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The mobility of F-centers is a convenient way to study their

ionization. In additively colored KCl crystals, it is shown that

there exist divergent interpretations of the activation energy of the

electrical conduction process. The present work is concerned with

a comparison of two cases of interpretation. Case I is that thermal

ionization of F center is affected by the Schottky equilibrium, where-

as Case II is that thermal ionization of F center is not affected by

the Schottky equilibrium.

In KC1:Ca
2+ the temperature dependence of p.ob is governed

chiefly by the exponential term EF - Ws in Case I, and E inFj2

Case II. Taking EF, and Ws to be approximately 2.0 and 2.5 ev,

respectively and neglecting the weak temperature-dependence of }le

3/2 3/4and T or T we see that p.
ob

varies as exp ( +0. 5 ev/kT) or

(-1. 0 ev/kT) in the two cases, a very clear contrast. The magni-

tude of p.
o b

at a given temperature (400°C) predicted by the



theoretically calculated value in Case I for colored pure KCI is

4.5 x 10-9 cm2/Vs, whereas in Case II it is 5.1 x 10-7 cm2/Vs.

}l'ob n
In

FKC1:Ca2+ plots of log ,A vs 1000/T were made, show-
Tj/e

ing that p.ob varied as exp (-0.94 ev/kT). In colored pure KCl

crystals, the observed mobility was measured to be 3 x 10-7 cm2/Vs

at 400°C.

Clearly, Case II interpretation is in accord with experiments,

e., the Schottky equilibrium is not maintained in colored crystals.

Experiments on F-center mobility in oxide-containing KC1 show

that thermionic emission from colloidal particles may play a part in

the mobility of F centers.
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MOBILITY OF F CENTERS IN POTASSIUM CHLORIDE
CRYSTALS CONTAINING DIVALENT IONS

I. INTRODUCTION

Vacancies

Any deviation in a crystal from a perfect periodic structure is

called an imperfection (or defect). Real crystals are always imper-

fect in some respect. The nature of defects is fairly well understood

for some solids. Many important properties of solids are controlled

as much by defects as by the nature of the host crystal, which may act

only as a matrix for the defect. The color of many crystals arises

from imperfections. The conductivity of some semiconductors, the

luminescence of crystals, the mechanical and plastic properties of

solids are usually connected with the presence of impurities or other

defects.

Among the simplest defects is a vacancy, which is formed by re-

moving an atom or ion from its lattice position to a new site on the

surface. In thermal equilibrium in an otherwise perfect crystal a

certain number of vacancies are always present. In binary ionic crys-

tals it is usual to form equal numbers of positive and negative ion

vacancies. The formation of such pairs of vacancies, called Schottky

pairs, keeps the crystal electrostatically neutral on a local scale. On

carrying out a statistical calculation, the number of vacancies in
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thermal equilibrium in KC1 is given by (28).

n =n = N exp (-Ws/2kT)
a IT

( 1 )

Where n and na are the number of positive and negative ion va-

cancies per unit volume, respectively, N is the number of cation-

anion pairs per unit volume in the ideal crystal, Ws is the energy

required to form a separated Schottky pair, k is the Boltzmann fac-

tor for thermal equilibrium at temperature T and na << N. Eq. (1)

is written assuming no interaction between defects, no change both

in the vibrational frequencies of the ions around the vacancy and in

volume that accompany the formation of the defect, and that Ws is

independent of temperature. Schottky defects are the only type ob-

served in pure KC1.

Another type of vacancy defect is the Frenkel defect in which

an atom is transferred from a lattice site to an interstitial position,

a position not normally occupied by an atom.

Color Centers

Pure alkali halide crystals are transparent throughout the

visible region of the spectrum. A color center is a lattice defect

which absorbs visible light. An ordinary vacancy does not color

alkali halide crystals, although it affects the absorption in the

ultraviolet.
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Trapped Electron Centers

The negative ion vacancy is an effective trap for an electron at

room temperature. An electron trapped at such a vacancy absorbs

visible light and so imparts color to the crystal, hence it is called a

color center and specifically an F center from the German word

color, "Farbe. " This model, the de Boer model of the F center,

consisting of an electron trapped at a halide ion vacancy (7), has been

supported by a great deal of evidence (44, p. 60-69). Properties of

F centers in alkali halides are reviewed in monographs by Markham

(32), Fowler (17) and Schulman and Compton (44). The F center is

the simplest trapped-electron color center in alkali halide crystals.

Other electron-excess centers are formed when electrons are trapped

at anion-vacancy clusters as the aggregates of the F center. The

smallest of these aggregate centers is the M center, that has a more

descriptive name of F
2

center. Similarly there are R and N centers

which are thought to be F3 and F4 centers, respectively (37). In addi-

tion to the aggregate centers consisting of small numbers of F centers

there are centers composed of large numbers of F centers which form

colloidal metal particles (45).

Trapped Hole Centers

Holes may be trapped also to form color centers. The best
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known trapped-hole center is the V
k

center. It is believed that a hole

may be trapped by a pair of adjacent halide ions; this structure has

been established by spin resonance experiments (5, 9, 1 0) . The H

center, which is similar to the Vk center, consists of a hole trapped

by four halide ions (6, 8) .

Impurity Centers

There also has been found another group of color centers which

are caused by particular impurities contained in crystals. Among this

group are the Z centers that are formed in colored alkali halide crys-

tals which contain alkaline earth impurity ions (29).

Production of Color Centers

Color centers can be generated in an alkali halide crystal by a

variety of techniques. We will discuss the three most important of

these in the following.

Additive Coloration

A crystal is additively colored by heating it to a high tempera-

ture in the vapor of an alkali metal. The alkali metal ions add substi-

tutionally to the crystal lattice, the electron lost by the metal atom

then being trapped by a negative-ion vacancy to form an F center.

Only electron-excess centers are formed by this method.
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Additive coloration can also be performed with halogen vapor to

give the so called V bands.

The coloration with alkali metal may be easily done by sealing the

crystal and metal into a stainless steel bomb. A copper gasket is usu-

ally used to insure a good seal.

Electrolytic Coloration

A stoichiometric excess of one of the constituents of the material

may also be introduced electrically. Electrolytic coloration is per-

formed at an elevated temperature in the presence of an electric field.

The temperature chosen is several hundred degrees centigrade so that

appreciable ionic motion will occur. The electrodes consist of a flat

plate and a sharp point embedded in the crystal. When a field of sev-

eral hundred volts per centimeter is applied a colored cloud will enter

from the pointed electrode, as cathode and move through the crystal.

This is shown in Fig. 1.

Prior to electrolytic coloration of an alkali halide single crystal

the ionic transport taking place in the crystal leads, by electrolytic

deposition to the formation of a new alkali metal cathode. Electrons

emitted from this cathode and injected into the crystal create F cen-

ters (22, 35). It was observed that during this time halogen was pro-

duced at the positive electrode leaving the crystal containing an excess

of alkali metal just as in the case of additive coloration. Also during



Figure 1. Electrolytic coloration of an alkali halide crystal.
(a) The point electrode is negative, Electrons
enter the crystal from the point and the color cen-
ter cloud migrates toward the anode. (b) The
color center cloud migrates across the crystal.

6
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the injection of F centers the current was observed to increase until

the front of the colored cloud reached the positive electrode. The

curves of the current vs. time behavior of alkali halide single crystal

(34) are characterized by at least three different zones. On the first

one, the current through the crystal is purely ionic. Electron injec-

tion currents and, therefore, color center clouds that developed upon

the formation of this new injecting contact, mark the start of zone II

of the current vs. time curve. The final equilibrium stage in which

the current reaches saturation, is zone III (2). Reversing the polarity

would cause the color to move back across the crystal and vanish into

the pointed electrode. The current would decrease as the cloud was

withdrawn until it attained a minimum value characteristic of the

uncolored crystal (41).

Coloration by Ionizing Radiation

Exposure of a crystal to ionizing radiation will also cause color-

center formation. The radiation will produce electrons and holes

which will be trapped to form both electron and hole trapped centers.

Defects, such as anion vacancies and halide ion interstitials, are also

produced by the radiation. The F center is the predominant electron-

trapped center produced at all temperatures; however, the tempera-

ture of the irradiation determines which hole-trapped centers are

formed (42).
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Determination of F-Center Concentration

In KC1 the F center absorbs visible light, with band-maximum

at 556 nm at room temperature, and the concentration of F centers

can be found from the area under the absorbance band. Smakula (50)

suggested that the absorbing centers can be treated as damped oscil-

lators according to classical dispersion theory and derived a formula

for the determination of the concentration of non-interacting centers

in a solid using optical measurement. Dexter (11) modified a more

general equation and gives

nFf = 0.821 x 1017
2

(n +

Where nF is the number of F centers per cm3, f is the oscillator

(2)

strength of the F center, n is the index of refraction of the host crys-

tal at the wavelength of the F band maximum and A is the area of the

absorption curve and must be expressed by units of ev cm*

If a Gaussian shape is assumed for the F center absorption,

the above equation (2) becomes

= 1.68 x 1016 AmW (3)

Where A is the absorbance per cm at the F-band maximum, W is them

half-width of the F center absorbance band in electron volts, and 1.492

has been substituted for the refractive index for KC1. The average of



the oscillator strength f, reported by Sander (53) is 0.59. Konitzer

and Markham (31) have measured W at room temperature and give

the value of 0.34 ev. Substitution of these values yields

nF 0.97 x1016Am

for the F center in KC1 at room temperature.

Foreign Ions in Alkali Halides

Foreign Cations

9

(4)

Positive ion vacancies can be produced not only by the above

thermal means but also by the incorporation of another type of imper-

fection, namely foreign ions. An example is a polar crystal com-

posed of monovalent ions, with some of the cations being replaced at

random by a divalent positive-ion impurity. The substitution of a

divalent cation for a monovalent one places an extra positive charge

in the crystal. In order to preserve the electrical neutrality of the

crystal as a whole, a positive-ion vacancy must be formed at a

lattice point.

It has been found that when calcium ions are added to alkali

halide crystals the rate of additive coloration is greatly increased.

In additively colored alkali halide crystals, the association of

F centers and divalent cation impurities has been investigated (40).
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Several models have been proposed (40, 48). These models consist

of electrons trapped at various combinations of alkaline earth cati-

ons and positive and negative ion vacancies. There is very little

direct experimental evidence supporting any of these models. In

particular, the structure of the Zi center was shown by ENDOR (4),

Faraday-rotation measurements (39), and fluorescence measure-

ments (38).

Foreign Anions

To introduce a centers (negative-ion vacancies) into an alkali

halide crystal in a concentration greater than that in a pure crystal,

foreign 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 charge or triple charge. To insure electro-

neutrality, a negative ion vacancy must be introduced for each di-

valent anion. An example of this effect is shown in KCI:02 crystal.

The superoxide ion is reduced to the oxide ion, negative ion vacan-

cies are simultaneously introduced into the crystal according to

02 +3 e 202 + 2 a

Fischer et al. (16) determined that the concentration of oxide ions



was given by

no = (5. 98±0. 2) x 1016 A

11

(5)

When A means the absorbance per centimeter in the maximum of the

oxide band at 285 nm at 20°C.

Gummer (21) concluded from dielectric loss measurements of

KC1 crystal containing oxide ions, that the 285 nm band which Fischer

had measured was actually due to dipoles formed by the association of

an oxide ion with an anion vacancy. He reported that the association

energy of the oxide iJn-anion vacancy dipole was 0.4 ev or greater. A

diagram of a KC1 crystal lattice is given in Fig. 2, showing the oxide

ion, an anion vacancy and a dipole.

Determination of Foreign-ion Concentration
in KC1 Crystals

There are two simple methods which indicate the degree of

purity. These two methods are ionic conductivity and optical absorp-

tion spectroscopy.

Kelting and Witt (27) conducted an extensive investigation of the

effect of adding divalent alkaline earth ions to alkali halide crystals.

Their results showed that extrinsic conductivity in these crystals was

strongly influenced by the presence of the divalent cation impurities.

It was confirmed by Seevers (46) that at a temperature near the
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Figure 2. KC1 crystal lattice with foreign anion.
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knee (i. e., where extrinsic changes over into intrinsic conductivity),

the conductivity was increased linearly with the impurity concentra-

tion. Hence, from ionic conductivity measurement, one can deter-

mine the concentration of Ca2+ in KC1 crystal.

Another method is directly by atomic absorption (AA) analysis.

This method was used in the present experiment.

Since many impurity ions are known to give rise to character-

istic absorption bands in the UV region of the spectrum, optical mea-

surements can detect their presence.

The superoxide ion characteristic absorption band in KC1, cen-

tered at 248 nm, is very broad with a low intensity. Kgnzig and Cohen

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

band was proportional to the concentration of superoxide ions.

Fischer and Gummer (15) demonstrated that, because of the

strong linear relation between the decrease of the 02- bands and the

increase of the F band, when F centers are formed from 02 -a cen-

ter pairs by irradiation, the concentration of the 02- center can be

shown to follow the relation

no = (5.98±0.23) x 1016 cm-2 A

where A means the absorbance per cm in the maximum of the 285 nm

band at 20°C.
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F-Center Thermal Ionization and Migration

The uncolored alkali halides are insulating solids at normal

temperature; however, they show electrolytic conductivity at high

temperature. Even when these crystals are additively colored to

form the F band, they remain insulators at normal temperature in

the dark. If they are heated, however, electronic conductivity can

be observed in addition to electrolytic conductivity.

From Hall effect studies of both X-rayed and additively

colored crystals, Redfield and others (3, 43) have shown that the

current carriers released by the F band light are electrons, and

have measured the electron mobility as a function of temperature for

a number of these salts.

The conductivities of colored KC1 crystals were found to be

greater than those of uncolored crystals (41, 47). The increase of

conductivity in additively colored crystals can be attributed to an

electronic conductivity. Pohl (41) gave a qualitative discussion.

His explanation is essentially as follows.

As the crystal is warmed a fraction of the F centers become

thermally dissociated producing free electrons. In the presence of

an electric field these electrons are accelerated toward the positive

electrode. However, they only travel a short distance in the conduc-

tion band before they are recaptured by the nearest ionized F centers
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(anion vacancy) and rendered immobile. It is only during the time

when the electron is trapped that it is visible as an F center, giving

rise to a blue cloud, and only during the time it is free that it can

migrate in the conduction band. It is due to repeated dissociation,

migration and recombination that the F center appears to move

while in reality it is the free electrons accompanied by vacancies

which actually are migrating. In order to minimize the accumula-

tion of space charge, negative-ion vacancies move in the same

direction as the electrons, or positive-ion vacancies in the opposite

direction. A diagram of a KC1 crystal is given in Fig. 3, showing

the F center thermal ionization and apparent migration.

From the observed drift velocity, the following equation can

be used to express the drift velocity V
F of the F center in a crystal

VF = f fleE (7)

where f is the probability of thermally ionizing an F center, p. is

the free electron mobility, and E is the electric field in the colored

region. The nature of the ionization probability function f can be

expressed as follows:

ne
f - nFo

where ne is the concentration of free electrons that ionized from F

center, and nFo is the initial concentration of F center and

(8)
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Figure 3. F-center thermal ionization in KC1
crystal lattice.
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n
e nFc. The probability function f increases with temperature

because a greater fraction of the F centers are ionized at high tem-

peratures.

The observed mobility of F center, according to Eq. (7) and (8),

can be simply expressed as

V F ne

E nFo (9)

Since the volume containing an F center is electrically neutral,

an electric field should exert no force on the F center as such. The

migration of the F centers occurs because, at the temperature of the

experiment, some of the F centers are thermally dissociated into

free electrons and vacant anion sites, according to

F a + e (10)

where a is the anion vacancy. As a good approximation, the law of

mass action gives

n.na
= Nc exp (-EF/kT)nF

where ne' na' and nF are the equilibrium concentrations of the free

electron, a center and F center, respectively. Nc is the density of

states in the conduction band and EF, is the energy required to dissoci-

ate the F center thermally. Because usually ne nF' there is no
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significant difference between nF and nFo.

In the case that na
is established both by F center ionization

and by the Schottky equilibrium, designated as Case I, the concen-

tration of a centers may be expressed in the following way with dif-

ferent types of sample:

(a) For the pure colored KC1:

We have

nano = N2 exp (-Ws/kT)

Since the crystal is electrically neutral it follows that

when

therefore,

na =n
e

+n ;
Tr

n <<n
e Tr

(12)

na = n = N exp(-Ws/2kT) (13)

(b) For the colored KC1:Ca2+:

In KC1 crystal, to preserve electroneutrality, each Ca2+ ion

will be compensated by other species according to:

When

Eq. (14) becomes

ne +n =nCa +naTr

n .<< n and nCa >> n
e aTr '

n
Tr

= nCa

(14)



We can thus substitute into Eq. (13) and obtain

2
na = exp (-Ws/kTInCa

(c) For the colored KC1:02-:

19

(15)

The law of electroneutrality must hold for all the charged spe-

cies. Letting no be the 02- concentration,

When

Eq. (16) becomes

na =n + no + ne.

no >> n > ne,

na = no.

In the other case, designated as Case II, i. e. that na in additively

colored KC1 is not affected by the Schottky equilibrium, we can write:

(a) and (b) for both colored KC1 and colored KC1:Ca2+, na simply

obtains from Eq. (11)

n
a

= n
e

= (n N
c )2 exp(-EF/2kT)F (18)

(c) for the KC1:02- crystal, n
a

is again controlled by the concentra-

tion of oxide ion only,

na = n
o. (1 9 )
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The Relation of Observed Mobility to Both Cases

The observed mobility is given in each case by Eq. (9). We

assume that I.Le is independent of nF in the temperature range of

interest.

If Case I were operative, in pure KC1, equations (11), (12) and

(9) give

Nc

ob N
- exp F -W

s
/2)/kT] (20)

In KC1:Ca2+ crystal we solve equations (15), (11) and (9) simultane-

ously and find

Nc n
C a

ob 2 exp - (EF.-Ws)/kT]µe.

In KCI:02- crystal, via equations (17), (11) and (9) we find

Nc
I-L o b no

(21)

exp(-EF/kT) (22)

Because Nc is temperature dependent, we can write

27r m*kT 3/2 3/2Nc =( ) - C T
N-

(23)

where m* is the electron effective mass, and the other symbols have

their usual significance. Substituting Eq. (23) into Eq. (20), (21) and

(22), respectively, and then rearranging we arrive at the further



results:

(a) KC1:

Wop/2 -CN s)kT,

(b) KC1:Ca2+:

nCa
3/2 exp -(EF-Ws)/kT,

1.LeT

(c) KC1:0
2

:

!lo

3/b
- exp (-EF/k. ).

lieT2
no

21

(24)

(25)

(26)

Whereas, according to Case II, simultaneously solving Eq. (18),

(11), (9) and Eq. (19), (11), (9), respectively, we arrive at the con-

trasting result that:

(a) and (b) pure KC1 and KC1:Ca
2+

or

N
( )2 exp(-EF/2kT)y,

ob nF e'

n "}lob F = c2 exp (- EF/2kT).
3/4

(27)

(28)



(c) KC1:0
2-

P-ob

IsteT3/2 -n exP(-EF/kT).
o

22

(29)

It is clear from the foregoing that the mobility of F centers pro-

vides a convenient test of whether Case I or Case II applies.

In KC1:Ca
2+

the temperature dependence of }lob is governed

chiefly by the exponential term, EF - Ws in the first case, and EF/2
in the second. Taking EF and Ws to be approximately 2.0 and 2.5 ev

respectively, and neglecting the weak temperature dependence of las

and T3/2 or T3/4, we see that 11
ob varies as exp ( +0. 5 /kT) or

exp(-1. 0/kT) in the two cases, a very clear contrast.

In pure KC1 the contrast is small, since EF - Ws/2 not

much different from EP/2. However, the magnitude of 'lob at a

given temperature differs by several orders in the two cases, and

will serve as a means of distinguishing one case from the other.

In KC1:02-
the two cases lead to the same result. Here 1.1.ob

should be vanishingly small at high 02- concentration.

The electrical conductivity of additively colored alkali halides

has been the object of several studies. Recent works on electrical

conductivity (13, 47, 49) in additively colored KC1 crystals either

containing a colloidal band, or not, have shown that there exist

dirvergent interpretations of the source of the carriers and of the
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activation energy of the electrical conduction process.

Shamovskii et al. (49) found a large positive temperature co-

efficient, corresponding to an activation energy of 1.03 ev and con-

cluded that the conductivity varied as exp (-EF/2kT). This result

follows from the assumption that the number of conduction electron

and number of negative ion vacancies are equal, that is, that all

negative-ion vacancies are produced by F center ionization.

Seevers and Scott (47) in weakly additively colored KC1 crys-

tals, without a colloidal band, found an increase of the conductivity

between 150° and 550°C. From the F center transport number mea-

surement (0. 96 at 400°C) they conclude that the conductivity increase

is due to ionized F centers. Also, they found in fact that the elec-

tronic conductivity was proportional to nF2 or 395 °C. Later on,

Durand, Chassague and Serughetti (13) confirmed the same fact

(i. e. electronic conductivity was proportional to nF2 ) in the addi-

tively colored crystals without and with colloids. This result has

been interpreted to show that Schottky equilibrium is not maintained

in the additively colored crystals, which is the basis of Case II.

On the other hand, Mott and Giirney (36) treated the experi-

ments of Smakula (51), and interpreted them on the basis of Case I,

that is, the electronic conductivity due to F centers should vary ap-

proximately as exp - (EF--}Ws)/kT.

Virtually it is impossible to use the conductivity of colored
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KC1:Ca
2+ to test whether Case I or Case II is correct because the ionic

conductivity is so high that the conductivity due to F centers is masked,

whereas the mobility experiment is the practical means to resolve the

divergent interpretations.
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IL EXPERIMENTAL

Coloration Procedure

Single crystals of pure KC1, and of KC1 containing 02 ions,

were purchased from the Crystal Growth Laboratory, University of

Utah. The KC1 ultrapure crystals were grown from Merck and Co.

ultrapure grade KCI, pretreated with HC1 and Cl2, and the KCI:02

crystals were grown from Merck and Co. ultrapure grade KC1,

doped with K02, under 02 atmosphere. Single crystals of KC1 con-

taining Ca2+ ions were grown by R. E. Seevers in this laboratory.

Crystals were colored additively, except those containing 02 ions,

in which case homogeneous coloration was generally not achieved

due to the extensive oxidation of elemental potassium prior to F

center formation. Crystals containing 02 ions were successfully

colored by electron injection.

Additive Coloration

A stainless steel bomb was used, as shown in Fig. 4. A glass

ampoule containing potassium was placed and broken in the bottom

of the bomb, followed by the stainless steel mesh and crystals. The

bomb was purged with argon and tightly sealed. The sealed bomb

was then placed in a Marshall Co. furnace that was controlled by a

Wheelco Model 407 temperature controller. The temperature of the



26

a

Figure 4. Diagram of a stainless steel bomb in the
coloration furnace. (A) Bomb body;
(B) Potassium metal in Pyrex ampoule;
(C) Stainless steel mesh; (D) Crystals;
(E) Copper gasket; (F) Tube furnace,
Marshall Co.
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furnace controlled the rate of coloration and determined the F cen-

ter concentration. The higher furnace temperature increased the

potassium metal pressure, hence yielding a higher F center con-

centration. For the coloration of crystals, a shorter time was re-

quired for crystals containing Ca2+ ions than for pure KC1. In gen-

eral, the furnace temperature for pure KC1 was maintained at 550°C

for 48 hours, whereas for KC1:Ca2+, the temperature was main-

tained at 500°C for 15 hours.

Electron Injection Coloration

The crystals containing high concentration of 02 ions were

colored by electron injection at a chosen temperature ranging from

500°C to 600°C under the influence of an electric potential difference

of 500-600 volts.

Mobility Measurements

The mobility cell is shown schematically as Fig. 5 and Fig. 6.

The assembly was made of stainless steel. The experiments were per-

formed with one pointed electrode and one flat electrode, both made

of platinum. The electrodes were polished and cleaned carefully be-

fore each experiment. A piece of colored single crystal of approxi-

mately 10x5x5 mm dimension, which had been cleaved from a large

block, was mounted between the electrodes and held under spring
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Figure 5. Cross section diagram of mobility cell. (A) single
crystal; (B) platinum pointed electrode (anode dur-
ing electron withdrawal); (C) platinum flat electrode;
(D) quartz plate for insulation; (E) stainless steel
cell; (F) stainless steel spring; (G) index scale.
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tension by a stainless steel spring as shown in Fig. 5. The cell was

heated by a tube furnace which was built in this laboratory. Current

was measured by means of a Keith ley Model 610A electrometer and

recorded by a Hewlett Packard Model 7100BM recorder. The circuit

used consisted of the mobility cell, a Keith ley Model 240A high-voltage

supply, the electrometer and the recorder connected in series as

shown in Figure 6.

Temperature of the furnace was controlled by a Barber-Coleman

Model 177 controller with a chromel-alumel thermocouple placed close

to the heating coil. Another thermocouple was embedded in the mo-

bility cell for measuring the temperature of the colored crystal sam-

ple. The furnace was set to a working temperature between 400° to

550°C. Once the temperature of the sample reached the desired tem-

perature and was stable for approximately 20 minutes, the high-

voltage supply and recorder were turned on, in order to remove elec-

trons from the crystal and keep the record of the current throughout

the measurement, respectively. The apply voltage was 400 to 500

volts.

Photographic equipment used to take Polaroid photographs of

electron migration (colored cloud) during the mobility measurement

was set up as in Fig. 7. Light from a projection lamp passed through

the two quartz windows of the mobility cell where a crystal sample

was seated. The image of the crystal was then enlarged and pro-

jected on the ground glass screen of an oscilloscope camera at a
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Figure 7. Diagram of optical arrangement. (A) projection lamp;
(B) mobility cell (sample holder); (C) furnace; (D) over-
head projector; (E) oscilloscope camera; (F) ground
glass.
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distance of approximately 10 feet by means of an overhead projector.

Several photographs were taken during each experiment in order

to obtain the drift velocity of migration F centers in the crystal. A

stop watch was used to time each photograph taken throughout the ex-

periment. From the photograph taken, the distance between the

cloud boundary and the pointed electrode and also the image of an

index scale were measured by using a caliper. Based on the calcu-

lated ratio between the actual size and the image of the index scale,

the measured distances were converted to the actual distances the F

centers boundary travelled in the crystal. The drift velocity was

then determined as the ratio of distance and time period. The light

from the projection system was found to have no measurable effect on

the drift velocity of F centers.

In order to measure the concentration of F centers, the applied

voltage was turned off to stop the migration once the colored cloud

(F center) migrated toward the pointed electrode for about 2/3 of the

length of the crystal. The furnace was turned off at the end of the

measurement and the mobility cell was taken out of the furnace and

quickly cooled to room temperature.

Spectrophotometric Measurements

Once the velocity of F center in the crystal sample had been

measured as described above, the sample crystal was cleaved into
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several parts with a razor blade. The portion near the boundary

between the colored and clear part of the crystal was chosen to be

used as a sample for the absorption spectrum measurement of the F

center. Before the measurement, the sample was cleaved into thin

pieces of 0.5 to 0. 8 mm in thickness. These pieces were then

wrapped in aluminum foil and placed in a furnace which had been

preheated to about 500°C. The crystals were heated at this tempera-

ture for one minute and quenched in liquid nitrogen. This quenching

procedure was found to be sufficient to remove all absorption bands

other than the F-band. The spectrum of the sample was measured at

room temperature using a Perkin-Elmer Model 450 spectrophotometer.

The spectral region investigated was from 350 nm to 750 nm. Samples

of KC1:02- crystals, after the mobility measurement were heated to

650°C for one minute, and then quenched in liquid nitrogen. The ab-

sorbance of the 285 nm band was measured in the UV region, to obtain

the oxide ion concentration.

Determination of Calcium Ion in KC1 Crystal

The AA analysis to determine the concentration of Ca2+ in KC1

crystal was performed as follows:

(1) Standard solution: A 1. 00 ppm Ca2+ solution was prepared

from primary standard grade CaCO3 by dissolving in HCl and diluting

with double distilled water.
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(2) Samples: Samples were taken from several different por-

tions of each crystal and dissolved in slightly acidic double distilled

water. The concentration of KC1 in each was 2.50 g KC1/100 ml.

(3) A blank was prepared from a crystal of pure KC1.

The Calculation of the Field

For simplicity consider parallel plate electrodes with spacing d,

the length of crystal sample. As in Fig. 8, a partially colored crystal

is mounted between the plates with Xx.f the thickness of the clear part

and X
c, the thickness of the colored part. Let the conductivity of the

two media be o- and o- c, and the current density be Ju and Jc. Au

potential difference is applied across the electrodes.

When steady-state conditions have been reached, the electric

field between the plates must satisfy the following conditions:

and consequently

where

EX +EX =Vu u c c (30)

=a- E =5 =0 E (31)u u c c c

E 1 V
c ab + 1 X

c

E - ab V
u. ab +l X

u
'

a = o- /o-/cr and

b = X
u/Xc.

(32)

(33)
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In the actual experiments, one electrode was pointed. This

was for convenience in injecting electrons when desired, but not

essential when F centers were originally present as the result of

additive coloration. Some error in calculating the field as above re-

sults when one electrode is pointed, since the equipotential surfaces

and thus the boundary of the colored region are not planes perpendicu-

lar to the crystal axis. For the sample geometry used here, the

error was judged to be smaller than that in estimating o- and cr

and thus was neglected.

According to the conductivity data at various temperature from

Seevers (46) and the fact that the conductivity is proportional to the

square root of the F center concentration, we can calculate the value

of a by means of the following:

The conductivity of colored crystal is comprised of ionic conductivity

from the pure uncolored crystal and the electronic conductivity from

F centers. Using nF equal to 1. 8x10 17 cm-3 as a reference concen-

tration at a certain desired temperature, according to the data, we

can calculate the reference conductivity, (cr F)r, as

(47 F)r (0- c)r (0" )Li r

17 -3so that at 2.5 x 10 cm -3, for instance, we can obtain 6 byF
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Adding a- to a- at the desired temperature gives a. and thus the

value a.

The value of b was obtained by experimental measurement from

the pictures taken. The value b is time dependent. In the electron

withdrawing process, b is increasing as the colored cloud moves out

of the crystal.

According to every two successive pictures, we can calculate

the average field in the colored part and obtain the local mobility.

We then take the average of individual local mobilities as a final re-

sult for each sample.
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RESULTS AND DISCUSSION

Transport Measurement

After a mobility measurement it was found that the boundary

between the colored and uncolored region had moved away from the

negative electrode. The distance that the boundary had moved, de-

noted d, was determined by means of photographs.

The F center transport number, tF, is the ratio of the charge

transported by F centers to the total charge transported, expressed

by

tF = d. e. nF/Jt (34)

Where J is the current density, e is the electronic charge, and t is

the time.

For a KC1 crystal having nF = 2. 6 x 1017 cm-3, tF, at 470°C

was found to be 0. 86. We conclude that in pure KCl the F center was

the major source of carriers.

From optical measurement of samples quenched to room tem-

perature we found that there was no colloid band within the tempera-

ture range of interest in the highly purified material as KCI and

KC1:Ca2+ crystals. Consequently, we may disregard thermionic

emission from metal particles as a source of carriers in these

experiments for the samples of KCI and KC1:Ca 2+.
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Diffusion Rate of F-Centers

An experiment was conducted to measure the diffusion rate of

F centers in the absence of a field. In the mobility measurement,

when the boundary of the colored cloud migrated to the center of the

crystal, the field was turned off about 5-10 minutes while the tem-

perature was maintained at equilibrium. The distance traveled by

the boundary measured photographically was zero, within the error

of measurement.

Loss of F centers from the crystal due to diffusion to the sur-

faces would cause d in Eq. (34) to be larger than if no diffusion oc-

curred. For the time and temperature involved, this effect was less

than the experimental error in determining d and caused no additional

problem.

Concentration of Calcium in KC1 Crystals
Before and After Coloration

An experiment, using atomic abxorption analysis, was con-

ducted to measure the concentration of Ca2+ in KC1:Ca crystal before

and after coloration. We found that there is no significant change of

concentration of calcium caused by coloration. We may conclude that

calcium ion concentration is constant during coloration, and may

safely assume the same is true during the mobility measurement.



40

Mobility and its Temperature Dependence

F Center Mobility in Pure KC1 Crystal

The observed mobility, p.ob, of F centers in pure KC1 crys-

tals was determined from the expression

= v/Ec

where v is the drift velocity of the boundary of colored cloud (F cen-

ter) migration during withdrawal, and Ec is the electric field in the

colored region, which was calculated from the equation (32):

1E _ V/xc.
c ab + 1

where a is the conductivity ratio of the colored region and clear

region, expressed as a- o/cr b is the ratio of distance between the

clear region and colored region. A little reflection will show that

Ec (rather than Eu) is the proper field to use, and also that with-

drawal (rather than injection) leads to a more well-defined boundary

velocity. Since Ec < Eu.' any F center lagging behind the boundary

will be subject to higher acceleration than those in front of the bound-

ary and thus catch up to its fellows. The average velocity of the

group at, and in front of, the boundary clearly depends on E. The

conductivity of pure KC1 either in the clear region (without F centers)

or in the colored region (with F centers) has been given by Seevers and
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Scott (46).

The mobility, p.ob was determined for each crystal sample at

several different temperatures ranging from 400°C to 500°C. Table 1

shows the results of the mobility of F centers in pure KC1 at various

temperatures.

To further examine whether the negative-ion vacancy concentra-

tion is established both by the Schottky equilibrium and F center ioniza-

tion, designated as Case I, or whether na in additively colored KC1 is

not affected by the Schottky equilibrium, designated as Case II, graphs

were made by plotting log (p.ob/p.eT3/2) versus 1000/T as shown in

Fig. 9 for Case I, and log (p.ob nF 2 /
e
T3/4) versus 1000/T as shown

in Fig. 10 for Case II, respectively.

It was assumed that the electron mobility, p.e is independent of

the F center concentration and equal to the value given by Brown and

Inchauspe (3), namely

p.e = 3.6 exp (300 /T), cm2 /Vs,

where T is in K. At 400°C, for instance, p.e = 2.02 cm2/Vs,
while

at 500°C, p.e = 1.71 cm2 /Vs. It shows the electron mobility has only

a small temperature dependence.

In Fig. 9 in which the solid line was obtained by using linear re-

gression analysis together with Eq. (24), the slope of the curve with

correlation coefficient r = 0.96 indicates (E -Ws/2) = 1.42 ev.
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Table 1. Experimental determinations of [I b and nF of F centers
in pure colored KC1 at various temperatures.

Sample Temperature, °C nF, 1017 cm-3 }I b 10 6 cm2/Vs

1 500 3.5 4. 2

2 500 2. 3 4. 3

3 494 2.5 5.7

4 494 2.5 4.5

5 485 2. 0 4. 2

6 480 4. 9 2.7

7 471 2. 3 3.5

8 470 1.8 4.2

9 470 2. 0 2.4

10 448 3.5 O. 9

11 448 4.1 1.1

12 440 2.5 O. 8

13 435 2. 2 0. 8

14 435 2.5 0. 8

15 434 4. 2 0.7

16 410 2.7 0.5

17 400 3. 6 O. 2
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Mobility of F center in pure KC1 versus reciprocal tem-
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Figure 10. Mobility of F center in pure KC1 versus reciprocal
temperature as in Case II. y = -6. 97x + 10. 07;
r = O. 97.
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Taking Ws to be approximately 2.5 ev (18), the thermal ionization

energy of an F center using Case I is 2.67 ev. In Fig. 10, again

using linear regression, together with Eq. (28), the slope of the

curve is given by EF/2 = 1.36 ev, with r = 0.97. Hence, the ther-

mal ionization energy of an F center in Case U should be 2.72 ev,

according to these data.

The values for EF - Ws/2 or EF/2 in both cases for KCl are

very close. These should be compared with the value obtained by

Smakula (1.00 ev), by Shamovskii, Dunina and Gosteva (1.03 ev) and

the value obtained by Gravitt, Gross, Benson and Scott (1. 3 ev), also

by Seevers and Scott (1.02 ev).

After Stasiw (54), Smakula (51) subsequently developed the

steady-state method to find the F-center mobility. According to

the equation

F = J/n. FeE (35)

where J is the current density measured at the flat electrode and E

the electric field strength, nF the concentration of F-centers, e the

electronic charge, he found that p.F was given by the empirical equa-

tion

p.oexp(-U/kT) (36)

where 1.1.0 is a constant of the order of 100 cm2/Vs and U an activation

energy for the process. U was found to be approximately 1.0 ev in
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KC1. In his experimental condition, F-centers traveled in a uniform

medium (colored crystal) and a somewhat different function, i. e.,
1

'
a plot of log [IF vs. was used to obtain the value U. Also, we seeT

that if the behavior of the crystals was described by equation (35) the

mobility of F centers would be proportional to nF1 with U = 1.0 ev.

In Pohl's review (41), it was assumed that the electric field in

the colored and uncolored portions of the crystal is the same. At

much higher temperature range (650°-800°C) and lower F-center con-

centration (1015 cm-3) a higher mobility of F-center was found than in

the present work.

Gravitt, Gross, Benson and Scott (20) carried out an experi-

mental arrangement very similar to the present work except the elec-

tric field in the colored portion of the crystal was measured directly by

means of potential probes mounted in the crystal. Under the experi-

mental condition 500*-650°C, they found a plot of log (v/E) for KC1 as

a function of 1/T indicated an activation energy of 1.3 ev. Because
T3 /2 or laeT3/4 (nF )

-2. is almost constant in the temperature range

of interest, the slope for log µF vs. 1/T results in only a small

change. Consequently, there is good agreement between their results

and the results of the present work.

A comparison of plots of log l-tob vs. 1/T was made as shown in

Fig. 11. Curve C was obtained by means of the empirical formula

from Pohl. Because of two orders lower magnitude of nF' they have
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Figure 11. A comparison of plots of log mobility of F center in

pure KC1 versus reciprocal temperature. Curve A:
our results; Curve B: data of Gravitt et al.; Curve C:
empirical formula from Pohl.
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a much higher mobility. Curve B and C shows good agreement in

the slope between Gravitt et al. and the present work. The higher

mobility of Gravitt et al. undoubtedly results from a lower value of

nF (1016 cm-3). From this comparison of plots, we may conclude

the concentration of F centers actually affects the true mobility as it

should in Case II. It is remarkable at low temperatures.

Shamovskii, Dunina and Gosteva (49) studied the temperature

range in which ionic conductivity was extrinsic. These authors found

a large positive coefficient, corresponding to an activation energy of

1.03 ev and concluded that the conductivity varied as exp (-EF/21cT).

Mott and Gurney (36) treated the experiment of Smakula (51),

assuming that thermal ionization provides conduction electrons in a

concentration small compared to that of negative-ion vacancies pro-

duced by intrinsic ionic disorder, and showed that in the region of

intrinsic ionic disorder the electronic conductivity due to F centers

should vary approximately as exp [-(EF-+Ws)/kTl.

It must be noted that, since EF, ixWs' the activation energy
EF

EF i Ws="2--T-, so that the temperature coefficient of conductivity

alone will not distinguish between the assumption of Mott and Gurney

and that of Shamovskii et al.

In the present work, for pure colored KC1 crystal, we see that

according to the activation energies (indicated by the slopes for Case

I and Case II), it is hard to select one of two conflicting theoretical
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models.

However, luckily, we can compare the magnitude of 'lob at a

given temperature predicted by the two cases. We may calculate

from Equation (20), if Case I were operative, for example, the

mobility of F centers for a desired F-center concentration at any

temperature in the range of interest, taking EF as 2.0 ev and Ws as

2.5 ev, taking m' as half the free electron mass and N = 1. 6 x 1 022,

a good approximation for KC1 crystal. At 673°K, the calculated value

is }lob = 4.5 x 10-9cm2
- v1 -s -1 which is about two orders of magni-

tude lower than observed. Whereas, we calculate from Equation (27),

if Case II were operative, at 673°K with nF = 2.5 x 1017 cm-3 the

calculated value is 1.1. ob 5 x 10-7 cm2v1
s

1 which is the same

order of magnitude as observed. Table 4 shows the comparison in

the temperature range of interest.

Further, according to Equation (27), the mobility of the F

center should be proportional to nF 2 ; the data of sample 5 and

sample 6 in Table 1 shows this relationship. Sample 7 and sample 8

display mobilities approximately in accord with Equation (27), but

other pairs studied at identical or nearly identical temperature do

not give strong support to this dependency. Considering the small

range of F-center concentrations, and the error associated with

the mobility measurement itself, this is riot considered a significant

test of Equation (27).
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We have now to inquire about the observed activation energy.

Since the magnitude of the mobility in pure colored KC1 supports the

assumption of Case II, i. e., that the Schottky equilibrium is not

maintained, the activation energy should be just E1 /2, which we have

seen is about 1.0 ev, whereas the present experiments give 1.36 ev.

There are two likely causes for the higher observed value.

First, in the present samples, the electronic conductivity due

to F centers is an appreciable fraction of the total conductivity, so that

appreciable space charge is built up as F centers migrate (30, 33).

This can only be relieved by migration of vacancies. As a result, the

activation energy for vacancy migration (about 1.0 ev for anion va-

cancies and about 0.8 ev for cation vacancies) enters the observed

activation energy to some degree. Smakula used samples of very low

electronic conductivity and found the activation energy to be 1.00 ev.

Second, the possibility of a contribution from a barrier poten-

tial due to evaporation of F centers near the anode cannot be exclud-

ed. Seevers and Scott (46), showed by means of the current-voltage

relation that such a barrier potential increased the observed activa-

tion energy by 0.11 ev. Due to different geometry, time of measure-

ment, the thermal history, we cannot assume the potential is the

same in this case, but it would at least serve to increase the ob-

served activation energy above the expected value of E F/2.
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Mobility of F Centers in Colored KC1
Crystals Containing Calcium Ions

Measurements were made on three groups of colored calcium-

doped crystals which contained 2.49 x 1016, 5.11 x 1016 and 1.21 x

1017 calcium ions per cm3 respectively.

In general, in the chosen temperature range, there is no sig-

nificant difference between the conductivity of colored KC1:Ca and

uncolored KC1:Ca (46). Therefore, an applied electric field will be

e qual in both colored and bleaching parts. Hence, Ec was taken as

V/d, where V is the applied voltage, and d is the length of the crys-

tal mounted between the two electrodes. The mobility,
o b

was

determined for each sample at different temperatures ranging from

400°C to 490°C as shown in Table 2.

In order to examine both cases as described previously,
flobgraphs we le made by plotting log 3/2 vs. 1000/T and

I-Lob nF2
11eT nCa

log 3/4vs. 1000/T as shown in Figure 12 and Figure 13, re-
P'err

spectively. In Fig. 12 the correlation coefficient r was calculated

as 0.74. The slope of the curve indicates an activation energy of

1.18 ev. From Equation (25), taking Ws to be 2.5 ev, the thermal

ionization energy of an F center is 3.68 ev.

In contrast, Fig. 13, together with Equation (28) shows an

activation energy of 0.94 ev, with r = 0.92, and the ionization energy
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Table 2. Experimental determination of p.ob and nF at various
temperatures.

Sample Temperature, °C nF, 1017 cm-3
p.ob'

- 2
10

6
cm /" Vs

A-1 490 4. 0 6. 1

A-2 490 3.5 4.5

A-3 485 2.5 9.1

A-4 435 2. 6 I. 6

A-5 436 2.5 2. 3

A-6 430 2.5 3.4

B-1 478 1. 6 9.4

B.2 478 1. 2 8.8

B-,3 457 1.5 6. 0

C-1 475 2.8 3.7

C-2 438 2. 0 2. 6

C-3 400 2. 1 1. 3

Group A: Ca
2+ concentration, 2.49 x 1016 ions/cm3

Group B: Ca
2+ concentration, 5.11 x 1016 ions/cm3

Group C: Ca
2+ concentration, 1.21 x 1017 ions/cm
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Figure 12. Mobility of F center in KC1:Ca2+ versus reciprocal
temperature as in Case I. y = -5. 92x - 18. 47;
r = 0.74. Group A, B, C: refer to Table 2.
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Mobility of F center in KC1:Ca2+ versus reciprocal
temperature as in Case IL y = -4.75x + 7.38;
r = 0.92. Group A, B, C: refer to Table 2.
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of an F-center should be 1.89 ev, according to these data. This is to

be compared to the previously reported value 2.04 ev (47).

It should be noted that the energy necessary for optical excita-

tion of an F center electron from the ground state to an excited state

approximately 0.1 ev below the bottom of the conduction band is 2.3 ev.

Thus, the ground state is at least 2.4 ev below the bottom of the conduc-

tion band for optical exciatation. The fact that the thermal ionization

energy of 1.89 ev in Case II is less than this value is to be expected

as has been pointed out by Mott and Gurney (36). This is because op-

tical excitations follow the Frank-Condon principle, whereas thermal

excitations do not. Smith (52) calculated the difference between the

thermal and optical energies to be approximately 0.4 ev in KC1, i. e.

the thermal ionization energy of F center should be approximately 2.0

ev, according to the above. In Case I the slope indicated that EF =

3.68 ev, which shows the theoretical interpretation of Case I is not

correct.

Now, we can check the magnitude of 11 at a given temperature

predicted by the two cases, Eq. (21) and Eq. (27), likewise in the KC1.

Taking EF = 2.0 ev and as Ws 2.5 ev, when nCa = 2.5 x 1016 cm-3 and

Jar = 2.5 x 1017cm-3 at 435°C the calculated value is p.ob = 1.1 x 105
cm2/vs

in Case I, and p.ob 1.2 x 10-6 in Case II. Clearly, the calcu-

lated value in Case U is closer to the experimental data than the value in

Case I. If we neglect the weak temperature-dependence of µe and T3/2



56

or T3/4, we can make a comparison of plots of log 1.1.ob vs. 1/T as

shown in Fig. 14.

It is clear that the interpretation according to Case I is in-

correct. Since the magnitude of the mobility and activation energy

both at least qualitatively support the assumption of Case II, i. e. that

the Schottky equilibrium is not maintained, the activation energy should

be E FR, which we have seen is about 1.0 ev. The present experiment

gives 0.94 ev, we see that the agreement with the expected value is

much better than in the case of pure colored KC1. This is undoubtedly

due to the much higher ionic conductivity which relieves much, if not

all, of the effects of space charge. Increasing the divalent cation

concentration, increases the number of the more mobile ionic charge

carriers.

We come now to the question "Why is the Schottky equilibrium

not maintained in colored alkali halides under the conditions of these

experiments?"

Durand (12) has attempted to account for the disequilibrium

on the basis of surface charge arising from evaporation of F center

from a crystal not at equilibrium with alkali metal vapor. His argu-

ment appears to require that F centers evaporate as such (i. e. an

electron and a negative-ion vacancy depart) leaving an excess of

positive-ion vacancies, and thus a negative surface charge. This is

not physically reasonable; the reversibility of coloration implies that
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Figure 14. The comparison of mobility of F center
in Case I, Case II and observed.
A: KC1 in Case I, B: KC1:Ca2+ in
Case I, C: KCI observed, D: KC1
and KC1:Ca2+ in Case II, E: KC1:Ca2+
observed.

1.2
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evaporation consists of removal of a cation and the electron, leaving

a neutral vacancy pair on the surface (under the assumption of con-

servation of sites).

Howard and Lidiard (23) show by a statistical-thermodynamic

calculation that, provided the colored crystal is in equilibrium with

alkali metal vapor, the Schottky equilibrium holds independently of the

presence of F centers in the crystal, and this assumption is usually

made in treating F-center ionization as well as ionic equilibria in

general. However, it is clear that during the measurements of con-

ductivity and F-center mobility reported here and elsewhere, equi-

librium with the vapor was not established. Rapid evaporation of F

centers from the surface, as the sample temperature is increased,

is the likely cause of the failure of the Schottky equilibrium, but the

mechanism remains obscure.

Mobility of F Centers in KC1 Crystals
Containing Oxide Ions

Homogeneous additive coloration was generally not achieved for

those samples containing higher concentrations of 02 ions, due to the

extensive oxidation of elemental potassium prior to F-center formation.

Hence injection coloration was used to measure the boundary velocity.

The field was simply calculated by V/d as in KC1:Ca2+ case, since the

conductivity of oxide-containing KC1 is much enhanced over that of pure
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KC1.

Before a mobility measurement the sample of KC1:02 was

heated in the potassium vapor at 600°C for 72 hours to reduce

superoxide ions to oxide ions.

It was also found that at low temperature (below 500°C) or low

applied voltages (lower than 500V per cm) injection is not produced.

The temperature range of interest was 500°-540°C. The mobility

of F centers was determined as given in Table 3.
p.ob

T

no
A plot was made of log 3/2 vs. 1000/T as shown in

14e

Fig. 15. The solid line was determined by least square fitting, with

r = 0.65. The slope gives an activation energy of 2.68 ev. Together

with Eq. (26) or Eq. (29), this activation energy should be equal to the

thermal ionization energy EF. This ionization energy value is con-

siderably higher than the expected value of 2.0 ev which indicates

that neither case applies satisfactorily to KC1:02
.

In KC1:02' the two cases lead to the same prediction as

described previously (Section I). Not only is the activation energy

too high, but the observed magnitude of the mobility is several orders

too high. For instance, at 514°C, with no = 3.4 x 1017 ions cm 3,

the calculated value is 1.48 x 10n crn
2/Vs, which is four orders

lower than observed value.

The likely cause of the foregoing results is the formation, in

oxide-containing colored KC1, of colloidal metal particles from
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Table 3. Experimental determinations of [lob and nF of F centers
in KC1:02" crystals at various temperatures.

2
Sample T°C nF,1017 cm-3 no,1017 cm-3 flob'l°

-6
cm/Vs

A-1 500 0.65 8.0 0.25

A-2 520 1.3 8.6 1.23

A-3 543 5.3 6.5 1.56

B-1 514 3.3 3.4 0.33

B-2 514 6.7 3.4 0.22
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1.35 1.3 1.25 1.2

Figure 15. Mobility of F center in KC1:02" versus
reciprocal temperature. y = - 13.53x +23.97
r = 0.65.
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isolated F centers. Considerable literature exists on the enhance-

ment of colloid formation by oxide or hydroxide ions in alkali halides

(14, 37).

It was not feasible to determine the presence of colloid spec -

trophotometrically at the temperature of the experiments; however,

in samples quenched rapidly after each mobility measurement, a large

absorption band with maximum at approximately 760 nm was found in

the colored region in all cases. This band is known to arise from Mie

scattering by colloidal metal particles (45). A second mechanism

for F-center migration now may be important; namely, thermionic

emission of electrons from colloidal particles into the conduction

band, drift in the field (accompanied by vacancy drift), retrapping to

form F centers, and re-establishment, at least to some degree, of

the equilibrium between F centers and colloid.

The activation energy for this process should consist of two con-

tributions: (I) the energy to raise an electron from the Fermi level of

potassium metal to the conduction band, and (2) an uncertain contribu-

tion from the requirement that, in order to relieve charge on the

colloid particles, a number of a-centers will be dissociated from the

particle and jump to positions distant by several lattice spacings. The

first can be estimated as O-x, where O is the work function of potassium

in vacuo and x is the depth of the bottom of the conduction band below the

. vacuum level, in KC1. The work function is 2.15 ev (1); the value of
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is uncertain but has been estimated as around 0.5 ev in NaC1 (36,

p. 73. Clearly the second contribution will need to be consider-

able (perhaps as much as 1 ev) to give a satisfactory accounting

for the observed activation energy. The jump activation energy

for a centers is, in fact, about 1 ev (19).

As far as the magnitude of the mobility is concerned, there

is no valid previous basis for comparison. Jain (24, 25) consid-

ered the increased conductivity of colored KC1 to arise from

thermionic emission from colloids and gave some quantitative

arguments concerning expected magnitudes, but these cannot be

carried over into KC1:02
, particularly in respect to the mobility

of F centers.
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Table 4. The comparison of theoretically calculated values of
mobility of F center with those observed.

(cm2/Vs)

Sample T°C Case I Case II Observed

KCl 400 4.5 x 10-9 5.1 x 10-7 2.5 x 10-7

KC1 500 2.54 x 10 -8 4.5 x106 5.3 x106
KC1:Ca

2+
400 1.6 x 105 5.1 x 10-7 1.3 x106

KC1:Ca
2+

490 6.1 x 106 4.5 x10-6 7.4 x 10-6

1.5 x 1.5 xKC1:0
2-

514 3.0 x 10-7

*xi = 2.5x1017 cm-3; nCa = 2.5x1016; no = 3.4x1017;
,

p,
e

= 2.1 ,v1.7 cm2/V
W

s = 2.5 eV; E = 2.0 eV.
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SUMMARY AND CONCLUSION

For coloration (electron injection) or bleaching (electron with-

drawal) where electrons migrate in the conduction band, two processes

are involved: electron migration in the conduction band and simul-

taneous migration of either positive or negative ion vacancies for

charge compensation.

Examination of Table 4 shows that the theoretical interpretation

of Case I is not correct. From Fig. 12, Fig. 13 and Fig. 14, it is

apparent that the theoretical interpretation of Case II (the Schottky

equilibrium is not maintained) is in good agreement with the observed

measurements in pure colored KC1 and colored KC1:Ca2+

In colored KC1:02 , the mobility was much higher than that

predicted upon the basis of F-center ionization alone. A second

mechanism, in which thermionic emission from colloidal metal par-

ticles is involved, is a probable cause for migration.
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