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CHARGED DISLOCATION IN ICE
I. Existence and Charge Density Measurement by X-ray Topography

Kazuhiko Itagaki

INTRODUCTION

Extensive studies on electrically charged dislos
tions in ionic crystals have been made. A review .y
Whitworth (1973) covered a wide range of topics
concerning charged disiocation processes; however,
little consideration has been given to the possible ef-
fect of mobile charged dislocations on dielectric
polarization,

There are several investigations (Sproull 1960,
Zagoruiko 1963, Turner and Whitworth 1968) in-
dicating that the charged dislocations can be displaced
by an electric field applied to a crystal. The additional
polarization caused by the displaced charged dislocations
can contribute to some of the dielectric relaxation
spectra. A brief discussion of the contribution to
dielectric relaxation and the possible effect of defor-
mation was given by the present author (Itagaki 1969,
Ackley and Itagaki 1969). Brantley and Bauer (1969)
discussed the effect of charged dislocations on the
dielectric constant in their piezoelectric effect study.
Their calculation for an NaCl crystal, however, indicated
a very small contribution (Ax 5;) lo the dielectric re-
laxation strength k55 (Akyy > 10" against Kyy ™ 6)
because of the small linear charge density (2x oM
C/m) and because thc quantity ((dislocation density)
x (segment len;th) ] for this crystaliographic system
is small (~0.1).

Since ice belongs to a different crystallographic
system than NaCl with a possibly different source of
the charge, the contribution of polarization of displaced
dislocations to the dielectric relaxation can be con-
siderable.

X-ray topographic observations described in this
report, which constitutes the first part of a series,

revealed that dislocations in ice are electrically charged,

and the possible range of the magnitude was determined.

Theoretical calculations of the possible contribution
to dielectric polarization by charged dislocations will
be discussed in the second part of this series of reports
and will be based on the values obtained from X-ray
topographic observation. The results will indicate
that polarization due to displaced dislocations under
an external electric field is sufficient to explain the
well-known large audio frequency dielectric relaxation
strength of ice.

The diclectric constant of dislocation-free ice
between 20 Hz to 100 kHz was found to anomalously
low (less than 10, Itagaki 1978). Detailed discussions
will be given in the third part of this series, together
with the effect of strain on the dielectric relaxation
spectrum.,

Reports on the effect of strain upon internal friction
and other charged dislocation related phenomena such
as quasi-piezoelectric effects will follow, All results
supported the theory that dielectric relaxation and in-
ternal friction in the audio frequency range are caused
by moving charged dislocations within the frequency
range measured.

THEORY

An estimate of the charge concentration can be
made if the amplitude of vibrating charged dislocations
is measured under a known electric field. X-ray topo-
graphy is the most promising method for making direct
observations of vibrating dislocations in ice. Electron
microscopy could not be used because ice would sub-
limate in the high vacuum. An etch pit method would
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not reveal the vibrating dislocation and the etched
surface would affect the movement of dislocations.
The intent of the present study was to establish the
charge concentration on the dislocation line by X-ray
topography.

The equation of motion of a charged dislocation
under a local electric field £ can be described by the
following equation:

A2n, g 0. gt 1)
3'2 xn h?

where A= lpb’, linear mass of dislocation

n = the displacement of any point on the
dislocation

8 = the damping coefficient

C = the line tension

u = the lincar charge density along the dis-
location

2rw = frequency of applied field.

The solution under the boundary condition of n(0, ¢)
=n(t, 1) = 0 where n = nx, 1) is

n=dE T 1o (@ne)ex
A n=0 2n+) L
expli(we-8,)]

Kd..’-wz) :,(“‘M,zl n” @

where € = the segment len
W, = A2 )C/A)
By = tan”' wB/A (u,,’-u’).

Since the high frequency end of the present measure-
ment (>107) is far lower than wg (=10%), n may be
approximated by

Timax ™ ME "2 /8C. 3)

The amplitude of vibration n,, ., and the distance
between pinning points £ can be obtained from the
X-ay topograph of ice under a known applied electric
field £. Local field £’ can be calculated from E and
the dielectric constant of k. C is calculated from C

= 2K % /n where K_ is the energy factor for screw dis-
locations. The charge concentration u is thus

8Chmax @
(3

u=

EXPERIMENTAL APPARATUS AND PROCEDURE

Specimens used in these experiments were single
crystals produced in the Mendenhall Glacier. Conduc-
tivity of molten water of the single crystals was about
5x10® S/m, indicating that the amount of ionic im-
purities was very low. However, minute amounts of
mineral fragments were sometimes found in the melt-
water. Dislocation density was about 5x 10%/m?. The
specimen was oriented to have a diffraction plane of
(1070) and was mounted on a holder as shown in Figure
1 with a small amount of water. It was then sliced
without introducing strains by a hot wire cutter placed
paraliel to the (0001) plane to a thickness of about
2 mm. Both surfaces of the specimen were allowed to
sublimate under a clean air stream to reduce the thick-
ness and to provide a final finish. The final thickness
was generally about 0.5 mm or less. The holder was 1
placed in a socket on a cap and mounted on a gonio- 1
meter head as shown in Figure 2. Further sublimation %
was prevented by sealing the cavity of the sample
holder with Mylar film and by placing a small amount
of crushed ice in the cavity of the goniometer with the
sample. To avoid contamination, no coating was used
to prevent sublimation. Gradual sublimation was un-
avoidable.

Due to the deterioration of sample conditions by
relatively rapid sublimation compared with the time
required to experiment, attempts to establish the
Burgers vector of dislocations failed. Fukuda and
Higashi (1969) observed that most of the dislocations
in their ice samples were 1/3 < 1120 > type screw
dislocations. Probably the same would apply to the
dislocations observed in the experiments described here.

Lang diffraction topography was made using a
Jarrell-Ash Lang camera with Norelco X«ay equipment.
A sealed-off fine focus copper target tube with a nickel
K, filter was operated at 40 kV and 10 mA. liford L4
nuclear emulsion plates were used and developed with
Kodak D-19 developer at 18°C for about 15 min. A
point source port (0.4 mmx 0.84 mm) was placed about
40 cm from the specimen and an adjustable slit (3.0 1
mmx > 10 mm) was placed 5 cm from the specimen.
The vertical height of the slit was adjusted to expose
the major portion of the specimen. With this con-
figuration, reasonably sharp, high contrast topographs
were obtained with relatively short exposure times
(30 min). The waveforms applied to the electrode
supports were 60-Hz sine waves, and 1-1/3-Hz and )
1/30-Hz square waves. The field strength ranged from ;
300 to 60,000 V/m. These frequencies were used
because the drag and mass effects on the amplitude
and wave shapes of the vibrating dislocations can be
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Figure 1. Ice sample mounted on the hoider.

Figure 2. Ice sampie on the holder installed in the
o goniometer cavity and electrical connections made.

considerable at higher frequencies. No observabie
frequency effect on n was detected within this fre-
quency range.

The foliowing precautions were taken to separate
the dislocation motion under the electric field from
the motion caused by the external mechanical and

thermal forces. About one-fourth of the total exposure
of a specimen was made without any electric field when
the 60-Hz AC field was applied. Only boat-shaped
diffused lines with a prominent center core were selected
as the dislocations vibrating under the electric field

(Fig. 3). Those lines were further confirmed by com-
paring them with the corresponding lines in topographs
taken without any electric field.

Lower frequency square waves (1-1/3 Mz and 1/30
Hz) were produced by a cam-driven microswitch. A
sectored lead shutter was rotated with the cam in order
to reduce the exposure time during the negative cycle
to one-half that of the exposure time during the positive
cycle. This arrangement made it possible to distinguish
the dislocations vibrating under the electric field as
well as the signs of their charges (Fig. 4).

RESULTS

The measurement of length and maximum displace-
ment 7 of diffused segments was required as shown in
eq 4 to obtain the charge density. However, when the
dislocation density was high it was difficult to make
accurate measurements. A further difficulty was that
the dislocation images overlapped and smeared out when
the higher electric fields were applied, while the dis-
placement under the low electric fields was limited by
the resolution and was indistinguishable from motion
produced by other forces. The optimum electric field
was between 1,000 V/m and 5,000 V/m for individual
dislocations.

8
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Figure 3. Dislocations under 60-Hz, 1,450-V/m AC field. Arrows indicate
dislocation images with center core. (F-electric field vector, D-diffraction

vector).

Figure 4. Boat-shaped shadow of vibrating dislocation shown between two
arrows. Note left side darker than right side. Exposure during the field
direction -F is onealf of that of the field direction +F. Field strength is
2,950 V/m. Freguency is 1/30-Hz square wave. Diffraction vector is D,
Pinning points are the intersections of darker outlines and are indicated by
open circles. N, is the distance between arrows.
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Figure 5. Straight dislocations under a high electric field that do not
vibrate while curved dislocation lines show vibration (16,000 V/m,
1-1)3 Hz square wave).

Bundles of dislocations became mobile under higher
electric fields in some cases (34,000 V/m). In Figure
5 straight, sharp, well-defined dislocations indicated no
observable motion for field strength up to 16,000 V/m,
but the curved lines were observed to have been vi-
brating within this range of electric field. Presumably
these dislocations were trapped in the Peierls trough
(see Discussion). Measurements were made on only
the segments which conformed to the following stan.
dards

1. Length and amplitude of the segment could be
established.

2. No motion was detected in the topographs taken
without an applied field,

3. A center core was seen when the 60-Hz field was
applied, or a boat-shaped shadow was darkly outlined
and one side of the outline was darker than the other
when the 1.1/3-Hz or 1/30-Hz square wave was applied.

Although most of the disiocations lying perpendicular
to the electric field were found to vibrate under the
influence of the field, only a few lines conformed to
the standards mentioned above.

The measured results are shown in Table 1, columns
2and 3. As derived from eq 3, 17,,,‘,./12 is proportional
to the applied field (Fig. 6) although there is considerable
scatter. Most of the scatter is due to difficulty in the
measurement of the diffuse image.

The charge density may possibly differ according to
the direction of the dislocations. Kinks may be the
source of the charge of dislocations since a kink in a screw

5

dislocation is an edge dislocation of one Burgers vec-

tor in length that has a dangling bond with it (Glen
1968). Protons on the dangling bond may be the source
of charge. Density of kinks is a function of angle be-
tween the dislocation and crystallographic directions.
Therefore, the charge density increases as the angle in-
creases, if this mechanism is the source of charge.

There are several probiems in estimating the local
field. An assumed value for the dielectric constant
does not allow accurate calculation of the local field
for the following reasons:

1. The Mosotti field cannot be used for accurate
calculation because it is based on a spherical cavity
surrounding the dipole considered. In the present case,
however, the cavity should be cylindrical with the
center line in common with the dislocation line. These
considerations would change the local field from £
= E(x"+2)/3 in the spherical cavity case to £’ = E(x'+1)/2
in the cylindrical cavity case if the specimen is very
thick (see Appendix A).

2. The distribution of dislocation lines is not uni-
form so that the local field produced by the dislocation
lines and their displacement is not uniform. Also the
values of the diclectric permittivity would not agree
with the value used for the above calculation.

3. The specimen is thin so that the integration of
the field cannot be made on an infinite volume but only
on the finite slab of the specimen.

The local field acting on the cylindrical cavity can
be close to the applied field under the present geometry




Table 1. Possible range of linear charge density u for each segment {1

measured. :
i
Segment  Amplitude Sign bmax  4m 1
length ‘W n S X10* x m“"
1 Segment 1(X107*m) (X107 m) X10°/m chenge (C/m) _(C/m)_ .
4.75x|0‘V‘m 60 Hz
) a4 S 3.1 - R ¢ i
2 60 8 22 1.5 34
3 68 8 1.7 1.2 26 3
4 60 L] 2.2 1.5 34 1
) 60 4 1.1 08 By,
6 60 L} 22 1.5 34
7 52 6 22 1.5 34
8 100 12 1.2 08 1.8
9 88 6 0.8 0.6 1.2 i
10 80 6 0.9 0.6 14
n 52 8 3.0 2.1 4.6
1.45% 10" V/m 60 Hz
172 8s 8 1.0 23 5.0
13 123 10 0.7 1.6 &
2.95x10°V/m 1730 Hz
4 128 12 0.7 . 08 .7
15 116 8 0.6 . 0.7 15
16 48 6 26 ;i 29 64
17 64 L} 2.0 23 5.0
Mean 7592269 13:0.7 32215
3
swo' | l 4
w '
3 R }

A A . A A
» o 0 2.0 [ a0 80110
{ Cloctric Fiold, wo

Figure 6. T y/02 vs fleld strength. Open circle is mean of Ny, /* at the
field strength and vertical bars indicate the range of measured values.
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of the measurements. A potential gradient along the
surface parallel 1o the applied field and caused by sur-
face conduction may be the most effective source of
the local field because electrodes are far apart but con-
ducting surfaces are very close so that the contribution
to the local field is stronger. Although theoretical
studies on the local field were attempted, the results
were inconclusive because the assumptions used were
difficult to verify.

Moreover, the diclectric constants are highly de-
pendent on the strain, presumably due to the changing
dislocation structure with increasing strain, especially
in the frequency range in which the present work was
done. Therefore, the exact strength of the local field
15 in considerable doubt. The probable upper and
lower Limits of field strength were used in the present
work and these limits defined the usable range. The
upper imit of the local field which yields the lowest
charge density u, . (shown in the last column of
Table 1) was calculated from eq 4 using the Mosotti
field for a cyhindrical cavity and the usually observed
diclectric permittivity of unstrained ice (k" = 90, £
=€ (x'#1)/2 = 45 5E). The lower limit is the external
field which yields the maximum charge density [T
shown in column 6, Tabie 1.

Only three segments were found appropriate by the
above-mentioned standards to identify the sign of the
charge. These charges had a positive sign.  The pos.
sibility still remains that dislocation lines of negative
SgN can exist under Certain conditions.

The results of the measurements are compiled in
Table 2 for future use. Standard deviation of the
distribution of (segment length)/(mean segment length)
was calculated for normal and log-normal distributions.
The log-normal distribution is preferred because ity
plot on probability paper showed better fit and also
because no negative segment length was involved.
However, statistical theory of the segment length
pinned by a random array of point obstacles made
by Labusch (1977) indicated that the shape of the
segment length distribution lay between normal and
log-normal distributions. The effect of segment length
distribution on the observed diclectric relaxation spec-
trum will be discussed in the next report in this series.

DISCUSSION

There are several reports on the charge density of
dislocation lines in ionic crystals, The most widely
used method of measuring the charge density is based
on charge generation during deformation and requires
information on mobile dislocation density. If, how-
ever, some dislocations are immobilized by factors

such as the charge cloud effect, the impurity effect,

or the Peierls trough effect, an estimate of mobile
dislocation density based on etching (which would reveal
all dislocations whether mobile or not) may be an over-
estimate causing the charge concentration to be under-
estimated.

Also the Burgers vector of opposite sign could not
be eliminated even if one sign dominates the other.

{f the electric charge of a dislocation fine is not affected
by the sign of the Burgers vector, opposite sign polar-
ization will be produced by displacement of dislocations
having an opposite sign Burgers vector during the de-
formation and would partially cancel the dominating
polarization. The charge concentration obtained from
charge generation, therefore, may be underestimated
even further.

Zagoruiko (1965) observed motion of etch pits on
a sodium chloride crystal surface under a static electric
field. Several sources of error may appear when this
method is used' to estimate the charge concentration.
For example, the local field near the surface may be
affected by fringing and differ from the applied field
strength; thus, the charge density u derived from his
equation (u = €£/0.8K) would affect the estimate of
charge concentration. The concentration of divalent
impurities required to calculate K in the same equation
may be different necar the surface. Also, the motion of
a dislocation would be hampered near the surface,
especially at the end attacked by the etchant before
application of the electric field. Therefore, his equation
to calculate the charge density contains several assump-
tions which are difficult to verify.

The present method using X-ray topography is more
direct in measuring charge density on the dislocation
line. However, several problems still exist which may
affect the results. Possible causes which may have sup-
pressed dislocation line motion in these experiments
are the following:

1. Surfoce effects. The portions of dislocation lines
which lay parallel near to the surface and which ter-
minated on the surface seemed to have been affected
by the surface. Dislocations in the thinner samples
were observed to be less mobile, presumably because
of this effect.

2. Local field effects. As the dislocation density
decreased during the thinning by sublimination or by
the annealing out of dislocations, the effective dielectric
constant caused by moving charged disiocations may
have become lower because it is directly proportional
to the dislocation density (as will be discussed in Part (1
of this series of reports). This effect will reduce the
effective field acting on the individual dislocation lines.

A lower dislocation density area is surrounded by
a higher density area in Figure 7. The amplitude of
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Table 2. Basic data for theoretical calculations.

a. Measured doto.
Charge density #max *15X107° C/m = +0/2.48
Bmin +3.2x107"° C/m = +¢/1080
Hprob SX10-11C/m = +¢/7.16
Dislocation density $X10*/m*
Mean segment length ¢
for
normal distribution 76x10™ m
Standard deviation &
for
normal distribution 0.3543
Mean segment length
for
log normal distridution 2.2x10" m
Standard deviation
for
log normal distribution 0.3367

b. Basic data for ice crystals.

Burgers vector of 1/3 < 11 70 > wrew dislocations 4.5x10™* m
Energy factor for the screw dislocations K at -10°C  3.227x10°N/m**
Disiocation fine wension 26" K /v 4.16x107°N

'K"‘n‘“ t,s)'. - lk“k|'<'2”'n ("“'wlﬁ“ I’“)
Caq " 2.7846X 10°N/m?
€yy = 13.844X10°N/m®  (calculated from Proctor 1966 tor ~10°C)
€12 " 6.3647x10°N/m’

Figure 7. Vibrating dislocations in lower dislocation density
area showing less amplitude than the higher disiocation den-
sity area. Field strength is 2,900 V/m at 1/30-Hz squore
wove.
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dislocation motion in the low density area is apparently
smaller than in the high density area. The smaller
amplitude can be attributed to the surface or the local
field effect or both,

3. Charge cloud effects. According to Eshelby et
al. (1938), charged dislocations in alkali halide crystals
are gradually surrounded by a charge cloud of opposite
sign. Coulomb interaction between the charged dis-
location and the slowly moving charge cloud would
suppress the dislocation motion. Shielding by the
charge cloud will reduce the effective field which also
suppresses the dislocation motion.

4. Impurity effects. Various types of impurities
may diffuse from the atmosphere into the ice crystals
through the crystal lattice and along the dislocation
lines. Although some impurities like hydrofiuoric
acid (HF) seem to accelerate the dislocation motion,
most types of impurities would tend to constrain the
motion,

It has been observed during the present experiments
that the dislocation lines in newly prepared specimens
are curved and mobile, while dislocations in older
specimens are rather straight and immobile even under
the highest electric field applied (60,000 V/m). The
difference in character of the dislocations may be at-
tributed to the charge cloud or the effect of impurities
which have diffused into the older ice from the at-
mosphere.

5. X-ray effects. It is known that, in the case of
alkali halides, point defects produced by X-ray ir-
radiation at color centers pin down the dislocations
(Baver and Gordon 1962). A similar effect seems to
exist in Ke. S

The dielectric constant of ice shows a very rapid
increase followed by a gradual decrease during X-ray
irradiation (Ackley and ltagaki 1971). The initial
increase is presumably induced by charge carrier
production, and the gradual decrease may be related to
the pinning of charged dislocations by point defects
produced during X-ray irradiation. Relaxation time
was also reduced by X-ray irradiation, indicating the
shortening of dislocation segments by pinning. The
reduction of relaxation time and strength was also
observed in an internal friction study supporting
this notion (VanDevender and Itagaki 1973). The
details of X.ray irradiation effect on dielectric and
internal friction will be described in a later part of this
series of reports,

6. Troughs of the Peierls potential. The energy of
a dislocation line is minimum when it lies parallel to
rows of atoms on the slip plane. This energy minimum
is frequently called the Peierls trough. A dislocation
which lies in the Peierls trough running along certain
crystallographic orientations requires a higher energy

to move out of the trough than a dislocation which

does not lie in the trough. It was frequently observed
that straight dislocations were generally in the <1120>
directions and were immobile (Fig. 5). Presumably the
dislocations were trapped in the trough of energy minima
after prolonged annealing. The X-ray topographic study
on dislocation structure in ice made by Webb and Hayes
(1967) showed that all Burgers vectors are of the <1120>
type. Fukuda and Higashi (1969) indicated that most

of the dislocations are of the screw type. Another pos-
sibility is that the pure screw dislocation in ice may not
have any electric charge as was found in some of the
alkali halide crystals (Davidge 1963).

All of the above factors tend to suppress the dis-
location motion. Factors 1, 3, 4 and 6 can be avoided
by using thick, freshly prepared specimens. To avoid
the local field effect one must observe the dislocations
in the higher density regions, which makes it difficult
to distinguish the pinning points of the dislocations.

The X-ray effect is unavoidable in the X-ray topography
method. Fortunately, this effect does not seem prohib-
itively strong.

A possible temperature rise produced by passing
current through the specimen does not appear respon-
sible for the dislocation vibration. The distinctive dif-
ferences between Figure 8a (made with no applied
field) and Figure 8b (made with a 30,000 V/m field)
supports this notion. Most of the dislocation lines lying
perpendicular to the electric field which appeared in
Figure 8a are smeared out, of low contrast, or are spread
to a boat shape in Figure 8b, while little change is ob-
served in the lines parallel to the electric field. The
vibration of dislocations due to a thermal effect would
not depend on orientation.

Brantiey ® suggested that piezoelectric deformation
is a possible mechanism to drive dislocations in the
crystal. However, Tippe (1967) found no detectable i
piezoelectric effect in ice, and therefore this type of i
deformation seems unlikely. Deubner et al. (1960) i
found some effect which disappeared after three or
four days. b

A recent study on the quasi-piezo effect of strained
ice single crystals (ltagaki 1978) indicated that those ’

i
{

effects may be more easily explained by the electrically
charged dislocations. If one sign of the Burgers vector
charged dislocations dominates the other, a quasi-piezo
effect can be produced by the displacement of the dis-
locations either by the mechanical stress or electrical
field. The disappearance of piezoelectricity may be
caused by immobilizing charged dislocations by the
effects of charge clouds, impurities, or troughs in the

*W.A, Brantiey, Department of Metallurgy and Material Sciences,
Carnegie-Mellon University, personal communication 1969,
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(6)

Figure 8. Comparison of dislocation Image without (a) and with (b) an electric field of 32,000

V/im, 1-1/3-Hz square wave.

Peierls potential as discussed previously in this report.
These topics will be discussed in a later report.

CONCLUDING REMARKS

The possible range of dmr density is rather wide
(1.5x10"% ¢/m 10 3.2x 10" C¢/m). However, the
most probable value is 1/3 of u,, .. because:

1. The static dielectric constant of dislocation-
free ice 1s about 3, which is very low compared with

the usually accepted value of about 100 (ltagaki 1978).

This finding indicates that electrically charged dis-
locations are the major cause of dielectric relaxation
in the audio frequency range. Assuming that the di-
electric constant x is about 3, the Mosotti field would
increase the effective field £ on a dislocation line as

E mEppeylk41)/2>3E ey

2. The predominant contribution of surface con-
duction is to the £, _, field because of the geometry
of the measurements. The field produced at the elec-
trodes would be greatly reduced by electrode polariza-
tion,
3. Most dislocation observations were made in the
low dislocation density area so that there was little
interference from neighboring dislocations.

10

Taking into account those factors £, should be
close to the applied field E ool = V/L where V is applied
voltage and L i§ the separation of electrodes,

Therefore

E' =23V/L,and

B g /3 2 40.5%10-10 C/m = +¢/7.16

where b is the Burgers vector. The source of the charge
is open to future studies. Several possible mechanisms
have been proposed for non-ionic crystals (Glen 1968,
Booyens et al. 1977).

The charge density together with the other data
obtained during this study are listed in Table 2. The
extent of dislocation contribution and the effects of
segment length distribution on the dielectric relaxation
spectra will be discussed in Part | of this series of reports.
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APPENDIX A. MOSOTTI TYPE FIELD ON CORE
OF CYLINDRICAL CAVITY

Let us assume a cylindrical cavity around the dis-
location line as shown in Figure Al. The electrical
charge $ appearing on the surface element S of the
cavity is caused by the polarization P and is given by

$=Pcos 0= (x-1) g E,. (A1)
The component of the local field in the applied field

direction caused by this charge on a point A located
on the dislocation line is

2a.:
dfz = P cos®Osin * ! (A?)

dne R 2

since R =/ 034r2, sin ¥ = r/\/R+2 and ds = rdedo,
then

< PPRE
gt - Peor’ duso_ )
dmey (03 42)V2

The total contribution by surface integration is then

= - 2
Ey<f [ dy= L[ "o
- . 2ne,

._L,]n-l!Vo (Ad)
R B

The total field £’ acting on the point A is then

V v v
E = E 46, +E ..__0 k-1 ._°0ﬂ_9.
oty s N )l. g &

v,
i 3

K+
— - A3

3 (A3)
Eq: (xVg/L) is the applied field, £,: ((x-1)Vp/L)is
the depolarization field where the dipole contribution
inside of the cavity is disregarded.
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Figure Al. The charge on the surfoce element S of cylindrical cavity
couses locol field on o disiocation point A.
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