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A model of dynamic polarization and of the losses related to it in ferroelectric substances is analyzed
on the basis of certain assumptions regarding the distribution of the internal field within the domain
boundary, and also regarding the oscillations of the domain volume in an external field. A solution of
the domain-volume oscillation equation is obtained. The dispersion relations for the dielectric spec-
trum and absorption spectrum of the ferroelectric substance, which follow from the solution and from
the underlying model concepts, are also derived. Formulas for the resonance frequency of the domains
and for the frequency of the loss maximum, which determine the dispersion boundary of €', are de-
duced; they are in satisfactory agreement with the experiments. Some regularities of the reversal of
polarization of ferroelectrics are described qualitatively and quantitatively on the basis of the volume

model.

1, INTRODUCTION

In spite of the large number of proposed models,' ™!
the nature of many experimentally observed regulari-
ties in the polarization of ferroelectrics and the ac-
companying losses in the frequency region below infra-
red dispersion still remains unclear. The most consis-
tent mechanism, which accounts for a large number of
experimental polarization effects, is the one borrowed
from the theory of dynamic magnetization'®’ and based
on the formalism of the domain-wall motion (DMW).! 7]
However, the estimates obtained in ™75 7} on the basis
of the mechanism of motion of plane domain wall-oscil-
lators are insufficiently convincing (see the table be-
low), because the equation used in these papers, of the
form (7 is defined below following formula (5))

Mg X [ dt2 + RAX | dt + F'X = F'[q (1)

did not take correct account of the influence of the po-
larized state in the volume of the domain on the dynam-
ics of the transition regions. This was manifest in the
fact that the coefficients Mg, R, F’, and F” were
normalized to unit surface of the domain boundary, as
a result of which the dependence of the resonance fre-
quency fo on the average domain dimension d was ob-
tained in the form foe» 1/Vd. However, it is more nat-
ural physically to consider the polarization of the fer-
roelectric due to the DWM as a consequence of the
change of the volume of the domains in the external
field. In this case, when solving Eq. (1), its coefficients
are normalized to the corresponding volume, leading to
a dependence foco» 1/d, which agrees with the theory of
the linear classical oscillator and with the experimen-
tal dataf®™13,

An analogous fo < 1/d dependence, which Devon-
shire™ used as a basis of a qualitative explanation of
the microwave dispersion of €', was introduced by him
on the basis of thermodynamic calculations that agreed
with the observed fact that the sample had different sus-
ceptibilities in the ‘“free’’ and ‘‘clamped’’ states; this
difference was regarded as the property of homogene-
ous crystals. However, recently obtained data™' can
be interpreted only by assuming that the indicated dif-
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ference is due to the natural inhomogeneity of the real
‘‘single-domain’’ single-crystal samples, and that the
really homogeneous section of the crystal should not
have the clamping property. Nonetheless, as will be
shown theoretically below, the piezoactivity of single -
domain formation plays an important role in the expla-
nation of the microwave dispersion in ferroelectrics
(an experimental proof is given in 7).

The model of local minima,®’ proposed for an ex-
planation of the processes of polarization and polariza-
tion reversal of BaTiOs, is also insufficiently well
founded, starting with its initial premises of local min-
ima. This model ignores completely the role of the do-
main structure. It follows from it also the possibility
of a jumplike reversal of polarization of a homogeneous
crystal as a whole, a fact contradicting the experimen-
tal data. Furthermore, the possibility of the Ti ions
jumping over inside the entire homogeneous crystal as
a result of thermal fluctuations is doubtful, owing to the
presence in the crystal of large internal electric
fields™® ™) and of their gradients.™®?

An essential shortcoming of all the foregoing models
is the absence of a general approach to the problem of
polarization (weak fields) and polarization reversal
(strong fields) of the ferroelectrics even within the
framework of a single mechanism.

The present paper is devoted to the development of
concepts of polarization and the accompanying losses
on the basis of a model, with the aid of which it is pos-
sible to obtain a satisfactory explanation of many ob-
served regularities and to understand in part their
physical nature.

2. INTERNAL FIELD WITHIN THE LIMITS OF THE
DOMAIN BOUNDARY AND NATURE OF THE
DISPLACEMENT POLARIZATION

As is well known, the spontaneously polarized state
in ferroelectrics is characterized by large internal
fields (~ 10° V/cm), acting on the ions which have been
displaced from the equilibrium positions occupied by
them in the crystal lattice above the Curie point. In the
case of ferroelectrics of the BaTiO; type, for a homo-
geneous unbounded crystal, a reasonable value of the
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spontaneous polarization is obtained by taking into ac-
count the ordered arrangement of the dipole moments;,
produced by the displaced point charges, on which are
superimposed pointlike dipole moments due to the po-
larization of the electron shells of the ions in the ef-
fective field of the given ion.'?™*1

If these considerations are applied to a ferroelectric
“‘jonic”’ crystal broken up into 180° domains, assuming
the latter likewise to be unbounded, then the distribu-
tion of the internal field acting on the ions of type i
along the x axis perpendicular to the domain boundary
can be represented in the form

Ei(z) = Eyi(2)+ Eng) @)

where E;(x) and E} 4 are the fields due to the spon-
taneous polarization Pg and the polarization Pjpq in-
duced by the external field E,.

As is well known"?""*} when E, = 0 we have inside
the domain

4n \
Ei= Z (—3—'+Cih) psk = gips,

4n

> gi—§€k<3_+cik>,
where Cj—structure sums, plS{/V c = tkPs = Pls{—
contribution of the ions of type k to Pg, and V,—vol-
ume of the unit cell. According to ™), the distribution
of the polarization inside the domain boundary with
thickness is P,(x) = Pg tanh (x/3). It is obvious, that an
analogous functional dependence, i.e., Els(x) = Eé
x tanh (x/5,), where &, ~ 6, will determine the change
of the internal field within the limits of the boundary. It
is easy to verify, furthermore, that when Eo = 0 it is
possible to separate inside the boundary a plane within
which E} = 0, and consequently, the ions located there
are electrically ‘“free’’ along the z axis, unlike the
analogous ions inside the domains, In fact it is possible
to regard as ‘‘free’’ all the ions in a layer of thickness
doff, within which the energy of the internal electric
field is of the order of the energy of the thermal mo-
tion of the ions, and which we shall call henceforth the
domain wall.

In the presence of an external field, which induces in
the entire crystal an additional polarization Pj,q
= Epi{nd, the corresponding internal field is

i 4n
Eind = Eot- D) < 3—+ Cih)P’;nd
' R
= Eo+ &Pina,

and in the general case
Ei=E4 &P ®3)

Thus, the superposition of an external field along the
z axis (Fig. 1), should lead to a displacement (if such
displacements are not forbidden by crystalchemical
factors) of the initially ¢free’’ ions inside the wall in
the direction of the action of E, in the region of an
ever increasing internal field, and in final analysis in-
side a favorably oriented domain, when the displacement
reaches the limiting value Z! = Zé obtained from struc-
ture data. During the course of this process, ions of an
unfavorably oriented domain become gradually ‘‘free”’
and fall inside the wall, and the initial profile of the
distribution of the polarization and of the local field in-
side the boundary shifts by an amount X parallel to it-
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FIG. 1. Distribution of the
spontaneous polarization and of the
internal field (a) and of the deforma-
tion within the limits of a 180°
domain boundary. b
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self (wall displacement) along the x axis, which is per-
pendicular to the field E,. We shall henceforth relate
the contribution to the susceptibility k4;g and to the dy-
namic polarization, which we shall call the displace-
ment polarization Pg;g, with the relative ‘‘freedom’’ of
the displacement of the ions inside the wall along the z
axis. At the same time, the reversal of the polarization
of the unit cell inside the wall, which is realized by the
directional motion of the ions, will lead to the appear-
ance of a dynamic electric conductivity of the crystal,
with which we shall relate the losses in the polariza-
tion of the ferroelectrics.

On the basis of the statistical theory of charge trans-
port (see, for example, "'"!, we connect the average ve-
locity of displacement of the ions inside the wall with
the local field E! acting on them by the relation

vi = dZi | dt = wEi, (4)

where p4 is the mobility of the ions in the wall along
the z axis. If Vg is the part of the volume V of the
crystal occupied by all the walls, then the effective con-
centration of the quasi-free carriers

Nett = nVs/V, n="Vy! (5)

will determine the density of the dynamic current in the
crystal j = qjngefvi and, consequently, the losses in the
ferroelectrics, connected with the polarization of the
displacement. Here Vg = nV0o¢p/d; qj—effective charge
of the quasi-free ions, and n—a coefficient that assumes
values from 1 to 3, depending on the form of the do-
mains and the number of walls per domain in the crys-
tal.

The mobility of the quasi-free ions inside the wall,
which enters in Eq. (4) can be calculated under the as-
sumption that, owing to crystal-chemical considerations,
the effective length of the ‘“free’’ path of the ion cannot
be larger than the spontaneous displacement Z} of the
charges, obtained from structure data (concerning the
magnitude of the displacements see, for example, %),
Under these conditions, assuming that ‘,m; (v} /dt)?
~ KT when Z! = Z}§ we can determine the effective
time of ‘“‘free’’ path:

ve= 2Z,7Ym; [ kT. (6)

This quantity, according to ™", determines the mobility
of the ions inside the wall:
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== ™)
where mj is the effective mass of the displaced ions.

3. CONTRIBUTION OF THE DISPLACEMENT
POLARIZATION TO THE DYNAMIC
SUSCEPTIBILITY OF FERROELECTRICS

In connection with the fact that at temperatures be-
low the Curie point the ion potential-energy curve ob-
tained from the thermodynamic theory”! has two min-
ima separated by a barrier, it is of interest to esti-
mate the magnitude of the threshold effect predicted in
this manner for the excitation of Pgjg, as applied to the
model considered here. According to this model, the
possibility of overcoming the potential barrier is real-
ized not in the entire volume, but only in transition re-
gions between oppositely polarized sections of the crys-
tal. To this end, we measured ¢’ for single-crystal
and polycrystalline BaTiO; at frequencies 460 kHz and
5 MHz in weak fields from zero to 10 V/cm. The meas-
urement was performed with a laboratory setup contain-
ing a measuring receiver of sensitivity <1 yV, at the
input of which was installed a carefully screened tank
circuit made up of a high-Q inductance coil and a capac-
itor incorporating the sample of the investigated
BaTiOs.

When ¢’ was measured by the method of substituting
a standard capacitor for the sample capacitance, in
measuring fields Eo from 10 V/em to zero, €' re-
mained constant within 10-15%. In a zero measuring
field, the indication was by means of the ¢‘signal’’ of
the intrinsic noise of the tank circuit. The results of
such measurements give grounds for assuming that at
room temperature the thermal vibrations of the atoms
(noise) of the crystal lattice of the ferroelectric pro-
vi(%e fulil excitation of the displacement polarization
(Z = Zs)-

On the basis of these data, let us calculate the effec
tive local field Eff (Fig. 1), the action of which on the
ions inside the wall causes a complete excitation of the
displacement polarization PJjg, as a result of the dis-
placement of ions of type i along the z axis through
the maximum possible amount ZL. Recognizing that
Yomj (dZ1/dt)® = g4 ZgEys when Z! = 2L, we can obtain
the field that determines the height of the potential bar -
rier inside the wall:

B = 2025 /mipid. (8)

The action of this field is equivalent to applying to the
electrodes an external field Eqpr = E/KEj.
It is obvious that in our case

Pgif = negr (9:2" + @iBY) = PsVsZi | VZii, 9)

where P} is the contribution of the ions of type i to
the spontaneous polarization, and «j is their electronic
polarizability. On the other hand, if the field E = E,

+ Eggt induces in the ferroelectric the indicated polari-
zation Pgjg(E), then

(10)

where 6 is the coefficient that takes into account the
orientation of the ¢ axes of the domains. Substituting

%aid = 0Pgis' (E) / E,
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in (10) the relations (5) and (9), we obtain the expres-
sion

*dist = ONP,i8epp Z1 | EZ4id, (11)

which, with allowance for (7) and (8) (for k > 1) can be
readily transformed to a form that is convenient for
practical use (E; < Egff)

P g 0nmixd eff pi?

2974 (12)

ndid = = o+ 2 Kaish

where k is the total small-signal susceptibility of the
crystal and «, is the susceptibility of the multi-domain
crystal without allowance for the contribution of the
domain boundaries.

4. VELOCITY OF DOMAIN BOUNDARIES

Inasmuch as the motion of the domain boundaries is
based on the mechanism described above, of the dis-
placement of the ions inside the wall, Eq. (4) can be ex-
pressed in terms of the dynamic parameters of the
boundary:

(13)

where vg = vi X/Z1 is the velocity and g = p; X/Z1 is
the mobility of the wall, and for estimates it is reason-
able to restrict the ratio X/Z! to the range

Dy = dX/dl == p,oEi,

(14)

(a—lattice period). Expression (13) is important for a
comparison of the conclusions of the here-developed
microscopic model of polarization with the results of
experimental investigations, which are usually based on
a direct observation of the motion of the domain bound-
aries. As follows from (8), the displacement of the do-
main boundaries due to the directional motion of the
quasifree ions inside the wall is possible only in the

case when E%nd zEgﬁ, and therefore the field Ei¢s re-

alZi < X|Z' << Sepr 1 Zg

ferred to the external electrodes of the crystal plays
the role of the coercive field

(15)

In this connection, great interest attaches to a deri-
vation of a theoretical relation between the wall velocity
vy and the external field E,. If E, > E;, then the field
El,q » Eggs inside the wall causes a drift of the quasi-
free ions within the limits + Z§, and in this case it can
be assumed (see (2) and Fig. 1) that 6q¢¢(E') «» Ebg.
Recognizing that the drift of the quasi-free ions is de-
termined by the ion-phonon interaction between the ions
and the crystal lattice, we can employ in this situation
the ‘‘hot electron’’ approximation (see, for example
7)), which in our case can be called the ‘hot ion’’ ap-
proximation. Then, the well known relation in the form
pi e»TI/2TiL "™ where Ty, and Tj are respectively
the temperatures of the lattice and of the quasi-free
ions (this approximation (Tj E!) (E%nd + Eér.); TL(El)
= const, whence T; >Ty) yields p; (E') (] 4)*/?
(E}:r is defined later). As a result we get from (3), (4),
(7), and (13) the relation vg(E,) o E3/?, which was es-
tablished experimentally earlier, ™8]

E.=2q:dut /8 Zsimonps?.
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When E, < Ec, the internal field E} 4 < Eg4; and can-
not influence directly the drift of the quasi-free ions,
which is determined under these conditions by the prob-
ability distribution exp (—-miviz/ 2kT;) of the instantane-
ous values of their velocity. This distribution yields,
when (8) and (14) are taken into account, the relation
v5(E1) o exp (—BES4/E,q), Where B is a certain coef-
ficient, which is equivalent to the relation vg (Eo)
oexp (—BE¢/E,), if we introduce the values of the mac-
roscopic field in place of the internal field. This de-
pendence, which was obtained™®? also on the basis of
the probability distribution of the dimensions of the nu-
clei of domains requiring different activation energy,
agrees well with the experimental data.®!

Thus, besides defining more concretely the concept
of the coercive field (the condition E},q ~ Eg¢s), the
foregoing considerations allow us, first, to understand
the absence of a threshold field for the switching-over
of ferroelectrics up to values E; = E,. < 0.1-1 V/cm,

which is equivalent to fields El 4 = E¢,. < 100-1,000
V/em for semiconductors,™’ at which the condition

Tj =~ Ty, is established, and, second, uncover possibil-
ities of determining the ion-phonon interaction from

ferroelectric singularities.

5. TWO DISPERSION MECHANISMS

Connection between the displacement polarization
and the deformations in a crystal. We consider an in-
dividual domain surrounded by similar domains with
opposite polarization and having a crystallographic axis
c oriented along the coordinate axis z perpendicular to
the electrodes of the sample. The cross section of the
domain can be regarded, without loss of generality of
the conclusions, as rectangular, since such a configu-
ration has been observed in a number of investiga-
tions."® In a weak external field, the volume V of a
favorably oriented domain increases by AV as a result
of the transverse displacement of its boundaries, in-
duced by the drift of the quasi-free ions (Fig. 2a), so
that the polarization of the crystal changes Pgig
= PgAV/V. Tt follows from Fig. 2 that when X « dyg,

Y « dy, and z = 0, and also from the assumed isotropy
of the ‘crystal in the xy plane (X =Y, dy = dy = d), the
relative change of the volume AV/V = nX/dy is mathe-
matically equivalent to an effective displacement of one
domain boundary by an amount 5 X, and then we have

(16)

The phenomenologically obtained expression (16) co-
incides with formula (11) derived on a microscopic
basis, provided we calculate in the latter the contribu-
tions Ka- from all the ions inside the wall, and then
change over from the displacements Z!to X with the
aid of the condition (14).

If the components of the crystal deformation tensor
are connected in the general case with its polarization
by the relations Uj; = C;P{" then, in accordance with
Fig. la and with the conditions stipulated for the dis-
tribution Pg(x) assumed by us, we can find the distribu-
tion Uygy(x) in the form shown in Fig. 1b, i.e., Uyx(x)
= US, [tanh™ (x/6), where Ugy is the spontaneous de-
formation of the cell along the x axis inside the domain.

*ais = POnX(E) | Ed.
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If a multidomain crystal is polarized by a field E_,
then we can write for the susceptibility kyjg in a weak
measuring field Eo = Egel @t (with Ej < E_, E{ < Eqgy),
without allowance for the deformations of the crystal,

PonX (E)
d(Eett +E=)

At the same time, the deformations (U_ + U el®t) con-
nected with the polarization (P, + P{nd elwt) jnduced by
the field (E_ + E¢) cause an additional displacement of
the boundaries (X(U)el“t on Fig. 1b), which coincides in
phase with the displacement X(E) at frequencies much
smaller than the resonant frequency of the crystal. In
the case considered here, that of weak perturbations
(U <« U_, U, < Uxgx), we determine from the condi-
tions

xais(E) = (1)

U+ Up=Cy(Pe+Ping)™ Uyt (2/6)™ = mCPZ" Ping

the additional displacement
X(U)= —I'—E—[mE:" (E~+E g yutim,

substitution of which in (16) yields for (fn ~ 1)
8yt/d

' (1—syi/a)

where t = 2E_/(E_ + Eq¢f) and we put m = 2.1'*) With

the aid of (12), (17), and (18) we can calculate the sus-

ceptibility of the crystal in the ‘“free’’ and ‘‘clamped”’
states:

1gis(U) =2 ¢ (18)

%t == %o -+ %dis(E) + %ais(U), % = %o+ nais(£). (19)

We conclude from (18) that for physically observable
domain dimensions (d > 6) the contribution xq4ig(U) in-
duced by the deformation is found to be vanishingly
small compared with k4;4(E), whereas the experimen-
tal data and thermodynamic calculation®' lead to a ra-
tio Kg./ko1~ 1-4, which offers evidence of appreciable
role of kgdjs(U). However, the contribution kg4ig(U) turns
out to be actually appreciable if we postulate the pres-
ence of a natural inhomogeneity of the domains, and as-
sume that they actually consist of smaller regions in
which the polarization distribution is qualitatively analo-
gous to that shown in Fig. 1. This assumption, which is
favored, in particular, by certain results of '** %1 per-
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FIG. 3. Reversive € '(E)
plots for polycrystalline
BaTiO; : solid curves — calcul-
ated in accordance with form-
ulas (19); points — experi-
mental data. The value of €'y
was taken from measurements
of €'(w) at microwave fre-
quencies.
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mits not only to explain the difference between k¢, and
Ke) from the point of view of the role of kgig(U), but
also to understand the nature of the susceptibility along
the a axis of the crystal, as well as the role of these
regions as nuclei for domains during the reversal of
polarization processes.

A discussion of the nature of the indicated regions
is beyond the scope of the present article, so that we
confine ourselves to general conclusions concerning the
contribution to «4j(U). Estimates show that in BaTiOs
the dimension of these regions is d ~ 26 ~ 107%-
10~° cm. As follows from Fig. 3, the expressions (17)-
(19) describe satisfactorily the experimental relations
k(E_) for ceramic BaTiOs at d ~ 2.80.

Thus, it seems quite probable that there exist two
mechanisms causing the contribution to the displace-
ment susceptibility and responsible for the microwave
dispersion of €’ in ferroelectrics. The first mecha-
nism is connected with the exclusion of the contribu-
tion induced by elastic deformations in an unpolarized
sample at resonant frequencies (the formula for the
calculation of these frequencies is given in "!?) of do-
mains and of polarized or single-domain crystallites.
If the sample is polarized, then there appears also a
resonant dispersion of kyijg(U, w) in the region of the
frequencies of the free oscillations of the crystal as a
whole. Estimating the characteristic frequency w, by
means of formula (26) (see in the table below for
d~ 107°-10"% cm), we get w ~ 10" sec™. Conse-
quently, the quality factor of the oscillations of the
single-domain crystallites with dimensions 107°-10 ®
107° cm turns out to be Q = wy/w, ~ 50-10,000, and
for single-domain samples with dimension ~1 mm we
get Q ~10% The foregoing estimates are very import-
ant also for the understanding of the conditions that de-
termine the Q of a ferroelectric piezoresonator.

Dynamics of domain boundaries. Besides the influ-
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ence of elastic deformations, it is necessary to take into
account another mechanism connected with the high mo-
bility and polarizability of the domain boundaries, the
contribution from which is excluded at the resonant
frequencies of low-Q domains (see the estimates be-
low). It is possible to understand the influence of that
part of the crystal volume which is occupied by the
walls on the inertia of the polarization processes only
from the point of view of the connection with the entire
volume of the ferroelectric. This connection is estab-
lished when account is taken of the long-range order
(the ordered state inside the volume of the domains),
which determines the elastic forces that maintain the
quasi-free ions in the equilibrium state (in the final
analysis, their resonant frequency), and consequently,
determine the main laws governing the dynamics of the
domain boundaries.

We shall describe the motion of the quasi-free ions
inside the wall by the usual equation

(20)

The coefficients of which are normalized to unit volume
of the crystal. In this equation, the effective mass is
meff = mj/Ve.

The reduced force f” can be calculated from the
condition that each quasi-free ion in the wall is acted
upon by an internal field E%nd’ induced by the external
field E,, where the force f, = qiE;nd’ which causes a
change of the polarization in the crystal. Inasmuch as
in the effective volume of the wall there are ~d®6¢gfn
ions, we get

mest 221 | A + rdZi [ dt + fZi = f”

¥ = Qett Eing, (21)

where Qgff ~ OoffP5/Z5d is the effective charge of the
quasi-free carriers per unit volume.

The elastic force is determined from Eq. (20) for
the static case under the assumption that the induced
displacement of the ions Z! is known, say from (11), on
the basis of other known parameters of the crystal. In
such a representation, we obtain from the equation
f'Z! = £, with allowance for (3) and (21),

F = (Pst)2E:0nBagt %/[(Zs) i)

The dissipative factor r, which determines the char-
acter of the dielectric spectrum due to the motion of the
quasi-free ions, can be calculated from Eq. (20) under
the assumption that r does not depend on the elastic
forces f’. In this case we can assume when w <« wp
that mggd®Z1/dt? = 0, so that from the equation rdzY/dt

(22)

Theoretical and experimental values of the damping
frequency, width of the absorption spectrum, and
displacement susceptibility for BaTiO;

e - ~opTi
¢ Mo trom | Ha ox. af =13y Hz Contribution of Kgjs ~ 9K 43¢
4 ' Hz, max> Hz, -
M| formula (26) | periment ] ﬁﬁg‘;“ Experiment [*] Calcula(i{:lg:from Experiment [’]
10-s | 1012—5.1012 — - - 5002000
)~ —5. 1 ~ 0 . -
e DN I =
10~ | 10°—5.10° } ~é0;a()° ~108 }~1O 0,5—2 } 210
1072 | 108—5-108 }“‘ : — 0,05—0,2 ;

*Frequency corresponding to the maximum of tan § (£, ~ 2fo).
**Calculation under the assumption that the entire crystal consists of oscil-

lators of identical size.

***Estimates based on the depth of the microwave dispersion (see [*!]).
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= {” we obtain, with allowance for (3), (4), and (21),
(23)

The solution of (20) is well known and makes it pos-
sible to write the dispersion relation for the dielectric
constant of the ferroelectric, up to frequencies of infra-
red dispersion, in the form

r= (Seff Psi/Z,idui.

e(w)= » {s(, + eaif N (d5)[1 — 0%/ w02 + io/wrlt, (24)

where €6 = ¢ is the value of ¢ along the ¢ axis (if the
90° boundaries vary together with the 180° boundaries,
then g, = €3¢); N(d]-) is a certain function describing
the distribution of the domain dimensions dj;

(I Y\t Psietr / ubnE: \%
®o; —< —_— ) =4z -<“disimeff > (25)
is the resonant frequency of the domain;
or; = [/ [ 1 = PsEOnups | dixg (26)

is the damping frequency, which makes it possible to
estimate the losses with the aid of the expression for
the absorption of spectrum in the form

(02 2 mz (1)2 —1
tg 8(v) 2 {gd,sazv d)[< _EZ>+I}]+1_E¢} - (27)
6. QUANTITATIVE ESTIMATES FOR BaTiO,

If we take into account the small electronic polariza-
bility of the Ti ions, as a result of which we can regard
them as point charges,™’ and also the presence of
crystal-chemical possibilities of their displacement in
the crystal lattice of BaTiO;, then, for the sake of sim-
plicity, we can regard as quasi-free only the Ti ions
and assume, as discussed earlier, that they are ‘‘fer-
roelectrically active’’ with respect to the displacements
of other ions. We shall use for BaTiOs constants ob-
tained experimentally or calculated on the basis of ex-
perimental data:"®! mp; =8x107® g, n = (4x107%)"®
em™, Uy =2x107% qpj = (1-4)e. For the case when

Tl =0.144 (Zs = 0), a calculation similar to that given

[2” yields PL! = 0.3 Tg = 2.6 x 10* cgs esu; TEpi~ 20

From a comparison of the value of pj calculated by
formula (7) with the value pg = pjdeff/Z% calculated
from known data on the v§(E,) dependence (see '*®)) for
the case E, = E., we can obtain

1
oo = [ 2o )

The correspondmg estimates give ppj = (0.5-1)
X 1072 em®/V-sec, gt = (0.5-1) x 10~ cm, where we
have assumed E, = 2 kV/cm, E.p = 0.3 V/cm and vg
= 100 cm/sec. From the condition sEL(x)/ax
= Eeff/éeff’ which admits of a successive inversion of
the spontaneous moments of the unit cells in the moving
boundary, we obtain from the formula 6
= E§amj u$/2q; Z%, for BaTiOs, 6 = 107°-10"° cm. Sub-
stituting further in (15) the values of the free suscepti-
bility kfy ~ 300 and the susceptibility along the c axis
ke =~ 15, we calculate correspondingly the coercive field
E¢ = 0.4-2.5 kV/cm and the field of the single-domain
crystal Egq = 8—-50 kV/cm, and for the ceramic—the
value E; = 1-8 kV/cm at kg ~ 100-150.

In spite of the paradoxical character of the estimate
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FIG. 4. Frequency dependences of €' (curves 1 — 4) and of tan §
(curves 1’ — 4') of \single-crystal and polycrystalline BaTiO5: 1, 1" —
multidomain single crystal; 2, 2' — polycrystals with crystal grain
dimension dy =20 — 200 u; 3, 3" —dg <10 ;4,4 — dg <1 p. The
fine structure of the tan § (w), which offers evidence of a resonant
nature of the dielectric spectrum of BaTiO;, is shown separately.

of 0, the model considered here explains also how an
ordermg, characterized by an electric-interaction en-
ergy Esql ZL > kT, can be generated “]umlese” at
the Curie 1 temperature Tc. Inasmuch as EgfZ5a4
~kTc only within a broad boundary, it is natural to as-
sume that the occurrence of ordering is connected with
the creation at T > T of regions with a compensated
electric moment. At T~ T there apparently grow
from these regions two domains, separated by a
“‘fresh’’ 180° boundary. Our calculation of the stable
width of the 180° boundary (based on the minimum of its
energy) yields 6, ~ (1.5-2)a (see also "®)), which
should denote the presence of a tendency towards ‘‘ag-
ing’’ of the boundary; this tendency has a direct bearing
on the aging of ferroelectrics, during the course of
which 6 — 064, We get Oqff < a, the quasi-free ions
cease to be free, and the boundaries lose their mobility.
As the physical mechanism that decreases the width of
the produced domain boundary, we can consider the fi-
nite probability of in-phase displacement of all its pe-
ripheral ions under the influence of low-frequency os-
cillations of the crystal lattice (see also ® 199,
Estimates of the average frequency fo = wo/27 of the
dispersion of ¢’ in accordance with a formula analogous
to (25) for BaTiO; together with similar calculations in

g6
s

a0+

R i 1 I
10° 0o 0’ 109 09 0%
f, Hz
FIG. 5. Frequency dependence of tan § of large-grain polycrystalline
BaTiO; at E==0(1), Ez=4kV/cm (2), Ez==8kV/cm (3), and E= = 16
kV/cm (4).
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accordance with the formulas,™ ! are given in '), The
tables present estimates of the damping frequencies f,
= wp/27 in accordance with formula (26), which indi-
cates the resonant character of the oscillations of the
domains with Q equal to 3-10, as is also confirmed
experimentally—see Fig. 4, curve 2’. The presence of
two sections of dispersion of £’ on the curves 2 and 2’,
one of which (in the region 10°-10' Hz) does not shift
when a constant field is applied, is apparently connected
with the dispersion due to the contribution of the crys-
tallites Kgjg(U), and the other section at frequencies

= 10° shifts upon application of a constant field towards
lower frequencies, and is apparently connected with the
DWM (see Fig. 5 and ™)),
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