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Certain dynamic effects of the polarization of single-crystal and polycrystalline BaTiOs, due to the
presence of a domain structure, were investigated experimentally in the frequency range up to 1.5
%X 10" Hz. A dependence of the dispersion frequencies of €’ on the domain dimensions is estab-
lished in accordance with the theoretical conclusions obtained on the basis of the volume model of
domain oscillators. It is shown that the dynamic susceptibility of ferroelectrics is due to displace-
ments of the domain boundaries (de_s) and to elastic-ion polarization, and the nonlinearity and
reversibility of €', the dispersion of €’, and the reversal of polarization are connected only with

Kdis-
1. INTRODUCTION

THE dynamic polarization of ferroelectrics has at-
tracted attention of many investigators in connection
with possible practical applications of many effects
connected with it. Several models were proposed[!™5]
to explain the effects observed in the frequency range
up to 5 X 10'° Hz, particularly the low-frequency non-
linearity of €’ and the dispersion of this nonlinearity,
as well as the nonlinearity and reversibility of €' at
high frequencies, microwave dispersion, etc. However,
the experimental data accumulated to date do not con-
firm the full validity of any particular model, and the
absence of a unified theoretical approach to the polari-
zation (weak fields) and polarization reversal (strong
fields) even within the framework of a single mecha-
nism make it difficult to understand the dynamic polar-
ization of ferroelectrics.

Historically, the most widely used model is the one
borrowed from the previously developed theory of dy-
namic magnetization of ferromagnets(®, based on the
assumption that the polarization and polarization-
reversal processes in ferroelectrics are determined
essentially by the domain structure, and the presence
of the anomalously large susceptibility of ferroelec-
trics is due to effects of domain wall displacement
(DWD); the domain walls being regarded as flat mem-

branes oscillating in the external field 35,71,

This model was used to explain the polarization in
weak fields and microwave dispersiont3:%:7:8] and also
the reversal of polarization of materials such as
BaTiO; in strong alternating fields(°?3], However, the
approximate agreement between the resonant frequency
calculated on the basis of the flat domain wall model
and the experimentally observed center of the micro-
wave dispersion of BaTiO;[1* 7] was obtained under
the assumption that the DWD makes a 100% contribu-
tion to the susceptibility, and also by using too low a
value of the spontaneous polarization Pg (16 in place
of 26 £Coul/cm?(37)) and average domain dimensions
10" 2 cm in[3?, 107% ¢m inl"J, and 0.5 x 10 cm in(%3,
whereas in real single-crystal and polycrystalline
BaTiO; samples the domain dimensions range from
107% to 107° cm °7*%:18,%] Elimination of these and a
few other ‘‘stretched points’’ leads to an overestimate

of the frequency obtained in[®:°7J for the center of the

dispersion region, by approximately one order of mag-
nitude compared with the experimentally observed one
(see the table).

It seems to us that the noted tendency of overesti-
mating the resonant frequency is an inevitable conse-
quence of the low effective mass of the oscillating
plane domain wall, whereas actually the DWD is the
result of a change of the polarization within the volume
of the entire domain, which thus should be regarded as
a vibrating element with an appreciably larger effec-
tive mass.

In this case the volume of a favorably oriented do-
main V in a weak external field E increases by AV
as a result of the transverse displacement of its
boundaries (913,19, g0 that the susceptibility of the
crystal is k = k¢ + kgig. Here k¢ is the susceptibility
of the crystal along the ¢ axis, and the kgjg = APg4is/E,
where APgjg = Pg#AV/V is the polarization increment
due to the boundary displacement, and 6 is a constant
that takes into account the distribution of the c-axes of
the domains in the crystal (see!®’), It turns out that in
case of small lateral wall displacements the behavior
of the oscillating volume of the domain in an external
field can be described by the same linear equation of
motion as was used int37] to describe the domain wall-
oscillator. Now, however, the coefficients of this equa-
tion should be normalized not to a unit area of the
domain wall, but to a unit of the corresponding volume.

The application of the methods employed inl"?°] to
the volume model of the domain-oscillator gives an ex-
pression for the resonant frequency of the domain that
agrees better with experiment (see the table):

Theoretical and experimental values
of the resonant frequencies for BaTiOs

Resonant frequency fo = wyp/2m, Hz

d, cm N
Data of ['/]

From formula (1) Experiment

1076 3,10”+10|2 1011{73.1011

10-5 1011+3-10" | 109--3-10% )

10-+ 3-1010-- Q1! 1093 10° ~2.10° (Fig. 1, 3)
-5 1010--3.1010 10-:-3- 108 !

}872 3-109+1010 107-+3- 107 ~3-10° (Fig. 1,2)

10-1% | 1093109 106-+-3- 10° 2-10° (Fig. 2)

*Single-domain sample—single crystal.
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where d is the average dimension of the domains,
Meff the effective mass of the domain-oscillator, and
C’ a constant determined by the coefficients of the ex-
pansion of the thermodynamic potential and dependent
on the shape of the domains.

The present paper is devoted to an experimental
study of the processes of dynamic polarization of ferro-
electrics of the BaTiO; type and to an interpretation
of the obtained data on the basis of the domain-oscilla-
tor model.

An analysis of this model allows us to predict
several effects which are obtained qualitatively also
from the flat-wall model(®:7} and are due to the dy-
namic interaction of the electromagnetic field with the
ferroelectric.

1. The inverse proportionality of f, to d, which
follows from (1), should lead to:

a) A dependence of the frequency of the start of the
microwave dispersion on the dimensions of the domains
in single-crystal and in polycrystals, and apparently
also on the dimensions of the crystallites in poly-
crystalline samples.

b) A shift of the microwave dispersion of the single
crystal towards the low-frequency region (in the limit
towards the resonant frequency of the sample) when a
bias field is applied to the crystal, for in this case the
domains should increase until a single-domain state is
reached in an appreciable part of the crystal.

¢) A dependence of the region of the low-frequency
dispersion of €’ in large measuring fields on the
dimensions of the sample.

2. Such properties of ferroelectrics as the non-
linearity and the reversibility of €', the microwave
dispersion, and the reversal of polarization processes
should be characteristic of multidomain crystals or
crystallites, and are due to the large contribution made
to the susceptibility by the displacement of the domain
boundaries (kdig) as a result of a change in the volume
of the domains.

3. In a crystal whose single-domain state is
achieved by decreasing the dimensions to a value at
which no further breakdown into domains takes place,
and consequently there are no moving boundaries,

(1

) o—— —

& tgo

2000y 1710

500

1000 ¢

J00 +

I = .
0* Vad w° 0w’ n® 0 10"%H,
FIG. 1. Dependence of the start of the microwave dispersion of
€'(1, 2, 3) and the maximum of tan § (1,2, 3") of polycrystalline
BaTiO; on the size of the crystallites (dc): 1, 1~ d¢ =50 — 300 p;
2,2'—de=1—-10p;3,3"—dc <1 p.
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kdis = 0 and the total susceptibility should be due only
to the mechanism of elastic-ionic polarization, and
there should be no nonlinearity or reversibility of €’,
microwave dispersion, or processes of polarization
reversal.

4, It can also be assumed that the experimental data
presented below confirm the fact that there should be
no difference in a homogeneous crystal between the
susceptibilities in the so-called ‘‘free’’ and ‘‘clamped’’
states, and the high piezoelectric properties of ferro-
electrics can become manifest only in connection with
the single-domain state of the crystal or the crystal-
lites.

5. Some of the effects considered in Items 1 and 2
can be observed in irradiated ferroelectric crystals
(seel?]), since irradiation effectively influences their
domain structure [2223],

2. EXPERIMENTAL PROCEDURE

At frequencies up to 150 MHz, we used the ordinary
procedure of measuring €’ and tan 6 with the aid of
Q-meters and measuring bridges, but the main results
were obtained with the aid of a microwave measure-
ment procedure developed by us and described in [2!,24],
The use of this procedure made it possible essentially,
for the first time, to solve two very important methodo-
logical problems that determine the reliability and
reproducibility of the obtained results:

1) The feasibility of performing the measurements
with one sample, in the range of greatest interest for
ferroelectrics from 0.15 to 15 GHz, and with the aid of
a single procedure based on the use of standard and
non-standard coaxial measuring lines.

2) The performance of measurements of the fre-
quency dependences of €’ and tan 6, to an arbitrary
degree of detail, for a single setting of the sample,
making it possible to obtain reliable experimental data
on sufficiently small single crystals.

Up to 1.5 GHz, the measurements were made with
the aid of two generators, and the frequency spacing
between the experimental points was not limited, since
the use of a previously obtained short-circuit curve at
these frequencies makes it possible to perform meas-
urements with accuracy not worse than 5—10% for €’
and 10-20% for tan 6. At higher frequencies, up to
15 GHz, switchable generators were used, usually not
more than eight, for each frequency.

The ferroelectric ceramic samples were prepared
by cutting cylindrical posts with subsequent fusing of
silver electrodes on the polished ends. The sample
diameters were 1.0 and 0.5 mm and the heights were
from 0.1 to 1.0 mm. The single-crystal BaTiOs; sam-
ples were cleaved from single-crystal plates, on which
the electrodes were deposited beforehand by fusing or
sputtering of silver. The effective diameter of most
single crystals obtained in this manner was ~0.5 mm
at height 0.2-0.5 mm.

Some of the measurements were made on specially
chosen polycrystalline samples with different sizes of
the crystal grain. The size of the crystallites was de-
termined by standard x-ray diffraction methods
(seel?®)), Crystallites with dimensions exceeding
10™* cm were identified by the number of spots on the
diffraction rings of the x-ray pattern obtained by
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photography with Cu radiation, and the dimensions of
the smaller crystallites were determined from an
analysis of the width and the shape of the lines re-
corded with the URS-50IM diffractometer.

All the results presented below were reproduced by
us not less than four times in independent experiments
on different samples, but the set of points on any of the
presented curves corresponds to a single sample.

3. EXPERIMENTAL RESULTS

1. Influence of the Crystallite Dimensions on the
Microwave Dispersion of Polycrystalline BaTiOs

Figure 1 shows the frequency dependences of €' and
tan & for two different samples of polycrystalline
BaTiO;, and also for a pyroceram (sitall) based on
PbNb,Og, having crystallite grains of greatly varying
size. Curves 1 and 1’ correspond to the frequency de-
pendence of a BaTiOs; sample with very large crystal-
lite grains, 50-300 u, in which domains can exist hav-
ing the same dimensions as in single crystals, i.e.,
1072 cm and lesst9712,18,19],

The second sample, corresponding to curves 2 and
2', had crystallite dimensions on the order of several
microns. If it is assumed that the domains cannot be
larger than the crystallites, then the dimensions of the
oscillator-domains in this sample should not exceed
10" * cm.

The third, pyroceramic sample had in its amor-
phous matrix crystallites with dimensions much
smaller than 10”* ¢cm, and consequently the domain
dimensions in this case should also be much smaller
than 10" % cm.

All samples exhibited the characteristic tempera-
ture dependence of €’ and tan 6 in the vicinity of the
Curie point.

From the plots of €’ and tan 6 on Fig. 1, it is ob-
vious that the start of the region of the microwave dis-
persion depends on the dimensions of the crystallite
grain. Comparing curves 1 of Figs. 1 and 2, we reach
the conclusion that the start of the dispersion €’ in the
large-grain sample and in the single crystal approxi-
mately coincide (frequency region 10% Hz); this can be
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FIG. 2. Dependence of the start of the dispersion of € '(1 — 6)
and of the maximum loss tan § (1, 3, 5°) of a single-crystal BaTiO,
sample of ~ 0.5 mm diameter and ~0.2 mm height on the displacement
field (E-): 1,1'— E_=0,2 — E_=200V/cm, 3,3 '— E_ =600 V/cm,
4—-E_=15kV/cm, 5,5 —E_=10kV/cm, 6 — E_=35kV/cm.

attributed to the presence in the large crystallites of
domains having the same dimensions (10"?—10"° cm)
as in single crystals(®J,

The anomaly of the tan 6 curves is another feature
of the microwave dispersion, as already pointed out
int21), In the same paper there is also a description of
the effect of the shift of the start of the microwave dis-
persion in large-grain polycrystalline BaTiOs; under the
influence of irradiation with fast electrons, which leads
to the breaking up of the domains and consequently to
an increase of their resonant frequency. Thus, the re-
sults of(?*7 and the data of Fig. 1 offer convincing evi-
dence in favor of the presence of a dependence of the
start of the dispersion of €' in BaTiO; on the domain
dimensions in single crystals or in crystallites.

Comparison of the data shown in Fig. 1 makes it
possible, in addition, to conclude that the displacement
of the domain boundaries contributes to the polarization
of the samples at low frequencies. Indeed, if we start
from the fact that the end of the region of the micro-
wave dispersion of € corresponds to total elimination
of this contribution, then this contribution amounts to
~60-70% in large-grain BaTiO; (curve 1) and also in
multidomain single crystals (Fig. 2), to ~45% in fine-
grain samples (curve 2), and ~15% in the sitall ceramic.
Such abehavior canbe explained on the basis of the 3 and 3’
greatly different number of single-domain formations in
the chosen samples. In particular, crystallites with di-
mensions < 1 u in the sitall sample should be predomi-
nantly single-domain, as a result of which the contribu-
tion of kqjg to the total susceptibility is small. Regard-
less of the results presented in Fig. 1, this conclusion is
favored also by the very small (~5% at 50 kV/cm)
reversibility of €’ of the third sample, and the absence
from it of low-frequency nonlinearity and of a hysteresis
loop.

2. The Problem of the Single-domain Crystal

Figure 2 shows the results of an investigation of
single crystals in a wide range of frequencies at differ-
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FIG. 3. Frequency dependences of € ' of unpolarized polycrystalline
samples (1, 2, 3) and of samples polarized with a field 20 kV/cm
(12", 3"); the sample diameter is ~0.5 mm and the height 0.4 mm.
The crystallite dimensions (dc) are as follows: 1, 1 '— BaTiO;, d¢c =
1 — 10 y; 2, 2" - pyroceram based on PbNb, Oq, d¢c ~ 1 u; 3, 3,
pyroceram, d¢ < 1 u. The insert shows the dependence of € 'for BaTiO4
with d¢c = 1 — 10 u on the displacement field, with € free measured at
0.1 Mhz and € ¢| at 50 MHz.
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ent degrees of their polarization by a constant field.
These results can be regarded as proof of the correct-
ness of certain conclusions of formula (1), and above
all of the conclusion that the constant field shifts the
start of the microwave dispersion in multidomain
single crystals toward lower frequencies (towards is
resonant frequency). This shift is due to the enlarge-
ment of the domains and to corresponding reduction of
their resonant frequency. Comparing curves 1-6, we
can state that with increasing displacement field, the
region of microwave dispersion actually shifts first
towards the UHF and then to the radiofrequencies,
~10° Hz. It is seen from curves 4, 5, and 6 that the
shift of the dispersion region in fields of ~1.0 kV/cm
stops at the resonant frequency of the crystal, since
its dimensions determine the maximum possible dimen-
sion of the domain.

The shift of the microwave dispersion towards the
resonant frequency of the crystal is also evident on the
plots of tan & (17, 3', and 5’). In addition, the simul-
taneous growth of tan 6 in the regions 10°—10" Hz
(increasing domains) and 10° Hz (decreasing domains)
demonstrates clearly the growth of certain domains at
the expense of others. A confirmation of this conclu-
sion can also be the observed shift of the start of the
dispersion of polycrystalline BaTiOs towards the
resonant frequencies of the crystallites, as shown in
Fig. 4 (curves 5 and 2).

Unlike Devonshire(!!, according to whom the sus-
ceptibility of a homogeneous crystal at frequencies
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FIG. 4. Frequency depdendences of € '(a) and tan § (b) for BaTiO3
samples with d¢ = 50 — 300 u: 1, 1'— unpolarized solid; 2, 2'— polar-
ized with a 3 kV/cm and solid; 3, 3'— unpolarized and composite;

4, 4’ — polarized with a field 3 kV/cm and composite; 5 — polarized with
a 40 kV/cm field and solid.
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much higher than resonant should exceed by several
times the high-frequency susceptibility, the results of
our experiment (Fig. 3 and curves 4, 5, 6 of Fig. 2) can
be interpreted in such a way that the concept of ‘‘free’’
and ‘‘clamped’’ susceptibilities are apparently not the
properties of a homogeneous crystal, and are a mani-
festation of certain dynamic regularities in the polari-
zation of inhomogeneous multidomain crystals of the
ferroelectric.

Indeed, curves 1 and 1’ of Fig. 3, for unpolarized
and polarized BaTiO; respectively, offer evidence of
a ~45% contribution of kgijg (the ordinate segment bd)
and simultaneously of a difference, by an approximate
factor of 2, between the susceptibilities of the ‘‘free”’
sample (ordinate ao) and the ‘‘clamped’’ one (ordinate
oc). For the fine-grain pyroceramic sample, which has
a much smaller contribution of kdig, ~15%, this dif-
ference turns out to be much smaller (~20%, see
curves 2 and 2’ of Fig. 3). Curves 3 and 3’ correspond
to another pyroceramic sample, in which no effects of
boundary displacement are observed, owing to the
single-domain character of the crystallites; we see
that in this sample there is practically no difference
between the susceptibilities in the ‘‘free’’ and
‘‘clamped’’ states.

It is interesting to note that pyroceramic crystals
cannot be polarized in any other way except by trans-
forming from the cubic phase to the tetragonal one with
simultaneous application of a large bias field. This
confirms the conclusion that reversal of polarization of
the crystal is possible only via the boundary-displace-
ment mechanism, i.e., the reversal of polarization of
single-domain regions, in which breakdown into do-
mains is impossible, is apparently impossible in
realistic fields.

Thus, we see that on going from curves 1, 1’ to
curves 3, 3’ the difference between the values of €'
in the ‘“free’’ and ‘‘clamped’’ states practically
vanishes simultaneously with the increase of the role
of the single-domain crystallites. Similar conclusions
follow also from an examination of curves 4, 5 and 6
of Fig. 2, which show the equalization of €’ in the
‘““free’’ and ‘‘clamped’’ crystal when the field causing
the single-domain structure is increased. We can
therefore regard it as experimentally established that
a connection exists between the domain boundary dis-
placement and the difference in the susceptibilities of
the ‘“free’’ and ‘‘clamped’’ crystal. It is also clear
from the foregoing that this property cannot be as-
cribed to homogeneous (ideally single-domain) crystals

of the ferroelectric.

3. Separation of the Displacement and Resonance Effects

The experimental separation of the effects due to the
displacements (multidomain crystal) and resonance
(single-domain crystal) is essential for more detailed
and deeper study of the dynamic phenomena in polari-
zation of ferroelectrics. An example of such a separa-
tion are the results shown in Fig. 3, on the basis of
which we discussed above the meaning of the concepts
of ‘“free’” and ‘‘clamped’’ constants €.

Thus, the procedure for separating the resonance
effects reduces to a study of powders or polycrystals
with very small (~107° ¢m) crystallite grains. Ap-
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parently the practice of producing single domains in
single crystals by means of a field or the use of
specially grown ‘‘single-domain’’ crystals is not suit-
able for the study of resonance phenomena alone, since
it is impossible to get rid in such crystals of the dis-
placement effects, and actually the difference between
the susceptibilities in the ‘‘free’’ and ‘‘clamped’’ states
of the crystal can serve as a good indicator of the num-
ber of domains in it.

To study effects connected only with the displace-
ment of the domain boundaries, to the contrary, it is
necessary to use multidomain crystals. In such crystals,
in measuring fields which do not cause growth (enlarge-
ment of the domains from one electrode to the other,
the resonance phenomena are practically unnoticeable.
Since polycrystalline samples usually contain both
multidomain and single-domain crystallites, the reso-
nance phenomena will become manifest even in the case
of an insignificant polarizing field.

If the measurements are made of composite (doubled)
samples polarized in different directions, then if the
dimensions of the halves are sufficiently equivalent it
is possible to get rid of the piezoresonant activity of
the sample as a whole. It should be noted that the use
of composite samples for waveguide microwave methods
of ferroelectric investigations (see, e.g.,l*"?) is appar-
ently the only method of investigating their reversible
characteristics. In this connection, it is useful to call
attention to effects connected with the use of composite
samples.

Figure 4 shows the frequency dependences of ¢’ and
tan 6 for polycrystalline BaTiOs, curves 1 and 1’ cor-
responding to the usual unpolarized sample, and 2 and
2' to the same sample but polarized with a field
~10 kV/cm. Curves 3 and 3’ show the frequency de-
pendence of €’and tan 6 for a composite sample made
of the same piece of ceramic, without application of
the bias field, while curves 4 and 4' show the same re-
lations in the presence of a bias field ~10 kV/cm on
the intermediate electrode between the samples.

In addition to the effects already discussed in con-
nection with the data of Figs. 2 and 3, notice should be
taken of the greatly differing results obtained for the
frequency dependences of €', and particularly tan 9,
in ordinary and composite samples. The appreciable
reduction in the microwave losses in the polarized
composite sample, and also the corresponding decrease
in the anomaly of the tan & curve, can be attributed to
partial compensation of the piezoresonant activity of
the single~domain crystallites, produced by the bias
field in oppositely polarized parts of the sample.

A compensation of the same kind can be observed in
composite samples, even if they are not polarized in
opposite directions. Whereas the entire sample is ap-
parently compensated as a whole, there may be no such
compensation for single-domain crystallites of definite
size. This may cause tan 6 to increase anomalously at
certain frequencies, or else to be cancelled out by the
piezoactivity of such regions, the shift of one of the
parts of the composite sample to the opposite electrode
frequently changing the alternation of the anomalies of
tan 6. Such an effect is seen on curves 2’ and 4’ in the
frequency region 3 x 10° Hz, and in the case of suffi-
ciently strong bias fields the piezoactivity of the single-
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domain regions becomes noticeable on the €’ curve
(see curve 5 in the region 3 x 10° Hz).

These effects are apparently one of the main causes
of the appreciable discrepancy between the results of
microwave measurements obtained by different authors
with the aid of different methods and on different sam-
ples.

4. Relation between the Displacement Polarization and
Elastic Deformations in Ferroelectric Crystals

The role of the foregoing piezoresonant phenomena
in the microscopic values of the sample is not limited
to the effects shown in Fig. 4. In particular, when ex-
plaining the results presented below, it becomes neces-
sary to assume the presence of a dynamic connection
between the displacement polarization (Pdjs) and the
piezoresonant phenomena causing mechanical deforma-
tions (uji) of the crystal. Indeed, in a polarized poly-
crystalline sample there should appear considerable
piezoactivity of the single-domain formations that are
present prior of the polarization and are produced un-
der the influence of the polarized field (E.); this is an
additional cause of the increase of the boundary dis-
placement in the remaining multidomain crystallites,
compared with the displacements induced only by the
measuring field in the unpolarized sample. This pro-
cess can be regarded as excitation of elastic-deforma-
tion waves by the single-domain crystallites; these
waves excite the entire sample via the skeleton of the
intercrystallite partitions and, replacing the energy
state of the domains, intensify the displacements of
their boundaries.

From this point of view, the increase of ef’ree (see
the insert of Fig. 3) during the initial stage of polariza-
tion can be attributed to the predominance of the contri-
bution of the ‘‘deformation’’ displacements over the
processes that stop the displacements in crystallites
that become single-domain. In the case of large dis-
placement fields, the decrease of Ef’re due to the
single-domain formation in the crystaﬁites prevails
and €’ approaches e(’:l.

At frequencies higher than the mechanical resonance,
this correlation between the boundary displacements
and the deformations of the sample vanishes, and € (’:1
should depend only on the field. Therefore an experi-
mental study of the €{ .. (E=, ujj) and €;(E=) de-

free
pendences makes it possible to determine the degree of
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FIG. 5. Frequency dependences of € ' for the piezoceramic TsTS-6
(1, 2) and for Ba(Tig_gSrg )03 (3, 4) at a measuring field amplitude

0.01 V/cm (1, 3) and 10 V/cm (2, 4).
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FIG. 6. Dependence of €' of a single-crystal BaTiO; sample of ~0.5

mm diameter and ~0.2 mm height on the amplitude of the measuring
field.

the aforementioned correlation of Pdig and ujj, as
well as the character of the relation between these
quantities. The relation between the deformations of
the sample and its displacement polarizations can be
attributed to the low-frequency nonlinearity and the
anomalously large permitivity of the ferrodielectrics

in appreciable measuring fields (see, e.g., Fig. 6
below).

Inasmuch as uj; = CPED’“’}, the deformations of the
crystal will increase like the square of the increasing
measuring field, and the dielectric constant Eéis in-
duced by them should increase in proportion to the
amplitude of the deformation, from which follows ob-
viously a nonlinear eéﬁs(EN) dependence. The vanish-
ing of the correlation between the deformations of the
crystal and the displacements of the domain boundaries
should, in accord with the data of Fig. 7, lead to the
appearance of a low-frequency dispersion of ecllis and
to a dependence of the start of this dispersion on the
dimensions of the sample.

The aforementioned relation between Pgjg and ujj
apparently plays an important role also at microwave
frequencies, but it is manifest qualitatively in a manner
different than at the frequencies of the free oscillations
of the crystal. The difference should consist in the fact
that the appreciable piezooscillations of the single-
domain crystallites can intensify the displacements of
the boundaries only in neighboring multidomain crystal-
lites subtended by the elastic-deformation wave during
a time on the order of the period of the microwave
oscillations exciting the single-domain crystallites.
This should result in anomalies on the plot of €’ and
tan 6 against the frequency; these anomalies were al-
ready reported in[?'J, It is clear that the excitation of
the displacements by local piezodeformations in the
microwave region is not connected with the elastic de-
formation of the entire sample, and can therefore be
observed in unpolarized samples.

To check on the foregoing assumptions, special
measurements were made. Figure 5 shows the fre-
quency dependences of €' of two piezoceramic samples
TsTS-6 and TBS-20 of (Bao gSTo.2) TiOs, in which the
effects discussed above are most clearly pronounced,
because the elastic constants of these materials are
large and the technology of preparing the ceramics
ensures the production of homogeneous crystallites
vith dimensions ~10"* cm, which correspond in ac-
cordance with formula (1) to resonance frequencies
10° - 3 x10° Hz.
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Curves 1 and 2 for TsTS-6 correspond to measure-
ment conditions at essentially different values of the
power fed to the measurement line. At low values of
the measuring field (E~ << 1 V/cm) the amplitude of
the deformation waves from the piezoactive single-
domain crystal is small, and the effect of the displace-
ment excitation should also be small, as is evidenced
by the slightly noticeable rise in the region 1.5 X 10° Hz
on curve 1. Curve 2 corresponds to a measuring field
E_ ~ 10 V/cm, which should increase by several or-
ders of magnitude the amplitude of the elastic defor-
mations of the single-domain crystallites, a fact mani-
fest in final analysis in the appreciable value of the
rise of €’ in the region 1.5 X 10° Hz. A similar non-
linear effect is observed in a TBS-20 ceramic sample
(curves 3 and 4).

From the point of view of these nonlinear effects we
can understand the cause of a certain increase of €'
in the pre-dispersion region, observed in certain in-
vestigations[*42*), and the reason why Stanford’s ex-
periments could not be reproduced by using a different
method of measurements as compared with that de-
scribed int'4J, In fact, the use int**} of the resonance
of the transmitted power as a method of obtaining in-
formation on €' should lead to an appreciable increase
of the measuring field in the sample (just as in a
microwave cavity) and consequently to the effects shown
on curves 2 and 4 (Fig. 5). The use of a procedure

which is not connect with a resonant increase of the
measuring field on the sample usually leads to the re-
sults shown on curves 1 and 3.

The foregoing singularities of the results of (!4} do
not influence the main conclusion of that paper, namely
that with increasing temperature the resonance effects
become stronger in the pre-dispersion region, but un-
like Stanford, we relate this effect to the considerations
advanced above concerning the relation between the
piezoactivity of the single-domain regions (whose
modulus of elasticity increases on approaching the
Curie point[1:1°)) with the displacement polarization in
the neighboring multidomain crystallites.

In the measurements corresponding to curves 2 and
4 of Fig. 5 we verified, by comparing the results of the
measurements in the continuous and pulsed modes, the
possible influence of heating of the samples with in-
creasing measurement power; the results showed the
absence of heating.

The nonlinear effect at microwave frequencies,
shown in Fig. 5, can be used in radio engineering.

5. Certain Features of Reversal of Polarization of
Ferroelectrics

Figures 6 and 7 show the result of an investigation
of the processes connected with the polarization re-
versal of BaTiO3 crystals. These results can be re-

g r

FIG. 7. Frequency dependence ,g,f
of € 'in large measuring fields

(~1 kV/cm) for single-crystal so00F 2
samples of BaTiO; of ~0.2 mm r 3
height and of diameter 0.1 mm 2500 |

(1), 0.5 mm (2), and 2 mm (3).
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garded as a confirmation of the conclusion that the
domain dimensions increase upon reversal of polariza-
tion, this being the principal cause (in accordance with
formula (1)) of high-frequency relaxation of the contri-
bution made to the susceptibility by the polarization-
reversal displacements. From the family of curves of
Fig. 6 it is seen that the maximum volume to which the
domains can increase in phase with the deformations of
the crystal and with a large measuring field decreases
with increasing frequency. This can be seen from the
decreasing contribution made to the dielectric constant
by the polarization-reversal displacements of the
boundaries and from the decrease of the instantaneous
value of the field (corresponding to the maxima of €’),
at which the inertial lag of the growth of the domain
dimension relative to the measurement field still does
not appear.

Figure 7 shows the frequency dependences of €’ of
polarization-reversing BaTiO; single crystals of dif-
ferent size. It is seen from these relations that the
region of low-frequency dispersion shifts towards
higher frequencies with increasing sample dimension.

In connection with these results, it should be noted
that the absence of unanimity on the part of the re-
searchers concerning the limiting rate of polarization
reversal, and the considerable discrepancies of the
experimental data on the macroscopic quantities
(switching current, rate of switching, etc.) used to
calculate the mobility of the domain walls, can be at-
tributed to ignoring the effect of the crystal dimen-
sions. Indeed, an experimenter measuring a sample of
~0.1 mm diameter will find that the ‘‘mobility’’ of the
boundaries is larger in it than in a sample of ~2 mm
diameter, etc. Therefore the most correct macro-
scopic data on the dynamics of the boundaries can be
obtained with the aid of optical research methodst®™3J,

although in many cases the size effect must be taken
into account also in optical measurements.

4. BRIEF CONCLUSIONS

1. The processes of dynamic polarization and
polarization reversal of ferroelectrics of the BaTiOs
type were experimentally investigated in the frequency
range up to 1.5 X 10'° Hz and were interpreted on the
basis of the notions concerning the displacements of
the main boundaries as a result of an oscillating varia-
tion of the domain volumes in the external field.

2. It is shown that the dynamic polarization of
ferroelectrics is due essentially to effects of boundary
displacements in inhomogeneous (multidomain) crystals
and is accompanied by resonance effects in homogen-
eous (single-domain) crystals. In polycrystalline ferro-
electrics, these effects appear simultaneously.

3. Connected with the boundary displacement effects
are reversible and nonlinear dependences of €’ and
tan 6 at low frequencies and at microwave frequencies,
microwave dispersion, a hysteresis loop, and a differ-
ence between the values of the susceptibilities of the
inhomogeneous crystal in the ‘‘free and ‘‘clamped’’
states.

4. In a homogeneous crystal, and also in powder or
in polycrystals consisting of single-domain formations,
there are no boundary-displacement effects and only

V. V. DEM’YANOV and S. P. SOLOV’EV

resonance phenomena are observed, connected with the
mechanism of elastic-ion polarization, which ensures
values eé ~ 150 at c-axis orientation, parallel to the
external field (zero anisotropy energy), €] ~ 2000 at
c-axis orientation perpendicular to the external field
(maximum anisotropy energy), and eéc values between
150 and 2000 at arbitrary c-axis orientation.

5. A homogeneous ferroelectric crystal should have,
at all frequencies up to infrared dispersion, a con-
stant susceptibility, and the difference between the
susceptibilities of the ‘‘free’’ and ‘‘clamped’’ crystal
can serve as an indicator of its inhomogeneity.

6. Microwave dispersion is observed only in in-
homogeneous crystals, and a) the frequency limits of
the dispersion region are determined by the maximum
and minimum dimensions of the domains of the multi-
domain crystal or crystallite;

b) the depth of the microwave dispersion €’ is de-
termined only by the contribution kg4jg to the total
susceptibility of the sample;

c) in polycrystalline ferroelectrics, in which multi-
domain and single-domain crystallites can exist, there
is observed a strong relation between the piezodefor-
mation of the single-domain regions and the boundary-
displacement polarization in neighboring multidomain
regions, leading to anomalies in the frequency depend-
ences of €' and especially of tan 0, and also in a num-
ber of cases to a nonlinear dependence of €’ on the
magnitude of the external microwave field, something
that can find use in microwave technology;

d) an increase of the external displacement field
leads to a shift of the start of the microwave dispersion
towards the resonant frequency of the single-crystal
sample, and leads to a shift towards the resonant fre-
quencies of the crystallites in a polycrystalline sample.

7. The experimental data on the microwave dis-
persion frequencies in ferroelectrics can be used to
determine the domain dimensions and the crystallite
dimensions, and also a few phenomenological constants.

8. The boundary-displacement effects can be inves-
tigated separately from resonant phenomena, and vice-
versa.

9. In really attainable fields, the polarization re-
versal of ferroelectrics is possible apparently only
via the mechanism of domain-boundary motion, and a
crystal in which breakdown into domains is impossible
cannot reverse polarization.

10. The start of the low frequency dispersion of €’
in large measurement fields depends on the dimensions
of the crystal (sample), a fact that must be taken into
account in experimental studies of the dynamics of
domain boundaries.
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