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THE TEMPERATURE DEPENDENCE OF LIGHT SCATTERINGES BY |IMPERFECTIONS
IN SOME ALKAL | HAL {DE CRYSTALS »

CHAPTER |
INTRODUCT ION

lonic crystals, such as the alkali halides, constitute a very
convenient cltass for the inveétigation of crystal imﬁerfections by opti-
cal techniques. In particular, the relative ease of production of pure
‘materials of good crystallographic quality and the fairly thorough know-
ledge of the binding forces, diffusion mechanisms, dislocation arrange~
‘ments, color centers, etc. in these crystals make them desirable not
only for experimental work but also in the field of theoretical physics.

. For purpoeses of diséussion, one may consider a real, or impe}-

fect, crystal~and an ideal, or perfect, crystal. 4

An ideal crystal'(l) may be thought of as a reqular repetition
in space of a fundaggstal or unit cell. The atoms are arranged in-a
lattice having thre\;‘-f'undamental translation vectors a, b, c with the
property that, viewed along them, the atomic arrangement looks the same
from any point on the {attice. Then, the operation of transfation T=
n?-i-lg-rm?, where n, 1, m are integers, leads to a final configu~
ration in the crystal that is identical to the initial one. The atoms
in an ideal crystal are confined ta reqular tattice sites, and each

1
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lattice site has its required quota. No vacancies or other imperfections
are present, and the crystal extends to infinity. lonic conductfon,
di ffusion, and many other physical properties that characterize a material
would not be present since these properties are dependent upon the im=-
perfections present, The ideal crystal would be of theoretical value
only since these crystals obviously do not occur in nature. It is at
once apparent that‘fhe type and number of fﬁperfections present in a
real crystal Are-ef'utmOSt importance when one wishes to understand many
of the physical properties of solid matter.

The crystals of alkali halides, befng of cubic structure, are
'berhaps the simplest type to investigate., At the same time it is hoped
that the results obtained for this type crystal hay be extended to pre-
dict resd?¥s for more complicated crystal structures. - The common types
of imperfection (2) in ionic crystals are:

i« vacancy (vacant lattice site): this can be either positive
or negative

|l. interstitial: an ion moved from a regular lattice site
to-a position somewhere between regular sites

The energy of formation of an interstitial ion in alkali halides is much
greater thanlthe-engrgy of formation of a vacancy, thus interstitials

are of minor importance for natural defect properties of these materiais.
Interstitials are formed by the passage of particles through the crys-
tals; however, such interstitials are not in therma! equilibrium with

the lattice.

Itl. color center: negative ion vacancy that has captured an
electron; positive ion vacancy that has captured a hole;
etc.

An imperfection of this type absorbs light of a particular.frequency and

the crystal appears colored.



3

IV, divalent impurity: foreign ion of valence + 2 replaces
an ion of vaience + 1 in the lattice

V. vacancy-impurity complex: divalent positive ion impurity
and a neighboring positive ion vacancy.

The aforementioned imperfections are usually considered "point
imperfections” because they are localized in a small region. Of the
five point imperfections listed {, 1V, and V are the most common in
alkali hatide crystals. However, although the imperfection itself is
focalized to a small region, the fattice around the imperfection will
be distorted so fh?t the "point imperfection” effectively covers several
lattice sites. A localized collection of point imperfgctions is termed
a "bad region,” and these bad regions are spread throughout the crystal.

Some of the physical properties of a crystal depend on the size
and number of these bad regions. For exampie, a measure of the ionic
conductivity in ionic crystals provides a direct method of determining
not only th? concentration but aiso the mobility of vacﬁncies. Other
experiments (3) tend to show that extensive assemblies of point im-
perfections, other than the random distribution of vacancies or bad
regions, must also be present in ionic crysﬁlsu If one attempts %o
measure the yield strength by applying external force to the crystal,
one finds the experimental yield strength to be from 10 to 100 times
smaller than the value arrived at from calculations made for an ideal
crystal (4). |In order to explain the mechanical weakness observed, one
is forced to conclude that sources are present that can cause one part
of the-crystal to stip past\f ngighboring part at very low applied stréss:
These extended sources are called dislocations.

A dislocation is an extended bad region,_mostvprobab|y much

larger in one direction than in the other, in which case it is termed a
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disiocation line. The type of disiocations caonsidered here may be con-
veniently grouped into two categories, the edge and the screw.

An edge dislocation is formed when an extra half plane of atoms

is forced into the crystal lattice:
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Fige 1.~~Edge Dislocation
The region immediately surrourding the edge of the extra half plane is
known as the dislocation line. This may be seen from figure 1. The
"strength" of an edge dislocation is measured in terms of a "Burgers!
vector." lt‘ i; defined as fo!lows: if one starts at a point ; tar
removed from the dislocation Ifne and attempts to traverse the dislocated
region by counting the same number of atoms in each direction along the
edges of a square with the dislocation at the center, one finds that be-
cause of the extra half plane the figure does not close. A vector
connecting the starting paoint with the end point is called the Burgers!
vector. Its magnftude can be a few atomic distances. The Burgers' vec-
tor ‘g' must always connect one eguilibrium position with another. The

. > . . \
smallest amount of slip occurs when |bl is one lattice spacing.
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A dislocation with this vector is called a unit dislocation, or one of
unit: strength. On the other hand, dislocations of strengths greater
than unity are unstabie because they have high strain energies and can
decompose into two or more dislocations of lower strengths, thereby
lowering the strain energy.

Frank (5) has emphasized that the Burgers' vector is the most
invariant characteristic of a disiocation liney it is the same for all
parts of the line and remains the same when the dislocation moves. In
the case of the edge dislocation, the Burgers' vector is perpendicular
to the dislocation line.

One describes a screw dislocation in much the same way as an

edge dislocation:

(a) (b)
Fig. 2.—-Screw Disiocation
To visualize a screw dislocation, take a cylindrical region and cut a
slice such as is shown :in figure 2{a) above. Then |ift one side of the
cut upward and force the ether side downward; Figure 2{(b) results. The
resulting disiocation line is along the axis of the cylinder. [f one
traverses the bad region in a manner similar fo the method used for the

edge dislocation, one finds that the Burgers' vector in this case is
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paralle! to the dislocation line, As in the case of the edge»dfs—
location, the strongly distorted lattice extends for a few atoh}c
distances in each direction away from tne dislocation line.

Slip occurs when one part of the crystal slides as a unit
across a neighboring part. |[f the surface on which siip occurs is
" planar, it is called a siip plane. At any stage during consecutive
slipping we could always, in principle; draw a line in the slip plane
around ‘the boundary of each slipped region. This boundary is called
a slip dislocation. A slip dislocation in a crystal is highly mobitle
in the~sense‘thaj, when it moves on 2 slipped surface, the resistancg,
that the lattice offers to its motion is small and may be overcome by
a small applied stress, several orders of magnitude smallier than the
"shear modulus. If an edge‘dislacation moves along a slip plane, the
half plane of atems rémaih§ unchanged and the motion is termed conserv-
ative. If the dislocation moves in & direction other than on a slip
plane, the extra half plane of atoms must be transported. This is
called non-conservative motion. Since a screw disloﬁatioﬁ has no
extra half plane, there is no non-conservative motion and the dis-
location is free to move on any cylindrical surface having the siip
direction for its axis. [t should therefore have a higher mobility
than the edge dislocation.

Because of the localized dilation of the lattice associated
with the edge dislocation, vacancies and impurities can be attracted to
the dislocation line and form an atmosphere of defects around the iine.
In addition, when vacancies condense on the dislocation line and take
the place of ions, jogs may be formed and the dislocation line will

appear to have an excess electrestatic charge. More will be said about
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the subject of charged dislocation !ines in a tater chapter. Because
of its nature, a screw dislocation must be jog free and also has zero
dilation., There is little tendency to form vacancy clouds around this
type of dislocation.

Measurements of diffusion of radioactive tracer elements (10)
aleng dislocation boundaries indicate that diffusion is much more rapid
along the boundaries than in the rest of the crystail. This impiies
that there is a considgrable vacancy concentration in the region around

‘a dislocation.

Metheds of Studying Crystals

! Conductivity (6)} As mentioned earlier, ionic conductivity
“in ionic crystals provides.q,direct method of measuring the mobility and
concentration of vacancies. '!n this case one applies § steady electric
field across the crystal and the positive ion vacancies and negative ion
vacancies move due to the effect of the field. Neutral vacancy pairs
could not be detected by this method.

ll. Decoration of dislocations (7). A hole_is cut in the crys-
tal and a small amount of sodium, potassium, etc. is placed inside. The
crystal is then heated to within a few degrees of the melting point.

The cation diffﬁses throughout the crystal, moving most easily along
strains such as dislocations. Smali globules of the cation metal are
precipitated along the diffusion paths and render the paths visible under
moderate magnification. This methed tells one nothing about the dislo-
catien ﬁétwork before the decoration treatment and one must be content
‘wWith the high temperature dislocation array or strains set up during the
‘cooling. For KC1 and NaC1 under these conditions, the (111) and (100)

planes seem to be preferred for networks.
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11i. Etching (8). When a crystai surface has been chemically
etched, deep pits are formed which are Visibie under the microscope.
It is believed that the flat bottomed etch-pits are due to precipitates
present and the pyramid type etch-pits are due to disiocations. The
shape of the pits at the surface gives information about the direction
of the dislocation line. The number of dislocations per square centi-
meter extending thrdugh the surface can be measured by this method., It
is evident that these etch pits are associated with defects of some
kind in the crystal since:
A. The concentration of etch pits fs independent of the time
and temperature of the etching,
B. They are arranged in patterns typical for. dislocations,
C; When a surface is chemically polished ard then re-etched,
the etch pits appear in the same places indicating that
the defec£; are extended along lines,

"IV, Light scattering (9). The methods of etching and decora-
tion of disloaction lines are very informative, however they tend to
alter the crystal in that in all probability new imperfectioﬁs are
introduced into the crystal by the ﬁéthﬁd of measurement. The method‘
of measuring the intensity of light scattered by a crystal and relating
this scattered intensity to the concentration and orientation of dis-
location networks has proved to be a powerful tool for the investigation
of imperfections in tranSbarent crystals without changing the status
quo of the crystal. The method used will be discussed briefly in a

later chapter.

Since this is a statistical method, one must sacrifice individ-

uality for average effects, By this method one can calculate average
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number of dislocations, average or effective iengths, and preferred
orientations.

For an ideal crystal deékribed earlier, there would be no
scattering. As Bhagavantam {10) points out, for light scattered from
any volume element in an ideal crystal, one can always find a similar
element such that the phase of the two disturbances is 180° apart and
the net result is zeres. Thnis is not true for an'actual crystal. When
the size of the scattering particlies is much fess than the wave length
of the light, the intensity of the scattered light obeys Rayleigh's

)(4 law. When the size of the scattering particlés aprBaches the
wave length of the !ight'ﬁsed, deviations from Rayleigh's law occur
which are easily noticeable. érom measurements of the angular depend-
ence of the scattering power, it is possible to determine the orien-
tation of the scattering centers. The drawback to this method is tﬁe
" realization that precipitates would also scatter. light in a manner
analogous to the dislocations, and one must therefore be careful in
interpretihg experimental results.

fhe intensity of the scattered light in many good optical
quality crystals is some ten times larger than thermal scattering.
This increased intensity cannot in general! be due to a uniform distri-
bution of point imperfections. However, it agrees quite well with
the idea of bad regions within the crystal which are characterized by
an anomolous concentration of point imperfections and the accompanying
strained condition in the crystal lattice.

From early measurements of the wave length dependence of the
scattering power in NaCl and KC1, Theimer, Plint, and Sibley (11) de-

duced a characteristic length of 1000A and interpreted this to be the
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average diameter of the bad regions. From extensive orientation and
angdlar dependence measurements on KC1 (12) they concluded that the
‘scattering centers were not randomly distributed in space but prefer
certain crystal-lographic directions and:.tend to form 2 and 3 diﬁen—
-sional networks having -straight sections 30,000-50,000A in length and
paraliel to (100) directions. These same authors found a pronounced
maximum in the temperature dependence of the scattering power for
NaC1 which could be explaiﬁed tentétive(y in terms of charged,disfo_
cations. Thus it appears that at least some of the bad fgg}ons are
charged dislocations surrounded by vacancy and impurityvzlduds.

Taure! and Humphreys-Owen (12) studied quartz imperfectfons by
‘the method of light scattering. They were primarily interested in the
variation of scattered light flux with temperature, wave length, and
time after change of temperature. Anomalous scattered flux was found
to be divisible into two distinct fractions. The first fracfion was
highly anisotropic-and orientatiqn~sensitive and is consistent with the
idea of "needles™ lying pérallel to the C axis. This.fraction‘reacts
at a different rate to change of temperature, depending on whether the
temperature is raised or lqwered, and was called the "slow §tructur¢;"
Initially the scattered fiux drops as the temperature is increased.
"During all cooling stages the scattering flux decreased and appeared to
be a linear function of temperature. After a sufficient number of
heating and cooling cycles the heating curves and the cooling curve
merged into a single straight line whose slﬁpe was gréater than that’
predicted by thermal scattering by the factor two. The authors
interpret this result in terms of impurity atems which form atmospheres
near edge dislocations. When the temperature is lowered therelis

a drift toward the atmospheres, and when the temperature



11
is raised there is a faster diffusion away. The second fraction, termed
the fast structure, is not readily explained in terms of defects but it
was suggested by the authors that defects could be indirectly responsible
for the modification by interacting with the lattice vibrations. The
fast structure contribution is proportional to the absolute temperature

and appears to be reversible.



CHAPTER 11
STATEMENT OF THE PROBLEM

Past work, in which imperfections in alkali halidecrystalshave
been studied by iight scattering technidues, has introduced many new
problems that need to be answered if this phase of solid state physics
is to continue to g}ow.

In this thesis the foiiowing problems will be considered:

(1) Measurement of equilibrium temperature dependence of the
Rayleigh scattering in NaCl, KC1, and KBr from approximate{y 90° K to
temperatures within 50 degrees of the melting point. This set of
experiments was intended to extend the earlier investigation of Plint,
Theimer, and Sibley (11) in order to provide more information on the
possible relation between light scattering and charged dislocations.

(2) Investigation of any time changes in the scattering after
change of temperature. This experiment was intended to determine
whether the structure observed by Taurel and Humphreys-Owen for quartz
‘was in fact also present in ionic crystals of the alkali halide type (13).

(3) Investigation of guench effects on the scattering power.
This portion, when compared to part (1) should answer the question as to
whether the high temperature quench work done by Sibley (26) actually is
a measure of the high temperature configuration.

(4) Etch pit analysis of the crystals. This was needed merely

12
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as an aid in the corroboration of data.
(5) Impurity analysis of the crystais. This analysis was vital
in view of the fact that Koehler (23) considers the impurity content to
be a controlling factor in determining saturation of the dislocation

core.

The following work was done in the order listed above.
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THEORY OF LIGHT SCATTERING BY DISLOCATIONS

CHAPTER 111

To study the phenomena of light scattering by disiocations, we
first formulate the existing theory of what is already known about the
subject. We consider fifst point imperfections anq "work up" to the
more compliicated disiocation line, and thence to networks of dislo- -

cations.

As was mentioned earlier, a perfect crystal will not scatter
light since if we consider any arbitrary scattering center, we can in
general find a second scattering unit positioned in such a manner that
the scattered light from these two points will arive at the point of
observation exactly 180 degrees out of phase and hence cancel, Consider
a point imperfection in a real crystal, The electric field of the inci-
dent radiation induces a dipole in the scattering unit. This osciilating
dipoie has the same frequency as the incident radiation and will emit
radiation of its own. |In an ideal crystal the resultant intensity is
zero for reasons cited above, but in a real crystal whqré thermal fluctu-
atiens in density or microscopic static inhomogeneities occur, the result~

ant intensity is not 2ero and a residual scattering is observed.
For the purpose of calculation, consider the Hertz (14) Vector 7?
which combines the vector potential % and the scalar potential ¢ and

-at the same -time implies the Lorentz condition, It is defined by the

equations:
14
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where
- =
T = VUx Z
- 4y ¢ @
8 =2 5t
w—llp -
E = Vx o] from elec"cromagne,tic theary.

Next consider plane polarized light incident on the scattering unit
which is located at the origin of a coordinate system. The light is

coming from the negative x direction with electric field vector in

4 2 direction,.

AL:_

We next define the charge and current densities from a single vector

function p(X',t) such that:

-
AL - f true
—p

-lp
75 P = J true

Dt
i i 7 is th I
where ftrue is the real charge density, and J true is the rea
current density. 1? Is known as the polarization vector. By combining

— .
the definitions of Tf'and Z , we find that if the Hertz Vector obeys
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the inhomogeneous wave equation with -? as source, then the ordinary
potentials @ and ¢ obey their respective wave equations with ’f and

» R
J° as source. That is, we have:

—’

Z _ -7
. -g- (3)

The solution of this equation is given by:

\W

-
0% = yZ- -c%—

. LT (x% )] i
2o ) aTre, r(xq:‘x;(j) )

and the Fourier components are:

b d H
_ 1 p (X' ) ikr
7 T eee——— [N ) ‘e '
© AT € Ky X' a7 (5)

The primed coordinates refer to the source, and the unprimed coordinates
refer to the point of observation. The { o o e ] means that evalu-
ation is made at the time when the radiation was emitted rather than at
the time it was observed. When the condition that the wave iength is
long in comparison to the size of source is fulfilled, and also the con-

dition for dipolar field, we get

(6)
— ikR > ikR —
= e X' d ] = @ .
Zr Ko 4T € R s Ko ) 9T 4né.R

which is the Hertz potential for a dipole field. The components aof the

Hertz potential in spherical coordinates are:

2p = Td;fik?R Py cosy (7
ZQ = 0 (8)

PR -
- sinY (9)
X 4T € R P
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By using-t?he'above. expressions (equation 2) for E and B we find:

. ' . .lk
_ kzpusinl' e’ikR; H =_wkp1 sinYy el R”“_a)

& 4T, €oR ' 4 R

:To calculate the energy radiated along -E direction; one calculates

the time average of the Poynting Vector:

I =: §§?——l———'— ?z—ﬁg-]é——Rz sm . (]])

or, since W/c -= k and py; = oCLE, ,
4,22 . .
. wWToL<4E .2 _te
T = Srankie, Y )

where of is the average -polarizability. Then:
R e o~ L 13
0 TRe€,

is the scattering power. |f we consider the more general case of un-
polarized light incident in the + x direction inducing a dipole also in
y direction of value -b’] H

4 2
P+ wZTTZ%RZG (sin? Y sin?-]@) (14)

But cos?Y =+ co'szfs + cos? 20= 1 , therefore:

4 2
p = W 2°§2 (1 <+ cos® 2e) (15)
32 T %c*R .
The facter (1 + c052 28 ) is known as the Thomson scatterirg factor.
1 f we next consider a system of point defects and sum their
; ->
contributions to the tetal scattering power observed at point R we

‘must remember that radiation from each point defect has traveled a
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different distance and, hence, one must take into account the possible
interference effect because of phase differences. Also, the strength
of each induced dipole will depend on the material around the scattering
unit, and hence the polarizability will not be a constant but will de-
pend. on the position iﬂ the crystal.

We define the effective polarizability as the difference between
the polarizabi]ity of an ideal crystal and the polarizabiiity of a.defect

and write the effective polarizability associated with the nth defect

% /
as % >
e
7
_ 7
N ry GRS -7
7 ° v
L5 l P
7 /4
& R
7Y

o !

- .
In the abeve figure '3; and s are unit vectors in the direction of
the incident and scattered light respectively. The path difference

between the light scattered from the nth defect and the mth defect is

_.; .
(rm - _;'.n ) (—s’-_;; )o The phase difference is then ?g'(';n)-?‘) °

-
(?? - ;: ), which may be reduced to glrrm r?? by a proper choice of
Y
-
origine Here we define § = K] -'?; « Hence for a distribution of
- ~
point defects, the scattering power is:

2 - A
= 1 4+ cos i 21 o
ARG 2om % e",\'. m > S (16)

If we now define a new vector/"u’;—- ? , the scattering power takes

21
A
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the form:
" s z
P = G (aN) Zm ¢ e Valirs (17)

where g (B)\) = af (1 + cos® 20) . By inspection, one can

T 32T 2.4 R2€

see that /Z lies in the scattering plane and bisects the angle between
-‘> -ﬁ
so'and s

1f there is oniy one.type of defect present, the effective
polarizability may be reptaced by an 'Maverage effective polarizability"
‘L* and taken outside the summation. |f one also defines a distribution
function f(xyz) such that f(xyz)d’(" represents the average number of
‘defects in the velume. d't"_'_h, ong may replace the sum by an integral:
. '.””2 3
- P.o= g (8)N) o* jf(xyz)e‘ Ar 4t (18)
’ <

Equation 18 may then be put in the following form:

@__ /Jgf(r)el o - r2d cosfdrd$ (19)

cexN)=*

call p(R) = P(a)\ , and after integration over the angular part,

one. sbtains: . R | )
- (l = 4T r @ (r) sin rodr  (20)
%4‘6),\'!'?'-_ A P "/

[]

.Now‘P (9-,)\)—20 with Increasing R , hence the limit of intégration
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may be extendéd to infinity if the volume ))rr*3, where r* is the
radius of the region containing the-defects. Next perform a Fourier

inversion to obtain J’ (r).

s;n (21)

pir =

Remember.i,ng that A is a function of A we may replace T {8N\) by

0
N = 1 : Si r :
f(r') T W‘W [ F,J(/L) —“)‘ﬁ—. d/‘l (22)

| f one measures P(/“) from iight scattering techniques, it is then

g (9)/‘- , since 72 277— S . Hence we obtain:

possible to determine ]Q(r) , the distribution function. From j’(r)
and the point of deviation from Rayleigh's law, one can calculate an
effective radius and an effective length of the bad region. Plint,
Theimer, and Sibley (11) and also Theimer, Plint, and-Sibley (12)
find 1000A to be the average effective radius of bad regions in ionic
crystals; and 50,000A their most probable length.

" These extended bad regions are identified with dislocations;
“and sjhce their length is much greater than their width, they are proba-
' bly'very'cfﬁsely~associated with the dislocation lines.

F;;m the preceding discussion it appears- that we may describe a
dislocation tine as a row of inieré&itial»atoms or vacancies with_a
cylindrically-strained latticé~surrouhding ite For purposes of evalu-
ation of the scattering by a cylindrical bad region, consider the two

-—p
coordinate systems (xyz) and (x'y'z'), wherej? = 'r{xyz) and /“ﬁ?%x'y'z')o



Cylinderical coordinates of d¥ are (r cosX , r sinl, 2). x'y'z' is a
triad fixed in space from whichﬂis measured. xyz is a triad fixed in
the distocation line with 2z measured along the axis of the dislocation.
At this point it is convenient to express in terms of the unprimed co-
ordinates in order to evaluate ;‘?"F:

/-42' T = Ar cos) - Br siny; + Cz (23)
where

A = Jcos¥ cosp + Msind sin®

B =/Acost7 cos; sin —/AsinB cos ¥ cos @ (24)

C = pcosy sinE sin@ - Mcos? sinf cos ¢
Substi'tutinq this value into the scattering power formula gives:

P = o18) :L% fr f(r)e-i(Ar cosX - Br sin}+ Cz)drdzdy. z
T

(25)
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"Since f(r) does not depend on z, one may integrate over z:

Cz* AN
P = g(@ )':E S—"('—C-ZTZE— rf (r)e"i{Ar cosY. -Br sinY-erx
2 )J, (26)

This is as far as a computation of this type can be carried unless one
knows more about the form of f’(r), Lester (15) evaluates this integral
for severa! types of density distribution functions.

For a system of N rod—iike dislocations among which there is no
constant phase relation, the scattering power may be found by adding the
individual contributions of all the dislocations.

One can calculate the scatter}ng power for any type of regular
network of dislocations by using the appropriate distribution furction
for.the network and proper phase summation over the system {16, 17).

Some conclusions (9, 11, 12) drawn from the foregoing work are:

l. Wave length dependence experiments reveal the existence
of a characteristic dimension of order 1000A in KC1.

1l. in Harshaw crystals of KC1 and KBr the scattering centers
‘are cylindrical rods oriented along (100) crysta|'lographic axes, which
are about 50,000A long and 200-500A in diameter.

[11. Etch-pit analysis of the crystals indicated that ali of
the dislocations etched were perpendicular to the (100) cleavage plane.

IVe Diametricaliy opposed peaks in scattering power versus
angle were obsefved, which moved through an angle 2 @ when the crysta!
was rotated through angle @. This is the type of scattering pattern
one would expect from cross-shaped networks of dislocations. Upon
comparing the positions of the peaks with the directions of the crystal

. axes, it was determined that the scattering bad regions were oriented
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preferentially in {100% directions and thus are probabiy closely
associated with dislpcation lines in the same directions. This result

is in agreement with those of other investigators who found that the

{110} planes are preferred slip planes in the alkali halides.

Charged Dislocations

| f the free energy of farmation of positive ion vacancies and
negative ion vacancies in ionic crystals is not the same, and if, as

Lohovec (18) has pointed out, the vacancies can be formed only at the
crystal surface, we obtain a mere comp!icated state of affairs than
was originally estimated in calcutating the number of Schottky defects
present in an ionic crystal,

1f the energy of formation of positive ion vacancies is !ower
than for negative ion vacancies, then nositive ion vacancies will be
more easily formed than negative ion vacancies. Hence, when the temper-
ature is raised from absolute zero an excess of positive jon vacancies
is emitted from the surface into the crystal leaving the surface with
 a net positive charge. This resulting space charge encourages the
emission of negative ion vacancies. In equilibrium the bulk of the
crystal must be electrically neutral, but there is a positive charge
layer on the surface and an equal and opposite negative charge cloud
within the crystal. Hence a potential difference exists between the
surface and the interior of the crystal.

Now a dislocation may be considered a free surface within the
crystal, and hence is surrounded by a charged layer of this type. In
this sense we speak of the dislocatijon as being surrounded by a charge

cloud, the line itself being oppositely charged. This charge cloud
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also contains divalent impurities which enter the lattice in a substit-

"

utional manner. {f the cloud is immobiie a finite force wiil be needed
to separate it from the dislocation, and the crystal wili then possess
2 yield stress below which piastic f}ow wili not occur. |If, as seems

possible, the extent and magnitude of the charge cloud'is temperature
dependent, seVeraI interesting phenomena should occur. Far'example, at
low temperatures, where the charge cloud around the dislocation is cer-
tainly immobile, some of the impurities may precipitate out in a new
. phase and hence reduce the impurity concentration which takes part in
ion cloud formation., Therefore, the yield strength should be a compli-
cated function of temperature, having a minimum at the points where the
smallest amount of force is needed to separate the charge cloud from the
dislocation, This effect should occur when the charge on the dislocation
vanishes and then the yield strength is determined by the unual mechanical
forces associated with dislocation motion and generation. The temperature
at which the charge vanishes is called an isoelectric temperature,

Eshelby et.al. (19) have measured the yield strength of NaCl as a
function of temperature and report a minimum in yield stress at about
300° K. They also paint out that this temperature, where the dislocation
shouid have-zero net charge, must also be intimately related to the con-
centration of divalent impurities present. Hence, from a knowledge of
the isoelectriéﬁpoints and also the impurity concentration, it should be
possible to determine the energy of formation of the vacancies.

Metag (20) has obtained data showing that the yieid stress and
the tensile stress for fracture both depend sensitively on the divalent
impurity concentration and on the annealing given the samples of NaCl

before testing. The NaCt sample used by Metag contained PbC1, as impurity
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in 8 concentration of 1074, He records a minimum of yield stress at
400° C, which implies that the energy of formation for positive ion
vacancies in NaC1l is Eg-= 0.534 eV., if one uses the analysis of Koehler
(23) discussed later. Since the formation energy for a +, - vacancy
pair is 2.02ev., it appears that the energy of formation of a positive
ion vacancy is indeed less than that of a negative ion vacancy.

Burgsmuller (21) measured the tensile strength of rock salt of
higher purity and observed 2@ minimum at 40° C. However he fails to
mention the exact impurity content of the crystals used in his investi-
gation,

Sproull (22) applied strong electrostatic fields to LiF crystals
that had been bent and reported that the bend moved from O.1A to 6.0A,
This motion was analyzed in terms of charged dislocations, and he con-
cluded that the dislocation core had a charge of order 10’4 to 10_3
esu/cm.'and.presumahly arose from the inequality of formation energies
of positive and negative ion vacancies.,

Plint, Theimer, and Sibley (12) extended the theory of Lehovec
and Eshelby et. al. to light scattering phenomena and estimated the
probable charge on a dislocation line to be $:ée per ion spacing. This
reﬁresents a charge per unit length of disiocation to be -8.6 x 1073
esu/cm.

Koehler, Langreth, and von Turkovich (23) have extended tne work
of Eshelby et. al. and show that the charge clouds around dislocations
are important for the mechanical properties of ionic crystals. This

paper appears to be the most complete to date and hence will be discussed

in some detail.
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As we mentioned at the beginning'of this.section, if the energy
of formation of positive ion vacancies is less than the energy of form-
ation of negative ion vacancies and if these vacancies can only be formed
-at-a free-surface, then the surface will acquire 2 positive charge and ,
-an equal and opposite charge in the form of a space charge will extend
from-the'surfacg‘a short distance, A dislocation may be considered a
free surface and hence wil! acquire a positive charge, while a charge
cloud of opposite sign will surround it,

There ‘are two-conditions that must be satisfied if equi|ibrium
is to be attained. First, the charge distribution must satisfy Poisson's.
equation. 'Secondly, the free energy of the system must be a mirimum.

The concentrations of positive and negative ion vacarcies are then given
by the Boltzman distribution:
N exp [—' (e - ev)/kT)] (27)

n+

n

N exp [-‘ (e~ + e-v)/kT] (28)

where v(r) is the electrostatic potential at a point inside the crystal
and N is the number of positive jon sites/unit volume. The divalent
impurities should also be distributed according to a Boltzman distribuﬁoﬁ

if they can diffuse at the temperature under consideration:
ni = YN exp l: -ev/kT] (29)

Poissan's equation may then be written:

V3 = _;‘zif - .-_4.€I e (n; N = "4) (30)

It ane next makes use of a dimensionless potential p(r) defined as foliows:

p{r) = ev (r)/ kT s (31)



27

then the divalent impurity concentration may be written:

n; T‘ Y Nexp(~ev/kT) (32)

;i_ = Yexp(-pR))=C .

where r = R .at- 2 point midway between dislocations. ¢ represents the
average divalent impurity concentration at a point far from the dis-

location line. At this point the crystal must be neutral, i.e.

n, +n_-ng =0. Henceat r =R:
(33)

: "
. C+ expi-— [ EF+/kT +-p(-R)]} - exp§ -):EF—/kT - p(Rﬂ}= 0

Solving equation (33) for e p(R) one arrives at the expression:
g*/ ") + I

= ©® L les _ -

eP(R) = o T {% +\!7 + exp [- (' +Ep )/kT] (34)

In most cases of interest, the second term under the sguare root is

ten times smallier than the first, hence one can set

eP(R) = CoER/kT - (35)

| f we next substitute (27), (28), (31), (32), and (35) into (30), one

arrives at Poisson's equation in the convenient form

vzz = _‘lg.ﬁe;rﬁ sinh 2 (36)

where z(r) = p(r) -=-p(R). - {37)

Equation (36) is the working equation for the study of charqe&
dislocations. This equation was solved by Eshelby et. a!. for the
condition ev(r)/kT € 1 which has the solution

plr) = AK, (Kr) (38)
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2
where K, is the modified Bessel function and }& =%§T_N£ .

reasoning Eshelby et. al. (19) show that 1AC is very neariy the radius

By subtle

of the charge cioud surrounhing the dislocation. From equétion (38) the

charge on the dislocatian is then given by -
€ AKT pinf), @V
— I Ak 39
o e T (39)

Koehler et. al. have shown that the situation considered by
Eshelby is not the maost common case, and in fact ev/kT V> 1 for most
cases of interest. A very important point discussed by Koehler is the
establishment of boundary conditions fof equation (36) in the neighbor-
hood of the dislocation line. At the point r = R midway between two

dislocations, the potential z{r) = 0. Also at this point

(%) -~ = g, (40)

This means that the electric field is zero midway between dislocations,
2nd arises because each dislocation comprises an electrically neutral

system. Koehler also shows by minimizing the free energy that the vari=
ation in free energy can bhe zero only if the potential at the dislocation’
core vanishes. This result is very Iimportant since it implies that a

point on the dislocation core is equivalent to a point outside the crys-

tal as was assumed by Plint, Theimer, and Sibley (11).

Case |--Saturated Core

The impurity concentration at the point r is:
. -plr) = ¢2 + -p(r) -
ci = Y P c? exp (Er /KT) e (41)

“for core saturation ci' = 1, Therefore, since under this condition the
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impurity term dominates the charge density term, JQcﬁe n: =2 e N, and

Poisson's equation may be written

2, - _ 4TNe? 42
Ve c kT (42)

for the saturated core. The solution associated with zero core

potential in the saturated region is
r Nel :
p = bin - “T.é_ﬁ_Ne»-(rz- a%) . (43)

ﬁantﬂ-ai is the radius of the core, and b 1is a constant, Table |
‘Shows théivarious saturation temperatures of NaCl1 for different im-

purity concentrations as given by Koehler et. al.

TABLE |
c Ts? Ko
—
10-3 554° K.
1074 416
10-5 . 333
106 273

,.,Th.gé'tmiﬁtgm1@£:ﬁhi¢ch’-"ftht’dji-vnlcnt impurity ion concentration af the
core drops below saturation, for NaCl (Et = 0.66 ev).

By taking the normal derjvative of equatioh:(43) at the dislocation core
(r = a) and using Gauss Theorem, one obtains an expreséﬁdn for the charge
per unit length on the disiocation |ing:

*

q = _‘_;_ €ble<T+ T Nea? | . (44)
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For C = 10'5, T .= 300° K. Koehler finds the charge g per unit
length of dislocation in.NaCl to be 0.127 esu/cm. or -7.43 electronic
charges/ionic Iehgth,‘ﬁhich-is an exceedingly high value.

- Qutside the saturation region, the type of solution used depends
on whether {zl is [qrge or small. Koehler first divides the space sur-
roeunding a;dislocqtion:in two regions. The first region is the area
immediately surrounding the core. In this region !z‘ > 1,z< 1,

and Poisson's equationlbeqomes

) 2, -
= Jd<z 1 dz ==1 -2 _
2 = + = 2 - @
V z ds2 $ ds 2 (45)

where's = Xr. An acceptable solution in this region is:

H
3¢ ginhqd{{ |n'£'] (4-9.)'
2 So

-

where H is a constant.

The néxt region is the small |z| region. The solution for

this region is the Eshelby type solution:
z = -AK, (ICr) (47)

Koehler next proceeds to match the solutions and derivatives

across the two boundaries. From these equations the constant b in

equation (44) can be determined.

Case | |==The Core |Is Not Saturated.

It the core Is not saturated one proceeds as before except that

‘new the selutions and derivatives for large ]z| are matched to those -

for small lzl . For exampie, from Table I-it may be seen that at

pe
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cC = 10_5 and T .= 500° K the core is no longer saturated. - For
this case Koehler's equations predict a charge per unit !ength of
—1.05 x 10~ esu/cm. or -6.12 x 10~2 electronic charges per ionic
length for NaCl, which is a very reasonable value and is of the same
order of magnitude as the charge determined by Sprou!! {22) in de-
formation experiments.

Resuits of lignt scattering experiments with ionic crystals
indicate that at least some of the imperfections are disiocations;,
surrounded by vacanéy and impurity clouds. Hence changes in the
scattering power could conceivably be due in part to changes in the
vacancy and impurity cloud surrounding the dislocation. At saturation
of the dislocation core, the core would have a large charge per urit
Iehgth and a dense impurity-vacancy cloud associated with it, Thus
the scattering from the saturated dislocation wou!d be relatively
intense, As the temperature is raised in the direction away from
saturation the charge cloud should get smaller and the scattering
weaker. Similarly, if the temperature is lowered below the saturation
temperature précipifation of impufity ions may occur and again the
scattering should change., Effects of these types will be dis;ussed

later,



CHAPTER |V
'EXPERIMENTAL PROCEDURE

In the:scattering experiments of Theimer, Plint, and Sibiey (12)
at room temperature;vthe-crystal was immersed in bénzene, which has the
same index of refrattion, in order to minfmizé the effects of light

-scaftered by the surface of the crystal. ‘For low or high temperaturss,
however, it is difficult to find a fiquid with the proper index‘of re~
fraction that will neither freeze at the low temperatures nor evaporate
at the high temperatures. Therefore, since the surface scattering is
considerably larger than the internal scattering, some other method is
needed to reduce this effect. This aim was accomplished by use of a
cross-shaped crystal placed in a blackened box of the same general shape.
This arrangement prevented |ight scattered from one crystal face from
being reflected at crystal surfaces and eventually passing through the
-system of slits and into the camera.

Figures 3 and 4 show the low temperature scattering system in-
cluding the mercury lamp, system of lenses and slits, and scattering box.
The scattering box is a modification of an earlier‘one used by Plint,
Theimer, and Sibley (11). Thermocouples were placed above and below the
crystal in order to detect any températuke gradient in the crystal that
-couid lead to thermal strains. Heater coils were placed beside the crys-
tal to control temperature, and containers of liquid nitrogen were placed

-32
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above and below the crystal for cooling purposes. A Dewar vessel
containihg liquid nitrogen was also placed in contact with the lower
part of the scattering box to help cool the crystal by conduction.
The scattering box was covered with a layer of asbestos that served
as heat insulation. A vacuum was maintained in the apparatus by an oil
diffusion pump as a heat insulator, and also backed by a rotary pump.
‘Light.traps were used to prevent the direét beam from being reflected
back into the scattering box. The camera was a smail rectanguiar box
capable of holding only one strip of film at a time, and this strip
having dimensions of 1 ¢m. by 10 cm. On the front of the camera a
seven step density .filter could be placed when needed for intensity

calibration of the film.

The {ight beam was well collimated and rectangular in cross
section with dimensions of 1 mm. by 3.5 mm., and no change could be
detected in the size of the beam in traversing the crystal.

To avoid any interpretation of source fluctuations as a change
in scattering power, the source itself was observed for time intervals
corresponding to thﬁge needed for the time change experiments, which

amounted to about ten hours in sdme_cases.
The blue light from mercury ( )\== 4358A) was used for the entire

work dealing with light'scattering. It was therefore desirable to know
if the observed effects were wave length dependent. We were especially
interested in knowing if the peaks in scattering power were changed to
higher or lower temperatures if the wave length of the incident radi-
ation was changed., For this purpose the temperature range in the neigh-

borhood of the peak was investigated with mercury green light (‘A = 5460A)

so that any change could be detected. Also to check for any change in

isotropy df scattering units with temperature, experiments were‘run with
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horizontal filters placed between the crystai and the film.

For the high temperature experiments, a different apparatus was
designed since the liquid nitregen containers on the low temperature
-scattering box were no longer needed, and in their place better heat
insulation was desirable. The high temperature scattering box had the
‘same ‘general shape as that of the low temperature box. |t was designed,
hewever, io withstand temperatures up to 1000° C. which meant that a
few special precautions were needed. The corrosive effect of the alkali
halides on many metals at high temperatures also limited the type ofi .
‘mitérial that could be used -to construct the box. Vycor and quartz
glass were used extensively for interior parts, and stainless steel was
used for the major exterior parts. A layer of Sil-o-cel two inches thick
was placed around the scattering box to cut down heat loss. Thé vacuum
pump-and oil diffusion pump were no longer needed.

Two heaters capable of dissipating 1000 watts combined power

"were placed above and below the-crystal. The heaters had separate con-
troils to facilitate temperature stabilization. The crystal itse!f was
placed in a Small cylindrical Vycor box 2 cm. in height and ijﬁfaméter
only slightly smaller than that.of the scattering box. The interior of
this box was made cross shaped by means of small opague wedges of Foam-
sil that were placed between the arms of the crystal. By this method
we effectively surrounded the crystal with a black box except for the
‘crystal faces at the end of the arms. Hence, |Ight that entered one
crystal face could exit only at a second crystal face. Figure.5 shows
the shape of the crystal holder. As an added precaution, a blue filter
was piaced between the crystal and the camera to prevent visible radi-

ations from the heater eiements from reaching the filim.
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An overlap in scattering data between the high temperafure and
low temperature experiments provided -a check on the reliability of the
apparatus for thebelimination of parasitic light.

The general technique used was to allow the temperature of the
crystal to reach the desired value andvto remain at that value for a
few minutes until equilibrium had been reached and then to measure the
intensity of the light scattered by the alkali haiide for scattering
‘angle 286-= 90°, To make certain that equilibrium had been reached and
to insure that we were not measuring a transitory effect, the crystal
was held at the desired temperature for several hours. At different
intervals of time, the scattering power was measured and recorded. " This
was done over the entire range of temperatures investigated and for all

the -samples used.
‘The:samples of alkali halides (KC1, NaC1, and KBr) were obtained

from the Harshaw Chemical Company. Two of the samples (NaCl and KC1) had
been investigated by Plint, Theimer, and Sibley (11) over a limited tem-
perature range in 1958. No.experimental work had been performed on the

KBr sample.
Since the photographic method of detection was used for measuring

the scattering intensity, the film must be calibrated against the {ight
-source for the proper exposure time. To do this, the direct beam suitably
attenuated passed through a seven step density filter, which was placed
“between source and filme A micruphotdmeter was used to compare the den-
‘sities of the seven steps, and from this data an H-d curve of photographic
density versus log intensity was calculated, To avoid conflict with the
reciprocity law, the calibration exposure time was the same as the ex-

posure times used in the experiment.
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Kodak Royal Pan film was.used, since it is very sensitive in the
spectral range under considqration. The data were evaluated with a Leeds
and Northrup recording microphotometer,

A precaution that helped cut down experimental error and false
.interpretation of data was the simulténeous development and processing
of all data corresponding to a partiéuiér eXperimental run. Hence effects
due to poer micrdphAtameter adjustment or developing procedure wouid be

the same for all parts of a given experiment.

Time Changes

In this phase of the experiment, the crystal was brought to the
desired temberature and the scattering intensity at 26 = 90° was
measured. The crystal was then held at this constant temperature for a
period of one hour and the scattering intensity again measured. This
process. was repeated each hour for four hours. A graph of intensity
versus time would then show the effect of time changes upon the scattering
power. The eobject of our time change experiments was to determine whether
the "fast structure" and "slow structure observed by Taure! and Humphreys-—
Owen (13) for imperfections in quartz is in fact a!so present in crystais

of the alkali halides.

Heat Treatments

- For this phase of investigation, which covered a temperature range
from room temperature to within about 50 degrees of the melting point of
the crystal, i.e, approximately 760° C., the technique used'was to slowly
heat the crystal up to the desired temperature; then hold at trhis temper-

ature until equilibrium had been attained; and then to measure the intensity
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of the:scattered light flux. After the scattering intensity had been
" measured, the crystal was allowed to cool slowly to room temperature
‘while stitl in the scattering box. This slow cooling supposedly does
not introduce:dislocaifons into the crystal,

The cryétal; were also subjected to a fast quench frqm high
temperatures; and, after being cooled to room temperature, tﬁe scat~
tering power was measured. This was done in an attempt to duplicate
scattering data collected by previous experimenters (24) on similar
crystals,

(n the fast quench treatment, the same crystal was Qucces—
sively heated and quenched from temperatures near room temperature to
values very near the meiting point of the crystal. The crystatl was
held at the appropriate temperature far two hours and then air quenched

to room temperature.

Etch Pit Analysis

.The crystals were also chemically etched and a dislocation etch-
pit count made., For this purpose the samples were divided into three
classes:

1. "as grown" crystals

- 2. crystals after the high temperature equilibrium
treatment, i.e. annealed crystals

3. crystals after the high temperature guench treatment.

In the above three classes it should be noted that ail three came
from the same crystal. Before any experiments were made, a small piece
‘was cleavéd‘from the end of one of the arms of the crystaio After the
crystals had been annealed from 650° C., a second piece was cleaved from

the same arm. Then the crystals were subjected to fast quench treatment
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and a*third piece was cleaved as before.

The technique used in this experiment was in principle the same
" as that of Sakamoto and Kabayashi (25), although different etchants and
rinses were required for the three crystal materials. The crystal was
etched for a few seconds and then rinsed. The wet crystals were then
‘dried on blotting paper and the etch pité photographed through a miﬁro—
scope. From the photographs, a dislocation density was determined.

For KCI; tﬁé etchant used was a mixture of methanol and acetic
acid that had been saturated with zinc ions. The crystal was etched for
30 seconds and then rinsed in 0.5% solutions of mercuric chloride in
acetone. The pits were very sharp and clear and could be photographed
with no difficulty. Several spots were picked at random on the etched
surface, photographed, and an etch pit count made. Etch pit counts were
made on all three samples of KC1, i.e, Mas grown' crystals, annealed
crystals, and crystals subjected to fast quench.

For NaCl a desirabie etchant was found in absolute ethyl alcohol
containing 3 ams./liter of HgC12 as inhibitor. The rinse was the same as
used for'KC1. The etch pits were not as clear and sharp as for KC1.

Since KBr dissolves quite readily in water, one must be quite
selective in picking a rinse. |In addition, most etchants have a peculiar
effect in that some dislocations are etched preferentially yielding deep
etch pits whereas others form only shallow pits that can be seen only
with great difficulty and then oblique lightinglmqst be used. Giacial
acetic acid was used as etchant. The crystal was etched for three seconds,

then rinsed in CCl4 and shaken dry. The pits were very shallow and were

"not suitable for photography.
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Impurity Analysis

Semi—quantitative flame photometric analysis of the specimens
was performed through the courtest of Dr. W. A, Sibley of the Oak Ridge
Natiaonal Laboratory, and is considered to be accurate to 30%. The list
on Table Il shows not only the impurities found in the samples under
investigation, but also the impurities sought for and not found. The
total divalent ion impurities present in the specimens are:

NaCl ¢ 2 - 107°

KC1 < 4 10-6

KBr < 3 ° 1076

1t should be noted that Al enters the fattice as AlTH (26).

Neutron activation analysis could also have been used. However
the nuclear reactor available for this experiment has a very low neutron .
flux, and with the low ‘concentration of impurity in the samples investi-
gated, this method wouid not have been much of an improvement over the

flame photometric method.
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TABLE 11
ELEMENT LIMIT OF KC1 KBr LIMIT OF NaCT
DETECT ION DETECTION
Ag 0.0002 % - - 0.00027 % -
Al 0.00083 <F - 0.8007 -
As 0.42 - - 0.37 -
Au 0.00097 - - 0.0059 -
B 0.008 - - 0.012 -
Ba 0.018 - - 0.024 -
Be 0.00007 - - 0.00011 -
Bi 0.002 - - 0.0017 -
Ca (F LF ' LF
cd 0.056 - - 0.049 -
Co 0.0002 - - 0.0017 -
Cr 0.00024 - - 0.0003 -
Cu 0.00013 - - 0.00016 -
Fe 0.0025 - - F*
Ga 0.0016 - - 0.0012 -
Ge 0.0056 - - 0.0048 -
Hg 1.2 - - 2.8 -
K A A 0.92 -
Li 0.014 - - 0.0044 -
Mg 10.00077 LF L F 0.00009 F
Mn 0.00077 ¢F < 0.0009 -
Mo 0.0011 - - 0.0017 -
Na 0.07 - - A
Ni 0.0012 - - 0.0008 -
P 0.32 - - 0.38 -
"Pb 0.012 - - 0.0077 -
Pd 0.00083 - - 0.0016 -
Pt 0.00093 - - 0.0018 -
Ru 0.0037 - - 0.012 -
Sb 0.033 - - 0.04 -
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TABLE i1 CONTINUED

ELEMENT  LIMIT OF KC1 KBr LIMIT OF NaC1

DETECTION DETECTION
Si 0.005 % - - 0.005 % -
Sn 0.0032 - - 0.0032 -
Sr - 0,038 - - 0.047 -
Ta - 0.09 - - 0.033 -
Te 0.4 - - 0.26 -
Ti 0.0024 - - 0.0019 -
TI 0.021 - - 0.016 -
v .0.0011 - - 0.0012 -
W 0.068 - - 0.029 -
Zn - 0.40 - - . 0.32 -
Zr 0.0033 - - 0.0012 -
SYMBOLS: -
A 10-100%

F  0.0001-0.001%
- 'Sought, but not found

»>

_*A check on the iron concentration in Sodidm Chiboride by;ESR
techniques revealed no trace of iron. Accordingly, we assume that this
flame photometric analysis is in error at this point. '



CHAPTER V

EXPERIMENTAL RESULTS

Low Temperature Results

The low temperature results cover the temperature range from
-100° C. to 200° C. In this range the equilibrium scattering power
versus temherature was measured for alkali halide crystals of type KC1,
KBr, and NaCl. Results of these measurements are shown in Figures 6,
7, and 8. In each case a prominent peak appears in the scattering power.
For NaC1 the péak appears at about 273° K. For KC1 and KBr the peaks
were at 213° K and 223° K respectively. The increase in the scattering
power on the low temperature side of the peak appears to be an exponeéential
increase as can be seen when the natural ltogarithm of the scattering power
is plotted against 1000/T. However this experimental range is so short
that it is quite difficult to tell whether thé curve should be exponential
or a similar type. The drop off on the high temperatute side of the peak
is also ah exponential. Figures 9, 10, and 11 show the results of the
low temperature équilibrjum scattering.

The slope of the logarithmic graph on the low temperature side
of the peak is approximately the same for the three samples, viz: -0.50
for KC1, -0.56 for KBr, and -0.55 for NaC1l.

On the high temperature 5ide of the peak, the plot of TnP versus
1000/T again is a §traight line for each of the samples investigated,
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the slopes being 0.33, 0.31, and 0.64 for KC1, KBr, and NaCl respectively.

The low temperature region covered the range up to a temperature of 200°
C, but in each case the high temperature data fits smoothly to the low
temperature data in the range where the temperatures overlap. This over-
lap in data occurs for measurements in the temperature range from room
temperature to 200° C.

The low temperature peaks jn the scattering pawer aré caused by
processes that appear to be reversibleo’ When the temperature was re-
peatedly cycled between -100° C and 200° C, the peaks still appeared in
the same place and all details of the graphs could be reproduced.

In the low temperature range where scattering peaks are prominent,
a measurement of possible time changes in the scattering power gave nega-
tive results over a period of five hours.

Figures 18, 19, and 20 show the results for KC1, KBr, and NaC1l
for temperatures from -100° C up to about 200° C. |In this low temper-
ature range there does not appear to be a time change in scattering power,
however, these experiments covered a range of only about five hours rather
than the eighty hours used by taurel (13). 1t must be pointed out'that
Taurel's experiments showed that about 70% of the total change occurred
during the first 8 to 10 hours. {f a similar change occurred for the
alkali halides investigated here, it should have been noticable over our

experimental range,

High Temperature Results

In the high temperature range from room temperature to within 50
degrees of melting, the scattering power versus temperature data fall

into two. distinct ranges. In the first range the curve of InP versus
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1000/T fits smoothly onto the low temperature data in the overlap range
from room temperature to 200° C. This line continues with the same
slope until about 500-600° C, although the exact break-boint varies from
material to material. Above the break the curve drops off.sharply to
an extremely low value within a 50 degree temperature range for all three
samples. The drop is so rapid that an accurate determination of the
slope is not possible,

The ratio o% peak height to height at 600° C was 5.6, 13.0, and
6.4 for KC1, KBr, and NaCl respectively. The value for KBr is almost
two times that of KC1 or NaCl. [t may be noted that KBr also behaves
differently from KC1 and NaC1l in the‘range between the scattering peak
and 600; C. Whereas the data for both KC1 and NaCl lie on a straight
line when 1nP was plotted against 1000/T, the KBr data lay on two
straight lines of slightly different siope. This may be seen by com-
parison of Figure 10 with Figures 9 and 11. The data for KC1 and NaCl
do show aslight tendency to lie on two straight lines, but it is much
less pronounced than for KBr.

The processes causing the change in high temperature equilib-
rium scattering power were also reversible, When the temperature was
cycled between room temperature and 650° C, the above data was reproduced.
In fact, the entire process from -100° C to 650 C appears to be re-
versible, fhis was shown by observing the low temperature peaks after
the high temperature experiments were completed. The low temperature

peaks reappeared in their proper positions for all three samples.

Fast Quench
After the equilibrium scattering power dependence upon temper-

ature was investigated in the range -100° C to 650° C, the crystals were
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subjected to a fast quench treatment.

The high temperature quench results may be classified into two
obvious regions and a third possible region that is not quite so obvious.
The first region terminates at about 490° C, 450° C, and 561° C for KCI,
KBr, and NaC1l respectively. These breaks become obvious when one plots
InP versus 1000/T for the three samples. .On the low temperature side
of the break, ihe fast gquench curves have slopes 0,20, 0,60, and 0.40
for Kcl, KBr, and NaC1 respectively. These values are to be compared
with the values 0.33, 0.31, and 0.64 obtained for these same crystals
at equilibrium scattering temperatu}es.

On the high temperature side of the break, the scattering power
increases very quickly in contrast to the slow, steady decrease when
equilibrium conditions are met. For KC1, KBr and NaCl, the slopes turn
out to be —-4.4, -3.0, -3.33. The point where the fast quench curve
rises sharply upward is roughly the same as the point where the equil-
ibrium curve drops sharply. For fast quench, the point is at 492° C,
452° C, and 561° C for KC1, KBr, and NaCl. These values are to be com-
pared to 490° C, 492° C, and 560° C for equilibrium treatments. These
values for e;uilibrium measurements of break point are not as accurate
as these for the fast quench because of the small number of data points
avaifable, At points dangerously near the melting point of the crystals,
the quench treatment showed a rapid decrease in scattering power. Not
enough data points were available to measure the slope or to determine
with any accuracy the temperature at which the drop started. Figure 21

illustrates the quench treatment data.
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Etch Pit Analysis

Results for KC1 are shown in Figures 22 and 23, where etch pit
pictures are shown, and Table |11, which shows the density of dislocations
through a (100) plane. The dislocation density for annealed KC1 has in-
creased by a factor of four over the "as grown" c?ystal. Likewise, the
dislocation density for fast quenched crystai has increased by a factor
of ten over the "as grown™ crystal,

No significant change in the dislocation pattern between the Mas
grown' KC1 and the crystals heated as high as 650° C and slqw}y cooled
was observed.. A slight piling up of dislocétions near grain boundaries
-and a density increase appears to have occurred in the annealed crystals.

When one compares the annealed crystal with the fast quenched
crystal, a drastic change'is immediately apparent. Other than the larger
concentration of dislocations that is present in the fast quenched crys-
tal, a new phenomenon is now visible. This new phenomenon has the general
appearance of a glide band except for its irregular directions. |t ap-
pears to be a grain boundary with an enormous number of dislocations in
close proximity. The dislocations are so closely packed in this general
area that accurate counting is impossible. This may be seen quite cleariy
in Figure 23.

The dislocation density for annealed NaCl was larger than "as
grown" NaC1l by a factor two, while that for the fast quenched crystal
had increased by a factor of five over the density in the "as grown"
crystal. A list of the dislocation densities for NaCl appears in Table
l.

Large groups of dislocations were observed for KBr, but they

were too shailow to photograph adequately.
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TABLE 111

CRYSTAL DISLOCATION DENSITY HISTORY
KC1 5
(1) 0.14 x log/cm As grown
0,125 x 10" /cm2 " "
(2) 0.4 «x 106/cm2 Slow ann2al
0.5 x 10%/cm? n n o
(3) 1.0 - x 10%/cm? Fast guench
1.2 x 10%/em2 " n
NaC1 : 2
(1) 0.14 x 106/cm As grown
(2) 0.26 x 10%/cm2 Slow anneal
(3) 0.6 x 10%/cm? Fast quench
-

"As grown! x 250

"Anneéled" x 250

Fig, 22.--Etch Pits in KCI1
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"Fast quench™ x 250

Figo 23.~~Etch Pits In KCL



CHAPTER Vi
CONCLUSIONS

The experiments and theoretical considera*tions of Theimer,

Plint, and Sibley {9, 12) and recent results of Sibley (27) seem to
indicate conclusively that the scattering centers in the alkali halide
crystals produced by Harshaw are closely associated with dislocations,
To be sure, one may expect formation of impurity precipitates at the
nodes of a dislocation network, but it has been shown that the scat-
tering from such centers displays an angUlar dependence that is markedly
di fferent from that of leng cylindrical scatterers with definite crys-
tallographic orientations. In view of these results we.wiil assume,

b initio that our scattering centers are long cy!indrical c!ouds of

. — ——————

vacancies and impurities associated with dislocation networks.

“The exact formula for the scattering power of such a certer
depends on the particular function chosen to represent the radial dis-
tribution of defects about the dislocation line, However, whatever
function is chosen, a formula of the following type holds (11j:

. Az
P(OA) = 4 (8N (n*oc* V*)2 sin? > f(r*) (48)

2
where f(r*) is a function of the effective radius r*, n* is the average

concentration of point defects, and V*n* is the total effective number
of point defects in a bad region, and the other terms are the same as
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defined eariier.

in considering the temperature variation of the scattering from
such a center, one notes that oniy the guantities n*, V* and r* are
likely to change and that these quantities are interrelated (Koehler).
It is possibie that n*od* could change because of dissociation of
vacancy-impurity pairs as the temperature is raised. A vacancy-impurity
pair would have an effective poifarizability less than that of a dis-
sociated pair. |f this mechanism operates to any appreciabie extent
the scattering should increase with temperature increase. The Eontrary
effect is observed in that range of temperature for which dissociation
could occur. It must not be supposed that dissociation does not happen
but that the concentration of point imperfectioné in the cloud is
determined by the mechanism discussed earlier for charged dislocations
rather than a simple Boltzmann thermal equii.brium.

The total number of dislocations may vary with temperature but.
such an effect would not permit the reversibility of the equilibrium
experiments that was observed. Furthermore, the small increase in etch
pit count observed after cycling the temperature of a crystal could we!l
be accounted for by the formation of small dislocation I;pr near theg
crystal surface. Such an effect has been observed for LiF by Gi'man and
Johnston (8). |

Varia{ions in V* and r* are distinctly possible if we accept the
theory of charged dislocations ottliined earlier. "Accordingly, we shall

attempt to examine the results in the light of fhe_theory of charged

disiocations. S .

L4

Equilibrium Results

Each of the three samples used shiows a prominent peak in the
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scattering power versus temperature curve., We have noted earlier that
for NaCl with divalent impurity concentration 107 this peak appezrs at
approximately 273° K. Koehler has shown that for NaCl at moderately |ow
average impurity concentration (i.e. about 3 ° 10'6) the impurity con-
centration at the core saturates at room temperature. By using the
theoretical value E = 0.66 ev for energy of formation of positive
ion vacancies in NaCl given by Koekler and aiso equation 18 of chapter 3,
one obtains the result that at about 273° K with impurity concentration
106 the divalent ion c&ncentration at the dislocation core should just
drop belbw saturation. It thus seems plausible tha* the observed peak
in scattering power is associated with the onset of saturation of im-
purities a% the dislocation core. Obviously, we can apply the same
reasoning to predict the energy of formation of positive ion vacancies
in KC1 and KBr since tﬁese crystals also show pronounced peaks in scat-
tering pewer versus temperature, For KC1 and KBr the peaks appeared at
213° K and 223° K respectively, and the energies of formation of positive
ion vacancies for these halides are then calculated to be 0.42 ev and 0.46
ev respectively. The correct values for these alkali halides is.not.known
with any degree of accuracy, experimentally or theoretically, but are
believed to be in this neighborhood.

Mott and Littieton (23), for example, have calculated the energy
of vacancy formation for KC| and KBr, and obtained values close to 0.85
ev, whereas the values obtaihed here are approxfmately one half of these
Yalues. The answer to this discrepency is undoubtedly connected with
the uncertainty fn the values of the impurity concentration., |f the im-
purity concentration were larger than the estimated vaiue, for example

10‘5, the appearance of a peak at 213° K for KC| would imply that the
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activation energy is 0.4 ev., while an impurity concentration of 50_7
‘under the same conditions would imply an activation energy of 0.8 ev.
This range of values for the formation energy is more thar enough to
explain the differences. Therefore, the impurity zoncentration must
be known very accurately if results for the energies are to have any
exact quantitative significance. It seems worthwhile to attempt to
obtain more accurate knowledge of the concentrations in order to exploit
this method for obtaining EFt.

In the following discussion it will be assumed that the peaks
in-scattering power are in fact associated with the onset of saturation
of divalent impurities at the dislocation core.

In the region above the saturation peak a scattering power of
the form

P o= __A | (49)

T-T,

fits the experimental data guite well. Evaluating the constants in
equation 49 for the three materials investigated, one obtains the fol-

lowing equations:

3
l. For NaCl P = ._é%lz_$g%9_ (50)

4,85 x 103

T - 104 (51).

Ile For KCI P =

I11. For KBr p = _11;_3'L_;.2_8CE (52)

The scattering power versus temperature has the same general
shape above and below the saturation peak and hence a curve of the same
type should fit both sides. For the region below the saturation peak

the equations are:

3
-4,86 x 10 (53)

V. For NaCl P =
T - 377



73

3
V. For KC1 P = ;2-{13.2.%’%9__ (54)

- 3
3.95 x 10 (55)
T - 280

Vi. For KBr P =

The stattering power is, of course, always positive. Figures 24, 25,
and 26 show the experimental values of P versus T, and also the values
calculated using equations 50, 51, and 52 above. The resuits are in
quite good agreement. Similar good agreement is found for temperatures
below the peak.

If one attempts to use basic arguments and obtain a scattering
power formula that closely resembles tﬁe experimental data, one must take
into account simultancously all the pessible processes that could occur.
Such a study is almost impossible, but by iimiting oneself to one or two
of the possible processes, perhaps one can get at least a qualitative
idea of the relative importance of each process in the production of
changes in the scattering light flux.

The most important single item appears to be the concentration
of divalent impurities. We shal! focus our attention for the present
upon the effects due to these impurities.

Let us suppoge that in the region below the saturation peak the
divalent impurity concentration is not a constant but varies with tem-
perature. For example, the divalent impurity could be precipitated into
a new phase at the low temperatures. We shall assume with Eshelby et.
l., that below the saturation peak the divalent impurity concentration

in solid solution in the crystal varies somewhat as

cC = A e—B/kT . - . (56)
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where A and B are constants, B is identified the heat of solution or
nucleation energy.
We shall now attempt to combine this idea with the theory set
up by Koehler., Koehler defines a screening constant IC such that

K: 2 _ 81|N22c

€T

’

and then proceeds to show that 14: is proportional to the effectivé
radius of the charge cloud., This radius was denoted earlier by the
symbo! r*., Hence r*« J;?, where T is the absolute temperature and

c is the average concentration of dissolved divalent impurities within
the crystal. 1f the divalent impurity concentration varies, so also
must the radius of the dislocation,

Néxt we correlate the above information with what is already
known about variation of scattering power with change in the effective-
radius of the charge cloud. To do this we try several plausible fun-
ctions for j’(r) the radial distrubtion function and observe the form
of the resultant scattering power. |f we first aSsmneJD(r) is of the
form

Pl = are=r/re (57)
where r* is the effective radius of the charge cloud, and A' is a con-
stant, we obtain an expression in which the scattering power is a
function of %:2. {f we next try JD(r) = g , we again obtain a function
of %72‘ for P 1t therefore appears that the scattering power must
somehow change as %;zn, and we shall presently check g formuia of this
type with the experimental data.

»

The 'scattering power in the region below the saturation peak
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..should then be of the form

"e—B/kT
T

A (58)

—in

P ot g o

Formula (58) indicates that as the concentration decreases, the effectiVé
radius r* should increase, and hence the scattering power should fall off
toward lower temperatures., At the saturation temperature the core of the
dislocaticn line has an impurity atom at each lattice site. The.in—
creased scéttering at saturation then may be thought of as being caused
by a cylindrical volume nfbimpurity atoms. As the temperature is de-
creased helow saturation, the impurity precipitates into a new phase and
takes the form of smalf spherical gfobufes rather than the ftarger cyfin-
drical region found at, and above, saturation. Plint and Sibley (24)
calculate, with the aid of scattering formulae given by van de Hulst (29),
that the scattering power should decrease at least by an order of magni-
tude when the cylindrical region is replaced by groups of small spheres.
From this point of view the decrease in scattering power at the low
temperature side of saturation seems quite plausible. This drop~off

is observed éxperimentaliy as may be seen in Figure 6.

The experimental data fits quite nicely to formula (58) indi-
cating possibly that precipitation of impurities is one of the few
processes that can occur at the temperatures in question.

In Formula (58) the values of B for NaCl, KC!, and KBr were
found to be 0.057 ev, 0.045 ev, and 0.053 ev respectively. These values
for B must somehow be related to the work of nucleation. The work of
nuclieation and the stable nucleus size both depend upon the degree of

saturation and decrease with increased degree of saturation. These
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+

. values for.dgrk of nucleation are not known theoretically. However; the
energies |isted above correspond to precipitation free energy changes.'
of thelorder of,106 jouJes[Kg—mo{ Fnd'are comparable in size with the
mdlér heats of fugion for wéter and hydrogen. ‘Thus the identification.
of the decreasing scéttering poweér with decfeasing temperature‘ﬂelow the
peak with the onset of precipitation seems plausible.

It will be noficed that the theoretical form for the scattering: )
power on the [ow temperature side of the peak is quite different from
the empirically fitted forms 53, 54, 55, Herver, both forms are poly;
nomials and thus can always be fitted approximately to the data. The
theoretical form has some physical basis and is to be preferred over
the empirical form,

In the region above the saturation peak, we will assume that the
impurity ion concentration has reached the constant value cy. In this
range the impurity ions move away from the core of the dislocation, there-

by causing the radius of the dislocation line to increase. The scattering

power should then have the form:

Po(.-—r;-z—o(_% (59)

I f one attempts to fit formula (59) to the experimental data, one
finds that the experimental curve and the calculated curve have the same
general shape but are slightly displaced, the calculated values being
larger than the experimental values. This discrepancy may arise because
we have assumed that only the changes irn r* are important. The theory

-shows that the screening radius r* is approximately proportional to 1/&;

but other factors besides changes in r* must be considered, among these is
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the possibility of changes in n*., The average excess defect concen-
tration in the cloud must be proportional to the charge on the dis-
Jlocation line. Sin;e this charge decreases with temperature (23), the
excéss defect concentration wiil also decrease and produce a decrease
in the scattering power of the cloud. Such decrease would be over and
- above that caused by changes in r* and could, therefore, account for
the di fference between the experimental curve and the simple theoretical
- curve, Figure 27 shows both the low and high temperature results of
this . comparison for KC1,. |

In the foregoing discussion the change in scattering power was
considered as being caused by the change in th=: divalent ion concen-
tration at (ow temperature and to the increase in radius of the dislo-
cation line caused by migration of impurities away from the core at
high temperature. Above 600° K the concentration of intrinsic Schottky
‘vacancies approaches that of the extrinsic vacancies and one would, in
general, expect that the effects of impurities wouldAbe overshadowed
somewhat by the effects produced by these intrinsic vacancies. These
effects are perhaps observed in the deviations of the calculated scat-
tering power from that observed experimentally at the high temperatures.

On the high temperature side of the peak, the scattering power
decreases because the effective radius of the disiocation is increasing.
This means that the defects in the neighborhood of the core are moving
away from the dislocation, thereby reducing the value of ﬁ:, which is a
measure of the difference in the average concentration of defects in
the bad region as compared to the good crystal. ‘Since P oC 372, one
can calculiate the changes taking place in terms of n* as the core drops

below the saturation point. For KCI:
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- 1
o (T‘To) (60)

N~

Now it is known with a fair degree of accuracy that for Harshaw
KC| at room temperature the value of n* s approximately 5 x 1019/cm3°
This result allows one to calculate the constants in Equation (60). The
variation of n* with temperature is shown in Figure 29. According to
this theory, the value of n* at saturation is 7 x 1019/cm3. The values
of n* indicate that an average has been pgrfbrmed over the entire dis-
location, including the charge cloud. Of more interest‘perhapﬁs would
be the average defect concentration at the core. For tﬁ; two types o}
ragial distribution function discussed here, one can calcuiate the aver-
age defect concentration at the core dpring saturatiqp. Af on; assumes’
a radial distribution function of the type J’(r) = Ae‘r/r‘, one ocbtains
the value n* o~ 1029/em®, and n22 3.5 x 1021/cm3 if o:né assumes ?(r) =g
for the radial distribution function. These values §;em quite nlausible

21-1022 lattice sites per cm?

since there are in the neighborhood of 10
available, and at saturation each site should be filled with an'impurity

atom.

Fast Quench Treatment

-

The variation of scattering power with temperature of quengh for
KCl, KBr, and NaCl may be seen in Figure 21. There are two disfinct
ranges present. In the first range the scattering power decreases
slightly with quench temperature. The sliope of Ln P versus 1000)T is
approximately the same as that obtained for equilibrium treatment, in-
]

dicating that perhaps the processes responsible for the variation of

scattering power are quite similar for the two treatments. The second
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range starts-at-about 452° C, 490° C, and 560° C for KBr, KCl, and NaCl
respectively. Above these temperatures the scattering power increases
quite rapidly with temperature. This increase in scattering power has
been discussed previously by Plint and Sibley {24), and only a brief
sketch will be attempted here.

Etch pit counts on KC! and NaCl show‘a marked increase in dis-
location density in the fast guench Crysta!é over {he annealed ones.

In some cases an increase of as much as an order of magnitude was ob-
served. This vastly increased dislocation count undoubtedly will cause
an increase in the scattering power. Plint and Sibley observe that the
scattering power for quenched Harshaw KC| increases sharply at temper-
atures near 300° C. This increase continues until the temperature
reaches a value near the break in the conductivity curve, and drops
quite ‘sharply to a very low value. A similar result was obtained in
this experiment, with one exception, The sharp drop in scattering
power observed by Sibley was not observed. instead, the scattering
power increased sharply at a point near the break in the conductivity
curve and continues to increase up to temperatures quite near the
‘melting point of the crystat. However, it should be mentioned that
Sibley?s crystals were treated quite different!y from these used in
this investigation. They were less pure than the crystals used here,
and the rate of quench was considerably slower.

When one attempts to compare the equi!ibrium scattering with the
scattering from quenched crystals, one immediately sees that they are
not at all the same. Whereas the equiiibrium scattering decreases slowly
with fncrease in temperature and then drops shafply at high temperatures,

the fast'quehch scattering decreases slowly at first and then rises quite
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sharply at high temperatures.

Etch pit counts show that the annealed crystals have a slightly
larger dislocation count than the ™as grown" crystals. Since the scat-
iering power for the annealed crystals continues to decrease slowly, the
greater dislocation count must be associated with dislocation loops at
the surface which would not scatter ltight appreciably, Extensive form-
ation of dislocation loops has been observed by Gilman and Johnston (8)
for LiF; and although this material is much softer than the alkali halides
under investigation, it is reasonable to expect similar tehavior for all
alkali halides. There were more dislocations in the fast guenched crys-
tals than in the Yas grown” crystals by a factor 10. Some experimenters
claim that the quenching seals in the high temperature configurationo‘
This is clearly not true, as a comparison of the scattering power for
the quenched and annealed crystals indicates. Another point in favor
of the statement that the equilibrium treatment is not the same as the
‘quench treatment, is the gquestion of reversibility of the scattering data.
For the annealed crystals the scattering power data was completely re-
versible, while it was irreversible for the quench treated crystals. The
scattering power observed for quenched crystals depended oniy on the

highest quench temperature. A similar result was obtained by Sibiey.

Suggestions For Further Work

There is a large group of éxpefiments that should be done in
connection with the investigation of defects in ionic érystals by the
method of light scattering. The followihg investigations are recommended:

(1) An accurate measurement of tﬁe impurity content of the

crystals is very important in order to further exploit
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the possible method of measuring the energy of
formzticn of positive ion vacancies in alkali halide
crystals described in this thesis.

(2) Scattering work of the type discussed in this thesis
should be done for samples with several different
impurity concentrations.

(3) Complete angular dependence of the equilibrium
scattering at high temperatures shou!d be performed
in order to detect any changes in {he shape of the

" bad régions at high temperature.

" {(4) The temperature dependence of light scattering from
crystals strained in a manner similar to that done by
Sproull should be measured.

(5) An investigation of small angle scattering might give
information concerning the shape and size of precipitates
present at low temperatures beiow the observed peaks.

The above list is a very small portion of the experiments that

need to be done if one is to continue to progress in the use af light

scattering as-a tool to investigate defects in ionic crystals,
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