(1) (1) 2 2
e Oy + B Oug — (E 3“(1 ) P 3“(3) (59)
e,13 oz » 2,33 62‘.‘3 d b,13 83)1 b,33 6173 i
I3=3% Ta=yg I3=3 I3=37

and similarly for the second interface.
6. Aspects of symmetries of the model lead to the same conditions as (45-48). The influence of
external stresses should be expressed by conditions (33-35).

The classical Fourier method is used to solve preceeding three boundary problems. Lengthy
but very straightforward calculations lead to solution in form of Fourier series.

Outline of presented publications

In this section we give a brief overview of presented publications.

The articles A, C and the poster D give the results of our investigation of equilibrium domain
structures. The analytical approximation and exact numerical results of the equilibrium domain
width is presented as well as the response of the domain structure to the small external electric
field. The influence of the sample thickness and the effect of the surface layer thickness is discussed.

The article B gives the information about the extrinsic contribution to relative permittivity. The
effect of surface layer thickness to value of Ag,, are discussed.

The extrinsic contribution to piezoelectric coefficient is presented in the article E.

The article F represents further development of our surface layer model. The mechanical interaction
between the central ferroic part and the passive surface layer is included into our considerations.
Extrinsic contributions to all three physical properties are calculated.
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At last, the article G answers the very interesting question: ”How the electrode thickness can affect
the observations of relative permittivity, elastic compliances and the piezoelectric coefficients?” The
intrinsic piezoelectric effect is considered. The exact numerical results of extrinsic contributions to
all three properties are presented as a functions of the sample thickness and the electrode thickness.
This makes interesting suggestions for new experiments.

21



Collection of Publications



Paper A

Response of Domain Structures in Electroded Ferroelectrics to External
Electric Field

Poster presented at the Czech-Polish seminar on structure phase transitions. Liblice 1998.

Published in the proceedings of the Seminar.
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RESPONSE OF DOMAIN STRUCTURES IN ELECTRODED
FERROELECTRICS TO EXTERNAL ELECTRIC FIELD

A. KOPAL', P. MOKRY!, J. FOUSEK!? and T. BAHNIK!

t Dept. of Physics, Technical University, CZ-46117 Liberec, Czech Republic
1 Materials 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 pa-
per electric potential and free energy are calculated for a plate-like sample
composed of nonferroelectric surface layer 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 or to samples at temperatures close to the phase transition.

A.1. INTRODUCTION

This work presents a generalization of our recent investigations of equilibrium domain patterns
in thin ferroelectric films [A!), The basic motivation is theoretical interpretation of latest exper-
imental investigation of extrinsic contribution to elastic, dielectric and piezoelectric properties of
RbH,PO4 crystals in a broad temperature range under transition temperature (A2] in a Liberec-
Wien cooperation. A record values of dsg piezoelectric coefficients (~ 10* pC/N) were measured,
caused probably by domain walls response (displacement) to external electric field. In fact, the
situation in thin films with the thickness d < depit = 4mayeoes’ 2/ P2e/? is similar to that one
under transition temperature, because deyi¢ — 00 if T — Ty, AU, Domain walls response was
first investigated by Fedosov and Sidorkin 4%, We hope, our approach is more general, because it
is applicable to thin films and to temperature near the transition one and avoids some problems
with convergency. Nevertheless it is simplified by neglecting the elastic interactions (see [4%]) and
considering the wall and depolarization energy only. We also neglect the effect of crystal defects.

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

We consider a plate-like electroded sample of infinite area (see Fig.A.1) with major surfaces per-
pendicular to ferroelectric axis z. Between the central ferroelectric part with antiparallel domains

(2.) and the electrodes (0.), (4.), these are two surface layers without any spontaneous polarization
(1.) and (3.)=(1.)

Lantonin.kopal@vslib.cz
2on leave from t
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electrode (z = D/2) T z o = O
/ | %0-)
e, el =l w- ety (1.)
e? |
eli=rQ | (2.)
Falds i R E e + Lo B T
D d _PU PO ‘ —PQ Ez
: 2w | (3) = (1)
\ | (4)

electrode (z = —D/2) ‘

FIGURE A.1: Geometry of the Model

External parameters

e potential difference on electrodes : V = (%) — ,(®)

e external electric field : E¢** = %

e temperature 7'
Material parameters

¢ spontaneous polarization in (2.) region : P,
e relative permittivities 5&1}‘(2] = E(y”'(z); ei”'“’
(we assume linear relation D; = gg;; E; + Py; in (2.))

c0.2)

(1,(2) —
£ @

E(z”'
g(l],(2]: E&Hﬂ)s(:ll.(?}
o wall energy density o, [J/m?]
o free energy of the system per unit area of the plate surface U [J/m?

Geometrical parameters (see Fig.A.1)

¢ domain pattern shape factor R = ?T%

: 7 — g =
e asymmetry factor A = e



A RESPONSE OF DOMAIN STRUCTURE. ..

e (1), (3.) slab factor B =2, d = i—f—g

Mathematical parameters

cl UE T
So = Z 5:1,052.
n=1,3,5

A rather cumbersome procedure leads to the following formula for the free energy surface density
of the system in Fig.A.1:

2 BDRA_ _ . V
1 2
Vo= e e
U Eo (1 A B—h—: T )
2 o S
4P§D sin® (nZ (14 A)) (A1)

5 gom?R(1 + B) ﬂZ:; n3(g() cothnBRc() + g2) cothnRe(?)) -
The first term represents a domain wall energy contribution, in the second term we recognize the
effect of the slabs (1.), (3.) and explicit effect of external voltage. The last term is the energy of
the electric field of the domain structure (depolarization energy).

A.3. EQUILIBRIUM DOMAIN STRUCTURE FOR V =0

A more simple case with ¥V = 0 was studied by Bjorkstam and Oetted in (A%] mainly in the thick
sample approximation d > d.it. Their exact formula for the depolarization energy seems to be a
bit different form (A.1). A phenomenological approach to this problem was presented in [A7] by
Wang et. all, but with no regard to electrodes and isolating slabs (1.), (3.).

In the case of zero external field, equilibrium domain pattern is symmetric : qu = 0. Equi-
librium value of the shape factor R?, can be found by numerical methods. For BRc(*) >> 1 and
Rc® > 1 (in fact for the thick sample d > d.,it), following result is valid

V250 Py

RS = A2
£ \/60?!‘(1 = B)(g(” ar 9(2))01” ( )
This leads to formula for domain width
1 [1%0(g™ + g@)ay, 1"
wy =w- =wd = o(g 97)ow VD . (A.3)

2B 85°(1 + B)

Formulae (A.2) and (A.3) are simple generalizations of that for the case with no electrodes and no
isolating slabs (A1),

A.4. RESPONSE TO EXTERNAL ELECTRIC FIELD

Naturally, external field has primary effect on the asymmetry A, strong fields effect also R. We
have done a numerical calculations of Ae;(V) and Req(V) for arbitrary chosen parameters Py =
0,2Cm~2, 00, =5-10"3Jm %, B =0,08, ¢V = 1, g} =10, c® = 5, (¥ =100, ¥ = 12V, and
different D (see Tab.A.1). The value of d¢i for this special values of the parameters is ~ 10=10 m.
If A< 1, BRe™W > 1, Re® > 1, we can approximate the A, (V) as

EQV

Aeq(v)= T (@7 " (A4)

B 21n2
Lt LE”(HB) ~ R Byergay (1 + Bi‘{ﬁ)]

The same approximation leads to the formula for R.,(V)

- :
Reo(V) = Ri‘q\/l - - (Aquunz L} (A.5)
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[ D [ A4y(V) [Bey(V)(1+B) |
10 nm — 1 =+
100 nm 0,19 il
1 pm 0,018 55
10pm | 0,0018 173
100 pm | 0,00018 550

TABLE A.1: Numerical values of A.q (V) and Req(V)(1+ B) for special values
of parameters Py, oy, B, c“)'(z),g(”'(z} and V.

Electric field has substantial effect if E¢*¢ is so high, that A.;(V) > 0,2. Naturally, if the walls are
pinned by crystal defects, the action of the formula (A.5) is questionable, but we hope that small
deformations of the walls can be in average approximately described by the formula (A.4). For the
parameters , chosen for our numerical calculations, (A.4) is in excellent agreement with numerical
results for D from 100 um to 100nm. In this region, effect of voltage V on R is negligible and
(A.2) is also in agreement with numerical results.

A.5. DISCUSSION

On the basis of our results, we can find the displacement of domain walls in linear response to the
external field (formula (A.4)). From this, we can deduce the extrinsic contributions to dielectric
permittivity and piezoelectric coefficients. Because of our approximations, we can probably get
only qualitative agreement with experiment, but we can discuss a role of different parameters
(D, B, R,¢ez,.) using formulae (A.2)-(A.5). Numerical and analytical calculations for RbH,PQ,
under transition temperature are in progress.

This work was supported by GACR under grant 202/1996/0722 and by MSMT of Czech republic
under grant VS 96 006.
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Comment

This article was the first of our series of publications concerning with equilibrium domain structures
and extrinsic contributions to macroscopic material constants in electroded multidomain samples.
The Maxwell equations were solved for electric potential in the sample:

PyA-egeMY (D-2z) V(z-8
('0(1) (I, Z) - L) : 50623) 7 ( 2 Z) A (2 2) + (A-S)
( (1) L 53 B) 8 8
4Pyw sin? nﬂ% cosnz sinh nc() X (% — 2)

1

HZ=:1 con?n® g cothnBRe(M + g® cothnRe®  sinhnBRc(M
sPy A — Eosé Ky 2z
€0 (Egl) +E:(32) 27”) d
i 4Pow sin? nr 43 cosnz X ' sinhnc® 22

— gon’n? g cothnBRc(M) + g2 cothnRc?)  sinhnRc?) :

¢® (e, 2) = & (A7)

Formulae for the electrostatic potential (A.6, A.7) were expressed using dimensionless parameters
A, B and R (see pg. 25). Values of these parameters unambiguously describe the configuration
of the domain structure. Graphic representation of electric potential is shown in fig. 12. There
a half of a symmetric (neutral) domain structure period (z axis) in absence of external electric
field is drawn. There is a ferroelectric domain with a spontaneous polarization vector oriented in
z axis direction in the centre of the drawing. There is the discontinuous change of the first order
derivative with respect to z on the interface of the central ferroic part and the passive surface
layer. It represents the existence of uncompensated bound charges due to discontinuous change of
spontaneous polarization.

By integration over the unit volume of the sample we obtained the formula for the free energy
of the sample (A.1). The equilibrium domain structure for shorted electrodes was calculated in
section A.3. The partial derivative with respect to asymmetry coefficient A equals zero for 4 = 0
and V = 0. This means that width of neighbouring domains is equal one to each other. The

equilibrium domain width
0 D

Wey = =
"~ 2RY, (1+B)

can be easily calculated. The value of equilibrium parameter qu is given by expression (A.2)

After application of the voltage V' on the electrodes the domain wall shifts by

Al = % Ay (V).

The calculation of equilibrium parameters A.,(V) and R.,(V) is described in section A.4. We
have used a significant approximation to obtain the analytical results for dependencies of R° (D),
Aeq(V) and Reo(V). Formulae (A.2)-(A.5) are valid in situation of narrow domains (w < s, d).
It is possible to show that the value of equilibrium parameter RO ¢(D) is monotonously increasing
function of the thickness of the ferroelectric sample. Table A.1 shows several values of RO (D 4(D) for
given thicknesses of the sample. It is shown that domain structure period become very sma.ll with
respect to the thickness of the sample for sufficiently “thick” samples d > dcrit, where de,4 can be
found in section A.1. Then our approximations are correct.

We found a mistake in classical work [12] of Bjorkstam and Oettel. Their formula for electro-
static potential doesn’t satisfy the boundary and transition conditions. Nevertheless this mistake
doesn’t affect the acceptable conclusions of their calculations.

28



0.004
0.002 ¢
0
-0.002
-0.004
foiae s . {m]
-0.001 -0.0005 0 0.0005 0.001
a)
2000
p(x,z) [V] © 0.004

X [m] 0.0005

0.001

b)

FIGURE 12: Graphic representation of electric potential: e = 100,
et =100, e5 =10, 65" =10, 4 =0,V =0, B, =4-10°Cm™2.
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Paper B

Displacement of 180° Domain Walls in Electroded Ferroelectric Single
Crystals: the Effect of Surface Layers on Restoring Force

Poster at the European Conference on Applications of Polar Dielectrics, Montreux, 1998.

Published in Ferroelectrics, Vol. 223 (1999), pp. 127-134, 1999 © OPA (Overseas Publishers
Association) N. V., published by licence under the Gordon and Breach Science Publishers
imprint.
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DISPLACEMENTS OF 180° DOMAIN WALLS IN ELECTRODED
FERROELECTRIC SINGLE CRYSTALS:
THE EFFECT OF SURFACE LAYERS ON RESTORING FORCE?

A. KOPAL®**, P. MOKRY?, J. FOUSEK? and T. BAHNIK®
®Dept. of Physics, Technical University, CZ-46117 Liberec, Czech Republic
®Materials 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

B.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 samplesB:23:4] a5 well as of thin films.(B% In this paper two such consequences are investi-
gated. First we reconsider the problem of equilibrium domain structure in a ferroelectric sample
possessing a surface layer, previously discussed by Bjorkstam and Oettel.(B) Second, we evaluate
the restoring force acting on 180° domain walls due to the layer; this will make it possible to esti-
mate 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.(B7:8]

In previous papers on a related subjectB2 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.

B.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
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 = o) — ©(®) and by the

3Supports of the Ministry of Education (Project VS 96006) and of the Grant Agency of the Czech Republic
(Grant 2022/96/0722) are gratefully acknowledged.
46-mail: antonin.kopal@yslib.cz
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FIGURE B.1: Geometry of the model

bound charge divPy 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.
We further introduce the symbols

(1)1(2) oo 1
1)) — f== (1),(2) — /(1)@ (1),(2) = Z e
c = NOIOR g =AY e = ,  So -3 1.052

z n=1,3,5

and several geometrical parameters:

the domain pattern factor

R=n—, 2w= =
20 w=wy +w
and the asymmetry factor
(IrAE i Th
A=——
wy + w-

The ferroelectric material itself is approximated by the equation of state
D; = egei; Ej + Foi (B.1)

where only the component F. is nonzero. 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 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 total free energy surface density (in
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FIGURE B.2: Exact numerical (full lines) and approximate (dashed
lines) results for weq(D) at different values of potential difference V' and
B — (2!
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™

(B.2)

n=1

The first term represents domain wall contribution while the last one is the depolarization energy.
In the second term we recognize the effect of layers (1.) and (3.) and of the applied voltage.

Let us compare expression with formulae deduced and used in previous papers. For V = 0
and s = 00, ) = e = 1and A = 0 the system goes over into an isolated ferroelectric
plate with “neutral” domain structure, placed in vacuum. In this case the equation (B.2) reduces
to the expression given by Kopal et al.[B® for ferroelectric plates of finite thickness in which the
interaction of the two surfaces is accounted for. If the plate is thick this interaction can be neglected
and Eq. (B.2) simplifies to the classical formula of Mitsui and Furuichil®1% (cf. Eq.(9) in Ref. [9])
which is often used to determine the value o, from the observed width of domain patterns. Finally,
in the limit of V' = 0 our formula (B.2) should converge to the expression deduced by Bjorkstam
and Oettel.[B8l In fact this is not the case and it appears that the electric displacement as expressed
in Ref. [6] does not satisfy all boundary conditions.

B.3. EQUILIBRIUM DOMAIN STRUCTURE FOR V =0

If the system is short-circuited, the equilibrium domain pattern is symmetric, i.e. Aeq = 0. The
shape factor qu and from it also the value of qu can be found by numerical methods. As an
example, the full lines in Fig. B.2 shows the weq (D) dependence at constant d/s and different values
of potential difference V. As it was shown in the previous paper!B% the critical thickness derit can
be defined so that for d > dc.i; the interaction energy of sample surfaces can be neglected. Then
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FIGURE B.3: Exact numerical (full lines) and approximate (dashed
lines) results for weq(V') and Aeq(V) at B = 0.02 and D = 10%Deyj¢.

the minimum energy occurs for
8o (e g@Ye, 12
o _ 1 [meo(g™ +9™)ow D (B.3)

Heg Zop == g (1L )

and the dependence wgq(’D) in this approximation is shown by a dashed line with V' = 0V in
the Fig. B.2. The approximate results in the Fig. B.2 with V' = 250V and V = 500V are based
on Egs. (B.4) and (B.5). In these numerical calculations we have used the following values which
roughly apply to crystals of RbH,PO4 below the transition temperature: Py = 5.7 x 1072 Cm™2,

e? =10, = 100, derit = 5.4 x 10-8m. The value 0, = 5 x 10~3Jm~2 is often considered

typical for ferroelectrics. For simplicity we put E(zn = E(f), el =¥,

B.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 w = (w4 + w_)/2 changes. Both these quantities can be found
again by determining the minimum of F given by Eq.(B.2) numerically. Full lines in Fig.B.3
demonstrate both these dependencies for the following numerical values: B = 0.02, D = 10* Dy =
104 (14 B)deris. Starting from a certain applied voltage the period w grows very fast with increasing
V. To discuss the macroscopic properties of the sample such as permittivity, the dependence
Aeq(V') is more important. We recognize that in a considerable region of the applied voltage this
dependence is almost linear.

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

EOV

Agq(V) = (B.4)
B 21n2 (2
L L_E“(HB} = E (1+B}Fg“’+y[”} 1+ Bifﬁj]
2(Aeq(V))2In2
Req(V) & Ré‘q\/l - b R (B.5)
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These approximations, shown in Fig.B.3 by dashed lines, are based on the limit of the sum in
Eq. (B.2).

B.5. EXTRINSIC PERMITTIVITY

The nonzero value of the asymmetry parameter means that an extra bound charge is deposited
on the electrodes due to the domain wall shifts and this in turn represents an increase of effective
permittivity of the whole system crystal plus both surface layers. The increase of the electrostatic
energy when domain walls leave their original equilibrium positions for E # 0 serves as the source
of a restoring force when field is again reduced to zero. The calculations show that the effective
permittivity ees defined by the total capacitance per unit area C = eoeen/D equals

-1
D e?)
=) e z
sl (HBEE‘) +

e B 21n2 e? 2y (B5)
WL ns . T g B.6
e (1+ B) e R (1+ B) (g +g¢2) et

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.

B.6. DISCUSSION

Numerous data are available on domain wall contributions to permittivity in single crystals of fer-
roelectrics and also on extrinsic contributions to piezoelectric coefficients in ferroelectrics which are
simultaneously ferroelastic. Our calculations indicate that depolarizing energy can be an effective
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.[B12:12] It was found that in a wide temperature range below the Curie point of
crystals of RbH;PO4 and deuterated KDP, the piezoelectric coefficient dsg is greatly enhanced
compared to its expected value for single domain samples.[P'?] Recently, this was confirmed by
simultaneous measurements of permittivity 3, elastic compliance sgg and piezoelectric coefficient
dag of RbHyPO4. A thorough discussion of dsg in this case will be the subject of a forthcoming
paper Kopal et al.. Here we comment on the extrinsic part of £3. For simplicity, let us assume that
E(z” = e{f’ = g, and .‘:g” = sf,z) = €, . 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. (B.6) reduces to

(£_1n2(1+5))"1

e: Rd,\/E:t:

Numerically, the second term in the brackets represents a small correction to the first term when
approximations (B.4) and (B.5) are valid. If it is neglected, we obtain as an approximation
~ Ez d

€z extrinsic = _B“ =E; 5"& . (B?J
This shows that a very thin surface layer can lead to a considerable extrinsic enhancement of
permittivity. Nevertheless, the simple implication: s — 0 = €. extrinsic = ©0 is not correct,
because the assumptions needed for validity of (B.4), (B.5), (B.6) and (B.7) are violated if s is
small enough.

A more general formulation of the restoring force can be used to calculate the extrinsic part of
dsg for the same geometry of domains. In a recent paper(®14 Sidorkin deduced the dispersion law
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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 e3 and piezoelectric coefficients ds; , d3 in poled ferroelectric
ceramics.[B'516] One of the sources of the restoring force responsible for these wall contributions is
the elastic energy at grain boundaries.(B!7] Since these boundaries may differ in chemical compo-
sition from the bulk of grains(®8], surface layers can be expected to form so that the mechanism
proposed in the present paper may also play a role in ceramic samples.
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Comment

The theory based on the surface layer model was proposed for estimation of extrinsic contribution
to relative permittivity.

Sections B.2-B.4 show the preceeding results of our investigation of equilibrium domain struc-
ture. The comparison is drawn for exact numerical results and analytical approximations of equi-

librium domain width, resp. domain structure period, and asymmetry coefficient in fig. B.2 and
fig. B.3.

The section B.5 gives the analyti-
cal approximations for effective value
of relative permittivity "along” the
ferroelectric axis (see formula (B.7)).
The effect of passive surface layer on

the value of relative permittivity is
discussed. It is necessary to stress _
k|

! -

that calculation of limit s — 0 is not 0—
valid since the condition for correct-
ness of analytical approximations are ! o
violated.

HE
|

The applicability of our results

should be also noted. Fig. 13 shows -
the temperature dependencies of £33 ” iy = = . e
for a given frequency f of an oscil- = // . 10 Kz ——
latory electric field for DKDP. The . o 15 MH —
domain wall shifts contributions are a Jo MHr ¢
apparent for frequencies less than o 08 @Hz S A5
30MHz. On the other hand the in- * 100 GHe |
fluence of’domai_n wall mot‘ions to 7_6‘“ 7 _;'5 o = R
macroscopic physical properties van- T
ish for frequencies grater than 1 GHz.
The limited movability of domain
walls in a real samples is the reason
for vanishing of extrinsic contribu-
tions. Also the equilibrium domain structure is not formed when the high-frequency fields are
applied on the sample. Sidorkin [13] deduced the dispersion law for extrinsic contributions,
however, the existence of surface layer is not explicitly considered in his treatment.

il

FIGURE 13: Temperature dependencies of relative permit-
tivity for KD,PO4(DKDP) single crystal. Parameter is a
frequency f (see [15])

The change of the domain structure period is also questionable (see fig. B.3). The for-
mula (B.5) should not be interpreted as increasing of the domain structure period we,(V) =
7D/ (2Req(V) (1 + B)) when sufficiently high external field is applied. The domain wall pining
to crystal lattice defects is the more important effect. The formula (B.5) describes the domain
structure period which would be formed if the external field is applied during ferroelectric phase
transition.
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Paper C

Exact Calculations of the Equilibrium Domain Structure Response to
External Electric Field

Article version

Article in the Proceedings of the 13*" Conference of Slovak and Czech Physicians, Zvolen 1999.
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EXAKTNI VYPOCTY ROVNOVAZNE REAKCE DOMENOVE
STRUKTURY FEROELEKTRIKA NA VNEJST ELEKTRICKE POLE

EXACT CALCULATIONS OF THE EQILIBRIUM FERROELECTRIC DOMAIN
STRUCTURE RESPONSE TO EXTERNAL ELECTRIC FIELD

A. KOPAL*, P. MOKRY*
"Katedra fyziky, Technicka univerzita v Liberci, Halkova 6, Liberec 1, 461 17, CR

Abstract

Prace je prvnim priblizenim v teoretickém vySetfovani reakce doménovych stén
na vnéjsi pole. Uvazuje idedlné pohyblivé 180° stény, neni zapoctena me-
chanickd interakce slozek systému — vzorku, elektrod a izolujicich mezivrstev.
Uvazuje se vliv ¢astecného stinéni polarizacniho ndboje. Vysledky plati i pro
tenké vrstvy.

A theory of equilibrium response of a ferroelectric domain structure to ex-
ternal field is presented. Idealy moveable 180° domain walls are considered,
mechanical interactions of the components of the system — sample, electrodes
and surface layers are not taken into account. Effect of partial screening of
polarization charges is discussed. Results are valid also for thin films.

Klicové slova: doménova struktura, tenké vrstvy.

C.1. UVOD, GEOMETRIE MODELU

Studovana reakce podstatné ovliviiuje dielektrické a elektromechanické vlastnosti feroelektrik. Po-
hyb doménovych stén je pficinou tzv. vnéjsich (extrinsic) ptispévki k permitivité, elastickym a
piezoelektrickym koeficientiim. Tyto prispévky jsou v posledni dobé intenzivné experimentalné
zkoumény napf. v (€12, Exaktnf vypocty studované odezvy jsou zalozeny na vztahu pro hustotu
volné energie systému, viz obr.1, tvofeného centralni spontanné polarizovanou deskovou doménovou
strukturou (2), izolujicimi mezivrstvami (1,3), elektrodami (0,4) a zdrojem napéti velikosti V.
Oznaéeni geometrickych a materidlovych parametru je zfejmé z obr.1. Déle zavedeme parametry

=2_.‘E A_w+—w_

= d _W++w_'

Predpokladdme, Ze v pocateénim symetrickém (A = 0) stavu je polariza¢ni ndboj plosné hustoty
+ P, t4steéné stinén opaénym nibojem ploiné hustoty FaFo, kde a je koeficient stinéni 0 < a < 1.
Pii rychlych posuvech doménovych stén se stinici ndboje nestaéf premistit, v dlouhodobé rovnovaze

naopak kopiruje stinén{ doménovou strukturu.

C.2. PRINCIPY VYPOCTU ODEZVY DOMENOVE STRUKTURY

Detaily odvozeni vztahu pro volnou energii jsou uvedeny v praci [C3], Prr? nu%ov{: stinéni (a = 0)
Je vysledek uveden v (C4] Pfedpokldddme, ze rovnovaznd struktura mlmm'fzhzme volnou engrgn
pfi daném napéti V. Volné parametry jsou w - pulperioda struktur}r Ve Emeru osy @ & koeficient
asymetrie A. Pro dostateéné tlusté vzorky, viz diskuse v (e8], }z? n‘alezt’ ro'vnové.zné parametry an-
alyticky. Napf. pro dlouhodobou statickou rovnovéhu, kdy stinéni kopiruje doménovou strukturu,

plati pro koeficient asymetrie

Aeg(V) il - -, (C.1)
2(1 - a)PoD [ — X]
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FIGURE C.2: Zéavislost Aeq na vnéjsim poli pro tfi rizné tloustky,
ustaleny stav.

kde X je mala korekce, zdvisld na geometrickych a materidlovych parametrech vzorku viz. [c4],
Pro rychlé zmény, kdy stinéni zistdv4 symetrické a nestaci reagovat, plati
EOV
Aq(V) = (C.2)

D [ -4

Pro dany vzorek lze najit rovnovazné parametry numerickymi metodami.

C.3. VYSLEDKY NUMERICKYCH A ANALYTICKYCH VYPOCTU

Obr. 2,3 ukazuji vysledky numerickych vypoctl: zavislost Ay na vnéjsim poli Fegy = % pro
tii tloudtky D; = 8 um, Dy = 20 um, D3 = 200 pm. Materidl je RbHoPO4, B = 0,04, = 0,2?.
Cérkované jsou vyznaceny kiivky vychazejici z priblizeni (C.l)-resp. (C’.Q?. 'O?r. 2‘pr8d8ta\?u‘]e’
piipad statické rovnovahy, obr. 3 piipad relativné rychlych zmén kdy stinéni zistavé konstantni

a symetrické.

C.4. DISKUSE

Pfiblizné analytické vztahy (C.1), (C.2)
pole. Piesné numerické vysledky se odliéuij
Pro tenké vzorky je odezva obecné nelinedrni. Vz
(koeficient B).

vyjadiujf linedrni odezvu doménové struktury na vnéjsi
d analytickych tim vice, ¢im je tloustka vzorku mensi.
tahy (C.1), (C.2) upozoriiuji na tlohu mezivrstvy
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F:IG}JRE’C.B: Zévislost Agq na vnéjsim poli pfi konstantnim symet-
rickém stinéni, pro tfi rizné tloustky.
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EXAKTNI VYPOCTY ROVNOVAZNE REAKCE DOMENOVE STRUKTURY
FEROELEKTRIKA NA VNEJSf ELEKTRICKE POLE

_ A. KOPAL*, P. MOKRY*
*Katedra fyziky, Technickd univerzita v Liberci, Halkova 6, Liberec 1, 461 17, CR

Abstract

Reakce doménovych stén feroelektrické doménové struktury na vnéjsi elektrické
pole podstatné ovliviiuje dielektrické a elektromechanické vlastnosti feroelek-
trik. Pohyb doménovych stén je zékladem tzv. vngjsich (extrinsic) pfispévki,
napi. k relativni permitivité, elastickym koeficientim a piezoelektrickym ko-
eficientim, které Casto i fadové pfevysujf vnitin{ (intrinsic) prispévky, dané
vlastnostmi jednodoménového vzorku. Vnéjsi piispévky jsou v posledni dobé
pfedmétem intenzivniho experimentélniho vyzkumu, viz naps. (P, [D2],

Tato prace je prvnim pfiblizenim v exaktnim teoretickém vysetfovani rovnova-
zné reakce doménovych stén na vnéjsi pole za nékterych zjednodusujicich
predpokladii: uvazuje idedlné pohyblivé 180° stény, vliv defekti krystalové
miizky neni zapoCten, neuvazuje mechanickou interakci jednotlivych slozek
systému (vzorek, elektrody, izolujici mezivrstvy). Na druhé strané je vyjadfen
efekt c¢dstecného stinéni polarizacnich nédboji v diisledku koneéné malé vodi-
vosti mezivrstvy, oddélujici elektrody a vzorek a vliv tloustky této mezivrstvy.

D.1. UVOD

Exaktni vypoéty rovnovazné reakce doménové struktury na vnéjsi pole jsou zaloZeny na vztahu
pro hustotu volné energie systému (viz obr. D.1), tvofeného centralni spontdnné polarizovanou
deskovou doménovou strukturou (2), izolujicimi mezivrstvami (1), (3), elektrodami (0), (4) a zdro-
jem napéti V. Oznaceni geometrickych a materidlovych parametra je zfejmé z obrazku. Ddle

zavadime veli¢iny
(1),(2)
@ = [ (@) = [ @ @)
(1. (2)

Ez
2s d
= — =T, 2w=w 1,
B 1 R T o +
e 'lU+—w_
g 'U..'++w—.

Feroelektricky materidl je charakterizovan stavovou rovnici
D; = egeij Ej + Fois

kde pouze z—slozka spontdnni polarizace je nenulové a je r.ov:}a':b%’g. .Ploe‘:né hustota energ?e
doménovych stén je oznacena . Piedpokl4ddéme, ze polarizacni rzabo,] {)lctsné l.msto.ty iiPa' je
na rozhranf mezivrstva—feroelektricky vzorek stinén v dusledku malé konecrtc.: VOleEJStl opacnym
nébojem ploné hustoty FaPs, kde a je koeficient stinénf, 0 < a < 1. P"_r}';hly;h pgsutveih
doménovych stén se stinici ndboj nestaci premistit, talfze ‘ko%ﬁt‘:n‘ent asym.eatr: ;‘f‘ E?V hS ;Ubé
tury A je obecné odligny od koeficientu asymetrie rozlozeni stinicich nabojiu A.. Pii dlouhodo

rovnovéze kopiruje stinénf doménovou strukturu a plati A = A..
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CALCULATIONS OF THE EQILIBRIUM DOMAIN STRUCTURE (Poster)

N X
2w w. w, SV
2
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dielektrika < el el = (2
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2

FIGURE D.1: Geometrie modelu

LTS
LT T T
.'""‘-

z [um]

b)
FIGURE D.2: Pribéh potencidlu ve a) feroelektrické vrstvé a b)
mezivrstvé pro Ac = 0, a = 0,25, B = 0,04, 4 = 0,11, e T
D = 8um, R = 18,32

D.2. VOLNA ENERGIE SYSTEMU

Celkovad volni energie systému zahrnuje v naSem modelu elektrostatickou energii a energii
doménovych stén. Resenim Laplaceovy rovnice Fourierovou metodou byl nalezen elektricky
potencidl, jehoz typicky priibéh ve feroelektrickém vzorku a mezivrstvé je zndzornén na obr.
D.2

Z potencidlu je vypoétena energie elektrického pole. Detaily pomérné zdlouhavych _V}'rpoétt"x
jsou uvedeny v préci (P, Zde uvedeme vysledny vztah pro plosnou hustotu volné energie (volnd

energie na 1m? plochy vzorku):

(Vv
DB £ e e

2 (D.1)
—C A-aAd )
F owR+ Po( e s (Egl} E(SZ)B)

; ' Ac$1y)?
1 (sin nrafl —asin nréstt)

4P2D -
ne M) + o2 cothnRe(?)
+£g:rr?(1+B)R ; n® g) cothnBRc™ + g+ ¢
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firt g oo prenphoil s s i) 0ot
0 05 1.5 2

1
D [10* m]

E., [10°Vm"]
D.3 D.4

f’IG%RE D.3: Zavislost rovnov4zné Sitky domén na tloustce vzorku pro

FIGURE D.4: Zavislost w* na vngjsim poli pro tfi razné tloustky,
ustaleny stav, A = A..

Pro nulové stinéni a = 0 pfechdzi tento vztah v jiz publikovany vysledek P4, Nestinény a
zkratovany (V = 0) vzorek byl vySetfovan v klasické praci Bjorkstam, Oettel [P3), Nase vysledky
zcela s touto praci nesouhlasi. Elektrické pole, vyjadiené v [P% nespliiuje viechny pozadované
hraniéni podminky. Vztah (D.1) plati za predpokladu, ze perioda doménové struktury 2w je
stejna jako perioda rozlozeni stinicich ndboji. RovnovdZznd doménové struktura minimalizuje F
pfi daném napéti V. Volné parametry jsou R (resp. w) a A (resp. A.).

D.3. VYSLEDKY NUMERICKYCH A ANALYTICKYCH VYPOCTU

Ukazuje se, ze chovéani rovnovdzné doménové struktury samotného feroelektrického vzorku se
kvalitativné méni, jestlize snizujeme tloustku vzorku a dostdvame se do oblasti kritické tloustky

2 3
41raw£u.€£ )2

Derig = Pg-‘:'g)

viz (D8],

U elektrodovanych vzorki nastév4 tato zména jiz u tlousték o jeden az dva rady vyssich. Na obr.
D.3 vidime z4vislost rovnovazné piilperiody w* na tloustce elektrodovaného a zkratovaného vzorku
pro RbH,PO, (0, = 5-10-3Jm~2, Py = 5,7:1072Cm~?, &5 = 10, &; = 100, Derit = 0,053 10~°m).

V dalsfm uvedeme vysledky vZdy pro tento materidl a tfi tloustky

Dy = 150Derir = 8um
D, = 370D = 20pm
D3 = 370D = 200pm,

D.3. Ve viech vypoctech volime koeficient stinéni a = 0,25 a
Derit je mozné rovnovazné hodnoty R, A
Uvedeme zde dva takové vztahy pro

které jsou téz vyznaéeny na obr.
koeficient B = 0,04. Pro relativné tlusté vzorky D >
aproximovat analyticky (tzv. aproximace tlustych krystald).
AR

Za piedpokladu, ze stinén{ kopiruje doménovou strukturu (A = A.) plati

eocs (1 + B)V ] (D.2)

(1) 4 ge®
2(1 - a)Dhy {B g QI“QW]

AR =
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FIGURE D.5: Zavislost A% na vnéjsim poli pro tfi rizné tloustky,
ustédleny stav, A = A..
F:IGURE D.6: Zavislost A®? na vn&jsfm poli pfi konstantnim symet-
rickém stinéni, A. = 0 pro tfi riizné tloustky.

Za predpokladu rychlych zmén napéti, kdy stinén{ nestaéf sledovat vSechny zmény doménové
struktury a ziistdva stdle symetrické (4. = 0), plati

A% — eoel (14 B)V (D-3)
o, g@ |’ ;
2DFy | B - 2In2 gertfay

Rg' je rovnovazné hodnota parametru R pfi nulovém napéti.
Obr. D.4 ukazuje srovnani numerickych a pfibliznych analytickych vysledkt zdvislosti w®?

na vnéjsim poli E,;; = V/D pro tii zminéné tloustky za predpokladu, ze A = A. (dlouhodob4
rovnovédha, stinéni kopiruje doménovou strukturu).

Obr. D.5 predstavuje totéz pro zdvislost A®9(E,z¢).

Obr. D.6 ukazuje zavislost A®(E,;;) pii konstantnim symetrickém stinéni A, = 0 opét pro tfi
rizné tloustky. Analytické pfiblizeni je srovnano s exaktnimi numerickymi vypocty.

D.4. DISKUSE

Pfiblizné analytické vztahy (D.2), (D.3) vyjadfujf linedrni odezvu doménové struktury na vnejsi
pole. Piesné numerické vysledky se odlidujf od analytickych tim vice, ¢im je tloustka vzorku mens.
Pro tenké vzorky je odezva obecné nelinedrni.

D.5. PODEKOV ANI
Tato préce byla podporovéna Ministerstvem skolstvi, mlddeze a télovychovy CR na zdkladé Grantu
CEZ: J11/98: 242200002 a VS 96006.
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Comment

This article is concerned with further development of calculations of the equilibrium domain struc-

ture. The more involved mode;l has been introduced, The screening charges are considered on the
interface of central ferroelectric part and passive surface layer

In the preceeding articles we calculated the electrostatic potential in an approximation of
conductivity of surface layers. This is very distant to real situations. We can see the ?;ro E?TE
values of electric field in the surface layer in fig. D.2. The electric field can cause the in'.eci?(ion1 gf
free charges oscr to the central ferroelectric part—surface layer interface. This free char Jes scre:n
the bound charge of spontaneous polarization. The total charge p of the central part afd surface
layer interface is

e==rdiv PU(A) + Oscr-
If the screening d}arges reflect the profile of spontaneous polarization at some instant time, we
can put Oscr = a div PO(Ac), where A, is the analogy of the asymmetry coefficient of the domain

structure for the screening charge. Coefficient a € (0, 1) can be called screening coefficient. The
following formulae for the electric potential can be derived:

sPy (A — aAc) - Eoé‘gl)% D=2 V(- )

(1) ot
o\ (2, 2) = - 27 4 D4
€0 (egl) +s;{f}B) 25 2s =
i 4Pyw (sinnm4 — a sinnrdstl) cosng L sinhncWZ (2 - 2)
“ gon?r?  g(1) cothnBRc(M) + (2 cothnRc(?) " sinhnBRcD
8Py (A - aA;) — eV Y 2,
o@ (z,2) = it 2 T pm— (D.5)
Ep (53 +€3 ?)

i 4Pyw (sinnmAE — o sinnrdstl) cosnzZ sinhnel X
eon?n? g cothnBRe() + g(2) cothnRe()  sinhnRe(?) ’

n=1

The effect of screening charges on profile of electrostatic potential is shown in fig. 14, which can
be taken as the result of following physical process: it started with a situation depicted in fig. 12.
Then the free screening charges was injected on the interface of the central ferroelectric and passive
surface layer from the electrodes due to high local electric fields of the bound charges of spontaneous
polarization. When the screening reached to approximately 80% the external voltage was applied
and domain walls shifted. Then uncompensated bound charges appeared on the interface due to

small conductivity of the sample.

The values of critical sample thickness Dery are discussed for free-standing and electroded thin
films. The dependencies of the asymmetry coefficient and the domain structure period on external
electric field or on the sample thickness are shown in figs. D.3-D.6.
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ON THE EXTRINSIC PIEZOELECTRICITY
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Abstract

This work presents a continuation i
of the response of an antiparallel dsri:iirs]tﬁc&izefﬁ i i i
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 layérs. 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;POy4, that was recently measured in a wide range of temperature below
Curie point.

Keywords: Ferroelectric domains; extrinsic contributions to piezoelectricity

E.1. INTRODUCTION

Samples of ferroelectric single crystals often posses a surface layers. Its existence greatly influences
properties of bulk samples!®1:2:314] as well as of thin films.[E5] Equilibrium domain structure in the
system, mentioned above in the abstract, and the role of the surface layers was first discussed
by Bjorkstam and Oettel®®) in a special case of shorted electrodes. In our recent paper®7 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, continuation of our discussion of domain structures of thin films(E8].

In(E7) 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(®7). In last two sections we discuss as an example the extrinsic contribution to dag
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 K19l (see
3150[810])_

E.2. DESCRIPTION OF THE MODEL

We consider a plate-like electroded sample of infinite area with : :
the ferroelectric axis z. Central ferroelectric part with antiparallel domains (2.) is _SePa-I_'a“:'d ff?m
the electrodes (0.), (4.) by nonferroelectric layers (1.),(3.) (sel’a Fig.E.1). The[:;pahe:.l”dlst;lzllt:in
of the electric field E is determined by the applied potential .dlfference Yarue _f‘p 5 ¢ ‘ Z
bound charge divP, on the boundary of ferroelectric material, where Po stands for sl?onF?LneEc:n;
polarization. Geometrical, electrical and material parameters of the system are shown in Fig. k.1,

major surfaces perpendicular to

5 : * .
e-mail: antonin.kopal@vslib.cz
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electrode (z = D/2) T z 0 = 0

/ %U-J
(1) (1) — £(1)
E 7 B =E w- w
Al )
e [
) . o0
ille | (2)
l——_
D| d -Py | P, | -P, E,
s w | (3)=(1.)
[ e
electrode (2 = —D/2) |
{p — {p(q)
FIGURE E.1: Geometry of the model
We further introduce the symbols
(1),(2) et (1,(2) — +/-():(2) (1),(2)
£ TN R e G oy e, 2
and several geometrical parameters: A
s
. ir
the domain pattern factor
R:‘n’i, 2w=wy +w_
2w
and the asymmetry factor
= We — W
- w4 + w- .
The ferroelectric material itself is approximated by the equation of state
D; = eo€i; Ej + Foi (L)

where only the component Py, is nonzero. This linear aPPTOXimatif’“ limits the Vahdlt}bOf o
calculations to the temperature region not very close below the transition temperature T.. Domain

walls are assumed to have surface energy density o, and zero thickness.

E3. FREE ENERGY OF THE SYSTEM, EQUILIBRIUM DOMAIN STRUCTURE

. surface
Rather cumbersome calculat.ions[m] lead to the following formula for total free energy
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\/\/ /\/
Wiie

E=d i

FIGURE E.2: Symmetric domain structure with
Ee:t = 0, A = U

X

spontaneous strain S§,

density (in Jm=2) of the system

BDPyA v
2 A ¥
F=o,R+ A48 2

o2
€ (1 - Bxﬁ)
4F3D i sin® (nZ(1 + A))
gom?R(1 + B) n®(g) cothnBRc() + g() cothnRc(?) * (E.2)

n=1

The first term represents domain wall contribution while the last one is the depolarization energy.
In the second term we recognize the effect of layers (1.) and (3.) and of the applied voltage.

In this model we neglect the mechanical interactions between components of the system. For
given slab factor B and voltage V, the equilibrium domain structure, characterized by R.,(V') and
A.(V), corresponds to local minimum of F. In general a minimum can be found by numerical
methods, but for BRc™) > 1 and Rc(® > 1, the Re,(V) and A.y(V) can be approximated by
explicit formulae. For purpose of this paper we use the following formula for 4.,(V)

Ao(V) 1 (E.3)
= 9Py D [ . X]
0% M a+B)
where S 69)
X= 2 1+ Bm
RS, (1+ B)(g® + ) X

Is considered as a small correction and R, is equilibrium value of R for zero \{?g;]tage V. For the
extrinsic contribution to permittivity of the sample we get from (E.3) (see also™")

-1
(2) B
£ ¥ (E4)
¥ BE ) | — XH
e {(1+ si”)[(HB}si”

EA. EXTRINSIC PIEZOELECTRICITY . o
approximate prediction of extrinsic contribution i';o
del. RDP is a ferroelastic with spontaneous stral_n
9 there is z — ¥ cut through symmetric
fter application of Eezt i shown in

As an example, in this section we work out the
b of RbH, PO, (RDP), based on our simple mo .
53, Opposite in opposite polarized domains. In the Fig.E.

domain gtrycture (A = 0,E32t = :‘,’5 = ). The situation a
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FIGURE E.3: Asymmetric domain structure wj

th average strain S; =
ASS, Euu #0,A £ 0 : i

Fig.E.3 (A # 0). A simple geometric consideration leads to the formula for average strain Sg of
the sample (we neglect the mechanical coupling of the central part with the rest of the sample)

Sg = Sg (E.5)
For the extrinsic coefficient d3s we get from (E.3) and (E.5)
S, S
d33 = Eﬁ - Sl (Eﬁ)
3 2Ry [ By - X]
(1+B) el
neglecting the small X and for B < 1 we get more simple formula®
(1) os
. 505; Sﬁ

E.5. DISCUSSION

An extremely high dag under 7. for RDP was first reported in[E11], In a recent paper!E'2l, Sidorkin
deduced the dispersion law of domain wall vibrations, however, in his treatment the existence
of a surface layers is not explicitly considered. We can fit our theoretical results to measured
oneslE9) . dagext = 41072 C/N,£z,ext = 2000 in the 35K range plateau under T.. Using values
that roughly apply to RDP7 in (E.7) resp. (E.4) we come to an agreement for reasonable v.alue
of B = (.04. Naturally for lower temperatures, the motion of the walls is limited by.“fgeezu}g”
and both dag ey and €, e decrease to zero. It is also interesting, for measurements. in(E9 vnil;
alternating E,,; = 20 V/m, that corresponding amplitude of alternating A from (E.3) is only 10
and displacement of the walls with w = 10 um is of the order 107%m.
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) is not correct, because the assumptions needed for validity of (

o E.3) are violated if B
~ "The limit B — 0 in (E.7
18 very small, -

"Po = 4. 10-2C/m?, (V) = ¢{2) = 100, 5§ = 0.015, seel").
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Comment

The existence of effective piezoelectric response in
crystal was proposed in this article. The effect of do
sample is clearly shown in fig. E.2 and E.3.

il € &

a) b)

FIGURE 15: The contributions of domain wall shifts to piezoelectric
coefficient dag.

The ferroelectric ferroelastic domain structure is Material Value
shown in the fig. 15. The domain walls shift from their constant
original positions (doted lines), when the external elec- B 4.10~* C/m?
tric field is applied. Then the average shear strain e} Sg 0.015
of the ferroelastic sample changes from zero in the plane €z 100

z1z; perpendicular to the ferroelectric axis z3. Domain €z 10

walls shifts cause the contribution to the piezoelectric FIGURE 16: Material constants roughly
coefficient Adyg. Therefore, the existence of passive applying to RDP (see [15]).

surface layer can be taken as a source of the extrinsic _

contribution to dsg. Using values that roughly apply to RDP (see fig. 16) in (E.7) 1'9.513- (E4)
we come to an agreement for reasonable value of B = 0.04. This means that the ‘l;,l'l.lck,r,'less of
the passive surface layer is about 20 um for the sample of thickness 1 mm. AIS.O the “tiny” value
of domain wall displacements of the order 107'm in a small external electric fields should be
stressed.

o account for existence of ex-
c phase. Then the value (and
and the sign) of spontaneous

Nevertheless, the very important condition have to be taken 1nt‘
trinsic piezoelectricity: crystal must be piezoelectric in the paraelectri
the sign) of spontaneous polarization is interconected with the value (
strain in each domain by equation, see egs. (4, 5)

}135
Pos = L
66 '
at restricts the choice of materials where the depicted mechanicha-

This is the very limiting fact th y is the only one class of materlals with thess

nism can show itself. We can say that the KDP famil

Property, which we know.
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EXTRINSIC CONTRIBUTIONS IN A NONUNIFORM FERROIC SAMPLE:
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Abstract

The contribution Ae of extremely small motions of domain walls to small-
permittivity of a multidomain ferroelectric sam
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 Ae, 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 model 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.

signal
ple has been a research issue for

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

F.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.F!) 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 Pertsev(F2 offered a more involved approach: whe?n
domain wall in a ceramic grain is shifted, uncompensated bound charge appears on t.he grain
boundary, producing electric field. Simultaneously, if the involved domains are ferroelas.tlc, a wall
shift results in mechanical stress in surrounding grains. Thus the shift is accompanied by t_he
increase of both electric and elastic energies, leading to restoring forces. Results.of t'hese theories
have been successfully related to experimental data on all three mentioned contributions: Ae, As
and Ad.[F1,2]

While there exist a number of such data for ceramic ma.teria.lsIFl'?"l, information for single
crystals is rather scarce. Understandably, for nonferroelastic ferroelectrics such as TGS onlylda;t_a
on Ae are available;[F® on the other hand for crystals which are both ferr‘oelect.nc and ferroelas 1;:
with more than two domain states, dense domain systems are rflther shaghio, ‘-dlfﬁcul: io :;?E 3:1(1:}'
theoretically. In the present paper, we have in mind ferroelectric andfferrgeli.setlt::ncr}trz :h?s ot
Wo domain states. In particular, crystals belonging to :he KH?PO‘:{ zml yfor KI-? PO,, CsH,PO,
and have been intensively studied. Nakamura et al [F6.7] g:}termme . 633_ o ;f botil Bites 281
and CsH,As0,. For KH,PO,, Nakamura and KuramotolF®l proved t e lex;;sl e e A
Asgs while Ak wns Saasied 8 RbH,PO4F?). For the same material, all g )

] 3
e-mail: pavel.mokry@vslib.cz
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FIGURE F.1: Geometry of the model in z-z plane

and Asgs have been measured by Stula et al.[F1% It was found that all these contributions are
mutually proportional when measured as a function of temperature, in the temperature interval
between T¢c and 7¢-35 K. Several other ferroics for which our approach may be applicable will be
mentioned at the end of this paper.

In single crystals, the origin of the restoring force is usually connected to domain wall pinning
on crystal lattice defects. In our recent papersF11'? we introduced the model of a passive surface
layer to calculate the restoring force for domain walls and the resulting extrinsic permittivity and
piezoelectric coefficient. In fact, the influence of a surface layer on the properties of a ferroelectric
sample was discussed repeatedly several decades ago. In particular, in connection with the sidewise
motion of domain walls in BaTiOj, thickness dependence of the coercive field, asymmetry of a
hysteresis loop or the problem of energies of critical nuclei, theoretically impossibly high.

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 Aess,
Asgs and Adag. Their dependence on the sample properties will be discussed.

F.2. DESCRIPTION OF THE MODEL

ample of infinite area with major surfaces perpendic-
h ferroelectric and feroelastic; domains with
However, we shall approximate

We consider a plate-like sample elecroded s
ular to the ferroelectric axis z. The material is bot
antiparallel polarisation differ in the sign of spontaneous shear.
the material in the ferroelectric phase by the equation of state

D; = €o€ij Ej + Po,iy

this does not supress the existence the

neglecti Eciobirats b icity. As we shall see _ ‘
“glecting the intrinsic plezoelectriclty ; lations. In the preceding equation,

extrinsic piezoelectricity, which is one of the aims of our calc
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FIGURE F.2: Geometry of the model in z-y plane

we also neglect nonlinear terms; for 2nd order phase transitions this limits the validity of our
calculations to the temperature region not very close bellow the temperature To. Domain walls
are assumed to have surface energy density o,, 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

Tl.(j” = 2#(1)63}‘
T,-(;] = 2;1(2) (eg) = eo,ij) ’

where 1(1:?) are Lame coefficients of the passive layers and the bulk respectively; e;; is the strain
tensor, eg ;; is the spontaneous strain tensor of the central ferroelastic part. We suppose that the
only nonzero components of the spontaneous strain tensor are €op,12 = €o,21 = *€g in the wy resp.
w- domain, see Fig. F.2. We introduce the asymmetry factor

Wy —wo

= w_—+ T,

A

We neglect thermal interactions and suppose that the sample is thermally isolated. 'I"o 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 deformec? 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.

F.3. SURFACE ENERGY DENSITY

In what follows we consider three kinds of energy,
sample (in the z-y plane):

calculated per unit surface area of the plate-like

The domain wall energy density

Uwzgw'd_ [J.m“z],
w
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F EXTRINSIC PROPERTIES OF A FERROIC SAMPLE

the electric field energy density

1
Ua(V, 4) = 5/'/45'1' (Di - Ry ;) dv,

where the integration is taken over parallelepiped z ¢

0,2w), z € (—(s+ 2 d
<0, lﬁi>, and elastic energy density of deformation: (=(s+9), 5+ 2y €

1
Udet (Text, a)y = ‘2'/;7153' (B,‘j = eg,g_,-) dv, resp.
1

Udet (u, 4)

5_/‘/7'*:‘ (ei; — eo,i;) dV,

where the integration is taken over the same region, in the first case for constant external stress
Text in the plane z = 2w, in the second one for constant displacement u in the plane z = 2w. In

both cases, the displacement for z = 0 is chosen to be zero and the boundaries of the Sond/
x-y plane are free of stress.

To find the Ue 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 ”thick
sample”, that is for s, d > w:

sd AP + 1 V2 e3eMel?)
€0 (E(zl) d+e?) 25)
d(d+ 2s)* u@72 (d +2s) 7, :
Hasliacid ext +3(1}(2A o s 0 A
def (Text, A) 2 () 25 + @) ) W Ot D25+ u@d)

LpWsu? + pDd (Ju - 2Anegw)2
2uw? R

Ua(V, 4) =

I

Udel'(u: A)

Infinitesimal work of the electric source at constant voltage V' per unit area of the sample plate
is
dWe =V dag [.] . m'2] ;
where o is constant Fourier component of the free charge density on the positive electrode, cal-

culat
ulated as oy W)@ v

e+ (&)

Infinitesimal work of the mechanical source, deforming the parallelepiped is

70 (V1 A) =

d+2s -2
6Wdef=fext 2w JU [Jm ]’

It is easy to prove that the equilibrium domain structure for V = 0, Text = O tesp. u(z = 2w) =0

is symmetric (i.e. A=0), with domain width

A
2
(1),,(2) Pt%
o . (F.2)
Weq = V/3.68 dow |4€ -5 +
s \/_—-—w op’(” +p(2) gu( ES,—”EE*.“ + E:{cﬂ)egﬂ)

at within a large interval of the applied voltage the average

It can be shown (see e.g.F*V)) th
width wy + W-
W9 e
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remains constant. This is why U,, can be also considered as constant

F.4. EXTRINSIC CONTRIBUTIONS Ae3z, Asgg and Adsg
We calculate the equilibrium effective e&f of the sample from the relations

D5 = oo(V, A) = e&f pext — ot _V
) 33 &3 = 533 25 75 d (F3)

We keep Text = 0, V=constant and we take into account that variation of ”
sample + electric source” is zero in equilibrium:

the total energy of the

8Ue|(V, A) au, el L
e 64+ Ll " ¥ Wi

Solving this standard (gi'obleﬂg, we get A = A(V) and from the Eqs. (F.1), (F.3) the effective .
For pV) = @ = p, 3% = eil = €2,z We obtain the relatively simple result:

d 2
o e fho

2s P§d+4e§ags,‘p(d+23) ’ (F4)

The effective elastic compliance of the sample is

iy et

Sge = 487315 =

We put V = 0 (shorted sample), apply constant external shear stress 7exy and postulate, that
variation of "the energy of the sample + mechanical source” is zero in equilibrium

AU (0, A) aUdef(u, A)
Y O o 7

0A — 6Wger = 0.

1 2
Solving this problem, we get u = u(7ext) and we get for u(1) = p@ = p, e = el =, 0

1 1 d 2e2epe:
1 gl Bl 24 0 ’ (F.5)
%6 =t 075 |(P2p) +4edoe:
To find the effective piezoelectric coefficient of the sample
dea- = Dgﬂ. - o 1
w Text,B Text,6
we put V = 0, apply Text and solve the problem
3U91(U, A) 6A & aUdef{ul A) JA a aUdef(uy__A-) 5u — 5Wdef = 0.
A oA Ou
From here we obtain A = A(7ext). Inserting this result into Eq. (F-l_) we Obtfiin i 00 (Text)-
For p(l} e p(2] =u E(l) = EE:?] =€, . We get ﬁnally for the effective plezoelectrlc coeffitient
4 = ez = 2 !
gn 4 __ecﬁ'L_ift]fzﬂ} , (F.6)
36 -_-3 Pg+4605052;“

The same result we get for the inverse piezoelectric effwct.

F.5. DISCUSSION

insic permittivity, extrinsic
The above calculation leads to explicite formulae (F.4) to (F.6) for extrinsic p '
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$=110"°m | §=5.10-6 5=10-10"%m
Aes [1] 12000 2500 1200
Adgs [Cm~?] | 41108 [ g3.109 4.1-10-9
Ases [Pa™] | 1.6-10-8 3.2:10-° 1610 |

TABLE F.1: Numerical estimate of Agas,

values of surface layer thickness. The following numerical constants have
been used: Py = 4-102Cm3, ¢, = 100, e5 = 0.015. 1 = 6.10°D
0‘”=5'10_3Jm-2;d:5-10'4m. l k=0t a,

Asgg and Qdaa for different

elastic compliance and extrinsic piezoelectric coefficient, resp. Numerical values for all involved
material coefficients are available for single crystals of RbH,PO
e = 0.015 and g = 6-10°Pa. To obtain numerical estimates for particular samples we put
0, =51073Jm™? and d = 5-10~*m and choose three values of surface layer thickness namely
§=1:10"%m, s = 5-107®m and 5 = 10-10~%m. Table F.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.

4t Pp=4.1072Cm™2, ¢, = 100,

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

In the approach analyzed above, the source of the restoring force acting on domain walls is the
interaction of ferroic sample with a passive surface layer. Very often, the origin of restoring forces
is connected with domain wall pinning to defects. Understandably, the latter mechanism cannot
be excluded for ferroics of any chemical composition. On the other hand, passive surface layers can
be formed during sample preparations and in particular for water-soluble crystals their appearance
is a very likely: samples are polished in water-containing media, the procedure obviously leading
to the presence of a passive surface layer. The example analyzed numerically above, crystals of
RbH,POy, falls into this category. However, extrinsic properties of a number of other crystals
have been studied. Thus, e.g., for LiTIC4H4O¢ - HO (species 222-Peds-2,) (F13] very strong and
nonhysteretic dependence of sE, as a function of applied field E was measured. This is possible
to explain by a strong contribution of domain walls with a pronounced restoring force. The
above model would lead to such behavior. Similarly, large extrinsic contributions to s1; have been
measuredF 4] for (NH4)4LiH3(SO4)4, species 4-eds-2.
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A qualitatively more general approach has been used in th: i
4 in this article, The ical i i
petween the central ferroic part and the surface layers is included into our :;10:;32:::-} Mg
ions.

First the Maxwell equations were solved for th i
: e electrostatic potential i
surface layer. Second, solution for the vector of mechanical disp?acement i:rla;h:ofr?cllkfra;nrg :lﬁe
. M e
L :-:Lrnme equations. We can choose from two types of boundary conditions for vector of mechanical
displacement. When we define the values of mechanical force actin

(Neumann-type boundary condition) g on the boundary of the sample

, the components of vector of mechanical displacement is of

form:
(1) - Text (23 + d)
z1, T = —
Uy ( 1 3) #{1} 25 + ﬂ.{z) d I, (F?)
(2) = Text (23 + d)
Uy (Ill I3) .u.(” 2s Y #(2] d Ia,
Text (28 +d
u$(z1, 23) = {meo ‘- ——p(f;‘;(s“(z))d] e
i 8eow . :rrA +1 i VL p®) cosh 2% (4 + s — z3) sech 21 tanh 21d
o R o - w pu® tanh 274 + (1) tanh 2re :
2 Text (28 +d
ug )(Il, o — [2Aeo - —p‘:;;i i plz’)d] z1 +
2. 8eqw . A+1 . nnz V) cosh P2 sech 2T tanh nre
Z 53 SInm sin = - L. i I
L0 2 w p®) tanh 228 4 4(2) tanh BEE
ué”(zl, z3) = 0,
ugz)(zlm I3) = 0.

The second possibility is to define the values of the vector of mechanical displacement (Dirichlet-
type boundary condition). Then the components of u; has form:

“(11}(11, £a) = B, o
U?J(Il, %)= A
u(zy, z3) = %:1_:;1_ e &
® Bepts . A+l . mmm p*enhit (¢ + s — z3) csch 22¢ tanh 5xd
+r; vl sinnm 2 sin = p(z)tanh%‘:;g +p(”c0thl‘—;'£ )
u(zy, z3) = ;i_ o+

e (1) coth 22¢ + u(2) tanh urd

& i ?'W_EO SinnﬂA+1 . nmT) ( . p(l} cosh 22 coth 24 sech%i)) |
e ﬂz‘ﬂ'g
ug”(-’ﬂl, z3) = 0,
0.

(2
Uy }(11, T3) =

i s 7) we have obtained the
By integration of “power square” of strain tensor calculated from (F.7)

following formula for deformation energy of a free sample:

2
2
(d + 28) Text + thzi (d +2s) ""taar.t.‘3 ) + (F.9)
o & g™ (2/480 bt dnm) T2 prer )
nmd nns
32 e2w pM u® sin? nrA$ tanh 5T tanh 2I¢
Wl ol I A

md
m nz_l nd (p() tanh °3% + u(® tanh 5%¢)

o0
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Analogically, using eq. (F.8) we have got the deformation energy of a clamped sample:

Udef o 281&3”#(1) k- d(uw i 2A€0w)2 “(2)
= —w T\~ 2lew)” p?
w? s (F.10)
2
sin® nr 4L tanp 2 coth e

n=t 1 (u) coth 2253, 3) tan, nrd)

32 e2uy (1) ,(2)
% oWH Y

T3

The graphic representation of strain in a free sample is shown in fig.18 in the absence of external
mechanical force a) and when the external mechanical stress is applied b). Four ferroelastic domains
can be recognized in the center of each picture. The characteristic profile of the vector of mechanical
displacement can help to accept the mechanical deformation of both central ferroic part and the
passive surface layer as a source of restoring force acting on domain wall.

We can see that ratios of expressions for the Exp. Data Theory
effective values of €o£33, d3s and sgg are inde- e = :
pendent on the geometry of the sample. Evalu- 2 [Cm™?] |46 2.7
ating these ratios we get a very realistic results s ] | 20.3 6.9
which suggest that our model could be applica- %:3 [Cm~?] |44 26

ble to real samples; see the comparison of surface
model theoretical predictions with experimental
data taken by Stula et. al. [14].

FIGURE 17: Theoretical prediction of the sur-
face layer model and experimental data com-
parison.

We have to point out that our model could be improved. We assume that surface layer permit-
tivity and elastic stiffness equal ones of the central part, which is a crude approximation. Spatial
distribution of the material constants is more complicated than in a simple surface model. We also
neglect the intrinsic piezoelectric effect in this article.
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PLATE-LIKE AND THIN FILM FERROELECTRIC-FERROELASTIC SAMPLES:
EXTRINSIC PROPERTIES
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®Dept. of Physics, Technical University, C
YInternational Center for Piezoelectric Researc

and J. FOUSEK4b
2-46117 Liberec, Czech Republic
h, CZ-46117 Liberec, Czech Republic

Abstract

The influence of electrode thickness on the values of extrinsic
wall) contributions to relative permittivity £33, piezoelectric coefficients dag
and elastic moduli sgg in electroded free-standing KDP and BT samples in-
cluding those in form of thin films are examined theoretically on the basis of
rigorous solution of the associated electrostatics and elasticity problems. More-
over, the intrinsic piezoelectric effect is taken into account. The both electric
and elastic energies are calculated. The condition for the equilibrium domain
structure configuration is used to express analytically and numerically results
of mentioned extrinsic contributions. The effect of restoring force acting on the

domain wall due to mechanical interaction of the ferroelastic crystalline sample
and metal electrode is discussed.

(i.e. domain

Keywords: Extrinsic contributions, free-standing films, electroded samples

G.1. INTRODUCTION

Extrinsic contributions play an essential role in macroscopic properties of ferroelectrics: ex-
tremely slight domain wall motions can strongly influence dielectric, piezoelectric as well as elastic
properties measured in applied fields of very low intensity. To get nonzero contributions Ae, Ad,
As to these properties, a restoring force must be present which keeps a domain wall in its originzlﬂ
position. Pinning to lattice defects plays a significant role [1, 2, 3]. However, boundary C(lmdx-
tions can be also important. A ferroelectric sample is often considered to be in c.ontact thh_a
ferroelectrically passive dielectric layer between the medium and thel electrode. S_hzft.s of fiomam
walls change the electrostatic energy, providing the source of a restoring force. This mtuatn?n [g;a],s
considered for ferroelectric single crystals both nonferroelastic (G4,5] a5 well as ferroelastic (“°.
While most attention was paid to extrinsic permittivity, it is known that in crystals of some fer-
roics all extrinsic contributions A, Ad, As play a significant role. Exam.ples o K_DP and related
materials [G7), The investigated samples are always plate-like, coverfed v.nth metallic electrgc%es;. h;
the present paper we discuss the extrinsic properties of a sa.mple.‘ﬂ\fhl‘?h 18 hom‘%geneogz an ;n G
to show that the electrode-sample elastic interaction may be of importance. We consider a terroic

representing the species 42m — mm2.

G.2. DESCRIPTION OF THE MODEL

h major surfaces perpendicular to the fer-
of thickness d is both ferroelectric and
d by metal electrodes (1,3)

We consider a plate-like sample of infinite area wit

roelectric axis z. The material of the central part (2)

; is ferroic part is covere
ferroelastic; with antiparallel 180° domains. This ferroic p

Ye-mail: pavel.mokry@vslib.cz
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electrode (z = § + ) l= ¢ = plol

» iy .__L;-:‘_, e (1) - : | I
I . }—,;-::\;—ff‘:h{:’:—
'
I " () I Text
L L= Tt T - S SR W i
= T ST e [ _{/::"“--. _+— — —
d E, — P Py | =Pq 3
mag oAt L |
. 2w (3) = (1) e S | e
] \ | \ﬂ -;:_?‘RT_'__ | e L-{{::-
gleﬂ.deE{l'-“'!"‘} | = i) 2w | zr=2w
a
) b)

FIGURE G.1: Geometry of the model. a) side view, b) top view

of thickness s. We shall approximate the material of the ferroic phase by equations of state

Di = P+ €0e; Ej + diri T, (G.1)
e = T
€ij = ep,ij+ SijkiTht + d-kij Ey, (G-Q)
where e;; resp. 7i; is the strain resp. stress tensor, eg;; is the spontaneous strain tensor. We
suppose that the only eg 12 = €921 = *eg are its nonzero components in the wy resp. w_ domain,

see Fig.G.1a). The sample is simultaneously spontaneously polarized. Spontaneous polarization
Ps and spontaneous strain eg are interconnected with relation

Ps _ 8dsg
es  6igs
We introduce the asymmetry factor
_ We—wo | ug—un
T witw- 2w

) (G.3)

where 2w = w4 + w_ is domain structure period.

In the preceding equations we neglect nonlinear terms; for 274 order phase transitions this limits
the validity of our calculations to the temperature region not very close bellow the temperature T¢.
Domain walls are assumed to have a surface energy density o,, and zero thickness. For simplicity
we approximate the elastically anisotropic material of the sample in the ferroic phase by one which
reflect the anisotropy of the parent phase only; ie. we neglect the morphic elastic moduli and
piezoelectric coefficients. We assume that the material properties of neighbouring domains do not
differ. We neglect thermal interactions and suppose that the sample is thermally isolated. 'l.‘o
keep the constant voltage V on the sample, the electrodes should be connected to external electric

source. It is evident that metal electrode is nonpiezoelectric and ideally conducting. When we

apply the constant external stress Text,12 = Text; the sample should be deformed with shear strain

e = u/dw.
G.3. SURFACE ENERGY DENSITY OF THE SYSTEM

calculated per unit surface area. First domain

: ; ergy, Hi
In what follows we consider two kinds of energy e ol EpavEY, denkity i

wall energy and second electrostatic and elastic energy density,
1

1 Ei (D = Pog) + & 7ij (eij — €0,ij)-

tial differential equations have to be solved for

At first the very complicated system % parmechanical displacement, in the bulk and in the

electric potential in the bulk and the vector of
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electrodes. Continuity of electric potential and

ilibri it] ; components of mechanical displac

equilibrium %Ondltlons for mechanical forces lead to system of boundary condiiorfsn:glc: :S a:se ltl;fl
iti i T 1T1

condltmr; de l;tled FJnlthe bulk-electrode interface, This system of partial differential equations can

be exactly analytically solved. However exact formulas for surface energy density were used for

numerical calculations, they are very compli it is not po blish them h
hey y plicated and it is not possible to publi
Therefore we are presenting here simplified ones in case when d; = 01 : g =
ijk = V.

U(A, V,u) = ow% + g€l g—; 3 #tyeF bd g (Vi egn) (G 4)
. 8w? s¢q Sf,ss '
w
+ = f(4),
Sb.44 5b,66
where g
X 32 sin® nr AL
=3 2 (G.5)

n=1 373 (COth 5544 nmws 4 ‘E-m 5850 coth 3544 nrd
8,88 W 8h,44 5b,86 By 6 ¥

s dimensionless function. In the preceeding two formulas symbols sE s TESP- s 4 Stand for elastic
compliance matrix component of the electrode resp. bulk. :

The infinitesimal work of external sources should be taken into consideration when discussing
the variations of the energy of the isolated system sample + sources. Infinitesimal work of the
electric source at constant voltage V per unit area of the sample is

§We = V 600, (G.6)

where o is constant Fourier component of the free charge density on the positive electrode, cal-

lated as
culate 2 dse

E
Sp.66 W

Vv
oo(A, V,u) = APs +€o E§SE + (u — 4Aesw) . (G.7)

Infinitesimal work of the mechanical source deforming the sample is

d
0Waet = Text 95 du, (G.8)
The equilibrium domain structure in the applied electric field and mechanical stress can be
calculated in the following way. First, from equation
.4
du

we easily obtain mechanical response U = u(A, V, Text) of the sample t0 the external force per

unit area of the sample Fext = Text 5% at given domain structure configuration A. Second, the
e . L] n

equilibrium domain structure we get from condition that variation of "the total energy of the

sample and the energy of external sources” equals zero in equilibrium

U ., 000 a f’_‘i) 5A =0. G.10
%%JA*éwel—éwdel':(é_A-_ A 2w 0A Lok

For samples of thickness d > deriv, Where

v/ NER G.11
derie = 364 %;i ( 8B sees t \/ Sbad 3.‘:,66) 1 (G.11)
G

oblem (G.10) we finally get

(U = VUD) = Fext (Gg)

we can approximate f(A) by a more simple function and solving the Pr

simplified analytical expression:
§ (fgV#SdesT (G.12)
Aeq = Se‘ﬂﬂ 858?5- (1 i X) 1
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where

5 - (21082) (dsEyq + 25 5Esa) w89(0)
= —— L \Tomn ¥ 2esyes | S(0)

mds ol E

is a small correction and

1 [/0.92¢,d
eq i 0
I e e \/m (G.13)

is an approximation of equilibrium domain width for slightly asymmetric domain Bttuctine:

G.4. EFFECTIVE VALUES OF ELECTROMECHA

NICAL PROPERTIES,
EXTRINSIC CONTRIBUTIONS

The values of D3 component of electrical displacement vector and e12 component of strain tensor
averaged per unit area of the sample are defined by following formulas

T T V
DS" = 0oV, Texts A) = eoe 8T BT 4 a2 7 = coegyT = d56 Text,  (G.14)
1 1%
e = 50 UV: Text, A) = 558" 16 + d5 BST = 55 1., + e = (G.15)

The effective material constants are

do doy 0A®
T,eff e ¥en i Ydn G.16
€033 . (av 94 v ) ety -
JEet _ 1 ( Ou +§E_3Aeq) (G.17)
66 it 2w 6‘1’ext 0A (91'9,“ A= Aeg ’
d [Ou Ou 0A% ( 8oy 0Oy GAW)
dgﬁ gy (6V = 04 8V ) A= A st OA OText A=Ara

In the preceeding expressions we can recognize the intrinsic contributions (the first term on t.l'.le
right hand side) and the extrinsic ones (the first term on the right hand side). Using eq. (G.12) in
case of narrow domains in the sample we finally get

& d Sf‘ﬁﬁ kX G 19
e;;ﬁ = €g€33 + o (€33 —€33) 2 sfﬁﬁ (1 17 1-x)°’ (G.19)
d _k G.20)
sgﬁ‘eﬂ' = ksfae-i-sf‘ﬁﬁ?sl—:?, (
E kX
Se66 d (G.21)
0 = S sEes 25 (1+ l—X)‘

where " =1

E= 1+ Mﬁ_ ?E) ]
A SEGG d

G.5. DISCUSSION

al approximations of the effective values of relative

Formulae (G.19-G.21) represent the analytic oelectric coefficient dgg. It is possible to separate

R O e, Mbantic o R siﬁ Zlmfd }Ilnezd side) from the extrinsic one (terms on the right
: n
the intrinsic contribution (terms on the left ha

insi tribution to the relative permit-
hat the extrinsic con . I
hand side) in eqs. (G.19-G.21). We can see that | .
tivity is a)bort:t :wo(ordvrs lower than the extrinsic ones to tr}:e elLa:tt:;:de th?ckness o L
m .I I I t' wn in fig. G.2, where the effect of the e
imerical results are show . G.2,
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Resume

We have presented results of our investigation of the influence of domain structures on macroscopic
properties of ferroic samples. It is known that some of these properties measured on multidomain
samples frequently differ from those measured on single domain samples. The simple thermody-
namic theory has been used to obtain the theoretical predictions of the anomalous temperature
dependencies of €53, s&, dsg for single domain samples, which undergo the first order phase tran-
sition close to the second order one 42m — mm2. The difference between values of mentioned
material constants of single domains and multidomain samples leads to one possible conclusion:
the response of domain structure to the external electric field and mechanical stress influences the
effective values of dielectric, elastic and electromechanical constants.

The ferroelectric domain wall shifts cause the redistribution of bound charges in the region close
to the electrodes. Resulting change of electric field affect the value of free charge that is present
on the electrode during measurement process. Therefore, domain wall motion can contribute to
the value of dielectric constant € or piezoelectric coefficient d, if the sample is simultaneously
ferroelastic. The very similar situation is set in pure ferroelastic samples. The shift of the domain
wall between two ferroelastic domains is interconnected with the change of average shear strain
of the sample. It is evident that domain wall motion can contribute to elastic compliance s in
ferroelastic samples.

One essential condition is necessary for existence of extrinsic (i.e. domain walls shifts) con-
tributions — the restoring force acting on the domain wall when it is moved from its original
position. The several origins of restoring forces can exist: first pinning to crystal lattice defects,
second interaction between domain walls. Speaking about ceramics, the domain wall shifts result
in a change of a shape of the grain. This grain is clamped by surrounding grains and internal stress
appear. In the single crystal there exists another origin of restoring force. It is known that.samples
of ferroelectric single crystal often possess a nonferroelectric surface layer whose properties differ
from those of the bulk. Then bound charges of spontaneous polarization are not compe:nsated by
the free charges of the electrodes. The depolarizing field is present. in the sa'mple a.nd t?e increase of
its energy is a source of restoring force, when the domain wall shifts from its equilibrium position.

particular parts of the system “bulk + surface layer

Also the mechanical interaction between :
ation of equilibrium domain structure. When

+ electrode” takes an important role in a configur : .
the passive layer is present on a bulk crystal in the paraelectric phase, local stresses appear in

the region of interface between central part and surface la?rer du;mg ;l)hasrz trsair:::‘{,;zf. 5::2 222
multidomain single crystal is slightly clamped by th.e passive suriace aYEr - e 13;:3,1 o5 i
domain wall shifts form its equilibrium position the uu:lreasej of falasttllc e;lsz i}:'hen S e
I8 a source of restoring force. An equally important situation is the ¢

ferroelastic sample is clamped by metal electrodes.

contributions was the exact calculatiorf of ef:;ui-
to external electric field. Some simplifications
walls, influence of crystal defects

The first step of our investigation of extrinsic
librium response of ferroelectric domain str.ucture s
have been assumed: we have considered an ideally mova
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with the experimental data [14] is shown in fig.

17. So we get a ve isti i
5 b onr snodl coillbe forh e b e g ry realistic results, which suggest

ples.

The last thif‘lg we would like tc? r‘nention is the applicability of our model. First we can apply this
model on ferroics of any composition when a passive layer is formed during sample preparation.
That are e.g. all crystals of KDP family and ferroelastic crystals of lithium thallium tartrate

(LiT;$4H4OS - H20) or ammonium lithium sulphate ((NH4)4LiH3(S0O4)4), which are both water-
soluble.

The second group is formed by other ferroics in which the surface layer is formed during crystal
growth, like Remeika-grown BaTiO3. We can also say that for ceramic grains our calculations are
more explicite than previous qualitative approach of Arlt and Pertsev. Concreetely, each ceramic
grain is splitted by domain walls into many domains. This small domain structure can be also
considered as lamellar ferroic domain structure, where the surrounding grains can be considered
as the passive surface layer. Therefore, the similar mechanism takes place, when a domain wall
shifts from its equilibrium positon in a ceramic grain. Our model gives treatment for evaluation of
the restoring force and therefore, the extrinsic contributions to macroscopic properties of ceramic

samples. Finally, the elastic part of our calculation is applicable to thin ferroelastic films due to
interaction of a film with a substrate.

Nevertheless, the extreme decrease of extrinsic contributions bellow the 35 K temperature range
under transition temperature cannot be explained (“freezing domain wall motions”) on the basis
of this simple model. Some considerations of our theory are probably violated. Also quantum
mechanical effects may influence the movability of the domain walls, but this goes beyond the
scope of this model.
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Summary

Motivace prace

Mikroelektromechanicka zafizeni, jako aktudtory, mikroakcelerometry, gyroskopy a dalsi elektrome-
chanické prevodniky jsou ve velmi intenzivnim zajmu védcu a technikil. Z4kladni roli v téchto
systémech hraji piezoelektricky aktivni systémy. Proto soutasny védecky vyzkum vénuje velkou
pozornost vyzkumu prévé téchto systémi, a to jak experimentdlnimu, tak teoretickému.

Pro prevod mechanickych napéti nebo deformaci na elektrické signdly se asto pouzivaji
piezoelektrické keramiky nebo krystaly, a to je také zékladnim principem jejich funkce v mikroelek-
tromechanickych zafizenich. Dilezitym meéritkem pro vybeér nejlepstho materidlu je tzv. koeficient
elektromechanické vazby. Z tohoto divodu jsou Casto pouzivény feroelektrické piezoelektrické
materidly, konkrétné keramiky. 7 mnoha experimentdlnich pozorovéni je dobfe znimy vliv
doménovych struktur na elektromechanické chovéani téchto materiali.

Role doménovych struktur v piezoelektricky aktivnich systémech

Hlavnim cilem této préce je vysvétlit otdzku: ”Jak mize doménovd struktura ovlivnit fyzikdlni
vlastnosti feroickych vzorki?” Abychom odpovédéli na tuto otdzku, vyjdeme ze zdkladnich
fyzikalnich pozorovani teplotnich zavislosti relativni permitivity €33, elastickych poddajnosti sge
a piezoelectricych koeficienti dzg monokrystali KDP, DKDP, RbDP atd. Tyto litky prochazeji
fazovym prechodem prvniho druhu 42m —mm2, ktery je blizky fazovému prechodu druhého
druhu. Teplotni zavislosti slozek tenzori relativni permitivity €33, elastickych poddajnosti sgs a
piezoelectricych koeficienti dag jevi velmi typické anomélni chovéani. Vyjdeme z jednoduché termo-
dynamické teorie a uréime teplotni zavislosti s téchto materidlovych konstant. Jak muzeme vidét
z experimentélnich pozorovéni, teplotni zdvislosti makroskopickych hodnot téchto materidlovych
konstant nesouhlasi s teoreticky pfedpovézenymi hodnotami, jsou-li méfeny na mnohodoménovych
monokrystalech. Budeme proto diskutovat vliv doménovych struktur na makroskopické vlastnosti

vzorkil opatfenych elektrodami.

Model s povrchovou vrstvou

» Jak miizeme vysvétlit nesouhlas teoreticky predpovézenych teplotnich
které byly pofizeny na mnohadoménovych vzorcich?” Tento
reticky, tak experimentalné. Ve vét3iné pfipadi je
V téchto pracech je predpoklédana existence vratné
sfly — nutné podminky existence vnéjsich piispévki, a.ékovl'f jeji ptvod nt?ni nik:e svpeciﬁkt:)v.é.n:
Pozdéji Arlt a Petsev [9) pouZili komplikovanéjsi n}o’del: i p:osuvu dom‘enovycl ste.n se 'o _]ev(;
na hranici zrn nezkompenzovany vézany naboj tvorici e.lektncke pple. Souca._in‘é, Jsou-lh’ulvazova::r;l
domény feroelastické, je vysledkem tohoto posuvu yznik mechanického napéti v okolnich zrnech.

Nejzajimavéjsi otdzka zni:
zavislost{ s experimentélnimi daty,
problém byl adresovdn mnoha autory jak teo
studovén pouze vnéjsf prispévek k permitivite.
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do ; En : !
Posuv doménovych stén je tedy SPojen se vzriistem energie elektrického pole a elastické deformace,

ktery vede ke vzniku vratné sily. Vys| if
- Vysledky téchto teorii byly tispésné i imi
daty ke vSem tfem zminénym piispévkiim Ae, As a Ad}’[g 9]p i S e

\ monokrystalecfh je zdroj vratné sily obvykle spojen se zachytdvanim doménovych stén na
defelftech kl:ystalc;ve mfize. Kromé toho, mize v monokrystalech existovat jesté jeden mozny
2droj vratné sily, ktery je presentovén v této préci — Model s povrchovou ﬂm"st'e.rouJ Geometriz
modelu je zobrazena na obr.9 a). Sklédé se 2 centralnf feroické &sti tloustky d, kters je oddélena
od elektrod neferoickou pasivnf vrstvou tloustky s. Napét{ na elektrodach je oz,nat‘:enoJV Uzitim
tohoto modelu muze byt urcena vratn4 sfla piisobici na doménovou sténu je-li vychfxlen.a ze své
rovnovazné polohy. Odtud pak vngjs prispévky k elektromechanickym vla.;tnostem vzorku.

Shrnuti

Prezentovali jsme vysledky naseho vysettovani vlivu doménovych struktur na makroskopické vlast-
nosti feroickych vzorki. Je zndmo, Ze se nékteré z téchto vlastnosti mérené na mnohadoménovych
vzorcich lisi od stejnych vlastnosti méfenych na jednodoménovych vzorcich. Uzili jsme jednoduchou
termodynamickou teorii, abychom odvodili teoretické predpovédi anomélnich teplotnich zavislosti
€53, 65, d3s jednodoménovych vzorkd, které prochézeji fazovym piechodem 42m — mm2 prvniho
druhu, ktery je blizky prechodu druhého druhu. Rozdil mezi hodnotami uvedenych materidlovych
konstant jednoménovych a mnohadoménovych vzorkii vede k jednomu moznému zavéru: reakce
doménové struktury na vnéjsi elektrické pole a mechanické napéti ovliviiuje efektivni hodnoty
dielektrickych, elastickych a elektromechanickych konstant.

Posuvy feroelektrickych doménovych stén zpusobuji redistribuci vdzanych ndboji v oblasti
blizko elektrod. Vyslednd zména elektrického pole ovlivni hodnotu volného néboje, ktery je
piitomen na elektrodé béhem procesu méfeni. Proto posuv doménovych stén mize pfispét k hod-
noté relativni permitivity £ nebo piezoelektrického koeficientu, je-li vzorek soucasné feroelasticky.
Obdobna4 situace nastava v cisté feroelastickych vzorcich. Posuv doménové stény mezi dvéma fer-
oelastickymi doménami je spojen se zménou stiedni stiihové deformace vzorku. Je jasné, ze posuv
doménovych stén mize piispét k hodnoté elastické poddajnosti. s ve feroelastickém vzorku.

Jedna podstatn4 podminka je nezbytna pro existenci vnéjsich piispévki (t.j. prispévki posuvi
doménovych stén) — vratnd sfla plsobici na doménovou sténu, je-li vychylena ze své puvodni
pozice. Existuje nékolik zdroji vratnych sil: zaprvé zachytdvani doménovych stén na defekty
krystalové miize, zadruhé interakce mezi doménovymi sténami. Mluvime-li o keramice, vysledek
posuvu doménovych stén je zmeéna tvaru zrna. Ponévadz je toto zrno upnuto okolnimi zrny,
objevi se vnitini mechanickd pnuti. V piipadé monokrystalu existuje jeSté jedep z‘droj vratné
sily. Je zndmo, Ze vzorky feroelektrickych monokrystali ¢asto maji neferoel‘ekt'ncke povrc}}ové:
vrstvy, jejichz vlastnosti se Casto velmi lisf od vlasnosti krystalu. Vazané l'l.a:bOJE od spf),ntanm
polarizace nejsou kompenzovany volnym ndbojem na elektroddch. Ve \Tz?rku je potoin E)mcmno
depolarizaén{ pole a nartst jeho energie pii posuvu doménovych stén z jejich rovnovaznych poloh

je zdrojem vratné sily.

Také mechanické interakce mezi jednotlivymi ¢astmi systému “centrédlni ¢ast + povrchovd
vistva + elektroda” hraje dilezitou tlohu v konfiguraci ro*:rpoyézn'é dOleéDOVé strukl;tlry‘ ’ V
piftomnosti povrchové vrstvy krystalu v paraelastické fazi se pfi fazovém prech.odu vytvoii lc{kaln}
pnut{ v oblasti rozhranf mezi centrdlni ¢dsti a povrchovou vrst'vou_.. Poto’m J= mno?adofnenowfy
vzorek slabé upinan pasivnimi povrchovymi vrstvami. OdebI‘lB, pii vy'chylem flomem.)vych S.ten
ze svych rovnovéznych poloh se zvysi hodnota elastické energie lokdlnich P““t_‘ a to je zc:(rOJem
vratné sily. Stejné dilezitd situace nastane v pifpadé feroelektrického feroelastického vzorku up-

nutého kovovymi elektrodami.
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Prvnim kr 3 oty fretiiae
feroelektrické Zte;néfszzh; vfeumém VRelsich prispévkii byl presny vypotet rovnovazné reakce
3 . 1 . Fury D3 vnejsi elektrické pole. Uzili jsme urcit4 zjednoduseni. V
clanku A .Jsrr'le. predpokladali idedlna pohyblivé 180° doménové stény, vliv krystalovych defekti
E} fne(’:hamcke interakce jednotlivych edsti systému byl také zanedbé.r; Na dfuhé stfa.né byla v
clancich C a D predpoklddéna kompenzace vézanych ndboji. Toto st-inéni je zptisobeno iri;ekci

volnych naboju z 'elek‘trod dﬂfy nenulové malé vodivosti povrchovych vrstev oddélujicich elektrody
od vzorku. Také je diskutovan vliv tloustky pasivn{ vrstvy.

Byly proved_en?r‘ urcité aproximace, abychom mohli vyjadrit analytické formule (A.2 -A.5) resp.
(D.2 -D.3) ‘p()p’lSLllef konfiguraci rovnovazné doménové struktury. NaSe zjeznoduseni jsou platni
pro rovnovazné doménové struktury s izkymi doménami. Tyto doménové struktury jsou pitomny
v relativné tlustych vzorcich, viz obr. D.3. Nalezli jsme, Ze rovnovéznd reakce doménové struktury
na vnéjsi elektrické pole silné zavisi na tloustce povrchové vrstvy, stejné tak jako na tloustce celého
vzorku. Reakce doménovych stén je linedrn{ vzhledem ke vnéjsimu elektrickému poli. Na druhé
strané presné numerické vysledky se ligi od analytickych, je-li tloustka povrchové vrstvy velmi
mald. Rovnovazna reakce tenkého feroelektrického filmu Jje obecné nelinedrni.

Na zékladé reakce doménové struktury na vnéjsi elektrické pole mizeme jednoduse vypocitat
efektivni hodnotu vektoru elektrické indukce ve vzorku, a tedy i efektivni hodnotu relativn{ permi-
tivity €33. Jednoduchy vysledek je prezentovan v &lanku B. Miizeme vidét, ze vnéjsi piispévek k
relativni permitivité je pfimo imérny d/2s. To znamen4, Ze velmi tenké povrchové vrstvy mohou
vést k predpoklddanému zvétSeni premitivity. Nicméné jednoduchy vztah s — 0 = eg3tinsic 5 oo
je nesprédvny. Limita s — 0 popisuje nepfitomnost povrchové vrstvy, ale bez povrchové vrstvy
nemohou existovat Zadné vnéjsi piispévky. :

Predpokladame-li feroelasticky vzorek, muzeme vyjadrit vnéjsi piispévek k elastické podda-
jnosti sk pfi konstantnim elektrickém poli. A proto jsme v élénku F pouzili dimyslngjsi p¥istup:
mechanickd interakce mezi jednotlivymi ¢4stmi systému je brdna jako zdroj vratné sily.

Predpoklddame-li, ze je vzorek soucasné feroelektricky a feroelasticky, projevi se vnéjsi
piispévek k piezoelektrickému koeficientu dgg, viz ¢linky E a F. Av3ak jeden velmi limitujici
faktor omezuje existenci vnéjsi piezoelektfiny: materidl musi byt piezoelektricky v paraelektrické
f4zi. To klade omezeni na mnozinu material(, ve kterych se mize popsany mechanismus projevit.

Velmi diilezit4 ot4zka, kterou musime diskutovat, je: “Jak miZzeme dokdzat spravnost nasich
vypoiti?” Ve skuteémosti je pouze pro krystal RbDP dokazéno, ze j:'a,ko funkce teploty si jsou
viechny vnéjsf prispévky piimo imérné. Tento dikaz byl proveden Stulou a kol., viz obr. 19.
Také nase vypocty vedou k podobnému zaveru. Podily vnéjsich piispévkil nezdviseji na geometrii
modelu. Srovnan{ teoretickych predpovédi modelu s povrchovou vrstvou s experimentalnimi daty
[14] je uk4zano na obr. 17. Dostali jsme tedy realistické vysledky, které naznatuji, Ze nas model

miize byt aplikovatelny na relné vzorky.

Posledni véc, kterou bychom méli zminit, je pouzitelnost naseho modelu. Zaprvé II:l’flieme
tento model aplikovat na feroika libovolné kompozice, kdy se béhem pfil?ravg./ vzorku vytvori povr-
chov4 vrstva. To jest napf. viechny krystaly skupiny KDP a feroelastik LiTIC4H4Og - HOnebo
(NH4)4LiH3(SO4)4, které jsou oba vodou rozpustné.

Druh4 skupina je tvorena dal3imi feroiky, ve kterych s'e’ ?ov'rchové vrstv§ vytvori bé:hem. I‘flst':lf
krystalu, jako Remeika-growth BaTiO3;. Muzeme také fici, ze pro keramlcké' ma-t,el:lél;ly je ‘nis‘
piistup presnéjsi nez predchozi kvalitativni pifstup Arlta a Pertseva; Konkrétr:ée kazlfie eraml}f é
2rno je rozdéleno doménovymi sténami do mnoha domén. Tyto malé flc;lménovhstru turf mi ou
byt také povazovany za deskové feroické doménové st'jruktury‘ ve ‘kferyc dpovgc OYOl;évrS vus v?;
okolnf zrna. A proto se zde uplatn{ podobny mechams‘mu'S, vychyli-li ,sle on; (rixove smn‘ly ze \:y .
rovnovaznych poloh. NA&3 model dava ndvod pro vypocet vratné sily, a tedy vnéjsi prispéve
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Oponentsky posudek disertaéni prace Ing. Pavla Mokrého

The role of domain structures in the piezoelectrically active systems

Tématem predlozené disertacni prace je odvozeni prispévki pohybu doménovych stén
k anomalnim prubéhim slozek permitivity a elastického i piezoelektrického koeficientu pro
model jedonoosého feroelektrika s neferoelektickou vrstvou. Hlavni ¢ast disertace tvori Sest
publikovanych praci ajeden rukopis, pripraveny k odeslani do casopisu Solid State
Communications. Vétsina publikaci je doplnéna kratkym vysvétlujicim komentafem a dal3imi
obrazky.

VSechny publikované vysledky byly prezentovany na mezinarodnich konferencich a
jsou publikovany ve sbornicich konferenci nebo v ¢asopisu Ferroelectrics. Tato pozitivni
skute¢nost se odrazi ve velmi tsporné prezentaci vynucené piedepsanou, vétSinou velmi
kratkou. délkou publikace, v niz neni dostatek mista na podrobnéjsi vysvétleni a diskusi
nekterych podstatnych bodt. Tuto obtiz se autor disertace pokusil odstranit v uvodni a
v zaveérecné Casti a v komentarich k jednotlivym pracim. Tento zptisob se vSak neukazal jako
optimalni, nebot’ fakta k podstatnym bodum (na pt. Shrnuti sou¢asného stavu, diskuse) zustala
roztrousena v ruznych ¢astech prace.

V uvodu jsou pro jednodoménovy krystal typu KDP odvozeny teplotni zavislosti
slozek permitivity, elastického a piezoelektrického Koeficientu s anomalnimi teplotnimi
zavislostmi. Jejich porovnani s experimentalnimi prubéhy namérenymi na jednodoménovych
a mnohadoménovych krystalech ukazuje presvédcive podstatny tzv. ..vnéjSi* prispévek
doménové struktury k témto koeficientim ve feroelektrické fazi.

Pouze jedina stranka uvodu je vénovana dosavadnim interpretacim tohoto vnéjsiho
prispévku a modelu neferoelektrické povrchové vrstvy. Jsou zde citovany pouze dveé prace
Arlta a spolupracovniku, ktefi vysvétluji vnéjsi prispévky pohybem doménovych stén a
srovnavaji své teoretické zaveéry s experimentalnimi daty. I kdyz se zabyvaji jinym typem
feroelektrik nez je KDP, domnivam se, ze jsou to vysledky natolik piibuzné s tematikou
predlozené préce, Ze by si zaslouZily podrobnéjsi zminky. Tim spise by se zde mély objevit
vysledky ziskané na krystalech rodiny KDP a na piibuznych latkach, zminéné v praci F.

Tieti ¢ast uvodu obsahuje zakladni rovnice a konstitutivni relace piezoelektrického

feroelektrika. Je znich patrné, jak slozity matematicky problém piedstavuje jejich feSeni



v konkretnim pripadé. V této ¢asti postraddm vysvétleni, jaky vychozi vyraz pro elektrickou
energii byl pii vypoétech pouzit. Je znamo (viz napi. Landau & Lif3ic: Elektrodynamika
spojit¢ho prostiedi, nebo Kvasnica: Termodynamika), Ze tento vyraz zavisi na okrajovych
podminkach daného problému. Je napf. energie oznacovana v praci A jako .free energy”
totozna s ,.energy density” v praci Fa jaky je vztah mezi vnéj$imi prispévky odvozenymi
v praci F a v predchozich pracich ?

Diskuse vysledki je roztrousena hlavné v praci F, v poznamkach k této prici a
v zaverecnem shrnuti. Zde zustava fada drobnych, ale i zavaznéjSich otazek oteviena. Tak
napi. neni ziejmé pro¢ Ciselné hodnoty vnéjsich prispévka v Tab. F.1 nejsou porovnany
se skute¢né naméfenymi hodnotami. Také otazka ,How we can prove correctness of our
calculations ?7** v zavéru prace (str. 75) neni spravné polozena, nebot’ o spravnosti vypoéti asi
autofi nepochybuyji, jde spis o to, zda uvazovany model odpovida skutecnosti. Argument. Ze
poméry dvou anomalnich vngjSich prispévki jsou nezavislé na teploté, coz je ve shodé
s experimentalnimi vysledky Stuly a ost., nelze - podle mého nazoru - povazovat za dikaz
spravnosti pouzit¢tho modelu, nebot 1 jiny model muze tyto vztahy splnovat (napf. tzv.
Pippardovy relace davaji obdobné vztahy pro anomalni veli¢iny zcela nezavisle na modelu).
Vymrzani vnéjSich prispévku pii nizkych teplotach je asi nejzavaznéjSim argumentem proti
interpretaci uzivajici povrchové vrstvy. Oveérovani opravnénosti tohoto modelu neni vsak
predmétem této doktorské prace.

Jesté malou poznamku k citacim literatury. Autor je na né podle mého nazoru prilis
skoupy. V uvodnich partiich neni jedina citace tykajici se termodynamiky anomalnich
vlastnosti, cela obsdhla partie nazvana ,,Mathematical approach™ neobsahuje zadny odkaz. V
seznamu literatury se nevyskytuje jedina kniha, s vyjimkou tabulek Landolt-Boernstein, ale
odkaz na né neobsahuje ani stranku ani jméno autora, jehoz vysledky jsou citovany.

Téchto nékolik kritickych poznamek by nemélo zastinit hlavni vysledek celé prace,
ktery spo¢iva v nalezeni explicitnich vyrazi pro vngjsi kritické prispévky permitivity a
elastického a piezoelektrické¢ho koeficientu pro jasné¢ definovany model jednoosého
feroelektrika s neferoelektrickou povrchovou vrstvou. Tento kol vyzadoval feSeni systému
parcialnich diferencialnich rovnic s danymi okrajovymi podminkami. Vedle numerického
feseni byla nalezena i1 pfiblizna analyticka feSeni. Porovnanim téchto dvou pristupu byly
stanoveny podminky pro platnost analytickych feseni. Tento velice pékny vysledek doklada
zna¢nou matematickou erudici 1 dukladnost a peclivost, kterou autofi feseni vénovali. Pokud

jsou vychozi rovnice spravné formulovany, jsou nalezené¢ vyrazy dobrym vychodiskem pro



dalsi overovani predlozeného modelu a mohou slouzit i jako podnét k novym experimentiim
s umele vytvorenou mezivrstovou,
Za zminku stoji vynikajici grafickd Groven prace i to, Ze je napsana anglicky.
Vzhledem k tomu, Ze na vsech publikacich figuruji jména nékolika autorti, mél by ing.
Mokry v priubéhu oponentniho Fizeni specifikovat sviij podil na dosazenych vysledcich.
Disertaéni prace ing. Pavla Mokrého obsahuje podle mého nazoru velmi kvalitni
teoretické vysledky a spliiuje po obsahové i formalni strance pozadavky stanovené fadem
postgradualniho studia Pedagogické fakulty Technické univerzity v Liberci. Doporucuji ji

proto uznat jako praci doktorskou.

V Praze 29. brezna 2 001.

Prof. RNDr. Vaclav Janovec, Csc.
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