
AN ABSTRACT OF THE THESIS OF

JAMES LEONARD PAUL for the DOCTOR OF PHILOSOPHY
(Name) (Degree)

in CHEMISTRY
(Major)

presented on 21411...i / 7 01 (Date)

Title: KINETICS OF F- CENTER AGGREGATE FORMATION

Abstract approved:
Redacted for privacy

Allen B. Scott

The effect of a and F center concentrations on the initial

rate of M center formation and rate of equilibrium attainment was the

basis for the derivation of the mechanism of thermal formation of M

centers.

The initial rate of M center formation in additively colored

crystals containing thermally stable a centers was determined as a

function of temperature and F and a center concentrations. The a

centers were introduced to compensate for the charge of the 0= ions

present after coloration of KC1 crystals initially containing 02 ions.

The activation energy for the initial rate of formation of M centers,

which corresponded to the jump activation energy of the anion vacancy,

was 1.06 +0.05 ev.

The order of the initial rate of formation of M centers was ap-

proximately 1.5 with respect to the concentration of F centers and

approximately 0.6 with respect to the total oxide ion concentration.

During the initial stages, the M centers formed were from the



aggregation of randomly and non-randomly distributed F and a centers.

The contribution to the initial formation of M centers from non-

randomly distributed F and a-centers increased for an increase in

both the a and F center concentrations.

The thermal formation of M centers to an equilibrium value was

measured in samples with low concentrations of oxide ion impurity.

In the region where the formation of M centers was attributed to ag-

gregation only from randomly distributed F and a centers, the order

of reaction with respect to the concentration of F centers was one.

The proposed mechanism for the formation of an !M center is,

first, the migration of an a center to an F center, forming an F2

center, and second, the migration of an F+ center toward an F
2

center with subsequent transfer of an electron from the F center to

the F2 center, forming an M center and an isolated a center.

The binding energy of the M center was determined to be

0.19 +0.02 ev. This value was compared with other experimental

values.

The identity of the N1 and R bands, as postulated by Lehmann,

was verified. The center which gave rise to the 960 mm absorbance

band was assumed to be an M center associated with a nearest neigh-

bor anion vacancy.

The shape and growth rate of the colloid band was studied as a

function of F center and a center concentrations and temperature.

The average particle size decreased as the aggregation rate of F



centers increased by increasing either the a or F center concentra-

tions or the temperature of annealing.

A mechanism for the additive coloration and bleaching of alkali_

halide crystals was proposed. During doloration, electrons in the

conduction band migrate into the crystal and are trapped at negative

ion vacancies, forming F centers; positive and negative ion vacancies

are created at dislocations and the positive ion vacancies migrate to

the surface to compensate for the charge of the electrons which have

migrated into the crystal.
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KINETICS OF F-CENTER AGGREGATE FORMATION

I. INTRODUCTION

Alkali halide crystals are transparent over a wide range of wave-

lengths, from the absorption due to lattice vibrations in the infrared

to the exciton absorption in the far ultraviolet. Color centers intro-

duced into a sample absorb in this previously transparent region.

Color centers present the investigator with a valuable research

tool because of their basic simplicity and the relative ease with which

information can be derived from their study. Theories derived from

color center work have been and can be applied to more complicated

systems in the field of solids.

A. Trapped Electron Centers

If alkali halide crystals are heated in alkali metal vapor, neu-

tral trapped electron centers are introduced into the sample. The F

center, as proposed by de Boer (15) in 1937, is an electron trappped

in a negative ion vacancy. The absorbance band maximum is at 556

nm in KC1 at room temperature (13). Theoretical and experimental

results of many investigators are consistent with the de Boer model.

The structure of the F and other centers have been verified by elec-

tron density mapping from ENDOR measurements.

Additional trapped electron centers have been produced in many



of the alkali halide crystals. The M band was originally produced by

Ottmer (60) in 1928 by X-ray-irradiation of NaCL In 1940, Molnar,

after whom the M center was named (57), extensively studied long

wavelength bands in colored alkali halides. The model for the M

center was correctly postulated by van Doorn and Haven (87) as two

F centers in nearest neighbor positions.

The R center, with the RI and R2 bands as principal absorp-

tion bands, is comprised of three nearest-neighbor F centers. The

N2 center is thought to contain four neighboring F centers; however,

its structure has not been definitely established.

Centers not neutral with respect to the lattice are generally

formed by controlled optical and thermal treatment of additively col-

ored crystals. The F center, two electrons on a negative ion site,

is formed when an electron is captured by an F center (66). Similarly,

the M center is three electrons on two nearest-neighbor positions.

The above two centers are negatively charged relative to the, lattice.

Two products of optical illumination of the M and R bands are

the F2 and F3 centers. These can be thought of as an M and R center

without an electron or as an anion vacancy attached to an F and an M

center respectively. Lehmann (51) has postulated that the N1 absor-

bence band is due to the absorption of F3+ centers.

Prolonged heating at temperatures from about 200 to 400°C of

density colored crystals may produce both light-scattering and
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Table I-1. Absorption maxima of trapped electron center bands.

Absorption
Band X 1(nm) k

2
nrn) Temperature Reference

F 556 RT 57

M 825 RT 57

R
1

656 LNT 85

R
2

725 LNT 85

N1 966 -170°C 36

N2 1028 -170°C 36

a 178 RT 27

+ +F = M
2

;-----1400 LHeT 78

+ -I-

F3 = R 960 LHeT 78

F -----'700 RT 67

MT 1950 LAT 42

F
A

(Na) 528 585 20 °K 32

F
A

(Li) 551 626 20 °K 32

M
A

(Na) 820 LHeT 77

MA
(Li) 872 LHeT 77
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non-light-scattering colloidal particles. In KCl, the colloid band

maximum varies from about 700 nm to greater than 800 nm, depending

on particle sizes and thermal treatment.

B. Trapped Hole Centers

Trapped hole or electron deficient centers have been produced by

heating alkali halide crystals under approximately 50 atmospheres of

the halide vapor, but the concentration of centers formed in KC1 is

very low (56). With X-rays and other ionizing radiation, a higher con-

centration of trapped hole centers can be produced, but trapped elec-

tron centers are also simultaneously produced.

Trapped hole centers of known structures are the Vk
center,

a Cl molecule-ion on two nearest neighbor sites, the H center, a

Cl-
4

molecule-ion on three neighboring sites lying in the 110 direction

(41, p. 1-3), and the V1 center, a sodium ion associated with an

H center in KC1 (17, 16). Additional hole bands are known, but no

structure has been assigned to them as yet.

C. Impurity Centers--Foreign Cations

1. Aliovalent Impurities

Aliovalent cation impurities have been incorporated into alkali

halide crystals in an effort to determine properties of both the host
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crystal and the aliovalent impurity ions. Ionic migration activation

energies and mechanisms have been determined from conductivity (6)

and diffusion (34) studies of alkali halide crystals containing substi-

tuted aliovalent cation impurities. In additively colored alkali halide

crystals, the association of F centers and divalent cation impurities

has been investigated (68, 90). The Z1 center, initially observed by

Pick (68), is an F center associated with a divalent cation--cation

vacancy pair. ENDOR spectroscopy (9), Faraday rotation (64), and

fluorescence measurements (63) of the Z1 center have been used in an

attempt to determine the geometric relationship between the F center

and the divalent cation--cation vacancy pair, but results are inconclu-

sive. The structure of other Z centers is even less well known.

2. Monovalent Impurities

FA (32) and M
A

(77) centers have been studied in additively

colored KC1 crystals containing a small concentration of substituted

alkali metal ion impurity. An FA or MA center is an F or M center

associated with the alkali metal ion impurity.

D. Impurity Centers-- Foreign Anions

Since F centers are part of the anion sublattice, anion impuri-

ties have a great effect on reactions involving the migration of F

centers. Optical studies and ESR measurements have been the most



6

Table 1-2. Absorption band maxima of anion impurities in KC1.

Ion*
Wavelength of Absorption Maximum

ReferenceX
1

(nm) A
2

(nm) X
3(nm)

Temperature

02

0 (0

O

011-

S

SH-

=
Se

Se

SeH-

a

U (H-)

U1 (Hi)

U
2
(H°)

)

243

439

185

204

394

193

186

364

201.6

193.6

178

212

277

235

193

285

2800

395

208.6

202.4

177

215

78°K

78°K

78°K

RT

78°K

78°K

78°K

20°K

20°K

20°K

78°K

77°K

80°K

77°K

27

27

27

31

26

26

26

25

25

25

27

49

18

49

*All ions are substitutional impurities except the U and U2 centers
which are interstitial impurities.



important means for identification and structure determination of

substituted anion impurities.

The structures of F, F aggregate and anion impurity centers

pertinent to this thesis are given in Figures I-1 and 1-2.

E. Measurement of F Centers and F-Center Ag regate
Concentrations. The Smakula Equation.

The useful range of F-center concentrations is 10-7
to 10

7

mole fraction. In this range, chemical determinations are more dif-

ficult and inaccurate; optical methods are preferable. Smakula (82)

derived a formula for the determination of the concentration of non-

interacting centers in a solid using optical measurements. The

Smakula equation is

9mcNf =
2 2n 2 a mW

2e (n + 2)

where N is the number of centers per cm3, f is the oscillator

strength, n is the index of refraction of the host crystal at the

wavelength of the band maximum, a is the absorption coefficientm
at the band maximum, W is the half width, and m and c have

their usual significance.

Dexter (19) later derived a more general equation:

Nf = 9mc

Tr e
2h

(n2 + 2)2
(I-2)



F center

F' center

M center

center
FIGURE I-1: Trapped Electron Centers

8

FIGURE 1-2: Anion Impurity Centers: Associated
and unassociated divalent anions and vacancies,
U centers (H- ions), and an unreduced XH- ion.
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where A is the band area. A high concentration of color centers

was chemically (20) and magnetically determined (83) and related to

the observed absorption coefficient in order to determine the oscillator

strength. The Dexter equation reduces to n = 2.76 x 1016 Am W,

cm 3 where Am, the absorbance per cm equals /2.303 and

W is the half width in ev. Using the average of values by Doyle (18)

and Sonder (79), if a Gaussian shape is assumed, f equals 0.61,

and for a Lorentzian shape, f = 0.90. Delbecq (16) determined

from the relative changes of F and M bands during a photochemical

process that the oscillator strength for an M center is 0.43 times

that of an F center. For the M center, nm = 6.45 x 1015 Am W,

c-3m , where f is 0.25 for a Gaussian shape and 0.39 for a

Lorentzian band. The oscillator strength of the R and N
1

bands are

not known at the present time.

F. Activation Energy for the Anion Vacancy Jump

Of prime importance to this work is the value of the jump activ-

ation energy of the anion vacancy. Nearly all mechanisms for forma-

tion of M centers by thermal or optical means involve the migration

of the a center.

The most common method for determining the jump activation

energy for anion vacancies stems from conductivity studies of pure

crystals and crystals with a small concentration of substituted divalent
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cations. Anionic conductivity can be measured only at relatively high

temperatures, 480°C to 680°C (2), due to the prohibitively small

anion transport number below 480°C.

The value of the jump activation enthalpy of positive ion vacan-

cies is determined from conductivity measurements in the intrinsic

region from

61 T = 4e
2a2 Nvo/k exp{(Asi+ s/2)/k} exp {-(Ahi+h/2)/kT} 1-3)

where 0"
1

is the cation conductivity, As
1

and Ali
1

are the

activation entropy and enthalpy for positive ion vacancy jumps,

and h are the entropy and enthalpy of Schottky vacancy pair forma-

tion, and vo is the lattice vibration frequency. Other symbols have

their usual significance. From a study of conductivity in the intrin-

sic region, the relative transport numbers and the ratio of mobilities,

4, of the positive and negative carriers can be determined.

From the temperature dependence of 4), according to

= exp {(ts2 - Asi)k} exp{-(Ah2 - AlyikT} (1-4)

and equation (I-3), the anion jump activation enthalpy, Ah2, can be

deduced (2). Since in such processes enthalpy and energy do not

differ appreciably, no distinction need be made between Al). and

the jump activation energy. Beaumont and Jacobs (6) determined a

value of 1.04 ev for the anion vacancy jump and 0.709 ev for the

cation vacancy jump.
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In recent years, the self diffusion of chloride ion in NaCI by

Barr, Morrison, and Schroeder (4) and in KC1 by Fuller (34) has

been investigated by radio tracer techniques. Fuller measured the

anion diffusion coefficient from 560°C to 760°C in "Pure" KC1 and in

a series of SrC1
2

doped samples to determine the diffusion of chloride

ions by the anion vacancy and vacancy pair mechanisms. From the

temperature dependence of the anion diffusion coefficient, the jump

activation energy of the anion vacancy was determined to be 0.95 +

0.1 eV.

In the preceding conductivity and diffusion experiments, the

migration of the chloride ion was investigated at temperatures within

approximately 200 °C of the melting point of KC1. Liity (53) has

determined the anion vacancy jump activation energy from the rate

of formation of FA centers in the temperature range -70°C to -20°C.

Liity formed FA centers in KC1:Na+ crystals where the substituted

sodium ion concentration was approximately 0.1 mole percent.

Quenched additively colored crystals were maintained at a fixed tem-

perature, then excited by a high intensity flash of F light, forming

ionized F centers (negative ion vacancies) and Ft centers. The rate

of formation of FA centers was measured under the influence of a

weak auxiliary F-light irradiation that was adjusted to keep the F

center amount constant over a time At. Liity determined that
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d(n )

dt

FA
n

a
x

a+ 2 x 013sec-lexp(-0.60 eV/kT) (1 -5)

where xNa+ is the mole fraction of sodium ions. He assumed that

the 0.60 ev activation energy corresponded to jump activation energy

of the anion vacancy. The formation of FA centers is analogous to

the formation of M centers under the influence of F-light excitation

described in Section I-G-1. It is apparent from experiments on

formation of M centers that the effect of F-light excitation on migra-

tion of a centers and formation of aggregate centers is not completely

understood. One must be skeptical about the value of 0.60 ev for

the anion jump activation energy until either photochemical reactions

are more completely understood or the activation energy of the forma-

tion of FA centers can be determined by a strictly thermal process.

The only theoretical calculation of the jump activation energy

is that of Guccione et al. (36), who used a Born-Mayer repulsive

potential to determine the jump activation energy as 0.64 ev for the

anion vacancy and 0.53 for the cation vacancy. The derived activa-

tion energies were 1.18 ev and 1.13 ev for the anion and cation

vacancies respectively using the Born-Mayer-Verwey potential, a

harder repulsive potential. Most experimentalists compare their re-

sults for anion jumps with the Born- Mayer- Verwey potential calcula-

tions, although the Born-Mayer calculation for the cation jump is
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much closer to nearly all of the experimental data.

Although early experimental and theoretical determinations of

the jump activation energy yielded a wide range of values, more

recent experiments in conductivity and diffusion have yielded values

averaging approximately 1.00 ev.., A value of 1.00 ev will be as-

sumed for the jump activation energy of the anion vacancy in the thesis.

The lattice frequency, v 0,
has been measured by several investi-

gators with only slight variation in values. Fuller's value of

2.72 x 1012sec-1 was used here.

G. Migration of Color Centers

1. Photochemical Formation of M Centers in KC1

Absorption of F light by additively colored alkali halide crys-

tals can produce M and other F-aggregate centers. Two basic

mechanisms have been postulated to account for the production of

M centers by a photochemically initiated process. The rate deter-

mining step in the mechanism proposed by van Doorn (85) was the

migration of an a center to an F center forming an M center directly,

according to

a + F M (I- 6)

Delbecq (16), on the other hand, assumed that the rate determining

step was the migration of an a center to an F center forming an F2
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center, which subsequently trapped an electron forming an M center,

according to

are:

a + F

F
2

+e

F2

M .

The principal reactions of the mechanism proposed by van Doom

F + a +e (1 -9)

(1-10)

(1-11)

F -F e (I-12)

a + e (I- 13)

F + e

a + F F =M
2

F

Reaction (I-11) involves ionic migration of the a center; conse-

quently, the rate should be much lower than the remaining reactions

which are all electronic in nature. Because the lifetime of an elec-

tron in the conduction band is short compared to the lifetimes of the

a and F centers, the concentration of a and F centers are equal.

The formation rate of M centers is therefore

d(nm)

dt cc nan F exp(-E
A

/kT) = (nF 1)2 exp(-EA
/kT) (1-14)

where n , nF and nM are the concentrations of a, F and M

centers in number of centers per cm3 and EA is the jump activation

energy of an anion vacancy. Under the conditions of low F-light



intensity, I,

nF, cc 11 /2 exp (-E 1/2 kT)

15

(1-15)

where EF,I is the thermal ionization energy of the F center.

The rate of formation of M centers is then

d(nm)

dt
oc I exp {-(EA - EFf)/kT) . (I-16)

In the region where the rate of formation of M centers was

linearly dependent on F-light intensity, the observed activation energy

of M-center formation of 0.58 ev . Substituting the value EFI =

0.50 ev, determined by Pick (67) into equation (I-11), EA was

calculated to be 1.08 ev. The anion jump activation energy was dis-

cussed more fully in a previous section.

van Doorn further showed that at sufficiently high intensity, the

rate of M-center formation should be independent of intensity.

Delbecq, employing similar experimental procedures, also in-

vestigated the formation of M centers. F-light excitation at 0°C

produced a very small initial formation rate of M centers. The for-

mation rate slowly increased until a constant rate was attained after

approximately 9 to 18 minutes of excitation, with the duration of the

"delay period" being inversely proportional to the F center concentra-

tion. After continued excitation, the rate of formation began to de-

crease. During the delay period, the F center emission intensity and

percent conversion of F centers to F centers decreased markedly
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while the F band optical absorption remained relatively unchanged.

Delbecq concluded that during the delay period, the distance de-

creased between a given F center and its nearest neighbor F center,

due to the non-random migration of the mobile species, the a center,

which subsequently traps an electron from the conduction band. The

non-random migration of the a center toward an F center implies

some form of long range interaction or attraction.

To derive a mechanism for M-center formation, Delbecq util-

ized equations (I- 9), {I- 10), (I- 12), and (I- 13) in conjunction with the as-

sumed rate determining step

k
a + F 4 F2+

and subsequent trapping of an electron by the F2 center,

F2 + e F2 = M

The derived rate of formation of M centers was

d(n )

cc (I)
1/2(n )3/2dt

(I-7)

(I-8)

(I-17)

where I was the F-light intensity. The observed M center forma-

tion rate equalled

cc (I)
0. 27 (n )1. 3

t (I-18)

which agreed more closely with his proposed mechanism than that of

van Doorn. The observed activation energy of M-center formation
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was 0.46 ev, compared to 0.58 ev from van Doorn. The exponent

of I found by Delbecq may be taken to indicate that his experiments

were conducted in the sub-linear range proposed by van Doorn.

In an effort to verify the validity of one of the previously pro-

posed mechanisms, two additional teams of investigators studied this

problem. Using procedures similar to those reported by Delbecq (16)

and van Doorn (85),. Asai and Okuda (3) obtained results which agreed

with the mechanism proposed by Delbecq, while the experimental

results of Brothers and Lynch (7) substantiated the proposed mechan-

ism of van Doorn.

Examination of the two mechanisms reveals that as the ratio of

F to F centers is increased, the a + F M mechanism of van

Doorn would become more probable, while decreasing the F to F

center ratio would favor the formation of an F2 center and the sub-

sequent trapping of an electron to form an M center. Both mechan-

isms are plausible, depending on the conditions of the experiment.

Hirai and Scott (44) also studied the formation of M centers but

by methods substantially different from the experiments of Delbecq

(16) and van Doorn (85). A quenched, additively colored crystal was

irradiated with F light at -120°C, cooled to -186°C for absorbence

measurements and warmed to 0°C. The sample was again cooled to

-120°C for additional F-light excitation. The cycle was repeated

several times. When the warming rate from -186°C to 0°C was
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reduced to 0. 28 deg/sec, M band growth was observed for each suc-

cessive temperature cycle. The formation of M centers by the above

cyclic process is not analogous to the photochemical formation of M

centers previously described since F centers were not the only trap

for the ionized electron. The photo-electrons were captured in the

crystal by a trap of unknown origin. The mechanism for M center

formation proposed by Hirai and Scott was controlled by the formation

of F2 centers by the reaction of

a + F F+
2

Hirai and Scott determined that the rate of formation of F2

and M centers was too great to be accounted for if the jump activation

energy of the a center was approximately 1 ev and all a center jumps

were random. If the a center jump activation energy was assumed to

be approximately 0.6 ev, then the observed formation rate of M

centers could be attributed to a random migration of a centers.

2. Thermal Aggregation of M Centers in Additively Colored KC1

The mechanism of thermal aggregation of M centers differs

from photochemical mechanisms because thermally unstable centers

are not constantly being regenerated as are photochemically generated

centers. Thermal formation of M centers has been investigated at

50°C and above (91, 43), at which temperatures the F -center
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concentration is negligible.

In pure crystals, the a-center concentration would be deter-

mined by the Schottky pair production of vacancies, a very low con-

centration at temperatures where M-center formation has been investi-

gated. The a-center concentration can be increased by the incorpora-

tion of a small amount of divalent anion impurity, in which case the

a-center and divalent impurity concentrations would be equal.

Hirai and Matsuyama (43) have extensively studied the thermal

aggregation of M centers and have proposed a simple bimolecular

mechanism for the formation of M centers according to

k
F F 1

( I- 1 9 )

k
2

The activation energy for the forward rate constant, k
1,

in

thermal aggregation reactions was equal to 1.07 ev. The order of

reaction ([-l9)with respect to the concentration of F centers must be

two, but Hirai measured a reaction order of one, which indicates that

reaction (I -19j was not the rate determining step in the thermal forma-

tion of M centers.

The determination of the initial rate of formation is one of the

most common methods for determination of reaction order. If equa-

tion (I-19) represents the elementary step for the formation of M

centers, then the initial rate of formation of M centers should be of

the form



d(nm)

dt = k
1
(nF)2
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(1-20)

where k
1

= A exp (-E ikT) and E is the energy of activation

for the exchange of an F center and a nearest neighbor chloride ion.

Reaction (I- 19) and equation (1-20) imply nothing with respect to

the role of impurity ion concentrations on the formation rate of M cen-

ters. A study of the initial rate of formation of M centers in additive-

ly colored crystals of various purities will make apparent the effect

of the impurity ion concentration. If the thermal M center formation

mechanism involves the migration of a centers as in the mechanism

of photochemical production of M centers, then the addition of divalent

anion impurities and accompanying a centers should alter the rate of

formation of M centers.

Another commonly employed technique for the determination of

reaction mechanism is the fitting of an integrated form of the rate

equation to the observed rate of formation. This procedure will be

applied where possible.

A mechanism involving the formation of F2 centers as a stable

intermediate formed from a and F centers is presented in a following

section. The a centers were introduced into the crystal simultane-

ously with the addition of anion impurities. Analysis of the effect of

a centers on the formation rate of M centers should aid in deter-

mining the mechanism of M- center formation.
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3. Relative Mobility of a and F Centers

A decided majority of the investigators previously mentioned

assumed that the a center has a greater mobility than an F or F

center, which can be demonstrated by the following argument.

The a center has an effective positive charge with respect to

the crystal. This charge results in the outward displacement of the

surrounding positive ions as in Figure 1-4, and a reduction in the

energy barrier of the chloride ion jump into the vacancy. The F cen-

ter, being neutral with respect to the crystal, to a first approxima-

tion, does not distort the positive ions from their normal position

(Figure I- 3). Placing two electrons in a negative ion vacancy would

result in an inward displacement of the positive ion shell and an in-

creased energy of activation for the chloride ion.

H. Formation of the N1 or R Center in KC1

Early work on the optical and thermal properties of the N
1

cen-

ter was done by Hattori (40) and Tomiki (84) within the last decade.

Recently Lehmann (51) postulated that the N
1

center was identical to

the R+ center, which is equivalent to an F3 center, investigated by

Schneider and Rabin (78) several years earlier. Lehmann's assump-

tion was based upon the relative ease of photo-chemical conversion

of R to N1 centers, the observed thermal properties of the N1 band,



FIGURE 1-3: Lattice Configuration
Around F Center

FIGURE 1-4: Lattice Configuration
Around o< Center
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and the coincidence of the absorption band maxima of the R+ and N1

bands--960 nm in KC1.

If the band at 960 nm is due to an R center, then it is apparent

that at thermal equilibrium:

nR+ cc (na)(nF)a cc (na)(n M) (I-21)

The above equilibrium is here investigated as is the relative equilib-

rium concentrations of F
2

and F3 centers.

I. Colloid Formation

The prolonged heating of additively colored alkali halide crys-

tals of sufficiently high F- center concentration, and also, containing

anion impurities in a temperature range of 100°C to 500°C leads to

the formation of colloidal particles. Colloids, in contrast to F, M

and N centers, are not atomically dispersed particles, but are ag-

gregations of from several hundred to several thousand alkali metal

atoms. According to the Mie theory (54), small particles predomin-

ately absorb incident radiation while large particles both absorb and

scatter it. The wavelength of maximum absorption or scattering is

shifted to longer wavelengths as the particle size increases. The

remainder of this section on colloid formation is concerned with non-

scattering colloidal particles which give rise to the absorption band

designated as the X band (76).
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Early investigations demonstrated that the presence of hydrox-

ide ion was a necessary prerequisite for the formation of colloids in

additively colored crystals (22). Sastry (75) proposed that colloid

formation was controlled by an anion-vacancy migration mechanism.

Sastry increased the F center concentration in some samples by the

optical destruction of U centers and accompanying production of

ionized electrons under the influence of UV radiation of the U band.

Colloid centers produced in these samples were not stable under

prolonged annealing. Sastry attributed this to merely an unstable

colloid center rather than to the recovery of U centers and to the de-

crease in concentration of free F centers, as his Figure 2 indicated.

Scott and Smith (80) studied the equilibrium between the colloid

and F centers and determined that a heterogeneous equilibrium ex-

isted where the equilibrium concentration of F centers was a con-

stant at a given temperature. The relationship between F and colloid

centers was analogous to a standard precipitation reaction where the

colloid particles represent the precipitate and the F centers the free

soluble entities.

Pen ley and Witte (65) also studied the precipitation of colloidal

particles in KO_ They attempted to fit the initial coagulation rate to

the following equation:

C(t) = Co exp [-(t/T)11] (1-22)
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where C is the initial concentration of F centers, C(t) is the
0

concentration of F centers remaining unprecipitated at time t, T is

a constant related to colloid particle size and diffusion rate of F

centers, and n is a constant. Their results, although not exten-

sive, demonstrated that n varied from 0. 6 to 1.5. Values of n

less than one are predicted for dislocation-induced colloid formation

and one or greater for diffusion controlled colloid formation (38).

The reasons for the failure of equation (1-22) to describe the

formation of colloids are discussed later in view of the effect of F

center and oxide ion concentration and annealing temperature on the

formation rate of colloids.

J. Determination of Anion Concentrations in KCl Crystals

To introduce a centers into an alkali halide crystal in a concen-

tration greater than that in a pure crystal, anions are substituted for

a small percentage of the halide ions. The substitutional anion must

either possess a double or triple charge initially or be an anion that

can be reduced by additive coloration to a double or triple charge.

To insure electroneutrality, a negative ion vacancy must be intro-

duced for each divalent anion in excess of any aliovalent cation im-

purities present in the crystal.
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1. Concentration of 0- Ion in KCI:02 Crystals

The superoxide ion absorbance band in KC1, centered at 248 nm,

is very broad with a low intensity, possibly due to a forbidden transi-

tion, but its excitation produces an intense, complex luminescence

band (Figure 1-5) centered at approximately 560 nm (74). Rolfe

demonstrated that the area of the luminescence band was proportional

to the peak height of the 248 nm absorbance band, and KN.nzig and Cohen

(47) determined by ESR that the absorbance maximum of the 248 nm

band was proportional to the number of superoxide ions. The area of

the superoxide ion luminescence band could therefore be assumed to

be proportional to the concentration of superoxide ions in KC1.

2. Concentration of 0 Ion in KC1:0
2

Crystals after Reduction with
F Centers

The superoxide ion is reduced to the oxide ion, 0 , by reaction

with F centers. To compensate for the charge of the divalent oxide

ion, negative ion vacancies are simultaneously introduced into the

crystal, according to

0
2

+ 3 e 20 +2a (I-23)

Fischer et al. (27) determined that the concentration of oxide ions was

given by

no-- = 1.0 x 1017 AmW (I- 24)
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wlin the half-width, W, is expressed in ev and A is them

absorbance maximum of the oxide band at 285 nm, It is apparent

that, by utilizing the relationships of the above two equations, the

superoxide concentration can be determined from the relative area of

the 02 luminescence band,

Giimmer (37) concluded from dielectric loss measurements of

KC1 crystals containing oxide ions, that the 285 nm band which

Fischer had measured was actually due to dipoles formed by the as-

sociation of an oxide ion with an anion vacancy. He reported that

heating a crystal containing oxide ions to 650° C and quenching to

22°C yielded an essentially complete association of each oxide ion

with an anion vacancy at an oxide ion concentration greater than 10 17

per cm3. The extent of association would indicate that the association

energy of the oxide ion-anion vacancy dipole was 0, 4 ev or greater,

3. Concentration of OH, SH Ions and S Dipoles in KC1

Optical absorbance measurements can be used for the deter-

mination of the concentrations of OH and SH ions and the S.-anion

vacancy dipole. References for absorbance measurements appear in

Table 1-2.
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II. EXPERIMENTAL

A. Crystal Growth

1. Potassium Chloride Purification

Reagent grade potassium chloride salt was purified by an ion

exchange technique developed by Fredericks, Rosztoczy and

Hatchett (28, p. 3-4). The salt was dissolved in deionized water up

to a concentration of 25 weight percent. The solution was first fil-

tered through Whatman No. 1 filter paper to remove undissolved par-

ticles, then poured through a column of potassium form Bio-Rad

analytical grade Chelex 100, and subsequently taken through the

chloride form of Dowex AG-2. These resins are highly efficient in

the removal of aliovalent impurities such as the alkaline earth, lead,

ferric, and sulfate ions. These resins are not effective in removing

monovalent ions such as thallium and bromide ion. The purified

solution was evaporated to dryness at 60°C in a vacuum oven using a

water aspirator. After drying, the salt was stored in closed poly-

ethylene containers. A detailed description of the purification process

can be found in a report by Fredericks, Schuerman and Lewis (29,

p. 3-14), and an analysis of the ion exchange salt determined by neu-

tron activation is presented in the thesis of C. A. Allen (1).
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2. Preparation of Compounds to be Incorporated in KC1

In general, compounds intentionally added to pure KCl will be

referred to as dopants. Impurities will, in general, refer to ions

present in the sample but not intentionally introduced. The notation

used through the thesis for the various KCl crystals and anion dopants

is KC1:Xn where Xn- denotes the anion of the compound added to

the melt. Only the potassium form of such a compound was used.

Reagent grade potassium hydroxide pellets were used as hydrox-

ide dopant. The potassium superoxide, K02, and potassium sulfide,

K2S, were purchased from the Alfa Inorganics Co.

oxide and sulfide were 97-99% pure.

The potassium hydrogen sulfide, KSH, was prepared by the

reaction of hydrogen sulfide gas C. P. grade from the Matheson Gas

Products Company with ultra-high-purity potassium metal from MSA

Research Corp. under reagent grade petroleum ether. The reaction

Potassium super-

is:

K + H2S KSH1 + H2 t

Prior to entering the reaction vessel, the H 2S was passed through an

0.25 micron Millipore filter to remove any colloidal sulfur present in

the gas. The KSH was washed several times with petroleum ether,

evaporated to dryness and stored, as were the other dopants, in

sealed containers in a desiccator.
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The dopant purity was not as critical as in the bulk salt, be-

cause the dopants in the crystals used in the following experiments

were present in a mole fraction of 10-4 to 10-6 and the impurities

in the intentionally added compounds only contributed 10 ®6 to 108

mole fraction to the impurity in the crystal.

3. Crystal Growth Methods

a. Bridgman-Stockbarger Method

Initially potassium chloride crystals containing hydroxide ion

were grown by the Bridgman-Stockbarger technique. The two solids

were placed in an open quartz growth tube and dried under vacuum

at 300°C for at least 12 hours. The compounds were melted, the tube

sealed under vacuum, and placed in a crystal growth furnace as in

Figure II-1. The tube was equilibrated with the furnace at about ten

degrees above the melting point of KC1, then lowered through a tem-

perature gradient at one cm per hour. The length of the gradient was

about two cm. The temperature of the lower section of the furnace

was about ten degrees below the melting point of the salt. After

passing through the gradient, the tube was removed from the furnace,

the quartz tube rapidly broken away, and the crystal allowed to cool.

Samples were stored in jars with silica gel.

KC1 crystals with an OH ion impurity wet the quartz tube



Ac>

Cc>

D

32

FIGURE U-1: Bridgeman-
Stockbarger Crystal
Growth Apparatus.
A Quartz growth tube
B Melt. C. Crystal.

G D Support wire. E.
Quartz hook. F Furnace
G Position of temper-
ature gradient.

U

F

H
G

J
K

M

N

FIGURE 11-2: Kyropou-
los Crystal Growth
Apparatus. A. Water
inlet & B. Outlet. C.
Gas inlet & D Outlet.
E. Dopant stopcock.
F Flange. G Support.
H. Vycor envelope.
I. Cold finger. J. Quartz
crucible. K. Crystal.
L Seed crystal. M.
Melt. N. Furnace.
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sufficiently to cause strains and major dislocations upon freezing of

the KC1. This method was also prone to twin crystal production.

Initial work was undertaken with these samples, but the growth tech-

nique was abandoned in favor of the Kyropoulous method as larger

and less strained crystals can be produced.

b. Kyropoulous Method

A detailed description of the crystal growth apparatus was

presented by Holmes (45, p. 21-39). The essential elements of the

Kyropoulous growth method are presented in Figure 11-2.

Potassium chloride with the potassium hydroxide dopant was

placed in a quartz crucible and dried under vacuum at 300°C for a

minimum of 12 hours. The mixture was melted under argon with a

pressure several millimeters of mercury greater than one atmos-

phere and flowing through the system at the rate of approximately

10 cm3 per minute. The seed crystal at the end of the rotating cold

finger was lowered into the melt. Part of the seed was melted to in-

sure a clean growing surface free from secondary seeds. The cold

finger assembly was raised up slightly to reduce the seed crystal-melt

contact area. This "necking down" process reduced the strains and

dislocations in the crystal (62). The melt temperature was reduced,

and the water flow through the cold finger was increased to cause

solidification of the melt on the seed. The crystal initially broadened,
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and, when the desired cross section was reached, the sample was

slowly pulled from the melt. The rate of solidification was controlled

by the furnace temperature and water flow. A 100 gram crystal was

obtained in approximately six hours growing time.

Using potassium hydroxide as a dopant presented several prob-

lems in crystal growth and experimental use. Only a small percent-

age of the dopant was incorporated into the sample. Also, the hydrox-

ide attacked the quartz, and products of that reaction were present in

the crystal in concentrations comparable to the hydroxide concentra-

tion. The growth technique was modified, and potassium superoxide,

potassium sulfide or potassium hydrogen sulfide was used in place of

potassium hydroxide.

A dopant addition apparatus was constructed so that the added

compounds could be isolated from the melt and its atmosphere. The

apparatus was a large-bore stopcock with one end of the bore sealed.

The stopcock was attached to a funnel tube used to introduce the

dopant directly over the melt.

Prior to the addition of the dopant, the salt was dried as before,

then melted under a hydrogen chloride atmosphere. The HCI reacted

with certain anion impurities yielding volatile products which were

subsequently driven out of the melt. For example, hydrogen chloride

reacted with hydroxide ion, producing water. After the HCl treat-

ment, the melt was purged with oxygen to remove organic material.
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For crystals containing potassium superoxide, the oxygen atmosphere

was maintained during growth. KC1 crystals containing potassium

sulfide and potassium hydrogen sulfide were grown under an argon

atmosphere after purging out the oxygen. After salt purification by

the gases, the dopant was added and the crystal grown as described

above. Water was removed from the oxygen and argon prior to use by

passing them through a phosphorus pentoxide column.

B. Coloration Procedure

All crystals used in F-center aggregation experiments were

additively colored. The technique of coloration in Pyrex ampoules,

as generally used in this laboratory (81, p. 58-61), was not applica-

ble for crystals with substituted anions. Such crystals required

longer time or higher coloration temperatures than pure crystals to

achieve uniform coloration. For high temperature coloration, a

Vycor tube or a stainless steel bomb was used. For coloration in

Vycor, a sample was placed near the sealed end of a tube followed

by a Pyrex ampoule containing potassium, as in Figure 11-3. The

contrictions were made at A and C, the tube evacuated, and sealed

and separated at point C. Heating the Vycor tube near point C caused

cracking of the Pyrex ampoule, releasing potassium metal. The tube

was placed in a double furnace in the same manner as the stainless

steel bomb in Figure 11-4. Each Hoskins Tube Furnace was controlled
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FIGURE 1E-3: Vycor Coloration Tube. A. Crystal support
B. Tube support. C Sealing constriction.
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H

FIGURE 11-4: Stainless Steel
Bomb in Coloration Oven.
A Bomb body B. Cap
C. Copper gasket. D Stain-
less steel support rod.
E Crystals. F Molten
Potassium metal. G. Am-
poule. H. Upper oven.
I. Lower oven J. Temper-
ature transducers
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by an EP Controls ProportioNull Model 1300 temperature controller.

The temperature of the upper furnace controlled the rate of coloration

and the lower furnace temperature determined the F-center concen-

tration. Increasing the lower furnace temperature increased the

potassium metal vapor pressure in the entire tube, yielding an, in-

creased F-center concentration. Ro"gener (72) has discussed the re-

lationship between potassium vapor pressure and the concentration of

F centers in much greater detail.

During coloration, potassium diffused simultaneously into the

crystal and the Vycor tube. When the liquid potassium metal was

depleted, the potassium vapor pressure was reduced and F centers

diffused out of the crystal and into the glass. This problem was cri-

tical when crystals with a high concentration of incorporated anions

were colored because long coloration times were necessary. For

these crystals, a stainless steel bomb (Figure 11-4) was used. Either

a glass ampoule containing potassium or reagent grade potassium

metal was placed in the bottom of the bomb, followed by the stainless

steel support and the crystals. The system was purged with argon

and sealed. The glass was broken by shaking the bomb. The sealed

bomb was placed in the furnace as in Figure 11-4. Initially, the lower

furnace temperature was elevated to insure a rapid reduction of the

substituted anions. The furnace temperature was then reduced to a

value corresponding to the desired F center concentration. The upper
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furnace was generally maintained at 650 °C and the lower furnace at

from 350°C to 650°C.

C. Optical Measurements

For experiments on the rate of formation of M centers, a

Beckman Model DU spectrophotometer was used to measure the height

of the M band and a Tracer lab interval timer was used to measure

time. Figure 11-5 is a diagram of the cell used for absorbance

measurements at a controlled temperature. The cell was heated with

four 50-watt tube heaters in series. The temperature of the cell was

maintained at a constant value by a YSI Model 72 Proportional tem-

perature controller with a band width setting of 1.0°C and a stability

of +0.1°C. A Perkin Elmer Model 450 spectrophotometer was used

for UV absorbance measurements and determinations of the initial

concentrations of F centers. For measurements in the far UV, the

spectrophotometer was purged with pre-purified nitrogen. For

luminescence studies, a Spectral Fluorescent Attachment Model

350-0196 was used with a Perkin Elmer Model 450 spectrophotometer.

The fluorescence attachment had a xenon arc lamp for excitation.

D. Computations

All least-squares analyses were performed using a Hewlett-

Packard Model 9100 desk computer.



FIGURE II-5: Controlled Temperature Cell.
A. Sample holder. B. Brass sample selection rod
with (a) nylon handle and (b) hole for thermister.
C Cell with (c) holes for heaters and (d) sup-
port rods, (e) cover of sample loading port, (f)
shutters, (g) snap ring and (h) mask for light
beam.
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III. RESULTS AND DISCUSSION

A. Determination of Initial Growth Rate and
Activation Energy for the Formation of M Centers

1. Rate of Formation of M Centers in "Pure KC1

Previous investigators (43, 91) have discussed the formation

of M centers in terms of a simple aggregation of F centers. Their

proposed rate determining reaction showed no dependence on impurity

ion concentration. To demonstrate the fallacies in previous analyses,

the initial rates of formation of M centers were measured in various

crystals with different impurity concentrations. During the initial

growth period, the rates of aggregation of N1 centers and colloids

were negligible; thus the rate of M center growthlindependent of

competing reactions, was measured.

Nine crystals were used in this experiment. Pure crystals

were obtained from:

1. Harshaw Chemical Co. in 1965 (TT91846)

2. Harshaw Chemical Co. in 1969 (TT36724)

3. Vinor Chemical Co.

4. The University of Stuttgart, Germany--zone refined,

Crystal #66.

Pure crystals were grown in this laboratory from pure salts obtained
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from:

1. The Anderson Chemical Co.

2. Johnson, Matthey and Co. , Ltd.

3. Ion exchange salts--Melt Crown Pure P-12 and KC1:021.

In addition to the above pure crystals, the initial rate of forma-

tion of M centers was measured in an additively colored hydroxide

doped crystal with an hydroxide ion concentration of 1.3 x 1017 cm3--

KC1:01-1 154. The hydroxide doped crystal was received from the

University of Stuttgart, Germany.

The melt of crystals grown in this laboratory was treated with

hydrogen chloride and oxygen gases. Crystal KC1:02 1 was grown

under an oxygen atmosphere; all others were grown under argon. All

crystals were colored in a stainless steel bomb in the manner pre-

viously described.

After coloration, the crystals were cleaved, wrapped in alumi-

num foil, placed in a 650°C furnace for one minute and quenched in

liquid nitrogen. The foil was removed, the sample glued to a sample

holder and placed in the temperature controlled cell, all in the dark

(Figure 11-5). The initial rate of formation of M centers was deter-

mined by a least-squares analysis of the series of M band absorbance

versus time points. Figure III-1 is an example of curves of M-center

concentration versus time at various temperatures. The logarithm

of the initial rate of formation of M centers for the various pure



42

0 2000 4000 6000 8000
t, (sec)

FIGURE III-1: Initial formation of M centers at various
temperatures for KCI:011 where nF=7.80x1017cm3. Data
points for 40°C and 50°C were taken at approximately
15000 and 3000 second intervals respectively.
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crystals is plotted versus 1 /T°I.0 in Figure 111-2. The activation

energy for the formation of M centers, EA, was determined from

the slopes of the various curves in Figure III-2 by a least-squares

analysis of the Arrhenius equation:

d(nm)/dt = A exp (-EA/kT) . (III-1)

Data for the growth rates of M centers in pure crystals are in

Appendix I.

Figure II-2 shows the great range of growth rates for various

pure samples. Growth rates for Harshaw TT 36724, Johnson Matthey

and Anderson crystals were only measured at 120°C because the

growth rate in the 40°C to 80°C range was prohibitively small to be

measured accurately in a reasonable time. The calculated activation

energies of the remaining samples were approximately the same,

with the average and standard deviation being equal to 1.14 + 0.11 ev

It was assumed that the rate of formation of M centers would be

a function of F-center concentration. The initial rate equation was

of the form

d(nm)/dT = k(nF )x (III- 2)

where k is a function of impurity ion concentration and tempera-

tore, nF is the initial concentration of F centers, and
o

order of reaction in F-center concentration. The initial rather than

is the

actual F-center concentration may be used in equation (II-2), since



1

10
4

ri 13

E 10
L.)

N

10
12

1

10
1

100

T (°C)
120 110 100 90 BO 70 60 50 40

44

Vinor
.-_- Harshaw TT91846

o KCI:OH-154
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FIGURE 112-2: Initial rate of formation of M centers in
pure crystals.
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the percent change of the concentration of F centers was negligible,

generally less than 1%, during the period when the initial rate of M-

center formation was measured. The growth rates plotted in Figure

111-3 were normalized to an equal initial F-center concentration of

6.00 x 101 7cm-3 by using the equation

(d(nm) (1(n

dt dtnormalized

/6.00 x 10 1 7 cm-3

observed \ (nFo)
observed

1 . 5

(III- 3)

The choice of 1.5 as the order of reaction is explained in Section C.

The value 6.00 x 101
7cm-3 was used since it was approximately in

the middle of the range of concentrations of samples used for these

determinations.

It is apparent from an examination of Figure 111-3 that differ-

ences in initial F-center concentration were not responsible for the

variance in the growth rates of M centers which still show a wide

range of experimental values after normalization of F center concen-

tration.

Since the initial rate of formation of M centers exhibited a

wide range of values at any given temperature, it was apparent that

the formation rate was not an intrinsic property of the crystal. The

variation in the formation rate of M centers was attributed to the im-

purities in the various crystals. Figure 111-4 shows UV spectra of

most of the pure crystals. The Johnson Matthey crystal contained an
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appreciable lead ion impurity. The bands at 272 nm and approximate-

ly 210 nm are the characteristic lead ion absorption bands in KC1

(35). The Vinor and Harshaw TT91846 crystals had a high concentra-

tion of hydroxide and superoxide ions as evidenced by the 204 nm and

250 nm bands. Other oxygen containing impurities were also present.

The band at 190 nm is probably due to a product of the reaction be-

tween hydroxide ions and the quartz crucible. The 190 nm band is

discussed in the section on KC1 crystals containing hydroxide ions.

The UV spectra of pure samples not reproduced in Figure 111-4

showed no absorption in the UV region.

In general, samples with a large concentration of anion im-

purities had a higher rate of formation of M centers than those with

no observed anion impurities or containing a divalent cation impurity.

During coloration, the oxygen-containing impurities were at

least partially reduced to oxide ions and a centers. It can be con-

cluded that the a center migration was probably instrumental in ther-

mal aggregation as well as optical aggregation of color centers.

To determine quantitatively the effect of impurities upon the

rate of the formation of M centers, the M-center formation rate was

studied in ion exchange KC1 crystals with intentionally added anion

impurities.
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2. Concentration of 0
2

and 0 Ions in KC1:0
2

Crystals Before and
After Coloration

Prior to coloration, all samples containing 0
2

ions were ex-

cited with 250 nm light and the luminescence intensity measured. It

was determined for several samples that the peak height of the band

at 570 nm was proportional to the area of the entire luminescence

peak. For subsequent measurements, the relative peak height of

the 570 nm band was used for the determination of the relative 0'-
2

ion concentration.

The oxide ion concentration was determined after coloration.

The samples were heated to 650°C for one minute, quenched to room

temperature, and then annealed at 80°C to insure nearly complete

association of the oxide ions with anion vacancies. The absorbance

of the 285 nm band was measured, and the concentration of oxide ion-

anion vacancy dipoles calculated. From experimental observations,

nearly complete association of the oxide ion and anion vacancies was

attained only in samples with a large total oxide ion concentration.

The relative luminescence intensity of the 570 nm band was

plotted versus the measured oxide ion-anion vacancy concentration

for KC1 :0 4, 6 and 7 after coloration (Figure 111-5). The line of

luminescence intensity versus oxide ion-anion vacancy concentration

was drawn through the measured points and the origin. From the

slope of the line in Figure 111-5, the total oxide ion concentration was
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related to the observed luminescence intensities for all the samples.

Table III-1. Total oxide ion concentration in KC1:O2 crys-
tals after reduction of the 02 ions during
additive coloration.

Crystal Total Oxide Ion Concentration (cm-3)

KC1:02 1

2

3

4

5

6

7

6.2 x 1014

1.46 x 10
15

1.89 x 1015

1.17 x 1016

2.34 x 1016

2.66 x 1016

1.86 x 1016

3. Determination of the Initial Rate of Formation of M Centers in
KC1:0 Crystals as a Function of Initial F Center and Oxide Ion
Concen2trations

Samples from each different crystal containing oxide ions were

colored to different equilibrium F center concentrations as described

in Section II- B. The range of concentrations were generally from

1 x 1017 to 1 x 1018 per cm3. The samples for M-center formation

measurements were cleaved from the center of each piece so that

errors due to surface irregularities and to the use of regions where

the oxide ions had diffused out of the crystal were eliminated. The

M-center formation rate was determined in a manner identical to the

method described in Section III-A-1.

The logarithm of the initial rate of M center formation at fixed
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initial F center concentrations was plotted versus reciprocal tempera-

ture as in Figure 111-6. In determining the activation energy of M

center formation, the rate at 80°C was sometimes omitted. As the

temperature was increased, the thermal equilibrium concentration of

M centers was depressed, and the reverse reaction of M centers dis-

sociating to individual F centers was no longer negligible even during

the initial stages of M center formation. Each KC1:0 crystal

yielded a set of curves similar to Figure 111-6. The raw and calcu-

lated data for each crystal are in Appendix II. The average activation

energy for the formation of M centers for all crystals containing oxide

ions was 1.06 + 0.05 eve.

The value of the average activation energy for the initial forma-

tion of M centers determined for the oxide doped crystals is nearly

the same as the value determined for the pure crystals, 1. 14 + O. 1 1

ev, indicating that the same mechanism of M center formation pro-

bably exists in the "pure" crystals as in the oxide doped sampled.

The order of the reaction relative to the F center concentration

was determined for each KC1:0
2

crystal by a least-squares fit of the

initial reaction rate, d(nm) /dt, and initial F center concentration,

nF, to the equation
o

d(nM)
= k(nF )x

dt
o

where k is a function of temperature and oxide ion concentration
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and x is the order of the reaction relative to the F center concen-

tration. Referring to Appendix II and Figure 111-6, it becomes appar-

ent that the activation energy for M- center formation was approxi-

mately the same for each sample, The curves of the logarithm of

d (nm) /dt versus 1/T for each F center and oxide ion concentra-

tion would then be nearly parallel to each other, and the order of reac-

tion with respect to F center need only to be calculated at one particu-

lar temperature. The temperature selected for the calculation was

60.0°C, approximately in the middle of the range used in the experi-

ment. To minimize the random error of a single point, the rate at

60.0°C was taken from least squares such as those in Figure 111-6.

For each oxide-ion concentration, the rate at 60,0°C was found at a

series of F center concentrations; in Figure 111-7, the logarithm of the

rate was plotted against the logarithm of the initial F-center concen-

tration, From the slope, the order, x, was determined, as given

in Table 111-2.

Table 111-2. Order of reaction relative to F
center concentration for KC1:0

2crystals after coloration.
Crystal Order
KC1:02 1 1.73

2 1.44
3 1.42
4 1.22
5 1.51
6 1.53

Average 1.47 + 0.16
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The order of reaction relative to the total oxide ion concentra-

tion was determined by using the curves of Figure 111-8. Since the

curves of Figure 111-8 were approximately parallel, it was only neces-

sary to determine this order at one F center concentration. The con-

centration used was 4 x 101 7cm-3, approximately in the middle of the

range of F center concentrations used in the M-center formation rate

determinations. By the method of least squares, the rates and total

oxide concentrations were fitted to the following equation:

d(n )

(n )Ydt oxide

where k was a function of temperature and F center concentration,

n was the total oxide ion concentration in the crystal, and yoxide

was the order of reaction relative to the total oxide concentration.

The order, was 0.71 if all values were considered and

0.64 if the value of KC1:0- 1 was omitted (Figure 111-8). The error

in the luminescence measurement of KC1:0
2

1 was sufficient to ac-

count for the deviation of this point from the line through the values

of the other crystals; the luminescence intensity of KC1:0
2

1 prior to

coloration was comparable to the background scattering, making the

determination of the relative superoxide concentration inaccurate.

The initial order of reaction relative to the oxide ion concentra-

tion is probably within the range of 0.64 + 0. 1.

The significance of the orders of reaction relative to the F and
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oxide ion concentrations is discussed in Section III-D.

4. Initial Rate of Formation of M Centers in KC1:SH- Crystals

Additive ly colored crystals containing sulfide ions were studied

to determine whether the substituted anion had any effect on the rate

and activation energy of M center formation,or if the rate and activa-

tion energy were only affected by the introduced negative ion vacancy.

Several attempts to grow crystals containing K 2S were unsuccessful.

The K
2S

distilled out of the melt and solidified on the cooler parts

of the Kyropoulous growth apparatus. Attempts to grow crystals

containing KSH were successful, although a concentration gradient of

SH ion existed in the sample--a high concentration in the first sec-

tion crystallized and a very low concentration in the latter. The

gradient was probably due to a slow distillation of KSH out of the melt

during crystal growth.

Additive coloration of KC1:SH crystals produced a quantitative

reduction of the SH ion according to

=SH +2e S +H + a .

The total concentration of S ion present after coloration was deter-

mined from the absorbance at 286 nm, due, according to Fischer (26),

to the complex of a sulfide ion and an anion vacancy. To assure es-

sentially complete association of the sulfide ions with anion vacancies,
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the crystals were heated to 650°C for one minute, quenched to room

temperature, and annealed at 400°C until the 286 nm band attained a

constant value. Figure 111-9 shows the UV spectra of the SH- ion in

KC1 prior to coloration, and the S ion before and after annealing.

The initial rate of M-center formation was measured in the same

manner as described in Section III-A-1. Crystals KC1:SH 1 and 2

with sulfide concentrations of about 1015 and 1017 per cm3 respec-

tively exhibited growth rates approximately the same order of magni-

tude as the KC1:0
2

crystals for a comparable concentration of dopant.

The average activation energy of M-center formation for all samples

of these two crystals was 1.07 + 0.05 ev compared to 1.06 + 0.05 ev

for samples containing oxide ions. Clearly, changing the divalent

anion impurity had no observable effect on the activation energy of M-

center formation. It was concluded that the a center is the species

involved in M-center formation.

For crystal KC1:SH 3, with a sulfide ion concentration in ex-

cess of 1019 per cm3, the formation of colloids obscured the M-cen-

ter formation. Figure III-10 shows the rate of colloid formation for

various initial F-center concentrations. From near infrared spectra

of these samples, it was apparent that it was not the absorbance due

to M centers which was being measured but the absorbance of a colloid

band. The band was assumed to be due to the absorbance of colloids

because it had a large half width that was constant for a large change
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in temperature. Figure III-11 shows near infrared spectra of an M

band and the colloid band from KC1:SH 3 at liquid nitrogen tempera-

ture. The very high concentration of a centers probably caused the

rapid formation of colloids, over-shadowing any M-- center formation.

Data for all samples containing SH ions are in Appendix III.

B. Thermal Formation of M Centers to Equilibrium

The kinetics of the formation of M centers to an equilibrium

value could only be investigated for additively colored crystals with

a low concentration of divalent anions. In crystals with a high con-

centration of divalent anions, the kinetics of the M-center reaction

were complicated by the formation of N1 and colloid centers.

The M-center formation in additively colored crystals con-

taining a low concentration of oxide ions was measured in the same

manner as described in Section III-A-1. Measurements of M-center

concentration versus time were made until no change was observed

in the Mr- center concentration. Figure III-12 displays growth curves

at 80°C for crystals with differing initial F-center concentrations.

In the following paragraphs, a mechanism for the formation of

M centers is proposed and an integrated form of the rate equation de-

rived. The validity of the proposed mechanism will be supported if

the integrated rate equation can be applied to data such as that given

in Figure III-12.
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It is proposed that the first process in the formation of M cen-

ters is the migration of an a center to an F center, forming an F2

center.

F+ a
k

2
2

The second process is the migration of the F2 center toward another

F center, forming an a center and the desired M center,

k3,
F2 + F M + a

k4

The rate constants, kl and k
3,

are for the forward reactions

and k
2

and k
4

for the reverse reactions as indicated above.

The respective rates of change of M-and F+-center concentra-

tions are determined from reactions 111-7 and 111-8 to be

and

d(nM)

dt _ k
3

n
F+

nF - k
4

nM n
2

d(n +)

2 -k ln F n a-kn +kn n -kn +nF (III-10)dt 2 F+ 4 M a
2 2

By assuming a constant concentration of F+ centers, that is,
2

d(nF+) /dt = 0, solving for the Ft. center concentration, and substi-
2

2

tuting in equation (III-9), one finds for the rate of change of M-center

concentration



d(nM)
3
k

1(nF )2 - k k
4

(n
Mndt k2 + k3nF
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(III- 11)

With respect to the above mechanism, three possible conditions

exist: k3nF >> k2, k
2

>>k
3
n F , and k

2
and k

3
nF are com-

parable.

Case I -- For k
3
nF >> k

d(nM

at

equation (III-11) becomes

kinF
k

2
k

k
3
nF

At any time, t, the concentration of F centers is

nF - 2nM
o

(III- 12)

(III- 13)

where nF is the initial concentration of F centers when no

aggregate centers exist, and nM is the concentration of M cen-

ters at time t. Substituting equation (III-13) into (III-12) yields

(nm)

and

d

dt - nafk
1
[nF - 2nM]

o

At equilibrium,

d(nm)
- 0 ,

dt

k
2k4

k l[nFo - 2n moo]
2

k
3 Ma,

(III- 14)

(III- 15)



where nmco is the equilibrium M-center concentration.

Substituting equation (III- 15) into (III-14) yields

[nF - 2nmeo]2d(n )
nM

dt na k
1

- 2n
M

-
n [nF - 2nm]

To simplify the solution, it is assumed that

[n - n ]Fo Mco

67

(III-16)

- 1 (III- 17)[nr, - 2nM]
0

The error in the M-center formation rate due to making this as-

sumption is less than 0, 5% for the temperature and concentration

ranges of these experiments.

Equation (III - 16) then reduces to

d(nm)

dt - n k
cr 1 (nF

[(nF ) - 2nmco] (nM)

(III-18)
(nM

co)

Simplifying equation (III- 12) yields

d(nM)
-

Mco nM

dt - nFo nM
(III- 19)

Equation (III-13) is first order in the initial F-center concen-

tration. Rearranging and integrating equation (III- 19) yields

(nM ) nM
co

k
1 (na) (nF In

- to] nM - nM
o co

(III-20)
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where to is a constant of integration. Since n is greater than

zero at t equal to zero, then to is a negative time at which n

equals zero.

Case II k
2

>> k
3

nF

From equation (III-1 1), for this case we get

Defining

for nF,

d(nM) k
3k1 2

dt n k (nF ) - k 4nm (III-2 1)
2

k
3k1
k '

and again substituting [nF - 2n M]
2 o

d(n )

dt - (n ) k [(n ) - 2(nft F - k (n (111-22)
o

4 M

The value of k (50) is derived by a method analogous to a

solution of k
1

in equation (III-20). Then,

nM [(nr, )
2 - 4n n n

CO
M Mop Moo

ok - In
n

a [(nFo )2 - 4(n
M )2] [t - to] (nF )2[n

M
- nM]

o co

Under all conditions of thermal growth of M centers,

(nFo)2 >> 4(nM )2 > 4n n thereforeMco M

nMco cok - In
na (nF ) [t - to] nM - nM

co
0

(III-23)

(III- 24)

The form of equation (111-24) is identical to equation (III-20)
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except that the order of reaction relative to F-center concentration is

now two instead of one.

Case IIIFor k
2

and k
3
nF comparable, a change in reaction

order would occur; for low F- center concentrations, equation (III-2 1)

would be applicable and for high F-center concentrations, equation

(III-12) would describe the formation of M centers.

Even though Hirai and Matsuyama (43) calculated the rate con-

stant kl, considering the simple equation

1

F + F Mk 2
(111-25)

which was independent of a center concentration, they were able to

fit their observed values of M-center concentration versus time to their

derived equation for k
1,

although in his final analysis, kl was

not constant, but a function of the initial F-center concentration.

Their derived equation was

(nF )2 - n [A - B]
1 ok In

1 8B(t - to)
(n )2 - 4n [A + B]

where

2
(nF )2

A = 1 /2[nF + 4 , B2 = 1 /8[nF KK + ] and K
8

Mco

(111-26)

Although their observed order was one with respect to nF ,

equation (I11-2 6) shows a second order dependence. The discrepancy

can be explained by simplifying equation (111-26). For the initial F-
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70

8 >> nF. Then by using the
o

first two terms of a binomial expansion for B, and the appropriate

values for A and K, equation (III-26) can be simplified to

(n ) (n )
Mco Mco

k In
1

)
2 [t - to] (n

M
co

) - (n
M

)

0

(III- 27)

Equation (III-27) is now in a form similar to equations (III-20)

and (III-24). For simplicity, the term (n
M

)/[n
M

- n
M

]3. is
co co

designated as Q. After rearrangement and differentiation, equa-

tions (III-20), (III-24) and (III- 27) are in the form

(nFo)x(n
d ln Q

dt n
Mco

(III-28)

where the order, x, is either one or two and y is either zero or

one. By determining d ln Q/dt for crystals of varying initial F-

and a-center concentrations, the orders of reaction and the apparent

mechanism can be deduced.

Curves of lnQ versus t derived from data points of

Figure III- 12 were plotted in Figure 111-13. There were two sections

for each lnQ versus t curve. In each case, the initial slope

was greater than the slope of the latter section.

All samples used in lnQ vs, t plots in Figure 111-13 were from

the same crystal, KC1:02 3; therefore, the oxide ion concentration

was constant, Equation (III-28) reduces to
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Table 111-3. dlnQ/dt for initial and final sections of M-center
growth curves from Figure III-13.

d ln. Q/dt
Initial Final

x 104sec-1 x 104sec-1 (n ) x 1016cm-3 (n
F

) x 10-17cm-3
0

3. 10 0.0825 5.45 6.50
5. 16 2. 22 5.02 6, 30
3. 54 1.07 1.59 3. 24
8, 47 3, 87 0.586 1.98
8. 14 4. 96 0.206 1. 14

(nFo)x
dlnQ
dt (nWI.k. )

CO

where C is a constant.

C (III-29)

From a least-squares fit of equation (III-29) using data in

Table 111-3, the order of reaction, x, for the initial section was

1, 40 and 1. 06 for the latter stages of M-center formation. The initial

order of 1. 40 agrees satisfactorily with the order determined from

initial rate determinations in Section III-A-3. The significance of

the initial order of reaction is discussed in Section

The order of reaction in thelatter stages is approximately unity;

the appropriate rate equation is consequently

d(nM) k2k4nM
- ndt {1:1nF k

3
nF (III-12)

The formation of M centers to an equilibrium concentration

was measured in additively colored samples from crystals
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KC1:02 1 and KC1:02 3 at various F-center concentrations and tem-

peratures. Plots of lnQ versus time, for temperatures of from

60°C to 120°C for KC1:02 3 with an initial F- center concentration of

3, 24 x 1017cm-3 are reproduced in Figure 111-14, The values of k
1

were determined for this and other samples of KC1:02 3 using equa-

tion (III-20).

The value of kl (n
a)

for KC1:02 3 determined in Appendix IV

is 1 , 5 x 1 0
1 1 exp (-1. 11 ± 0,05 ev1kT) sec-1. The value 1, 11 ev is

clearly the activation energy for migration of a centers, which re-

vious arguments have shown to be the mobile species, The pre-

exponential for kl can only be calculated if n
a

can be determined,

The values for k
1(n a)

determined for KC1:02 1 are lower

than for KC1:02 3 at any given temperature, The result is expected

since the total oxide concentration and consequently the a center con-

centration is greater for KC1:02 3 crystals than for KC1:02 1 crys-

tals,

C. Significance of the Initial Order of Reaction with
Respect to F-Center and Oxide-Ion Concentration

In view of the apparent change of order in the M-center forma-

tion reaction from initial to the latter stages of aggregation (Figure

III- 13), it was assumed that the initial aggregation of M centers was

due to their formation from non-randomly distributed F centers, To
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75

substantiate this assumption, a quenching experiment similar to the

M-center "equilibrium" experiment performed by van Doorn (86) was

performed.

If, after quenching, the F centers were indeed randomly dis-

tributed, then the concentration of M centers would be

6(n F)2

nM N

where N is the number of negative ion sites per cm 3 and the value

6 is the number of different possible orientations of the M center,
-3For nF, equal to 10 18cm-3, nM would be 3.8 x 10 14cm and

for nF, equal to 10 17cm-3, nM would be 3.8 x 10 12cm-3.

To determine the effectiveness of the quench, samples of dif-

ferent initial F center and oxide ion concentrations were heated to

650° C for one minute and quenched in liquid nitrogen. Sample thick-

ness was approximately the same as was used in M-center formation

experiments. A room temperature spectrum was recorded for each

sample and the concentration of M centers determined. Since the

formation rate of M centers at room temperature was very low,

even for crystals with a high F-center oxide-ion concentration (see

Appendix II), only a negligible concentration of M centers was formed

from the time that the crystals were removed from the liquid nitrogen

to the time that the near infrared spectrum was taken.

From the measured concentration of M centers and the initial



concentration of F centers, an equivalent constant, K, was cal-

culated.

K -
( )nM

[nF - 2nM]2

76

(111-3 1)

where nM was the concentration of M centers after quenching.

From the temperature dependence of the equilibrium constant

for the M-center and F-center equilibrium calculated in Section III-E,

an equivalent temperature was calculated for the corresponding equi-

valent constant K.

From Table 111-4, several trends were apparentt (1) The M-

center concentration present after quenching was several orders of

magnitude greater than values predicted by a random distribution.

(2) For each oxide doped sample, the M-center concentration and

constant, K, generally increased with an increase in the initial F-

center concentration, while T, the equivalent temperature, de-

creased, (3) Increasing the oxide ion concentration yielded, in

general, an increase in nM and K and a decrease in T. From

these observations, it was assumed that the non-random distribution

of F centers was more pronounced in samples with large F-center and

oxide-ion concentrations, and that long range attractive forces exist which

cause rapid aggregation of F centers at elevated temperatures. This

latter point is discussed more fully in Section III -D -on F center

formation mechanism,



Table 111-4. Effectiveness of quench.

Sample

Oxide Concentration

x 1015cm-3 x 1017cm-3

nM

x 10-15cm-3

K

-20 -3x 10 cm T° C

KC1:02 1 0. 62 4. 11 4 2 z300
4. 72 7 3 2220
7. 80 5. 7 9. 7 126

10.7 62 6. 8 155

KC1:O2 2 1.46 2. 26 3. 5 7. 0 152
2. 30 2, 5 5. 0 181
4. 80 12. 6 5. 3 176

KC1:0-
2

3 1.89 2.00 1 3 z220
3. 24 6, 8 6. 5 157
4.86 21 9.3 129
5. 50 11 3.9 206
7. 70 24 4. 6 189

KC1:0
2

4 11.7 3.49 12 12 111
6.20 68 27 63
9. 80 68 8.8 133

KC1:02 5 23.4 1. 39 2 20 80
4. 60 14 7. 7 145

10.8 67 7.2 149

KC1:02 6 26. 6 2.23 3.3 6.7 155
3.92 9.8 6.4 159
7.38 96 33 53
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Although an effective equilibrium constant and effective equilib-

rium temperature were calculated for each quenched sample) it is

naive to assume that the M-center and F-center distributions of

quenched samples were similar to the distributions in samples held at

the effective temperature until the M-center equilibrium was estab-

lished. In the latter case, the distribution of F centers would be com-

pletely random; but the distribution in quenched samples would be non-

random. It would be expected that,during the time that the samples

were being cooled from 650°C to liquid nitrogen temperature, F cen-

ters were migrating toward each other and toward a centers, Some

F+
2

centers and M centers were formed, and others were nearly

formed, but the migrating centers were "frozen in" the lattice before

they became nearest neighbors. Centers were "frozen in" when the

temperature of the crystal decreased to a value where ionic migra-

tion had essentially been stopped. When the sample was warmed to

the temperature at which the initial rate of formation of M centers

was to be measured, the randomly and non-randomly distributed F

centers and a centers migrated toward one another, forming F+
2

cen-

ters and M centers. The effect of F-center-aggregate formation from

non-randomly distributed centers was more pronounced with an in-

crease in F-center and oxide-ion concentrations, causing an increase

in the order of reaction with respect to both F-center and oxide-ion

concentrations. A value greater than one would be expected for the
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order with respect to F centers and a centers, for the first part of

the reaction.

The concentration of a centers is governed by the oxide ion-

anion vacancy association relationship. The concentration of oxide

ion-anion vacancy dipoles, nd, the concentration of unassociated

oxide ions, no, and the a-center concentration, n ,

the following equation (52):

nd 12 exp (Ea/kT)

n no a N

is given by

(III-32)

The value 12 is the number of possible orientations of an associated

oxide ion-anion vacancy dipole, and Ea is the energy of association

of the dipole.

The sum of no and nd is the total oxide ion concentration,

noxide . If the divalent positive ion concentration and the F+ center
2

concentration a r e small compared to n, then n equals n
a a o

For a large association energy, Ea, nd would be nearly equal to

noxide and na is then given by

1/2

na
=

oxide 12
)1/2 (N ) exp (-E

a
/2kT)

If Ea is small,then na is nearly equal to noxide.

(111-33)

The order of the M-center formation reaction with respect to

noxide should be 0. 5 to 1, 0, where 0.5 corresponds to a large as-

sociation energy and 1, 0 corresponds to a small association energy.
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The observed order of approximately 0. 6 confirms Gtimmer's results

(37) that a high degree of association exists between the oxide ion and

the anion vacancy.

Because the total oxide ion concentration was from one to four

orders of magnitude smaller than the F-center concentration, the

aggregation rate of oxide ions and a centers was negligible compared

to the initial formation rate of M centers, The slow increase in as-

sociation of the oxide ions and a centers, causing a reduction in the

free a center concentration,could account for the slight negative

curvature in the latter section of the lnQ versus t curves (Figure

III- 13).

D. Calculation of Initial M Center Formation Rate

It was demonstrated in Section III-B, that the rate determin-

ing step in the formation of M centers is the migration of an a center

to an F center, forming an F+
2

center, From the collision theory of

gases (58, p. 274-276), the number of collisions per unit time be-

tween different species is

Z 12
= r N

1
N

2
d

12
2s no., /unit time and volume (III-34)

where NI and N
2

are the concentrations of the reactants, d

is the mean molecular diameter, (d
I

+ d 2)/2, and s is the

speed of the moving species. It is assumed that there is no

12
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barrier to overcome in the formation of F+ centers other than that en-

counteredcountered by the anion vacancy migrating through the lattice. Apply-

ing equation (111-34) to the formation of Fd- centers and M centers,
2

d(nF+) 2/3
2 ci(nM 1 -1 -3

dt dt - Tr (nF)(na)(N) v ah,r2 sec cm (111- 3 5)

where N is the number of anions per cm3
, v is the anion

vacancy jump frequency, and a is the cation-anion internuclear dis-

tance. Substituting appropriate values into equation (111-3 5)

d(nM)
- (nF)(n

a) 6.0 x 10-1°dt exp(- 1, 00 eV/kT) (III-36)

For an a center concentration of 10 1 5cm-3, an F-center con-

centration of 4 x 1017cm-3, and T equal to 80°C,

d(n )

- 1,2 x 10 9cm-3 sec - 1
dt (111-37)

Crystal KC1:0
2

3, with a total oxide ion concentration of 1. 89

x 10 1 5cm-3 would have approximately 10 1 5 cm-3 a centers if the as-

sociation energy, Ea, of the oxide ion-anion vacancy was com-

parable to values for the cation-cation vacancy (48, p. 71),

The initial rate of M- center formation in additively colored

KC1:0
2

3 crystals with an F-center concentration of 4.0 x 1017cm-3

at 80° C is approximately three orders of magnitude greater than the

calculated rate from equation (111-37). Underestimation of the lattice
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frequency, v , by a factor of about three or four and overestima-

tion of the activation energy of the anion vacancy jump by several

hundredths of an ev could account for from one to two orders of mag-

nitude of the discrepancy between calculated and observed rates of

M-center formation, To completely account for this discrepancy, it

must be assumed, as was done by Delbecq (16) in the optical analysis

of M center formation, that long range forces exist between F centers

and between F and a centers which cause migration of these centers

toward each other, This is equivalent to assuming that d
12

in

equation (III-34) is larger than the actual diameter of the F or a cen-

ter in the crystal.

The attractive force can be studied in terms of the binding

energy of the F+ center. The F+ center is essentially equivalent to
2 2

an H+ molecule-ion imbedded in a dielectric medium, The HZ
2

molecule-ion consists of two positive H+ ions and an electron; simi-

larly, the F+ center consists of two nearest neighbor anion vacancies,
2

each with an effective positive charge, and an electron, The

Hamiltonian for the H+ molecule-ion is (14, p. 304)
2

and

2 e2-112 fe
H V 2 _

2

Zm e r
A

rB rAB
(III-38)

I-14 (rA, rB) = ELP (rA, rB) (III- 39)
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where r
A

is the distance of the electron from nucleus A, rB is

the distance of electron from nucleus B, and

nuclear distance,

rAB
is the inter-.

For the F+ center, by analogy, the Hamiltonian would be

-.E2 2 1 e2 e2 e2
H = V _ (___

2m* e £ rA rB rAB
(III- 40)

where E is the high frequency dielectric constant of KC1, 2. 22,

and m* is the effective mass of the electron.

Assuming m* = me

into equation (III-40) yields

where

and substituting

' r
E

I 1 r i I I

H (rA,, rBI) = E i (rA, rB)

1 2
E = E

(III-41)

(III- 42)

(III- 43)

The internuclear distance rAB
for the F+

2
center is fixed by

the chloride ion nearest neighbor distance in KC1 at 4. 44 A.

From a curve of the binding energy of the H2 molecule-ion as a

function of internuclear distance (23, p. 199),the binding energy of the

F2 center is calculated to be 0.27 ev. If the a center and the F center

are in the next nearest neighbor positions, then the binding energy of
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the "center" would be approximately 0.09 ev, and for the third nearest

neighbor position the binding energy would be 0.05 ev,

Although no substantiating experimental values of the binding

energy of the F+
2

center have been obtained, similar calculations of

the binding energy of M centers yielded results which did correlate

with experimental data. Calculations of the binding energy of the M

center made by comparing it to an H2 molecule in KC1 gave 0, 17 ev

(85) as the result, while experimental values were 0. 19 ev (Table

If the calculated binding energies between F and a centers at

various separations are nearly correct, then the potential barriers

of the anion vacancy jump toward an F center would be lower than

away from the F center, and the frequency of jumps toward the F

center would be concomitantly greater. The favoring of a-center

jumps toward the F center effectively increases the mean diameter,

d12, in equation (III-34), yielding an increase in the calculated rate

of formation of M centers to a value commensurate with experimental-

ly observed values.

The existence of long range interaction between F and a centers

also explains why the rate determining step in the formation of an M

center is the formation of an F+
2

center, The first step in the forma-

tion of M centers is the migration of an a center to an F center,

forming an F+
2

center, The F+ center then migrates toward an F
2



85

center. When the overlap of the wave functions for the F and F+
2

centers becomes significant, a transfer of the electron from the F

center to the F+
2

center occurs, forming an M center; and an isolated

a center would also be expected. From ENDOR spectroscopy mea-

surements (79), it was determined that there was a non-negligible

electron density even out to the eighth shell from the center of the F

center. Because, in general, electronic transitions are more rapid

than migration of centers, it is expected that the electron in the F

center would transfer to the F2 center long before the F and F+
2

cen-

ters become nearest neighbors. The effective diameter, d12, for

the reaction between F and F+
2

centers would be greater than the ef-

fective diameter for the F- and a-center reaction; therefore, the a

to F-center reaction would be the rate determining step. The

mechanism of M-center formation is depicted in Figure III-15.

E. The Binding Enthalpy of M Centers

Although the binding enthalpy or energy of the M center has

been determined by several investigators (43, 91), it was thought

that the accuracy could be improved by a refinement of experimental

techniques.

The formation of M centers to an equilibrium value at a given

temperature was measured in the same manner as described in

Section III-A-1. After the thermal M-center equilibrium was attained,
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86

4
FIGURE Proposed Mechanism for the Formation
of M Centers. 1. Crystal after quench. 2. Exchange
of F and o< centers. 3. Migration of o< center to
F center forming F2 center. 4. Transfer of electron
from F to F; center forming M center
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the temperature of the cell was increased in increments of ten de-

grees centigrade and the equilibrium M-center concentration was

determined at each temperature. The maximum temperature attain-

able was 120°C. For many samples, the cell temperature was then

decreased in 10°C increments, and the equilibrium M-center concen-

tration again determined.

If the previous temperature was lower than the temperature

under consideration, then the M-center concentration decreased to a

constant value, and conversely, if the previous temperature was

higher, then the M-center concentration increased to a constant value.

In general, at any given temperature, the final M-center concentra-

tion measured in the increasing temperature series differed by no

more than two percent from the concentration determined in the de-

creasing temperature series of measurements, indicating that the

actual M-center equilibrium concentration had been determined.

The equilibrium constant, K, was determined for each

sample at all temperatures investigated for the reaction 2F M:

(n
Mco)

K -
[(nF ) - 2(nmcon2

0

(III- 44)

The binding enthalpy was calculated from the temperature de-

pendence of the equilibrium constant, K, according to

K = A exp (- 1-1/kT) (111-45)
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Table 111-5. Experimental determination of AH for reaction 2F Z M.

Crystal n x10
17

cm
0

-3
ToC

19
Kx10 cm

3

KC1:0
2

2 2.26 80.0 1.19
90.0 0.990 AH=-0.188ev22

100.0 0.840 A=2, 44x10 cm
110.0 0.734 *r=0.999

2.30 80.0 1.32
90.0 1.19 /11-1-0.189ev22

100.0 0.996 A=2. 72x10 cm
110.0 0.844 r0.994

4,86 90.0 1.94 AH=-0.193ev
22 3

100.0 1.69 A=4.07x10 cm
110.0 1.41 rg). 998
120.0 1.22

KC1:0
2

3 1.14 80.0
90.0

1.72
1.47 AH=-O. 160ev-22 3

100.0 1.29 A=8.88x10 cm

110.0 1.12 r:). 999
120.0 1.01

1.57 80.0 1.66
90.0 1.37 PE.-- Q. 180ev22

100.0 1.22 A=4.43x10 cm
110.0 1.03 r:). 998
120,0 0.902

1.69 70.0 1.93
80.0 1.61 AH=-0.200ev

22 3
90.0 1.28 A=2.16x10 cm

100.0 1.11 r=0.999
110.0 0.940
120.0 0.820

1.98 80.0 1.60
90.0 1.39 AH=-0.162ev22 3

100.0 1.20 A=7.76x10cm
110.0 1.06 rte. 999
120.0 0.930

4.86 90.0 1.95 A H-0.227ev
22 3

100.0 1.66 A=1.37x10 cm
110.0 1.34 r0.998
120.0 1.13

K =A -22
3

exp (- al/kT) = (4.2 + 2.7) x 10 exp (0. 19 + 0.02 ev/kT) cm

*r is correlation coefficient
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and

A = exp (Ls /k)

From. Table 111-6, the average value of K was (4. 2 + 2. 7)

x 1022 exp (00 19 + 00 02 ev/kT)cm3 where LH = - 0. 19 ev.

Table 111-6. Experimental determinations of LH for reaction
2F M by various investigators,

Method L H

Equilibrium constant determination -0, 19 ev
(present work)

Thermal growth of M centers
(43)

Thermal bleach of M centers
(43)

Thermal equilibrium constant
(43)

Thermal equilibrium constant
(91)

Average value

- 0, 13 ev

-0. 24 ev

- 0. 25 ev

-0, 175 ev

0. 19 ev

The average enthalpy determined in this investigation did not

deviate significantly from values previously attained. Rather, they

agreed very closely with the average of all values determined to date.

F. Formation of N
1

Centers in Colored KC1:0
2

Crystals

The N1 center, as proposed by Lehmann (51), is equivalent

to an R+ center--two nearest neighbor F centers and an associated



anion vacancy. The thermal equilibrium concentration of NI or

R+ centers should therefore be proportional to the product of the

concentrations of M and a centers.

n cc n

90

(III-46)

Colored samples of crystals containing oxide ions were wrapped

in aluminum foil, heated to 650° C for one minute and quenched in

liquid nitrogen. The quenched crystals were placed in capped copper

tubes which were inserted into a temperature-controlled bath for a

period of from one hour to several weeks, depending upon the tem-

perature of the bath and the F-center and oxide-ion concentration of

the crystals. The samples were subsequently removed from the bath

and placed in a Dewar cell for optical absorbence measurements.

The construction of the Dewar cell was described by Coker (12, p. 83-

85), Optical absorbence measurements were made at liquid nitrogen

temperature to resolve the absorption bands.

The concentration of NI centers could not be determined be-

cause the oscillator strength of the N1 band is not known (see

Equation 1-2), However, assuming that the absorbance of the N1

band satisfies the Beer-Lambert Law, the absorbance per cm of the

N1 band would be directly proportional to the N
1
- center concentra-

tion. The a-center concentration also could not be determined, but

it was shown previously that the concentration of a centers was
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related to the total oxide ion concentration in the sample. The absor-

bance per cm of the N1 band was compared to the product of the M-

center and total oxide-ion concentrations,

Only qualitative information was obtained from Table 111-7 and

observed spectra. Samples with a low oxide-ion concentration, such

as Harshaw TT36724 and KC1z02 1 exhibited only a small N
1

band even

after prolonged annealing, while the N1- center concentration was

greater for crystals containing an appreciable oxide-ion concentration.

In general, during annealing,the N1 band increased to a maxi-

mum, then decreased effectively to zero. Figure 111-16 shows

KC1:0
2

7 after 2 and 18 hours of annealing at 100. 0° C. The initial

increase in the N1 band absorbance after quenching was caused by the

formation of M centers as described in Section III -D and the sub-

sequent association of M centers with a centers yielding an increase

in the N1 center concentration. After prolonged annealing, the as-

sociation of oxide ions and anion vacancies became significant. The

a-center concentration was being depleted by the formation of the

oxide ion-anion vacancy dipoles and the N1 centers were being dis-

sociated to maintain the equilibrium between N1, M and a centers.

Figure 111-16 also shows the increased absorbance of the colloid band

for the longer annealing time.

To further substantiate Lehmann's (51) hypothesis that the N1

and R+bands are due to the same center, several optical experiments



Table 111-7. A comparison of (n )(n ) with the absorbance per cm of the N1 band as a function
of temperature and engtExOrlime of annealing.

Crystal

nm

-16
T° C x 10 cm-3

n
oxide

x 10-16cm-3

(nM )(n )

oxide

x 10
-32cm-6

NI,

abs /cm
Tine,
Hours

4
2

6

Har. TT36724

60.0

80.0

1.30

1.11

11.7

1.14
2.66

1.48

2.95
1, 8

1. 3

1. 1

117

100

336
KC1:0 1 2. 30 O. 062 0, 14 :0 100

2
1 2.06 0.062 0. 12 z0 290

5 10. 9 2. 34 25. 5 5. 8 13

5 9.36 2.34 21.9 2.7 336
6 11.3 2. 66 30.0 4. 8 4

6 12.6 2.66 33. 5 6.7 16

7 10. 8 1. 86 20, 1 3, 6 12

9 6. 60 2. 83 18. 9 1. 4 48

Har, TT36724 100.0 19, 7 1. 1 54
KC1 :02 4 9, 24 1. 17 10. 7 2. 8 72

2
7 7. 63 1, 86 14. 1 5. 0 2

7 7. 88 1. 86 14. 6 2.1 18

8 15,9 2.22 35.4 8.9 10

KC1:02 4 120.0 4.6 1. 17 5.38 0.83 4

8 11. 7 2, 22 26.0 2. 7 15
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FIGURE DI-16: Spectra at liquid nitrogen temperature of an additively
colored KCI:02 7 crystal after (a) two and (b) eighteen hours annealing
at 100°C.
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with a crystal which contained a thermally produced 960 nm band

were done. The procedures of the experiments were similar to the

procedures used by Hattori (40) for his investigation of the properties

of N centers.

A colored sample from KG1:02 4 was heated to 650° C,

quenched in liquid nitrogen and placed in the temperature controlled

cell (Figure III-17) at 80°C, After a large N1 band was formed, the

sample was placed in the Dewar vessel, The temperature was re-

duced to the temperature of liquid nitrogen. A near infrared spec-

trum was taken, and the sample was then irradiated with light from

the high energy side of the F band peak (400 nm) for several hours in

an attempt to ionize F centers, Some of the ionized F centers were

trapped-by N1 centers, forming R. centers, From Figure 111-17, it

is apparent that the efficiency of the process of photoionization of F

centers and subsequent trapping by N1 centers was very low at liquid

nitrogen temperature.

The sample was heated to room temperature and again irradi-

ated with 400 nm light for 30 minutes, From the subsequent liquid

nitrogen spectrum (Figure III- 18), it was observed that the concen-

tration of N1, R and M centers had increased. The sample was

heated to 50°C for one hour and recooled to liquid nitrogen tempera-

ture, where the final spectrum was taken. Figure 111-18 shows a de-

crease in the R bands and an increase in the N1 band after annealing
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FIGURE 1E-17: Spectra at liquid nitrogen temperature of
an additively colored KCI:02-4 crystal after (a) ten hours
annealing at 80°C and (bY four hours 400nm light
excitation at liquid nitrogen temperature.
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at 50° C, caused by the thermal ionization of an electron from an R

center.

At no time during the course of optical and thermal experiments

was a shift in peak maximum or change in half width at liquid nitrogen

temperature of the 960 nm band observed. This strongly indicates

that for all experiments the absorbance band measured at 960 nm

arose from only one center. Experimental evidence implies that the

center is an ionized R center, The optical techniques used in the

formation of the 960 nm band were the same as those used by

Hattori (40), The N1 band observed by Hattori was also due to the

absorbence of an ionized R center,

Lehmann (51) also postulated that the thermal equilibrium con-

centration of N
1

centers would be greater than the equilibrium con-

centration of F+
2

centers. The results from the thermal formation

of N
1

centers verifies his postulation. Assuming that the oscillator

strengths of the two bands are approximately the same, the concen-

tration of F+
2

centers was much smaller than the concentration of N1

centers as shown in Figure III- 16,
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G. Colloid Formation: Effect of F-Center Concentration,
a-Center Concentration, and Temperature on the Shape

and Growth Rate of the Colloid Band

The diffusion of F centers by an a-center migration mechanism

was proposed by Sastry (75) to account for the clustering of F centers

and the formation of colloids, Figure III- 19 shows the relative time

of annealing required to form approximately equal concentrations of

colloids in crystals with a range of oxide-ion and a-center concentra-

tions but with the same initial F-center concentration, Samples were

first heated to 650° C for one minute and then quenched in the annealing

oven at 300° C. The observed increase in colloid formation rate with

an increased concentration of oxide ions and a centers was in accord

with the F-center diffusion mechanism proposed by Sastry. Figure

III- 19 also shows that the half width of the colloid band was greater

for crystals with a low oxide ion concentration than the band in crys-

tals with an oxide-ion concentration one order of magnitude larger.

The band in general was shifted to longer wavelengths, indicating the

presence of larger particles with a greater variation of particle size

for crystals with a lower oxide-ion concentration.

Figure 111-20 shows the effect of increasing the F-center concen-

tration on colloid formation for samples with a low oxide-ion concen-

tration. As expected, the rate of formation of colloids increased with

increasing F-center concentration. A narrowing of the colloid band
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FIGURE III-19: Thermal formation of colloids
in various KCI:02- crystals at 300°C,
was approximately 2.5x1017 cm -3. Spectra
at room temperature.
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due to an increase in the F-center concentration was apparent, al-

though not predicted.

Development of simple theories on colloid formation (65) either

by a dislocation-induced or a diffusion-controlled mechanism lead to

the equation

C(t) = Co exp (-t/T)n (III-47)

where Co is the initial concentration of F centers, C(t) is the

concentration of atomically dispersed F centers after time t, and

n and T are constants. From equation (III-47), the concentration

of F centers in the form of colloids is

Co - C(t) = Co[l exp (-7-) (III-48)

Using the first two terms of the binomial expansion of

exp (-t/T )n, substituting in equation (III- 48), and simplifying yields

n
Co - C(t) = C (t)

T
(III- 49)

Equation (III-49) does not predict the delay time for the onset of

formation of colloids apparent in Figure III -21.

Increasing the colloid formation rate by an increase in F-cen-

ter concentration, a-center concentration, or temperature of anneal-

ing caused a decrease in the colloid particle size during initial stages

of colloid formation. In general, the colloid absorption band maximum
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FIGURE 1:11-21: Spectra at room tempera-
ture of the colloid band for various total
times of annealing at 450°C for KCI:02- 6

F3where n= 3.92x1d7 cm -3.
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was about 720 nm, with a half width of about 0. 20 ev, indicating,

from the Mie (54) theory, an average particle size of approximately

20 nm. After the concentration of atomically dispersed F centers was

reduced to a minimum, further annealing of the sample resulted in a

broadening of the absorption band and a shift to longer wavelengths,

indicating again an increase in colloid particle size as in curves of

Figure 111-21.

The formation of colloids in KC1 is analogous to the colloid par-

ticle precipitation reactions in either the gas or liquid phase. In

gases and liquids, the colloid particle size is governed by the balance

of two driving forces; one is the random movement of the supersatur-

ated species which tends to form smaller particles, and the second is

the surface tension or the cohesive binding force which tends to yield

larger particles (30, p. 787).

The colloid particle size distribution in additively colored crys-

tals and the resultant optical colloid band was in qualitative agree-

ment with the experimental observations of Freundlich. Curves from

Figures III- 19 and 111-20 demonstrated that as the F-center or oxide-

ion concentration increased, the rate of formation of colloids also in-

creased, while the average particle size decreased.

The lag time observed in curves from Figure 111-21 stems from

the relative instability of the molecularly dispersed centers such as

M, R, N2 with respect to higher aggregate centers. The reaction
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during initial stages of the formation of a colloid particle must be the

addition of F centers to atomically dispersed F aggregate centers.

For larger centers the binding energy of F aggregate centers (per

added F center) appears to decrease as additional F centers are added

to the aggregate. For an initial F-center concentration of approxi-

mately 5 x 1017cm-3, there is a significant concentration of thermal-

ly stable M centers at approximately 140° C, while essentially no R

centers are observed at temperatures greater than 50°C and thermal-

ly formed NZ centers have not yet been seen. Colloid particles, on the

other hand, become more stable as their size increases, as evidenced

by the broadening of the colloid band and the shift to longer wave-

lengths (Figure 111-21) upon prolonged annealing.
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IV. COLORATION AND BLEACHING MECHANISM:
THE MIGRATION OF F CENTERS AS A

FUNCTION OF TEMPERATURE

The determination of the coloration and bleaching mechanism

requires an analysis of F-center migration at high temperatures

(500° C to 700°C). Mizuno and Myamoto (55), Seevers (81, p. 66-76)

and Byun (10) have studied coloration and bleaching, but their pro-

posed Mechanisms were unable to account for the experimentally

observed results. Watson and Scott (88) have shown that the addition

of divalent cations increased the additive coloration rate of alkali

halides, and this author has observed that crystals containing divalent

anions were colored and bleached at a lower rate than were pure

crystals.

The remainder of this section is concerned with a comparison

of two methods of F-center migration at various temperatures, the

first being the migration of thermally ionized F centers and the se-

cond being the migration of F centers by an anion-vacancy jump

mechanism as in M-center formation. The temperature range under

investigation extends from 120° C to 700° C. The 120° C value cor-

responds to the maximum temperature that the formation of M cen-

ters was measured; colloid formation was studied up to about 400° C;

additive coloration is done in general, at temperatures greater than

500° C, Migration rates of F centers will be discussed for pure
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crystals and crystals containing either divalent cation or anion im-

purities.

A mechanism of direct interchange of chloride ion and F-center

position is not considered, due to the high activation energy of this

process (53) and to the lack of an impurity effect for this mechanism

on the coloration and bleaching rates.

A. Migration of F Centers by a Conduction Band Mechanism

For coloration or bleaching where electrons migrate in the

conduction band, two processes are involved, electron migration in

the conduction band and simultaneous migration of either positive or

negative ion vacancies for charge compensation.

To compute the concentration of electrons in the conduction

band, an additively colored crystal is treated as a semiconductor.

From Put ley (71, p. 122-132)

n(n + n )
- (27m*kT/h2

)
3/2 exp (-EF/kT) ,(nF -

a
n)

(IV-1)

where nF is the concentration of F centers at 0°K, n is the con-

centration of electrons in the conduction band, na is the concentra-

tion of negative ion vacancies not arising from ionized F centers, and

EF, is the thermal ionization energy of F centers. The other terms

have their usual meanings. From Seevers (81, p. 110), EF =

2.04 ev. It is assumed that m* = m = 9. 1 x 10-28 grams,
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From Mott and Gurney (59, p. 78), the speed of an electron in

the conduction band is

u = (3kT /m)1 /2

The average speed per F center is

u = un/nF

(IV-2)

(IV-3)

In the colored region of a crystal containing divalent anions,

nF >> n, na >> n, so that

and

n
n = [(air mkT /h2)3' 2 n ] exp (-EF/kT) , (IV- 4)

a

u = (Zr /h2 3 2
3

1/2mk2
T

2/na exp (EF/kT) o (IV-5)

In the colored region of a crystal containing divalent cations,

nF >> n, and

na = [N 2 inp] exp (-Es /kT) , (IV-6)

where Es, the energy of Schottky pair formation, equals 2, 31 ev

(34), N is the number of negative ions per cm3
, and n

concentration of positive ion vacancies.

For n,na >>

is the



n = [ (27 mkT /h2)3/2n1-np/N2
]

and

u = [(2-rr /h2)3

xp [(-EF + Es)/kT]
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(IV-7)

2 31/2mk2T
2n /N2] exp [(-EF + Es)/kT] . (IV-8)

For n na,

n = [ (27 mkT /h2)3 /4 //1
nF

1 2 exp (-EF/2kT) (IV-9)

and

u = [(27 /h 2)3/4 31/2 k5/4 m1/4/nF1/2] exp (-EF/2kT) (IV- 10)

In the colored region of pure crystals, nF >> n, n
a

>> n,

na = np = N exp (-E /2kT), so that

n = [(ZIT mkT/h2)3/2 n F/N] exP [(-EF + Es /2)/kT]

and

u = [(2Tr /h
2)3/2 31/2 mk 2

T
2/N] exp [(-EF + Es/2)/kT]

(IV- 11)

(IV- 12)

A value for nF of 5 x 1017cm-3, approximately in the middle

of the F-center concentration range of previous experiments, is used

here in calculating average speeds. An impurity concentration of

5 x 1016cm-3 is used for the case of divalent cation and anion doped

crystals, where n is the concentration of the cation dopant and
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n is the concentration of anion dopant.

Table IV- 1. Speed of electrons in the conduction band.

T °C u(cm/sec)
u(crn /sec)

n =5x1016cm-3 Pure n =5x10 16cm-3

700
600
500
400
300
120

2. 1 x 107
2. 0 x 10 7

1. 9 x 107
1. 7 x 107
1. 6 x 107
1,3 x 107

8. 2 x 10 -1

4. 1 x 10-2
9. 5 x 10-4
4. 3 x 10 -6

2. 6 x 109
3.3 x 10-17

2, 5
6. 0 x 10 -1

1. 0 x 10-1-38. 3 x 10-4
5. 4 x 10-12
6. 9 x 10

7. 6
8, 8
7. 7
3,6

1-1. 4 x 10
6,6 x 10-6

The mean distance, D, that an electron in the conduction

band travels, assuming that negative ion vacancies are the only traps,

is 1/(na + n)0-, where 0 is the effective cross section of the

vacancy, Attempts to determine 0 have yielded values from about
-13 2 -17 2 -15 2

10 cm to about 10 cm (11). An intermediate value, 10 cm ,

is assumed for the capture cross section, g, used in the calcula-

tion for D, the distance that an electron in the conduction band

travels before being retrapped.

Table IV-2, Mean distance, D, that an electron travels in the con-
duction band,

T°C

D (cm)

=5x10 16cm-3) Pure (n =5x10 16cm-3)

700 1. 3 x 10-2 3. 8 x 10-2 1. 2 x 10 -1

600 1, 3 x 10-2
1

1. 8 x 10 -1 2,7
500 , 3 x 10-2 1, 3 1. 4 x 102

3400 1, 3 x 10-2 2, 4 x 101 6. 1 x 105
300 1, 3 x 10-2 5. 7 x 102 1. 5 x 109
120 1. 3 x 10-2 2. 6 x 107 2, 6 x 10
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Examination of Table IV-1 and IV-2 shows that increasing

the number of positive ion vacancies in the sample increases both the

number of electrons in the conduction band and the mean distance that

each electron travels. Increasing the number of negative ion

vacancies decreases both the number of electrons in the conduction

band and the mean distance each electron travels.

Migration of thermally ionized electrons cannot be the only

process occurring for coloration and bleaching. To maintain charge

neutrality, either negative ion vacancies must migrate with the elec-

trons, or positive ion vacancies must migrate against the flow of

electrons, If anion vacancies are the principal charge carriers, then

the mechanism of coloration is the migration of anion vacancies and

electrons in the conduction band from the surface of the crystal.

If the positive ion vacancies are the principal charge carriers, then

vacancy pairs must be created within the sample. The anion vacan-

cies trap electrons from the conduction band, forming F centers and

the positive ion vacancies migrate out of the crystal,

Figure IV-1 shows a mechanism for the creation or destruction

of vacancy pairs at dislocations within the bulk of the crystal. Hinks

(41, p. 53) measured approximately 3 x 105 dislocations per cm2 in
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melt grown crystals from this laboratory. The measured number of

dislocations would be an ample source of vacancy pairs.

The relative velocities of anion and cation vacancies are deter-

mined from the transport numbers. The transport number,

and t , are derived from the positive and negative ion jum fre-

quencies, and v , where v equals v exp (-O. 709ev/la)

(6) and v equals v
o

exp (- 1. 00 ev/kT). The 1. 00 ev value for

the negative ion jump activation energy has been explained in Section

I-F. A value of 2. 72 x 1012sec-1 is again assumed for v
o

(34),

Table IV-3. Frequencies and transport numbers of anion and cation
vacancies.

T°C v v t+

700 5, 74x10 8
2. 00x10 7 0. 966 0, 034

600 2, 18x10
8

5. 18x10
6 0. 977 O. 023

500 6, 47x10
7

9. 42x10
5 0, 986 O. 014

400 1, 32x107 1. 03x10
5

0, 992 O. 008

300 1, 56x10 6
5. 24x10 3 0. 997 O. 003

120 2, 16x10 3 5. 35x10
-1 0. 9998 O. 0002

Where = vt
+ +

/(v
+

-) ) and t = v /(v v )
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D

FIGURE EZ-1: A Mechanism for Generation of Vacancies
at a Dislocation. A. Initial dislocation. B. Expansion
of dislocation C Ions jump into dislocation forming
vacancies D Vacancies migrate away from dislocation.
Dislocation has moved one lattice distance from A.
Process can be reversed or repeated.
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From Table IV-3, it is apparent that positive ion vacancies are

much more mobile than negative ion vacancies. Increasing the di-

valent cation impurity concentration not only increases the average

velocity, u, of the electrons in the conduction band, but also the

number of the more mobile ionic charge carriers, increasing the

coloration rate. Addition of a divalent anion impurity decreases both

the average velocity of electrons and the number of positive ion vacan-

cies, hence decreasing the coloration rate. With a large increase in

the divalent anion impurity concentration, the negative ion vacancies

become the principal charge carriers, but the added negative ion

vacancies reduce the concentration of conduction electrons and the

described mechanism is no longer applicable.

B. Coloration and Bleaching by an Anion Vacancy Jump Mechansim

The rate of migration of F centers by an anion vacancy jump

mechanism is controlled by the rate of migration and concentration of

F+
2

centers. The frequency of the F
2-

center jump is given by

=

v

e -
(52) (IV- 13)

2 e -

where v is the frequency of the jump of the electron between the
e

two nearest neighbor anion vacancies and v is the anion vacancy

jump frequency. It is apparent that the energy barrier for the elec-

tron jump into the nearest neighbor vacancy is much less than the
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barrier for a chloride ion jump into the vacancy, therefore v >> v

and

The speed,

z v (IV-14)
F+

2

s, of an F+ center is
2

s = v
F+

aNr2 cm sec-1 z v aNr2 cm sec -1

2

= v oat\r2 exp (-1. 00 ev/kT) cm sec-1

The average speed of F centers is
s(n )

F+
s - 2

F

(IV- 15)

(IV-16)

The maximum average speed would occur when all a centers were

associated with F centers forming F
2

centers, In the following table,

the Ft center concentration is equal to the a-center concentration
2

present before any association with F centers had occurred,

Experimentally, it was observed that increasing the a-center

concentration yielded a decrease in the coloration rate, An examina-

tion of Table IV-3 shows that, contrary to experimental observations,

decreasing the a-center concentration decreases the average speed

of the electrons and hence the coloration rate,

By increasing the concentration of a centers to a value greater

than what is presented in Tables IV- 1 and IV-3, it would be expected



Table IV -4, F center speed by the anion-vacancy jump mechanism.

700 2.

600

500

5.

01 x 107 1.

18 x 106 2.

5x 105 4.

400 1. 03 x 10 5

21

30 x 10-1 2. 30 x 10-2

19 x 10-2 4. 19 x 10-3

n ) =
F+

nF = 5x10 17cm-3

1. 21 x 10-3

2. 30 x 10-4

4. 19 x 10-5

3.55 x10-3 3.55 x 10 -4 3.55 x 10 -6

300 5. 24 x 103 2. 33 x 10-4 2.33 x 10-5 2. 33 x 10-7

120 5.35 x10-1 2.37 x10-8 2.37 x 10
-9 2.37 x 10 -11
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that the average speed of an F center by an anion vacancy jump

mechanism would eventually become greater than the average speed

of an electron in the conduction band; the vacancy migration mechan-

ism would be favored over migration by conduction electrons,

From Tables IV-1 and IV-3 it is evident that the migration of F

centers at temperatures less than about 400° C takes place by an anion

vacancy migration mechansim as discussed in Section III-D and the

rates of migration are greater for higher concentrations of a centers,
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APPENDIX I

Initial Rate of Formation of M Centers in Additive ly Colored Pure KC1 Crystals

To C
d(A

M
)/dt*

-1min
r

Thickness

cm

d(nM) /dt
-1 -3

sec cm

d(n ) /dt

sec cm ****

80.0 5, 67x10
2

0. 996

Vinor n
F

=
0

0. 112

8. 20x1017cm-3

1, 18x10
14

9.38x1013

70, 0 2. 13x10
2

0. 993 0.0667 4.63x1013 E = 1. 00ev*** 2. 93x10
13

A
60, 0 9, 15x10

3
0.992 0.0553 2.38x10!3 A = 2. 31x10

28 1
sec cm

3
1.48x1013

50, 0 2. 45x10
3

0.997 0.0690 5.02x1012 r = 0.994 3. 14x10
12

40.0 1, 28x10
3

0. 958 0.0926 1.92x1012 1, 20x10
12

Harshaw TT91846 nF = 4. 67x10
17cm3

o

80.0 8. 77x10-
2

0, 998 0. 135 9, 61x10
13

1. 40x1014

70.0 3. 24x102 0. 997 0. 135 3. 50x10
13

EA = 1. 08ev 5. 10x1013

60, 0 1. 24x10
2

0.997 0. 135 1.32x1013 A = 2. 35x10
29sec1

cm-3 1. 92x10
13

50.0 3, 49x10
3

0.998 0.135 3.65x1012 r = 0.999 5. 32x10
12

40.0 9. 30x104 0. 998 0. 123 1, 05x10
12

1, 53x10
12

Melt Grown Pure P-12 xiF = 7. 80x10
17

cm-3

80, 0 1, 68x10
3

0.961 0. 195 1, 27x10
12

8. 57x10
11

70.0 8. 12x104 0. 992 0. 195 6.08x1011 E = 1. 25ev 4. 10x10
11

A
60. 0 1, 31x10

4
0. 999 0. 143 1. 32x10

11
A = 1. 26x10

30 1
sec cm

13
8. 9x101°

50.0 4. 18x10
5

0.996 0. 195 3, 03x10
10

r = 0.993 2. 04x10
10

Zone Refined #66 nFo = 6. 72x1017cm-3

80.0 8. 52x104 2. 990 0. 153 8.26x1012 E = 1. 28ev 6. 79x10
11

A
70.0 2. 92x10

4
0. 996 0. 153 2, 79x10

11
A = 1. 46x10

30 1sec cm 3
5.62x1010

60.0 7. 05x10
5

0. 998 0. 153 6.66x1010 r = 0.998 5. 62x10
10
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APPENDIX I (continued)

ToC
dt(AM) /dt

min
-1 r

Thickness d(n) /dt

cm sec-1cm-3

d(n ) /dt
norm

sec cm

80.0

70.0

60.0

SO, 0

40.0

80.0

70.0

60.0

50.0

40.0

9. 29x10
3

2.82x10 -3

1. 22x103

2.74x10
4

8.95x10-5

2
2. 35x10

-2
1. 39x10

4. 78x10
3

1. 51x103

2. 78x10
4

0. 999

0. 985

0. 987

0. 998

0. 999

KCLO 1 nFo = 7. 80x10
17

cm
-3

2

0.177

0. 177

O. 177

0. 177

0. 177

12
7.76x10

2.32x1012 E = 1. 12ev
A

9.92x1011 A = 7. 73x1028sec-lcm-3

2. 18x10
11

r = 0.998

7.04x1010

KC1 154 n
OH

- 1 3x1017cm-3 = 8.00x1017
-3

nFo

0. 998

0. 996

0. 999

0. 999

0. 999

0. 172

0. 172

0. 172

0. 172

0. 172

2. 02x10
13

1. 18x10
13

E = 1. 08ev
A

3.99x1012 A = 6. 73x10
28

sec
-1

cm
-3

1.24x1012 r = 0.989

2.24x1011

S. 24x10
12

1. 57x10
12

6.69x1011

1. 47x10
11

4. 75x10
10

1. 31x1013

7. 66x1012

2. 59x1012

8. 05x10
11

1. 45x10
11

Crystal Harshaw TT36724 Anderson Johnson-Matthey

-3
nFo cm 5. 57x1016cm-3 5. 46x1017cm-3 8. 50x1017cm-3

-1 -3 o 10 -1 -3 10 -1 -3 11 -1 -3
d(nM)dt sec cm @120 C 1.28x10 sec cm 4. 41x10 sec cm 1. 44x10 sec cm

-4 -3 o 10 -1 -3 10 -1 -3 10 -1 -3
d(nm)no /dt sec cm @120 c 1. 43x10 sec cm 5. 08x10 sec cm 8. 54x10 sec cm

* Raw data points were absorbances versus time in minutes

** r is correlation coefficient

* ** Calculation of d(nM) /dt = A exp (-EA /kT)

<***Normalization of initial rate of formation of M centers to equation

d(n
M

) d(n
M

)
6. 00x10

17
cm

-3 1. 5

dt )norm. dt )observed (nF)observed
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APPENDIX II

Initial Rate of Formation of M Centers in Additive ly Colored KC1:0"
2

Crystals

cl(A )/dt*T C M-1
min

r **
Thickness d(nM) /dt

cm sec-1cm-
3

14 -3
KC1:0 1 = 6. 2x10 crn

2
nTotal

oxide
8

1. nFo = 1. 07x10
1cm -3

70.0

60.0

50.0

40.0

32.0

80.0

70.0

60.0

50.0

40.0

80.0

70, 0

60.0

50.0

40.0

80.0

70.0

60.0

50.0

40.0

32.0

3.39x10
3

1.40x10 3

3.41x10-4

7. 19x10-5

3. 32x10
5

9.29x10
-3

2. 82x10
-3

1. 22x10
3

2. 74x10
4

8. 95x10
5

9. 02x103

4.36x10
-3

1. 23x103

5. 29x10
4

1.59x104

4.71x10
-3

3.
2, 34x10

9.24x10 4

3, 51x10 4

5. 04x105

3. 54x10
5

0. 995

0.994

0.990

0.994

0. 993

0.999

0. 985

0. 987

0.998

0. 999

0.997

0. 992

0. 996

0. 996

0. 993

0. 989

0.994

0. 988

0.991

0. 999

0. 996

2.

4.

0. 149

0. 149

0. 149

0. 149

0, 149

nF 7.

0. 177

0. 177

0. 177

0. 177

0. 177

nF = 4.
0

0.617

0.617

0. 652

0. 553

0. 553

nF = 4.

0. 358

0. 594

0.670

0. 508

0. 508

0. 670

3,33x1012

1. 36x10
12

3.24x1011

6.71x1010
10

3.05x10

80x10
17

cm
-3

12
7. 76x10

12
3.32x10

92x10
11

2.18x10
11

10
7. 04x10

17 -3
72x10 cm

12
2. 17x10

12
1.04x10

2. 71x1011
11

1.35x10
10

3. 99x10

11 x 10
17

cm
-3

12
1. 95x10

11
5.77x10

1.99x10
11

9.78x10
10

10
1. 38x10

7.27x109

E
A

= 1, 16ev***

A = 4.88x1029
-1

sec cm
-3

r = 0. 996

E
A

= 1 12e v
-

A = 7. 73x10
28

sec cm
-3

=0.998

EA = 0. 95ev
25 -1 -3

A = 9. 47x10 sec cm

r = 0.996

E
A

=1 09ev
27 -1 -3A =6.38x10 sec cm

r =0.994
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APPINDIX II (continued)

T
oC d(A w.)/dt

min

Thickness d(nM) /dt

cm sec-
1cm-3

80.0

70.0

60.0

SO, 0

80.0

70.0

60.0

50.0

40,0

80.0

70.0

60.0

50.0

40.0

80.0

70.0

60.0

50.0

35, 0

8. 90x103

2. 93x103

1. 29x10
3

-
4. 03x10

4

5.76x10
3

1. 99x103

1, 17x10
3

3. 60x10
4

68x10

2. 00x102

1. 13x10
2

1. 43x103

1. 71x10
3

2. 95x10
4-

7.92x10
-3

5. 60x103

1.93x10-3

6.65x10 4

8. 02x10 5

KCI:0-
2
2

1.

0.996

0. 999

0. 997

0. 999

2.

0. 998

0, 998

0. 998

0. 999

0. 999

3.

0.999

0.994

0.994

0.993

0.992

4.

0.994

0.994

0. 992

0. 999

0.999

nTotal
oxide

=
15 -3

1. 46x10cm

17 -3
nF = 4.80x10 cm

0

0. 130 1, 01x10
13

0. 173 2.48x1013

0. 173 1.08x1012

0. 198 3,30x1011

nF = 4. 55x1017cm-3
0

12
0.216 3.94x10

12
0.216 1.34x10

0.248 6.76x10
11

0. 274 1.86x10
11

11
0.274 3.89x10

nF = 2. 30x1017cm-3

1. 12 1. 59x1012

11
1.12 8.88x10

0. 442 2, 81x10
11

1. 14 1. 28x10
11

1.14 2.23x10
10

"F = 2. 26x10
17cm-3

0. 820 2,05x10
12 ****

0. 820 1.00x10
12

0. 573 3.40x1011

0. 733 1.28x1011

0. 733 1. 51x1010

E = 1. Ogev
A -
A = 3. 04x10

28 -1 3
sec cm

r = 0. 994

EA
is 1 07ev

A = 1. 08x1028sec-1cm-3

r =0,994

E
A

= 1 . 10ev

A = 1. 28x1028sec-1cm-3

r = 0.990

E
A

= 1. 08ev

-3
A = 8.67x102 sec

-1
cm

r = 0. 998
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APPENDIX II (continued)

T°C
dt(Am)/dt

-1
min

r
Thickness d(nM) /dt

-1 -3
cm sec cm

80.0

70.0

60.0

50.0

33.0

80.0

70.0

60.0

50, 0

40,0

70, 0

60.0

50.0

41.0

32.0

80.0

70.0

60.0

50.0

42.0

33.0

3. 20x103

1. 44x10-3

9.44x10
4

1. 26x10
4

1.38x10
5

1. 06x10
3

4. 85x10
4

2. 53x10-
4

6, 35x105

2. 49x10
5

9. 28x103

2. 96x10
3

9. 22x10
4

3. 36x10
4

9, 02x10
5

1. 21x10
2

3. 91x10-
3

1. 51x10
3

4. 93x104

1. 56x10
4

4. 60x10s

5,

0.994

0.994

0. 992

0. 991

0.934

6.

0. 988

0. 997

0.993

0.998

0.953

KC1:92 3

1.

0.996

0. 998

0. 598

0.993

0. 998

2.

0.994

0. 997

0. 995

0.990

0. 983

0.997

nF = 1. 77x10
17cm-3

0. 535 8. 80x10
11

0.535 2.53x1011

0. 535 2.53x1011

0,294 6.06x1010

0. 432 4.42x109

nE, = 5. 20x10
16cm-3

'o
11****

0. 884 3.92x10

0. 838 8.48x1010
10

0.838 4. 35x10

0. 884 1,02x10
10

0, 884 3.92x109

15 -3
nTotal

oxide
= 1. 83x10 cm

nF = 7. 70x10
17cm-3

12
0. 182 7. 49x10

12
0. 182 2.35x10

11
0. 182 7. 19x10

0. 182 2. 58x10
11

10
0. 182 6.86x10

nF =6. 50x10
17 7cm-3

0

0. 190 9.45x10
12

0. 190 3.01x10
12

0. 190 1.15x1012

0. 190 3.67x10
11

0. 190 1.13x10
11

0. 190 3.33x10
10

E
A

= 1 05ev
27 -1 -3

A = 1. 11x10 sec cm

r = 0. 985

E
A

= 0 99ev
2 5 -1 -3

A = 3.14x10 sec cm

r = 0, 993

EA = 1. 10ev
29 1

cm
-3

A = 1 08x10 sec

r = 0. 999

E
A

= 1. llev

A = 6. 61x1028sec-1cm-3

r = 0. 999
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APPENDIX II (continued)

ToC
d(AM) /dt

-1
min

r
Thickness d(nM) /dt

-1 -3
cm sec cm

80.0

70.0

60.0

50.0

40.0

32.0

80.0

70, 0

60.0

50.0

40.0

32.0

80.0

70.0

60.0

50.0

42.0

33.0

70.0

60.0

SO, 0

40. 0

30.0

-3
9. 26x10

2. 72x10-
3

1.32x103

3. 09x104

6.95x10
5

7. 70x10
5

9. 36x10
3

3, 45x10 3

1. 45x103

S. 06x10
4

2. 48x10
4

7. 08x10
5

7. 38x103

2. 49x103

4. 35x10
4

4. 16x10
4

6. 37x10
5

2. 53x10 5

8. 73x10
3

4. 46x10
3

4. 83x10
4

4.64x10
4

9.04x10

1.000

0. 996

0.995

0.995

1.000

0. 998

0. 999

0.995

0.998

0.995

0.980

0.990

0.994

0. 998

0. 985

0.986

0. 992

0. 989

0.991

0.998

0.992

0.998

0.998

3.

4.

5.

6.

nF = S. 50x10
17
cm

-3

0

0.204 6. 74x1012

0. 308 1.29x10
12

0.308 6.13x1011

0.204 2. 15x10
11

0.204 4.73x10
10

0. 308 43x10
10

n
= 4 86x1017cm-3

Fo

0. 127 1. 10x10
13

12
0. 123 4. 12x10

0.204 1. 03x10
12

0.204 3. 55x1011

0.227 1.51x1011

10
0. 227 4.29x10

= 3. 24x10
17
cm

3

io

0.308 3.57x10
12

0. 308 1.19x10-2

0. 145 4.3 4x 1011

0. 308 1.92x10
11

0.308 2.66x10
10

0. 308 1.13x10
10

nF = 1. 69x1017cm-3

12
1.28 1.00x10

1.28 5. 03x1011

0.688 9.94x1010

1, SO 4.30x1010

1.28 9.72x109

E
A

= 1. 02ev

A = 1. 65x1027sec-1cm-3

r = O. 989

E
A

= 1 05ev

A = 1. 14x1028sec-1cm

r = 0. 997

E
A

= 1. 15ev

2 9 -3
A = 1, 08x10 sec

-1

r = 0.992

E
A

= 1, 05ev

A = 3. 19x1027sec-1 -3

r = 0.994
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APPENDIX II (continued)

T C
d(AM )/dt

-1
rain

r
Thickness d(nM) /dt

-1 -3
cm sec cm

70.0

60.0,

50.0

40.0

80.0

70.0

60.0

50.0

40.0

32, 0

80.0

70.0

60.0

50.0

40,0

28.0

60.0

50.0

40.0

33.0

30.0

25, 0

2. 47x10-
2

3.90x10
-3

4. 12x103

4. 95x10
4

1. 98x10
2

1.03x10
-2

4. 25x10
3

3
1. 73x10

8. 07x10
4

8. 88x10s

1. 87x10-
2

7.97x10
3

3. 9x10 3

1.05x10
3

3. 48x104

5, 63x105

3. 81x10-3

7. 88x104

3. 56x10-
4

1. 17x104

8. 55x105

3. 60x10s

-
KC1:0

2

0.972

0.996

0. 987

0.990

1.000

0. 999

0.999

0.996

0. 999

0.999

0.994

0. 995

0.995

0.996

1.000

0, 999

0.998

0. 998

0. 999

0.997

0. 998

0.998

4

2.

3.

4.

n 1 17x1016
Total oxide

n = 9. 8x1017cm-3
Fo

0.153 2.36x10
13

12
0.0678 8. 30x10

0. 153 3. 80x1012

0.0894 7. 24x10
11

nF = 6. 20x1017 -3
0

0. 0761 3.85x10
13

13
0. 0761 1.98x10

0. 0930 6.59x10
12

12
0. 0930 2.64x10

0. 0812 1.37x10
12

0. 812 1.18x10
11

7
nF = 3. 49x10

1cm -3

0.220 1.26x10
13

0.220 5.30x10
12

0.220 2,56x1012
11

0.220 6, 78x10

0.220 2,20x1011

0, 220 3.52x1010

17 -3
nF = 1. 46x10 can

0. 439 1.25x10
12

11
0.247 4.25x10

0, 391 1, 26x10
11

0.247 6.51x1010

0,391 3.02x1010
10

0, 247 2.00x10

lE

A
= 06ev

2 8 - 1 - 3
A = 8. 29x10 sec cm

r = 0. 995

E
A

= 1 07ev
-3

A = 6. 13x10
28

sec
-1

cm

r = 0. 994

= 1 03evEA

-
A = 8.45x1027sec

-1
cm

3

r = 0. 997

EA = 1. 03 ev

A = 5. 10x10
27 1

sec cm
-3

r = 0. 997
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APPENDIX II (continued )

ToC
d(A' )/dt

-1
m in

r
Thickness d(nM) /dt

-1 -3
cm sec cm

60.0

50.0

40.0

35. 0

70, 0

60,0

50.0

41, 0

32, 0

70, 0

60, 0

50, 0

41.0

32,0

80, 0

70, 0

60, 0

50, 0

40.0

40.0

32. 0

2. 58x10
3

2. 08x10
3

7, 04x10
4

6. 80x10
5

4, 62x102

2, 05x102

5. 00x103

1, 76x10
3

4, 37x104

1, 08x10
2

4. 75x10
3

1, 88x103

6, 61x10
4

1, Slx104

4, 54x102

1, 44x10-2

1, 02x102

3, 06x103

9, 37x10
-4

1.06x10 -3

2,92x10 -4

5. n = 1. 12x10
17

cnl
-3

Fo

11
0, 993 0. 736 5, 05x10 E

A
1. 03 ev

1.69x10110, 996 1, 75 A = 2. 02x10
27 1

sec cm
3

10
0, 998 1,75 5, 59x10 r =0, 999

0, 999 0, 357 2,62x10
10

2 Total oxide
= 2. 34x1016cm-3KC1:0 5

1. nF = 1. 08x1018 cm-3
0

13
0, 995 0. 130 5. 23x10

0, 995 0, 130 2,27x1013 E
A

= 1. 08ev

5.45x1012
-

0, 995 0, 130 A = 3. 70x10
29 1sec cm 3

1,89x10120. 996 0, 130 r O. 998

0, 999 0.0964 6,25x1011

2. nF = 6. 40x1017cm-3

0. 998 0, 106 1.49x10
13

6. 42x10
12

0, 999 0, 106 E = 1. Olev
A

12 28 -1 -3
0, 998 0, 118 2. 26x10 A = 1. 35x10 sec cm

0, 999 0, 106 8.65x1011 r = 0.995

0, 998 0. 106 1, 95x10
11

17 -3
3. nF = 4. 60x10 cm

0

0, 995 0. 177 3.81x10
13

13
1, 000 0, 177 1. 19x10

12
1, 000 0.250 5. 90x10 E

.A
= 1 02ev

12 28 -1 -3
0, 995 0, 155 2, 79x10 A = 1. 47x10 sec cm

4.81x10
11

1,000 0. 269 r = 0.994
11

0,998 0. 196 7. 49x10
11

0, 990 0.269 1, 49x10
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APPENDIX II (continued)

T°C
d(A

A4
)/dt

-1 r
Thickness d(nM)dt

-1 -3
cm sec cm

70.0

60.0

50,0

40.0

32.0

70.0

60.0

50.0

33.0

80.0

70.0

60.0

50.0

40, 0

30.0

80.0

70, 0

60.0

50.0

40,0

28.0

2. 20x10
2

2, 20x102

2, 72x10
3

9. 49x10
4

2, 44x10 4

4. 44x103

1.30x10 -3
-4

4. 96x10

4.66x10
5

2, 68x10-
2

7. 97x10
3

4.47x10-3

1, 2 Sx10
3

9.31x10 -4

1, S8x10-4

4.47x10-2

2, 78x10-2

9, 11x103

2.22x103

7,60x10
4

1, 30x10
14

4.

0. 995

0.997

0. 997

0. 898

0.996

5,

0,985

0. 977

0. 999

0. 998

KC1:0
2

6

1.

0,997

0. 982

0. 997

0.994

0,999

0.998

2,

0.983

0.998

0.996

0.999

0,996

0, 996

nF0 = 3. 80x10
17

cm
-3

0.302 1, 06x10
13

0. 302 4.03x1012

0. 302 1.27x1012

0. 302 4.37x1011

0. 302 1, 11x1011

n = 1 39x10
17

cm
-3

Fo

12
0, 354 2,03x10

0.274 6. 85x1011
11

0. 300 2. 35x10
10

0.300 2,14x10

= 2. 66x1016cm-3
Total oxide

n 7F= 38x10
17cm3

0.0917 4,34x1013

0.0917 1.27x1013

0.0872 7, 43x10
12

0.0872 2. 05x10
12

0. 115 1.12x1012

0. 115 1.90x10
11

nF = 3. 92x10
17cm-3

0, 272 2.45x10
13

0, 272 1. 53x10
13

0. 272 4. 84x101
2

0.272 1, 16x10
12

0. 272 3.89x1011

0. 272 6.62x10
10

E
A

= 1.06 ev

A = 4, 76x10
28 1

sec cm
-3

r = 0. 998

E
A

= 1, 11 ev
28 -1 -3

A = 4. 51x10 sec cm

r = 0.999

E = 0. 94ev
A
A = 1. 20x10

27
sec

1cm3

r = 0.992

EA = 1. 07ev
2 -

A = 7. 27x10 sec
-1 3

cm

r = 0.996
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APPENDIX II (continued)

T C d(Am )/dt
-1

man
r

Thickness 2(nm )dt
-1 -3

cm sec cm

60.0

50.0

40.0

32.0

60.0

50.0

40,0

33.0

25.0

60.0

50.0

40.0

35.0

30.0

3.69x10 -3

1.32x10 -3

4. 77x104

1, 42x10-
4

3,28x10-3

1.28x103

4.29x10
-4

1.33x10-4

4.61x10
-5

1, 38x103

5, 84x10 -4

1, 96x10-4

1, 18x104

2. 86x10-5

0.995

0.995

0.994

0.999

0. 986

0.998

0, 998

0,999

0. 998

0.988

0.990

0, 992

0.995

0, 965

F = 2. 23x1017 -3
cm

0.290 1. 84x10
12

0, 288 6.58x1011

0.288 2, 31x10
11

0.288 6.87x1010

17 -3
4. nF = 2° 08x10 cm

0.217 2,08x1012

0.217 2, 99x10
11

0.388 1. 53x10
11

0,217 8.08x1010

0.217 2.78x10
10

5. nF = 5. 87x1046cm-3

1.79 1. 11x1011****

1. 79 4, 63x10
10

1. 79 1. 53x10
10

1. 79 9, 10x10
9

1. 12 3.75x109

E = l Olev

A = 4.17x1027
-1

sec cm
-3

r = 0, 998

E
A

1. 08ev

A = 4, 10x10
28 -1

sec cm
-3

r 0.996

E = 1. 03ev
A

26 1 -3
A = 6. 56x10 sec cm

r = 0. 995

*Raw data points were absorbance versus time in mintes.
**r is correlation coefficient.

***Calculation of d(n )/dt =A exp (-E AT).
A****Value deleted from calculation of activation energy, EA, and preexponential, A.
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APPENDIX III

Initial Rate of Formation of M Centers in Additive ly Colored KC1:SH Crystals

ToC
d(A ildt*

min-1
r **

Thickness d(nM) /dt
-1 -3

cm sec cm

80.0

70.0

60.0

50.0

32,0

80, 0

70, 0

60.0

50.0

40.0

80, 0

70.0

60,0

40.0

80.0

70.0

60.0

50.0

40.0

40.0

2.00x10 -2

6.03x10 -3

2, 79x105

1. 04x10
3

9. 51x105

4, 43x103

1. 89x10
3

5.40x104

2, 48x10
4

8, 72x10
5

5. 18x10

2, 23x10
3

8, 25x104

5.80x10 5

3. 38x10

1, 61x10
3

8, 41x104

2. 11x10
4

6.10x10
5

1, 03x104

KC1: SH 1 n
SH

1015cm-3

1. n = 9. 5x10
17

cm
-3

F0

0.998 0. 140 2.13x10
13

0.993 0. 140 6,33x1012

0.997 0. 147 2.74x10
12

0.996 0. 147 1.00x10
12

0.993 0. 147 8.91x10
10

1
2. nF = 7. 50x10

7
cm

-3

0,991 0. 0640 1,07x1013

0. 969 0. 0554 4, 99x10
12

120.994 0.0429 1. 84x10

0.993 0. 705 4.96x1011

0.994 0.0597 2. 03x10
11

3. nF = 6. 35x1017-3

0, 995 0. 107 7. 19x10
12

0.976 0. 107 3, 18x1012

0.985 0, 107 1, 11x1012

0. 979 0. 107 7. 53x10
10

4, nF = 2. 86x10
17cm-3

0. 985 0, 270 1.86x1012****

0.998 0,270 8, 76x10
11

0. 997 0,270 4,51x1011

0.994 0. 270 1.11x10
11

0.999 0. 270 3,15x1010

0.999 0, 420 3,55x1010

E
A

= 1. 03ev***
2 8 -1

A = 1, 19x10 sec cni
-3

r = 0. 998

E = 1. Olev
A

27 1 -3
A = 3, 23x10- sec cm

r = 0. 997

EA = 1. Kiev
-

A = 4. 06x10
28 -1sec cm 3

r = 0.998

E
A

1. 05ev

A = 2.44x1027
-1

sec cm
-3

r = 0. 995
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APPENDIX III (continued)

T°C
d(A )/dt

-1
min

Thickness d(nM)dt

cm sec-
lcm-3

80.0

70.0

60.0

60, 0

50.0

40.0

60.0

50.0

40.0

80.0

70.0

60, 0

SO. 0

40.0

32, 0

2. 57x10
2

1, 25x10
2

4. 79x10-3

5. 43x10
3

3-

1. 76x10

3. 52x10
4

3. 87x10
3

1. 15x10-3

3. 32x10
4

1. 43x10
2

1, 17x10-2

2, 74x103

1, 49x10
3

3. 89x10 4

1, 12x10 4

0. 998

0.996

0. 988

0.995

0, 993

0.993

0. 999

0. 999

0. 999

0.997

0.998

0.998

0.998

0, 999

0.999

KC1:S1-1 2 n
SFr

',1= 1017cm-3

1. nF = 2, 60x10
17

cm
-3

0

13:
0.251 1, 52x10

0.227 8.01x1012

0. 227 3. 04x1013
12

0. 227 3. 44x10

0.227 1, 09x1012

0. 251 1,95x1011

7
2. n = 2, 15x10

1cm -3
F o

11
0.627 8. 89x10

0.627 2.60x1011

0. 627 7.30x1010

3. nF = 1. 75x1017cm-3
0

0.318 6, 71x10
1214**

0. 338 5, 08x1012

0, 338 1.17x1012

0. 423 4.99x1011

0.318 1. 69x10
11

0.318 4.87x10
10

E
A

= 1. 14ev

A = 4. 57x1029sec-
1cm-3

r = 0. 993

E
A

= 1. 12ev

A = 8. 56x10
28 -1

sec cm
-3

r = 0. 999

E
A

= 1 05ev
-3

A = 1.25x1028
-1

sec cm

r = 0. 995
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APPENDIX III (continued)

ToC
d(AmYdt

-1 r
Thickness d(ncblloid)/dt

_1 -3
min C111 sec cm

60, 0

50.0

41.0

32, 0

60.0

50.0

41, 0

32, 0

23. 5

60.0

50, 0

41.0

32.0

23. 5

70, 0

50.0

41.0

32, 0

5. 74x10-2

2. 12x10
2

9. 14x103

3, 69x10
-3

2, 59x102

1. 37x102

4. 96x103

2, 91x10
3

1,31x10'3

3.05x10-2

9.45x10'3

4. 12x10'3

1,96x10'3

8. 34x10-4

2. 85x10-
2

5, 20x10-3

1.90x103

1. 09x10-3

-3
KC1:SH 3 n ^ 10

19
cm

SH
17 -3

1. n = 9, 56x10 cm

0. 985 0.0726 6.60x10
4

0. 998 0, 0607 2.92x104

0.998 0. 0635 1.20x101
4

0, 958 0.0635 4.86x10
13

2. ng = 7. 37x1017cm-3
0

0.999 0.0609 3. 55x10-
4

0. 998 0.0609 1.88x1014

0.998 0. 0439 9.43x1013

0.998 0.0686 3. 55x1013

0.994 0.686 1. 60x10
13

3. /IF = 4. 08x1017cm-3

-
0. 993 0. 179 1. 43x10

4

0.996 0. 103 7. 68x10
13

0. 999 0, 103 3. 35x10
13

0.999 0. 103 1. 59x10
13

0.994 0. 0869 8.02x10
12

4. nF = 2.43x1017cm
-3

0

0.999 0.218 1.09x10
14

0. 999 0, 218 1. 99x1013

0. 999 0, 290 5.48x1012

0.999 0.290 3.15x1012

E
A

= O. 820ev
27

A = 1. 74x10

r = 0. 999

E
A

= O. 735ev

A = 5. 28x1025

r = 0, 887

EA = 0.685ev

A = 3, 50x1024

r = 0.999

E
A

O. 872ev

A = 7.03x1026

r = 0, 993

*Raw data points were absorbance versus time in minutes.
**r is correlation coefficient.

***Calculation of d(n )/dt = A exp (-E /kT).
A****Value deleted from calculation of activation energy, EA, and preexponential, A.



Determination of

APPENDIX IV

ki(na) for Formation of M Centers

From equation (III -20), ki(nd is given as:

where

d(lnQ) Moo

kl (nct) dt nF

nmco
Q

n n
Mao M

0

138

nF x10
71

o -3
cm

n x10-15
Mc° -3
cm

d(ln Q)
dt

sec-1 r

k
1(n

)

sec-1 ToC

KCI:0- 89x1015cm-3
2

3
n

1.
Oxide

5
1. 14 2.06 4. 74x10-4

2, 06 4, 96x10
1.41 1, 68x10--

1, 98 5.86 3. 87x104

3, 24 23.8 1. 09x10-
5

-4
15.9 1.07x10
15.6 5.80x10
10, 5 2, 20x10-2
10.1 1,10x10

6..30 75, 0 2, 32x105 0.994
4

50.2 2. 22x10
3

0.989

43.3 2. 12x10-2 0.989
30.0 1, 42x10 0.967

6. SO 54. 6 7. 25x10-
46.5 6. 78x10-

5
4

-344.9 1, 10x10
33, 5 6, 79x10--

0.994
0. 988
0.993

0. 986

0. 996
0. 983
0.994
0. 982
0. 995

0. 976
0.987
0. 989
0. 999

KC1:O 1 n = 6. 2x1014 cm-3
-
2 Oxide

4.72 28.9 5. 84x104
22. 7 4. 85x10

-3
17.5 3. 80x10

7.80 170 2, 77x10
5

4
116 9. 56x10 0.980

10. 7

0.996
0. 989
0.995

0. 996

137 2.36x10 4
0. 976

8. 57x10
-6

7

8. 97x10
2. 08x10

5

1. 15x10-

8.01x10-7
5.25x10-6
2, 79x10

-5
5

7, 14x10-4
3.42x10

2, 76x10
6

1. 58x10
5

1, 47x10-
6. 80x10-

4
4

6.92x10 -6
4. 86x10- 5

7. 60x10- 5

3.45x10
4

3. 3 x106
2. 4 x10 5

1. 4 x10
4

6, 0 x10,6
1, 4 x104

3.0 x105

60.0
80.0
90.0

80.0

60,0
80.0
90.0

100.0
120.0

60.0
80.0

100.0
120, 0

80.0
90, 0

100.0
120.0

80.0
100.0
120, 0

80.0
120.0

100.0
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APPENDIX IV (continued)

The activation energy for k
1
(na ) is derived from the temperature dependence of ki(na)

according to

1ki(nd = A exp -E /kT ) sec
A

Crystal

nF x10-17
o -3
cm

E
A

ev

Ax10-10
-1

sec r

KC1:0
2

3

KC1:O 1
2

1.14
3.24
6.30
6.50

4.72

1.12
1.17
1,05
1.10

1.12

8.33
42.9
2.12

46.6

3.1

0.999
0.999
0.995
0.967

0.999

The average value of ki(nd from KC1:0; 3 crystals is

k = 10
11

exp (-1,11 + 0.05 ev/kT) sec
1

1


