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ABSTRACT

THE DYNAMIC BEHAVICOR OF DOMAIN WALLS
IN BARIUM TITANATE

by
Elizsbeth Alden Little

Submitted to the Department of Physics on August 23, 1954 in
partial fulfillment of the requirements for the degree of
Doctor of Philosophy.

The nucleation and growth of 180° (antiparallel) domains
and 90° domains in barium titanate single crystals have been
measured with optical techniques.

The creation of 180° domains proceeds by the mucleation of
long thip spikes with an initial velocity along the polar axis of
about 10'cm/sec, for E = 5 kv/cm. As neutralizing electric charges
accumilate at the domain walls, the spike widens to form a wedge-
shaped domain and the total switching time is determined by the
slow growth velocity of such space charge compensated wedges.

The growth of 90° domaine in an electric field also begins
by the nucleation of long thin wedges. Direct measurements of the

> nucleation rate as a function of time and field strength show that
2 this rate traverses a maximum as a function of time. The maximg

N growth rate of a single wedge approaches asymptotically about 10
cm/sec with increasing fields. After a 90° domain has been intro-
duced into a single domain crys’oal6 its growth may be described in
terms of the sideways motion of 90° walls. The displacement of a 90°
wall is strongly dependent on strains and the state of clamping of
the crystal, and wall motion appears to cease for frequencies in the
megacycle range, where the piezoelectric resonances of the whole
crystal set in,.

o}

The differences between 180° and 90° wall motion are related
e to the wall structure and thereby to the wall thickness and energy,
2 both of which are lower for the 180° than for the 90° wall.

The interaction of 90° and 180° domains has also been investi-
gated, By the growth of 180° domains, 90° walls may become head~to-
head or tail-to-tail walls. Such interactions lead to notably long
relaxation times,

Finally, the rotation of the optical axes of single domains in
electric fields has been measured. A gmantitative discussion of this
experiment has been based on an expansion of the shear terms in
Devonshire's equation for the free energy of the ferroelectric crystal,
and an approximate value for the energy of a 90° wall has been derived,

Thesis Supervisor: A, R. von Hippel
Title: Professor of Electrophysics
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I. INTRODUCTION

Barium titanate is a material with remarkable propertiss.
First reported in 1942 by Wainer and Salomon (1) as having
unusual dielectric characteristics, it revealed uncommon elec-
trical, mechanical and optical properties in rapid succession.
Investigations performed at the Laboratory for Insulation Research
by von Hippel and co-workers (2,3) and shortly thereafter in
Russia by Wul and co-workers (L), established barium titanate as
a new ferroelectric material. At the Curie point near 120°C, a
phase transition from cubic to tetragonal occurs (5) and hystere-
sis loops develop; at room temperature the c/a ratio has reached
about 1.,01. Two additional phase transitions are observed near
0°C and -80°C (2,3)e The ceramic when prepolarized, is strongly
piezoelectric (6).

With the discovery of a method of growing good crystals
from ternary melts (7,8),measurements on single crystals were
made possible. The several phases can be characterized as follows
(9,10). Above 120°C the crystal is cubic with no spontaneous
polarization. Below 120° a spontaneous polarization, Pg, of about
0.26 coul./n? # develops. From 120°%C to 0°C, Py is directed
along a <100) direction, from 0°C to - 80°C along a <110 direc~-
tion, and below - 80°C along a <111> direction of the original
cube. In each case the mechanical deformation of the lattice is

proportional to the square of the polarization: expansion takes

#MKS units will be used.



place in the direction of the polarization and contraction at
right angles to it. It follows that as the temperature is
lowered from above 120°C, the crystal symmetry changes succes-
sively from cubic, O, to tetragonal, Chv’ to orthorhombic, 02v’
to rhombohedral, C3y (11).

In the tetragonal phase with which the present study is
concerned, the optical ellipsoid is uniaxial negative (9) and
the birefringence, n,-n,, where n, and n, are the indices of
refraction along the a and ¢ axes respectively, is proportional
to the mechanical deformation (9, 10). The birefringence is about
-0,055 for sodium light at room temperature.

The dielectric constants of single domain crystals for
fields applied in the o and a directions have been measured
by Mertz (10). The susceptibilities at room temperature are
Xq= 5000 and X =300 (where X.= & — | ). Measurements of
the ﬁielectric constant as a function of frequency have indicated
a relaxation commencing in the ceramic at about 108 cycles. (12,13)

In the perovskite structure of barium titanate, the barium
ions are at the corners, oxygen ions at the face centers and ti-
tanium ions at the body center of the simple cubic unit cell.

The spontaneous polarization is generally considered to be asso=-
ciated with the displacement of the titanium ions from the center
of the original cube, Because of the relative simplicity of

this structure, barium titanate is a ferroelectric materiai for
which there is hope of an eventual detailed theoretical description.
As von Hippel (1L) has suggested, to explain the existence of a



spontaneous polarization, both lonic and covalent bonding must

be invoked and a feedback effect introduceci correlating the
motions of the titanium and oxygen ions. Slater (15) has shown
that the Lorentz field at the titanium ion, enhanced by the
presence of the (330) and (3}1) oxygen ions, is more than enough
to account for a spontaneous polarization. Devonshire (16) has
advanced an "interaction" equation ;ﬂ‘hiCh is useful for correlating
experimental parameters.“ Before a final molecular theory can be
formulated, more detailed experimental information is needed.

After Matthias and von Hippel (17) discovered the existence
of domains in the ferroelectric phases of barium titanate, Forsbergh
(9) described the observed domain geometry in detail. 90° domains
are regions of uniform polarization formed in the tetragonal phase
by twinning on {101} planes of the crystal, That the optical
axis changes by 90° across a domain boundary can be verified with
a quarter wave plate. "90° walls", as these twin planes will here-
after be called, are visible because of the distortion at the
wall, Such domains are introduced into a crystal by the advance
of thin wedges (17,9).

Recently it has been shown by optical means that there also
exist domains formed by {100} twin planes (18,19). Since there is
normally no distortion at such a twin plane (180° wall) and a
polar axis change of 180° can not be detected by either optical
or x-ray techniques, the existence of these antiparallel domains
was originally concluded by indirect evidence from distorted
hysteresis loops (10,1h).



The initial polarization curve of barium titanate, the
dielectric non-linearity, hysteresis loops and their frequency
dependence are to a large extent caused by the generation, motion,
and interaction of domains. In contrast to the opaque ferromag-
netic materials, where domain effects can only be studied at the
surface by the Bitter technique, the transparent ferrcelectrics
allow an optical investigation throughout the volume by birefring-
ence observations. In this way, static domain patterns as well
as domain dynamics can be followed in all details and the electrical
characteristics of the material interpreted by unambiguous optical
evidence., This knowledge is needed for an understanding of ’ghe
operation, possibilities and limitations of ferroelectric devices
like transducers, memory devices and dielectric amplifiers. The
present study on the dynamics of domain walls is a first install-
ment to acquire this knowledge.



II, EXPERIMENTAL PROCEDURES

Preparation of Crystals

The crystals used in these experiments were grown from
ternary melts following the method of Matthias et al. (7,8).

By varying the composition of the melt and the heating cycle over
a wide range, a variety of growth habits, crystal sizes and de-
grees of perfection conld be obtained. By trial and error the
"best" kind of crystal for the proposed research was es:bablished.
Large crystals and "¢" crystals, - that is, flat crystals with
the polar axis perpendicular to the crystal plane,- have too many
domains for simple visual experiments. In contrast, very thin,
perfect "a" erystals - crystals for which the polar axis lies in
the crystal plane, - prove ideal for visual experiments. The
receipt finally used provided a maximum yield of these thin "a"
crystals.

Fifty grams of BaCl,, twenty-five grams of Ba.GO3 and five
grams of TiO3, ground together in a mortar, were heated in an
alundum crucible in one half hour to 1400°C, held at this peak
temperature for one hour, and then cooled (in one hour to 1200°¢,
in five hours to 900°C). After dissolving the BaCl, flux in
water, the single domain *a' crystals were selected by microscopic
inspection. The crystals thus obtained are about ten microns
thick and 400 x LOO microns® in area. While the large faces are
{100} planes, the edges may be <100? or (101) directions. We
will call such crystals [100] and [101] crystals respectively.
Although the small size causes experimental difficulties, the



-10-

simplicity of the domain patterns justifies the effort. Because
of the thinness of the sample, most domain patterns varied only
in two dimensions, that is, domain walls extended through the
thickness of the crystal.

After heating above the Curie point, a perfect thin "a"
crystal will almost always cool as a single domain "a" crystal.
Two reasons for this behavior immediately suggest themselves.
Either there is a slight memory built in during the crystal growth,
or else, as in the magnetic case, the depolarizing field plays a
part in domain formation. Since extraneous deposits or electrodes
on crystal surfaces can sometimes determine the direction of the
polar axis after cooling from above the Curie point, the domain
habit of thin "a" crystals appears to be not entirely determined
by built-in strain. On the other hand, the availability of free
charge to neutralize the closing fields and the important effects
of slight strains and imperfections on domain formation suggest
that the depolarizing fields may not play as important a role in
domain formation at the Curie point in a barium titanate ferro-
electric as in ferromagnetic materials. Possibly both effects
are present in greater or lesser degrees depending upon the con~-
ductivity and perfection of the crystals.

To provide electrodes, the crystal is laid flat on a micro-
scope slide and, by using a micromanipulator, Dupont silver paint
#45h8 is spread along the glass and onto two opposite edges of
the crystal. This is a difficult procedure and, undoubtedly, the
resulting electrodes are not perfect. However, no effects

attributable to poor electric¢ contact were encountered, hence



the electrodes seemed adequate. Since the crystal electrodes are
continued by the silver paint on the glass, wires can easily be

attached to the paint well removed from the tiny crystal itself.,

Microscopic Technigues

Because of the birefringence of barium titanate, the po-
larizing microscope is the ideal tool for a study of domain
structure, Viewed along the polar axis, a domain acts as if in
the cubic phase and appears Wl.ack under crossed Nicols. Viewed
perpendicular to the polar axis, as in the case of our "a" crystals,
a domain will transmit light unless the light is polarized parallel
to the "c" or "a" axis, In the latter conditions the domain is
oriented at extinction.

Since the mechanical, electrical and optical axes are re-
lated, (cf. Appendix A), the extinction direction will be rotated,
if the crystal is distorted electrically or mechanically. By ob-
serving the rotation of the extinction direction in an electric
field, the uniformity of the field and the existence of strains in
the crystal can be studied.

The optical magnification in these studies ranged up to
1100X,

Two tools were used for measuring wall displacements: a
micrometer eyepiece, suitable for most observations, and micro-
photography, for very high magnifications or fast processes., For
photography, a Lande camera proved invaluable as a descriptive
recording device; a 16 mm Cine-Kodak movie camera with frame

speeds up to 6L per second served for wall motion studies. Wall
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nmovements down to one-half micron could thus be measured easily
on a standard microfilm viewer.

A carbon arc lamp with a water cell for cooling provided a
high intensity light source., It was found possible to achieve a
sufficiently intense illumination, by very careful alignment of the
optical system, for taking photographs with Super XX film at 1100X
magnification and 6l frames per second with the Nicols crossed and
the crystal axes oriented at L5° from extinction, For photo-
graphs with the axes near extinction, the magnification had to
be decreased to 250X and the frame speed lowered to 16 frames
per second. Though the Nicols need not be crossed for the obser-
vation of a 90° wall, internal scattering of light in the micro-
scope for parallel Nicols proves disturbing. The exposure data
given above represents the maximum speed and magnification at
which readable films could be obtained.

For photographs of any kind it was found essential to have
a prism and telescope arrangement above the ocular for final
adjustments and visual observation of the crystal during filming.

Vibrations of the microscope stand were suppressed by foam
rubber. A light tight adapter prevented direct contact between

the microscope and the camera.

Electrical Instrumentation

A small furnace fitting the microscope stage allowed ob-
servations at temperatures up to 150°C,
To provide various types of electric fields, several power

supplies were used. Short rectangular pulses of from 10 to 200
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microseconds duration could be produced by the pulse generator
of Fig. 1 a. For pulses % to 3 microseconds long, the circuit
shown in Fig., 1 b was empioyed. Observation and calibration
of the pulse shape and height were made with the help of an
oscilloscope connected across the crystal electrodes, The rise
and decay time of the pulses proved negligible compared to the
pulse length except for the % microsecond pulses which were
slightly bell-shaped. The width of such a pulse at 70% of its
height was % microsecond.

For rectangular pulses of the order of seconds or longer
a toggle switch connecting to "B" batteries was employed (switching
time < 1/100 second). A

AC fields were provided by a standard low frequency genera-
tor ranging from 10~2 %o 103 cps; by an audio oscillator covering
the range from 20 to 20,000 cps; and by a bridge oscillator
giving the selected frequencies - 30, 70, and 300 kcps. Wave

forms and voltage amplitudes were measured on a scope.
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ITT. ANTTPARALLEL DOMAINS

An electric field across a barium titanate crystal tends
to increase the total polarization in the field direction by
four processes: the polarization in a single domain may rotate;
the permanent momeht may vary by additional displacement of the
ions (induced moment); favorably oriented domains may grow at
the expense of neighbors not so favorably oriented; and new
domaing may form. While all four effects will occur, we are
concerned here with the last two preferentially.

In a "c" crystal or a [001] crystal with the polar axis
parallel to the field, a field opposite to the polar axis will
favor the creation and growth of antiparallel domains, However,
since there is normally no observable distortion at 180° walls
at magnifications up to 1100X, antiparallel domains in such
crystals are not visible. Mertz first (18) made 180° domains
visible by applying an electric field normal to the ¢ axis
of the crystal., The polar axes in adjacent antiparallel domains
are rotated in opposite directions by the field and therefore
differ in their extinction directions (Fig. 2). For an optical
study of the dynamic behavior of 180° walls, thin "a" crystals
with {101} edges are therefore uniquely suited. One component
of the field makes the domains visible and the other component
forces the domains to grow. If not very large fields are applied,
the additional formation of 90° domains can be avoided. Fig. 3
shows such a2  [101] crystal with its antiparallel domains: the
domains of one polarity are in extinction (black) and those of the

opposite polarity transmit iight.



E \C—llso" wall

Fig. 2. Rotation of polar axes near a 180° wall
in a field perpendicular to the wall.

Fig. 3. 180° domains in a [10] crystal.
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One can observe visually that a transition region of about
1 micron width at the wall does not rotate in the field and that
a very slight optical distortion extends as far as 5 microns into
the crystal,

For the subsequent section the field strength, E, quoted
is applied to the [101] crystal; the field component inducing
growth of domains is only E/f2. A field strength is desivgnated
as negative when opposite to the initial polarization of the

crystal.

Nucleation and Initial Motion

In studying the growth of antiparallel domains, we have to
answer several questions: how do antiparallel domains form?; how
fast do the domains grow in the ¢ direction?; and how do they
widen perpendicular to the polar axis in a gi\fen field?

As a starting experiment short rectangular pulses were
applied to a single domain crystal.

A negative pulse of 7.h kv/em (length 200 microseconds or
shorter) applied to a single domain crystal at extinction causes
normally nothing but a barely perceptible flash of light no matter
how many such pulses are applied in succession. Reversing the
field direction shows nothing different; We cannot say for sure
that no domains were introduced by the pulses, but certainly no
permanent domains were formed, With continuous pulsing, occasionally
some thin (} to 5 microns at the widest part) spikes appear, ex-
tending from one edge nearly across the crystal (0.05 cm); they

remain visible for as long as a second after pulsing., For as
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many as fifty subsequent pulses these same wedges have been ob-
served; they do not appear to grow. If the direction of the
field is now reversed, the first pulse will reveal for about a
second the same wedges shortened to about 0.0l cm.

No wedges were ever observed to form for pulses shorter
than 10 microseconds in fields up to 11 kv/cm, or in fields
below 7 kv/cm for pulses shorter than 200 microseconds. (A
spike thinner than 3 micron would not be visible.)

Additional information was obtained by performing the in-
verse to the preceding experiment. A few large (20 microns wide
and 500 microns long) antiparallel domains were introduced into
the crystal by a low negative DC field. These wedges, left un-
disturbed, will remain in the crystal for 2L hours or longer.
Short positive pulses (E = 7.4 kv/cm) spaced several seconds
apart were applied to remove the wedges and the number of pulses
required recorded as a fanction of pulse length (Fig. L). As
each pulse is applied, the domains still present become visible
for about a second. If the pulse rate is increased, more pulses
are required for the removal of the wedges.

When pulses of 10 microseconds or longer are used, some
domains are removed entirely by the first'pulse; a bright region
left behind fades out in about a second. For pulses shorter than
one microsecond, each pulse narrows the domains significantly and

the wedge tip retreats a little.



60

r-3
(o]
I

No. of pulses
(4]
o

O
o
—r—

E=7.5kv/cm

20
10
o 1 1 e
.2 2 20 200
Log of pulse length
(p sec)

Fig. 4. Number of pulses required to
remove 180° domains as a
function of pulse length.

-19=-



-2 (O

Discussion

Two tentative conclusions can be drawn from these ex-
periments, (1) The formation of an antiparallel domain be-
gins as a spike at the edge of the crystal; it extends along
the polar axis with a velocity between 5x103 and leoh cm/sec.
(2) Space charge effects appear associated with the stabiliza-
tion of the wedges; their relaxation time in our crystals is
"~ of the order of a second.

This second conclusion, based on the visible after-effects
of pulees, requires a closer examination. If a 180° domain is
wedge~shaped with a wedge angle O, the saturation polarization,
Pg, produces a large electric field, ~ g 51n® ~ 1076 © W[y,
at the walls, caused by the free ends of the dipole chains., Such
a field should create a large lattice distortion near the 180°
wall, but quasi-stationary domains with a wedge angle of 200 or
more do not show such distortions. This suggests that a com-
pensating electric charge accumulates and neutralizes the ends
of the dipole chains.

Since the initial wedge velocity is so high, and the re-
laxation time of the free charge according to the fading of the
bright region is of the order of a second, the space charge is
not able to follow the domain wall motion during the initial
propagation of a 180° domain or during the motion caused by a
pulse of 200 microseconds or less. However, thin domains without
appreciable wedge angle might be nucleated and removed by short
pulses. As soon as compensating charge can accumulate on domain

walls, domains are stabilized.
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This concept receives support from the experiment which
measures the number of pulses required to remove domains (Fige b).

The curve found can be expressed by the equation

N=28In % (1)

where + is the pulse length and t, equals 0.15 microseconds.
This increase in the required number of pulses with decreasing
time becomes understandable if the domain wall velocity decreases
as it leaves its space charge behind. Many short pulses spaced
by intervals of several seconds allow the space charge to catch
up and prove therefore more effective in removing domains than a
few long pulses, as long as the pulse length is short in compari-
son to the time constant of the space charge motion.

That an antiparallel domain can be removed by several
positive pulses of the order of microseconds, but not observably
increased by a large number of corresponding negative pulses,
can be explained by the fact that the electrostatic energy of the
closing field is reduced when a domain diminishes in sigze.

These experiments are in line with the concept of von Hippel
(20) that the conductivity of BaTiO3 crystals is of great import-
ance for the dynamics of the domain formation, and with observations
by ¥itsui and Furuichi (21) on the effect of charges on the domains
in Rochelle salt crystals.

Reversal of the Saturation Polarization by Antiparallel Domains

The manner in which spikes widen and lengthen in a negative
DC field until the crystal is completely polarized in the reverse
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direction is illustrated schematically in Fig. 5. The domains
are wedge-shaped at every stage of growth. The last domains to
leave are wide wedges at the edges of the crystal; they are often
difficult to remove completely even with a high field.

To study these slow processes and avoid the formation of
90° wedges, a negative field is applied gradually to a single
domain crystal, reaching its peak field strength, E, in about 3
second, Typical thin spikes starting from both directions extend
across the crystal before E is reached. These spikes tend to
nucleate at identical places at the edge of the crystal when the
experiment is repeated. The number of such spikes, which depends
on E as well as on the time derivative of the field, is plotted
against E in Fig. 6. The times required to reach approximately
50% (a) or 90% (b) reversal is shown as a function of the peak
field strength in Fig. 7, (the areas of opposite polarity were
estimated visually), Since 1/t is related to the velocity of re-
versal and is easier to discuss, this parameter has also been
plotted in Fig, 7 in its dependence on E.

The characteristics show that a minimum field strength of
about 2 kv/cm is required for the nucleation of the wedges. In
fields smaller than 2 kv/cm, no wedges aré formed during the
observation period of 24 hours. For E smaller than about 2.L
kv/cm, the wedges do not grow for times as long as 12 hours.
Therefore, for all practical purposes, in our [10]] crystals
the limiting field, Eg, for nucleation and growth of antiparallel

domains is nearly the same. The growth velocity is slowed down
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Fig. 5. Schematic diagram of 180° domain
switching process in [10] crystals.
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appreciably in the last stages of reversal. This effect is re-

lated to the widening of the wedges; the wedge angles increase

to nearly 30°, Differently expressed, a large field and a long

time are required to saturate or "prepolarize" a crystal,' as has
been observed already by electric measurements (10,1k).

The shape of the curves (Fig. 7) leads again to the inter-
pretation that the advance of spikes, initially fast, is slowed
down as the electrostatic energy of the depolarizing field in-
creases and that growth continues as a neutralizing charge ac-
cumlates on the domain walls, Therefore, we have to distinguish
between two processes: the propagation oi" a spike with no charge
compensation and the growth of a wedge with charge compensation.
Speed and size in both cases increases with the field, and the
time needed for 50% saturation will include both effects, while
the time required to reverse the polarization from 50% to 90%
should primarily reflect the growth rate of wedges with charge
compensation. The mumber of walls present at 507 saturation is
nearly constant for the range 3¢ E<¢6 kv/cm and in this range
the growth velocity of wide wedges increases about linearly with
E-E;. Beyond 6 kv/em, the initial fast mechanism becomes more
predominant, the slope of 1/t ¥vs. E increases and if E could
be made large enough a crystal might be switched to opposite
polarity in a very short time.

Temperature increase appears not significantly to change

_the times of reversal, However, since 90° wedges appear in great
numbers at elevated temperatures and hamper the motion of 180°
domains, no great significance can be attached to these results,
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If one breathes on the crystal the 180° domains move
faster. Also a small photo effect seemed to exist: when the
arc lamp was turned off, switching seemed to take a slightly
longer time. Both effects are consistent with the idea that
the conductivity of the crystals is of importance and that we
have to consider surface as well as volume conductivity.

The major inconvenience for experiments on 180° domains
is the appearance of 90° domains which cannot be avoided in all

[101] crystals. While the results reported are common to the
crystals in which we studied 180° domains, the average width and
number of 180° domains seemed to vary from crystal to crystal.
Since the imperfections and conductivity will vary from sample to
sample, this is not astonishing. In a crystal in which the 180°
domains stay thin over long times, implying a low conductivity,

a restoring force seemed to act on the slow 180° wedges. After
the DC field was removed, the wedges retreat somewhat. We may
here view the restoring force of the depolarizing field.

Dielectric Measurements on 180° Walls

' Since the walls are not simple linear oscillators, AC measure-
ments are not an unambiguous tool for the study of domain dynamics,
but they give important qualitative information. Fig. 8 a shows
the "susceptibility" and loss tangent at high field strengths as a
function of frequenéy for a large "c" crystal. The result that the
wall motion damps out at around 10h cps is consistent with our opti-
cal results. Measurements on the tiny "a" crystals used for visual

observations of wall motion proved difficult because the capacitance
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was only of the order of tenths of micromicrofarads and the
readings, especially of tan ¢ , fluctuated widely. Fig. 8 b gives
some measurements of ’X' for such a [001] crystal, mounted with
the ¢ axis parallel to the field. In this case, ¥’ is plotted
against field strength with fregquency as a parameter.

In both cases ¥ approaches about 300 for low fields., The
critical field for domain motion for the [0OI] crystals appears %o
be somewhat lower than observed visunally for a [101] crystal, even
when the different geometry is taken into a;:connt. This might
imply that very thin and therefore invisible spikes move at low
fields. The measureménts show that domains move at 10t Cps corres-
ponding to a pulse time of about 50 microseconds, That X' increases
rapidly with decreasing frequency and reaches a maximum at lower
fields gives electrical evidence of the slow switching process,

Hyde in this laboratory (2%) found by tracing hysteresis loops

that the slope af continues to increase for frequencies as low

AE
as 1071 cps. This would be expected from our domain observations

with DC fields.

Summary for 180° Domains
The results obtained thus far for the growth of 180° domains

in a (101] crystal might be summarized as follows., If the field
strengbth is larger than a critical field, E,» thin spikes are nu-
c¢leated, probably at imperfections, and move across the crystal
with a high velocity. The spikes slow down as they broaden into
wedges and await the accumilation of compensating charge as they
widen and eventunally merge to saturate the crystal, The total



-30-

switching time is of the order of seconds for fields below 10
kv/cm. The critical field for growth in our crystals is nearly
the same as the critical field for nucleation.

A more detailed model for 180° walls will be given later.
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IV. 90° DOMAINS

A 90° wall is a {103} twin plane and, in contrast to 180°
walls, readily visible by transmitted 1light as a dark line approxi-
mately O.l microns thick, (Fig. 9 a) The ghosts at the edges of
the line are caused by optiéal diffraction. They also appear at
the edges of a crystal at high magnification. The optical axis
of the domains adjacent to the 90° wall stand at an angle of
LSOLSt to the wall at room temperature., This is the angle cor-
respohding to the ratio of the a to ¢ edges in a unit cell,
tan™t afc. (Fig. 9 a) A 90° wall should accurately be called an
88°30' wall, a concept of importance for the study of wall dynamics.
Because of the 1°30' difference in orientation between the crystal
axes across a 90° twin plane, the displacement of a wall by A x

implies slip of one domain with respect to its nelghbor by Ay~ ax

20!

(Fig. 9 b). Naturally, pressure exerted on a crystal, for example by
a needle, can both introduce and move 90° domain walls.

To study 90° domains without interference by 180° domains,
we selected a [100] crystal with the polar axis perpendicular to
the electrodes. A good crystal of this kind is initially a single
domain crystal, A DC field exercises in such a crystal no force
tending tb: create antiparallel domains, but a large torque tending
to rotate the polar axis by 90°. If the field is increased slowly,
at a critical field strength, E., 90° wedges are nucleated (Fig. 10a).
The wedges, 2 to 10 microns wide, extend across the crystal (about
0.05 em) in less than 1/100 sec. Fig. 10c shows, in an unusually

unifcrm‘pat'bern, the wedge structure in detail. If the field is
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(a)

(b)

Fig. 9. a) 90° wall showing 1°30' distortion.
b) 90° wall motion Ax showing corresponding slip a4y
(exaggerated).
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Pig. 10. 90° wedges. a) Nucleation in a [100] erystal for
a positive field, b) nucleation for a negative
field, and c) some 90° wedges.



removed, the stresses caused in the crystal by the presence of

90° domains may frequently force the wedges out of the crystal.
They shrink slowly at first and 'i;hen disappear suddenly. However,
we observed several times, after the wedge had disappeared, a
slight distortion about one micron wide and 10 microns long fading
awey in the direction in which the wedge had disappeared. A close
study of Fig. 10 ¢ shows that near the wedge tips the walls are
blurred.

In a field of opposite polarity (Fig. 10b), 90° wedges will
enter from the opposite side of the crystal. OSuch a polarity de-
pendence for 90° wedges,(in each case they start from the cathode),
was almost invariably observed in all erystals. However, there
were exceptions, particularly at higher temperatures.

For reasons which will become apparent later, a crystal
(called crystal "A") was chosen for the following experiments,
because 90° wedgés.were always forced out of it by stresses when
the field was removed. The field required to maintain wedges in
the crystal was about 1 kv/em; it serves as a measure of the magni-
tude of the mechanical stresses involved. The critical field
strength, E,, of crystal "A" is plotted against temperature in
Fig. 11 for static fields. The similarity of the E; ¥s. T
characteristic with that of the spontaneous polarization or the
strain of a single domain crystal as a function of temperature
(10) suggests that these quantities are related.

Nucleation of 90° Domains
To determine the initial growth of 90° wedges as a function
of time and field strength, a square pulse was applied to the
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single domain crystal "A" and the number of wedges in the crystal
jmmediately afterwards recorded. After a few minutes of rest,
strain had forced the domains out and restored the single domain
crystal, The number of wedges was measured as a function of
pulse height, E, and pulse time, t, (Fige 12). Bach measurement
at a given E and t was repeated several times with very little
scatter; the estimated accuracy is indicated.

No wedges were ever observed for % microsecond pulses and
E smaller than 11 kv/em; for pulse times longer than one micro-
second, every domain observed extended across the crystal; for
times shorter than one microsecond, some wedges did not reach
across the crystal, Pulses longer than 10 microseconds widen the
wedges a little after they have traversed the crystal. However,
no wedges were wider than 20 microns for pulses of 200 microseconds
or less., The expansion normal to the wedge axis proceeds with a
velocity of about 160 cm/sec at 7.l kv/om.

With increasing temperature the fluctuation in the nmumber
of domains formed increased to complete randomness, However, at
temperatures near the Curie point, the nucleation of wedges, as
far as could be discovered, appeared reduced.

Fig. 12 shows that N increases with E and t. It is
significant that there exists a threshold pulse length, to, for
a given field strength below which no wedges are formed. In
Fig. 13, (to)"% is plotted against E; it appears that 1-.0(1'::-13c)2
is about a constant for low fields. Also in Figs 13 the log of
the minimum pulse length is plotted against 1/E. This curve fits
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best at high fields; that is, here
<}

- €
t,=te (2)
with B = 25 kv/em and tg = 0,05 microseconds.
When N is plotted against the log of t, (Fig. 12) it
proves in a first approximation to be proportional to 1Inftg,

hence

N=C In 3)

at a given E, with C and 4, dependent on E. Within the
accuracy of the measurements,

YE
C =Co e (h)

where C, = 0.28 and Y = 0.36x1075 (v/m)-l. Therefore to a
first approximation,

YE
N= 0.2¢9 e In f/to (5)
and dN _  ©.28 et
dt ¢ (6)

Thus the nucleation rate increases exponentially with E and
decreases with 1/t.

Both results appear not unreasonable. The time dependence
must be visualized from the standpoint that as the domains form
and grow, less material is available for the growth of new domains,

In summary, if a DC field greater than E; is applied to
crystal "A", 90° wedges are nucleated and travel across the crystal
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with a high velocity. Both processes are accelerated by higher
fields. There is a critical field for nmucleation for a given
time interval. The nucleation rate goes through a maximum value
at constant field strength as a function of time.

If a 60 cps AC field is applied to crystal "A", domains
are nucleated at about 2 rms kv/ecm; in a high frequency field (300
keps), the critical field for nucleation increases, as one would
expect. However, before the threshold field is reached, a crystal
may be heated by dielectric losses above the Curie temperature.
The field required to heat our "A" crystal through the Curie point
was about 5 rms kv/em at 300 keps. This heating effect is es-
pecially significant for a crystal without domains of any kind;
we have not observed it under corresponding conditions in [101]
crystals., The large internal friction accompanying the rotation
of the dipoles and the corresponding shear of the lattice is thus

demonstrated,

90° Wall Motion
After 90° wedges have been introduced into a crystal, do-

main growth can be described in terms of wall motion. Once a
wedge has grown across a crystal, the two now parallel walls
separate and move sideways with decreasing velocity and some
irregularity until they come to a stop. In crystal "A", wall
notion normal to a wall for a given field strength was very small.
Even if the field is large enough to polarize the whole crystal
in the field direction, removing the field will show domains
forming to restore the crystal to its initial polarization., We
conclude that crystal "A" has a built-in strain.



A second [100] crystal, "BY, was studied, for which the
strain effects proved appreciably smaller. A comparison of the
rotation of the optical axes (Section VI) shows that in crystal
nB" the rotation was larger for a given field than in crystal "AY,
As we would expect, when rotation is easier, the critical field
strength, E;, for the nucleation of wedges is higher; for
crystal "B" it was about 6 kv/cm. After the walls became paral-
lel, not only were much larger displacements obtained for a given
field strength than in crystal "A", but in "B" wall motion occurred
for field strengths of the order of several tenths of a kv/cm
instead of several tenths in addition to a biasing field of one
kv/cm. Removal of the DC field allowed the walls to retreat
slightly but the domain usually did not leave crystal "B". How-
ever, if a small AC field was applied, the two walls drifted to-
gether and disappeared.

A IC field applied to crystal "B" will create a 90° domain
and no 180° domains (Fig. 1ha); however, when the polarity of
the field is reversed, & good chance exists of finding antiparal-
lel domains inside the 90° domain. (Fige 1lb). The effect of re~
applying a positive field is showm in Fig. llic, while Figs 1lhd
and llie show the actual appearance of the crystal in polarized
and unpolarized light. Notice that the 180° domain geometry
can only occur when free charges are available,

If a small AC field of 20 cps is applied, the 90° wall
marked (%) (Fig. lhc) will oscillate, bounded on one side by
the nearly stationary 180° domains and limited on the other side
by whatever limits the motion of a 90° wall. A detailed discussion
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has been given because this was the only domain configuration
for which AC fields could be applied to a 90° wall which was
known to be free of intersecting 180° domains and yet constrained
to remain in the crystal. It is not an equilibrium situation,
and if the frequency is too low or the field strength too high,
the 180° domains will move forward and interfere with the 90°
wall motion.

Since the wall velocity is zero at both extremes of its
oscillation, the wall appears at high frequencies split in two
wallse The distance between the two lines is designated as "wall
amplitude" (Fige 15). The 90° wall amplitude as a function of E
at 20 cps is plotted for three such 90° walls in Fig. 16a. The
critical field for motion is very small. The wall amplitude at
20 cps proves closely proportional to E2, Fig. 16b shows the
field strength causing a given amplitude of oscillation in its
dependence on frequency, and Fig. 16c gives the amplitude as a
function of E for 60 cps, 70 and 300 kcps. The minimum field
strength for wall motion increases with frequency, that is, the
wall amplitude at constant field decreases with frequency.

At 300 keps and fields above 3.5 kv/cm, crystal "B" heats
up beyond the Curie point as did crystal "A"., Since temperature
change affects the wall amplitude, high frequency-high field
strength measurements must be considered with caution.

The divergence of P at a bourdary changes rapidly. Hence
the behavior of the oscillations at 300 kcps at the edge of the
crystal was compared to that in the middle., No significant dif-
ference was found; +the wall amplitude proved as large at the edge

as elsewhere.



Fig. 15. One 90° wall gscillating in an AC field.
Frequency: 10V cps.
Wall amplitude: 8.6 microns.
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Discussion _

A 90° wall in a field experiences, besides an electrical,
a mechanical force. Mechanical stress arises because the 1°30!
rotation of the crystal axes across a 90° wall implies that, if
the wall moves, the crystal actually changes its external shape.
Conversely, if a field through the piezo-effect changes the
dimensions of the crystal, 90° domains must be affected. It
follows that the geometry of the crystal, the domain pattern,
and any external mechanical constraint such as clamping from the
electrodes, can affect the motion of 90° walls. The wall velocity
is limited by the friction which heats up a rotating crystal as
well as by a friction effect evident in the irregular motion of
the wall. The wall amplitude is thus very frequency dependent.,
In contrast to 180° domains, depolarizing fields seem to have
little or no effect on 90° wall motion in comparison to the effect
of mechanical stress. The trend of the critical field as a func-
tion of frequency, neglecting heating effects, suggests that the
wall should not be able to move at finite field strengths for
frequencies much above three megacycles. The lowest piezoelectric
resonance of all our crystals was near 5 to 8 megacycles., Since
90° wall motion depends so strongly on macroscopic mechanical
distortions, it is not surprising to find that the wall motion
is damped out at a frequency of the order of magnitude of the

accoustic resonance frequency.



V. DOMAIN INTERACTIONS

When 90° and 180° domains are simultaneously present and
growing in a crystal, the interpretation of observations obviously
becomes difficult. However, since we already know same of the
properties of each kind of wall, we may hope not only to analyze
the interaction, but to obtain additional information about the
walls themselves. Although every crystal geometry will have dif-
ferent domain properties, the general behavior can be predicted
from a few simple rules most clearly demonstrated in a [101] erystal.
Tn the [101] crystal "C", the same type in which we studied 180°
domains - {cf. Fig. 3), but with less strain, 90° and 180° domain
nucleation and growth are equally favored.

Beginning our experiments with crystal "C" in the single do-
main status, we apply a negative DC field and both 90° wedges and
180° wedges are formed and grow, (Fige. 17). After a short time,
the 180° boundaries have disappeared but the 90° walls remain., We
raigse the field further but produce no additional motion. Since
the 90° walls might be anchored on imperfections, we check whether
or not they are bent or strained; there are no signs of strain.

As we raise the field further to as high as 36 kv/cm, nothing
happens except that the 90° walls become blurred and difficult to
see.

The answer to our confusion is simple in hindsight. Through
a complicated process involving 180° dbmains, which we shall follow
in detail, the 90° walls have become head-to-head or tail-to-tail
walls. That is, instead of the original head-~to-tail configuration



Fig. 17. 90° (and 180°) domains in a [101] crystal.
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Fig. 18. Effect of field parallel to 90° wall on
a) head-to-tall wall and b) head-to-head wall,
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shown in Fig. 18a, the polar axes have become re-oriented as shown
in Fig. 18b, As a result no force acts on the walls but only a
torque on the dipoles forcing them towards the field direction,
This can be verified by measuring the rotation of the extinction
axes of adjacent domains; these axes rotated in opposite direc-
tions (Fige. 18b). As the field gets larger, the region near the
wall rotates so far that the distortion extends over a width of
about 5 microns. It appears blurred in nonpolarized light but
bright yellow when the rest of the crystal is near extinction.

Again free charges at the 90° wall have neutralized the
interfacial polarization that would otherwise produce a large
internal field. There is no observable difference in appearance
between a head-to-head, tail-to-tail, or head-to-tail wall for
magnifications up to 1100X.

A domain configuration as discussed above may be called
pseudo-saturated, because, even though there exist 90° domains,
they cannot be removed by a realizable field as long as there is a
strong electrical anisotropy. Since the polarization of the
pseudo~saturated crystal electrically appears the same as it would
.- 1f the crystal were a single domain, the two cases cannot be
distinguished electrically.

If the field direction is reversed, 180° domains nucleate
at the 90° domain boundaries and help to turn the polarization in
the opposite direction. The 90° walls,w hich move only in the stage
of head-to-tail walls, can therefore be moved with the cooperation
of 180° domains.
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Wall Motion in DC Fields
In order to understand the interactions which are occurring,

a negative DG field with a rise time of less than 1/100 sec. was
applied to crystal "C", A large positive field was applied pre-
viously for several minutes to insure that the orystal was ini-
tially pseudo-saturated, The motion of a typical 90° wall, as
recorded on movie film with the crystal at L5° from extire tion, is
plotted for two different time scales in Fig. 19(1).

The significant characteristics of typical 90° wall motion
are that initially the velocity is very high; next the wall is
arrested for about 1/32 sec.; and then it moves on slowly. The
slow process nearly fits an exponential relation with a time con-

stant of about % secs a better fit is provided by a relation
X = X, In t/to (7)

Finally there may be additional motion for times as long as 30
seconds or even several minutes,

Visual observations made at extinction show the behavior of
the antiparallel domains in relation to the 90° wall displacement
(Fig. 20a). Since the crystal is initially pseudo-saturated, all
the 90° walls are head-to-head or tail-to-tail and no force acts
on them when a field is first applieds If the field is just
greater than the critical field for nucleation of 180° domains
(2 kv/cm), they will nucleate in spikes from the 90° walls and pro-
ceed slowly to invert 90° domains. No 90° walls move. If, however,
the field is greater than 2. kv/cm, and 180° domains have nucleated,
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there is now a force on the 90° wall and it may break away from
its initial position, moving freely and rapidly as a head-to-
tail wall until it runs into an obstacle.

Since the position of the obstacle is a function of E,
the obstacle is probably 180° domains which are moving forward
from the next 90° walli, If a 90° wall with an intersecting anti-
parallel domain is forced to move, it must shift the 180° domains
sideways through the crystal. Thig is obviously a difficult pro-
cess, and the 90° wall is either unable to move (Fig. 20b) or
telescopes the 180° domain by dragging its tip along (Fig. 20c).
Both cases are observed, Inthe first case, the 90° wall was
slightly bent, but still could not move. In the latter instance,
a good deal of strain was observed at the 180° wedge tip as it
followed the 90° wall, Considerations of the electrostatic fields
at the 18(° wedge tip wuld lead us to expect just this behavior.
It therefore seems probable that the 90° wall is s topped soon
after it intersects the 180° domains. '

The subsequent slow motion (4~ % sec) is caused by 90°
walls pushing 180° wedges. As the 180° domains grow, the area of
the 90° wall on which an electric force acts decreases and the
90° wall velocity approaches zero., Where the 90° wall comes to &
stop depends on the growth rate of the 180° domains and on the
field strength. The case of Jarge fields is shown in Fig. 20a.
Irregularities in the motion are probaBy due both to sudden move-
ments or nucleations of the 180° domains and to slight imperfec-
tions in the crystal. These little jerky steps are prominently
displayed in slow motion pictures and give rise to a ferroeleciric

Barkhausen effect.
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The last part of the motion relates to the final slow dis-
appearance of 180° domains; strain may play a part in determining
the final equilibrium configuration in the field, but the end re-
sult is complste pseudo-saturation.

A particularly interesting case is displayed at the original
position of the 90° wall. The electric charges left behind by the
90° wall are just what is needed to compensate for the interfacial
polarization now arising at a 180° wall oriented at 45° to the
polar axis., In other words, the head-to-head 90° wall, in order
to move, had to change into a head-to-tail wall by creating a 180°
walle

Besides the case just discussed, new 90° wedges will be
nucleated for fields greater than 2.4 kv/em. A thin wedge will
enter from one edge and extend across the crjsta.l. Then the two
walls will separate and, after a fast, initial displacement,
collide with 180° domains,

Since 180° domains can nucleate from any 90° wall on one
or both sides of it, there will be a variety of cases (cf. Fig.19-2).
Curve (a) corresponds to 180° wedges nucleated on both sides of a
90° wall. The wall therefore is never free to develop a high velo-
city. Case (b) probably represents a 90° wall winning out against
the counteraction of 180° domains. In case (c), a 90° wall moved
freely until it reached the charge residue left behind by another
90° wall, Few or no 180° domains were nucleated in the region
through which it moved., The slight rearrangement after about five

seconds could be due to strain relief,



The total 90° wall displacement during several time intervals
summed over all walls as a function of E is shown in Fig. 21. The
number of walls is also shown vs. E. At the larger fields, perhaps
the existing walls move So fast that new wedges are absorbed before
observed, All displacements are increased by increasing E. For
fields greater than L.9 kv/cm, the region of the crystal observed
is completely traversed by 90° walls (cf. Fig. 20a). This explains
why the displacement approaches a limiting value at the high field
strengths,

In swmary, we have seen how 90° and 180° domains share in
the switching process. The 90° walls move in this [10l] crystal
because the antiparallel domains play the role of a catalyst.

Wall Motion for Square Pulses

In a slightly different experiment, the fast process was
studied. A negative square pulse (height 6.8 kv/cm) was applied
to the initially pseudo-saturated "C" crystal. Fig. 22 shows
the resultant displacement summed over all 90° walls as a func-
tion of pulse length. The number of moving walls decreases with
pulse length from about 6 at 1 sec. to about two for times below
1/100 sec, In other words, at short times only 90° walls not
hampered by 180° domains move. Additional proof for this analysis
comes from the observation that, if the crystal is not originally
pseudo-saturated, that is, if 180° domains as well as 90° domains
exist in the crystal, pulses shorter than 1/100 sec. barely move
any 90° walls,
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For pulses less than one microsecond, only wedge tips move.
We deduce as we already established previously that the velocity
of a wedge tip is greater than the sideways velocity of a 90° wall.

As the pulse length shortens below 10 microseconds, the dis-
placement of any wall drops rapidly to zero. A value of about 10
microns/10 microseconds (100 cm/sec.) for the sideways velocity of
a free 90° wall at 6.8 kv/cm appears to describe the situation,

We conclude that 90° walls move at 100 cm/sec, until they
hit the 180° domains; then they continue with a much decreased

velocity until the crystal. is pseudo-saturated.

Wall Motion in AC Fields

There is some statistical element in 90° wall motion,
probably connected with the 180° domain nucleation process. Ob-
servations in high frequency fields make it easier to average out
these fluctuations. For this reason AC fields of various frequencies
were applied to the [101] crystals.

Fig. 23a shows the displacement of a 90° wall in a low fre-
quency AC field as a function of time and field strength. (The
measurements were taken from movie film). Obviously, this wall
behaves like the wall of Fig, 20a. After the crystal is pseudo-
saturated in the negative direction, a critical positive field of
1.5 kv/cm is required to form 180° domains and separate the 90°
wall from its compensating charge. It then moves rapidly until it
meets 180° domains. When the field is revcrsed, the wall returns
to its original position., No critical field is observed on the
return trip; this implies that, although 90° wall motion appears
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to stop, the crystal does not pseudo-saturate in the positive
direction even at this low frequency. The wall displacement vs.
E represents a hysteresis loop.

Fige 23b, for a lower frequency, shows two significant
additional facts: +the initial velocity of the wall is lower at
the lower frequency, probably because of the decrease of %{E
with frequency, and the amplitude increases as the frequency
decreases. Furthermore, the amplitude requires many cycles to
reach a constant value.

Fig. 2la shows the frequency dependence of the 90° wall
amplitude for frequencies from 102 to about 106 cps. The data
were taken in the sequence a-~b—c-+rd—e. The amplitudes on
section a-b dincreased very slowly with time.

‘This dependence on time and prehistory makes AC measurements
difficult. Fige 2Lb gives the amplitude as a function of frequency
for several field strengths and Fig. 2lc the amplitude as a func-
tion of E for several frequencies. It 1ls obvious that the two
sets of data are not identical; the arrows indicate the order of
measurement.,

The low intensity of stroboscopic illumination near extinc-
tion makes it difficult to watch 180° domains move in AC fields.
However, we know that at high amplitudes the 90° walls run into
180° domains and are slowed down or stopped. We also know that
180° domain nucleation increases with %E o Therefore as the
frequency decreases, the 90° domains must be able to move further

before meeting 180° domains, The time dependence arises because
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the crystal was not pseudo-saturated with a DC field before each
new frequency was applied and the interacting 90° and 180° domains
require time to reach an equilibrium.

One can sometimes observe a 90° wall anchored at some place
but oscillating somewhat over the rest of its length. This illus-
trates the rigidity of 90° walls.

Although no effect of strains causing restoring forces were
found in the [101] crystal discussed thus far, other [101]}
samples showed marked strain effects. In such a crystal, AC fields
cause 90° walls to drift together and to disappear. Strain effects
seemed to occur preferentially in thicker crystals.

An important result of these experiments is the realization
that 90° wall motion in a [101] crystal is intimately connected
with antiparallel domain motion.

Temperature Effects

Figure 25 shows the 90° wall amplitude at 60 cps as a func-
tion of temperature in a [101] crystal for several field strengths.
The amplitude goes through a slight minimum near 60°C. as the
temperature increases from room temperature to about 100°C, At
temperatures above 80°C, the number of 90° domains suddenly in-
creases tremendously (Fig. 26). Double ended wedges nucleate in
the body of the crystal and the domain walls often become too dense
for counting. These effects are most prominent at high field
strengths. This abundance of 90° domains, which makes it difficult
to study other temperature effects in our crystals, appears to be
caused by the lowering of the energy barrier for rotation (Appendix A)
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and a decrease in the 90° wall energy at high temperatures.

Less than 10°C from the Curie point, the wall energy is appar-
ently sosmall that a 90° wall can bend as much as L° from its
original {101} plane. The wall at high temperatures appears nearly
isotropic - i.e., black in polarized light but transparent and

hard to see in unpolarized light.

One reason for the existence of a minimum near 60°C could
be that the behavior of 180° domairs changes with témperature. How-
ever, the shape of the curve of the 90° wall amplitude as a func-
tion of temperature is similar to the curve of the dielectric con=-
stant, €, vs. T, (10, see also 14). Since the ease of rotation of
the dipoles is reflected in the piezoelectric shear of the crystal
(Appendix A) as wellas in the dielectric constant, we may have
here evidence of the effect of lattice distortions on the motion

of the 90° walls.
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VI. ADDITIONAL OBSERVATIONS

Rotation of Optical Axis

Measurements of the rotation of the optical axis, eo s
as a function of the electric field for several crystals are given
(Fig. 27). 6, 1is a linear function of E for angles as large as
10°. We show in Appendix A that for small 6,

90 ~ e"—‘_“ Ex * ' (8)

N

Crystal "B", which showed the fewest strain effects in do-
main experiments, has the largest slope % o« Irom the
slope of © vs. E for "B, letting Pg be 0.25 coul./m® and

Za be 5000, we find

O, - \.4 €abe, (9)

In erystal "AY there was previously observed a built-in
strain, due perhaps to clamping by the electrodes or to an imper-
fection. The rotation of the optical axis in an electric field
is lower than that for crystal “B",

While the field in crystals "A" and "B" had to be less than
the critical field for 90° domaih nuéleation, crystal "C" was a

[101] crystal and when pseudo-saturated, the field could be as
large as practical short of breakdovm without nucleating domains.
There were some 90° walls initially present in "C". At higher

field strengths the center of a domain was rotated more than the
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region near the walls, Measurements were taken at the center of
a domain. From the low slope of 8, ¥s. E for curve C, we see
that 90° walls inhibit rotation,

The rotation of the optic axis depends on €a. For crys-
tal "C", lowering the temperature and thus increasing €a (10)
does indeed increase the slope of 6, Vs. E. Curve D was measured
for crystal "C" at 15°C, in contrast to A, B, and C which were
measured at 25°C.

At 32 kv/em in Curve D, domains typical of the orthorhombic
phase were nucleated, The walls were indistinguishable from 90°
walls but occurred on (001) planes. This reflects the develop-
ment of a minimum in the free energy for the orthorhombic phase
with decreasing temperature. Probaldly because of the high fields
and the stresses set up by foreign domains in the crystal, break-
down occurred and a permanent brown opaque region appeared. When
a DC field was subsequently applied, no effects were observed in
the rest of the crystal but the brown region heated above the

Curie point. It is deduced that the brown region became conducting,

Cubic~Tetragonal Domains

‘Visual observation of the phase transition at 120°C for tiny
"a" crystals indicates the following behavior., Heating from the
tetragonal to the cubic phase, the birefringence (color in white
light) changes rapidly but nearly continuously. The phase transi-
tion starts at several places and no sharp demarcation is seen

between the two co-existing phases,
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When a crystal is cooled from the cubic to tetragonal phase,
the transition occurs more rapidly - i.e., several of the birefrin-
gence colors observed for the heating process are not seen. The
transition usually initiates in one or more regularly shaped
"domains". In several cases, the boundary between a domain of the
te’c.ragonél phase and the cubic matrix appeared as a sharp black
line indistinguishable from a 90° wall. The phase boundaries
occur on a {101} twin plane and can be moved forward and back by
lowering or raising the temperature. Fig. 28a shows two such
lines in unpolarized light in crystal "A". The domain in the
middle, as seen in polarized light (Fig, 28b) is cubic, while the
outer domains are tetragonal. If the center domain were a "c'
domain, the boundaries would have the thickness of the crystal.
The existence of an opaque wall shows that the two phases do not

have the same lattice dimensions.

Fatigue
While any experiment proved repeatall e within the limits

of small scale fluctuations at a given time, several days later,
repetition of the experiment, while giving qualitatively the same
picture, may lead to different quantitative results. Initially

one might be inclined to blame electrode contact, but the crystal
can often be restored by heating above the Curie point. Since,
whatever causes this effect, the maximum activity for a given field
strength should present the best data, all experiments were done
several times and the lowest field strength values are here reported.
Other experimenters (23) have also seen fatigue effects such as a
decrease in domain actid ty with repeated pulsing of the crystal.
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(a)

(b)

Fig. 28. Cubic-tetragonal phase boundaries in Crystal "A".
(a) unpolarized light and (b) polarized light.
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VII, DISCUSSION

The spontaneous polarization of a single domain crystal
of tetragonal barium titanate is directed positively or nega-
tively along one of the original cube axes. No matter which of
the six directidﬁs Ps assumes, the free energy of the crystal,
neglecting surface effects, is the same. However, if an electric
field is applied, the free energy changes by - ﬁs' ﬁ. If the
polarization is originally opposite to the field, the free energy
of the crystal can be reduced by reversal of the polarization.
This provides the driving force for the switching process. Since
there is an activation energy between these states, reversal will
not occur unless the barrier can be surmounted or circumvented.
We show in Appendix A that surmounting of the barrier requires a
field of about 12 kv/em for rotation and 8C kv/em for reversal of
the titanium position. Since much lower fields suffice in prac-
tice, some other process, domain formation, mst be responsible.
That there still remains a barrier is evidenced by the existence
of a critical field E, of about 2 kv/em for good single domain
crystals, We suggest that this barrier represents the energy re-
quired to form a domain.

This last statement is fundamental to an understanding of
the switching process. That there exist imperfect crystals with
coercive fields of 30 kv/cm or more only proves that interlocking
domains and crystalline imperfections can Y"work harden" the
crystals., We are here interested in the ideal case in which the
critical field is the nﬁ.nimﬁm field strength for domain formation,



We have to distinguish furthermore between the formation of
domains and the motion of domain walls.

In any real crystal there are imperfections., If a domain
can form more easily at an imperfection than elsewhere, the
measured critical field and activation energy will be lower than
that predicted by any theory. It will be recalled that anti-
parallel domains generdlly appear in the same place every time,

The 90° domains were so close together that although they appeared
in the same area each time, it cannot be stated definitely that
their origin was uniquely determined., However, it is highly
probable that both kinds of domains start'at imperfections,

In order tod escribe the nucleation of domains in more de-
tail, we must describe the domains themselves. In the discussion
which follows we draw freely on existing theories of nucleation
processes (2L) but observe that no existing theory is yet adequate
to describe nucleation in solids very satisfactorily. We will
consider first the nucleation and growth of 90° domains.

Nucleation and Growth of 90° Domains

Several properties will determine the nucleation of 90°
domains. The creation of a 90° domain represents a large (1%)
mechanical distortion. The lattice inside the new domain must
shear by 90° and the rest of the crystal distort to accommodate it.
Therefore, a 90° domain can probably not grow faster than the
velocity of sound. This has been already postulated from dispersion
characteristics (20) and from the theory of plastic flow (25).
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Aside from the mechanical distortion much exaggerated in Fig. 29,
there is an electrical dislocation produced at the wedge tip.
Therefore the growth of a 90° domain can be visualized as the
advance of a wedge tip dislocation. The difference between Fig.
29 a and b 1lies in the sign of the dislocation. The first case
(Fig. 29a) was not observed, except for umsual conditions of
temperature or stress.

Although the geometrical picture of domain growth may be
the same at all stages, nucleii obviously grow in a different
climate until they reach a stable size., Since individual walls
are perhaps & micron thick, a wedge of only % micron width would
be all wall, It is important also to remember that dipole inter-
actions have a relatively long range.

Below a critical size the energy oi‘. the crystal is raised by
the growbth of a wedge rather than lowered, The decrease in crystal
energy due to the formation of a domain of volume, V, and surface
area, A, is =~ PgEV, but the increase in energy due to the forma-
tion of walls is G A, where 6 is the wall energy. If the domain
is a long thin wedge extending through the thickness of the crys-
tal, d, (10 microns) with a wedge length, £, and a width at the
base, W, then w = 22+tan 8 where the wedge angle ® is a constant

2

and about 10° radians according to observation. The change in

crystal energy, AW is

Auz-ggv+cA=-\3EoLl’t«n9+ .2_!'.4454—. (10)
(419
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Thus AU will increase as d increases if AL is less than a
critical length A, . In order to find the critical length, we

set 92 .0 and obtain
oL o
Ade= pESNG

For 6~10™F joules/m? as calculated in Appendix B, and
E = 7 kv/em, L~ 50 microns and W.~1 micron. This critical size
is of the order of magnitude estimated by visual observation of
the wall thickness, |

The preceding discussion shows that a wedge ‘becomes stable
and grows by the action of the field when it reaches a critical size.
Next we ask how the wedge reaches this size.

Since it cannot reach the critical size in one fluctuation,
it mst grow by individual switching acts, At any time there will
be at dislocations some 90° dipoles. In a field their number will
increase, and if the field is greater than Ec, a nucleus has a
chance of growing beyond the critical. size.

Two refinements have to be made. There will be a finite time
required for the size distribution of incipient nucleii to reach equi-
Iibrium if at t = 0 a field is applied. The number of nucleii of a
critical size would therefore be zero for a finite period and then in-
crease with time to a constant value. Furthermore, since the domains
nucleate at imperfections, the nucleation rate will decrease as these
sites are exhausted. Hence an initial increase and then a decrease in
the nucleation rate with time is expected and observed. If we divide
the length of the wedges when observed, 500 microns, by the minimum
incubation time in the limit of high fields, tgyv 0.05 microseconds,
(Eq. 2), the limiting growth velocity,106 cm/sec. appears to be of the
" order of sownd velocity. After the incubation period, the measured



nucleation rate increases rapidly to

dN :5.6::10‘&*8(’:? sec™
dt max. (11)
and then decreases with 1/t.

Since the nucleation rate has its maximum value at the onset
of nucleation, statistics which apply only to equilibrium condi-
tions may not hold here. _

After a 90° wedge has been introduced and extended across
the crystal, the domain dynamics become different. All evidence
points to the fact that a 90° wall is quite thick and its motion
is not a process of discrete molecular steps. The limiting field
for motion is low and strains obviously play an important role.
BElectrostatic fields arising at the surface of the crystal where
the polarization changes by the wall motion, seem to be less im-
portant than strain in determining the wall motion. Closely re-
lated to this behavior is the fact that the 90° wall is quite
rigidly confined along a {101} plane, in contrast to the behavior

for the 180° domains.,

Nucleation and Growth of 180° Domains

The most probable model for a 180° wall is a{100] twin
plane across which the polar axis changes abruptly by 180°, Not
only do theoretical considerations - cef. (15) ~ show that the
strongest dipole interactions are along the polar axis, but the
best thermodynamical theory at presentavailable predicts even
antiferroelectricity (26). In addition to the electric interactions,



mechanical coupling (27) tends to maintain the lattice in its
tetragonal form through the wall, and the electromechanical
coupling operates to maintain the dipoles only parallel or
antiparallel., If the dipole moment would rotate through 180°
or change in magnitude in a continuous manner through the wall,
large mechanical and electrical distortions would result at the
wall, However, in contrast to a 90° wall, we observe no dis-
tortion at an unstressed 180° wall.

For such a wall to move perpendicularly to the polar axis
requires that the dipole moments in a whole column simultaneously
switch over or rotate through 180°, Either motion is obviously
difficult, since it involwves high activation energies. But there
is an easy way for the wall to move similar to the propagation
of a dislocation, in which one cell at a time reverses polarity
and the "flip" propagates along the colum of the strongly coupled
oxygen~titanium ions. In this manner only one cell at a time is
distorted. The velocity of the wall along the polar axis depends
on the propagation velocity of a "flip" and the velocity perpen-
dicular to the axis on the rate of nucleation of additional "flips"
(Fig. 30). Although a discussion similar to that for 90° wedge
nucleation must apply also to 180° domains, there will be signi-
ficant differences., Because of the different wall geometry, the
eritical nucleus will have a different shape and size. Also,
because -~ in contrast to 90° domains - nucleation and widening
involve the same mechanism of "flips", it is difficult to separate
nucleation and growth processeé. The fact that about the same
limiting field is observed for nucleation and growth - is in line

with this observation,
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Some General Observations

Vhile 90° domains are very interesting, and their study has
yielded much useful information, their coupling to 180° domains
and the inherent asymmetry of a 90° domain switching process make
90° domain dynamics complex. 180° domains, on the other hand,
in a "c" crystal can appear alone and the switching process is a
simple inversion €fect.

Since the behavior of domains appears to be very sensitive
to the conductivity of the crystals, variations of the conducti-
vity might prove an important means for shaping the hysteresis
loops and controlling domain dynamics (c.f. - 20)., Such effects
as humidity and photo~-sensitivity should be investigated not only
for their practical importance, but to learn more about the
origin and properties of the free charges in barium titanate.

It is interesting to note that antiparallel domains in
Rochelle salt (21), which are not quite antiparallel due to Rk ttice
distortions, have some of the properties of our 180° and 90° domains.
Their properties appear to depend both on strain and electrostatic
fields.

At the completion of this study, the author received a pre-
publication copy of research done by Mertz (28) on antiparallel
domains. In essence Mertz measured the maximum current, i , and
switching time, tg, for barium titanate "c¢" crystals in a DC field.
Although the crystals he used were "doped" to reduce conduction, and
our optical observations concern "a" crystals, a correlationbetween

our results should be possible., Mertz concludes that, rather than



domain wall motion, there are two other processes: propagation
of a spike along the polar axis and nucleation of new spikes,
which describe 180° domain dynamics. Mis data show that ab low
fields, the maximum current, iy, is proportional to e €

for five decades of ipe. His interpretation is that this rela-
tion measures the rate of nucleation of new spikes, ( tm ™ %ﬁf e
This might correspond to the behavior of 90° domains described
here. For fields higher than 5 kv/cm, Mertz finds i ~E - E/

and concludes that for this range of field strengths, the average
velocity of the spikes along the polar axis isvmeasured. At

% kv/cm, a velocity of 1.2 x 10* cm/sec. is found, which is within
the limits of our values, We also found a similar relation for
domain growth, The most significant departure from our results is
that spikes appear to nucleate more readily than wedges grow.
Since, in a crystal of low conductivity, very little free charge
is available to neutralize the closing fields and allow the domains

to widen, this result is consistent with our findings.
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VIII. SUMMARY

Optical experiments on 180° and 90° domains have provided
'quantitatiwre data and a descriptive framework for the growth of
domains in barium titanate.

Antiparallel domains are introduced into a crystal as
long thin spikes with a very high initial velocity. By accumu-
lating compensating charges on the ends of the free dipoles at
the domain boundary, the spikes can widen slowly to form wedges.
A1l considerations lead to the postulate that the 180° wall is
very thin., The most important single factor for 180° domain
dynamics appears to be the conductivity of the crystal,

The growth of 90° wedges represents a nucleation process
for which the nucleation rate has been directly measured. The
rate of nucleation traverses a maximum as a function of time, and
the growbth velocity of the wedges appears to approach a limiting
value near sound velocity. The 90° wall, in contrast to 180° walls,
appears to be quite thicke. |

In [101) crystals, we investigated  the properties of inter-
acting domains. By the cooperation of 90° and 180° domains, a
crystal can be switched from a state of pseudo-saturation of one
polarity to pseudo~saturation in the opposite direction. Both
the long relaxation times and irregularities in the motion represent
what probably occurs in a multidomain crystal or barium titanate

ceramics,
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APPENDIX A
ELECTRICAL, MECHANICAL AND OPTICAL RELATIONS

In a single domain of unstressed tetragonal barium titanate
there are three collinear principal axes in the 2z direction:
the ¢ axis, the polar axis and the optical axis. Since barium
titanate is a piezoelectric crystal, an electric field, Ej,
applied perpendicular to the polar axis can rotate all three of

these axes in the 2x plane.

Rotation of Optical Axis

The equation (29) of the optical index ellipsoid for an un~-
clamped tetragonal piezoelectric crystal subject to a field, E,

in the 2zx plane is

a’“(x‘-‘hjt) + 0:33 & + 2 d’}l X2 = 1 (12)
where
0:“ = Q‘l‘k: ;“i -~ r|3 f2 ) Q‘35= ;\\': + Y')-_,’ P% ; a‘s\: Tys '7‘

and r—i j are the electro-optical constants of the first order.
Note that Py = Py £ Pys Px = Px = €3Ex and p, is very much
less than Pg for realizable fields.

To find the principsl axes, c¢', a'y, of the rotated ellipse,
we rotate the coordinate axes until the cross term vanishes. In |
other words, let

%z = c! cos@,~ a! sind,

X = c' sin©,+ a! cos 6,
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in Eq. (12); set the coefficient of the term in a'c! equal to
zero; and solve for €, If 6, is small, we have

s PX

G ~ L ' (13)

nz"”{t + (Ftf3) €

According to Mertz (10),

;\L: - ;‘L: = Ps ( O3+ )

Therefore,
9 ~ ._‘L‘_Z_- . &a € X

From our measurements on crystal "B",

LI TR T (15)

Cutv Ty

Rotation of Polar Axis and Elastic Shear

We consider now the rotation of the polar axis and the
crystal shear for an electric field applied perpendicular to the
z axis. We will need the expansion of the free energy at zero
stress for small distortions from the tetragonal phase.

The free energy, Ap(x,p), is the sum of the elastic, di-
electric, and piezoelectric energies for a tetragonal crystal

where (29)

¢ P 4 (i
WUelastic = 1 Su (xte) 44 G T 1 ¢ Xy + € (x2ry?)

P, oA ?
L . 1+
"‘zcw(‘iz“’xt)“ 3 Gl X%y ,
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] . "o
WU gielectric = 3 71/, (P;'flg) + i 7/33 Pz
(16)

Upiezoelectric T Qig (X, x + 248y + Las (x> a,t) Qe

cpij are elastic constants at constant polarization, X, ¥, and
z are strains, ‘/A)L; is the clamped dielectric constant,

and ajj are piezoelectric constants. PPy a:nd’pz are the
change in polarization from the tetragonal state where PZ = Ps
and Py = Py = O, Since we consider E in the x or z direc-
tion only, let Py in Eq. (16) be zero.

We now have the free energy in terms of strains and polari-
zation, Since the stress is held constant, we wish to apply the
appropriate Legendre transformation AT(X:P) = Ap(x,p) # XX, to
obtain the free energy in terms of stress and polarization, at
zero stress.

We find the stress in terms of the strain from Eq. (16).

EY T S v
- %—;T:C“x“'CnB "C‘si"’Q’(Pe =o

PLE

t ¢ ¢
e T CypX QWY+ iy + Ay P = O

"

? ? ¢
%" % 4y + Tyt + Ay =0

X
Y
Z
gz L= clixy=0
1,
2y

w
n

(17)

oy

Ay M
o"? W \5%

-

oA e '
N ‘a—%':= Cyy 2x+ Qs Px= O .
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Solving this set of simultaneous equations for strain, we obtain

Y *
L Cys Q).‘abbcb\]?? -

X = = 'Fg ei’
RIS A Y )
? L ct) —acha J pe '

2= L Q’n(cu fcu) = 19 %3 - ¥L Pe (18)

z 5 . =

2 C,r;' - Cay (C\; +C3‘) ,

)(5: Yz = ©

2oz T sl ¢

4
C—q‘(

If now the strains, Eqe. (18), are substituted back into Eq. (16),

we obtain for zero stress,
- < b 4
AL(p) = R, 8z + R, §x (19)
where
" PNt ?
Ri=2 Fit (C;‘\'C\fz)ﬁ‘*”g‘. cssfe + 26, P t 2L a1 R ass

L
- 4oy
KZ.- 2 1" - t alf

¢ . (20)
Cyy
Moreover, since
é_ﬁr_(_g) = E: and b——ﬁl-(-g) = "L' )
dpi Jdpi ¢

an electric field, E = E, # E, will rotate the polar axis by

O » Eak
€ ?, (21)

for small E.
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A field will cause - Eqe (18) -~ a mechanical shear

_ . a
Om =" 2 eutx - (22)
Cyy
From Eq. (20)
. ?
as= (F - Z‘;_) Cyy (23)
where (1h)
’ y"' ~r - 7 g" d
"~ )¥0é€, o
Therefore
O = \f;’%— enEx - (2L)
v

In the next section we will derive a free energy accurate
for all angles of rotation. In a manner identical to the one

employed here, we find
X3 = %%! (‘P’*?a)({)x)- (25)
u

By assuming (16) that X, = 1L' for px = (Pg £ p,) =P/ /2 at
room temperature just as it does at =7°C (11), we find
dw . 20, soq.

C,\rq .?1. - (26)

LY

Now for small fields,.

\‘ Xy = 9wy ’P .
9M = 2-.-: €Ea Ezt —C-f.: PxTs (27)
and therefore,
n v
Cuy = ﬁ_fz ~ (x10" pewtons/ 2 - (28)

4 C14Y
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This value of cP)) is three times higher than that cal-
culated by Devonshire (16) with the assumption that °phh = Py
and a value of P, which has since been shown to be too low.
Measurements on c eramics (30) gave a value of cphh 20 times
lower.

With the calculated value of °phh’

~ O. s e€aEx
O = 0,006 caEx (29)

s

In swmary, we have found that 6,, €, and €, depend
linearly on the field E, for small distortions (Equations (15),
(21) and (2'9) )e ©, and O are nearly identical. O, appears
to be much smaller. However, &, does not play the same role
as an axis of symmetfy as 9, and ©g . The intim te relation
between the polar, optical and mechanical axes is apparent. It
is the optical axis which is observed visually, the polar axis
which is measured electrically, and the mechanical axis which is
important in accoustical measurements. This discussion holds only

for zero stress.

Free Energy for Rotation

We will now develop the free energy as a function of polari-
zation and stress at zeros tress expanded about the cubic phase.
Devonshire (16) gives the free energy expanded about the cubic
phase as

A(‘i,ﬁ) = 2l (xtyge ) +ch (42 vextxy) + ",_C:n (\‘5 tYp +2))
ARCEHER) o R 14 SRS
*if‘:(%‘?,‘*: e rPR%) an (xR 1y + 2%)

1 qu] x(48) Ylr+r) T 3Py +7y))
+ fy | SerjPe + 806+ "3?5‘3].

(30)



The difference between this expression and AT is that whereas
Ar only holds for small distortions from the tetragonal configu-
rationy the function we now develop is valid for all phases and
configurations of BaTiO,. In other words, A(‘i,‘ﬁ) is a postulated
function which, with éxperiméz;tally determined coefficients,
should account quantitatively for all experimentally observable
phenomena in BaTiOs,

Since the method of obtaining the free energy A(i.,.l;‘) for
sero stress from A(X,P) is identical to that used in the last
section, we will give only the results. Again we only consider

rotations in the =xz plane.

ACFY= OFHR) + 0, (8F 7YY 1 D, (8+8) £ DR By

(31)
Mertz (31) has determined from measurements in the =z
direction that .
.5 3 .23
0,237%107° (T-Te) ; D,z11%07 ; 0y25.9x10 N egs-esi (32)
T, is Curie-Weiss temperature.
Dh may be determined from the equation
PAG) 1 .
) A2 . L . 20+ 204V, (33)

3?;' €a
where P, = O and P, = P, A more sensitive way is to vary Dh
in Eq. (3f) until the temperature at which the free energy of the
tetragonal phase, A(Pgy O= 0°), (now in polar coordinates) equals
the free energy of the orthorhombic phase, A(Pg, 0= 15°), is 0°C.
Both methods give Dy = 6( % 1) x 10713 cgs—-esu, but the second
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method, being internally consistent, is preferred. | Ve will use
the value D) = 5,9 x 10713 cgs-esu. The exact shape of the
caleculated curves which follow is very sensitive to Dy, Do, D3,
and D)-L'

Let P'y be defined as the value of P for which )—%-(?5-9) = O,
In Fig. 31 we plot Pt against O for several temperatures. P'g
is independent of 6 for temperatures near 50°C, but for temperatures
above 80°C, P!, decreases rapidly as © goes from 0° to hsC.

Fig. 32a shows A(P,0°)., The minimum obviously occurs at
P = Pge In Figs 32b, A(P.’s, 6 ) is plotted against € for
several temperatures. At high temperatures, the barrier for ro-
tation by 90° decreases. On the other hand, as the temperature
is lowered below 25°C, a metastable minimum develops at 15° which,

below 0°C, becomes the lowest energy configuration (orthorhombic

pha.se) .

Simplified Free Energy for Rotation

Tt can be shovm that there is one temperature, 55°C, at
which Py is independent of © . From Eq. (31) it follows
rigorously that if Pg - is independent of © , then

A= K5O cos® + Ko (34)

where K, does not depend on © . Since this equation is simple
analytically and is correct for a temperature near room temperature,
we may use it as a first approximation of behavior at room tempera-

ture.
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Fitting Bq. (3L) to the curve of A(P'y, @) at 25°C, w

find
20 = K £« 30 Uviem ,

-

The significance of K is that ~X/2 is the maximm slope
of the A(P',©) curve and therefore 122 2 kv/cm should be
approximately the maximum field required to rotate the whole
crystal by 90° at 25°C, It is a small field compared to that re-
quired to push the dipoles over the barrier in Fig. 32a (about
80 kv/cm),
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APPENDIX B
WALL ENERGY

90° Wall Energy

The thermodynamic free energy developed in Appendix A
will be a valid representation of the energy per unit volume
only for a large region where all the dipoles are aligned., In
order to find the energy of a 90° wall, we need to find the
energy for dipoles not aligned. We must also consider strong
electromechanical coupling and mechanical constraints,

Let us assume that, since the wall is thick, the dipole

moment is constant and the dipole angle, @ , varies continuously

a8 _ T -
o = s from @ = 0
at xz0 to ©:% at x = s, where s is the wall thickness. We

and linearly through the wall, i.e.,

will also assume, although because of geometrical constraints

this postulate is the most suspect, that the mechanical deforma-
tion which is prescribed for each O at zero stress is realized.
For a stationary wall, free charge will neutralize any divergence
of P. fl‘herefore, with the above assumptions, the energy density
in a small volume in the wall will be %KX sintOQcos” & (Eq. 34)
plus an additional term, %4,, to account for the variation in &
through the wall., The wall energy per unit area, @, , will

then be the sum of two terms, ¢ and ¢ , where

0p = 2KF, S/W’Zm*ews‘e d0- K S . (35)
tw o g

O;u‘ will be a minimum if the wall is thin. Since {,, must represent

a force tending to align the dipoles, O(;L will be lower for a thick



wall., Let us postulate an energy of the form

. bm*
Tu,? —— (36)

v Yas

where b is a constant, and a the lattice spacing La°,

Then
r 2 K ? S,. _b——t!’- .
i ) s’ + Yas : (37)
Now G, will be a minimm when Sz 0 which gives
. |
= 2 K ) ? _’__q .
o- £KP (38)

Therefore

m (39)

which for X = 23 kv/cm, Pg = 0.26 cou:l./m2 and S = O.h microns,
gives

-, 2
G ~ CT xI0 Jocdes/m (10)

for a 90° wall. We also note that b ~ 2,1 x 10"18 joules.

180° Wall in a Field Normal to the Wall

We refer to the experimental observation that in a § kv/em
electric field normal to a 180° wall, there is an unrotated region
of about % micron width at the walle We wish to derive this "wall®
thickness from the same energy model used for the 90° wall. Here

u,: h(KsnGcos*® = EsinO) (h1)

where K is still 25 x 10° kv/em and E is 5 kv/em. Under the



same assumptions as before, the surface energy due to rotation of
the dipoles from @ = O at the wall to © = ©, in the body of

the domain is the sum of

. 6 x - e (8
(l: ?_9_1_2 So [ Ks1ntO o3 @ - sn0O 'u—f j40 (42)
and
. bor
Tua * 5! (L3)

where U. is again a postulated energy tending to spread out a

distortion.
Therefore
b, T 5
Grot = Gt Gt B2 4 oamoR O o

Now let d Tear. = 0 and we find

'z g0 ~ o.1 ymicven (L5)

if b~2ax 10-18 as found before. Therefore, the unrotated
region should be about 0.2 microns thick, which is the right
order of magnitude.

Although these results are approximate, they are a starting
~ point, and a better approach involves internal forces beyond our

present knowledge.
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