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When the dc conductivities of various pure KC1 crystals were 

compared it was found that crystals grown under an HC1 atmosphere, 

from salt purified by ion exchange, exhibited lower knee tempera- 

tures than any of the crystals studied. These knee temperatures 

were found to be approximately 350oC. From this the total divalent 

cation concentration was estimated to be 1.8 x 101 cm -3. It was also 

found that no absorption bands were present, in ion exchange purified 

crystals, in the region between 185 mµ and 300 mµ. 

The conductivities of colored KC1 crystals were found to be 

much greater than for uncolored crystals. Above approximately 

400oC the current decreased with time according to the expression 

i /io = 1 - c(t -to), where to was the time when the current was 

c was found to depend on temperature according to the expres- 

sion c = 17,000 ex p 
-1 

( -l. 12 ev /kT) sec 

o. 



The decrease in current was associated with a loss of F- centers 

from the crystals. Optical scanning of partially bleached crystals 

showed that, during bleaching, a definite boundary was formed be- 

tween a colorless region at the surfaces and a colored region in the 

interior. 

The electronic transport number was determined to be 0. 96 at 

400°C. Thus the increased conductivity was attributed to ionized F- 

centers. 

Plots of log106 vs. 1000 /T were linear with two different 

slopes, depending on the history of the sample. If gold contacts were 

evaporated onto freshly cleaved crystals rectification was observed. 

The rectification could be eliminated by either heating the colored 

crystals for five minutes, at temperatures greater than approximate- 

ly 500°C, after applying the contacts, or by sanding the crystals 

prior to applying the contacts. Accompanying the loss of rectifica- 

tion was a decrease in the conductivity and an increase in the activa- 

tion energy for conduction, from 1.13 ev to 1.22 ev. 

Plots of o- , at a given temperature, vs. nF,Z were found 

linear. From this, and the theory of rectifying contacts, a calcula- 

tion of the thermal ionization energy for F- centers was made. The 

value obtained was 2. 04 ev. 

Conductivity and electronic transport number measurements 

were made on CaC12 -doped KC1 crystals. From observations that the 



conductivity was not changed significantly after coloring and that the 

electronic transport number was less than 0. 15, it was determined 

that the calcium remained divalent after coloring. 
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ELECTRICAL CONDUCTIVITY OF ADDITIVELY 
COLORED POTASSIUM CHLORIDE CRYSTALS 

I. GENERAL INTRODUCTION 

Types of Color Centers 

Research on color centers began late in the nineteenth century 

when Goldstein (12) found that alkali halide crystals bombarded with 

cathode rays acquired characteristic colors. However it was not un- 

til the 1930's, when Pohl (44) became interested in this phenomenon, 

that any large -scale research was conducted to determine the cause 

of this coloration. Since that time investigators throughout the world 

have become actively engaged in this field and a great deal of know- 

ledge has been accumulated. It has been found that many different 

species of crystals can be colored in a variety of different ways, the 

most important of which are additive coloration by heating the crys- 

tals in the presence of their metallic or nonmetallic constituents, 

electrolytic coloration and coloration by ionizing radiation. Alkali 

halide crystals have been by far the most thoroughly investigated and 

are the most completely understood. 

Upon coloring these crystals several new absorption bands are 

introduced which cannot be found in uncolored crystals. The locations 

of these bands varies depending on the crystal species and the inten- 

sities vary depending on the method by which the bands are generated. 
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A brief discussion of some of the centers which give rise to these 

bands is given in the following paragraphs. For a more thorough de- 

scription the reader is referred to the works of Shulman and Compton 

(48) and of Markham (37). 

Trapped Electron Centers 

If alkali halide crystals are additively colored by heating with 

alkali metal and then quenched to room temperature the only absorp- 

tion band observed is the F -band. The absorbing centers responsible 

for this band are known as F- centers. A great deal of evidence has 

now been accumulated in support of the de Boer model of the F- 

center (48, p. 60 -69). This model consists of an electron trapped at 

a halide ion vacancy (9). 

Additional color centers can be formed in crystals which con- 

tain F- centers by either heating or exposing the crystals to light. If 

the crystals are exposed to light at room temperature or heated to 

slightly above room temperature in the dark new absorption bands 

are formed which occur on the long wavelength side of the F -band and 

result from aggregates of F- centers. The simplest of these aggre- 

gate centers is the M- center. A more descriptive name for this cen- 

ter is the F2- center since it has been quite well established to consist 

of two F- centers occupying adjacent anion positions. Similarly there 

are R- and N- centers which are thought to be F3- and F4- centers 
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respectively and undoubtedly higher aggregates. 

In addition 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. These centers are 

formed by warming alkali halide crystals containing F- centers to a 

few hundred degrees centigrade in darkness. 

Trapped Hole Centers 

There also exist another group of color centers referred to as 

V- centers and labeled as V1, V2, V3, etc. These centers are known 

as trapped hole centers and are formed by the same techniques as the 

trapped electron centers except that methods must be used which 

leave the crystal with an excess of halogen rather than an excess of 

metal. During coloration by ionizing radiation, however, trapped 

electron and trapped hole centers are formed simultaneously leaving 

the crystal containing an excess of neither constituent. Investigations 

of the V- centers have not been carried out to nearly as great an ex- 

tent as for the F- and aggregate centers and consequently models 

have not been established for any V- center which is stable at room 

temperature. However models for the Vk- center and the H- center, 

which is similar to the Vk- center, have been established by spin res- 

onance. The Vk- center consists of a hole trapped by a pair of adja- 

cent halide ions, each occupying its normal lattice position. The 
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H- center consists of a hole trapped by four halide ions. The atoms 

form a linear array with the center pair occupying a single lattice 

position. 

Impurity Centers 

There also exist certain color centers which can be found only 

in crystals containing particular impurities. Among this group are 

the Z- centers which are labeled Z1, Z2, Z3 and Z4. These centers 

are formed in colored alkali halide crystals which contain alkaline 

earth impurity ions. Although none have been verified, various mod- 

els have been proposed for these centers, the most frequently re- 

ferred to being those of Pick (40, 41) and of Seitz (50). These models 

all consist of electrons trapped at various combinations of alkaline 

earth cations and positive and negative ion vacancies. 

Determination of F- Center Concentration 

The concentration of F- centers, nF can be calculated by 

use of Smakula's equation (55) or from the revised form given by Dex- 

ter (11). The latter result is 

nFf = 0.82 x 1017 2 2 
A, cm 3, 

(n +2) 

where f is the oscillator strength and n the refractive index. A 
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is the area under the absorption curve and must be expressed in units 

of ev cm -1 in Equation (1. 1). In computing A the absorbance must 

be given in common -logarithmic units rather than natural -logarithmic 

units. The F -band is not truly Gaussian or Lorentzian but usually it 

is assumed Gaussian for purposes of calculation. If this is done A 

is given by the expression 

A = (Tr/4.ln 2)2a m W, (1. 2) 

where a is the absorption coefficient at the band maximum and m 

W is the band width at one -half the maximum height. From Equa- 

tions (1. 1) and (1. 2) we obtain 

nF,f = 0.87 x 1017 2n 2a W, cm -3 

(n +2) m 
(1. 3) 

The oscillator strength, f, has been determined from Equation 

(1. 3) using known values for nF. The value given by Sonder (58) 

is 0. 59 for potassium chloride. Konitzer and Markham (33) have 

measured W at room temperature and give the value 0. 34 ev. The 

refractive index, n, for potassium chloride is 1. 492 at the F -band 

location. 

a is given by the relation m 

a = (2. 303/d) log10(Io/I), rn 10 o 
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where d is the thickness in centimeters, I the intensity of trans- 

mitted light and I 
0 

the intensity of incident light. 

The absorbance per cm is related to the absorption coefficient 

by the expression 

A = a /2. 303. (1. 4) m m 

Combining Equations (1. 3) and (1. 4) and using the values for f and 

W given above gives 

7 =0.9"rx10 Am. (1. 5) 

With Equation (1. 5) it is possible to calculate F- center concentrations 

in potassium chloride crystals from absorption spectra taken at room 

temperature. 

Electrolytic Coloration and Conductivity 

In the early stages of color center research Pohl (43) became 

particularly interested in electrolytic coloration and the subsequent 

migration of the F- center cloud in an electric field. The experiments 

were performed by placing a crystal between a pointed cathode and a 

flat anode, each usually being made of platinum. If the crystal was 

then heated to several hundred degrees centigrade and a field of sev- 

eral hundred volts per centimeter applied a colored cloud would flow 

out of the pointed electrode in a funnel shape. It was also observed 

that during this time halogen was produced at the positive electrode 

nF, 
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leaving the crystal containing an excess of alkali metal just as in the 

case of additive coloration. Also during the injection of F- centers 

the current was observed to increase until the front of the color cloud 

reached the positive electrode. At this time the current would attain 

a steady value. 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. From the 

observed migration velocity, vb, of the F- center cloud Stasiw (59) 

calculated the F- center mobility, µF in potassium chloride crys- 

tals at several temperatures using the relation 

vb = F,E, (1.6) 

where E is the electric field strength. Stasiw considered other 

means of finding the mobility, one of which was the steady-state 

method. This method was subsequently developed by Smakula (56) 

who studied a large number of different alkali halide crystals. The 

method employed was to allow the injected color cloud to fill the err- 

tire region between the two electrodes. When this had occurred the 

current would attain its steady- state value. By subtracting the cur- 

rent before any F- centers were injected from the steady -state cur- 

rent Smakula was able to calculate the current due to F- centers and 

hence the mobility of the color cloud from the relation 



µ F = J /nFeE, (1.7) 

8 

where J is the current density measured at the flat electrode, nF, 

the concentration of F- centers or excess metal, e the electronic 

charge and E the electric field strength. When this was done he 

found that IF was given by the empirical equation 

= µoexp(-U/kT), (1.8) 

where ¡so is a constant of the order of 100 cm2 volt 1 sec -1 and 

U an activation energy for the process. U was found to be approx- 

imately 1. 0 ev in potassium chloride. 

At the time these experiments were conducted a satisfactory 

model for the F- center had not been established. Therefore a theo- 

retical interpretation of the results could not be made. It was not un- 

til after the de Boer model had been proposed that Mott and Gurney 

(39) were able to examine the results in detail and give a theoretical 

interpretation. Pohl (43) did give a qualitative discussion however 

which is easily understood. 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. They only travel a short distance however before they are 

recaptured by ionized F- centers and rendered immobile. It is only 

0 

µ 
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during the time when the electron is trapped that it is visible as an 

F- center and only during the time it is free that it can migrate. It is 

due to repeated dissociation, migration and recombination that the F- 

centers appear to move while in reality it is the free electrons which 

actually are migrating. 

The interpretation of these results by Mott and Gurney is based 

on the de Boer model of the F- center which was described earlier as 

an electron trapped at a halide ion vacancy. As did Pohl, Mott and 

Gurney assumed that the migration of the color cloud was due to the 

dissociation and recombination of F- centers. Starting with this as- 

sumption and the assumptions that the concentration of negative ion 

vacancies already present was much greater than for ionized F- 

centers and that classical statistics applied, they were able to arrive 

at two conclusions. The first was that U in Equation (1. 8) was 

actually given by the relation 

U = E - 
z ES' (1. 9) 

where EF is the thermal ionization energy of the F- center and ES 

the energy necessary to form a separated positive and negative ion 

vacancy pair from the perfect crystal. The second was that the con- 

ductivity at any given temperature should be proportional to the F- 

center concentration. Unfortunately the experiments of Stasiw and of 

Smakula were not of such a nature that the second point could be 
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checked. 

Gravitt, Gross, Benson and Scott (Z1) conducted an experiment 

similar to that of Stasiw in which corrections were made for the in- 

homogeneity of the electric field. They obtained U = 1. 3 ev for 

potassium chloride. These experimenters assumed the calculations 

of Mott and Gurney to apply. 

Shamovskii, Dunina and Gosteva (52) conducted a somewhat dif- 

ferent experiment in which the conductivity, a , of additively col- 

ored potassium chloride crystals was measured. They found that the 

conductivity of the colored crystals was much greater than that of the 

uncolored crystals and that below approximately 470oC plots of 

log10o- vs. l/T were linear, with slopes corresponding to 

U = 1. 03 ev. These authors gave a theoretical treatment of the prob- 

lem, based on Fermi -Dirac statistics, assuming nearly all anion 

vacancies came from ionized F- centers, and arrived at the conclu- 

sions that U = 
Z 
EF and that the conductivity at a given tempera- 

ture should be proportional to the square root of the F- center concen- 

tration. They made no effort to check this latter point however. 

Jain and Sootha (28) measured the conductivity of additively col- 

ored potassium chloride crystals and found that in the temperature 

range of 300°C to 500oC the conductivities of the colored crystals 

were much greater than for uncolored crystals. These authors at- 

tributed the increase in conductivity to thermionic emission from 



11 

colloidal metal formed by coagulation of F- centers during heating. 

Maycock (36) measured the conductivity of additively colored 

potassium chloride crystals and found the conductivity of the colored 

crystals to be much less than for the uncolored crystals. 

Tomka (61) compared the conductivities of additively colored 

alkali halide crystals which had been thermally bleached with the con- 

ductivities of uncolored crystals. He found that the bleached crystals 

exhibited a lower conductivity than the uncolored crystals. 

Markham (46, p. 113 -124) discusses the experiments of Stasiw 

and Smakula and cites the work of Pekar. Pekar calculated the ther- 

mal ionization energy, EF, for the F- center from a purely theo- 

retical approach. The value obtained agreed very well with twice the 

activation energy obtained by Smakula. This good agreement has 

been used to argue that Fermi -Dirac statistics applied, that U is 

equal to ZEF and that the conductivity should be proportional to 

the square root of the F- center concentration. Markham disagrees 

with Pekar's conclusions and argues that the results of Mott and Gur- 

ney are truly correct. 

At this point the reasons for conducting the present experiments 

should be mentioned. It was felt that conductivity measurements 

would be useful in determining the oxidation states of alkaline -earth 

impurities in colored potassium -chloride crystals. It will be pointed 

out in Section II that divalent impurities increase the ionic conductivity 
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while monovalent impurities do not. Thus if, in the process of color- 

ation, the divalent impurities are reduced to the monovalent state the 

ionic conductivity should subsequently be reduced from that charac- 

teristic of uncolored crystals. Knowledge of the oxidation state of an 

impurity, such as calcium, would then be helpful in choosing models 

for the various Z- centers. 

Before beginning the experiments on colored crystals containing 

calcium it was necessary to study colored pure crystals in order to 

separate the properties of the impurities from the properties of the 

host crystal in their absence. As a result it is felt that a better un- 

derstanding of the conduction process in these crystals has been ob- 

tained and that answers to many of the questions arising from the ex- 

periments discussed above have been found. 
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II. CONDUCTIVITY OF UNCOLORED ALKALI HALIDE CRYSTALS 

Introduction 

Before continuing further with a discussion of the experiments 

performed it is necessary to point out that impurities present in al- 

kali halides have notable effects on the behavior of colored crystals. 

For this reason a brief series of experiments was performed in an 

effort to determine the most pure crystals available in reasonable 

quantities. It is a difficult and time consuming problem to make a 

thorough investigation of the purity of alkali halide crystals but for- 

tunately there are two simple methods which indicate the degree of 

purity. These two methods are optical absorption spectroscopy and 

ionic conductivity. In the following paragraphs we will give a detailed 

discussion of ionic conductivity after which the spectra of various 

crystals will be discussed. 

Empirical Observations 

Pure Crystals. According to Jacobs and Tompkins (27) the 

first published work of note on the conduction of electricity through 

crystalline solids was that of the Curies in 1888. Their method of 

measurement was to place a thin slice cut from a single crystal be- 

tween two metal electrodes connected to a high voltage supply in ser- 

ies with a fiber electrometer. After a time At the electrometer 



would measure a potential AV. The current, i, flowing in the 

crystal was then given by 

14 

i = CoV/At, (2. 1) 

where C is the total capacitance of the crystal, electrometer and 

leads. The conductivity, o-, could then be calculated from the ex- 

pression 

o = id /V 
o 
A, (2. 2) 

where d and A are the thickness and cross - sectional area of the 

crystal respectively and V 
0 

is the applied potential. 

A phenomenon quite different from that in metallic conductors 

was discovered for ionic crystals. The current measured was found 

to be time dependent, decreasing to a final value over a period some- 

times as great as several days. This introduced considerable diffi- 

culty in defining the conductivity. Joffe and Roentgen (29) showed 

that the decrease in current was due to the building up of a polariza- 

tion voltage, since on disconnecting the electrode from the power 

supply and grounding it, a current flowed through the electrometer in 

the direction opposite to that of the original current. Today there 

still exists considerable controversy concerning an unambiguous de- 

finition of conductivity when polarization is occurring, and there are 

two different schools of thought. One school believes the initial 
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current, measured before polarization has occurred, should be used 

in computing the conductivity and consequently they use high frequen- 

cy alternating current methods. Allnatt and Jacobs (1) belong to this 

school and have studied alternating current polarization and give a 

theoretical treatment assuming that a space charge build up at the 

electrodes, which partially blocks the flow of current, is responsible. 

The second school argues that the final steady current should be used. 

Belonging to this group are Sutter and Nowick (60) who have investi- 

gated polarization by direct current methods. Their feelings are that 

the polarization occurs due to dipole orientation. The author believes 

that neither method gives truly correct results. ac gives conductiv- 

ities that are too high while dc gives conductivities that are too low. 

This is because dipoles, such as impurity -vacancy complexes, would 

oscillate with the ac field and contribute to the current even if ions 

were not migrating. If dc is used these dipoles would align them- 

selves and cause a decrease in the resultant field and consequently a 

current reading which is too low. Fortunately both ac and dc methods 

usually agree quite well at temperatures of a few hundred degrees 

centigrade and much valuable information can be obtained from each. 

Tubant, Reinhold and Liebold (62) determined the transport 

numbers in several alkali halide crystals. They found that Faraday's 

law was obeyed, with both positive and negative ions being the charge 

carriers. The positive ion transport number was near unity but 
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decreased slightly with increasing temperature. 

In general it is found that when log10o- is plotted vs. 1 /T 

two straight -line segments are observed (see footnote 1 on page 21). 

The high temperature segment is reproducible and appears to be an 

intrinsic property of the crystal. For this reason it is referred to as 

the intrinsic conductivity. The conductivity at lower temperatures 

depends on the previous history of the crystal. This region is re- 

ferred to as the extrinsic or "structure sensitive" region. The point 

where the two straight -line segments intersect is called the "knee. 

Crystals Containing Divalent Cations. Kelting and Witt (31) 

conducted an extensive investigation of the effect of adding divalent 

alkaline earth ions to alkali halide crystals. Their results showed 

quite emphatically that the extrinsic conductivity in these crystals 

was strongly influenced by the presence of the divalent cationic im- 

purities. In fact at temperatures near the knee the conductivity was 

found to increase linearly with the impurity concentration. 

With this brief introduction we should now be ready to consider 

the theoretical foundations of ionic conductivity in detail. 

Theoretical Interpretation of Ionic Conductivity 

Qualitative Discussion. A simple explanation of the observa- 

tions mentioned above is based on the modern theory of lattice defects 
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proposed by Frenkel (19) and by Wagner and Schottky (63). Accord- 

ing to these authors no crystal is absolutely perfect but contains cer- 

tain types of defects. The most important are known as Frenkel and 

Schottky defects. Frenkel defects are formed by atoms being re- 

moved from their normal positions taking up new position at inter- 

stitial sites. Schottky defects are formed when atoms migrate to the 

surface of the crystal leaving vacant lattice positions within the crys- 

tal. Thus Frenkel defects are described as vacancies and interstitial 

atoms formed in equal numbers while Schottky defects are described 

merely as vacancies. Since in alkali halides the relative sizes of the 

atoms would make the formation of Schottky defects energetically 

more favorable than Frenkel defects, it is assumed that Schottky de- 

fects are present in much greater numbers. It is because of these 

defects that the alkali halides are able to conduct an electric current. 

In the absence of an electric field the vacancies will move 

about by jumping from one lattice position to another of the same type 

due to the thermal motion of the ions. Each vacancy has associated 

with it a net unit charge caused by the surrounding ions. A negative 

ion vacancy will have a net unit positive charge and a positive ion 

vacancy a net unit negative charge. Since the motion of the vacancies 

is random no net current flows. However if an electric field is ap- 

plied the positive ion vacancies will preferentially move toward the 

positive electrode and the negative ion vacancies toward the negative 
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electrode thus causing an electric current to flow. Since the magni- 

tude of the current depends on the concentration of vacancies any 

method by which the vacancy concentration is increased will corres- 

pondingly increase the conductivity. It is because of this that dival- 

ent cationic impurities cause an increase in the conductivity since 

when divalent cations are incorporated into alkali halide crystals 

they bring in an excess positive charge. In order to compensate for 

this excess charge positive ion vacancies must be formed in concen- 

trations equal to that of the impurities. The increase in positive ion 

vacancies causes a corresponding increase in the conductivity. It is 

due to this dependence on divalent cation concentration that ionic con- 

ductivity is useful in determining the purity of alkali halide crystals. 

This will be discussed more thoroughly in the following paragraphs. 

Quantitative Discussion. Since derivations of the conductivity 

equations can be found in several review articles and texts (27; 34, 

p. 258 -279; 32, p. 477 -488) only the final results will be given here. 

The ionic conductivity, 

relation 

, in alkali halides is defined by the 

-n eµ +n eµ , (2.3) 
Tr TT a a 

where n 
Tr 

and na and µ 
Tr 

and µ 
a 

are the numbers per cm3 

and mobilities of the positive and negative ion vacancies respectively 

and e is the electronic charge. The mobilities are given by the 

a 



expressions 

and 
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Tr 
= (4a02 evr/kT) exp (-ogir/kT) (2. 4) 

= (4a02 evQ/kT) exp (-oga/kT) (2. 5 

where a is the jump distance and y and v are the vibration - 
o Tr a 

al frequencies, in the direction of the vacancies, for the positive ions 

surrounding a positive ion vacancy and for the negative ions surround- 

ing a negative ion vacancy respectively. A g 
Tr 

and A g 
a 

are acti- 

vation free energies for the jump of a positive ion into a positive ion 

vacancy and for a negative ion into a negative ion vacancy respective- 

ly. k is the Boltzmann constant and T the absolute temperature. 

Since the transport number for the negative ions is much less than for 

the positive ions, except at high temperatures, the second term on 

the right in Equation (2. 3) is usually neglected and the conductivity 

written as 

o- = (4n 
Tr 
eta 

o 
2viTikT) exp (- ogilikT) (2. 6) 

with the aid of Equation (2. 4). This expression is not complete how- 

ever until the manner in which n varies with temperature and im- 
Tr 

purity concentration is known. 

It is easily shown (34, p. 258 -259) that the product of the posi- 

tive and negative ion vacancy concentrations is a function of the 

µa 



temperature only and is given by 

n n = N2 exp (-og/kT), 
Tr a 
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(2. 7) 

where N is the total number of positive or negative ion sites per 

cm3, either occuppied or vacant and Ag is the Gibbs free energy 

of formation of a separated positive and negative ion vacancy pair. 

Regardless of the precautions taken it is impossible to remove 

completely all of the divalent cations from alkali halide crystals. 

Since the incorporation of these ions must be done without violating 

the law of charge compensation we can write 

n + n a x a n , 
rr 

(2.8) 

where n x is the number of divalent cations per cm3. Eliminating 

na from Equations (2.7) and (2. 8) and solving for nTr gives 

nTr = [1.x+N2exp (-og/kT)]Z+ znx. (2. 9) 

At low temperatures, where the exponential term is negligible, Equa- 

tion (2. 9) reduced to 

n = n . 
rr x 

(2. 10) 

At high temperatures the exponential term dominates and Equation 

(2. 9) becomes 

= N exp (-Ag/ 2kT). 
TT 

(2.11) 

= 

a n 



Substituting Equation (2. 10) into Equation (2.6) and writing 

Ag = oh 
Tr 

- TA s gives 
Tr Tr 

o- = (4n x 
e2a 

o 
2v 

Tr Tr Tr 
/kT) exp (A silk) exp (-oh /kT) 

21 

(2.12) 

as the low temperature expression for the conductivity, where Ah 
Tr 

and 0 s are the changes in the activation enthalpy and entropy re- 
Tr 

spectively, associated with the jump of a positive ion into a positive 

ion vacancy. If Equation (2. 11) is used with Equation (2. 6) we ob- 

tain, after writing Ag = 0h - TA s, the expression 

o- = (4Ne2ao vTr /kT) exp[(A sIT-2 s)/k] exp [-(Ah +ZAh)/kT] (2. 13) 

for the high temperature conductivity where Ah and A s are the en- 

thalpy and entropy of formation of a separated positive and negative 

ion vacancy pair respectively. From Equations (2.12) and (2. 13) we 

see that if 1.og10o- is plotted vs. 1/T two nearly straight line 

segments should be observed. 1 At low temperatures the slope will 

be given by -h/Z. 303k and at high temperatures by 

- (6 n +zAh)/ 2. 303k. This leaves only v , 0 s and A s as 
Tr Tr Tr 

'Very slight departures from linearity would result from the T 
in the denominators of Equations (2.12) and (2. 13). Thus actually 
log c 'r rather than log o- should be plotted vs. 1/T. This pro - 
cedu e results in only a small change in the calves and is often not 
practiced. 

n 
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unknowns. Unfortunately there are only two equations from which 

these three unknows can be obtained. For this reason v 
Tr 

is usual- 

ly taken to be equal to the transverse lattice vibrational frequency, 

which for potassium chloride is 4. 25 x 1012 sec -1 
(5). If this as- 

sumption is made extrapolation of the low and high temperature por- 

tions of the conductivity plot to 1/T = 0 enables us to calculate 

A s and t s. Once Ah and A s are known Equation (2. 11) can be 
Tr 

used to estimate the concentration of positive ion vacancies at any 

temperature greater than the knee temperature in the conductivity 

curve. Below the knee n = n . At the conductivity knee both 
Tr x 

Equations (2. 12) and (2. 13) apply and can therefore be set equal. 

This gives 

nx = N exp (o s/ 2k) exp (-oh/ 2kTk), (2. 14) 

where Tk is the temperature at which the knee occurs. It is by the 

use of Equation (2. 14) that conductivity data can be used to estimate 

the total divalent cation concentration in alkali halide crystals. This 

equation can be put in a more useful form by using 

A s = 4. 63 x 10-4 ev °K 1 and oh = 2. 259 ev as given by Beau- 

mont and Jacobs (6). When this is done we obtain 

n = 2. 4 x 10(23-5700/Tk) cm-3. x (2. 15) 

Equation (2.15) will prove very useful and will be considered again in 
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evaluating the experimental results, but first we will discuss the pro- 

cedure for preparing crystals and making conductivity measurements 

used in the present work. 

Experimental 

Salt Purification 

A variety of potassium chloride crystals was grown from dif- 

ferent starting materials and compared with crystals commercially 

available from Vinor Laboratories and from Harshaw Chemical Com- 

pany. One batch of granular potassium chloride was obtained from 

Johnson, Matthey & Co. , Ltd. and another from Anderson Chemical 

Co. A third source of salt was recrystallized reagent grade material 

and a fourth source was potassium chloride purified by ion exchange. 

The process of purification by ion exchange was similar to that 

developed by Fredericks, Rosztoczy and Hatchett as cited in the work 

of Holmes (25, p. 9 -10). 

The principle, utilized for recrystallization, involved precipi- 

tation of potassium chloride from a saturated solution by absorption 

of hydrogen chloride gas (8, p, 469). The chief advantage of this 

method is that it allows precipitation from hot solution. Thus the im- 

purities more soluble in hot solution do not precipitate readily. The 

first portion of the precipitate was discarded since it would be 
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expected to contain some of the less soluble impurities. A diagram 

of the apparatus is shown in Figure 1. In this method concentrated 

sulfuric acid is allowed to drip from (E) into concentrated hydrochlor- 

ic acid, contained in (D), liberating hydrogen chloride gas. The gas 

is then bubbled through concentrated hydrochloric acid in (B) to re- 

move any sulfuric acid being carried over. The hydrogen chloride 

then passes over the saturated solution of potassium chloride and is 

absorbed. The increased concentration of chloride ions in solution 

precipitates potassium chloride through the common ion effect (42, 

p. 179). 

Crystal Growth 

The details of crystal growth will be discussed only briefly here 

since the procedure was identical to that used by Holmes (25, p. 21- 

39) and is discussed by him in considerable detail. 

The Kyropoulos method was used and the procedure employed 

was to melt the potassium chloride, contained in a quartz crucible, 

under a controlled atmosphere of hydrogen chloride to remove any 

traces of hydroxide and carbonate impurities. After the salt had 

melted, aseed, which was secured to a water- cooled cold finger, was 

lowered until it was in contact with the melt. A crystal would then 

begin to grow on the seed. By regulating the rate at which the seed 

was withdrawn and accurately controlling the furnace temperature 
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FIGURE 1. Schematic diagram of recrystallization 
apparatus. (A) Saturated KCI solution. (B) Bubbler 
containing concentrated HCI solution. (C) Trap. (D) 

Concentrated HCI solution. (E) Concentrated H2SQ4 

solution. 
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single crystals as large as 3 x 3 x 5 cm3 could be obtained. Usually 

once crystal growth had begun the hydrogen chloride atmosphere was 

replaced by argon. No detectable differences in the crystals were 

observed when this was done. 

Conductivity Measurements 

A conductivity cell was constructed and is shown schematically 

in Figure 2. The assembly (K) was made of stainless steel because 

of its low heat - conducting properties and also to furnish electric 

shielding. The separate parts were fitted together with 0 -ring seals 

to insure that a vacuum could be maintained. The electrical leads 

(E) were of 1/16 inch nickel wire to insure rigidity and a low noise 

level. Metal to glass seals (D) were used for connecting the power 

supply and electrometer. The cell was equipped with two vacuum 

valves (A), one of which could be connected to a vacuum pump and the 

other to an argon tank. A guard ring (G) was used (14, p. 38 -40) into 

which a chromel - alumel thermocouple was inserted. The thermocouple 

well and guard ring assembly were held by a Swagelock seal (C) 

equipped with a teflon insert and could be adjusted by loosening the 

seal. One phosphor- bronze spring (J) served to ground the guard 

ring and a second was used in connecting the low potential lead to one 

of the BNC connectors. The purpose of the guard ring was to elimin- 

ate surface conduction and to also help maintain a more uniform 
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FIGURE 2. Cross sectional diagram of the 
conductivity cell. (A) Vacuum valves. (B) BNC 
connectors. (C) Swagelock seal with teflon in- 
sert. (D) Metal to glass seals. (E) Nickel wires. 
(F) Graphite electrodes. (G) Thermocouple well 
and guard ring. (H) Stainless steel springs. (I) 
Sample. (J) Phosphor bronze springs. (K) Stain- 
less steel container. (L) Quartz tube. (M)Quartz disc. 
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electric field between the graphite electrodes (F). The crystal (I) 

was mounted between the electrodes and held under spring tension by 

two stainless steel springs (H). A quartz rod (L) was used to hold 

the upper, movable electrode while the lower, rigid electrode was 

seated on a quartz disc (M). 

The lower portion of the cell, containing the sample, was in- 

serted into a Marshal furnace, which was accurately controlled to 

+ 0.5°C by a Barber -Coleman series 620 power controller and a 

Wheelco model 407 temperature regulator. 

The circuit used consisted of the conductivity cell, a Keithley 

model 241 regulated dc voltage supply and a Keithley model 610A 

electrometer connected in series. A diagram of this arrangement is 

shown in Figure 3. Also shown in the figure is the guard ring as- 

sembly. All electrical leads were of shielded coaxial cable to main- 

tain a low noise level. 

The samples were prepared by cleaving them to dimensions of 

approximately 15mm x 15mm x 1. 5mm and evaporating gold contacts 

onto the surfaces. The assembly for gold evaporation is shown in 

Figure 4. The sample (B) was mounted in the crystal holder (A) and 

positioned directly over a molybdenum wire filament (C) on which 

small pieces of gold were placed. The chamber was evacuated to 

about 2 x 10-4 mm mercury pressure. The filament was heated by 

controlling with a variac until the gold had evaporated, some of which 
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FIGURE 3. Circuit diagram for conductivity 
measurement. The circuit consists of a Keithley 
model 610A electrometer, a Keithley model 241 
d.c. power supply and the conductivity cell. 
Note the use of a guard ring on the sample. 



vent-- 

Crystal Holder 

F 

D 

30 

to 
vaCUUM 

FIGURE 4 Schematic diagram of apparatus for 
evaporating gold contacts onto crystals. (A) Crys- 
tal holder (also shown separately). (B) Crystal. (C) 

Molybdenum wire filament. (D) Masking ring. (E) 

Phosphor-bronze wire spring for holding masking 
ring. (F) Phosphor' bronze leaf spring for holding 
crystal. The d diagram is net drawn to scale© 

EL% 

Ei 



31 

would have condenxed on the crystal. The sample was turned over 

and the process repeated for the other side. After plating both sides 

the sample was removed and the edges cleaved off with a razor blade. 

The crystal holder was designed with a masking ring (D) on one 

face of the crystal. The ring was held in position by two fine phos- 

phor- bronze wire springs. This masking ring served to separate the 

guard ring contact from the electrometer contact. The reverse face 

of the crystal was completely plated with evaporated gold. 

Once the sample had been prepared it was placed in the conduc- 

tivity cell under an atmosphere of purified argon. The cell was 

mounted in the furnace and connected to the electrometer and power 

supply. The furnace was set to the desired temperature and the con- 

ductivity measured. The furnace was always allowed to reach this 

temperature and remain there for several minutes, before measure- 

ments were made, to insure thermal equilibrium in the sample. The 

current, i, flowing in the electrometer was then measured after a 

voltage, V, had been applied to the crystal and the conductivity, 

o-, calculated from the relation 

o- = id/ VA, (2. 16) 

where d and A are the crystal thickness and area of the upper 

electrode respectively. 

Polarization effects were only slight and occurred only at low 
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temperatures. In all cases it was the final current, after polariza- 

tion had reached a maximum, which was used in Equation (2. 16) for 

computing the conductivity. It wav found that when evaporated gold 

contacts were used Ohm's law was obeyed over a wide temperature 

range. This is shown in Figure 5 where the current has been plotted 

vs. voltage at several different temperatures. The obedience to 

Ohm's law was observed even if polarization had occurred. 

Results and Discussion 

Conductivity of Pure Potassium Chloride Crystals 

Nonlinear Intrinsic Conductivity. When conductivity measure- 

ments were made on crystals grown from potassium chloride purified 

by ion exchange, it was found that the intrinsic conductivity was not 

perfectly linear when log100- was plotted vs. 1000 /T, but actual- 
' 

ly showed two linear regions. The temperature where these two re- 

gions met corresponded to approximately 450°C. This can be seen 

in Figure 6 where 1og10o- has been plotted vs. 1000/T for a 

crystal grown from salt purified by ion exchange. This effect has 

also been observed by Gründig (22) and by Beaumont and Jacobs (6). 

The explanation given by Gründig, and used by Beaumont and Jacobs 

in evaluating their results, is that both cation and anion conduction is 

important with the former dominating at lower temperatures and the 
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latter at higher temperatures. Obviously the reason this effect has 

not been observed more frequently is that it is only recently that 

crystals of low enough knee temperatures have become available. 

Most of the knee values quoted in the literature are greater than 

450oC. Thus the extrinsic conductivity had obscured this interesting 

effect. 

Activation Enthalpies. From the slope of the extrinsic portion 

of the conductivity curve shown in Figure 6, an activation enthalpy, 

oh , equal to 0. 70 ev was obtained. This is in excellent agree- 
Tr 

ment with the value of 0. 709 ev obtained by Beaumont and Jacobs 

(6). This also helps demonstrate that, as far as activation enthalpies 

are concerned, it does not matter whether ac or dc is used since 

these authors used ac methods while dc methods were used in the 

present work. 

The departure from a single linear curve for the intrinsic con- 

ductivity introduces some ambiguity into defining the activation en- 

thalpy in that region. For that reason the values for A and oh 
n 

obtained by Beaumont and Jacobs will be used when it is necessary to 

know these values. These authors give th = 0. 709 ev and 
n 

oh = 2.259 ev. 

The Effect of Strong Fields. It was found that if fields of ap- 

proximately 1000 volts per cm were applied to potassium chloride 
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crystals at temperatures of about 600oC or greater two interesting 

effects were observed. The effect noticed first was that the crystals 

became nearly intrinsic with regard to their conducting properties. 

This effect is exhibited in Figure 7 where the conductivity, measured 

with increasing temperature, is shown before applying a strong field 

and with decreasing temperature after applying a strong field. It is 

seen that the latter points fall almost perfectly on a line correspond- 

ing to the intrinsic conductivity. 

The second effect is exhibited in Figure 8 where we have shown 

a spectrum taken of the crystal used in Figure 7 after completion of 

the conductivity measurements. Two absorption bands have been in- 

troduced, one at 305 mp and one at 230 mp. The band at 230 mµ can 

be identified as arising from V2- centers. The band at 305 mµ has 

not been identified. The correct model for the V2- center is not 

known but it is believed to involve positive ion vacancies which have 

trapped holes. Seitz (51) has proposed a model consisting of two ad- 

jacent positive ion vacancies which have trapped a pair of holes. 

Thus the reduction in conductivity could arise from holes being trapped 

at positive ion vacancies. Since a hole bears a net unit positive 

charge and a vacancy bears a net unit negative charge, a combination 

of the two is electrically neutral and is unaffected by an electric field. 

The conductivity is thus decreased due to the removal of free positive 

ion vacancies. The holes presumably were injected from the positive 

electrode when the strong field was applied. 
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Conductivity of Potassium Chloride Crystals Containing Calcium Ions 

Since calcium -doped potassium chloride crystals were needed 

for work to be discussed later five crystals were grown from melts 

containing 7.7x106 3.3x.105 6.9x105 9.3x105 and 1.4x105 mole 

fractions of calcium chloride respectively. No absorption bands in 

the region between 185 mµ and 400 mist could be found in these crys- 

tals. Conductivity measurements were made between 50 °C and 700 °C 

the results of which are shown in Figure 9. 

In an effort to determine the concentration of calcium actually 

incorporated in the crystals the knee temperatures were taken from 

Figure 9 and substituted into Equation (2.15). The results are shown 

in Table 1 where the concentrations calculated are compared with the 

concentrations added to the melt. The knee temperatures are also 

shown. Comparing the first and last columns in the table shows that 

about 10% of the calcium is actually incorporated in the crystal lat- 

tice. 

Table 1. Estimated Cat +concentration for CaC12 -doped 
crystals. 

Cat+ Concentration Knee Cat+ Concentration 
in melt, temperature, by Equation (2.15), 

(mole fraction) ( °K) (mòle fraction) 

7. 7 x 10_5 833 2.1 x 10_6 
3. 3 x 10 862 3. 6 x 10 

6. 9 x 10 909 8. 1 x 10 

9. 3 x 10 930 1.1 x 10 
1.4x 10 943 1.4x 10 

3. 
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Examining Figure 9 we see that the extrinsic region exhibits 

two distinct slopes. The greater slope at lower temperatures can be 

attributed to association between Cat} ions and positive ion vacancies. 

The corresponding reaction can be written as 

(Can) + Cat ++ 2+ 
Tr . 

The corresponding equilibrium constant will be given by 

(n+) (n 
Tr 

)(n 

(N)(n ) 
- exp (-oGd/kT), 

c 

(2.17) 

(2.18) 

where nom, n+ and ne are the concentrations of positive ion vacan- 

cies, unassociated calcium ions and calcium- vacancy complexes re- 

spectively. N is the total number of positive ion sites per cm3. 

o Gd is the standard free energy of dissociation for reaction (2. 17) 

and can be written 

where AHd and ASd 

oGd=oHd - ToSd, (2.19) 

are the enthalpy and entropy respectively. 

At low temperatures we will also have 

n=n+. (2. 20) 

Using Equations (2.18), (2. 19) and (2.20) and assuming only a small 

fraction of the complexes dissociated gives 

) 



nfi - (Nnc)2exp (oSd/2k) exp (-oHd/2kT). 
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(2. 21) 

Since we have assumed only a small fraction of the complexes disso- 

ciated n 
c 

CaC12, nx, 

will be essentially the same as the total concentration of 

in the crystal. Using Equations (2. 21) and (2. 6) gives 

ß- = s+ZOSd)/k] eXp[ (Oh+zAHd)/kT]. 

(2. 22) 

We see from Equation (2. 22) that at lower temperatures the slope of 

the plots in Figure 9 should be equal to - (ohm +zoHd) /(2. 303k). 

This gives ohm + t Hd = 0. 95 ev. 

At higher temperatures we assume all of the C a2+ ions to be 

dissociated and in Equation (2. 6) will be equal to n 
x 

, the 

concentration of CaC12 in the crystal. This gives 

0 - = (4n 
x 

e2a 
o 
2v /kT) exp (d silk) /k) exp (-oh rr/kT). (2. 23) 

From Equation (2. 23) we see that the slope just below the intrinsic 

region should he equal to - ohr/ (2. 303k). This gives oh = 0.70 ev, 
Tr 

identical to the value obtained from pure crystals grown from ion ex- 

change purified potassium chloride. iHd is then calculated to be 

0. 50 ev in good agreement with the value of 0. 52 ev obtained by 

Grindig (23). 

Examining Equations (2. 22) and (2. 23) we see that at low 

n 

1r 

Tr 
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temperatures the conductivity should be proportional to n x 
a while 

at higher temperatures it should be proportional to n 
X 

. That this is 

indeed true can be seen from Figure 10 and Figure 11. In these fig- 

ures the concentrations of CaC12 plotted was taken from the last col- 

umn of Table 1. The linearities are good considering the accuracy 

with which one can determine the concentration of CaC12 in the melt. 

Comparison of Various Pure Potassium Chloride Crystals 

Conductivity. As a comparison for divalent cation concentra- 

tion conductivity measurements were made on the following crystals: 

(1) crystals grown from potassium chloride purified by ion exchange; 

(2) potassium chloride crystals obtained from Harshaw Chemical Co.; 

(3) crystals grown from potassium chloride obtained from Anderson 

Chemical Co. ; (4) crystals grown from potassium chloride obtained 

from Johnson, Matthey & Co. , Ltd. ; (5) potassium chloride crystals 

obtained from Vinci- Laboratories; (6) crystals grown from recrys- 

tallized potassium chloride as discussed above. A plot of log10o- 

vs. 1000 /T for these crystals is shown in Figure 12. The ion ex- 

change salt is seen to exhibit a much lower extrinsic conductivity 

than any of the others and thus appears to be much lower in total di- 

valent cation concentration. In Table 2 the concentrations of divalent 

cation impurities, estimated from Equation (2.15), are given for the 

crystals shown in Figure 12. Also shown are the various knee 
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temperatures for the different crystals. By examining the column on 

the right we see that the divalent cation concentration ranges over 

nearly two orders of magnitude with the ion exchange crystal giving 

the lowest value. It should also be noted that the crystal grown from 

recrystallized potassium chloride appears remarkably low in diva- 

lent cations considering the simplicity of the purification process. 

Table 2. Estimated divalent cation concentration for 
various crystals. 

Material Knee temperature, 
(oK) 

Divalent cation 
conc. , (cm -3) 

Ion exchange 625 1.8 x 1014 

Harshaw 702 1.8 x 1015 

Anderson 714 2.4x 10 
Recrystallized 722 3. 1 x 1015 
Vinor 
Johnson -Matthey 

763 

797 

7.9x 1016 
1.7x 10 

Next we will examine the spectra of these various crystals in 

an effort to observe any further impurities which might be present. 

Spectra. Since many impurity ions are known to give rise to 

characteristic absorption bands in the ultra -violet region of the 

spectrum, measurements were made in an effort to detect their pre- 

sence. The instrument used was a Perkin -Elmer model 450 record- 

ing spectrophotometer. The various room temperature spectra, for 

the region between 185 mpa and 300 mµ, are shown in Figure 13 for 

the crystals discussed above. By examining the figure it can be seen 
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FIGURE 13. Spectra of various pure crystals. (1) 

Anderson. (2) Ion exchange, (3) Recrystallized. (4) 

Johnson- Matthey. (5) Vinor. (6) Harshaw. (7) Same 
as (5) with increased path length. 
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that the crystal grown from potassium chloride obtained from Ander- 

son Chemical Co. , the crystal grown from potassium chloride puri- 

fied by ion exchange and the crystal grown from potassium chloride 

purified by recrystallization show no absorption bands in this region. 

The crystal grown from potassium chloride obtained from Johnson, 

Matthey & Co. shows a group of absorption bands in the region be- 

tween 190 mµ and 220 mp and a single band at 273 mµ. The potas- 

sium chloride crystals obtained from Vinor Laboratories and from 

Harshaw Chemical Co. show absorption bands peaking at 188 mµ and 

some broad absorption to the long wavelength side of the 188 mp 

bands. In Table 3 a listing of the absorption bands characteristic of 

some of the more common impurities is given for potassium chloride 

crystals. Comparing Figure 13 with Table 3 enables us to identify 

the peaks at 273 mp and 196 mµ, in the Johnson -Matthey crystal, as 

due to Pb2+ impurities. There is also an indication of 0H- in this 

crystal and perhaps the Vinor crystal. The intense 188 mµ peak has 

not been identified. 

It was found that the Vinor crystal exhibited a strong lumines- 

cence, the maximum intensity of which occurred when excited with 

light of approximately 260 mp wavelength. The room temperature 

spectrum of this luminescence, measured with the Perkin -Elmer 

model 450 spectrophotometer using a sp ectro- photo -fluorometer at- 

tachment, is shown in. Figure 14. It can be seen that the spectrum is 
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FIGURE 14. Luminescence spectra of Vinor crys- 
tal. The irradiation was at 260 mN. 
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quite complicated, exhibiting seven peaks in the region between 450 

mµ and 650 mµ. It is somewhat surprising that such an intense 

emission is observed with 260 mµ excitation since the absorption, at 

this wavelength, is very weak. The emitting centers responsible for 

this luminescence undoubtedly involve oxygen since Ewles and Barm- 

by (18) and Rolfe, Lipsitt and King (47) found similar spectra in po- 

tassium chloride crystals which contained this impurity. Ewles and 

Barmby suggested that the center was 02 but later Rolfe, Lipsitt 

and King showed, by use of spin resonance, that it was actually 02 -. 

Table 3. U -V absorption spectra of impurities in 
potassium chloride. 

Impurity X1, (mµ) Reference X2, (mµ) Reference 

Ag+ g 

AsS+ 

Bi3+ 

Cu2+ 

Ga+ 

Ge2+ 

In+ 

Pb2+ 

Sb3+ 

Sn2+ 

Sn4+ 4+ 

T1+ 

T13+ 

Yb 
3+ 

OH 

21.7.5 

280 

340 

265 

213 

215 

230 

196 

250 

226 

230 

196 

250 

244 

204 

17 

3 

35 

54 

35 

18 

65 

24 

2 

26 

3 

24 

3 

13 

16 

229 

218 

275 

385 

273 

232 

265 

247.5 

280 

272 

17 

15 

15 

65 

24 

25 

3 

64 

3 

13 



51 

Interpretation. From the spectra alone one can only conclude 

that crystals grown from Anderson salt, crystals grown from ion ex- 

change purified salt and crystals grown from salt purified by recrys- 

tallization are equally pure since none of these exhibits any absorp- 

tion bands between 185 mp. and 300 mµ. However a comparison of 

the ionic conductivities of these three cyrstals indicates that crystals 

grown from salt purified by ion exchange are considerably lower in 

total divalent cation concentration than are either of the other two. 

From these considerations one must conclude that the crystals grown 

from salt purified by ion exchange are indeed more pure than any of 

the other five studied. For this reason all of the experiments dis- 

cussed in the following sections were conducted on crystals grown 

from potassium chloride purified by ion exchange. 



III. DIFFUSION OF F- CENTERS IN POTASSIUM 
CHLORIDE CRYSTALS 

Introduction 

General 
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In this section we will discuss the problem of F- center diffu- 

sion. This subject is important to the present work for a knowledge 

of the diffusion mechanism would be helpful in explaining how conduc- 

tivity occurs in colored crystals. Also knowing how F- centers mi- 

grate from point to point within the crystal would be useful in under- 

standing how aggregate centers such as M, N and R as well as col- 

loids are formed from F- centers. 

Very little work has previously been done, aside from that of 

Mizuno, concerning the diffusion of F- centers. Mizuno and Miya- 

moto (38) measured the rate of diffusion of F- centers into potassium 

chloride during coloration and found that diffusion occurred along dis- 

ordered interfaces much more rapidly than through the bulk of the 

crystal. No actual mechanism for diffusion was given by these au- 

thors however. 

The problem of measuring the diffusion of F- centers is parti- 

cularly difficult because their movement cannot be followed by radio - 

tracer methods as is usually done in wcri- of this type. In the pre- 

sent work an entirely different technique was employed but before 
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discussing the experimental details we will take up the topic of diffu- 

sion in general. 

Theory of Diffusion 

Fick's Laws of Diffusion. We will not go into the details of de- 

riving the diffusion equations since this has been done elsewhere (53, 

p. 1-6; 7, p. 1-8) but we will give the details directly. 

When atoms of a particular species diffuse into a solid the flux, 

J, and the gradient of the concentration, n, of the diffusing atoms 

are usually found to be related through Fick's first law: 

J = - D grad n, (3. 1) 

where D is called the diffusion coefficient and has the unit s 

of cm2 sec -1 in cgs units. Frequently experiments are conducted 

so that the flux is measured in one direction only in which case Equa- 

tion (3. 1) becomes 

J = - Dax (3. 2) 

Equation (3. 2) is most useful if a steady state exists but is val- 

id even if this is not the case. If a steady state does not exist a sec- 

ond differential equation known as Fick's second law is more easily 

used. This equation is 

(3. 3) 

' 
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Equation (3. 3) was written for the general case. If D is constant 

it reduced to 

an 
D 

a zn 
at 

ax2 
(3. 4) 

Steady -State Solutions, with D Constant. For the steady -state 

case the concentration, n, does not change with time and Equation 

(3. 4) becomes 

or simply 

It is easily seen that 

Da2n - 0 
2 

ax 

a 2n 
2 

ax 

(3. 5) 

0 (3. 6) 

9 

n =Ax+B (3.7) 

is a solution to Equation (3. 6). A and B are constants and can 

be determined from the boundary conditions of the problem. 

Nonsteady -State Solutions, with D Constant. The most general 

solution to Equation (3. 4) is obtained by considering the diffusion of a 

substance i from a infinite solid A into a semi - infinite 

solid B when A and B are in contact. The boundary conditions 

are 
n. =0 for x<O, at t =0 

for x > 0 , at t = 0 . i 

- 

- 

3 

n = 



We have taken x = 0 to be the plane where A and B meet. 

These boundary conditions lead to the solution 

ni(x,t) = nii[l+erf(x/2D2t2)], 
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(3. 8) 

where erf means error function and is defined by the equation 

i z 

erf (z) = (2/72)5 exp (-u2)du. 
o 

(3. 9) 

The integral on the right has been solved numerically and tables of 

solutions exist in numerous references (53, p. 13). 

The above solution dealt with a semi - infinite system. The 

simplest solution for a finite system, in which D is constant in- 

side the boundaries and infinite outside, is obtained by assuming that 

there are solutions which are the product of a function, T(t), of 

time and a function, X(x), of distance. These solutions are dis- 

cussed by Shewmon (53, p. 15 -16), who shows that the most general 

types are an infinite series of the form 

oo 

(A sin C 
n 

x +B n 
cos C 

n 
x) exp (-C 

n 
Dt), (3. 10) 

n=1 

where An, B 
n 

and C 
n 

are constants. 

n(x,t) =>' 
n 
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Diffusion with a Moving Boundary. The solutions given above 

do not apply to the case where two substances interdiffuse in such a 

manner that a distinct boundary exists between them. Crank (7, p. 

99 -120) has discussed this problem in detail and shows that in order 

for diffusion to occur in this manner the diffusion coefficient cannot 

be constant. The simplest case results when the diffusion coefficient 

changes discontinuously, at a particular concentration, from one 

constant value to a different constant value. Crank's treatment shows 

that the position, X, of the boundary at any time, t, is given 

by an expression of the form 

X = C(t-to)2, (3. 11) 

where C is a constant and to is the time when X = O. The 

velocity of the boundary is obtained by differentiating Equation (3. 11) 

with respect to time. The result is 

vb = 2C(t-to) Z. (3. 12) 

Equation (3.12) shows that the migration velocity of the boundary is 

not constant but decreases as t increases. 

The moving boundary problem has been introduced here because 

it is found that when F- centers diffuse out of a crystal a sharp boun- 

dary can be observed between a colorless region near the surfaces 

and a colored region in the interior of the crystal. 

0 
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With this brief introduction we are now ready to discuss the ex- 

periments performed in the present work. 

Experimental 

Measurements of Diffusion Rate 

It was found that when conductivity measurements were made 

on colored potassium chloride crystals, at constant temperatures 

greater than approximately 400oC, the current decreased slowly with 

time. This decrease was observed even if no field was applied be- 

tween measurements. The rate of diffusion of F- centers was deter- 

mined indirectly by observing the rate at which this decrease oc- 

curred. The decrease was obviously due to loss of F- centers from 

the crystals and thus was expected to be a measure of the rate at 

which they diffused out. The procedure used was as follows. 

Crystals, which had been colored by a method to be described 

later, were prepared for conductivity in the same manner as the un- 

colored crystals discussed in Section II. Each crystal was individual- 

ly placed in the conductivity cell, under an argon atmosphere, and 

heated to the desired constant temperature. The current was then 

periodically measured with the time of each measurement being re- 

corded. An electric field was placed across the crystals only during 

the time when the rmme .3urernents were .being made. Weak fields of 
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approximately 0. 5 volts per centimeter and short measurement times 

of approximately five seconds were used so as not to appreciably ef- 

fect the migration of F- centers. After several measurements had 

been made the temperature was increased and the procedure repeated. 

Optical Scanning 

In order to study the manner in which the F- center concentra- 

tion varied with distance from the crystal surfaces optical scanning 

procedures were utilized. The apparatus used was constructed by 

Holmes and its description is given in the discussion of his work (25, 

p. 57 -62). The procedure followed was to hold the colored crystal at 

approximately 500oC for at least 30 minutes. This time was suffi- 

cient to form a colorless layer approximately 0. 5 mm thick at the 

surfaces. A thin piece was then sliced from the center of the crystal 

so as to give a cross - sectional representation showing the colored 

and uncolored regions. This piece was mounted in the scanning ap- 

paratus and placed in the Beckman model DK -1 spectrophotometer, 

the wavelength being fixed at 556 mµ . The crystal was then slowly 

moved past the slit as the optical density was recoreded. 

Coloration Procedure 

The crystals were all prepared by additive coloration using po- 

tassium metal. The samples were wrapped in aluminum foil to 
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prevent exposure to light and placed in a piece of pyrex tubing. The 

tubing had previously been necked down at about four inch intervals 

into four segments. The samples were placed in one end of the tub- 

ing and the potassium in the other. The open end, into which the po- 

tassium has been inserted, was closed and the other end connected 

to a vacuum pump. This assembly is sketched in Figure 15. The 

sample, G, is shown in chamber D and the potassium, F, in chamber 

A. After a vacuum of about 10 -3 mm mercury pressure had been ob- 

tained, chamber A was heated with a torch until the potassium had 

distilled into chamber B. The tubing was then closed between cham- 

ber A and chamber B, the potassium distilled into C, the tubing 

closed between chambers B and C and chambers A and B removed. 

After sealing the tubing between chambers D and E, chambers C and 

D were removed. This would then leave chambers C and D, which 

contained the potassium and crystal respectively, sealed but connect- 

ed by the small opening between them. This piece of tubing was then 

mounted vertically so that the lower chamber, containing the potas- 

sium, was inside one tube furnace and the upper chamber, containing 

the crystal, was inside a second tube furnace. This arrangement is 

shown in Figure 16. The furnaces, A and B, were Hoskins type 

FA120 electric furnaces and were controlled separately by EP Pro - 

portioNull 1300 series controllers. This arrangement allowed the 

temperature of the crystal, C, which determined the rate of 
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FIGURE 15. Diagram of assembly used in preparing 
crystals for coloration. (F) Potassium metal. (G) 

Crystal. 
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FIGURE 16. Diagram of furnace assembly used in 
coloration. (A) and (B) Furnaces. (C) Crystal. (D) Po- 

tassium metal. 
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coloration, and the temperature of the potassium, D, which deter- 

mined the metal vapor pressure and hence the concentration of F- 

centers, to be chosen independently. This procedure was adopted to 

maintain the crystal at a much higher temperature than the potassium 

and thus color the crystals fairly rapidly. Even by this method it was 

found that at least four days were needed to color the crystals uni- 

formly. 

Determination of F -C enter Concentrations 

After a crystal was colored the concentration of F- centers was 

determined. To do this a thin piece, approximately 0. 5 mm thick, 

was cleaved from the central portion of the crystal and its thickness 

measured with a micrometer. This piece was then wrapped in alum- 

inum foil and placed in a furnace which had been preheated to about 

300oC. The crystal was heated at this temperature for about five 

minutes after which it was rapidly removed from the furnace and 

placed between two brass bars which had been precooled in liquid ni- 

trogen. This quenching procedure was found sufficient to remove all 

absorption bands other than the F -band. If the crystal was heated to 

temperatures greater than approximately 500oC a sufficient number 

of F- centers were lost at the surfaces to cause erroneous results in 

the calculations. 

After the crystal had been quenched it was placed in a Beckman 
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model DK -1 spectrophotometer being careful to expose the crystal 

only to light passed through a red filter. The absorption spectrum 

was measured and the absorbance determined at 556 mµ. The F- 

center concentration was then calculated from Equation (1. 5) using 

the measured absorbance and the crystal thickness. 

Results and Discussion 

Results of Diffusion Rate Measurements 

It was found that the rate at which the current decreased, at 

various constant temperatures, was greatly affected by how high the 

temperature actually was. Below approximately 400oC the rate was 

too slow to be accurately measured. Above 400°C the rate increased 

rapidly with temperature until approximately 500oC. Above this tern- 

perature the current was nearly constant. This last effect was un- 

doubtedly due to the intrinsic ionic conductivity becoming larger than 

the conductivity due to the F- centers. This effect will be discussed 

in Section IV. 

It was found that when the ratio of the current i, measured 

at time t, to the current io, measured at time to, was plot- 

ted vs. t - to the resulting curves were linear. Thus current and 

time are related by the equation 

= 1 - c(t-t ) 
o o 

(3.13) i/i 
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where c is a constant. A plot showing this behavior is given in 

Figure 17. The plot is given for a crystal containing 3.4 x 1016 F- 

centers per cm3. The different curves are for different temperatures 

as are indicated in the figure. The slopes of the various curves are 

equal to c in Equation (3.13) which is seen to increase with in- 

creasing temperature. 

In Figure 18 we show the result of plotting log10 c vs. 1000/T 

for several different crystals of various thickness and F- center con- 

centrations. It is interesting to note that the points all fall on the 

same linear curve for 1000 /T < 1. 4. For 1000 /T > 1.4 the 

points from two of the crystals fall on this same curve, however the 

points for the remaining three crystals fall above this curve. The 

reason for the differences in behavior can be traced to the treatment 

prior to making measurements. The two crystals that exhibit linear 

behavior over the entire range were heated at approximately 500oC 

for five minutes before measurements were made. This heating had 

the effect of diffusing some of the F- centers near the surfaces out of 

the crystals. The remaining three crystals were placed directly in 

the conductivity cell without any preheating. These three crystals 

then initially lost F- centers at a faster rate than the two preheated 

crystals and therefore have larger values of c. After the F- centers 

very near the surfaces had been lost the rate of decrease in current 

became equal for all of the crystals. This point corresponds to 
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1000 /T = 1.4 in Figure 18. A quantitative discussion of this behav- 

ior will be taken up later in this section. 

The linear behavior for the two preheated crystals, at all tem- 

peratures considered, and for all of the crystals at high temperatures 

indicates that the constant, 

temperature by the equation 

c, in Equation (3. 13), is related to 

c = co exp (-E /kT), (3. 14) 

where co is a constant and E is an activation energy. E is 

found from the slope of the curve to be equal to 1. 12 ev and co is 

found from the intercept to be equal to 1. 7 x 103 sec -1. 

Results of Optical Scanning 

The results of scanning the boundary between the colored and 

uncolored regions of a crystal are shown in Figure 19. In this figure 

the origin is taken at the center of the crystal. The spikes appearing 

on each side are caused from scattering at the edges of the crystal. 

As it appears here, Figure 19 does not give a true description of the 

F- center concentration as a function of distance in the crystal. The 

error results from using a slit of finite width to study the concentra- 

tion gradient. A discussion of the corrections for broadening ob- 

served when using narrow slits is given by Jones (30). When these 

corrections and corrections for scattering are applied to the curve in 

0 

0 
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Figure 19 the curve shown in Figure 20 results. The vertical dashed 

lines show the edges of the crystal. From the curve we see that on 

each side of the crystal there is a region approximately O. 05 cm 

thick in which the optical density, and consequently the F- center con- 

centration, is very low. Between this region and the center of the 

crystal there is a region approximately O. 07 cm thick over which the 

F- center concentration increases rapidly. In the central region the 

F- center concentration is constant. The region where the concen- 

tration increases rapidly then constitutes the boundary between a 

nearly colorless region and a highly colored region. It is found that 

this boundary moves into the crystal as the F- centers are lost from 

the surfaces. This then corresponds to a moving boundary problem 

and must be considered as such in any complete treatment. 

Inte rpretation 

To give an exact solution to the problem is exceedingly difficult 

and demands more information than is presently available. We point- 

ed out above that any complete treatment would require the consider- 

ations of a moving boundary between the colored and colorless re- 

gions. A simple moving boundary treatment does not lead to satis- 

factory results however since Equation (3. 13) cannot result unless 

the boundary moves with a constant velocity while Equation (3.12) 

shows that the velocity is not constant but decreases with time. It 
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also should be mentioned that diffusion profiles such as those shown 

in Figures 19 and 20 cannot be obtained for a system in which a sub- 

stance is diffusing with a single constant diffusion coefficient. This 

indicates that Equations (3. 8) and (3. 10) are not satisfactory solutions 

for the present case. 

It seems reasonable to suppose that c in Equation (3. 13) is 

proportional to the diffusion coefficient for F- center migration since 

the decrease in current is obviously due to loss of F- centers from 

the crystal. We can obtain an approximate, but certainly not exact, 

solution, which shows this proportionality, by assuming that D is 

constant. The solution we desire is then obtained from Equation 

(3. 10) by applying the boundary conditions 

nF =nF for 0 <x<d at t =0 

np, 0 for x =d and x =0 at t >0. 

Here d is the thickness of the crystal, which is considered to be in 

the form of a thin slab. The average concentration, nF , is given 

by Shewmon (53, p. 16-19) to be 

nF, _ (8n'F (2j+1)-2exp {-[(2j+1)Tr/d]2Dt}. 

j=0 

For < O. 8n'F the first term in the series is an excellent 

(3. 15) 

00 

nF, 



approximation to the solution. In this case we have 

2, 2 2 (n8/ exp Dt/d ). 
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(3. 16) 

In Section IV it will be shown that the conductivity, and conse- 

quently the current, is proportional to the square root of the F- center 

concentration. Thus we can write, at constant applied voltage, 

i/io = nF, 2, (3. 17) 

where ñ 
o 

is the average F- center concentration when the current 

is i . 
0 

Using the averages given by Equation (3. 16) in Equation 

(3. 17) gives 

= exp[-(Tr2D/2d2)(t-to)], (3. 18) 

where we have taken to be the time when the concentration was 

iïo. For times short enough so that Tr D(t- 2 to) /2d « 2 
1 we can ex- 

pand Equation (3. 18), keeping only the first two terms, and obtain 

i/io = 1 - (ir 2D/2d2)(t-to). (3.19) 

Comparing Equations (3. 13) and (3.19) we see, by this approach, 

that c and D are proportional and are related by the expression 

c = Tr2D/2d2. (3.20) 

_ - 

2 / N 
o 

./io 

to 
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In using Equation (3. 16) instead of Equation (3. 15) we assumed 

nF < 0. 8 n'F. This is true if sufficient time has elapsed; however, 

for the three crystals exhibiting the anomalously high values for c 

this was not the case. For the two crystals which had been preheated 

the approximation was valid. 

If we write 

D = Do exp (-E/kT) 

we have, according to Equation (3.20), 

D = (2d/Tr )co. 

(3.21) 

(3.22) 

Using d = 0. 2 cm and the experimental value of 1. 7 x 103 sec -1 

for co gives Do = 14 cm2sec -1. From this value and Equation 

(3. 21), with E = 1. 12 ev, we obtain 

D = 14 x 10- (5650/T) 2 -1 cm sec (3.23) 

From this equation we estimate D, at 500oC, to be 7 x 10-7 cm2 

sec -1 

We mentioned earlier that diffusion with a moving boundary, as 

is observed in colored crystals, cannot occur if the diffusion coeffi- 

cient is constant. To obtain diffusion profiles, such as those shown 

in Figures 19 and 20, the diffusion coefficient must be much larger in 

the region near the surfaces, where the concentration gradient is low, 

0 

0 0 
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than in the interior, where the concentration gradient is large. Thus 

it is obvious that the above calculation of D is at best a crude ap- 

proximation. 

In order to describe the diffusion process we must consider 

three possible mechanisms. One is the migration of the electron 

while the center is thermally ionized. The second is the exchange of 

positions of a halide ion and an F- center electron. The third is that 

shown in Figure 21. In order for an F- center to migrate, by this 

mechanism, it must first be in contact with a negative ion vacancy. 

The first of these mechanisms offers a possible explanation of 

why calcium -doped crystals color more rapidly than pure crystals. 

As electrons flow into the crystal, becoming trapped at negative ion 

vacancies, the interior of the crystal becomes negatively charged and 

the surface becomes positively charged. This soon establishes a 

potential barrier over which further migration of electrons cannot oc- 

cur. In order for coloration to continue positive charge must flow 

into the crystal or negative charge must flow out. Thus, by this 

mechanism, the rate of coloration would depend on the ionic conduc- 

tivity of the material. The calcium -doped crystals, being more con- 

ductive, would color more rapidly than pure crystals. 

The second mechanism should not be affected by changes in 

either the positive or negative ion vacancy concentrations. For that 

reason it will not he considered important at the temperatures of the 
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FIGURE 21. Proposed mechanism for diffusion 
of F- centers. (a) A portion of the crystal contain- 
ing separated F- center and negative ion vacancy. 
(b) The vacancy has moved into a position adja- 
cent to the F- center. (c) The F- center electron is 

momentarily localized in the adjacent vacancy. (d) 
The remaing vacancy has moved away leaving the 
F-- center advanced one lattice plane from its orig- 
inal position. 
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experiments. 

Examining Figure 21 we see that, by the mechanism shown 

there, the diffusion of F- centers depends on the concentration of neg- 

ative ion vacancies. Thus we would not expect aggregate centers to 

be formed readily at low temperatures unless the crystals contained 

divalent anionic impurities which would require compensating nega- 

tive ion vacancies. Crystals grown in air are known to contain oxide 

and hydroxide (which is converted to oxide on coloration). This could 

explain why colloid centers are formed readily in Harsaw crystals 

while it has been found impossible to form them in ion exchange pur- 

ified potassium chloride crystals grown under an HC1 atmosphere. 

The presence of high concentrations of negative ion vacancies, due to 

oxide impurities, could also be responsible for the anomalous behav- 

ior, at low temperatures, in the diffusion coefficient for chloride ions 

into Harshaw potassium chloride, determined by Fuller (20). 

Similarly this explains why crystals that contain divalent cation 

impurities do not form colloids while pure crystals do. The divalent 

cations require compensating positive ion vacancies which in turn 

suppress the anion vacancy concentration through the Schottky product 

rule, Equation (2. 7). This suppression of the anion vacancies causes 

a corresponding suppression of the diffusion coefficient for F- centers 

and hence they are unable to migrate together to form higher aggre- 

gates, If this mechanism is correct, however, we should observe a 
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decreased coloration rate in calcium -doped crystals rather than an 

increased rate. It can also be shown that the magnitude of the diffu- 

sion coefficient, estimated for the mechanism shown in Figure 21, is 

not nearly as large as the experimental value estimated from Equa- 

tion (3.23). The discrepancy is much too great to be attributed to ex- 

perimental error. 

In view of these last considerations the mechanism just consid- 

ered obviously cannot be responsible for the observed rate of diffu- 

sion. 

Elimination of the second and third mechanisms requires that 

we consider the first mechanism further. A problem also exists 

here in that the activation energy, E, in Equation (3. 21), does not 

agree with the expected value. We mentioned above that the rate of 

coloration should depend on the ionic conductivity of the crystal. 

Thus E should be the same as the activation energy for ionic con- 

duction. In the region where the diffusion was measured this activa- 

tion energy was approximately 1. 9 ev which is considerably larger 

than the value of 1.12 ev found for E. 

From the foregoing discussion it is apparent that certain prob- 

lems still exist concerning each of the possible mechanisms and that, 

on the basis of the present experiments, a choice between them can- 

not be made. 
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IV. CONDUCTIVITY OF PURE POTASSIUM CHLORIDE 
CRYSTALS CONTAINING F- CENTERS 

Introduction 

In Section I the reader was introduced to some of the problems 

which have arisen concerning the conductivity of crystals containing 

F- centers. In this section an attempt has been made, through special 

types of experiments, to answer certain questions related to those 

problems. The questions considered here can be summarized as: 

(1) Do the charge carriers originate from F- centers or colloids? 

(2) Are the carriers electrons or ions? (3) What is the mechanism 

for conduction? (4) Can the thermal ionization energy of the F- center 

be determined from conductivity measurements and if so what is its 

value? In Section V a fifth question will be considered. (5) Why is it 

that some authors report a decrease in the conductivity after coloring 

while others report an increase? The experimental techniques used 

to find the answers to these questions involve conductivity and trans- 

port number measurements on colored crystals and are discussed in 

the following paragraphs. 

Experimental 

Conductivity Measurements 

Crystals containing from 1. 3 x 1016 F- centers cm -3 to 
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2. 5 x 1017 F- centers cm -3 were used. The crystals were grown 

from potassium chloride purified by ion exchange. The coloration 

procedure and method of determining the F- center concentration was 

discussed in Section III. The procedure followed in making conduc- 

tivity measurements was the same as discussed in Section II with the 

exception that three different methods were employed for treating the 

crystals prior to measurements. The first method was the same as 

with the uncolored crystals, i. e. , gold contacts were evaporated onto 

freshly cleaved samples, after which their conductivities were meas- 

ured. The second method was also to evaporate gold contacts onto 

freshly cleaved samples, but before measuring their conductivities 

the samples were held for five minutes at approximately 500oC. 

After the crystals had been cooled to room temperature conductivity 

rre asurements were then made. In the third method the surfaces of 

the crystals were sanded with size 0 polishing paper before the gold 

contacts were applied. 

Transport Measurements 

An experiment was designed and conducted in such a manner 

that the F- center transport number could be determined. The proce- 

dure was to sandwich a colored crystal between two uncolored crys- 

tals and place all three in a conductivity cell in the usual manner. 

The cell was then heated to the desired temperature and a potential 
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applied across the crystals. After a measured length of time the cell 

was cooled to room temperature and the distance that the boundary 

had moved determined by cleaving the clear region from the colored 

crystal, at several different places. The thickness of each piece was 

measured with a micrometer and the average calculated. 

The assembly is shown in Figure 22 where B is the colored 

crystal and A and C are the uncolored crystals. d is the distance 

that the boundary moved and F and D are the electrodes. The guard 

ring, E, served to keep all points on the upper surface at nearly the 

same potential and thus helped maintain a uniform electric field with- 

in the crystals. 

Results and Discussion 

Results When Contacts are Applied to Freshly Cleaved Samples 

In Figure 23 log10o- has been plotted vs. 1000/T for four 

crystals containing different concentrations of F- centers and com- 

pared with an uncolored crystal. The results of this plot are in qual- 

itative agreement with the findings of Jain and Sootha (28) and of 

Shamovskii, Dunina and Gosteva (52) but do not agree with those of 

Maycock (36) who found the conductivity of colored crystals to be less 

than for uncolored crystals. 

At lower temperatures the conductivity plot is linear with a 
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slope corresponding to an activation energy of 1. 13 ev. At tempera- 

tures corresponding to 1000/T =1.75 the conductivity begins to 

increase more slowly until 1000 /T = 1. 6. At this point the conduc- 

tivity begins to increase rapidly. In the present work it was found 

that the low temperature conductivity, below this nonlinear region, 

was not very reproducible but varied considerably between two sam- 

ples of the same crystal. The high temperature conductivity, above 

the nonlinear region, was found to be quite reproducible however. 

The region between 1000/ T = 1.75 and 1000/ T = 1.6 ap- 

pears as a shoulder on the conductivity plot. Shamovskii, Dunina 

and Gosteva observed this same type of shoulder on their conductivity 

plots but terminated their experiments before it was possible to as- 

certain whether the conductivity would again increase rapidly at high- 

er temperatures. These authors interpreted the shoulder as being 

due to loss of F- centers from the crystal. This would cause the con- 

ductivity to decrease to that characteristic of an uncolored crystal as 

the F- centers were lost. However if this were the case in the pre- 

sent experiments the rapid increase in the conductivity at higher tem- 

peratures should not be observed. 

Results When Crystals are Heated and Quenched Before Measurements 

When gold contacts were evaporated onto freshly cleaved sam- 

ples and then the sample heated at approximately 500°C for five 
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minutes, after which they were quenched to room temperature, their 

behavior was changed remarkably. After this treatment plots of 

log106 vs. 1000 /T were almost linear over the entire range of 

measurements with the conductivity at high temperatures the same as 

the high temperature conductivity characteristic of crystals which had 

not been heated and quenched. This behavior is shown in Figure 24 

where log106 is plotted vs. 1000/T for two crystals containing 

different concentrations of F- centers. Also shown for comparison is 

an uncolored crystal. Some departure from linearity at high temper- 

atures was observed if thin crystals were used. This was avoided 

by using crystals of approximately two mm thickness. Presumably 

the reason for the nonlinearity was that F- centers were diffusing out 

of the crystals, i. e. , the reason proposed by Shamovskii, Dunina and 

Gosteva for the shoulder in their conductivity plots. If thick crystals 

were used the relative loss was much less than if thin crystals were 

used and hence the relative decrease in the conductivity was much 

less for thick crystals than for thin crystals. 

Results When Surfaces are Sanded Before Applying Contacts 

It was found that sanding the crystal surfaces with size 0 polish- 

ing paper, before evaporating on the gold contacts, had, in nearly 

every case, the identical effect as the heating and quenching treat- 

ment. Again the low temperature conductivity was decreased to an 
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extension of the high temperature conductivity exhibited by freshly 

cleaved crystals. It was also found the Ohm's law was accurately 

obeyed for the sanded or heated crystals whereas a slight departure 

was observed for the freshly cleaved samples. This behavior is 

shown in Fig. 25 where we have plotted the current vs. voltage for 

a freshly cleaved crystal and for a sanded crystal. 

Dependence of Conductivity on F- Center Concentration 

In addition to the above it was found that the conductivity of the 

sanded or heated crystals or the high temperature conductivity of the 

freshly cleaved crystals was highly reproducible. This allowed the 

dependence of the conductivity of F- center concentration to be deter- 

mined. The dependence is shown in Fig. 26 where we have plotted 

the conductivities at 1000 /T _ 1. 5, for several different crystals 

containing different concentrations of F- centers, vs. the square root 

of the F- center concentration. It is easily seen that the points fall 

on a straight line through the origin indicating that the conductivity is 

proportional to the square root of the F- center concentration. 

Results of Transport Measurements 

The data taken during the measurement, for a crystal contain- 

ing 9. 5 x 1016 F- centers cm -3, are listed in Table 4. The current 

was permitted to flow for one hour, after which the average was 
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calculated to be 1. 95 x 10 -7 amp. This amounted to a total charge of 

7. 0 x 10-4 coulombs. The F- center transport number was calculated 

from the relation 

tF = QF/ Qt, (4.1) 

where QF is the charge transported by the F- centers and Qt is 

the total charge transported. QF was calculated from the expres- 

sion 

QF = eAdnF, (4. 2) 

where e is the electronic charge, A is the area of the measur- 

ing electrode, nF is the concentration of F- centers and d is the 

average distance which the F- center cloud had moved during the ex- 

periment. 2 

To calculate tF, we take e = 1. 6 x 10-4 coulomb, 

A = 0. 495 cm2, nF = 9. 5 x 1016cm -3, d = 0. 089 cm and 

Qt = 7. 0 x 10 -4 coulomb. Using these values in Equations (4. 1) and 

(4. 2) gives tF, = 0. 96. This value is sufficiently near unity to rule 

out any mechanism for conduction which does not involve F- centers 

directly. 

2Loss of F- centers from the crystal due to diffusion to the sur- 
faces would cause d to be larger than if no diffusion occurred. For 
the time and temperature involved this effect was less than the exper- 
imental error in determining d and caused no additional problem. 
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Table 4. Current observed when 100 volts were applied 
during transport measurement. 

Time, (min) Temperature, (0C) Current x 107, (amp) 

0 399 2.09 
5 2.03 

10 2.00 
15 1.98 
20 1.95 
25 400 1.97 
30 1.95 
35 1.95 
40 1.94 
45 1.93 
50 1.93 
55 400 1.95 
60 1.92 

Average 1.95 

1Corrected for electrometer drift of +0. 04 x 10 -7 
amp hour -1. 

Interpretation 

As a means of comparing the conductivities of colored crystals, 

o- , 
c 

with the conductivities of uncolored crystals, o- , 

n 
Jain and 

Sootha plotted the ratios, 
c 

/o- 
n 

, of these crystals vs. tempera- 

ture. A similar plot from freshly cleaved crystals used in the pre- 

sent work is shown in Figure 27 for two crystals containing different 

concentrations of F- centers. Curve 1 in the figure is for a crystal 

containing 6. 5 x 1016 F- centers per cm3 and curve 2 is for a crystal 

containing 2. 2 x 1016 F- centers per cm3. These curves are very 

similar to those obtained by Jain and Sootha except that the maximum 

values of the ratios is considerably greater in the present work. This 
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is undoubtedly due to the greater purity, and hence lower extrinsic 

conductivity, o-, for the crystals used in the present experiments. 

In Figure 27 a second peak in curve 2 is observed at 620kK. 

This effect was not reported by Jain and Sootha. 

Jain and Sootha also found that if log10nF, was plotted vs. 

1000 /T', where T' is the temperature for which o- /o- 
c n 

is a 

maximum, a straight line was obtained. A plot showing these values 

taken from the curves in Figure 27 together with the values obtained 

by Jain and Sootha is shown in Figure 28. The fact that the points 

taken from Figure 27 fall on the same line with the points given by 

Jain and Sootha indicates that the increased conductivity of the color- 

ed crystals is from the same origin in both cases. Jain and Sootha 

believed the origin of this increased conductivity to be colloidal metal 

particles. They found that when the crystals they used were heated 

slowly, as was the case during conductivity measurements, colloids 

were readily formed. The increased conductivity was thought due to 

thermionic emission of electrons from these colloids rather than be- 

ing directly from F- centers. Using this assumption these authors cal- 

culated the energy of formation of an F- center from colloidal metal 

to be 0.8 ev in potassium chloride. There are several discrepancies 

in this theory however which indicate their interpretation is not cor- 

rect. 

Scott, Smith and Thompson (49) studied the formation of 
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colloids from F- centers. They found that the energy of formation of 

an F- center from colloidal particles to be O. 35 ev in potassium chlo- 

ride. These authors also found that a heterogeneous equilibrium 

existed between the colloids and F- centers and that the equilibrium 

concentration of F- centers was independent of the initial concentra- 

tion provided there were a sufficient number initially present to form 

the colloids. In Fig. 29 a plot of the equilibrium concentration of F- 

centers vs. 1000 /T is shown, as taken from the data of Scott, 

Smith and Thompson. The equilibrium points are indicated by circles 

in the figure and are connected by the smooth curve. The triangles 

are for the crystals shown in Figure 27 and are not equilibrium points 

but correspond to the values of nF and 1000/T for which the 

maximum in the o-c /on ratio occurs for the crystals. The fact that 

these points fall below the curve indicates an insufficient number of 

F- centers are present to form colloids. Thus the increased conduc- 

tivity in the crystals, shown in Figure 27, cannot be due to colloidal 

particles. In fact is was found that colloids could not be formed, un- 

der any conditions, in the crystals grown from salt purified by ion 

exchange. 

It is difficult to understand how the conductivity could be pro- 

portional to the square root of the F- center concentration if the con- 

ductivity were due to thermionic emission from colloids. Also the 

findings that the F- center transport number was near unity does not 
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appear in agreement with the interpretation of Jain and Sootha. 

Therefore it appears that the findings of these authors was incorrect- 

ly interpreted. 

On the basis of the above discussion we can conclude, for the 

answer to the question concerning the source of the charge carriers 

that they originate from F- centers rather than colloids. In order to 

answer the remaining questions we turn to a discussion of the trans- 

port and conductivity measurements. 

We are concerned with whether the carriers are electrons or 

ions and what the actual mechanism is. One possible mechanism, 

which can be eliminated immediately, is that conduction occurs due 

to F- center migration without ionization. This type of conduction 

would occur due to the fraction of F- centers always adjacent to nega- 

tive ion vacancies. The F- centers would move through the crystal 

since when an F- center and a vacancy come into contact the electron 

could move into the vacancy without witnessing a potential barrier. 

This is because an F- center adjacent to a vacancy is just an F2 +- 

center and the wave function of the electron must be spread out over 

both vacancies. The expression for the conductivity due to F- center 

diffusion in this manner would be given by the Nernst -Einstein rela- 

tion 

o-D = nFe2D/kT, (4. 3) 
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where D is the diffusion coefficient for F- centers moving though a 

vacancy mechanism similar to that shown in Figure 21. However 

when D was estimated from theory, and used in Equation (4. 3), 

oD 
was found to be much less than the experimental value. For that 

reason this solution is not satisfactory. 

A second mechanism for conduction which leads to the square 

root dependence is shown schematically in Figure 30. Here the in- 

creased conduction in the colored crystals would be due to the for- 

mation of positive ion vacancies from F- centers. This is accomp- 

lished by the trapping of the F- center electron by one of the neighbor- 

ing potassium ions forming a neutral potassium atom. This atom 

would be forced into the negative ion vacancy since this vacancy is 

much more nearly the same size as the potassium atom as can be 

seen in Figure 31 where we have drawn to scale a potassium atom in 

a chloride ion site. The vacant potassium ion site could then move 

away and contribute to the conductivity as is indicated in Figure 30c. 

The square root dependence would arise from the thermodynam- 

ic equilibrium between F- centers and neutral potassium atoms oc- 

cupying chloride ion sites. The equilibrium is written as 

F = Ko + V 
+ 

where F indicates an F-center, Ko 

(4. 4) 

indicates a potassium atom 

in a chloride ion site and V indicates a positive ion vacancy. The 
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FIGURE 30. Schematic diagram showing 

the production of potassium ion vacancies 

from F- centers. (a) Normal F- center. 
(b) Potassium ion having trapped electron 
forming neutral atom. Steric effects 
force the atom into chloride ion vacan- 

cy leaving potassium ion site vacant. 
(c) Potassium atom in chloride ion site 
and potassium ion vacancy having be- 
come completely separated. 
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FIGURE 31. Scale model showing a potassium 
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expressed in angstrom units, are shown in 

parentheses. 



equilibrium constant for reaction (4. 4) would be 

(nKo ) (n n) 

(N)(nF) - exp (AS/k.) exp (-AH/kT), 

99 

(4. 5) 

where nKo is the number of potassium atoms per cm3, nTr the 

number of positive ion vacancies per cm3, N the total number of 

positive or negative ion sites per cm3 and nF, the number of F- 

centers per cm3. AS and OH are the standard entropy and en- 

thalpy of reaction (4. 4) respectively. We assume n 
Tr 

to be much 

greater than in the uncolored crystal so that we could write 

nKo = n 
Tr 

. (4. 6) 

We also can assume that only a small fraction of the F- centers are 

converted into potassium atoms so that nF is nearly constant and 

equal to the total concentration of excess metal. From this assump- 

tion and Equations (4. 5) and (4. 6) we obtain 

nTr 
= nFNz exp (AS/ 2k) exp (-AH/ 21(T). (4. 7) 

The conductivity for a positive ion vacancy mechanism was giv- 

en by Equation (2. 6) as 

a = (4n e2a2v /kT) exp (os /k) exp (-oh /kT), (2.6) 
Tr Tr o Tr Tr Tr 
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where e is the electronic charge, a 
0 

the lattice parameter and 

v the vibrational frequency of a potassium ion adjacent to a positive 
Tr 

ion vacancy. L s and oh are the entropy and enthalpy for the 
Tr Tr 

jump of a positive ion vacancy from one site into a neighboring site. 

Combining Equations (4. 7) and (2.6) gives 

CT = n Z(4N e2a 2v /kT) exp[(Os + 1 oS)/k]exp[-(Ah + -1 A H)/kT.. 
Tr F o Tr Tr L Tr 2 

(4. 8 ) 

From Equation (4. 8) we see that if the behavior of the crystals were 

described by reaction (4. 4) the conductivity would be proportional to 

i 
with Eobs Ah 

TT + 2 
AH. 

The transport measurements depended on the migration of F- 

centers. From Figure 30c it is apparent that potassium atoms could 

not move in an electric field. Thus in any particular volume of the 

crystal the concentration of F- centers must remain constant since 

they are in equilibrium with the potassium atoms. From this re- 

quirement we see that the mechanism just described cannot be cor- 

rect since it would not give rise to a moving boundary. 

The elimination of the two mechanisms mentioned above leads 

us back to the original interpretation given by Pohl that the increased 

conductivity is due to ionized F- centers. If we assume that an F- 

center ionizes to give an electron in the conduction band of the crys- 

tal and a negative ion vacancy the behavior exhibited in Figures 23 

i 
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and 24 can be explained. Consider the region in Figure 23 for 

1000 /T > 1.75 remembering that this figure was for freshly cleaved 

samples. In this region conduction occurs between both electrodes 

by an entirely electronic mechanism. The contacts are non -ohmic 

because the crystal is behaving as an n -type semiconductor whose 

work function is less than the work function of the gold contacts (4, 

p. 340 -344). At 1000 /T = 1.75 the rate of loss of F- centers due to 

diffusion becomes significant causing the slow formation of a very 

thin layer, at the surfaces, which is nearly void of F- centers. This 

layer serves as a potential barrier over which the electrons must 

pass in order to reach the electrodes. During the formation of this 

layer conduction through it is both electronic and ionic becoming in- 

creasingly ionic as the layer broadens. Eventually the layer reaches 

a thickness great enough so that conduction through it is entirely 

ionic. This would correspond to 1000 /T = 1. 6. For values of 

1000 / T < 1. 6 conduction occurs in two parts. Between the elec- 

trodes and the colored portion of the crystal the current is ionic and 

is carried by migrating vacancies. In the colored portion of the 

crystal the current is carried by electrons. Electronic conduction 

through the colored region could only be possible if accompanied by 

a movement of the forward and trailing boundaries between the two 

regions. If this were not the case there would be a charge build up 

at these boundaries. In order for the forward boundary to advance 
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the conduction electrons must overcome the potential barrier and 

penetrate the uncolored region of the crystal. They only move a 

short distance before becoming trapped at negative ion vacancies 

forming new F- centers in the previously uncolored region. 

Heating the crystal at approximately 500oC causes the loss of 

F- centers at the surface to occur before the measurements are be- 

gun and hence the conductivity is that exhibited in Figure 24. There 

is no region where a transition from electronic to electronic plus 

ionic occurs since the conductivity is electronic plus ionic at all 

temperatures. The contacts are ohmic since the evaporated gold is 

in contact with the uncolored portions of the crystal. We mentioned 

in Section II that when gold was evaporated onto uncolored potassium 

chloride crystals the contacts were ohmic. 

Sanding caused the same effect as heating since roughening the 

surfaces before applying the contacts causes a potential barrier to 

the electrons to be formed. It is then energetically more favorable 

for conduction to occur at the surfaces by ionic transport than by 

electrons penetrating the barrier. 

It was mentioned earlier that the activation energy for conduc- 

tion in freshly cleaved crystals was 1. 13 ev while in heated or sand - 

ded crystals the activation energy was 1.22 ev. The reason for the 

increase after heating or sanding is that movement of the boundary 

between the colored and uncolored regions requires that the electrons 
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penetrating into the uncolored region have sufficient energy to over- 

come the potential barrier. The decrease in the conductivity after 

heating or sanding is thus due to the increase in the activation energy 

from 1. 13 ev to 1.22 ev. 

We are now ready to give a quantitative discussion of the be- 

havior exhibited in Figures 24and 26. To do this we consider the F- 

centers to behave as donor levels in a semiconductor and have a 

thermal ionization energy, EF. EF, is then the energy necessary 

to remove an electron from an F- center and place it in the conduction 

band of the crystal. Application of Fermi -Dirac statistics to these 

centers leads to the expression (45, p. 122 -132). 

n(n+n ) 

n _n - (2TrmkT/h2)3/2exp (-EF,/kT), 
F 

(4. 9) 

where n is the concentration of electrons in the conduction band, 

nF, the concentration of F- centers at 0 oK, na is the concentration 

of negative ion vacancies in excess of the concentration necessary to 

accomodate all of the electrons in the conduction band and m* is 

the effective mass of an electron in the conduction band. There are 

two limiting cases which are of interest. 

Case I. n >> 
a 

n, nF, » n. This leads to the expression ob- 

tained by Mott and Gurney (39, p. 140 -143) if one takes 
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(4. 10) 

is thr total concentration of negative ion sites in the crys- 

tal and ES is the energy to form a separated positive- negative ion 

vacancy pair. Mott and Gurney obtained 

n = (nF/N)(Zn=kT/h2)3/2exp [-(EF- Z E5)/kT]. m (4. 11) 

The equation defining conductivity is written as 

o- = eµn, (4. 12) 

where e is the electronic charge, µ is the mobility and n is 

the concentration of carriers. Using Equations (4. 11) and (4. 12) 

give s 

v = eµ(nF/N)(27rri>,kT/h2)3/2exp [-(EF-ZES)/kT]. (4. 13) 

Aside from the fact that Equation (4.13) fails to predict the 

square root dependence of the conductivity on the F- center concen- 

tration it can be shown incorrect by yet another argument. The mag- 

nitude of the conductivity, as predicted from Equation (4. 13), can be 

estimated and compared with experiment. In order to do this it is 

necessary to decide on what value to assign µ. Little data are 

available but we will assume that the values obtained by Redfield (46) 

can be applied at high temperatures. Redfield found that µ was 

where N 
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approximately 10 cm2 volt -1 sec -1 at room temperature and was de- 

creasing slowly with increasing temperature. For our calculation 

we will take N = 1 cm2 volt-1 sec-1, nF, = 1017 cm-3, 

N = 1. 6 x 1022 cm -3, m-'.- m = 9. 1 x 10 -28 grams, T = 673o K and 

EF 1 ES - = 1. 1 ev. This gives o- =10-13 ohm -1 cm -1. This is 

lower than the observed value of approximately 10 -7 ohm 
-1 cm -1 

by a factor of 106. Such a large difference makes it obvious that if 

Equation (4.13) were correct the conductivity due to ionized F- centers 

would not be observable but would be hidden by the much greater ion- 

ic conductivity. 

An effect that is missing but should be observed if Case I is 

correct is that when log10o- is plotted vs. 1000 /T the curve 

should contain two linear segments rather than being composed of 

only one. This would arise from the change in the expression for 

n at the knee temperature characteristic of an uncolored crystal. 
a 

In Section II we wrote the Schottky product as 

n n = N2 exp (-Ag/kT). 
a TT 

(2. 7) 

Below the conductivity knee Equation (2. 10) was found to hold. There- 

fore we can write 

n = n , r x 
(2. 10) 

where n x 
is a constant equal to the concentration of divalent cation 
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impurities. Substituting Equation (2. 10) into Equation (2. 7), using 

Ag = ph - TA s, and solving for n 
a 

gives 

na = (N2/nx) exp (d s/k) exp (-oh/kT). (4. 14) 

If this expression for n 
a 

is used in Equation (4. 9), together with 

the assumptions from Case I, we obtain for n the expression 

n = (nFnx/N2)(2 nn1'=kT/h2)3/2exp (-A s/k) exp 2-(EF-oh)/kT] 

(4. 15) 

and for Cr the expression 

o = eµ (nFnx/N2)(2Trxn*kT/h2)3/2exp (-A s/k) exp [-(EF-oh)/kT]. 

(4. 16) 

From Equation (4. 16) we see that below the knee temperature char- 

acteristic of an uncolored crystal plots of 1og10o vs. 1000 /T 

should be linear with slopes equal to - (EF- th) /2. 303k. 

Above the knee temperature n = n . Using this equality in 
CL Tr 

Equation (2.7) with o g = o h - TA s gives 

n 
a 

= N exp (A s /2k) exp (- oh /2kT). (4. 17) 

Using Equation (4. 17) in Equation (4. 9), together with the Case I as- 

sumptions, gives for n, the expression 
(4. 18) 

n = (nF/N)(2Trrn*kT/h)3/éxp(-ds/2k) exp [-(EF Ah)/kT] 
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,/N)(2Trrn-kT/h2)3/Zexp (-As/2k) exp[-(EF- 
Z 
oh)/kT]. (4.19) 

Thus above the knee temperature plots of log10o- vs. 1000 /T 

1 

should be linear with slopes given by -(EF- 2 oh) /2. 303k. 

Comparing this value for the slope above the knee with that be- 

low the knee shows that there should also be a knee in the conductiv- 

ity plots for colored crystals which occurs at the same temperature 

as for uncolored crystals. Even if the square root dependence of the 

conductivity on the F- center concentration occurred accidentally, 

perhaps due to an nF 2 dependence of the failure to observe 

this predicted knee indicates that Case I is definitely not correct. 

Case II. na «n, nF »n. Under these conditions Equation 

(4. 9) reduces to 

n = nF2(2m-kT/h 2 
) 
3/4 exp (-EF/2kT). 

Using Equation (4.12) and (4. 20) gives 

v = eµnF2(2Trm>kT/h 
2 

) 
3/4 exp (-EF/2kT). 

(4.20) 

(4. 21) 

Equation (4. 21) leads to the desired square root dependence 

but is not what one would expect. This can be seen from calculations 

of n 
a 

. For an estimation of n we will again take 

(n 

µ, 
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= 1 cm2 volt sec -1 and a- = 10 -7 ohm -1 cm -1. Substituting 

these values into Equation (4.12) gives n = 1011 cm -3. 

From the data of Fuller (20) on the diffusion of chloride ions in 

uncolored potassium chloride we can estimate n. Fuller gives the 
a 

exp re s sion 

na = N x 43.9 x exp (-2. 31/2kT) 

where N = 1. 6 x 1022 cm -3. Since Cr = 10 -7 ohm -1 cm -1 at 

(4.22) 

1000 /T = 1.5 we will use this value of T in Equation (4. 22) to 

obtain n 
a 

= 1015 cm -3. From this calculation we see that n 
a 
»n 

which indicates that Case I should be correct rather than Case II. 

This is the usual assumption and consequently Equation (4. 13) is 

frequently used to calculate EF. 

If Case II is actually correct the obvious implications are that 

the concentration of negative ion vacancies in colored crystals is 

much less than in uncolored crystals. We will assume Case II to be 

correct and that the conductivity is given by Equation (4. 21 ). This 

equation applies only if the contacts are ohmic and no colorless re- 

gion exists in the crystal. This would correspond to the curves in 

Figure 23, for 1000 /T > 1.75, except that the contacts are slight- 

ly non -ohmic. The behavior of these crystals closely follows the 

theoretical predictions for rectifying contacts between a semiconduc- 

tor and a metal. Dekker (10, p. 351-354) shows that the magnitude 

µ 
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of the current density vector should be given by 

J = [µe(Vo+V)/xo]n exp (-eVo/kT)[1-exp (-eV/kT)], 

(4. 23) 

where Vo is a contact potential; V is the applied potential; xo 

is the thickness of a layer, at the surfaces, formed due to loss of 

electrons to the electrode from the crystal; and n is the concen- 

tration of electrons in the conduction band of the crystal at a point far 

removed from the contacts. 

If V » e/kT plots of J vs. V should be linear since, 

under this condition, Equation (4. 23) reduces to 

J = [µe(Vo+V)/xo]n exp (-eVo/kT). (4. 24) 

By referring to the line drawn through the circles in Figure 21 we 

see that this in indeed the case. Thus extrapolation of the linear por- 

tion of the curve to J = 0 enables us to determine V 
0 

. By this 

method we obtain V 
o 

= 0. 11 volts. 

The concentration of electrons, at the electrodes, in the conduc- 

tion band of the crystal is given by multiplying the right hand side of 

Equation (4. 20) by exp ( -eV 
0 

/kT). The observed conductivity then 

becomes 

= eµnFZ(2mnxkT/h2)3/4 exp [-(eV o+zEF)/kT]. (4. 25) 

0 0 
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From the slope of the curves in Figure 19 we obtain eVo +ZEF,= 1.13ev. 

Thus we have = 2. 04 ev. This value for ZEF, should be com- 

pared with the values for the activation energy, EA, given in Sec- 

tion I. The value obtained here is in good agreement with the values 

obtained by Smakula (1. 00 ev) and by Shamovskii, Dunina and Gosteva 

(1. 03 ev) but does not agree with the value obtained by Gravitt, Gross, 

Benson and Scott (1. 3 ev). Since these latter investigators deter- 

mined EA from the rate of movement of the colored region, in a 

partially colored crystal, it would appear that they actually were 

measureing + as discussed below, rather than just 

ZEF,. If this assumption is made there is fairly good agreement be- 

tween their results and the results of the present work. 

The equation corresponding to the curves in Figuer 24 is ob- 

tained by multiplying the right hand side of Equation (4. 21) by 

exp (- Eb /kT) to give the conductivity corresponding to the fraction 

of electrons, in the conduction band of the colored portion of the 

crystal, with sufficient energy to overcome the potential barrier, 

between the colored and uncolored regions. This then gives, 

for o-, the expression 

i 
o- = eµnF,2(2ilrz1*kT/h2)3/4 exp [-(ZEF,+Eb)/kT]. 

From the slope of the curves in Figure 20 we obtained 

(4. 24) 

EF., 

ZEF Eb, 

Eb, 
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2 
EF + Eb = 1. 22 ev. Using the value of 2. 04 ev for EF, we obtain 

Eb = 0.20 ev. 

At the beginning of this section four questions were posed for 

which we hoped to provide answers. These questions were: (1) Do 

the charge carriers originate from F- centers or from colloids? 

(2) Are the carriers electrons or ions? (3) What is the mechanism 

for conduction? (4) Can the thermal ionization energy of the F- 

center be determined from conductivity measurements and if so what 

is its value? From the discussion just presented the answers to these 

questions appear to be: (1) The charge carriers originate from F- 

centers rather than from colloids. (2) The carriers are electrons 

and not ions. (3) The mechanism is conduction in the conduction 

band by electrons thermally ionized from F- centers. (4) The ther- 

mal ionization energy can be determined from conductivity measure- 

ments. If contacts are applied to freshly cleaved crystals the ther- 

mal ionization energy is twice the observed activation energy less a 

contact potential of 0. 11 ev. Application of this correction gives 

2. 04 ev for the thermal ionization energy. If the crystals are heated 

at 500oC or greater for approximately five minutes and then quenched 

or if the crystals' surfaces are sanded before applying the contacts 

the observed activation energy will be larger than one -half the ther- 

mal ionization energy. This increase results since an electron must 

acquire additional energy before it can penetrate into the layer of 



112 

uncolored crystal formed, at the surfaces, during heating or sanding. 

The increase amounts to O. 20 ev. 

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 O. 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 

conduction band for optical excitation. The fact that the thermal ion- 

ization energy of 2.04 ev is less than this value is to be expected as 

has been pointed out by Mott and Gurney (39, p. 160). This is be- 

cause optical excitations follow the Franck -Condon Principle whereas 

thermal excitations do not. Smith (57, p. 29 -30) calculated the dif- 

ference between the thermal and optical energies to be approximately 

0. 4 ev in potassium chloride. This is in excellent agreement with 

the value obtained from the present experiment. 
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V. CONDUCTIVITY OF COLORED POTASSIUM CHLORIDE 
CRYSTALS CONTAINING CALCIUM IONS 

Introduction 

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

halide crystals the rate of additive coloration is greatly increased. 

It was mentioned in Section I that new color centers, known as Z- 

centers, can be formed in these crystals which are not observable in 

pure crystals and thus, in some way, must be associated with the 

calcium impurities. 

Since divalent impurity ions increase the extrinsic conductivity 

while monovalent impurities do not it was believed that conductivity 

measurements would be helpful in determining the oxidation state of 

calcium after additive coloration. It would be expected that if the 

calcium ions actually trapped electrons and became reduced to the 

monovalent state that the extrinsic ionic conductivity would become 

reduced to that characteristic of pure crystals. Knowledge of the 

oxidation state would then be beneficial in determining models for the 

Z- centers as well as helping to determine the role calcium plays in 

increasing the rate of additive coloration. 

It was also mentioned at the beginning of Section IV that we 

would discuss the question: Why is it that some authors report a de-. 

crease in the conductivity after coloring while other report an 
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increase? A likely answer would be that the decrease is due to re- 

duction of the divalent cationic impurities responsible for the extrin- 

sic ionic conductivity. To observe a substantial decrease after col- 

oring the impurity content of these crystals would have to be high 

enough to cause the extrinsic conductivity to be considerably greater 

than that due to F- centers. Otherwise an increase would be observed. 

A second possible reason would be that the crystals used by the 

investigators reporting the decreases contained substantial concen- 

trations of hydroxide impurities. During coloring the hydroxide ions 

would be converted to oxide. The presence of the oxide impurities 

would then require compensating negative ion vacancies. These nega- 

tive ion vacancies would suppress the positive ion vacancy concentra- 

tion, and therefore the extrinsic conductivity, through Equation (2. 7). 

Since calcium and other alkaline earth ions are very common 

impurities in alkali halide crystals investigations to determine the 

effect of coloration on the ionic conductivity would serve to determine 

w_zich, if any, of these reasons is correct. 

Experimental 

Conductivity Measurements 

The calcium -doped crystals discussed in Section II were used in 

the conductivity and transport measurements in this section. The 
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crystals were additively colored by the method discussed in Section 

III. However the duration of coloration was never greater than two 

days. In all cases the F- center concentrations appeared uniform. 

The concentration of F- centers was determined from the optical den- 

sity at 556 mµ as was also discussed in Section III. 

The Z1-band was found to be readily formed by irradiating with 

white or F light at room temperature but always bleached to pure F- 

band above approximately 125°C. At no time was the Z2 -band ob- 

served. The reason for this is unknown. 

Conductivity measurements were made both on crystals which 

had been exposed to light after which they were heated to approxi- 

mately 600oC and quenched and on crystals which were not quenched 

after exposure. No difference was observed in the conductivities 

after quenching. 

Transport Measurements 

Transport measurements were conducted on the additively col- 

ored calcium -doped crystals to determine whether the conductivity 

measured was primarily ionic or electronic. The same technique 

was employed as was used in Section IV to determine the electronic 

transport number in additively colored pure crystals. However the 

current was greater in the calcium doped crystal so that a somewhat 

lower temperature could be used. 
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Results and Discussion 

Conductivity Measurements 

Measurements were made on five calcium doped crystals. In 

general no appreciable change in the conductivity could be found after 

coloring. The conductivity did change somewhat but the change was 

usually slight and could be accounted for by precipitation of the cal- 

cium ions during the coloring period. The results for the crystal 

containing 9. 3 x 10 -5 mole fraction calcium is shown in Figure 32. 

The conductivity before coloring is indicated by the circles and the 

conductivity after coloring to an F- center concentration of 2. 3 x 1017 

cm -3 is indicated by the triangles. The conductivity at lower tern- 

peratures is seen to be slightly less for the colored crystal but at 

temperatures just below the knee the conductivities become equal. 

The identical knee temperatures is good evidence that the concentra- 

tions of divalent calcium ions are the same in both crystals. There 

still exists the posibility that the ionic conductivity in the colored 

crystal has been suppressed to a very low value and that the observed 

conductivity is electronic resulting from ionized F- centers. The 

identical knee temperatures would then be accidental. That the con- 

ductivity is truly ionic was determined by the electronic transport 

number measurements which are discussed in the following para- 

graphs. 
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Transport Measurements 

For the measurements a crystal containing 1.2 x 1017 F- 

centers per cm3 was placed between two uncolored crystals. The 

assembly was placed in the conductivity cell and heated to 319oC. A 

potential difference of 100 volts was applied for one hour over which 

time the temperature increased to 321oC. The data taken is present- 

ed in Table 5. The average current, after correcting for an electro- 

meter drift of 0. 04 x 10 -7 amps per hour, was 1.71 x 10 -7 amps. 

This amounted to a total charge of 6. 16 x 10 -4 coulombs. The fur- 

nace was turned off at the end of the measurements and the crystal 

quickly cooled to room temperature. It was found that the boundary 

between the colored and uncolored regions had moved only slightly. 

The distance was so small that an accurate measurement could not 

be made but an upper limit of 0. 01 cm permitted a calculation of the 

upper limit on the F- center transport number to be made. This cal- 

culation was made using Equation s (4. 1) and (4. 2) with d < 0. 01 cm, 

Qt = 6. 16 x 10-4 coulombs and nF, = 1. 2 x 1017 cm-3. The re- 

maining parameters were the same as previously. This gives 

tF < 0. 15. Thus we must have ti > 0. 85, where ti is the ionic 

transport number. This indicates that the conductivity of the colored 

crystals is substantially ionic. From this deduction and the observa- 

tion that the colored and uncolored crystals exhibit the same knee 
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temperature we can conclude that the oxidation state of calcium is un- 

changed on coloring and thus these ions remain divalent. 

Table 5. Current observed when 100 volts were applied 
during transport measurements. 

Time, (min) Temperature, (°C) Current x 107, (amp) 

0 319 
5 1.74 

10 1.71 
15 1.68 
20 1.65 
25 319 1.65 
30 1.68 
35 1.72 
40 320 1.73 
45 1.78 
50 1.80 
55 1.83 
60 321 1.85 

Averagel 1.71 

1Corrected for electrometer drift of + 0. 04 x 10 -7 amps 
per hour. 

Since calcium remains divalent after coloration any mechanism 

proposed, whereby these ions increase the rate of additive coloration, 

must be one which does not require the reduction to the monovalent 

state. Obviously knowledge of such a mechanism would be beneficial 

in understanding the coloration process but the results of this investi- 

gation provide no further clues. 

We now are in a better position to choose between the two pos- 

sible reasons we have offered for the decrease in conductivity ob- 

served by certain investigators. It seems reasonable to expect that 
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calcium would be representative of the alkaline earth ions and thus 

its behavior should be typical of that group. Since the usual divalent 

impurities are alkaline earth ions it is unlikely that the decrease in 

the conductivity occurs because of a reduction of these ions to the 

monovalent state. It is more probable that the second reason listed 

is correct and that the decrease is due to the formation of oxide ions 

from hydroxide ions and the subsequent suppression of the positive 

ion vacancy concentration. 



121 

BIBLIOGRAPHY 

1. Allnat, A. R. and P. W. M. Jacobs. A.C. polarization effects in 
the ionic conductivity of potassium chloride crystals. The Jour- 
nal of Physics and Chemistry of Solids 19:281 -290. 1961. 

2. Andrianov, A. S. and M. L. Kats. Luminescence of alkali halide 
phosphors activated by antimony trichloride. Bulletin of the 
Academy of Sciences of the USSR, Physical ser. 25 :381 -382. 
1961. 

3. Avramenko, V. G. and M. U. Belyi. Spectral characteristics of 
compacted alkali halide disks, activated by thallium, arsenic and 
tin with different valencies. Bulletin of the Academy of Sciences 
of the USSR, Physical ser. 29 :402 -405. 1965. 

4. Azaroff, L. V. Introduction to solids. New York, McGraw -Hill, 
1960. 460 p. 

5. Barnes, R. E. Die ultraroten Eigenfrequenzen der Alkalihalogen- 
idkristalle. Zeitschrift für Physik 75:723 -734. 1932. 

6. Beaumont, J. H. and P. W. M. Jacobs. Energy and entropy para- 
meters for vacancy formation and mobility in ionic crystals. 
The Journal of Chemical Physics 45:1496 -1502. 1966. 

7. Crank, J. The mathematics of diffusion. Oxford, Clarendon 
Press, 1956. 339 p. 

8. Daniels, Farington, J. H. Mathews, J. W. Williams, Paul Bender 
and R. A. Alberty. Experiamental physical chemistry. 5th ed. 
New York, McGraw -Hill, 1956. 482 p. 

9. de Boer, J. H. Über die Natur der Farbzentren in Alkalihalo- 
genid- Kristallen. Recueil des travaux Chimiques des Pays -Bas 
56 :301 -309. 1937. 

10. Dekker, A. J. Solid state physics. Englewood Cliffs, Prentice - 
Hall, 1957. 540 p. 

11. Dexter, D. L. Absorption of light by atoms in solids. Physical 
Review 101:48 -55. 1956. 



122 

12. Die Thätigkeit der Physikalisch- Technischen Reichsanstalt in 
der Zeit vom 1. April 1895 bis 1. Februar 1896. Zeitschrift 
für Instrumentkunde 16 :203 -218. 1896. 

1 3. Dolgopolova, A. V. , L. V. Kovaleva, S. A. Sazonova and B. S. 
Skorobogatov. On the luminescence of rare earth ions in NaCl 
crystals. Optics and Spectroscopy 17 :73. 1964. 

14. Dunlap, W. C. , Jr. Conductivity measurements on solids. In: 
Methods of experimental physics. ed. by K. Lark -Horovitz and 
V.A. Johnson. Vol. 6, part B. New York, Academic Press, 
1959. p. 32 -71. 

15. Eppler, R. A. Absorption and luminescence in impurity - 
activated alkali halides. Chemical Reviews 61 :523 -535. 1961. 

16. Etzel, H.W. and D. Patterson. Optical properties of alkali ha- 
lides containing hydroxyl ions. Physical Review 112 :1112 -1116. 
1958. 

17. Etzel, H. W. and J. H. Schulman. Silver- activated alkali halides. 
Journal of Chemical Physics 22: 1549 -1554. 1954. 

18. Ewles, J. and D. S. Barrnby. Optical and electrical properties 
of some oxygen activated alkali halides. Proceedings of the Phy- 
sical Society (London) sec. B. 69:670 -678. 1956. 

19. Frankel, J. Uber die Wärmebewegung in festen and flüssigen 
Körpen. Zeitschrift für Physik 35 :652 -669. 1926. 

20. Fuller, R. G. Diffusion of chlorine ions in potassium chloride. 
Physical Review 142:524 -529. 1966. 

21. Gravitt, J. C. , G. E. Gross, D. K. Benson and A. B. Scott. 
Motion of F- centers in KC1 and KI. Journal of Chemical Physics 
37:2783 -2784. 1962. 

22. Gründig, Helmut. Die Eigenleitung hochreiner KC1- und KBr- 
Kristalle. Zeitschrift für Physik 182 :477 -486. 1965. 

23. Ionenleitfähigkeit von zonengereiningten Alkali - 
halogeniden. Zeitschrift für Physik 158 :577 -594. 1960. 



123 

24. Hilsch, Rudolf. Die Absorptionsspektra einiger Alkali - 
Halogenid- Phosphore mit Tl- and Pb- Zusatz. Zeitschrift für 
Physik 44 :860 -870. 1927. 

25. Holmes, R. E. Electrical and optical properties of potassium 
chloride single crystals containing lead ion. Ph. D. Thesis. 
Corvallis, Oregon State University, 1966. 191 numb. leaves. 

26. Hüniger, M. and J. Rudolf. Über den Aufbau zinhaltiger Halo - 
genid- leuchstoffe. Zeitschrift für Physik 117 :81 -99. 1940. 

27. Jacobs, P. W. M. and F.C. Tompkins. Ionic conductance in solid 
salts. Quarterly Reviews 6 :238 -261. 1952. 

28. Jain, S. C. and G.D. Sootha. Electronic conduction in additively 
colored KC1 crystals. Journal of the Physics and Chemistry of 
Solids 26 :267 -272. 1965. 

29. Joffe, A. and W. C. Roentgen. Uber die Elektrizätsleitung in 
einigen Kristallen und über den Einfluss der Bestrahlung darauf. 
Annalen der Physik 41 :449 -498. 1913. 

30. Jones, R. N. The absorption of radiation by inhomogeneously 
dispersed systems. Journal of the American Chemical Society 
74: 2681 -2683. 1952. 

31. Kelting, Heinke and Horst Witt. Über KC1- Kristalle mit Zuzät- 
zen von Erdalkalichloriden. Zeitschrift für Physik 126:697 -710. 
1949. 

32. Kittel, Charles. Introduction to solid state physics. 2d ed. 
New York, Wiley, 1956. 617 p. 

33. Konitzer, J. D. and J. J. Markham. Experimental study of the 
shape of the F -band absorption in KC1. Journal of Chemical 
Physics 32: 843 -856. 1960. 

34. Lidiard, A. B. Ionic conductivity. In: Handbuch der physik, 
ed. by H. Geiger and Karl Scheel. Berlin, Springer, 1957. p. 
246 -349. 

35. Lushchik, Ch. B. , N. E. Luschick and I. V. Yaek. Electronic - 
vibrational processes in luminescence centers of ionic crystals. 
Bulletin of the Academy of Sciences of the USSR. Physical ser. 
26:488 -496. 1962. 



124 

36. May cock, J. N. Electrical effects due to F- centers in potassium 
halides. Journal of Applied Physics 35 :1512 -1515. 1964. 

37. Markham, J. J. F- centers in alkali halides. New York, Aca- 
demic, 1966. 400 p. 

38. Mizuno, Niroyuki and Shigeko Miyamoto. Influence of disloca- 
tions on diffusion rate of F- centers. Physical Review 125 :833 - 
836. 1962. 

39. Mott, N. F. and R. W. Gurney. Electronic processes in ionic 
crystals. 2d ed. New York, Dover, 1964. 275 p. 

40. Pick, Heinz. Über die Farbzentren in KC1- Kristallen mit klein- 
en Zusatzen Von Erdalkalichloriden. Annalen der Physik 35 :73- 
83. 1939. 

41. . Zur Bindung von Stöchiometrisch úberschüssigem 
Natrium in NaCl -Cristallen mit SrCl2- Zusatz. Zeitschrift für 
Physik 114 :127-132. 1939. 

42. Pierce, W. C. , E. L. Haenisch and D. T. Sawyer. Quantitative 
analysis. 4th ed. New York, Wiley, 1958. 497 p. 

43. Pohl, R.W. Electron conductivity and photochemical processes 
in alkali - halide crystals. Proceedings of the Physical Society 
(London) 49 :3 -31. 1937. 

44. Zusammenfassender Bericht Über Elektronen- 
leitung und photochemische Vorgänge in Alkalihalogenidkristallen. 
Physik -alische Zeitschrift 39:36 -54. 1938. 

45. Putley, E. H. The Hall effect and related phenomena. London, 
Butterworths, 1960. 263 p. 

46. Redfield, A. G. Electronic Hall effect in alkali halides. Physi- 
cal Review 94:537 -540. 1954. 

47. Rolfe, J. , F. R. Lipsett and W. J. King. Otpical absorption and 
fluorescence of oxygen in alkali halide crystals. Physical Re- 
view 123 :447 -454. 1961. 

48. Schulman, J. H. and W. D. Compton. Color centers in solids. 
New York, MacMillan, 1962. 368 p. 



125 

49. Scott, A. B. , W. A. Smith and M. A. Thompson. Alkali halides 
colored by colloidal metal. Journal of Physical Chemistry 57: 
757-761. 1953. 

50. Seitz, Frederick. Color centers in additively colored alkali 
halide crystals containing alkaline earth ions. Physical Review 
83:134 -140. 1951. 

51. Color centers in alkali halide crystals. II. 
Reviews of Modern Physics 26 :7 -94. 1954. 

52. Shamovskii, L. M. , A. A. Dunina and M. I. Gosteva. The energy 
of thermal dissociation of F- centers in KC1. Soviet Physics, 
Solid State 2:2252 -2259. 1960. 

53. Shewmon, P. G. Diffusion in solids. New York, McGraw -Hill, 
1963. 203 p. 

54. Smakula, Alexander. Einige Absorptionsspektra von Alkalihalo- 
genidphosphoren mit Silber and Kupfer als wirksamen Metallen. 
Zeitschrift für Physik 45 :1 -12. 1927. 

55. Über Erregung und Entfarbung lichtelektrisch 
leitender Alkalihalogenide. Zeitschrift für Physik 59:603 -614. 
1930. 

56. Zur Wanderungsgeschwindigkeit der Elektron- 
en in Alkalihalogenidkristallen. Nachrichten von der Gesell- 
schaft der Wissenschaften zu Göttingen 55 -65. 1934. 

57. Smith, W.A. , Jr. Energy level calculations for F- centers and 
positive ions in alkali halides. April 1, 1957. 50 p. (U.S. 
Atomic Energy Commission KAPL - 1720) 

58. Sonder, E. Magnetism of KC1. Physical Review 125:1203 -1208. 
1962. 

59. Stasiw, Ostap. Zur elektrischen Wanderungsgeschwindigkeit der 
Farbzentren in Alkalihalogenidkristallen. Nachrichten von der 
Gesellschaft der Wissenschaften zu Göttingen, 1933, p. 387 -393. 

60. Sutter, P. H. and A. S. Nowich. Ionic conductivity and time de- 
pendent polarization in NaCl crystals. Journal of Applied Phy- 
sics 34: 734 -746. 1963. 



126 

61. Tomka, P. Parallel measurements of electrical conductivity of 
additively colored and colorless alkali -halide crystals. Acta 
Physica 8:161- 175. 1957. 

62. Tubant, C. , H. Reinhold and George Liebold. Bipolare Leitung 
in festen Elektrolyten. Zeitschrift für anorganische und allge- 
meine Chemie 197:225 -253. 1931. 

63. Wagner, Carl and Walter Schottky. Theorie der geordneten 
Mischphasen. Zeitschrift für Physikalische Chemie 11 :163 -210. 
1930. 

64. Wagner, Wolf -Udo. Absorptionsbanden und Oszillatorstarken 
von KC1: TI- Einkristallen bei verschiedenen T1- Konzentrationen. 
Zeitschrift für Physik 181 :143 -161. 1964, 

65. Williams, F. E. , B. Sezall and P. D. Johnson. Oscillator 
strengths for luminescent transitions in KC1 :T1 and KC1 :In. 
Physical Review 108 :46 -49. 1957. 


