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Abstract approved

A discussion of some of the many types of color
centers present in additively colored alkali halides is
given, with special emphasis being placed on the properties
of the centers involved in thermal equilibria. The thermal
stability of F-centers in additively colored potassium
bromide and potassium iodide was determined over &a range
of temperatures and concentrations. It was shown that a
heterogeneous equilibrium is established in these crystals
between F-centers and "colloidal" centers. The equilibrium
concentration of F-centers was calculated at several
temperatures by means of the Smekula equation and used to
determine the AH of the process "colloid" —— F-centers.

For K-KBr, AH = 11.4 # O.4 kilocalories per mole of F-centers
formed at 325°C. For K-KI, AH = 9.0 + 0,3 kilocalories per
mole of F-centers formed at 340°C. These results are

similar to those obtained for X-KCl by Scott and Smith.

During the thermal stability measurements on K-KI, a
new band was discovered in its absorption spectrum. This
band has several properties similar to the "colloidal"
band, but the maximum occurs at 650-670 millimicrons, which
is sbout 200 millimicrons less than the "colloidal" band
maximum. EBExploratory experiments were conducted to
ascertain the qualitative behavior of this new band toward
light (of wave length corresponding to the band maximum)
and heat. No definite conclusions could be drawn as to the
structure of the center giving rise to this band.

The position of the "colloidal" band maximum in
K-KCl1, K-KBr, and K-KI was calculated by means of an
equation derived from theorstical considerations by Phol.
Agreement between observed values and the calculated



values was very good for K-KCl and K-KI, and fair for K-KBr.

Nonhomogeneously colored potassium chloride and
potassium bromide were studied in order to determins the
relationship existing between F-centers and M-centers
during the coloration process. The results indicated that
a rapidly attained thermal equilibrium exists between these
two centers and, furthermore, the process involves one
F-center per M-center.

Low temperature (-194°C) absorption spectra were
obtained for K-KCl, K-KBr, and K-KI in which R;-, Rp-, and

M-bands had been developed. Absorption curves for K-KBE
and K-KI prepared in this laboratory were measured at 5 K
by Dr. J. J. Markham of The Johns Hopkins University
Physics Department and are included for completeness.

The energy levels of electrons in F-centers in
additively colored NaCl, KCl, KBr, and KI have been
calculated by a quantum mechanical method. A variation
method was used and generalized equations for the variable
parameters obtained. These can be applied to any alkali
halide with the NaCl structure. Generalized expressions
for the energies of the 1ls and 2p states were derived.

The variable parameters were evaluated by successive
approximations and were then used in the energy equations
to obtain values of Wyg and Wpp at 20 °C. Energy values

for the transition l1ls —» 2p were calculated and compared
to those obtained experimentally, that is, to the ensergies
corresponding to the F-band maxima. The agreement between
these calculated values and the observed energies is
excellent.

The above method was applied to KCl at -194°c in
order to calculate the energy shift of the F-band maximum
with temperature. Wave functions for the 1ls and 2p states
were obtained with all of the parameters evaluated and used
to determine the electron density distribution at 20°C and
also at -l9h C in the case of KCl. The 2p wave functions
were used to calculate the thermal energy of activation
for the process

2p electron —» conduction electron

in additively colored NaCl, KCl, KBr, and KI.
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CHEMICAL PROPERTIES OF ‘COLOR
CENTERS IN ALKALI HALIDES

CHAPTER I

INTRODUCTION

Color Centers

A large body of information has been developed con-
cerning the lattice imperfections of the alkali halides.
These crystals have been investigated intensively because
of the relative simplicity of their structure as compared
to that of other erystals. Some of the most interesting
properties of the alkali halides are due to imperfections
in the crystal lattice. It was first pointed out by
Frenkel that vacant lattice sites and ions in intersti-
tial positions could exist in appreciable concentrations
in a crystal in thermal equilibrium at temperatures above
absolute zero (4, p.654). However, it was later shown by
several investigators that the predominant defect in
alkali halides is the so-called Schottky defect which
consists of an equal number of positive and negative ion
vacancies (11, Chapter 2; 19, pp.497-499; and 28,

PP. 339-343). The Frenkel and Schottky defects are shown
in a two dimensional representation in Figure 1.
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Pure alkali halides have no significant optical
absorption from the near ultraviolet to the near infra-
red region of the spectrum. However, these crystals
can be colored by several methods, among which are the
following:

(1) Bombardment by cathode rays

(2) Exposure to x-rays

(3) Heating the crystal in an atmosphere of
alkali metal vapor (additive coloration)

(4) EBElectron injection from pointed electrodes
Historically, the first artificially colored alkali
halide crystal was observed by Goldstein in some experi-
ments with cathode rays in which he bombarded several of
the alkali halides and noticed that each compound assumed
a characteristic color (6, p.211). The same coloration
can be produced by exposure to x-rays (17, pp.l-82).

The colored alkali halides have optical absorption
spectra which are characteristic of the individual
ecrystals and not of the method of preparation (in general).
Furthermore, these absorption spectra have many qualita-
tive features in common. Pohl and his co-workers have
investigated the colored alkali halides in great detail
and a review of this early work was published by Pohl in
1937 (25, pp.3-31).

Pohl called the lattice defects responsible for
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the characteristic color of the alkali halides "Farbzen-
tren" or "color centers™. The term F-center as now used,
refers specifically to the defect pictured in Figure 1l(c),
that is, an electron trapped at a negative ion vacancy.
This model was first proposed by de Boer and has been well
supported by the results of many experimental and
theoretical investigations (2, p.308). The absorption band
associated with this defect is called the F-band. Other
absorption bands have been observed in the colored alkali
halides and have absorption maxima which lie on both sides
of the F-band. Since we shall be concerned primarily with
F-bands and bands lying to the long wave length side of
the F-bands, no discussion of other bands will be given.
The F-band is very unstable when illuminated with
light corresponding to the wave length of the absorption
maximum. It has been postulated that the trapped electron
in the F-center absorbs a quantum of light and is raised
to a 2p level which is still somewhat below the conduc-
tion band. In this excited state the electron receives
sufficient energy from thermal sources to be raised to
the conduction band. The electron then wanders through
the lattice until it is again trapped. If the trapping
occurs at some defect other than a single negative ion

vacancy a new color center results and a band character-

istic of the new center appears in the absorption spectrum




of the crystal. In referring to these bands and the
centers giving rise to them, we shall use the notation
given in Figure 2, wherein the letters identify both the
absorption band and the color center.

During the illumination the M-band grows at approxi-
mately the same rate as that at which the F-band is
diminishing. The M-band can also be reconverted to the
F-band by illuminating with light of the M-band wave
length. However, there is a permanent loss of intensity
in the F-band in this cycle. The loss has been associated
with the appearance of the Rl- and R2- bands which are
optically stable (23, p.453, and 25, pp.8-13). Seitz has
suggested that the centers responsible for the R;- and Ro-
and M-bands are those shown in (e), (f), and (d) of Figure
1 (33, pp.404-407). These centers may be considered to be
the first aggregates of F-centers (5, pp.107-108).

When an additively colored alkali halide crystal is
prepared at a high temperature and cooled slowly to room
temperature the F-centers coagulate and form a "colloid"
(which may or may not be colloidal in the usual meaning
of the term). This "colloid" gives rise to a band such
as that shown in Figure 2 for K-KI. These colloidal
centers are in equilibrium with the F-centers over a
limited range of temperatures (29, pp.344-345, and 31,
pp. 985-986). When a crystal containing F-centers is
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heated and illuminated a broad absorption results which
has been designated the R' band (29, p.341l). This band
has a contour similar to the F'-band reported by Pick
(24, p.371).

Ueta has obtained evidence from studying the rela-
tive rates of bleaching of the M-band with polarized and
nonpolarized light supporting the structure of the M-
center given in Figure 1(d) (37, pp.l07-109). There is
at the present time very little information concerning
the structures of the centers responsible for the N, R',
and "colloidal™ bands (29, p.346; 30, p.349; and 31, p.
986). Some arguments regarding the structure of the

"colloid" centers will be presented in Chapter VI.

Properties of F-centers and F-bands of Interest in this

Investigation

It has been established that the concentration of
F-centers in the additively colored crystals is proportion-
al to the pressure of the alkali metal vapor. RSgener has
determined the proportionality constant at several
temperatures for potassium chloride and potassium bromide.
These results were used to calculate the energy of forma-
tion of F-centers (27, p.390). If the concentration of
F-centers was not proportional to the vapor pressure of

the alkali metal (and therefore to the number of atoms
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per unit volume), the deBoer model for the F-center would
have to be discarded. It is of interest to note that the
model proposed by von Hippel ("self-trapped electron")
requires that the excess metal ions and the resulting
electrons be present in interstitial positions (38, pp.
680-687). If this model were correct, the concentration
of F-centers would be proportional to the square root of
the vapor pressure.

F-centers also have the property of existing in
equilibrium with the "colloid" centers. This equilibrium
is heterogeneous and is easily established for a range
of temperatures (31, p.984). If the "colloid" is assumed
to be the solid phase and the F-centers to be the dissolved
phase, we may treat the equilibrium as a heterogeneous
solubility problem. Applying the thermodynamic equation
d1lnkK/4T :AH/RTZ, where K represents the equilibrium con-
centration of F-centers at the absolute temperature T,
and OH is the heat of formation of the F-centers in the
process "colloid" —» F-centers. It seems desirable to
have information concerning this heat of formation of
F-centers for all of the alkali halides. Such information
may ultimately lead to a reasonable structure for the
"colloid™ centers.

Certain characteristics of the F-band are

temperature dependent. For example, the width of the band
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is directly related to the temperature of observation. This
has been shown by Pohl (25, p.7). His results for KBr are
shown in Figure 3. According to Mott and Gurney, the
temperature broadening is given (theoretically) by ha¥#=

(h %]:T)it , Wwhere 27 is of the same order as the absorp-
tion frequency itself (18, p.ll6). The wave length of the
F-band maximum shifts to higher energies as the temperature
of observation is lowered. It would be of interest to
calculate the magnitude of this energy shift using the

de Boer model for an F-center and a suitable quantum

mechanical method.

Information Sought in this Investigation

Eventually it is hoped that sufficient data will be
accunulated so that exact structures can be assigned to
the various color centers. At the present stage of the
development of color center theories it seems desirable
to have more information concerning the equilibria exist-
ing between different color centers in the same crystal.
With this in mind, we turned to an investigation of the
thermal stability of F-centers in K-KBr and K-KI since
there was reason to believe that an equilibrium between
F-centers and "colloid" centers existed in these
additively colored crystals (31, p.986). More
specifically, experiments were designed to obtain the
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FIGURE 3. INFLUENCE OF TEMPERATURE ON THE ABSORPTION
SPECTRUM OF ADDITIVELY COLORED KBr, AFTER POHL.
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following information:

(1) Temperature and concentration ranges for
the equilibrium

(2) F-center concentrations as a function of
the temperature

(3) The heat of formation of F-centers from
"ecolloid" centers

The discovery of a new absorption band in K-KI led to many
experiments of an exploratory nature in an effort to
characterize the band and to determine some of its
properties. These latter experiments are discussed in
Chapter III.

Very little information of a quantitative nature
is available concerning the relationship of M-centers to
F-centers during the coloration process. It has often
been reported that M-centers arise only through the
optical destruction of F-centers. However, recent experi-
ments indicate that M-centers are formed during the
coloration process (31, p.986). More data are needed on
this subject.

Experiments were conducted on nonhomogeneously
colored KCl and KBr crystals in order to obtain the follow-
ing information:

(1) The distribution of F-centers and M-centers

as a function of the distance from the
crystal exterior

(2) The relative concentrations of these centers
as a function of the distance
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(3) The identity of other centers present
Nonhomogeneously colored crystals were chosen in order to
have a concentration gradient present. It was thought
that if the F-center concentration plays any part in the
formation of M-centers, such a role should be revealed by
these measurements.

Much of the early theoretical work on color centers
was devoted to arguments concerning the validity of the
various models proposed for the F-center. The de Boer
model survived these arguments and is widely accepted to-
day. An electron trapped in the potential well of a
negative ion vacancy should have one or more bound energy
levels available to it, depending upon the depth of the
well.

There has been considereble interest in the problem
of calculating these energy levels using quantum
mechanical methods. Mott and Gurney have pointed out that
the field acting upon the electron near a lattice defect
depends upon the wave function of the electron itself.
Therefore, this wave function and the associated potential
must be calculated by a self-consistent method (18, p.85).

Tibbs has calculated the energy levels for the
F-center in additively colored sodium chloride (36,
PP.1478-148L). His results show that the energy of the
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1s-2p electronic transition corresponds very closely to
the energy of the F-band maximum observed for NaCl.
Simpson has used a different method of calculation and has
shown that there is good agreement between the 1ls-2p
energy calculated and that observed for the F-band maximum
(34, Pp.274=-278). Although Simpson used a more refined
potential energy function than Tibbs used, his value for
the F-band energy did not agree with the observed energy
as closely as did Tibbs. In view of this fact, it was
thought advisable to repeat Simpson's calculations for
NaCl before extending the method to the other alkali
halides of interest.

Calculations were carried out with the purpose of
obtaining the following information:

(1) Wave functions for the ls and 2p states of

Zgg gjcenter in NaCl, KCl, KBr and KI at

(2) Energy values for 1ls and 2p levels in the
above crystals at 20° C.

(3) Energy values for 1ls and 2p levels in KCl
at -194° C.

(4) Electron density distribution curves

(5) Thermal activation energies for electrons
in the 2p state (to the conduction band)

The data obtained in (2) and (3) would give the theoretical
locations of the F-band maxima. The information in (3)
was desired for the purpose of calculating the theoretical
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energy shift of the F-band maximum as a function of the
temperature. These data could be compared with existing
experimental values in order to check the accuracy of the
method of calculation used. Indirectly the validity of
the F-center model is also checked by these results.
Before discussing the experimental work it should
be pointed out that quantitative measurements of color
center concentrations are quite difficult. The most use-
ful nondestructive method available is that developed by
Smakula, and even this method is severely limited in its
application. No justification of its use for color

centers other than F-centers has been found.

smakula Equation and Constants

Attempts to determine F-center concentrations in
additively colored alkeli halides by non-optical methods
have been inconclusive (13, p.1lOl and 31, pp,983-984).
Chemical methods cannot be used when the F-center concen-
tration in crystals, which are to be used in subsequent
experiments, is desired. In such instances a non-destruc-
tive method must be used.

Smekula has derived an equation for calculating
F-center concentrations from constants obtained from

optical absorption spectre (35, pp.604-607). This
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equation is derived in a non-rigorous manner in the Appen-
dix. The derivation shows the origin of the various
quantities with which we will be concerned in the dis-
cussion which follows. For our purposes the equation may

be written

n
1.3} x 1047 TT T2 o W,

-3

B
%

B
o
H
(0]
=]
]

- number of F-centers cm

oscillator strength of the trapped electron
n = refractive index of the bulk material in the
neighborhood of the F-band meximum

extinetion coefficient in em ™t

max
w

width of the F-band in electron volts at half-
maximum

Since insufficiently reliable values of the oscillator
strength, £, (for electrons trapped in the various alkali
halides) are not available, it was assumed to be unity in
each case. This assumption introduces no complications
since we are primarily interested in relative F-center
concentrations., Concentrations reported in this thesis
may be converted to absolute concentrations when oscillator
strength values become available merely by dividing by

the accurate f values. Detailed application of the

equation to absorption spectra will be discussed later.
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It is convenient to rewrite the equation in the form

n, = Admax w ,

n
where A= l.31lx 1017 (nz 2)2

&

Table 1 shows values of A for several alkali halides
at 20°C. and at -194°C. It should be pointed out that both
dnmx and W are temperature dependent as well as the
quantity A.
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Table 1. Smakula equation constant for
F and M bands in alkali halides.l

Temperature - 20° c.

Smakula
Band Equation
Maximum Refractive Constani
Salt Band - mp Index n AX1l0 6
KC1 F 560 1.492 1.094
M 825~ 1.483 1.102
KBr F 625 1.557 1.042
M 930 1.546 1.051
KI F 700 1.654 0.966
M 1060 1.638 0.978
Temperature -194° C.
KCl F 540 1.500 1.088
M 805 1.491 1,095
KBr F 605 1.566 1.035
M 905 1.553 1.045
KI F 670 1.583 1.021
M 1030 1.545 1.052

*wne refractive index at -194° C. was obtained by using
Harting's values at 20° C. and the temperature coefficient
of refractive index dn/dt (8, pp.125-131).
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Values of ‘zmax are obtained from the measured optical

densities by use of the following equation
2.303 D d
max" 3 3 mﬂx/

where d

Dmax

&
'

thickness of crystal in cm

optical density at band maximum

It was observed that the width of the absorption
band at half-maximum varied with individual samples of
the same crystal. Therefore, for purposes of calculating
F-center concentrations it was decided to use an average
value for W. By measuring a large number of absorption
bands it was possible to reduce the probable error in W
to less than one per cent for the 20° @, spectra. These
average values for W are given in Table 2. Molnar has
obtained values which differ considerably from these
(17, De5k).

Table 2. Average values for half-width
of F-bands in some alkali halides.

Number o Probable
Band Wave of w Error
Designation Length Observa- e.v. Avg. in the
Crystal (Temperature) _ mp tions Dev. Mean
KC1 F 20° 560 30 0.359 0.013 0.002
KBr F 20° 625 35  0.374 0.014 0.002
KI F 20° 700 1L 0.438 0.018 0.00kL

KI F-194° 670 19  0.234 0.020 0.004
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CHAPTER II

THERMAL STABILITY MEASUREMENTS AND
EXPERIMENTAL TECHNIQUES

Crystal Preparation

Additively colored alkali halide crystals were pre-
pared by heating the alkali halide in an atmosphere of
potassium vapor. Single crystals of potassium chloride,
potassium bromide, and potassium iodide were obtained from
the Harshaw Chemical Company. These crystals were of
random size and were used without further treatment.

The apparatus used in preparing the additively
colored crystals is shown in Figure 4. A Pyrex bomb,
having the dimensions shown in (a) of Figure 4, was
charged with approximately one and one-half grams of
potassium metal and the erystal to be colored. Crystals
about 8 x 8 mm in cross-section and up to 2 cm in length
were colored satisfactorily in these bombs. The copper
strip held the crystal in position in the upper compart-
ment of the furnace shown in Figure A4(b).

This furnace was modeled after one used by Ragener
(27, p«387). The two compartments were wound separately
with Nichrome wire and their temperatures were controlled

independently by Powerstats. An arrangement of this type
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was very convenient since it permitted the crystal to be
heated to a much higher temperature than the potassium
metal. By so doing, the time necessary for establishing
an equilibrium concentration of color centers in a given
crystal at a specific temperature was reduced. The
temperature of the lower compartment determined the vapor
pressure of the potassium and therefore the final con=-
centration of color centers since a definite proportion-
ality’exists between the concentration of alkali metal
atoms in the vapor and color centers in the crystal (15,
P.59).

After cooling to room temperature outside the
furnace, the bombs were broken and the crystals removed.
Fairly rapid cooling was achieved by placing the Pyrex
bomb in a copper tube immediately after removing from
the furnace. The crystals were washed in absolute
ethanol to remove any potassium metal on the surfaces.
After drying, the crystals were stored in light-tight
containers in a desiccator.

Tables 3 and 4 give details of preparation for
additively colored potassium bromide and potassium iodide.
Since homogeneously colored crystals were needed for the
thermal stability measurements, most of the crystals were
heated in the bombs for periods of time much longer than

the time necessary for establishing a saturation
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Table 3. Preparation details for homogeneously
colored potassium bromide. Crystals 1
and 2 were prepared in a copper tube.

Original
F-center 5
Crystal Concentration Temperature C. Heating
Number £ lo-l? Crystal rovassium Time in
—Hours
1 3.28 420 420 L8
2 233 430 430 50
3 0.92 595 435 5
L 1.08 596 L12 26
5 0.32 598 385 L9.5
6 3.38 599 L1k L5¢5
7 2.10 590 420 14
8 L.78 620 460 L2
9 7.01 600 450 33
10 1.95 590 420 39
11 234 650 L35 76
30 329 600 LL5 86.5
Table 4. Preparation details for homogeneously
colored potassium iodide.
Original
F-center o
Crystal Concentration Temperature C. Heating
Number 0-17 Crys%al Potassium Time in
x1 Hours
12 0.6 610 400 L7
13 394 630 LL5 73
14 1.31 590 L15 90.5
15 0.6 590 390 78
16 1.67 590 410 169
17 2425 590 390 260
18 3.88 595 450 118
19 5421 595 L57 129
20 1,96 600 L5 86.5
21 0.75 600 L15 L8
22 1.65 600 L15 90.5
23 2.96 590 390 168
2L 0.59 590 390 240
29 0437 590 415 36
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concentration of color centers. A few crystals displayed
homogeneous center sections and more dense edges. These
were used after removing the nonhomogeneous part.

Table 5 shows preparation details of nonhomogeneous-
ly colored crystals. These crystals were prepared in order
to study the relative distribution of the color centers
as a function of the distance from an external surface.

Table 5. Preparation details for non-
homogeneously colored alkali

halides.
Original Temperature oG
Crystal F-center 1 Crystal Potassium Heating
Number conc. x 10717 Metal Time
KCl 25 2.66 to 0.80 600 LUL5 L.5 hrs.
KC1l 26 3.54 to 0.47 600 LL5 4.0 hrs.
KBr 27 0.65 to 0.19 600 LL5 15 min.
KBr 28 1.91 to 0.36 600 L5 30 min.

Absorption Spectra lMeasurements at Room Temperature and

at -194° C.

All of the absorption spectrum measurements were
made with a Beckman quartz spectrophotometer, model DU.
Samples were prepared for reading by cleaving thin sec-
tions (from 0.2 to about 1 mm. in thickness, depending on
the maximum optical density expected) from the particular
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crystal under examination. These thin sections were obtain-
ed by placing the crystal on a flat surface and using a
razor blade as the cleaving instrument. Patience and care-
ful manipulation were necessary to obtain the thinner sec-
tions. The colored crystals were handled under red light

or under subdued room light.

The sample was then cemented to the aperture plate,
shown in Figure 5(a), with Duco cement. These plates had
apertures about 0.7 by 2.0 mm. in size and were made from
thin brass. In Figure 5(b) is shown the holder which
supported the plate (a) in the Beckman DU cell carrier.
These holders were made from Bakelite and had the dimen-
sions shown. It was found convenient to use three of
these holders in the cell carrier simultaneously thus
making it possible to read the optical densities of
three crystals with only one setting for 100 per cent
transmission. The phosphor-bronze clip was cemented to
the holder and permitted easy mounting and manipulation
of the aperture plate. In ordsr to obtain a correct
measurement of the absorption beyond the F-band maximum,
it was found necessary to make the measurements from 1100
millimicrons toward 400 millimicrons. If the measurements
had been made in the opposite direction, some of the

F-centers would have been converted to Ry-, Rp-, and

M-centers and the resulting absorption spectrum would
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have represented the absorption due to the initial centers
bpresent plus the centers produced by optical destruction
of the F-band.

In order to measure absorption spectra at the tem-
perature of liguid nitrogen (-l9é’C.), it was necessary to
employ a crystal mount which could be immersed in liquid
nitrogen contained in a Dewar type tube (29, p.343). This
tube was made to fit snugly into the cell-carrier supplied
with the Beckman DU spectrophotometer. That portion of
the tube in the light path was unsilvered. A light-tight
box was provided to cover the cell-carrier compartment
and the Dewar tube, which protruded from the compartment
some four inches. The box was 73 inches high, 5% inches
wide, and 3 inches deep. A mask as shown in Figure 5(c)
was used to confine the light beam to a definite area in
the cell holder gperture. Immediately behind the square
aperture in this mask the crystal holder (d) of Figure 5
was positioned by means of the wire. The reference
aperture plate was adjusted to occupy the same relative
position when shifted into the light beam.

Samples were prepared as described above and
cemented to the aperture plate of (d), Figure 5. The
Dewar tube was cleaned and dried, then filled with
liquid nitrogen previously filtered through cotton to

remove solid carbon dioxide and ice, Streams of small
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bubbles rose from the bottom of the tube and were eliminat-
ed by scrubbing the inside of the tube with a cotton swab.
The holder, bearing the crystal, was immediately placed in
position for reading. Very little trouble was experienced
from bubbles after using this procedure. Optical density
values were read from 1100 to 400 millimicrons in 25
millimicron steps except in regions of the spectrum near
absorption maxima. Near these maxima, readings were taken

every 10 millimicrons.

Method Used to Calculate F-Center Concentrations

In order to calculate F-center concentrations it
was necessary to know the thickness of the absorbing
medium. Thicknesses were measured by means of a micro-
scope provided with a calibrated micrometer eyepiece and
a 10 X objective. The crystal sample was cleaved along
a plane parallel to the light path and at a point in the
center of the beam. Measurements of the thickness were
made at three different positions and the average value
taken.

Optical density values were plotted against
corresponding wave lengths in millimicrons. See Figure 6
for a typical example. The following procedure was used
in determining the F-center concentration from the

absorption curve and the appropriate Smakula equation:
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A base line, representing no absorption,
was determined and drawn on the plot of
optical density against wave length.

Figure 7 shows the results of several
measurements, which were made in order

to determine the behavior of the various
apertures and the effect of several
materials on the optical density readings.
It was observed in some previously re-
ported experiments on potassium chloride
that a reliable base line could be estab-
lished by examining the spectrum in the
region near 1000 millimicrons (31, p.984).
This procedure holds only in the case

where the F-band is not seriously distorted
by the colloidal band. In cases where
distortion occurred, the base line for the
F-bands was determined by (a) assuming the
colloidal band to be symmetrical, (b) draw-
ing a vertical line through the center of
the colloidal band, (c) constructing a
mirror image of the long wave length
portion of the band about this center line,
and (d) taking the intersection of this con-
structed curve with the vertical line through
the F-band maximum as the F-band base lins.
Reference to Figure 8 should meke this
procedure clear.

The value of Dp was obtained by subtracting
the D value at the base line from the
maximum D value, that is, at the center

of the F-baﬁm. Using the equation

@n = 2303 Al where 4 = thickness of the

crystal in centimeters, gave the correct
value of the extinction coefficient to be
used in the Smakula equation.

Since the width of the absorption band at
half its maximum height should be a constant
at a given temperature, an average value for
W was employed. These widths have been
tabulated previously.

Insufficient reliable data are available
concerning oscillator strength values; hence,
f was assumed to be unity in each case.
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(5) Finally, these experimentally determined
quantities were used in the Smakula
equation,

Ny = Aa’m W , to get F-center concentra-
tions.

Thermal Stability of F-centers in Potassium Bromide

Additively colored potassium bromide samples were
prepared by the method previously described. These stock
samples were stored in light-tight containers in a desiccat-
or. The method used for determining the thermal stability
of F-centers in alkali helides was developed in experiments
on potassium chloride (31, p.985). Briefly, this method
may be outlined as follows:

(1) Additively colored crystals of potassium
bromide were selected which had color
center densities within the limits
imposed by the cleaving technique and
the spectrophotometer.

(2) Samples of these crystals were wrapped
in copper or aluminum foil and placed in
a muffle furnace, previously brought to
the temperature required for the experi-
ment. After a suitable time interval,
these samples were removed and immediately
dropped into carbon tetrachloride, usually
at room temperature. The time interval
was long enough to insure that equilibrium
had been established.

(3) These quenched samples were stored in
light-tight containers and sections were
used for absorption spectrum measurements.

(4) The absorption spectra yielded values of Zmex,
which were then used in the Smakula equation
to give F-center concentrations.
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This would appear to be a straightforward procedure.

However, many exploratory experiments were performed in

order to establish its reliability. Below are listed some

of the factors which were given consideration:

(a)

(b)

(c)

(d)

The possible effect of the metallic foil.
Platinum, copper, and aluminum foils were
used and no change in the absorption
spectrum was observed.

The possible effect of the quenching medium.
Several quenching media were investigated
among which were mercury, a saturated
solution of the halide being used, and
carbon tetrachloride. The mercury and
saturated salt solutions caused excessive
shattering of the crystal. However, samples
quenched in these media had spectra which
were identical with the spectrum obtained
from samples quenched in carbon tetrach-
loride. Since carbon tetrachloride did not
cause the crystals to shatter and had no
apparent effect on the spectrum, it was

used in preference to the other media.

The possible effect of the rate of cooling
on the final F-center concentration. At

the higher temperatures this effect may be
important since the heating periods are not
long compared to the time required for
cooling to room temperaturs. At lower
temperatures, the heating time is so much
longer than the cooling time that any change
in F-center concentration resulting from
slow cooling would be negligible.

The effect of bleaching on F-center concentra-
tion. This effect was minimized by using
interior sections of the crystals which

showed no visible bleaching, and, if bleached
areas were observed in the crystals while
making thickness measurements with the
microscope, the resulting values for F-center
concentration were discarded.




34

The muffle furnace was controlled automatically by
means of a TEMCO control unit. Temperatures were measured
by a Chromel-Alumel thermocouple and microvoltmeter. The
lower temperatures were checked with a mercury-in-glass
thermometer. Temperatures reported are correct within 59 ¢,

In order to be sure that a true equilibrium between
F-centers and colloidal centers was established at any
given temperature, it was found necessary to run a series
of experiments in which the heating time was increased
until the F-center concentration showed no further change.
The equilibrium for a given temperature was approached
from opposite directions by using crystals containing
F-centers for one series of samples and crystals contain-
ing colloidal centers for another series. The F-center
concentrations determined in this manner were the same
within experimental error.

The values of F-center concentration listed in
Table 6 are those obtained from crystals which showed no
nonhomogeneous areas and were free from cracks and
bubbles. No colloidal band was formed at hOOo C. but the
results are included for complsteness. The average of
the eighteen values at 309° C. was taken since there was

no significant difference for the various heating times.
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Table 6. Equilibrium concentration of F-centers
in potassium bromide at various tempera-
tures and for various heating times.

Average
Heating F-Center F-Center
Temperature Time-- Concentration Concentratiog
o . Minutes X 10-17'0111-3 X 10-17 cm-
400 15 0.945 0.504 0.667 No colloidal

1.480 0.484 5,570 band present.
2.860 1,170

350 100 2.743 3.200
120 3.046 3.225 3.053
340 120 ReSh 2429 2,68
2.41 2.20 Relt2
180 2.51 2.63 2.69 2,61
325 180 2,01 1.92 2,42
1,92 2,06 1.82
10614- 1097
318 180 1.76 1.72 1.88
l.62° 1.70 1.74
309 90 1.503
120 1477 16292 1,550
1477 14370 1.580
1344 1.441
180 1.762 1.829 1.599
1.508 1.755 1.386 1.640
210 le344 1.480 1.230
1.577 1.408
283 500 0,97 1.07 0.93
1.27 1.06
230 1035 0.512 0.523 0.466

0.473 04527 0.562
0.689 0.512 0.639 0.545
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Table 7 shows the average values of F-center con-
centration for the temperature range 2300-350o C. The
error listed in the last column is the mean probable

error given by 0.845 Avgfi Deviation) where N is the

number of observations. A plot of log,, [F] - 16 against

1/T is shown in Figure 12 where tF] is the average F-center
concentration x 10 1/ end T is the absolute temperature.
The slope of the curve gives the heat absorbed for the
process "colloid" —> F-centers by use of the equation
AH = 2,303 R x 10° (Slope) Kecal/mole, where R
is 1.987 cal/deg mole.
Table 7. Equilibrium concentrations of

F-centers in potassium bromide
as a function of temperature.

Average
F-center Average Probable
Tempgrature Number Concentration Devia- Error in
C of Values x 10‘17 cm"3 tion the Mean
350 4 3.05 + 0.16 + 0.08
340 8 2.49 0.14 0.05
325 7 1.97 0.17 0.06
318 5 1.74 0.07 0.03
309 18 1.50 0.15 0.03
283 L 1.06 0.11 0.05
230 9 0.545 0.06 0.018

In Figure 9 are shown absorption curves for a
series of additively colored potassium bromide crystals
of varying initial concentration. These crystals were

quenched from 309° C. The curves in Figure 10 are those




100

EXTINCTION COEFFICIENT CM™'

37

ﬂ
O
I

(¢
O
I

8

H
o

[
(@]

20

I | |

K-KBr QUENCHED FROM
309°C. CRYSTALS 4 6, AND
8 AFTER 120 MINUTES; 10

AND |1 AFTER 180 MINUTES. ®
CURVE CRYSTAL |/ SPECTRA
0 4 i AT 20°C.
@ 10 ll
® I ‘,',/@
@ 6 Al
® / !
|
g | -t

I
I
'
)
|
|
I
|
)
|
I
|
l
]
|
!
I
!
)
|
8 )
|
!
)
!
)
|
J
|
)
I
J
J
J
)
l
)
)

400 600 800 1000

WAVE LENGTH IN MILLIMICRONS

FIGURE 9. ABSORPTION CURVES FOR A SERIES OF K-KBr
CRYSTALS OF VARYING INITIAL CONCENTRATION.




EXTINCTION COEFFICIENT CM™'

38

200

180}

160

140+

120+

100

@
O

60

—_

-
-

T

T

SPECTRA AT 20°C.

K-KBr 8
© QUENCHED
\ CURVE FROM
@ 400°C.
®@ 350°
©) 340°
@ 325°
® 3i8°
®
@

LEGEND

0 1 | 1 1 1
400 600 800 1000
WAVE LENGTH IN MILLIMICRONS
FIGURE 10. VARIATION OF F-CENTER STABILITY WITH THE

TEMPERATURE FOR A SERIES OF K-KBr

THE SAME INITIAL CONCENTRATION.

CRYSTALS OF




39

for one crystal (K-KBr #8) quenched from the temperatures

indicated.

Thermal Stability of F-centers in Potassium Iodide

Preliminary experiments were conducted on crystals
12, 13, 14, 15, 16, and 17 in order to determine tempera-
ture and concentration limits for the equilibrium. It
soon became apparent that the 20° C. absorption spectra
could not be used because of the overlapping of the
colloidal band and the F-band. This overlapping prevented
an accurate determination of the F-center concentration.
Typical spectra taken at 20° C. are shown in Figure 11.
The low temperature (-194° C.) spectra were examined and
found to be suitable for determining F-center concentra-
tions. These spectra are also shown in Figure 1ll1l. Of
the six erystals listed above, three were found to have
original concentrations much too low to be used in the
equilibrium measurements. These were replaced with
crystals having higher initial concentrations, that is
by 18, 19, and 20.

Interpretation of absorption curves of some of the
additively colored potassium iodide crystals was further
complicated by the appearance of an unexpected band
between 650 and 670 millimicrons. Several of these bands
are shown in Figure 11 (f). At first these bands were
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thought to be a type of F-band but subsequent experiments
did not support this view. These experiments will be
discussed later.

Since the band described above appeared only in
certain crystals having an initial concentration below

]'7c>m-3 these crystals were not used in deter-

about 3 X 10
mining equilibrium concentrations of F-centers at various
temperatures. Absorption spectra were measured in liquid
nitrogen using the method outlined in the section on
experimental techniques.

The data in Tables 8 and 9 were calculated by the
method described previously using the constants for
-l9h° C. Thermal stability curves for K1, KBr, and KCl
are shown in Figure 12. The diameter of the circles
indicates the magnitude of the probable error in the
F-center concentration value. Horizontal lines through
the circles represent the magnitude of the uncertainty

in the temperature, that is + 5° C.
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Table 8. Equilibrium concentration of F-centers
in potassium iodide at various tempera-
tures. Values were calculated from
absorption curves measured at -194° C.

Heating F-Center
Temperature Time=-- Concentratiog
og Minutes x 1071
375 130 1.83 2.00 ) Combined
2:25 2.08 ) under
1.79 ) L ITIRRER
)  below.
370 100 2.08 2131}
1.96 25330
1.95 )
350 200 1.46 1.93
1.51 1.76
1.75
323 180 1l.14 1.19
1.06 1.45
1.14 1.25
0.94 1.08
1.21
303 120 0.956 0.980
0.930 1.023
0.971
180 0.938 0.775

0.919 0.942
O 0919
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Table 9. Data used to determine heat of
formation of F-centers in
potassium iodide

Average

F-center Average Probable

Temperature Number Concentration Devia- Error in

9% of Values x 10 17 om™> tion the Mean
372.5 10 2,04 20,13 + 0.04
350 5 1.68 0.16 0.06
e 9 1.16 0.10 0.03
303 5 0.90 0.05 0.02
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Figure 13 shows absorption curves for a series of
potassium iodide crystals of varying initial concentra-
tion guenched from 350o C. after 120 minutes. Figure 14
shows absorption curves for one crystal (K-K1 #18)
quenched from four different temperatures. All of the

curves were obtained with the crystals in liquid nitrogen.
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CHAPTER IIX

NEW BAND IN ABSORPTION SPECTRUM OF
ADDITIVELY COLORED POTASSIUM IODIDE

Low Temperature Behavior of New Band

During the preliminary experiments on the thermal
stability of F-centers in potassium iodide it was found
that unexpected absorption bands were produced in four
of the crystals. These bands had absorption maxima lying
between 650 and 670 millimicrons. In Figure 11 (f) are
shown absorption curves for different samples of one
crystal quenched from four different temperatures
between 300° and 400° C.

At first it was thought that these bands might be
some type of F-band. It was reasoned that if they were
actually F-bands, they should display the following
characteristics typical of F-bands:

(a) An absorption maximum which shifts to

lower wave length (higher energy) as the

temperature of observation is lowered

(b) A decrease in band width as the
temperature is lowered, and

(c) Rapid destruction of the band by light of
wave length corresponding to the band
maximum and a simultaneous growth of bands
having maxima at wave lengths greater than
the F-band maximum.
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The low temperature behavior of these bands (maxima
from 650 to 670 millimicrons) was studied in liquid
nitrogen. Absorption spectra were measured in air and in
liquid nitrogen using the techniques described previously.
Some of the resulting absorption curves are shown in
Figure 15. Examination of these and other curves revealed
no significant change in the position of the band maximum

or in the width of the band at half its maximum height.
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Illumination Experiments on New Band

Tlluminetion experiments were conducted on several
of the crystals in order to determine the stability of the
new band toward light. The criterion of stability was
arbitrarily chosen to be the rate of destruction of the
F-bend (by light of wave length corresponding to the
F-band maximum) appearing at 700 millimicrons. Crystals
were illuminated by means of the Beckman DU spectrophoto-
meter light source. Optical density readings were made
after each illumination without removing the crystal from
the holder. A typical result is shown in Figure 16.

A plot of the logarithm of the ratio of initial
F-center concentration to the concentration after each
illumination against the time should result in a straight
1ine if the destruction of the F-band follows a first
order rate law. It is not necessary to know F-center
concentration since this is proportional to the optical
density. Hence, the optical density ratios can be used
instead of the concentration ratios. Data in Table 10
were computed from Figure 16. The base line was taken

et D = 0.20 and Dy = D maximum for the original

spectrum.
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Log Do/Dt

0.000
0.093
0.171
0.292
0.314

on K-K1 #17
C., after 120
(S1it = 1.5 mm

Log DO/Dt

0.000
0.009
0.013
0.027
0.027

Table 10. TIllumination study in K-K1
#17 (original)
Time D
Curve Minutes hAax Do
—_— t
1 0 1.165 1.000
2 5 0.940 1.240
3 15 0.785 1.485
L L5 0.595 1.959
5 60 0.565 2,063
Table 1l. Illumination stud
quenched from 301
minutes heating.
A= 650 mp.)
Time D D
Curve Minutes P =
Dy
1 0 0.650 1.000
2 5 0.635 1.022
3 15 0.630 1,032
L 30 0.610 1.065
5 L5* 0.610 1.065
* S1it increased to 2.0 mm.
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Table 12. Illumination studg on K-K1 #16
quenched from 301* C., after 120
minutes heating. (S1lit = 2.0 mm

A= 675 mp.)
Time D D
max o)
Curve Minutes D¢ Log Dy/Dg

i & 0 0.650 1.000 0.000
2 10 0.607 1.070 0.029
3 30 0.575 1.130 0.053
L 50 0.562 1.156 0.063

Figure 17 shows a plot of log D,/Dy against time.
It should be noted that the initial rate of destruction
is quite fast but falls off rapidly and slowly approaches
a saturation value, that is, illumination beyond a certain
time produces no appreciable change in the F-band. This
behavior has been observed for F-bands in additively
colored potassium bromide and potassium chloride.

Experiments in which a more intense light source
was used gave substantially the same results, that is, a
slow initial rate of destruction compared to that observed
in crystals containing the 700 millimicron F-band.
Another point of interest in these illumination experi-
ments on crystals having bands between 650 and 670 milli-
microns was the absence of the R,, R, and M-bands after
illumination. These bands are developed very rapidly,
particularly the M-band, in crystals in which the F-band
appears at 700 millimicrons. This may be seen clearly
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in Figure 16.

The results from the illumination experiments and
those from the low temperature absorption spectra measure-
ments on the new band may be summarized as follows:

(1) No apparent shift in the band maximum

was observed as the temperature was

lowered

(2) No appreciable change in the band width
at half-maximum height was noticed

(3) The rate of conversion or destruction of
the band was very slow compared to that
observed for the 700 millimicron band

(4) Growth of Ry, Ry, and M-bands was not ob-
served as a result of illumination.

These facts led to the conclusion that this new

band, in all probability, was not an F-band. The behavior
of this band was very much the same as the "colloidal™
band appearing between 800 and 950 millimicrons in K-KI.
A series of experiments to test the thermal stability of
the new band was performed on crystals in which the band
had been developed by heating at 308 C. The results are
shown graphically in Figure 18.
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Thermal Stability of New Band

Samples of K-KI #14 and #17 were wrapped in alumi-
num foil and heated at 302° C. for 60 minutes and then
gquenched in carbon tetrachloride. Sections were cleaved
and their absorption curves determined. These curves
are labeled 2 in Figure 18. Samples of the above treated
erystals were wrapped in foil and heated at 275° C. for 60
minutes before being requenched. Absorption curves were
again obtained at 20° C. and these curves are labeled 1
in Figure 18. Two additional samples of #lk and #17 were
heated at 299o C. for 70 minutes, in order to develop the
650 millimicron band, and quenched. These were then
heated at 328° C. for 60 minutes, requenched, and
absorption curves obtained. These curves are labeled 3
in Figure 18.

In the work on the thermal stability of F-centers
in potassium iodide it was assumed that the new band (at
650 millimicrons) was not present. Evidence upon which
this assumption was based appears in part in Figure 17.
The curves for K-KI #18 quenched from 304° C. (120
minutes) and quenched from 375° C. (130 minutes) show a
rapid initial rate of destruction of F-centers by light
of 700 millimicrons wave length. This behavior is
typical of the F-band with band maximum at 700 millimi-

crons. Another fact supporting this assumption was that
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under no conditions did the new band appear in the crystals
used for the measurements of thermal stability of F-cent-
ers, nor was there any qualitative indication that the new
band might have been present.

Development of the 650-670 millimicron band in
certain of the colored potassium iodide crystals was a
reproducible phenomenon at several tempersatures. After
some of the properties of the new band had been established
the question arose as to the possibility of reproducing
the conditions under which the crystals were colored
initially and thereby producing crystals having the same
properties as K-KI #14, 16, and 17.

It was noticed that all three of these crystals
wefe heated for very long periods of time (from 90 to
260 hours) while coloring. Since the temperature of the
crystal in the upper compartment was the same for the
three crystals and other conditions were comparable, it
appeared that the heating time might be a determining
factor.

Three crystals were colored under the same condi-
tions as #l4, except for heating times of 36, 48, and
90.5 hours. These crystals were then heated at various
temperatures between 266° and 325° C. and quenched in

carbon tetrachloride. Absorption curves gave no evidence

of a band at 650 to 670 millimicrons.




Two crystals (#23 and 24) were prepared under
the same conditions as #17 except for heating times of
168 and 240 hours. Subsequent heating at 300° G.
produced the band at 650 millimicrons in the crystal
heated for 240 hours (K-KI #24) but not in the one heated
for 168 hours. Figure 19 shows absorption curves for
several of the crystals prepared in attempting to
reproduce K-KI 14 and K-KI 17.
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CHAPTER IV
MISCELLANEQOUS OBSERVATIONS

Information Obtained from Spectra Measured in Liguid

Nitrogen

Much useful information was obtained from spectra
of the additively colored alkali halides measured in
liquid nitrogen. In the chapter on energy level calcula-
tions, use will be made of the F-band wave length shifts
listed in Table 13.

Table 13. Temperature dependence of F-band
maximum.

F-band Maxima in

Millimicrons AA M in A/| 8.V,
Crystal 209 ¢. -194° C. Observed e.v. (Molnar)
m.ji.
KC1l 560 540 20 0.082 0,074
KBr 625 605 20 0.066 0.061
KI 700 670 30 0.079 0.037

Examination of the low temperature spectra of the
crystals in Table 13 revealed the locations of the Rj,
Ry, and M-band maxima. TFrom these and other absorption
curves, Table 14 was prepared. Typical spectra are shown

in Figure 20.
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Table 1l4. Location of optically produced
bands in additively colored
alkali halides.

Location of Band Maximum (mpu.)
N

Crystal Tempgrature Ry Ry M

KCl 20 670 735 830 1000
~194 660 735 805 975

KBr 20 — 810 930 -
=194 740 810 905 fsdl

KI 20 — ——— 1060 o
=194 835 915 1030 Pam

The location of the Rj-band in KBr and KI at 20°C.
was obscured by overlapping of the F-band, and the 670
millimicron value for KCl is probably too high for the
same reason. Potassium iodide absorption curves at 20°¢c.
were so poorly defined in the region from 750 to 1000
millimicrons that it was not possible to determine the
R.-band maximum. However, from the behavior of the

2

R2-band in KC1 and KBr the maximum in KI may be inferred

to be at 915 millimicrons.
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Measurements on Nonhomogeneously Colored Alkali Halides

Information concerning the distribution of color
centers in non-uniformly colored crystals was desired.

Of particular interest was the relative concentration of
F-centers and M-centers at varying distances from the
outer surfaces of a crystal.

Crystals were prepared in the furnace described in
Chapter II by heating for periods of time less than those
required for equilibrium to be established. The ecrystals
were handled in subdued light and stored in light-tight
containers. Cross sections were obtained by cleaving with
a razor blade. The sections were of such a thickness as
to permit optical density readings to be made very close
to the outer face of the original crystal.

A crystal holder was constructed to fit into the
Beckman DU cell carrier. This holder is shown in detail
in Figure 21. The essential features of this holder are
(a) a fixed slit, (b) a movable crystal mount which passss
behind the slit, and (c¢) & screw for moving the crystal
mount without removing the holder from the cell carrier.
The serew had a 4-36 NC thread and was turned by means
of a slotted plastic rod. A series of measurements was
made on the displacement of the movable mount caused by

turning the screw. The entire holder was placed on &
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microscope stage and clamped in position. A micrometer
eyeplece and 10X objective served to measure the movement
of the crystal mount as the screw was turned.

Table 15. Calibration of the movable crystal

mount as function of number of
turns of the screw.

Displacement of mount by

% turn z turn 1 turn
Trial of screw of screw of screw

1l 0.147 mm 0.332 0.715
2 0.184 04343 0.703
3 0.170 0.352 0.716
L 0.195 0.349 0.707
5 0.157 0.366 0.713
Average 0.171 0.348 0.711
Ave.dev. &+ 0.015 + 0.008 + 0.004

The samples were mounted on the movable holder
with Duco cement and the holder placed in the Beckman DU
so that the crystal was behind the slit, thus exposing
only that portion of the crystal directly behind the
slit to the light beam. This prevented growth of Rl’RZ’
and M bands in other parts of the crystal as the
absorption spectrum was being measured at 20°C. Measure-
ments were from the dense surface toward the interior of
the crystal.

No samples of potassium iodide were studied because

of the poorly defined bands in the absorption spectrum at

20°c. Typical curves for potassium chloride and potassium
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bromide are shown in Figures 22 and 23, respectively. These
curves were used to obtain the data in Table 16.

The constancy of the %y/®y values for a specific
erystal indicates that there is no appreciable difference
between the relative concentration of F-centers to
M-centers at different points in a nonhomogeneously colored
crystal of potassium chloride or potassium bromide.

Figure 24 shows a logarithmic plot of F-center concentra-
tion against slit position for the three erystals in
Table 16.
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Table 16. Relative distribution of color centers
as a function of distance from an exterior
face of the original nonhomogeneously
colored crystal.

Position M-centgrs F-centers
Curve of slit F-band M-band <F x 1071 x 107+
Crystal Number in mm. Zmax. & max. em™> om 2 XK' =
(M)/(F)*

K-KC1l 1 0 67.9 14.8 Le58 1.99 2.66 0.075
#25 2 0.17 L5 8.44 5+27 1.13 R A 0.065

3 0.35 32.8 645 5.08 0.87 1.29 0.067

L 0.52 26.4 5.36 4.93 0.72 1.04 0.069

5 0.71 20.5 3.87 5630 0.52 0.80 0.065

K=KC1 % 0 90.3 22.9 3.94 3.08 354 0.087
#26 2 0.17 68.9 1543 L50 2.06 2.70 0.076

3 0.35 52.0 11.9 Lo37 1.60 2.04 0.078

L 0.71 30.7 6.26 4490 0.84 1.20 0.070

5 1.06 18.4 L 426 L.32 0.57 0.72 0.079

6 1.42 11.9 2.82 L.22 0.38 047 0.081

K"Er 1 0 48.8 3037 1405 0.‘?9 1091 0.026
#28 2 0.17 38.6 2.74 14.1 0.39 l.51 0.026

3 0.52 20.9 1,27 16.4 0.18 0.82 0.022

*(M) denotes M-centers per em’ and (F) = F-centers per cm?.

jvA
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CHAPTER V.

ENERGY LEVELS OF ELECTRONS IN F-CENTERS
IN ALKALI HALIDES

Theoretical Considerations

In order to calculate energy levels of electrons
trapped in polar crystals we must first construct a
mechanical model and from this model deduce certain para-
meters needed in setting up suitable wave equations for
these electrons. As mentioned before, the field acting
upon an electron near a lattice defect depends upon the
wave function of the electron itself and, therefore, a
self-consistent method must be used in determining the
energy levels.

The model chosen to represent the F-center was the
same as that used by Tibbs and by Simpson (34,p.275 and
36,p.1479)s A two dimensionel representation is shown in
Figure 25. The plus signs denote alkali metal ions and
minus signs denote halide ions. When a negative ion is
removed from the lattice an effective positive charge is
left at the lattice point. This positive charge causes
a polarization of the medium. Therefore, in determining

the form of the potential field in which the trapped

electron moves it is necessary to consider (a) the field
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FIGURE 25. F-CENTER MODELS USED BY TIBBS AND SIMPSON.
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due to the effective positive charge at the negative ion

site, and (b) the field due to that part of the polariza-

tion of the medium that remains constant when the

electron moves.

Tibbs made the following assumptions in his calcu-

lations:

(a)

(b)

(c)

The potential energy of the electron for r> R

is -62

Kor

s where K, is the high frequency

12 -1
(>5 x 100 sec ") dielectric constant.

The potential energy in the region 0L r <R was

taken to be constant and given by the equation

A= - %? + %2(1-1/&) ;
The last term is the energy gained from
polarization of the medium.

The bottom of the potential well was assumed
flat with & value -A at r™ O, The intersec-
tion of the line =-A with the curve V = -ez/Kor
(of Figure 25 (c)) determined the value of R
(the radius of the hole in the dielectric

continuum left upon removal of a negative
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ion). That is, at r = R we have V =
~62/K R and R = -e°/KoV = e?/K,A.

(d) The potential hole was spherically sym-
metrical.

Simpson used a more refined method in estimating
the shape of the potential field near the negative ion
vacancy (34, p.270 and pp.274-277). His arguments follow
those of Mott and Gurney and are given below in outline
form (18, p.85).

That part of the polarization of the medium due to
displacement of the ions remains constant during the short
time of an electronic transition. The field acting on the
electron consists of two parts when the electron is at a
radius r from the vacant negative ion lattice point. These
two parts are:

(1) The field e/Kor2 due to the positive charge,
where K, is the dielectric constant when the
ions are held in their normal positions.

(2) The low-frequency part of the polarization,
which is due to motion of the ions, is
produced by the positive charge at the
vacant lattice point and the fraction of
the electronic charge, =-ep(r), that is

normally within radius r. If ¥ is the
wave function of the electron,

o [ 87t
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Hence the field due to this part of the polariza-
tion is

~@/+*) [1-A,,] Wih -Gk )

where K is the static dielectric constant.

Finally, the field acting on the electron at radius

r is
Foy = (elhet*) = (e /)2~ 12 )(t/k- 5K)
Foy = (e/kR)[1-F,,] + (/0¥ ) Fory -

This last equation shows that the field approaches e/K‘r2
for very small radii and e/K°r2 for very large radii.
Simpson considered the effect of the six nearest
positive ions on the potential field at the negative ion
vacancy and concluded that the potential energy curve
was practically flat from the center of the vacancy al-
most to the nearest positive ion. More distant shells
of positive ions gave curves which were even flatter.
The effect of the dipoles induced on the ions surround-
ing the vacancy by the effective charge was also
considered. Mott and Littleton have calculated the
magnitude of this effect for several shells of ioms (19,
PpP.490-493). The potential energy curve due to the first
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shell of positive ions and the first shell of negative
ions is flat (except for the singularity at r = ap)
within 20 per cent for distances from 0 up to 0.9a5.
Succeeding shells of dipoles give potential curves that
are still flatter.

There remains the question of the effect of the
medium on the electronic charge distribution. Simpson
used Jost's model in which the material is treated as a
uniform medium containing a spherical hole (of radius R)
at the position of the missing ion. This model was also
used by Tibbs in obtaining an expression for the potential
energy at the center of the hole, that is, in atomic

units,

V= @/a +@R)Z-1/k),

where @ = 1.7476, the Madelung constant for a cubic

lattice. Since the radius of the flat portion of the
potential curve (discussed in the preceding paragraph)
is of the order of R, it is reasonable to assume that

they are equal.

The Variation Method

We have previously seen that the potential energy
function to be used in the SchrBdinger equation is




79

dependent upon the wave function, }' , Of the electron
trapped in the potential well described in Figure 25.
Since the Schradinger equation itself gives another rela-
tion between V and % s the two can only be evaluated by
a self-consistent method. A variation type method was
used and before discussing the method in detail, it may be
well to give the mathematical basis upon which the varia-
tion method is founded, (22,p.180).

In general, the integral E = ff*/'/ f 47
gives an upper limit to the energy Wy of the lowest state
of a system. In this equation, H is the complete Hamil-
tonian operator, H( %77:«' %f. ) f—) , for the system
and é(q) is any normelized function of the coordinates
of the system satisfying the conditions for a satisfactory
wave function.

If the true wave function _‘Z of the lowest state

were used in place of¢ , E would equal Wy, that is

*
E =f?° Hﬁ dr = W, .
If ¢ is not equal to ¢, , we may expand § to get

=% au¥, with T dya,=1

M

where ?o > ?1. 5 ?2. g 000 ?n constitute a complete
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set of normalized orthogonal functions. Substitution of

this expansion gives
*
E=ELale |G HE 47 = Tate Wy

Upon subtracting the lowest state energy Wy from both

sides, one obtains

E-W, = ZQ:Q-&(W-;,°M) .

Since Wy, = W, for all values of n and the coefficients
a*nan are all positive or zero, we have

(1) E - W, = positive value, thus E>W,

or (2) E - Wy =0 and E = W,.

Hence E2W,. This proves that E is always an upper limit
to the lowest energy level Wy. This theorem is the basis
for the veriation method of calculating the value of the
lowest energy level of a system.

Simpson applied the variation method to electrons
trapped in sodium chloride and in some silver halides. We
shall use his method without modification. However, many
of the mathematical details are filled in and generalized
equations are obtained which may be used to calculate
energy levels for F-center electrons in any alkall halide

with the sodium chloride structure. These generalized
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equations made it possible to calculate low temperature
(-194° C.) energy levels for the F-center electrons. The
effect of small errors in some of the crystal parameters
was investigated and found to be considerable. In our
calculations the variable parameters were evaluated to
the third decimal place. This order of accuracy was
thought desirable since the ensergy equations were
sensitive to small changes in the variable parameters.
The details of the method used in the calculations
which follow are given below:
(a) Modified hydrogen-like wave functions were
used for the l1ls and 2p states since the
model chosen for the F-center is a close

approximation to a hydrogen atom. The
initial wave functions were of the form,

\If; = A, (*’-*/44-) Gyl

o ar
ﬂzﬁﬁ%== A, + ¢ cos @ .

Each of these functions contains only one
variable parameter since calculations using
equations having two parameters would be
impractical. More will be said about the
reasons for choosing the above ls wave
function.

(b) The field in which the electrqg moves and
hence its potential V(. = J" F(p)dr wes
o

calculated.




(¢) The final wave function was assumed to be
similar in form to the appropriate initial
wave function and of the form

i = B, (¢t A+) e")"

'f'z =% 52 -/d cosb

These functions were used in the variation
integral to give

o2

Wop = fﬁ ¥, [Lv‘]f L

600
o r

ANEAS A

000
@7 Ir

RIS

For the 1ls wave function [-‘f Vz] becomes

[ 8¢ 5]

since the wave function has no angular
components. However, for the 2p wave
function [-#2 V2] becomes

82
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[;21;;g";735." 24-an9 4%9<kﬂ~9‘;-)

2% s 2 }*J

where the last term becomes zero whan,i}nt
is used. The three 2p wave functions are
equivalent since the state is a degenerate

one.

(d) The best function of the forms in (c) were
obtained by minimizing the energy W with
respect to the visiable parameter, that is,
by setting oWis/ and dWap/d8  equal
to zero and solving the resulting equations
for the respective parameters. This gave/
as a function of &« and & as a function of &.

(e) In order for the final wave equations to be
consistent with the initial wave functions,
it was necessary to set « = 4 and

@ =8 . The resulting equations were solved
for A and A

(f) Substitution of these in the equations in
(c¢) and in the expressions for W gave the
required wave functions and ensergies.
Generalized expressions for 4 and A& and
for Wis and Wép were desired, since values of these
quantities were to be calculated for four alkali halides.
These general expressions are given in outline form only

since soms of the algebraic steps involved were exceeding-

ly long and cumbersoms.
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Generalized Equations for Variable Parameters and Energies

The 1s state will be considered first. In choosing

a suitable wave function for the ls state the function

i = Ae-/u* was considered but discarded. The form of
the potential function used to represent the "hole"
dictated the choice of a suitable wave function. Let us
'consider the wave equation for an electron moving in a
potential field such as that shown in Figure 25 (d).
That is,

—g—g + (Am/%)(E- V)f=0

where f‘satisfies the usual conditions for a well-behaved
wave function. Of immediate interest is the requirement
that 3199%’ be finite and continuous for all values of r.
The potential function of Figure 25 (d) may be
treated as a "square well potential™ for the purpose of
establishing the qualitative behavior of the wave funection
for electrons in the bound states of the potential well.
When r < -R, we have an exponential solution which in-
creases with increasing r and curves upward. At r = -R,
the kinetic energy becomes positive, and since f is
positive, the curvature becomes negative. The wave
function begins to curve back toward §:= 0; the rate

of curvature depending on Vo = [El . If Vo - |E| is
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large enough, the slope of i: will be negative by the
time we reach r = R. For r?> R, fbegins to curve upward
again, because Vo - |E| is negative. Only if |E| is such
that the slope at r = R exactly matches the required slope
of a decreasing exponential will f’remain bounded as
r—+® . Between r = -R and r = R the slope,c)fl:/a*' A
passes from a positive to a negative value. If the re-
quirement that 3?‘/94' be everywhere continuous is to
hold, then the slope must pass through a value of zero.
This must occur at r = 0, since }Z_; has spherical

symmetry. In view of this criterion }_p = A e.-/“r was not
satisfactory, whereas the function E:- A, (£ + UA) e

is satisfactory since

ai’ "‘—/0(1/41 »f-e

By using the normalizing condition

= f ’F* {; swrdr = *T A;zjq:r‘(r s
° ‘s (s [}

2 3 /
we find that A, =4 /77 ., Throughout these calcu-
lations atomic units will be used unless otherwise

indicated, that is, the unit of length will be

ag = 0.5285 A and the unit of energy will be 2 Rhe
27.060 e.v.
i 2 2
Since () =J' (] + M+ A+ , we find by
(o]
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straightforward substitution and integration that
-M* _ o 8 373 2*1 7
R OO P A SR i e
The field is given by F(r) = (2 //\’4-") [i‘-ﬁ(,.)]ﬂ" (i/ﬁﬁf&)??,.)
= 4 3 2 - <2
wnd Fony = Yfort + CEV TG+ G port e gusy £2),
4+
where C = (LK, - HK) . Now Y@f) =£F;")é€r

which gives

<
Voo = =44+ L ey oG 3rz+—';;/“"/'7%/‘) ;
) #e P

The potential energy at the center of the hole is given by

\, = - 1.7476/4. + (z/ﬁ)(twf/ff’.)-
Using the final form of the l1ls wave function
-4+~

3
where 3_3 = /)/77/" from the normalizing condition, the

variation integral becomses

Weg = 2475 [t A%+ 28 3R L
R
+ ¢4 V"/?j 3.2J+<)z-rq' + 244 4 —r‘l) A+

-44°C/o, & (NP radf v+ ) Br
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@®

+ */’JC/7f {c’“"’?‘)* [+ + (24 + FE4) 4
R

7 3 LT )R e oA 3
*(Jlf--,'-.;,«n’ +—7~’:/«2)+ + (GHd 1"7/"%‘}'/'/‘ +

* (*;-‘:/f)ﬁ.&;/asl)r‘r + ?L/“J/z""e]} £ .

Evaluation of these integrals gave Wig @as a function ofz) :
Ry a.nd/« . After obtaining éWu/a’/ and setting/«=J -
we obtained the equation below which eventually yielded

a value for J by successive approximations:

AW,

w0 = 0.42057 +0.57152 Rl MR 2k H YY)

+(e'” T JORA™+ 12 A= 1ep3R <1880 -3)
-0.57/42C e"”"?(o.ow«;z RA7 +o.2%673 g4 °

+ 095537 R + 012632 RTJF— 7.6%51 7

- 45016882 < 3.03¢36 8] +o. 7502) .

The energy is given by
W,s = 0z2r#28/% + V, - %6‘345(0,2357/ﬁyf
+ 114285 R A7 v 2 RU* ¢ 2)
5 CQ-ZM//%K 1) (R 138110 81544
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t (0.57/42Ce” #4 R/q)(o.osrw R 7% 0.30352 R Cr frrr 61 ROPT

+ 221874 RH*F + 2.30332 > + 150167 £A%+ 0.325F R4 ),

In calculating the quantities necessary to deter-
mine the energy of the 2p state it is convenient to use

as an initial wave function

&
i}": A, + € VY

Either of the two other 2p wave functions would serve
equally well but would be more cumbersome.

Normalizing gives

@ A7 2 3 4
1=ff Al-r*e:z rs/'uacoSQ/&df_{!-f—
4 00
&
since 4 % = r% sinededfar , and 45 = €/7 . The

fraction of the electronic charge normally found within

radius r is given by

S e AN (2 fa 379 b 24 s 2+ + 2)
(+r)
which leads to
< 4 2 3 2 o
FH) = _z//ﬁ,,& +Ce i -‘52"4,-»- +3tz»r+2a‘ tia+ ++ )

where C' = (1/K - 1/K,). The potential of this field is
.f-'
given by ch) & _g Fzﬂ 14"
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or i ¢ 2@+ 2R 2 2 w47,
Vo™= =0y - CEE T SR d R g )

The final 2p wave function must be of the form
Y, £
Y, - Bzfe'dcose where B% = /%7 from
normalization. Substitution of this wave function in

the variation integral gives

W, p = 1873 I (20 3‘(621*") R
R ®
+,;6f;g/3 £ PP, » 16% L +4e_‘;6r["f7f,r

-c'e'“r*(},’é'sfz* *r +%d F +")_] L+

Evaluation of this equation gave sz as a function of/6 3

R, and € . An expression for an,« /2/4 was obtained
and set equal to zero after substituting & =,

The following equation, which eventually yielded values
of /é sy was the result:
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%)-/—Mzﬁ- =i =/6 * 7-(5’1{,/3 —.L/B,f/o) e'%’?ﬁ;df
(€ h) (ARG + 3"+ 3R #£.5)

+CC'8-%%8)(1R}S’¢ 7k 8 s 15R07
_30128 Rla® - G (25 R)™ - #58736 R0

-22.9219 RS - 5.7301-).

Finally the energy equation is:

Wzﬁ =/62/z + Vo - —‘gg-ézfdk(mk’ﬂﬂ?j»“ék;ﬁ
+GRA +3) ‘Céé;dﬂ/éﬁ)(‘fﬁiég'f@f;'@{
+t6RG +3) — Cc'e"’/"ﬁ/za)(zﬁ/’a’ +7R75¢
+20.25 R787 + 26.25 RIs” + 19.6825 R8>

+ ?.8437)?‘;6{ 2. 4609 ﬁ/a)
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Constants Needed for Evaluating Energies of ls and 2p

Levels

Table 17 shows a compilation of all the constants
needed in the genseral equations derived above. The
quantities tabulated are all given in atomic units; a,
is the interionic distance, R is the radius of the hole
left upon removing a negative ion from the lattice, Vo
is the potentiesl energy at the center of this hole, and
K, Ko are the dielectric constants. The information
needed in compiling this table was gathered from many
sources. These sources are listed below with the methods
of calculation used.

Table 17. Constants used in the generalized
equations for W4 and W, and the

equations for the variable para-
meters A and & .

Crystal a, R/a, R Vo K Ko
NaCl 56325 0.940 5.03 -0.,218 5462 2,25
KBI‘ 6.216 00865 5038 "’0.175 Ll'078 2033
KI 6.670 0.896 5.98 =0.157 L4.94 2.69
-19 -
5,08 =0.190 L4.68 2.17

c 938 0.8
*KCL o, 5+93 55

Colurn 1. The alkali halides are listed here and
the temperature is 20°c. unless indicated otherwise. For
*KC1l,00 ¢.» the R/a, value is that obtained by Mott and
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Littleton.

Column 2. Values for the interionic distance were
obtained from ASTM x-ray cards with the exception of the
-1914,° C. value for KCl., This low temperature value was
calculated from the coefficient of expansion and the

value of &, at 20° C. (1,p.153). Mean values of the co-

Vo (T
tabulated by Dayal. They were as follows:

efficient of expansion, g = 1 )v) , were used as

Tempgzl«;ature « x 10° AT AT
89-194 89.7 215° 0.0103
194-273 101 79° 0.0080
273=323 110 20° 0.0022
Z 0.0205

Using the total & AT, we have

\/_ Rt \/o(_tsafAT)

(9¢°C
5
s i = Dle-0a7]
= QO (00 q??d-)k;
+20°C
(78 = 5.892 afomic vnits .
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Column 3. The ratios in this columm were calcu-
lated by means of a first order approximation method
developed in a paper by Mott and Littleton (19, pp.490-
493). A first order approximation was used because of
the excessive labor involved in solving the equations
for the higher order approximations. Mott and Little-
ton used a value of 2.33 for K, of NaCl whereas the
better value 2.25 was used in our calculations. The
value of K, for KCl was taken as 2,13 in place of 2.17.
By using the first order approximation, all of the re-
Sults were kept on a consistent basis. Details of the
method are given in the Appendix.

Column 4. This column gives values of the radius
of the hole in the crystal left upon removing a negative
ion from the lattice.

Columm 5. Values of the potential energy at the

center of the hole are listed here. That is,

\/¢> = — &/as + (£[R)(1-1/k:)

where & is Madelung's constant (1.7476) for a cubic
lattice of the NaCl typs.

Column 6. Here are listed values of the die-
electric constant K for static fields (18, p.12). The
value for KCl(-l9h° c.) was obtained from a paper by
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Eucken and Buchner in which they plotted the temperature
dependence of the dielectric constant K (3,p.343). That

is, K(-294° ¢.) = 04925 K(500 ¢,).

Column 7. In this column we find values of the
high frequency dielectric constant Kq. (18, p.12). The
value of K, for KCl(-l9h° c.) was obtained by using the
temperature coefficient of refractive index (dn/dt =
~2.87 x 107°) at 8.84 4« (12,pp.L61-462).

In order to determine the effect of small changes
in R/a, and therefore, changes in R on the 1s and 2p
energies, calculations were made using the first order

approximation of Mott and Littleton for R/a, of KCl at
20° ¢ (19, p.493).

Energies of the ls and 2p Levels in Alkali Halide F-Centers

In solving the equations for A and ,&@ , the
difference between the sum of the positive terms and
the sum of the negative terms was reduced to 0.25 per cent
or less by successive approximations. This difference
corresponded to two units in the third decimal place
for A and to about one unit in the third decimal place
for & . The values of the parameters A and &
and the energies of the 1ls and 2p levels are shown in

Table 18.
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Table 18. Compilation of calculated values
for electronic ls - 2p transitions
in alkali halides. (The calculated
values for the variable parameters
Aand 8 are also given.)
F~band w. W w Obs.-calc.
Salt Max. \ < a P Rpris
€.V, (e.v.) (e.v.) (e.v.) AW e.v.
NaCl 2.67 0.524 =3.32 0,361 =0.75 2.57 +0.10
KC1l 2.19 0.489 =2.81 0,297 =0.46 2.35 =0.16
KBI‘ 1096 001&71 -2.611- 00306 -0o52 2.12 "‘0016
KI 1075 0.14-141& "201&0 00310 -0058 1082 “0007
KCl 2.27 Ooh9l -2081 00295 "0.‘0-6 2.35 "0008
-194°C.
*KCl 2019 0-490 -2087 0.310 -0053 ZQBLP "0015
20°c.

*¥ Calculations based on Mott and

0.855 for R/ag.

Littleton value of

Final Wave Functions and Electron Density Distribution

Curves for 1ls and 2p Levels in F-Centers .

The final forms of the ls and 2p wave functions

are listed below showing the numerical values of the

constants determined in the calculations described

above.

For the 1ls state we have:

wise indicated)

(200 C. unless other-
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NaCl ¥, = 0.0809 (1 + 0.524r)e™0* 524
KC1 T = 0.0729 (L & O.489r)e 08T
KBr ﬂ; = 0.0690 (1 + 0.471r)e=0+471r
% jﬁ = 0.0623 (1 + O.hhhr)e~Oskhhr
KC1 = 0.0733 (1 + 0.491r g~0e491r
(-194° ¢.) Y, 3 (1 r O.49lr)

and for the 2p state:

NaCl f; = 0.0441 ¢ ¢ 0300 o5 6

KC1 ¥ = 0.0271 ¢ g 0297 0 o
2

KBr ‘ii = 0.0292 r e-O'BOér cos ©

KI jF - 0,0302 r g=0310r .5 6
2

KG1 = 0.0267 T e704295T . g o

(194° c.)

i

All of the coefficients were derived using atomic units,
hence r must be in these units also.

The 1ls and 2p wave functions for NaCl are plotted
in Figure 26. Atomic units are used and the relative
spacing of the ions in the lattice is shown as well as

the Bohr radii. It is of interest to determine the
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Na CI
|ls WAVE FUNCTION

Na Cl 0045 2p

2p WAVE FUNCTION
(RADIAL PART)

0.02}

rBOHR

() T T T T T T T T
4 8 12 16
r IN ATOMIC UNITS

1-0.02

FIGURE 26. WAVE FUNCTIONS FOR F-CENTER ELECTRONS
IN SODIUM CHLORIDE AT 20°C.
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electron density distribution curves for both 1s and 2p
states, since such curves give the Bohr radii and in-
formation as to how the electron behaves in the crystal.
Such curves are shown in Figure 27 for the
crystals at 20° C. while Figure 28 gives the results for
KC1 at 20° C. and -194° C. The Bohr radius for the 1ls
state was obtained by maximizing the distribution
function 17r+2 f‘i with respect to r. Thus

ST AT < ($h) 43 (LeA) €T

2 G2 FE) = )[4 e +942-28)]

which gave 0 = 1 + 2 Ar - )3r3
as the equation to be solved for r.
For the 2p state the equation is much simpler,

that is
1t g = 4o te Y
7

£ (g ) = ()4 )e T
r)
and the equation to be solved for r is 0 = hrB - g/?rh,

and r = 246’ . In Table 19 the Bohr radii are listed for
several alkali halides.
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RADIUS IN ATOMIC UNITS

FIGURE 28. ELECTRON DENSITY DISTRIBUTION CURVES
FOR K-KCI AT 20° AND -194°C.
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Table 19. Mean Bohr orbit radii for E-center
electrons in 1ls and 2p states.

Salt r T r r Interionic
1s 2p 1ls 2p distance &
(atomic units) (Angstroms) (ingstroms
NaCl 3 «10 5 054 loéh 2093 2.81‘&
KC1l 330 6.73 1.7, 3.56 3.138
KBr 343 654 1.81 3.46 3.285
KI 3.63 6.45 1.92 3.41 3e525
KC1 3.29 6.78 1.7 3.58 3 eddh
‘-192 0.

Thermal Activation Energy for F-Center Electrons (2p

State to Conduction Band)

In the section on energy level calculations we have
seen that the trapped electron may occupy either of at
least two bound states and still be considered as an
F-center. It is possible for the electron in the excited
2p state to receive energy from the vibrating lattice
and thereby pass into the conduction band.

The various symbols to be used in the following
discussion are shown graphically in Figure 29. The
symbols are those used by Mott and Gurney and their
method of estimating the thermal activation energy will
be extended to F-centers (18, pp.l60-162). Simpson has

calculated this energy for F-center electrons in
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NaCl (34, pp.278-280).

When an electron in an excited level, such as the
2p level in Figure 29, absorbs a quantum of energy cor-
responding to WQP it moves into the conduction band.
Before this absorption process occurs the ions surround-
ing the F-center are in equilibrium, and after the

electron has been removed to a distant point in the

lattice the ions will no longer be in equilibrium, and will

move into new positions of equilibrium. During this move-
ment the ions give up the energy called U in the diagram.
The thermal activation energy is then given by

E = -sz -U.

According to Mott and Gurney the energy of the
medium per unit volume is (ED)/8 T , where E is the field
and D = e/r2 is the electric displacement. We have seen
in the discussion under theoretical considerations that

the field is

E= elk+s + (97%{*2)(‘/(»“//()'

where e is the electronic charge.

Therefore

@/or)(E0) = Cfom)[ e/ + (e for+)Coa- k)] 22
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and since the volume element is h)rrzdr

(2/8m)(E0) 413 = L o/ + (e fog ) elhs - )| &

This 1s the energy of an element of the medium of radius
r after the electron has been moved but before the ions
have taken up new positions of equilibrium. After the
ions take up their new positions the energy of this

element becomes

i%fi'(e//(’f)(eﬁz) = LA ez/hz .

The energy given up by the medium is the difference of
these two quantities integrated over the region R toa? .

Thus in atomic units
o©
= 2~ fr) , Fen) L &
U‘j,;'f[ A il e
@
”ig (%o~ ) ﬁ:‘;‘i&” ;

Since we are considering transitions from a 2p

state we must use

ooy = - VT3 120 g g 2),
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Honoe U = H(¥- )| [#i2 - €%/ (4" s Ja' 130"
A +.§64"+ 4le]‘P+-

U= 4 [~ R s 10 10y ) i

This equation was applied to the crystals listed in
Table 20 with the results shown.
Table 20, Thermal activation energy E,

(2p state to conduction band)
for alkali halides.

Salt R /6 Wép U E
» it 3 fo.v.) (8.7:) (8.%s)
NaCl 5.03 0.361 0.75 0.54 0.21
KC1l Le98 04297 Q.46 O.45 0.01
KBr 5438 0.306 0.52 0.39 0.13
KI 5.98 0.310 0.58 0.29 0429
KCl o Le92 04295 046 0443 0.03
-194~C
*KC1l 5.08 0.310 0.53 0445 0.08
20%

*Calculations based on Mott and Littleton value of
0.855 for R/ag.
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CHAPTER VI
DISCUSSION AND SUMMARY OF RESULTS

Sources of Error in the Experimental Work

An estimation of the magnitude of the errors in the
measurements involved in determining F-center concentra-
tion from absorption curve date has been made by Scott and
Smith (31, p.984). No attempt will be made to determine
the errors inherent in the approximations mede in deriv-
ing the Smakula equation. However, it must be noted that
the oscillator strength f was taken to be unity. This
assumption affects all of the concentrations the same
way and the concentrations herein can be converted to
absolute values as soon as accurate oscillator strengths
are determined for the various alkali halide F-center
electrons.

Small random errors were introduced in the optical
density measurements from inaccuracies due to dark
current drift, 100 per cent transmission settings,
optical density scale settings, and positioning of the
sample. However, these errors were largely eliminated

by taking the mean of several concentration determina-

tions at each temperature. In this way the probable
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error in the mean was reduced to less than 3.5 per cent.
This mean probable error also reflects systematic errors
arising from the following sources: (a) thickness
measurements, (b) the mean value used for the band width,
W, at half maximum, and (¢) the hhoice of a base line for
calculating the maximum value of &,

The thickness measurements were made microscopical-
ly with a micrometer eyepiece and 10X objective. Errors
in these measurements were only 0.l to 0.2 per cent and
could be ignored. A sufficiently large number of observa-
tions was made on the F-band width at half maximum in
order to reduce the probable error in the mean to less
than one per cent for the 20° C. data and to less than
two per cent for the -l9h° C. data listed in Table 2.
Reasons for using a mean value for W have been stated
previously.

By far the largest single source of error occurs
in the choice of a base liné, representing no absorp-
tion, from which & maximum is measured. For the curves
where there is little if any overlapping of the
colloidal band the choice of a base line was conditioned
by the results shown in Figure 7. In these cases the
error introduced was probably not greater than 5 per cent
for the most unreliable curves. A much larger error in«

maximum resulted when it was found necessary to
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construct a base line by the method described in Chapter
II for overlapping bands. This error was probably of the
order of 10 per cent for the curves showing largest over-
lap. However, it is believed that this error does not
exceed 5 per cent for the concentration values used in
obtaining the heats of formation of F-centers in
potassium bromide and potassium iodide. From these con=-
siderations, the overall probable error in the reported

concentrations is about 7 per cent.

Results of Thermal Stability Measurements on F-centers

in Potassium Bromide and Potassium Iodide

In the measurements on the thermal stability of
F-centers, it was assumed that at a specific temperature
an equilibrium existed between the F-centers and a higher
aggregate, referred to as "colloidal" centers. The
nature of this equilibrium was inferred from the follow-
ing observations:

(1) The concentration of F-centers at a given
temperature was independent of the total
concentration of color centers. See
Figures 9 and 13.

(2) The "ecolloidal™ band did not appear in
crystals having less than the saturation
concentration of F-centers.

These facts suggested that the equilibrium is a hetero-

geneous one, that is, the higher aggregate constitutes
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one phase (solid) and the F-centers constitute the dis-~
persed (or dissolved) phase. The equilibrium established
in these additively colored crystals is similar to that
established between a partially soluble solute and its
saturated solution.

The rate of coagulation of F-centers is indicated
roughly by the time required to reach equilibrium at each
temperature. However, more accurate measurements will
have to be made before the activation energy for the
coagulation process can be calcuiated. The heating times
reported for the potassium iodide crystals do not show
such a well defined trend as those for potassium chloride
and potassium bromide. Two factors contribute to this
condition, (a) the temperature interval is considerably
smaller, and (b) longer heating times led to excessive
bleaching.

In order to calculate AH for the process

"colloidal" centers —> F-centers
the data of Tables 7 and 9 were plotted to give Figure
12. In this figure, the logarithm of the equilibrium
F-center concentration (ln K) is plotted against 1/T.
Values of AH for a given temperature are obtained by
measuring the slope of the curve, at the particular

temperature, and using it in the integrated form of the
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equation
d 1n K/dT = AH/RT®.
One justification in using this method for determining AH
for the process above is the fact that the plots in Figure
12 resulted in nearly straight lines. The curvature
noticed at both ends of the temperature range is probably
due to several factors. One contributing factor, especial-
' ly at low temperatures, is the greatly magnified effect
of the systematic errors introduced in choosing the
proper base line. At the lower temperatures the colloidal
| band predominates and overlapping plays an increasingly
I important role in making the F-band éppear larger than it
actually is. At the higher temperatures the mechanism of
coagulation may be quite different, that is, some of the
higher aggregates may not exist at all. The gquenching
rate also becomes important at the higher temperatures.
Over a rather limited temperature range the curves
may be considered straight and their respective slopes
used for evaluating AH. The values obtained are listed
in Table 21. It is of interest to note that the values
of AH for KCl and KBr are approximately twice as large
as the values of Wy, the energy of formation of F-centers
from the vapor, for these crystals (18, p.l45, and 27,
P.390). TUntil more exact information concerning the

structure of the higher aggregates is obtained no
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Table 21. Heats of formation of F-centers
from higher aggregates (colloidal
centers) in additively colored
alkali halides.

Temperature
Crystal o¢ AH Kcal/mole AH e.v./mole
KCl 350 8.0 % 0.3% 0.346 # 0.013
KBr 325 11.4 ¢ 0.k 0.495 + 0.017
KI 340 9.0 + 0.3 0.390 +# 0.013

¥ Value for KC1 taken from data of Scott and Smith.
theoretical calculation of AH will be feasible.

New Band in the Absorption Spectrum of Additively Colored

Potassium Iodide

A hitherto unreported band was discovered in the
absorption spectrum of additively colored potassium
iodide. The properties and characteristics of this band
are summarized as follows:

(1) The band appears only in the absorption
spectrum of erystals which have been heated
for long periods of tims (from 90 to 250
hours) at about 600° C. in the coloration
process.

(2) The band has a maximum which occurs at a
wave length between 650 and 670 millimicrons.

(3) Temperature has no apparent effect on either
the location of the band maximum or the
width of the band at half maximum height,
in the range 20° to -194° C.
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(4) This band was very stable toward light of
650 to 670 millimicrons wave length and
gave no observable optical products.

(5) Crystals in which the band appeared gave
reproducible results when heated and
quenched. That is, the centers responsible
for the absorption band could be formed by
heating at a specific temperature and then
quenching in carbon tetrachloride.

Experiments on the thermal stability of the 650
millimicron band established the following facts:
(1) The band maximum appeared at 665 millimicrons

wheg the four crystals were gquenched from
300 ‘

(2) Lower temperature (275° C.) favors the 650
millimicron band formation.

(3) Temperatures above 300° C. lead to conver-
sion to F-centers and even to centers
absorbing at longer wave lengths.

(4) In one of the crystals heated at 328° C.,
the presence of F-centers was demonstrated
by illuminating with light of 695 millimi-
crons wave length. The height of the band
decreased and the maximum shifted toward
shorter wave length. This behavior was
observed in several samples.

No definite conclusions can be drawn from the above
data as to the necessary conditions for preparing crystals
having the new absorption band. However, it appears that
both concentration and heating time are variables which
should be investigated further. The effect of impurities
is unknown since the uncolored samples were taken from

different stocks of potassium iodide.
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The behavior of this new band is very much the same
as the "colloidal™ band which appears on the long wave
length side of the F-band. Points of similarity are:

(1) No apparent shift in band maximum on
lowering temperature of observation.

(2) Illumination with light of wave length
corresponding to the band maximum has no
apparent effect.

(3) The thermal behavior is very much the same
with respect to F-center formation. That is,
both bands are formed from F-centers at the
lower temperatures while at the higher
temperatures the F-centers predominate.

However, this comparison can be taken only so far and then
we must face the fact that the absorption maxima of the
two bands are separated by nearly 250 millimicrons. In
addition the conditions under which the bands are produced
are not similar.

Much work remains to be done on this new band be-
fore even its qualitative behavior is understood. Never-
theless, it is of interest to speculate as to the nature
of the centers responsible for the 650 millimicron
absorption band. Turning our attention momentarily to
additively colored sodium chloride, we find that a strong
absorption occurs near 550 millimicrons which is attribut-
ed to the presence of colloidally dispersed sodium
(26, p.191).

Evidence that the absorption is characteristic of

colloidal sodium was obtained when the following formula,
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derived from theoretical considerations, gave an ab-

sorption band almost identical to the experimental band:

23X

P

(YT G )+

k=36 N, l/-;f-
[e35)

In this equation K is the absorption coefficient, Ny
is the number of colloidal particles per unit volume,
V is the volume of a single particle, A is the wave
length, n is the refractive index of the metal, ny,
is the refractive index of the host lattice, and nx
is the extinction coefficient. Little information is
available concerning Ny and V. However, since these
quantities are constant it is possible to calculate the
contour of the absorption band by using the remaining
terms on the right hand side of the equation. Values of
n and nx have been measured for sodium and potassium as
a function of wave length (9, p.244, and 10, pp.1l83-184).
The calculations for sodium in sodium chloride place the
band maximum at about 540 millimicrons.

An estimation of the wave length of the colloidal
band maximum can be made when n << (nx). This restric-

tion is certainly true for sodium chloride. The equation

(0X)yepgy = 12 + My
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holds for the band maximum. Therefore, it is merely a
matter of examining the (nx) = f(A ) curves and determin-
ing the wave length for which the equation above is satis-

fied. Results of these calculations are shown in Table

22.
Table 22. Calculated band maxima for
colloidal absorption bands
in alkali halides
Observed
Crystal Oy (nx)y 'Jmax.mp Band Max. mp
NaCl 1.55 2.19 540 550
KC1 1.49 4% & 730 TR5=775
KBr 1.56 2.21 760 800-850
KI 1.66 R+35 800 800-875
It must be emphasized that the calculated values
of A are only approximate for the potassium salts

Max.
since the (nx) = £(4 ) curve for potassium was extrapo-

lated considerably (200 millimicrons) beyond the experi-
mental data. However, since the slope of the curve
changes slowly near the region of interest, the extra-
polated values of (nx) may be acceptable. The remarkable
agreement between observed and calculated values of 'Jmax.

for potassium chloride and potassium iodide may be

fortuitous.
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The above calculations indicate that the 650 milli-
micron band in potassium iodide is not due to colloidal
potassium. While on this subject of colloidal dispersion
we should discuss the possibility that the 650 millimi-
cron absorption band is due to colloidal iodine. Colora-
tion of the potassium iodide crystals was accomplished
under rigorous reducing conditions, that is, in an
atmosphere of potassium vapor. This factor alone would
seem to preclude the possibility of oxidation of iodide
ions to free iodine which could then form a colloid.
Mollwo has prepared potassium iodide crystals containing
excess iodine (16, p.216). Absorption curves of these
crystals are shown in Figure 30. The new band at 650
millimicrons is shown on the plot for comparison.

Further investigations in the ultraviolet region
would be helpful in determining the role, if any, played
by colloidal iodine in the 650 millimieron band formation.
An obvious experiment would be to heat a potassium iodide
erystal at 600° C. for about 250 hours in the absence of
potassium vapor and then in the presence of the vapor.
Comparison of the ultraviolet spectra would show the
relative amounts of iodine (if any at all). The band
with maximum at 430 millimicrons was observed in several

erystals in which the 650 millimicron band occurred.
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This band can be seen in curve 4 of Figure 30. Perhaps
this band is related in some menner to the presence of
free iodine in the crystal. A rather poorly defined
peak may be discerned in curve 3 of Figure 30 at approxi-
mately 430 millimicrons. An interesting experiment could
be conducted upon a potassium iodide crystal having an
absorption spectrum similar to curve 4 of Figubte 30 by
heating in an atmosphere of iodine vapor at 600° C. Any
growth of the band at 430 millimicrons might then be
attributed to the presence of iodine in the crystal.
Results of some photoconductivity experiments on
colored alkali halides led Oberly to suggest the existence
of two kinds of F-centers (20, p.l257). Petroff has also
postulated the existence of two types of F-centers to ex-
plain the bleaching of F-centers in potassium bromide
(23, p.453). Smakula has proposed the presence of two
kinds of F-centers in additively colored alkali halides to
account for the variation of the absorption curve half-
height width (35, p.605). However, Markham has been able
to explain some of the above phenomena without assuming
the existence of two types of F-centers (l4, p.433).
Without further information, it is impossible to estab-
lish any relationship between these different types of
F-centers and the centers responsible for the 650

millimicron band in potassium iodide.
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Information Obtained from Low Temperature Absorption

Spectra of Some Alkall Halides

Table 13 shows the temperature dependence of the
F-band maximun. The wave lengths are probably correct to

4 5 millimicrons. This estimate holds for the data of
Table 14, which shows the location of the bands produced

in the additively colored alkali halides by F-band light.
Examination of the curves in Figure 1l reveals apprec-
iable differences in the degree of definition of the
bands at room temperature and at -;94° C. Qualitatively
it appears that the Rj-, Rp- and M-bands are more sharply
defined at both temperatures in KCl than in KBr than in
KI. This behavior may be explained in part by consider-
ing the relative separations of the band maxima. In
Table 23 are shown the energies in electron volts
separating the various band maxima. The fact that the
energy differences are largest for the bands in KCl
would be conducive to the existence of more sharply de-
fined bands since there would be less tendency for the
bands to overlap. However, thermal vibrations of the
lattice cause broadening of the absorption bands and con-

sequently overlapping.
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Table 23. Separation of the various band
maxima in additively colored
alkali halides at -194° C.
(F-band) (Rl -band) (Ro» =band)
Salt ~(R; -bend)  =(R} -band) -( -vand)
e.v. e.v. e.v.
KCl 0.414 0,190 0.152
KBr 0.342 0.160 0.152
KI 0.359 0.138 0.144

Mott and Gurney have shown that the effect of
thermal vibrations on the breadth of the absorption band
of an electron trapped at a vacant lattice point may be

estimated theoretically by the equation

h az = (h L KT)%

In this equation h is Planck's constant, k is the Boltz-
mann constant, T is the absolute temperature, and 2z;

is of the same order as the absorption frequency (18,
P+116). Applying this equation to the F-, Ryj~-, Rp- and
M-bands leads to the interesting results shown in Table
2.

If the Ry -, Ry - and M-bands of KCl and KI at
20° C. are broadened to the extent indicated by the
calculated h A%/, sufficient overlapping would occur to
reduce the sharpness of the bands to that observed in

Figure 20. The agreement between calculated and observed



Table 24. Calculated and observed band widths
for trapped electrons in some
additively colored alkali halides.

Potassium Chloride

(o]
— (78" K)— —(293° K)—
Band FOVIRY iR T RS R TR e

Aolmp) 540 660 735 805 560 670 735 830
th’V' 0.124 0.112 0.106 0.101 0.236 0,216 0.206 0.194

Ob-
served 0.135 0412 0,07 0,06 0,180 .5 ='s = wicle=ia
width (wW/2)

€.V,
Potassium Iodide
——(78° K)—— — (293° K)—

Ao(mp) 670 835 915 1030 700 ~835 -~915 1060

h;ﬁv/ 0.111 0.100 0.091 0,090 0,214 0.193 0.184 0,172
Ve

Ob-
served 0,117 0,09 0.06 0,06 0.219 = = = = = = = = =
width (W/2)
€.V,
widths is good for the F- and Rl-bands at the lower
temperature.

Samples of additively colored KBr #30 and KI #18
were sent to the Applied Physics Laboratory of Johns
Hopkins University where their absorption curves were

measured at 300°, 78° and 5° K. by Mr. Reuel T. Platt,Jr.,
under the direction of Dr. J. J. Markham. These curves
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are reproduced in Figures 31 and 32. The band maxima

observed for KBr are, in millimicrons, as follows:

Temperature F Ry Rp M N
300 K 625 s AL 925 M
78° K 605 730 805 890 755

50 Kk 597 725 802 885 1090

For KI the F-band maxima are 700, 669, and 662 milli-
microns at 3000, 78°, and 5°K, respectively. It is in-
teresting to note that the broad band in KI with maximum
near 850 millimicrons closely resembles the R'-band in
KC1 reported by Scott and Bupp (29, p.342).

Distribution of Color Centers in Nonhomogeneously Colored

Crystals

The data in Table 16 show that the relative con-
centration of F-centers to M-centers is constant within
experimental error, at points well removed from the sur-
face of KCl and KBr crystals. If this were not true, it
would mean that the formation of M-centers was related in
some complicated way to the concentration of F-centers.
In the last column of Table 16 are shown values of the
equilibrium constant for the process

F-centers <= M-centers

The constancy of these values for K' shows that there is
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a rapidly attained thermal equilibrium between F- and M-
centers. Furthermore, the equilibrium involves one
F-center per M-center. A summary of the information

concerning the nonhomogeneously colored crystals is given

below:

Coloring Heating Average
Crystal Temperature Time K Deviation
K-KC1 25 600° C. 4.5 hrs. 0,068 & 0.003
K-KC1 26 600° 4.0 0.078 & 0.004
K-KBr 28 600° 0.5 0,025 + 0,002

The results obtained are in accord with the common-
ly accepted theory of F-center formation, that is, the
electrons which are formed from the potassium atoms at
the surface of the crystal by thermal ionization diffuse
through the crystal until trapped at a negative ion
vacancy. Thus the distribution of F-centers in a non-
homogeneously colored crystal depends in part on the rate
of diffusion of the electrons into the crystal and also
the rate of diffusion of the negative ion vacancies
(Schottky defects) into the erystal. These diffusion
processes are logarithmic in form and one would expect
the F-center concentration to follow a logarithmic
distribution. Thus a plot of the logarithm of the

F-center concentration against the distance from an
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external face should result in a straight line. Figure
2L shows such plots and the results are in general agree-

ment with the above arguments.

Energy Levels of Electrons in F-Centers in Alkali Halides

Equations have been derived which may be used to
obtain the variable parameters needed to calculate the
energies of the is and 2p states of an electron trapped
at a negative ion vacancy in any alkali halide having a
NaCl structure. These calculations can be carried out if
values of the constants in Table 17 can be found. The
generalized equations hold only for the model assumed to
represent the F-centers.

The agreement between calculated and observed
energies for the 1ls-2p transition giving rise to the
F-band is quite good in view of the many assumptions and
approximations involved. For sodium chloride our calcula=-
tions gave wép-ls = 2.57 e.v. while Tibbs obtained

W2p-1s = 2.5 e.v. using a different method. The observed
energy for the F-band maximum is 2.67 e.v. It is not

understood how Simpson obtained the value 2.2 e.v. for
this transition unless he neglected small terms in the
equation for determining the parameters A and & .
Undoubtedly part of the discrepancy lies in the fact

that we used a slightly different value for the
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dieelectric constant K,.

It should be emphasized that the potential energy
function used in these calculations is only & close ap-
proximetion. However, the error introduced from this
source is probably small. A much more serious error is
introduced by assuming that the field of the negative ion
vacancy is spherically symmetrical. Smoothing over of the
potential functions of the first shell of positive ions
gives rise to another source of error. These ions would
have a very marked effect on the shape of the 2p wave
function, thereby causing it to spread over a larger
volume of the crystal than in the vase of the model used.
The net effect of these approximations is to make the
energy calculeted for the 2p level too large in magnitude.
That is, an electron in the 2p level would be too far be-
low the conduction band.

Evidence has been obtained experimentally by Pohl
and theoretically by Gurney and Mott that in the case of
NaCl the 2p 1evelilies about 0.1l e.v. below the conduc~-
tion band (7, p.511 and 25, p.13). This value was obtain-
ed from observations on the temperature dependence of the
photocurrent in colored alkali halides.

It is of interest to note that the magnitude of
the energies of the 1ls and 2p levels is quite sensitive
to the value used for R/agp. This is demonstrated by the
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data of Table 18 for KCl and *KCl,yo g,. The results for
the latter were obtained by using a value of R/ap larger
than the former by only 2 per cent. However, the ensrgy
Wap-1s changed by only 0.01 e.v. This indicates that the
values of Wpp.1g are not very sensitive to small errors
in R/ap , R being the radius of the hole formed upon re-
moval of a negative ion and a, being the interionic
distance.

The calculations on KC1 at -194° C. led to some
interesting results. Apparently the wave equations ob-
tained for -194° C. represent the behavior of the electron
better than those for 20° C. since the difference between
observed and calculated Wpp.jg values is only =0.08 e.v.,
which is approximately one-half of the difference for the
20° C. values. We may infer from this that the model
chosen to represent the F-center is capable of giving
good results for calculations in this temperature inter-
val. The magnitude of the observed shift in the position
of the F-band maximum (going from 20° C. to -194° C.) 1is
0.08 e.v. Apparently the calculated shift is zero (or
for *KCl,y0 ¢, it is 0.01 e.v.). However, it should be
noted that if we assume the 20° C. value for sz_ls to
have the same accuracy as the -194° C. value, that is,

having a difference from the observed value of only

-0.08 e.v., then the calculated shift in the F-band
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maximum becomes 0.08 e.v. This agrees exactly with the
observed value and could well be accidental. That this
agreement is not entirely accidental is demonstrated by
the fact that using Wp,_jg values for *KC1l,30 C. and
KCL-19h° ¢, &ives a shift of 0.0l e.v. which, further-
more, is in the correct direction, that is the F-band
maximum shifts toward higher energies.

These observations are consistent with the assump-
tion that an F-center is an electron trapped at a
negative ion vacancy and that thermal effects are
responsible for the observed temperature shift of the
F-band maximum. Further calculations will have to be
made before the quantitative nature of the thermal
effects is understood.

There is no significant difference in the electron
density distribution functions for KCl at 20° C. and at
-194° C. These curves are shown in Figure 28 for the 1s
and 2p levels. The Bohr orbit radii at the two tempera-
tures differ very little. From the curves of Figure 27
it is apparent that in the l1ls levels the electrons have a
negligible distribution beyond about 14 atomic units (7.4
ﬁngstroms or approximately 2.1 to 2.6 interionic dis-
teances). For the 2p levels the electrons have a sizeable
distribution at 14 atomic units and are spread out over

about 18 to 25 atomic units (9.5 to 13.2 Zngstroms or
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approximately 3.3 to 4.0 interionic distances). It would
be interesting to have electron density distribution
curves for 2p levels of NeBr and Nal to see if the trend
in the Bohr orbit radii is the same as that observed for
KCl, KBr, and KI. The fact that the calculated Bohr
orbit radius for the 2p level of KCl is larger than that
for KI may be attributed to the effect of the ions
immediately surrounding the F-center. In KCl these ions
are much closer than in KI, hence they exert a greater

tendency to spread the electron through the crystal.

Thermal Activation Energy from 2p State to the Conduction

Band

The values of E, the thermal energy required to
raise the electron from the 2p level to the conduction
band, in Table 20, should be regarded as approximations

only since there may be considerable error present in the
wép values. However, a comparison of the values of E

for KC1 at 20° C. and at -194° C. shows that more thermal
energy is required at the lower temperature regardless of
the fact that the WQP energies are identical. This may
be attributed to the smaller contribution made by the
motion of the ions, which is to be expected at the lower
temperature.

Experiments on rates of optical bleaching of
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F-centers at various temperatures should be performed in
order to obtain the necessary data for calculating the
thermal activation energies for the various alkali
halides studied in this investigation. Such information
could then be compared to that in Table 20 and conclu-
sions drawn as to the probable accuracy of the Whp
values and thus indirectly the validity of the calcula-
tions involved in obtaining Wép and U (the energy given
up by the ions surrounding a former F-center when they
move to new positions of equilibrium).

The low value of the activation energy (0.0l e.v.)
for KC1 at 20° C. would predict that at any instant
g~0:01/0.025 . about 0.7 of the electrons would have
sufficient thermel energy to pass into the conduction
band. This means that the rate of optical destruction
of the F-band should be dependent only on the rate of
absorption of light quanta.
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APPENDIX I

Derivation of the Smakula Equation

Smakula has applied classical dispersion theory to
the F-center bands of the alkali halides in order to
ascertain the concentration of the centers (35, pp.603-
608). The following assumptions were made by Smakula:

(a) The polarizability of the bulk material (the

pure alkali halide) is given by the ex-
pression

3 77’2 -Z
T 4Ty R 2 , Where n' is

(74

the refractive index of the pure salt in the vicinity of
the F-band and ny is the number4of oscillators.

(b) The complex polarizability of the electrons
in the F-centers may be represented by the
corresponding polarizabhility function for a
single absorption line, that is,

270 €2 £

rim LR -z R tzy

In this expression, ng = density of F-centers,
z7; is the ?requency at the center

of the absorption band, 74 is the damping
frequency, and f is the oscillator strength
of the transition (32,ppli662-664).
These assumptions were based on the following
conditions:

(a) The F-center is an electron trapped in a
halogen ion vacancy, and excitation of this
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electron gives rise to the F-center band.
(b) The extinction coefficient of the pure
alkali halide is zero in the vicinity of
the F-center bands. This seems reasonable,
since these bands are usually far removed
from the fundamental absorbing region.

(c) The refractive index of the pure salt is

usually constant near the F bands.

With these preliminary considerations in mind we may
now derive the desired equation. The complex refractive
index is given by N = n s+ ik , where k is the extinec-
tion coefficient. The complex polarizability, &c, is

given by
z-
N 1 = ﬂ ?70 dc .
N2+2 3
Hence
(__” -.44@/)* 3 R [ -t ) e* f ]
(n etz 2 Nt T3] T gt (-2 R) ting
C"M‘)‘*Z %2 | #rim LA e iz 7] .

The refractive index of the colored crystal may be repre-
sented by n = n' + A n and the frequency of the absorp-
tion by 27 = ZZ2+A?, Substitution of these expressions

in BEquation (2) gives
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(# '+ A -4%)2-1 1% z,'z-z

(' +An-<A) 42 #? 42

+ m‘f'ez [ L ]
tmim | 222~z +AZ ) +A24 (7% +Ar?_] ;
Separating the real and imaginary parts of this
equation gives rise to two equations. They are, for the

real parts

Ay, o 2efet (nea) [ A¥(R7E +AZ) *]

18T 2 2’ Az R +(Rz£ +AV)2+7:e'z(7'/:+47}

and for the imaginary parts

4o e (u&z)‘[ 2 (72 +A7)
Brm 7 LAz +Qee+AZ)R+ 250 (e AF)R],

The damping frequency z’'d is eliminated from this
equation by expressing it in terms of A%7, of A
for which k is half its maximum value k. This leads to

i F 3 ¥7Mjm;(/= 7’ AZ7 (Z/F-»‘-AV%\L %
% rer (mtez)? (7= + AZ7)2

In using this equation it is convenient to express the

frequencies in electron volts and k in terms of & which
is given by I/I, = o i
where d is the thickness of the absorbing crystal and I,

is the original intensity. Thus, using the optical

2.303 D

density D gives & = ) « The relation between
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k andZ is k = ZA/LTr.
At low temperatures Z7% is much greater than AZ7%
and the equation for n,f simplifies to give

¥4 27 W
= 71.31 x10 @
Mok = L3Irx (n 272 727

where W is the width of the absorption curve at half
meximum in electron volts, that is 2 A4 '
Accurate values of the oscillator strength f are not
available for the alkeli halides, therefore f was

assumed to be unity.
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APPENDIX II

Method of Calculating the Ratio R/ay, for Negative Ion

Holes in Alkali Halides

The equations used in this section were developed
by Mott and Littleton (19, pp.490-493). In the deriva.tion
of their equation giving the potential at the center of
the hole left upon removing a negative ion from the
lattice it was assumed that the ions were fixed in a rigid
lattice. The polarizabilities of the ions are denoted by

@4 (for the negative ions) and &, (for the positive
ions). Values of &y and @ are shown in Table 25. These
quantities were calculéted from the mole refraction data
of Pauling for the free ions (21, p.198). That is, & =
3R/4 T N, where R is the mole refraction and N is Avog-
adro's number. '

Table 25. Mole refracﬁion (R) and

polarizabilities (&) of
some free ions.

Mole
Ion Refraction dl x lozb ¢2 X 1021"
R
Na +# 0.457 ——— 0.1811
K % 40 (] - 0.8401
ey 9.30 3.685 o
BI" 12.ll+ h.8ll TN

I 18.07 7.161 i =
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When a negative ion is removed from a cubic lattice
six positive ions are left all equidistant from the point
previously occupied by the negative ion. If a charge is
placed at this point, dipoles will be induced on all the
surrounding ions. The magnitude of the dipole induced on
any one ion depends on the charge as well as the magni-
tude of the dipoles on all the other ions. Because of
this complication, it is necessary to use an approxima-
tion method in evaluating the potential at the center of
the hole.

Mott and Littleton obtained the following equation
(to the first order) for the potential at the center of

the hole:

3
V=- —2— (6.3346 M, + #.2977 M, )- _qif .

In this equation, Q is the charge at the center of the
hole and a is the interionic distance in cm. The co-
efficients of the M terms arise through a summatfon over
all the lattice points of type 1 and type 2, respectively.
The dipoles on the six nearest neighbors are denoted by« .

Furthermore, let « = Qam, 4 = &, /Q3 % and/fz %’/a,‘?

(1 ~1-765—M1 - 0-388Mz)
P = ,&_
(2 + 2.371/52)



143

LA
“11" “2_ L

=
)

(2~ /1)

24’1 1
M 1- 1/f;
3 = @Y

Thus

V= - L(6.33% My + 11977/, + ém)

and the potential at the center of the hole is

Vo= oo (- 4/1) .

Schottky and Jost, in their treatment of the en-
ergies of holes in crystals, arrived at the following

equation for the potential at the center of the hole,

VS,J v %—(1‘1/,{;)

where R is the radius of the hole. The ratio =V/Vp

is evaluated by using

Vv, = 47(6.3396 My + 4.1977My+62m1)/(1~21/fs)
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waich is combined with Vg . to give R/a, :477‘/(V/V,).
The values of R/ay listed in Table 26 for NaCl and KCl
differ slightly from those of Mott and Littleton since
slightly different values of K, were used.

Table 26. Potentials (to the first
order) when a charge Q is
placed at a negative lattice
point. The radius of the
hole at the vacant negative
ion point is R and a, is the
interionic distance.

=V/Vy 13.369 14.992 14.532 14.026 15.066
R/a, 0.940 0.838 0.865 0.896 0.834

Salt NaCl KCl KBr KI KCl_1940



