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CHAPTER 1
INTRODUCTION
Definitions of Terms

A ferroelectric material may be defined as one which shows both
a spontaneous electric polarization and hysteresis effects in the
relation between dielectric displacement and electric field., Such
anomalous behavior is normally observed within specific temperature
regions, above which the material displays a normal dielectric be-
havior and no longer possesses a spontaneous polarization. This upper
temperature point has come to be called the Curie temperature (or Curie
point) and above it the material is said to be "paraelectric". The
terms "ferroelectric', "Curie point" and "paraelectric" originate from
the similarity of behavior between ferroelectrics and ferromagretics
and, although the physical causes of their behaviors are quite &iffer-
ent, they have been carried over from the study of ferromagnetics.

Above the Curie point the paraelectric (or non-polar) phase obeys

a Curie-Weiss law,

where C is the Curie constant and To the Curie-Weiss temperature. In

the vicinity of the Curie-Weiss temperature the dielectric constant be-
comes very large. For a second order phase transition from the ferro-
electric (polar) phase to the non-polar phase, the Curie temperature (Tc)
and Curie-Weiss temperature (To) nearly coincide, but for materials which

undergo first order phase changes, To and Tc do not coincide.
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Within a ferroelectric material, alignment of the electric dipoles
may extend over only a portion of the material, while another region may
possess dipoles aligned in some other direction. A region in which the
spontaneous polarization is all in the same direction is said to be a
domain., Different domains are separated by walls, and in the tetragonal
ferroelectric perovskites such as barium titanate, these are generally
referred to as 90° or 180° domain walls. Basically, a 180° wall is one
in which the polarizations on either side of the wall are antiparallel,
and a 90° wall exists when the polarizations on either side are normal
to each other. In the latter case the positive end of one domain must
be perpendicular to the negative end of the second domain, since there
can be no charge existing on the domain wall itself.

A typical ferroelectric hysteresis loop is illustrated in Figure 1.

At the origin, O, the domains are oriented so that the net polarization

D|._

pt C/F

_.#—Jzi;i////EQF

Figure 1. Ferroelectric Hysteresis Loop

is zero. As the field is increased, the domains tend to align with the
field until at portion AB all the domains are aligned to form one single
domain and a state of saturation exists. As the field is reduced to zero,
some domains remain aligned in their previous direction and so the polar-
ization does not go to zero. Thus there exists a remanent polarization
indicated in the figure as OC. The linear portion AB of the curve
extrapolated back to the polarization axis represents the spontaneous

polarization Pg (OD) of the material. The value of the field required to



reduce the polarization to zero is called the coercive field Ec (OE).

In addition to the ferroelectric materials, there exists a group
of materials in which neighboring dipoles are antiparallel. Such
materials are said to be "antipolar" in comparison to those which are
called "polar" where neighboring dipoles are parallel. A substance
which exhibits such an antiparallel dipole array is said to be anti-
ferroelectric. A more formal definition of an antiferroelectric
material is "an antipolar material whose free energy is comparable to
that of a polar material™ (J1). The problem of antiferroelectricity
has received general treatment by K:nzig (K1) and Forsbergh (F1).

Prior to the last decade, the most extensive investigations were
done on three ferroelectric materials: Rochelle salt, potassium di-
hydrogen phosphate, and barium titanate. Recently many new ferroelec-
trics and antiferroelectrics have been discovered. As Jona and Shirane
(J1) mention in their book, however, "our knowledge of the basic
phenomenon has not been appreciably enhanced,"

Some of the more notable works in the literature providing reviews
of ferroelectric properties and problems involved in the field of ferro-
electricity are given in references F1, J1, K1, K2, and M1, The reader
is referred to these works for a more complete discussion of ferrocelec-
trics and antiferroelectrics.

In the study of ferroelectrics the dielectric constant has played
an important role. The dielectric constant k is normally defined as the
derivative of the electric displacement D, with respect to the field E,
or

bk g 2o8R

€ € dE
() o
From the relationship (in MKS units),



D= €E + P
one can obtain the susceptibility X, defined as
1 dP
X €0 dE
or
x-k"'le

In the vicinity of a Curie point, or where ever k is much greater than
one, the susceptibility and dielectric constant become nearly equal, or
}. 4D & 1 dp

= - 1 S

k SFE“LE "

Selected Background

Since the dielectric constant exhibits an anomaly at the tramsition
temperature between structural phases, it is usually measured as a function
of temperature and/or field. less emphasis has been placed upon measure-
ments of dielectric characteristics as a function of frequency. Those
studies which have been done were almost exclusively performed on barium
titanate -- probably since it was one of the first ferroelectrics to dis-
play striking chqracteristics, was relatively easy to produce, and showed
excellent commercial possibilities.

Such an early investigation of dielectric constant as a function of
frequency was done by Roberts (Rl) on polycrystalline barium titanate,
Roberts found no pronounced anomaly in dielectric characteristics within
the frequency range 0.1 to 25 megacycles per second, He found a piezo=
electric resonance, however, when the samples were polarized in a strong
electric field.

Had Roberts extended his measurements into the microwave range, he
would have discovered a relaxation spectrum as did von Hippel and

Westphal (V1) and later Powles and Jackson (P1). The important feature



of this relaxation is an abrupt decrease in dielectric constant by more
than an order of magnitude, beginning near 108 cycles per second and
tapering off past 1010 cycles per second,

Kittel (K3) was one of the first to propose a workable, qualitative
explanation of this phenomenon. He introduced the idea that the observed
dispersion was due to processes of domain wall displacement. A domain
wall displacement, in a direction perpendicular to the wall, will ine
crease or decrease the effective polarization parallel to the wall.
Recently Sannikov (S1) has presented a more rigorous approach considering
the frequency dependence of the dielectric constant associated with
domain wall displacements. Sannikov®s expression for the complex
electric susceptibility X* is

JXo“bz ¢
2 - (.Uz + j(wr + wr')w

Kx@w) = o
e}

In this equation w, (=2rf,) is the resonance frequency of the material,
W. and w.' are two ionic damping frequencies, w(=2nf) is the frequency
of the applied field and X, is the susceptibility atw= 0 and is related

to the resonance frequency by
2

4P
Xo = IEZﬁI :

In this expression P, is the static polarization in the uniform ferro-
electric, 1 is the mean domain width, and M the effective mass of the
domain wall. Although Sannikov's result is valid only for ferroelectrics
which undergo second order phase changes into the nonpolar phase and
assumes domain walls undergo only small distortions, it yields satisfactory
numerical results for the observed phenomena in barium titanate.

It is desirable to know more about the phenomenon which takes place

when the polarization is reversed from one direction to another (switching).



A potential means of obtaining information about this process is by making
dielectric constant measurements (since kxdP/dE) while the sample is
being simultaneously switched by a slowly varying biasing field (sweeping
field).

One of the earliest of such experiments was done by Drougard and
Young (Dl1), who subjected a single crystal of barium titanate to a low
amplitude audio frequency sine wave to measure the dielectric constant
and at the same time imposed a slowly varying field to produce switching,
Drougard and Young regarded their results, among other things, as giving
no indication of domain walls moving to any appreciable extent in response
to the audio frequency field.

Similar investigations by Drougard, Funk and Young (D2) studied the
dielectric characteristics as a function of measuring frequency, sweeping
frequency, sweeping voltage and the rate of switching polarization
(current). They found that the measuring frequency and the switching
current were both significant variables. At constant switching current,
the real part of the complex dielectric constant, k! #, showed a strong
frequency dependence, decreasing as the measuring frequency was increased.
This frequency dependence was described by a Debye relaxation type of

spectrum,
*
* € ' a
e PRIV
where k* is the complex dielectric constant and T is the relaxation

time, The real part of the dielectric constant is given by

T Y o s
® " sw?p?

For single crystals of barium titanate and at various switching current

# The complex dielectric constant is discussed fully in Chapter III.



densities the value of T was around 5.2 - 5,5 microsqconds.

Merz (M2) also did extensive study on the switching process. He
found experimentally that at low fields, the rate at which the polari-
zation reverses itself is proportional to exp(-«/E), where « is a
temperature dependent quantity, and E is the applied field. In other
words, the field at which a crystal will switch its direction of
polarization depends on the time that is allowed for the switching, or
more simply, the rate at which the hysteresis loop is traversed
determines the shape of the loop. Using Merz's exponential law as a
basis, Landauer, Young and Draugard (L1) assumed the rate at which

polarization is reversed may be given by

S = F(P)exp(-/E(t)),

where F(P) permits the switching rate to depend on the extent to which
the crystal has already reversed its polarization as well as on the
field. Making several assumptions concerning the functions F(P) and
E(t) this equation was integrable and gave rise to a family of curves
showing the dependence of the coercive field of barium titanate on the
rise rates and the applied field. The results of Drougard, Funk and
Young (D2) are thus partially explained by the work of Landauer, Young
and Drougard using Merz's exponential law, but the question of whether
exp(==«/E) was a rate of domain nucleation (formation of new domains) or
a rate of domain expansion remained essentially unanswered.

The increase in dielectric constant during switching as found by
Drougard, Funk and Young was also investigated by Fatuzzo (F2) who, in
addition to observing their low fyequency relaxation, also discovered a
new relaxation above 2 x 109 cycles. These relaxations were also present

in triglycine sulfate, another ferroelectric. Fatuzzo's model attributes



the increase in dielectric constant and losses to oscillations of the
"side'" walls of the domains in the case of the high frequency relaxation,
but in the case of the lower frequency reiaxation, to oscillations of
"front" walls of the newly formed domains. The model proposed agrees
well with the experimental results.

In general, a ferroelectric domain is said to grow through (1) fore
ward domain wall motion in which case the wall moves in the direction
of the ferroelectric axis (2) sideways domain wall motion where the wall
moves in a direction perpendicular to the ferroelectric axis, or (3)
by a combination of these two.

Little (L2) studied the dynamic behavior of domain walls in barium
titanate single crystals by optical techniques. She observed the 180°
walls moving perpendicular to the polar axis, an effect Merz did not
perceive. It was found from electrical measurements that the equivalent
susceptibility was strongly dependent upon both measuring field strength
and frequency, in agreement with Drougard, Funk and Young (D2). The
dependence upon frequency was attributed to the optically observed domain
wall motion which damped out around 104 cycles per second. Little also
concluded that 180° domain walls did not move sideways in reasonable
laboratory times with fields less than 2.4 kilovolts per centimeter (kv/em).

Chynoweth (Cl), studying ferroelectric Barkhausen pulses in barium
titanate, theorized that a Barkhausen pulse could arise from the nucleation
and growth through the thickness direction of a domain. Since the charge
represented by the Barkhausen pulse accounted for only 0.1 to 1 per cent
of the total charge required for complete polarization reversal, Chynoweth
proposed a further growth of these domains through sideways expansion,

hence accounting for the entire charge.



Although the experimental investigations mentioned thus far have
been varied in technique and conclusions, they were all similar in that
they were performed with metal electroded samples. In order to eliminate
internal stresses and defdrgations caused by metal electrodes, Miller (M3)
used single crystal barium titanate samples with aqueous LiCl electrodes.
The samples were observed to undergo polarization reversal with electric
fields of several hundreds of volts per centimgter, a value much less than
that quoted by Little., Miller ascertained thaf polarization reversal
can take place by extensive sideways motion of a few 180° domains. In
addition it was found that polarization reversal could be accomplished
with few or even no Barkhausen pulses, and that Barkhausen pulses occurred
when two growing domains came together.

Using the same techniques, Miller and Savage (M4, M5) have done
extensive investigation of the dynamics of domain wall motion as a
function of temperature and field. They have also studied carefully the
geometry of individual domains and have proposed a model for the mechanism
by which the boundary moves. Later work by Miller and Savage (M6, M7) in-
cluded the investigation of 180° domain wall motion with metal electroded
barium titanate crystals. Wall velocities were studied as functions of
electric field, crystal thickness and impurity content added to the
crystal growth melts. Generally the dependence upon field was the same
as that found for the liquid electrode studies, but the pronounced
dependence upon sample thickness was attributed to.nonferroelectric
surface laﬂfrs adjacent to the metal elecfraodes. Miller and Savage
expanded o& a surface layer model proposed by Drougard and Landauer (D3)
to explain the switching speed dependence upon sample thickness as

observed by Merz (M8).
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The effect of such a surfacé layer would be to reduce the applied
field E to a value Eb in the bulk of the material. Since the surface
layer is assumed to have a low dielectric constant, an appreciable part
of the applied voltage appears across it. From this it can be - seen
that the thinner the crystal, the more important the surface layer be-
comes. There is a considerable amount of disagreement as to the thick-
ness and dielectric constant of the layer, but the values proposed by
Savage and Miller are perhaps the most consistent with experimental
results. They estimate the thickness to be of the order of 100 Angstroms
and the dielectric constant to be about 100.

In light of a number of theoretical and experimental observations,
Gerson (Gl) reasoned that the dielectric constant of ferroelectrics
should increase at very low frequencies since there should be a contribu=
tion to the dielectric polarization due to switching. Using lead titanate
zirconate ceramics, he determined the dielectric properties in the
frequency range 0.1 to 10 cycles per second. A slight increase in
dielectric constant was observed but this was interpreted as an effect
due to interfacial polarization rather than an effect due to ferroelectric

switching.
Nature of the Present Investigation

The purpose of this study has been to determine if there exists any
frequency dependence of the dielectric characteristics in lead hafnate
titanate and lead zirconate stanmate titanate compositions within the
frequency range 102 tolO5 cycles per second and if possible to correlate
the observed behavior with the previous experimental studies mentioned.

Another interesting aspect to consider here is that the dielectric
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behavior of antiferroelectric materials as well as ferroelectric materials
was studied in hopes of gaining further insight into the characteristics

of this class of substances.



CHAPTER II
DESCRIPTION OF SAMPLES
Introductory Statements

All the samples employed in this work were polycrystalline»(ceramtc)
solid solutions of various members of the perovskite family. The-general
formula of the compounds belonging to this family is ABO,. In the
formula A is a monovalent, divalenﬁ‘q?ftrivalent metal and B is a penta-
valent, tetravalent or trivalent metaiﬂfespect;ively° The ideal perovskite

structure is illustrated 4n Figure 2. A complete and comprehensive

Figure 2. The Perovskite Structure

discussion of the perovskite-type oxides, theig solid selutions and the
related phenomenon of ferr¢e1e¢tricity is given by Jona and Shirane (J1).
All samples were furnishéd by Sandia Corporation and with the
exception of PZST=6 wére prepared by C. Hall of that corporation, The
samples were solid solutions of lead hafnate titanate and lead zirconate
stannate titanate, In addition all samples had Nb,0. added (one per

275
cent by weight). In general the effects of the niobia are to lower the

\
¥

coercivé*field of the sample by an appreciable amount and to raise its

i2
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resistivity by several orders of magnitude (Bl). Gersom (G2) studied
the variations in ferroelectric characteristics due to the addition of
niobium and lanthanum, and concluded that this led to high mobility of
domain walls.

Firing temperatures of the ceramics were from 1400 to 1430 °c.

Silver electrodes were fired on the entire surface area.
Lead Zirconate Stannate Titanate

The majority of experimental work in this study was done on same

ple PZST~6 whose composition is Pb(Zr )0 This sample

0. 68 0. 25 0 07
was extremely well-behaved, exhibiting both a ferrcelectric and an
antiferroelectric phase and well defined transition regions. With zero
electric field upon increasing temperature the sample exhibited ferro-
electric properties up to 127 Q)Cvan.cl became antiferroelectric from 127 ¢
to 151 °c. at 151 °C (the Curie point) the sample transformed into the
paraelectric (cubic) phase. With decreasing temperature the antiferro-
electric phase persisted down to 97 °C at whigch point the sample became
ferrcelectric once again., This composition in the ferroelectric phase
has a rhombohedral unit cell structure, and in the antiferroelectric
phase a‘pseudotetragomal structure, Figure 3 is a phagse diagram of

PZSTsb6 as a function of field and temperature (N1). Dimensions and

density for the sample are recorded in Table I.
Lead Hafnate Titanate

'WOrk was also carried out on various solid solutions of lead haf-

nate titanate, The composition Pb(HE )O3 was ferroelectric

0,95710,05
at temperatures below the Curie point (159 °C), while the compositions
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TABLE I

LIST OF SAMPLES

Sample Composition* Area  Thickness Density Curie
, Temp.

2 3 o
(em™) (em) (gm/em™) ( °C)

PZST=-6 Pb(zr0;683n0°25 1.986 0.174 7.94 151
TiOQ07)03

95 BN  Pb(HE o Ti) 5)0, 1.528  0.265 8,93 159

%6 HN Pb(HE) o Tio ()0, 1,577 0.209 9,00 164

97 BN Pb(HE) o Ti, ()0, 1.526  0.219 8.99 170

100 HN PbHFO, 1.579  0.175 8.99 170

*Al1 compositions have one per cent by weight of Nbéo5 added.
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PO(HEG 07Tl o3 3

Curie points, The'composition‘Pb(Hf0°96TiO°04)03'showed traces- of anti-

)03-and<Pbe0 were antiferroelectric all the-way to their
ferroelectricity in a small temperature range at low fields and otherwise:
was ferroeleetric. Northrip (N1) has done extensive work on the thermal
and electrical properties of the lead hafnate titanaée system-and the-
reader is referred to his work for a more- complete discussion of these-

compositions. Sample densities and dimensions are recorded in Table I,



CHAPTER III
INSTRUMENTATION AND PROCEDURE
General Considerations

A capacitor, connected to a sinusoidal voltage source

V= Voexp(jum)
will store, with a vacuum dielectric, a charge
Q= qua
C° is called the geometrical (or vacuum) capacitance of the capacitor,
and, fringing effects neglected, is equivalent to eoA/d where < is the
permittivity of free space, A the surface area of one capacitor plate, and

d the distance between plates. In this ease the charging current

Ic dt ijOV

= I exp [j(wt + g)]
leads the voltage by a phase angle of 90°,
If the capacitor is filled with some substance, the capacitance
increases to
. L]

" g &a

where €' and k' represent the real parts of the complex permittivity and .
dielectric constant respectively. In addition to the charging current
there now appears a loss current, so that the total current is

I =1 +1
c

t 1°

In other words, the capacitor can be characterized by a }oss parameter
as well as a capacitance parameter. This loss parameter is representable

17
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as either a series or parallel resistance.
A ferroelectric is conventionally represented in parallel notation

as the equivalent circuit of Figure 4. In the circuit, Rx represents

G
i
I Cygrm R, = 1/G,
G

Figure 4, Ferroelectric Eqﬁivalent Circuit

the loss component (Joule heating, hysteresis losses, etc.) and Cx the
pure capacitive component. The loss current therefore is expressible as

I, = va’

1
and so the total current traversing the capacitor is

| It,=,(jwcx + Gx)V°
A vector diagram for this equiéalent parallel circuit is shown in Figure

5. In the figure 0 is the phase angle and ¢ is the dielectric loss angle.

Figure 5, Vector Representation

Hence the dissipation factor D, defined as the cotangent of the phase

angle is
Gx
D=cot 8= tan § = e ,

aaCx

It is customary to deseribe the charging current and the loss current by

the introduction of a complex permittivity,
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e* = ¢! o jé"s
or a complex dielectric constant,

¢

*
k= S =kt o K,
where ¢" and k" are the loss factor and relative loss factor respectively.
The total current may now be written
= ey
It juﬁok v,

and the loss tangent becomes

é" k"
tan = o = B

Iﬁ the past, loss mechanisms in ferroelectrics have been recorded in
terms of tan S, since this value is usually directly readable or calculable
from the measuring apparatus. However, as Northrip (N1) points out, this
method of measuring losses gives a number which depends not only on. the
value of the loss current but also on the value of the capacitive current.
In other words changes of tan & are caused by both changes in loss
mechanism and changes in capacitance. For ordinary dielectrics this
creates no special problém but in ferroeleectrics many regions of interest
are accompanied by both changes in loss mechanism and very large changes
in capacitance (e.g. near a Curie point). For this reason the loss
tangent is not a particularly sensitive indicator of loss mechanism
changes when dealing with ferrecelectrics. Northrip has proposed the use
of an "equivalent conductance"” defined as

Gx = wacxtan S
The term "equivalent" denotes that all types of losses are considered.

A convenient aspect of the use of "equivalent conductance" rather

than the loss tangent is that it permits corrections to be made with

relative ease for losses and capacitances in the measuring system, since
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conductances in parallel are additive. More will be said of this later

in the chapter.

Measurement Technique

All measurements of capacitance and dielectric loss were made with
a General Radic Capacitance Measuring Assembly Type 1610<-A. This
assembly is a general purpose capacitance bridge integrated with the
necessary generator, amplifier and gables. It is possible to determine
dissipation factor and equivalent series capagitance from zerec to 1150
micromicrofarads (uuf) with this assembly over a frequency range from 30
to 105 cps. At a frequency setting of one kilocycle per second (kcps)

the capacitance range extends to one microfarad. A block diagram of the

assembly used for zero bias measurements is shown in Figure 6.

Oseillator Bridge Sample Holder
: I and
GR 1302-A GR 716-C Sample
L
|
!
|
:
Filter : Amplifier Oscilloscope
GR 1231-P5 GR 1231-B Tektronic 503

Figure 6. Block Diagram of Assembly for Zero Bias Measurements

The oscilloscope connected to the output of the 1231-B amplifier was
used as a null detector to provide for a more sensitive balance of the

bridge.
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The frequencies at whicﬁ the sample capacitance and loss could be
most easily determined were dictated by the frequency settings on the
General Radio Type 1231-P5 filter. These frequencies were 0.1, 0.2, 0.5,
1, 2, 5, 10, 20, 50, and 100 keps. A frequency setting of 50 cps was
also available, but sensitive bridge balance was hindered at this setting
by low frequency ac pickup which could be attributed to the magnetic
stirrer used in the sample bath as well as other stray 60=cycle noise.
Occasionally it was necessary to substitute a Hewlett-Packard Model
200CD oscillator in place of the General Radio oscillator in order to
achieve frequencies greater than 100 kcps. A sensitive bridge balance
was possible to 200 kcps with the oscilloscope despite the upper
frequency setting of 100 kcps on the filter.

Since measurements of capacitance greater than 1150/;af were required
over the frequency range from 102 to 105 cps, it was necessary to cali-
brate capacitors for use as external standards over this frequency range.
An explanation of the use of these external standards as well as correc-
tions made for them follows.

Consider Figure 7 which is a circuit diagram of the General Radio
716;C Capacitance Bridge. In this modified Schering bridge, C, is the
precision internal standard reading from 100 to 115Q/&afo Ca is the var-
iable air capacitor and decade capacitor, which compose the dissipation

factor controls. Ra and R_ are the rdatio arms controlled by the range

b

selector on the bridge. Equal ratio arms are provided at 0,1, 1, 10 and

100 keps and multiplying factors of 10, 100, and 1000 are provided at 1 ke.
The previocusly mentioned external standards were used in parallel

with Cn9 and allowed measurements of capacitance greater than 11504uf

to be made over the desired frequency range. In Figure 7 the calibrated



Figure 7. Simplified Bridge Cireuit

external standard is represented in parallel notation as Cs and Gs°
When an unknown capacitance (Cx” Gx) is balanced against Cn and the
external standard the capacitance is given by

Cx = Cn + CSo
The bridge, however, reads a value of the loss tangent that is not
unique to Gx but rather to a value slightly less than the true value
of Gxo "The error induced is due to the loss factor of the external
standard. The magnitude of this loss is of the order of the loss tan-
gent of the internal standard, both being quitersmall, and so no
corrections were made for either. This induced an error in the calcu-
lated value of Gx of less than 2 per cent of its actual value. The
value of Gx is thus calculated from |

Gx'= ancxtan S

The use of external standards extended the effective capacitance range

22



23

to 0.01 u«£, well over the values of capacitance of the samples used.
Mica capacitors with values near 1000, 2000 and 5000 cud were calibrated
for use as external standards over the previously mentioned frequency
-range., Mica capacitors were used because of their relatively low loss.
The cable from the bridge to the sample holder, as well as the same~
ple holder itself, also presented a capacitance and loss which required
corrections. The capacitance and equivalent conductance of the cable
and sample holder can be symbolized by Cc and Gc respectively. These
are effectively in parallel with the sample so that the actual values
of the unknown are

9

Cx = Cn + Cs = Cc
and

Gx = (Cx + Ce)tan & = Gc°
The calculated value of Gx is still smaller by an amount less than 2
per cent of the actual value due to the loss in the external standard.
The cable and sample holder, however, required calibration for capacitance
and equivalent conductance over the mentioned frequenecy range.,

Using this method of measurement, the capacitance could be determined
to within % lgwf and the dielectric loss to within % 0.0008. These
limitations are inherent in the bridge and external standards with this
nature of measurement and exclude any errors due to environmental changes
affeéting the external system., The latter, however, are apparently small
and may be considered negligible.

The output of the General Radio amplifier was non=linear over the
three decade frequency range and so precautions were taken to insure that
all measurements were made at the same measuring field strength., Over

most of the frequengy range the variation in measuring field strength was

less than 10 per cemrt, amd so induced no great error in the dielectric
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constant measurements.
The dielectric constant is directly calculable from the capacitance
using the relation
Cd
k! :=€Z=K s

where A, d and Cy are the sample surface area, thickness and capacitance

respectively.,
Bias Measurements

A block diagram of the assembly used for measurements with a biasing
de voltage impressed across the sample iz depicted in Figure 8. A Beta
10 kilovolt de power supply was used to provide biases up te 2000 volts

across the sample,

To Bridge
o]
Isclation Clrcult\\\\>(
Beta 10 kv | 10 /a,f : Sample and
de Power I g Sample
Supply E 10 Ma ( | Holder
o )

Figure 8. Bloek Diagram of DC Bias Measurement Aséembly

The isolation eircuit was employed to keep the de off the bridge
circuit as well as to effectively keep the ac measuring voltage
across the sample, The 10 u¢f oll capacitor offered an ag impedance of
the order of 10° to 10° times smaller than the sample impedance itself,
over the entire frequency renge. The lsolation circuit caused some
inconvenience in making the de bias meagurements in that it offered a
100 second time constant to the power supply. In other words, for the
bias across the sample to rsad within one per cent of its final value, it

was necesgsary to wait at least 5 time constants before taking a reading.
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Although- time consuming, this presented no special difficulty.

The power supply metef readings did not agree with the actual
voltage impressed across the sample so it was convenient to-make a table
(Table II) showing both, together with the corresponding field strengths
for that partieular sample. The use of these tables allowed reproduction

of settings with comparative ease.

TABLE II

COMPARISON OF POWER SUPPLY VALUES TO ACTUAL VALUES

Power Supply ' Voltage Impressed Corresponding
Meter Readings Across Sample Field Strength
(for PZST<6)
(volts) (volts) (kv/cm)
100 98 0.56
200 199 1.14
300 280 1.61
400 375 2,16
500 480 2,76
600 560 3.22
700 660 3,79
800 760 4,37
1000 960 5,52
1200 1140 6.55

1500 1440 8.28

As would be expected, the power supply and isolation circuit
introduced a large capacitance and loss into the measurements. This
capacitance was of the eorder of 1700 to 1750 4uf and the loss tangent
about 0,01 to 0.1, This presented mo special problem, however, as both
C and G for the system were determined over the employed frequency range
and the corrections in sample capacitance and loss could then be made as
mentioned earlier., In order to Eéep errors at a minimum it was necessary
fovcalibrate the system for capacitance and losé at each of the bias

voltage settings used,
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In general, however, the bias measurement results must be examined
with caution since the large number of corrections necessary. can provide
a large source of error. This results from the fact that the power supply
calibration required the use of large external standards as did the actual
bias measurement. These large external standards in turn had been
calibrated against a smaller external standard. While these calibratioms
and corrections cause only a small error (about 1%) in dielectric
constant, whose total range extends over approximately a teath of an
order of magnitude, a sizeable error is prevalent in the equivalent
conductance results due to the expanded range (three orders of magnitude).
Also, errors in capacitance and loss tangent can provide a considerable
error in equivalent eondﬁctance since it is proporticnal to the product
of these two values. WNormally the magnitude of these errors is less than
10 per cent of the given value of equivalent conductance. Although this
represents quite a large err®r9_the general trend of the results can still

be ascertained.
Sample Holder Assembly

The sample holder assembly (Figure 9) was constructed by J. Northrip
of this laboratory. The sample itself was held between two large brass
plates and immersed in Dow Coraing 200 Silicone oil. A 250 watt immersion
heater controlled by‘a variac was used in conjunction with a magnetic
stirrer, The thermometer was kept close to the sample to prevent ény
eYrors duevto possible gradients in the oil bath.

The external surfaces of the 3000 ml begker comtaining the oil were
covered with a reflective eoating and insulation to reduce thermal losses

due to radiation and conduction. With these precautions and the variac
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Figure 9, Sample Holder Assembly



28

controlled heater, temperatures from 25 to 230 °C could be achieved
and held constant within ¢ 0.5 °C. Measurements were not made too
‘near the transition points of the sample used, so that any change in
capacitance due to thermal drift would be small in comparison to the

dependence upon frequency.



CHAPTER IV
RESULTS
Zero Bias Measurements

A typical result of the dielectric constant versus measuring
frequency investigations is depicted in Figure 10, for sample PZST-6
at zero biasing field and low (less than 20 volts/cm) measuring field
strengths. Recalling that at 25 °c this sample is ferroelectric, one
observes from the figure that the dielectric constant displays a
linear log dependence upon the measuring frequency. This can be most
easily represented by an equation of the form

? = [ -
k k' + b In(f/£))
where b and ko9 are constants with k°° the dielectric constant at
ffeqﬁal“to forequal to one cycle per second.
It is also possible to express the dependence as
o=k +k[l-a 1n(f/f°)]
where now ki° represents a frequency independent contribution to the
dielectric @onstané and the frequency dependent term appears in a
mathematical form more convenient to the later discussion. The values
of the éénstants for the curve in the ferroelectric phase in Figure 10
are:
k,® = 385
i
k ? = 188
s
a = 0.0469.

To provide some means of comparing data it was found useful to

29
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calculate a relative percentage change for each set of data. This was
done by taking the differences in the end point values of dielectric
constant, dividing by the midpoint dielectric constant over the previously
mentioned frequency range, and then converting this ratio to a percentage
change. It must be understood that this caleulated value is only meant

to offer some comparison basis among the observed results. The percentage
change for Figure 10 (ferrcelectric curve) is approximately 12 per cent
and this value is rather typical of the changes in the other ferroelectric
materials tested. A more complete comparison will be offered later.

When the PZST-6 sample was heated above the ferroelectriec-antiferro-
electric transition temperature so that the sample was in the antiferro-
electric phase the relative percentage change was reduced to around 3
per cent. The choice. of a percentage chéﬁge to depict results rather
than the  slopes of the curves is evident from Figure 10 where the slopes
are nearly equal, the percentage changes differ by a factor of four.

At temperatures above the Curie point the dielectric constant no
longer displayed a linear dependence upon log frequency. This is not of
prime interest here and so no further mention will be made of this
phenomenon.

The results of the dielectric comstant versus frequency studies at
room'teﬁperatures (23 to 26 0C) and low measuring field strengths (less
than 20 volts/em) are illustrated in Figure 1l1. The relative percentage
changes for each sample are given and range from § to 13 per cent for the
three ferroelectric samples and & to 7 per cent for the two antiferro-
electric samples.

Figure 12 is an equivalent conductance versus frequency plot for

sample PZST-6 at various temperatures and low measuring field strengths.
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The log-~log plots A and B for the sample in the ferrcelectric phase
approximate strajght lines with slopes of about one. The loss tangents
for these curves show slight increases with increasing frequency. Pleot

C represents the sample in the antiferroelectric phase at a temperaturé
of 137 %c., It lies below the ferroelectric plot at 124 °C with both the
capacitance and the loss tangent in the antiferroelectrie phase less- than
in the ferroelectric phase. In the antiferroelectric state the loss tan=-
gent is about one-half or one-~third of that in the ferroelectric state
(0i009 as compared to 0.025 at 102 eps). In the paraelectric phase

(plot D at 170 °C) the loss tangent decreases from about 0.01 to 0.003 in
the frequency range 102 to 5 x 104 cps and then increases abruptly

to Q.045 at 105 cps.

| If only two loss mechanisms are considered, namely hysteresis and
ordinary Joule heating, it would appear from Figure 12 that the loss
mechanism in the ferroelectric state could be attributed almost seclely

to hysteresis since a pure loss of this type would be representable on

a log-log plot as a straight line with a slope of one. A loss due to
frequency independent Joule heating alone, however, would be a line
parallel to the abscissa in Figure 12,

The antiferroelectriec equivalent conductance versus frequency curve
displays a slight flattening at the lewer frequencies. This suggests a
relatively greater importance for Joule heating losses at low frequencies
and, surprisingly, the continued presence of hysteresis losses at higher
frequencies.

The results displayed in Figure 12 for sample PZST-6 are for the
most part characteristic of the data obtained from the other samples.
Later, mention will be made of a sample whose equivalent conductance

versus frequency curves show a very pronounced flattening at higher
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températures'aﬁd low'ffequencies;”pefhaés,offéfiﬁg s®me means of
separating thé‘totél‘loss me@haﬁism'into its compoﬁents°
In’sevérél cases measurements were made with the measuriﬁg field

 strengths near 50 volts/cm. The results shown in.Figﬁfe lﬁ,illustrate.
an enhanced diéle@tri@ @onétant9 as @@mpared to the low measﬁring'field
strength dieleétri@ gonstant. This is true at the 1@#er7§requen@ie§,
but at higher frequen@ieé the high and low,measuriﬁg fiel&‘strength
results approach each other. For both‘samﬁles shoﬁn in Figure 13 the
samples ﬁere more lossy‘in the higﬁer fie1d Strength‘Case than in the
low strength éituati@no At 102 eps, the loss tangent was 0.0255 asv'
compared to 0.0237 for sample PZST-6. This will be discussed more

fully later,
Bias Measurements

Thé‘results'of thé dc‘bias measurements are shown in Figufes 14
Aana 15; Figure 14 depicts diéle@tri@ieonstant versus ffequenéy with de
bias—as.a“paraﬁeteror Curve A of Figure l4 shows thé'zero.bias sitﬁati@n
Aafter,the‘sample had beenvdepﬁled by’h@éting above the Curie~p®ﬁnt and
vslowli eéeling iﬁ the absance 6f a bias field. This measurement was
made with the power supply iﬁ the system and so a,largefqekperimental-
érf@f waé possible than if the sfétem‘ha& not been present. For this
reason the lineérip@rtioﬂ’of the curve has been ext@n&ed in a straight
iine (dotted poftidn)glréthéf than‘to the measured poiﬁt9 since previous
vmeasﬁrements have revealed a @@ﬁpletely 1iﬁear 1ogrdependen@e upon
frequency at zerc bias, Curves E‘and C display a hook at the upper
- fréquen@y end which appears to be the beginning 6f'the rescnance process
: diseussed in\thé next section. The cal@uléﬁed slqggsgandeercégtage

changes pertain only to the linear portions of the plots,
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The fact that the high field stremgth curves lie below the zero field
strength curve can be found upon consideration of Figure 15. The dielectric
constant versus dc¢ field strength curve shows an abrupt decrease above
4 kv/em. This can be explained upon the basis of the hysteresis loop of.
Figure 1. Since k & dP/dE the dielectric comnstant gives the slope of the
hysteresis loop caused by the application of a de field. The linear
portion of the dielectric constant curve below 4 kv/¢m of Figure 15 then .
corresponds to portion OF of Figure 1. The decrease in dielectric
constant past &4 kv/em indicates the decrease in slope of region #@%of
Figure 1. In the saturated region of the hysteresis loop the sl@pé should
eventually reach a constant value which would require another censtant
linear region in Figure 15 past 8 kv/em. Readings at higher field
strengths were not performed to avoid breakdown in the sample, but the
curve of Figure 15 has gone through an inflection point and appears to be
approaching a constant value.
The equivalent eonductance curve of Figure 15 illustrates a gemneral

decreasing trend of losses with increasing field strength.
Poled Sample Measurements

The ferroelectric samples were poled by plaging a voltage of 1500
to 2000 volts across them while at a temperature at least 30 degrees |
above their respective Curie points, and them allowing%them to slowly
cool with the bias remaining., This was done in hopes g%-detecting—aﬂ
piezoelectric resonance similar to that observed in polycrystallime
barium titanate by Roberts (Ri1). The results are shown in Figures 16
and 17. The resonance peaks for both samples are quite sharp and well
defined and both occur near 165 = 170 keps. Using the resonance

frequencies obtained from the graphs, the elastic compliance
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coefficients, 8339 for these materials are:

(PZST=6) 553 = 3,71 x 10“11 cmzldyne
‘ 3 .

(95 HN) s e’ /dyne.

"33

These values are calculated from the equation

- 1,38 x 107}

1

A(tlfr) r

33 ©

where t is samplekthickﬁess,fk is density and F, the resonanﬁ frequency.
The sample 96 HN also showed tfaceé of a resonance, but it was
‘meak compared to the other resonance peaks, Unfortunately the upper
. limit on the measuring frequency was 200 keps so it could not be

determined if other peaks wére present. as would be expected,



CHAPTER V
DISCUSSION AND CONCLUSIONS

It was first suggested that the observed decrease in dielectric
constant with frequency could be due to some sort of Debye relaxation
process. If this were true, the sample response could be répresented
in terms of equivalent circuit parameters. The simplest equivalent

circuit of this nature is given in Figure 18, where Co’ C1 and R are

o 1
‘ —
C —r 1

[e] E; )

(e - R=1lg

Figure 18, Relaxatipn Equivalent Circuit

constants., If the admittances of this cireuit and that of a ferro-
electric sample (Figure 4) are equated, one obtains the following

relations
2 2 2,2
C,=C,+g Cll(g *w CY)
_ 2 2,02 2.2
G, = gclw/(g + W C1 )o
Thesevexpressions yield a single relaxation time (the R=C branch of
Figure 18), however, and since it proved impossible to fit the data
to them, it became apparent that the experimental results could not
be represented in terms of a single relaxationﬂp_,te.zce‘ss°
Another standard equivalent circuit is that shown in Figure 19,
This finds its primary utility in situations involving a resonance

phenomenon, The result of equating admittances is
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2 2
g Cl(l =W LCl)

2.2 2.2
LC))" +wiC,
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2,2 °

gl ~w’ie)? +wlc,

Inspection of the resonance expressions shows: that they differ from
those representing a relaxation process merely by the addition of the
term in brackets and hence that it is often difficult to decide from

experimental data which of the two types of processes is more prominent

O—

1
————-Co R=1/g
L
e e

Figure 19, Resonance Equivalent Circuit

in a particular case.

This simple model also proved inadequate to fit the data at hand
and it was deémed unprofitable to search for a more complicated
equivélent circuit until such time as a clearer picture of the micro-
scopic phenomena causing the dispersion is available.

In light of previous investigations, two of the more plausible
physical explanations of the dielectric cénstantidecrease with frequency
lie in (1) a-polarization switching due t‘_o-doméinﬁwallymoition9 or (2)

a relaxation due to interfacial polarization. The léffer case, however,
need not involve a nonferroelectric layer adjacent to the electrodes but
could be associated with thin layers between grgins in the ceramiec.

Although the idea of an interfacial polarization has merit, the
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observed decrease in dielectric constant is larger than that found by
Gerson (Gl) in a similar material and attributed by him to an inter-
facial polarization. The relative percentage changes of his results are
roughly one-fifth to one=sixth of those observed in this work.

Consequently, an explanation of the dielectric constant decrease
with frequency found in the present work will be sought in the mechanism
of a polarization switching due to domain wall motion. The work of
Landauer, Young and Drougard (L1) suggests that a dielectrie constant
measured during a switching process should display a dispersion with
changing switching frequency. Based upon Merz'’s rate equation

Q%o( exp(=const/E),

d
they shqwed that the shape of the hysteresisvloop was dependent upon the
time allowed for the switching process. This implies that if switching
is taking pléce and the hysteresis loop changes shape with changing
frequency, the dielectric constant will also be dependent upon frequency
since k o« dP/dE. A simple check to show the nature of the dependence
upon frequency of the dielectric comstant was performed by taking the
slopes (dP/dE) of the hysteresis loops illustrated by Landauver, Young.
and Drougard, and plotting them against a frequency parameter (found
from the approximate ¥ise rates associated with the curves). When this
was done, the result was a log linear dependence of dielectric constant .
upon frequency over the frequency range employed in the present study.

These findings would lead one to believe that the dispersion
observed in the present work can also be explained in terms of some
nature of switching progess, Geﬁeféliy polarization reversal is classi-
fied into three types: (1) nucleation of antiparallel domains, (2)

forward domain wall motion, and (3) sideways domain.wall motion, The
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latter two cases have been previously mentioned in Chapter I. In light
of a large number of observations, Jona and Shirane (J1) have concluded
that the process of polarization reversal is governed mainly by domain
wall motions. They point out in Chapter IV of their book that a 180°
wall is not very likely to move as a unit parallel to itself, but
perhaps sideways wall motion could effectively ocecur controlled by the
nucleation of reversed domains at an existing 180° wall.

For these reasons it seems feasible to propose a m§de1 similar to
that of Sannikov (S1) where a 180° wall is allowed to move sideways in
the presence of an external field, (In the context of the following
discussion it is to be emphasized that the term "external fieldﬁ means
the measuring field.) Consider Figure 20 ﬁhich depicts two antiparallel
domains existing in a single grain of the polycrystalline sample.
According to Sannikov, a sinusoidal field applied parallel to the domain
wall will cause it to oscillate with the frequency of the external field
but perpendicular to the field direction. This is due to a pressure
p = =2P°E exerted by the field on the wall, with Po the static polariza-

tion in the uniform ferrcelectric and E the applied field strength.

Figure 20, Domaim Wall Motion Switching Model

In Figure 20-a, as the field increases in the direction shown, the
wall moves to the right at the expense of the right hand domain. The

result is an increase of polarization along the direction of the field.
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This-pplarization is in addition to the increase in polarization caused
by the "stretching” or "compression™ of the individual dipoles labeled
P(s) and P(c) respectively in the figure. It is this latter stretching
that is normally considered in nonferroelectric materials and represents
the situation where hysteresis is not observed. More simply, in the
absence of any switching, the dielectric constant is measured solely
due to this stretching or compression of individual electric dipoles.
Returning to the part of the polarization caused by the domain
wall motion, it is then supposed that this palarization fluctuates
with the frequency of the field, taking on both positive and negative
values. In other words, with the application of a periodic field
which has persisted for sufficient length of time, the total polar-
ization must also be periodic in time. Generally, however, this
polarization will not necessarily be in phase with E, but will show
a phase shift @, Consider the expression

= - = * «© :
P=2D eoE (k 1)eoE,

with k* previously defined as

k* = k? = jk",
From these two expressions one obtains

P= (k' = l)eOE » jk"éoﬁ,

showing the total polarization is composed of a real and an imaginary
part. The right hand term in the above expression represents a loss
in that it is 90° out of phase with the external field. This can be
depicted as in the vector diagram of Figure 21 where P1 and Pn are
given by

P, = jk"eoE

a (k0 - \
Pos (k 1)e B
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Figure 21. Vector Diagram Showing
‘Components of Total Polarization
From the figure the tangent of the phase shift angle is apparently -

k™ E
tan § = D

TN A °
- 1)€0E
In Chapter III it was shown that
k™ = k'tan §,

S0

kitan 6
k' =1 °

tan @ =
"But k* = k* - 1, since k' is of the order of1500, and this results in

tan § = tan &
The loss part of the polarization P1 is then representable as

P1 = k'eoE tan §,

This out-of-phase component results in an elliptical Lissajous figure
when plotted on a P<E diagram (Figure 22). The in-phase component of
the total polarization, Pn’ is represented in the figure as a straight
line, %

Pt v

Pl//’ Pn
A ’// A B

Figure 22. Polarization Components
Plotted on a P=E Diagram

It should be pointed out that the component P does not merely
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represent the in-phase component of the switching polarization but rather
the sum of all in-phase components of polarization to stretéhing-9 com=
pression, switching, etc. In like manner P1 includes the total of out-
of -phase parts resulting from all nature of losses. If all losses are-
considered negligible in comparison to domain wall motion loss; the
magnitude of this partieulai loss can then be directly caleulated from
the area of the elliptical Lissajous loop.

At higher frequencies (Figure 20-b) it is supposed that the domain
wall boundary cannot continue to move along as well with the rapidly
cﬁanging field. This implies the effective disténce the wall can move
from its equilibrium position (at no external field) decreases with in-
creasing frequency. Such an effect has been mentioned by Little (H&)o
1f the wall is displaced by a smaller amount (x') at higher fréquen;ies,
the result is a decrease in the total switching polarization from Ps to
Ps°, and ultimately a decrease in the dielectric constant. Although the
total switching g@tarization decreases, the component.of this polariza-
tion which represents a loss may increase. This arises from the fact
that as the field oscillates faster and faster there should be a
continuing increase in the loss angle. It was actually observed in the
experimental work that the loss tangent showed a slight increase with
increasing frequency. These suppositions are consistent with the results
of Sannikov’s theoretical treatment which leads to a complex.suscepti-
bility showing the same frequency trend.

It is unfortunate that the actual total polarization due to switching. .
by do@ain wall motion cannot be obtained, for at best only the value of
P, can be calculated. The total polarization P as shown in Figure 21 is

1

related to its components by
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RS LR
Since there is ne unique way to determine the fraction of Pn resulting
from the assumed switching mechanism, the value of PS is likewise un-
obtainable.

It has been mentioned that the loss is characterized by the area
enclosed by the elliptical loop. This enables one to determine the
various loop parameters from the conductance data. Again it is pointed
out that interpretation of results from a microscopic point of view
must take recognition of the fact that the exper;méntal specimens. were
made up of randomly oriented dqmain regions and that consequently the
values of the calculated dielectric parameters have true meaning . only
as being characteristic of the entire sample.

The power dissipation in a dielectric is normally calculable as

W= G2
with V the rms value of the applied external voltage., On the other
hand the value of energy density lost per cycle must be

U =wP.E

1 " max

where now P1 represents only that portion of the total polarization
which is out of phase with the field and Emax is the maximum value of
the sinusoidal electric field strength, To find the power dissipation
one multiplies this value by the sample volume and the frequency, or
W= UVSE .

Combining these expressions one obtains a value for the appropriate
loss component of the total polarization,

G, v?

1 - TV E °
S max

P

For sample PZST-6 (Vs = 0.3456 cm>) at room temperature , 102 cps
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and with E = 14 volts/cm cne finds
max

Gx = 8,5 % 10°9 mhos
and

2 . -8

We=GJV" = 2,65 x 10 ~ watts/sample,

hence
P, = 1.7 x 10" cout/em?.

The caleulated P. is the result, as previously described, of all

1
loss mechanisms. For purposes of the following discussion, it will be
assumed that the domain wall motion loss is the only one of major
consequence and P19 then, will be taken as a measure ¢f the loss come
ponent of the switching polarization Pso As such, it also serves as

a lower limit value for Ps.

Using the value of P1 calculated above it is possible to obtain
the minimum portion of the sample contributing to the switching process.
Consider a cubic unit cell with an edge length of 4.1 x 1098 em, This
value is the approximate edge dimension of the unit cell in the para-
-electric phase, but will suffice here. The unit cell volume is then
found to be

V, = 6.9 x 10723 on’,
To reverse the polarization of the entire sample requires a coercive
field of the order of 5 kv/em with a spontanecous polarization of
2.5 % 10"5 coul/cm2 (N1). Hence comparing the switching model polari-
zation to the entire sample polarization, ome can obtain a rough
estimate for the fractional part F of the sample contributing to the
switching proce#sa
(®))

F = mo@el

L

®_)

sp entirelsample
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At 102 cps
F=6.8x 10,
From the sample volume and unit cell volume the total number of unit
cells in the uniform sample is found to be 5.0 x 10219 and hence roughly
1015 unit c¢ells contribute to the switching process. This is something
iike one-miliionth of the sample,

let us recapitulate the bases upon which this conclusion has been-
reached, It was assumed thatbéll losses were due to domain wall motionm.
Certainly some Joule heating losses are present but these should be
negligible since the dc resistivity of PZST-6 is around 109 ohm=cm,
Furthermore there still exists the possibility of loss-associated with
nonferroelectric regions in the sample and with the presence-of geweral.
relaxation-type mechanisms common to all dielectgic materials. The
presence of any of these losses would result in thé value of F being
too large.

The use of only a component of the total switching polarization is
not as illustrative as would be the use of the actual value ré, However,
since no unique method of calculating the part of P which is due. to
switching is possible, the value of Ps cannot be aseertained.

Although the calculation of the fractional part of the sample
contributing to the switching process suffers from obvious weaknesses,
the fact of prime importance is that the experimental results can be
reasonably interpreted in terms of a model of this nature.

The switching model would be strengthened if a larger ac measuring
field strength produced a larger dielectric constant. Such is indeed
the situation at the lower frequencies as depicted in Figure 13. This

should result from the added pressure on the domain wall ¢ausing a
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larger value of Pso A larger loss is also observed, again consistent
with the view that the phase of the switching polarization differs
from that of the field,

The results obtained from the dec bias measurements can also be in-
corporated into the model. At bias field strengths less -thdm that
required for sample saturation, the dielectric comstant versus frequency
results remain essentially unchanged. That is, the dependence: of
dielectric constant upon log frequency is still present as was illus-
trated in Figure 14. This does not necessarily contradict the model
since it has been shown only a small number of unit cells (and hence
domain walls) contribute to the switching process and the presence of
the less-than=saturation dec field does not infer that all domain wall.
motion due to the ac field should cease.

At higher de¢ field strengths it is assumed that the majority of
the sample has a polarization in the direction of the field. Tdeally
if the entire sample were poled in one direction, domain walls would
not exist. Plot C of Figure 14 illustrates that the relative per-
centage change (and slope) has decreased at the higher dec field in-
dicating a lesser amount of switching taking place. Since the
equivalent conductance is a direct measure of the loss mechanism, the
equivalent conductance curve of Figure 15 strengthens the idea that
the switching mechanism deereases with increasing d¢ field strength
as expected.

Up until now the model has been discussed mainly in terms of the
loss component of the polarization. Recalling the equation expressing.
the dependence of the real part of the dielectric constant upon

frequency
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ko = k0 o+ ksv[l - a 1n(f/fo)],
it is now easier to understand this behavior on the basis of the model,
Because of its logarithmic nature, it seems reasonable that the term
on the right, representing the frequency dependent part, can be inter-
preted ag a contribution due to the domain wall motion. Mathematical
verification of this point, however, is difficult since the real part
of the dielectric constant is representative of the real part Pn of the
total polarization and the part of Pn which is due to domain wall motion
alone cannoct be uniquely ascertained. Qualitatively this idea is con-
sistent with the model which assures us that as the frequency imcreases
(1) the domain wall motion less angle inereases and (2) the magnitude
of Ps decreases. Both of these effects lead to a decrease of Pn (and
hence of k7).,

Thus far no mention has been made of the antiferroelectric sample
observations. However, comparing the results of k? versus f ds depicted
in Figure 11, tﬁere at first appeafs to be a basic inconsistency in
that the antiferroelectric materials also obey an equation of the form

k= k. + k °[1 - a la(£/£ )],

For sample 100 HN which is antiferroelectric at all temperatures, the
room temperature values of the constants in this equation are:

ki” = 367

kS“ = 48

a = 0,0543,
The use of ks” to designate a dielectric contribution due to switching
now appears as an unlikely situation, since none should occur in the
antiferroelectric phase. An antipolar dipole array cannot display any

dielectric hysteresis,
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From examination of the slopes of the equivalent conductance curves,
however, it appears as though a hysteresis type loss is present. In fact

it is possible to calculate a value of P For 100 HN at 102 cps and

1°
room temperatures one finds a value of
P, = 9.0 % 10‘312 coul/cmz°
This is about one-half the value found in the ferrcelectric sample, but
more significant is the fact that a polarization loss of this magnitude
is still present. Thus assuming that the ferroelectric model and
mathematical treatment are valid, it appears that perhaps a part of the
antiferroelectric sample is switching. Since a purely antiferxoelectric
material cannot display domain wall motion, this implies that both
ferroelectric and antiferroelectric phases exist in the polycrystalline
material, with the latter phase more dominant. Such an implication is
not as startling as it may first seem, for the free energies of the two
phases are quite close and it is congeivable that a distribution of
free energies may exist in the specimen. Further evidence along this
line lies in the peculiar hysteresis loops that have been aobserved in
other samples of the hafnate group near antiferroelectric-ferrcelectric
transition points (N1). These loops are the double hysteresis loops
normally observed near the tramsition points superimposed upon a normal
ferroelectric loop and hence suggesting the coexistence of both phases.
In retrospect, the proposal that both ferroelectric and antiferro-
electric phases may coexist in these cerami¢ specimens is based essen-
tially on the observed abnormal hysteresis loops and the dgreement of
the experimental results for the antiferroelectric samples with the
model proposed for ferroelectric materials. The fact that the anti-

ferroelectric changes have the same trend in reduced degree is pro-

vogative but must be interpreted with caution.



CHAPTER VI
AREAS FOR FURTHER STUDY

It is eclear from the previous considerations that several obvious
areas for further study exist as well as some areas which are not so
obvious. A truly definitive experiment which could.be performed to
validate or possibly disprove the ideas presented here would be most
desirable but it is still not at all evident what its nature should
be.,

Since the model given in this study is essentially that of Sannikov
(S1), it would be worthwhile to judge whether or not the experiméntal
results obtained fot the ceramic¢c samples could be fitted to hisrexpreséi
sion for susceptibility or to a modification of it. From the practical
point of view it would also be of importance to fit the results to a
more complex resonance equivalentvcircuit thgﬁ that shown in Figure 19.
This should afford a hint as to what modifications might be necessary
in Sannikov®’s susceptibility expression in Qrder to describe the be-
havior of polycrystalline materials like those employed here.

Extedﬁion of the frequency range to lower frequencies should show
a further increase in the dielectric constant. Gersoﬂfé conclusion
that no switching was present in his low frequency measurements was
based upon the fact that the lead zirconate titanate sample without
niobia added (to lower the coefeive field), showed a larger change in
dielectric constant over the frequency range than the sample with
niobia° Since it would be expected that the sample with the low coer-

cive field should provide a better situation for a switching

56
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mechanism to take place, he decided that perhaps he was observing a
phenomenon related to interfacial pclarization. In the model proposed
here, however, the coercive field is not considered since it is supposed
that only a small portion of the sample actually partakes in the
switching process. Thus it seems plausible that Gerson'’s results could
be explained in terms of this model,

It would be interesting to extend the upper frequency range for
several reasons. First, there should be a resonance at a~hi§hér
frequency as predicted by Sannikov'’s theory, and secondly, a band of
piezoelectric resonance peaks should follow the single peaks shown in
Figures 16 and 17 for the poled ferroelectric samples.

A less obvious area for further study is am investigation of the
possibility for a separation of loss mechanisms by use of the equivas
lent conductance versus frequency results. For most ferroelectric
samples used here the hysteresis=type or switching losses are far more
dominant than the Joule losses and the flattening in the low frequency
range of the equivalent conductance curve:was slightly detectable only
in the antiferroelectric materials. Howeﬁer one polycrystalline sample
supplied by Sandia Corporation (but not studied extensively in this
work) showed interesting characteristics as depicted in Figure 23. The

composition of this cerami¢ was Pb(Hf )O3 and it was

0.8272"%0.11287*0.06
ferroelectric under normal laboratory conditions. As the figure illus-
trates, with increasing temperatures the presence of Joule losses is
more easily detectable, and in fact at the higher temperatures the Joule
losses dominate,

Curves of this nature could provide a convenient means of separating

the two sorts of loss mechanisms. Although other sorts of loss
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meéhanisms are neglected (such as frictional losses encountered by

rotating dipoles), this area surely me%its further consgideration,
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