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ELECTRICAL CONDUCTIVITY AND 
ULTRAVIOLET ABSORI'TION SPECTRA 

OF HIGH-PURITY POTASSI1JN CHLORIDE 
SINGLE CRYSTALS 

I. GENERAL INTRODUCTION 

The past two or three decades have seen remark- 

able progress in the understanding of electronic pro- 

cesses occurring within solid crystals. The alkali 

halides have attracted special attention because their 

abundance makes them readily available, their transpar- 

ency makes them especially conducive to optical inves- 

tigations, and their cubic lattice simplifies an other- 

wise more complex picture. 

Alkali halides containing color centers have been 

the subject of widespread investigation. Color centers 

may be introduced into alkali halides by subjecting the 

crystal to bombardment by ionizing radiation, or by 

additive coloration in which a crystal is heated in 

alkali metal vapor. A third method, in which electrons 

are injected into a crystal by electrolysis has also 

been used, but has not gained the popularity of the other 

two methods. Pick (53, p. 'i-99) has estimated the number 

of publications concerning color centers in solids to 

be of the order of one thousand. 

With this progress has come an increased demand 
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for materials of greater crystal lattice perfection and 

greater purity. Indeed many of the observed properties 

of both colored and uncolored crystals are not properties 

of the crystal se, but are associated with lattice 

imperfections and traces of impurities. Thus it is not 

surprising that entire conferences and symposia have 

been devoted to the consideration of defects and im- 

purities in crystalline solids (58, 69). 

As early as 1937 Pohl (56, p. 5), in reviewing the 

work up to that time, indicated that for optical studies, 

the concentration of any one kind of impurity ion in a 

crystal should be no greater than one part in lO or io6. 

It is generally agreed that the color centers that give 

rise to the Z absorption bands are associated with di- 

valent cations present in the alkali halide lattice (54, 

p. 76). Nott and Gurney ('4-7, p. 49) have indicated that 

the amounts of impurities required to produce noticeable 

effects on the ionic conductivity vary from one part in 

10 to less than one part in iO8. Schulman (62, p. 7k9) 

has called attention to the possibility that certain 

coloration phenomena generally ascribed to the host 

crystal may be due to traces of impurities, and has 

emphasized the need for working with crystals of high 

purity. Duerig and I1arkham (12, p. 1048), in studying 
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color centers in alkali halides at low temperatures, 

repeatedly indicated the need for high purity crystals 

and concluded that the impurity content of commercially 

available alkali halides was too high to be considered 

fully suitable for optical work. 

In view of the fact that electrical and optical 

properties are sensitive to impurities present in amounts 

lower than the limits of detection by usual analytical 

techniques, much of the experimental work has baen 

carried out on crystals of unknown purity. Spectro- 

graphic analysis has often been used for trace impu- 

rities, but also suffers from a limiting detection 

sensitivity in the range ol' interest. 

Single crystals produced by the ilarshaw Chemical 

Co. have been used for much of the published research. 

Spectrographic analysïs of Ilarshaw KC1, carried out by 

the National Bureau of Standards and the Naval hesearch 

Laboratory, and reported in the paper by Duerig and 

arkham (12, p. 1O'44), indicates the following ranges 

for the impurities detected: 

Element Concentration 

Sodium 0.001 to 0.1 percent 
Calcium 0.001 to 0.01 
Iron 0.0001 to 0.01 
Aluminum 0.0001 to 0.01 
£iagnesium 0.0001 to 0.001 
3ilicon 0.0001 to 0.001 
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Element Concentration 

Chromium 0.0001 to 0.001 percent 
Rubidium 0.0001 to 0.001 
Copper ? 

Cesium 

Using the lower limits of these ranges, it can be shown 

that a minimum of one cation in approximately 15,000 is 

a foreign cation impurity. $pectrographic analysis, 

of course, indicates nothing about anion impurities; 

they cannot be determined by this technique. 

Another analytical technique that holds consider- 

able promise for trace impurities is neutron activation 

analysis (37, p. 64). Recently (1) this method has been 

applied to Harshaw KOl with the following impurity 

elements definitely shown, to be cresent in the indicated 

concentrations: 

Element Concentration 

Bromine 
Nickel 
Sulfur 
Zinc 
Rubidium 
Cesium 
Sodium 

72.5 ppm 
2 
1-2 
o 46 
0.1 
0.1 
0.1 

In addition, 22 other elements were listed as probably 

present in concentrations less than 0.1 ppm and 20 

elements probably present in concentrations of less than 

0.01 ppm. 

Though it is often difficult to say to what level 
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impurity concentrations must be reduced before they ex- 

hibit no influence on properties under investigation, 

it is always of interest to achieve the highest 

practicable purity to eliminate as many unknown 

factors as possible. 

Accordingly, this investigation was undertaken 

with the purpose of preparing potassium chloride single 

crystals from starting material which was subjected to 

various purification techniques, and evaluating the 

relative purity from ionic conductivity and ultraviolet 

absorption spectra studies. 



II. PREPkRATION OF SINGLE CRYSTALS 

A. Introduction 

Sin1e crystals of potassium chloride, as well as 

of many other salts, are generally grown in one of two 

ways. By a careful control of temperature and evapora- 

tion rate, crystals may be grown from saturated aqueous 

solutions. Buckley ('7, p. 44-71) gives a detailed de- 

scription of the various modifications in technique and 

apparatus that have been used in growing from solution. 

Two primary disadvantages of this method have discouraged 

its use for KC1 crystals: (i) relatively long periods 

of time are required to obtain crystals large enough for 

making various measurements, and (2) it is difficult to 

obtain crystals that are optically perfect, even to the 

naked eye. 

The second method, and one which has been used to 

a large extent for preparation of alkali halide single 

crystals, is growth from the melt. The development of 

this technique has also been reviewed by Buckley. This 

technique may be subdivided conveniently into two methods 

which today are generally credited to Bridgman. (6, p. 

305) and Kyropoulos (35, p. 308), respectively, al- 

though both methods now incorporate various modifications 
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first introduced by others. Actually, Czochralski's 

method (lo, p. 219) was almost identical to that of 

Kyropoulos and preceeded it by several years. 

In the Bridgman method, the melt is contained in 

a tube which is drawn to a capillary at one end. As 

the tube is lowered from a furnace held at a temperature 

above the melting point of the salt (or metal), crystals 

form in the capillary which are usually crowded out by 

one crystal most favorably oriented, forming a single 

crystal iii the tube. 

The Kyropoulos method as known today employs a 

cooled seed crystal which is lowered to the surface of 

the melt, then slowly withdrawn whereby a boule is formed. 

This boule is usually a single crystal and in the case of 

alkali halides may be cleaved along the crystallographic 

axes. 

All of the crystals used in the present work were 

grown by the Kyropoulos method, using apparatus which 

will be described in a later section. 

B. Purification Techniques 

Reagent grade potassium chloride marketed by the 

Baker and Adamson Chemical Co. was used as starting 

material for all of the experimental work nerein reported. 



The maximum limits of impurities specified for this 

material are as follows: 

Assay (KC1) 
In.soluble 
Calcium, Nagnesium, 

and R203 

Iodide 
I'itrogen cpds. (as N) 
Sulfate 
Phosphate 
Heavy metals (as Pb) 
Iron 
Neutrality 
Bromide 
Chlorate 
Nitrate 
Sodium 
Barium 

min. 99.5 percent 
0.005 

O 005 

o 002 
0,001 
0.001 
0.0005 
0.0005 
0.0003 

to pass test 

A few crystals were grown from reagent grade KC1 

to compare their properties with those grown from KOl 

purified by various techniques. 

Potassium chloride is quite amenable to recrys- 

tallization techniques, since its relative solubility in 

water at 0° and 100°C is 27.6 and 56.7 parts per hundred, 

respectively (36, p. 238). Recrystallizations were 

carried out from aqueous solutions in Pyrex beakers. 

The procedure for all recrystallizat-ions was essentially 

the same. Using distilled water, a saturated solution 

was prepared at slightly above room temperature and 

filtered through hardened filter paper (Whatma.n No. 5) 

held on a fritted glass filter, to remove insoluble 



materials. The solution was then partially evaporated 

on a hot plate, cooled to room temperature, and the 

formed crystals filtered off and discarded. This 

practice was adopted since it has been shown (5?, p. 

133) that heavy metal impurities may be carried down in 

the first crystals that form. Three crops of crystals 

were then recovered by evaporating the solution to 

saturation at the boiling point and cooling to room 

temperature. The crystal fractions were recovered on a 

fritted glass filter, and the solution remaining after 

the third crop was discarded. The crystals were allowed 

to drain dry, then dried in a 2 inch Pyrex tube closed 

at one end, by slowly increasing the temperature to 

approximately 300°C while constantly maintaining a vacuum 

over the crystals (18, p. lL159). Alternatively, the wet 

crystals were submitted to further recrystallization by 

an identical process. Using this procedure, several 

batches of KC1 were prepared. which were recrystallized 

once, twice, or four times. 

Hay (20) has patented, and assigned to the Harshaw 

Chemical Co., a process for chemical purification of 

alkali halides. Two batches of KC1 were processed by 

this method which consisted briefly of the following 

steps. To three liters of a saturated solution of KC1, 
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a small amount of barium chloride was added to precip- 

itate any sulfate that may have been present. After 

digesting for a few hours and filtering, 5 cc of 30% 

hydrogen peroxide were added to oxidize iron to the tri- 

valent state; then 20 gin of potassium carbonate were 

added. The formed precipitate, although being pre- 

dominantly BaCO3, presumably also contained CaCO3, 

SrCO3, Fe(OJi)3, and Ng(OH)2. After digestion for several 

hours, the solution was filtered while hot. The alkaline 

solution now presumably contained silìca and alumina 

dissolved from the glass container. Enough HOi was added 

to convert the carbonate to the bicarbonate and. the solu- 

tion digested overnight whereupon a gelatinous precipi- 

tate formed. This precipitate was predominantly hydrated 

silica and alumina, but presumably contained other metal 

ions as well. After filtering the solution, it was 

further acidified with HOi to destroy all the bicarbo- 

nate, then three crops of KC1 were recovered by evapo- 

rating the acidified solution. The recrystallization 

was repeated, and the salt dried as described above. 

A study of vapor pressure-temperature data (k2) 

for a large number of salts indicated that sublimation 

of KOl under vacuum might be useful in eliminating some 

of the residual impurities. several batches of KC1 were 
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sublimed, starting with material that had been recrys- 

tallized twice. One batch was also sublimed, starting 

with KC1 that had been recrystallized four times, 

3ingle sublimations were made in the vacuum system used 

for growing the single crystals from the melt. This 

apparatus is described in the next section. The KOl 

was placed in a graphite crucible in the furnace, the 

system evacuated to a pressure less than i x lO mm, 

and the temperature slowly increased. After holding the 

temperature below 600°C for several hours to drive off 

moisture or any other volatile materials, the temperature 

was increased and KC1 was sublimed on to a platinum 

sheet held above the crucible. 

One batch of KC1 was doubly sublimed using equip- 

ment at the U. S. Bureau of Mines laboratories at 

Albany, Oregon. This sublimation was carried out in a 

stainless steel retort. The KC1 was placed in a nickel 

crucible and the sublimate was collected on a nickel 

shield. The first sublimation was made at a pressure 

of i x io2 mm; the sublimate was then returned to the 

crucible, and distilled again under a pressure of 

-k kxlO mm. 

One single crystal (G-k7) was grown from the melt 

starting with portions of previous crystals that also 



12 

had been grown from the melt. 

C. Crystal Growing Apparatus 

A photograph of the apparatus used for growing 

single crystals as well as for several sublimations is 

shown in Figure 1. The bell jar is removed from the 

base plate for a botter view of the mechanical features. 

A Cenco Hyvac fore pump, and an air cooled Consolidated 

Electrodynamics oil diffusion pump were used to evacuate 

the system. A trap, cooled either by liquid air or 

solid CO2-acetone, between the diffusion pump and the 

rest of the system prevented corrosive materials from 

enterïng the vacuum pumps and also prevented oil vapors 

from backing up into the system. Pressure inside the 

bell jar could be measured either with a tilting NoLeod 

gauge or an ionization gauge. 

Jith the exception of two, all crystals were grown 

from graphite crucibles. The crucibles ere 2 inches 

diameter by 2íh inches high, outside dimensions, and 

i 3/8 inches diameter by 2 inches deep, inside dimen- 

sions, and were machined from hign purity reactor grade 

graphite obtained either from the Hanford Atomic Energy 

Plant or from United Carbon Products Co. 

The crucible was heated with a nichrome resistance 
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furnace, wound on an alundum core. Carrent through the 

furnace was controlled with a rheostat. 

The water cooled seed holder, attached to a 

vertical threaded shaft, was raised and lowered by a 

synchronous motor through a series of gear reductions. 

This vertical shaft entered the base plate through a 

standard taper ground glass joint. 

All gaskets, "O" rings, and ground glass joints 

were greased lightly with Apiezon N vacuum grease. 

D. Procedure 

To grow a single crystal, the crucible was filled 

with potassium chloride, a seed crystal clamped in the 

seed holder, bell jar set in place, and, the system 

evacuated to a pressure usually less than i x 1O mm. 

The lowest pressure ever obtained in the system was 

2 x mm; this, however, required several days of 

pumping. During the evacuation process, the furnace 

was turned on for several hours, but held below a 

temperature at which KC1 would sublime. This permitted 

a more rapid outgassing of the system, especially the 

alunduin furnace core and the graphite crucible. After 

evacuation, the system was backfilled with research grado 

argon through CaC12, NgC1O1,, and the cold trap containing 
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CO2-acetone. Only in the last few runs was any effort 

made to remove traces of oxygen from the argon, by 

passing the gas over alkaline pyrogallol or hot calcium 

chips. Once the system was backfilled, the furnace 

temperature was increased to melt the KC1, the seed 

crystal was lowered into the melt enough to melt off the 

bottom of the seed, and the pulling motor started. 

Purnace current was controlled manually and depended. on 

visual observation of the growing crystal. If the 

furnace was not hot enough, the surface of the melt 

would freeze over; if it was too hot, the crystal would 

break contact with the melt. However, after one or two 

trial runs, fairly good crystals could be grown without 

much difficulty. The greatest difficulty was that fre- 

quently the crystal would contain occluded specks of 

graphite, or bubbles. Nicroscopic examination indicated 

that at least part of the bubbles had specks of graphite 

at the top. This problem was not resolved in the course 

of the experimental work. 

Four pulling rates were available by a slight 

change in the gear reduction ratio; however, only two 

of these were used. The crystals were all grown at 

either 2.91 or 1.59 cm/hr. 

After the crystal was pulled to the desired length, 
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it was raised manually to break contact with the melt. 

The furnace was then turned off and the crystal permitted 

to cool to room temperature while suspended above, and 

partially within the crucible. The crystals were stored 

in tightly closed bottles, and specimens cleaved off as 

needed, using a single edge razor blade. 

Table i lists many of the crystals prepared in this 

way, with the conditions under which they were grown. 

In addition several more crystals were grown which either 

were not large enough, or in some other way were con- 

sidered not suitable for optical absorption or conduc- 

tivity studies. IIany of the crystals that had bubbles 

or graphite specks were discarded. 

E. Crystal Annealing 

Although ultraviolet absorption spectra and many 

conductivity runs were made on specimens cleaved from 

the crystals as grown, it seemed advisable to anneal some 

specimens to determine the overall effect on the conduc- 

tivity. 

Annealing was carried out in the Vycor apparatus 

and. furnace used for conductivity studies. This 

apparatus is described in ¿ection IV B. Specimens from 

several crystals, whose dimensions were measured for 
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identification, were placed together in the apparatus, 

the system evacuated and backfilled three times with 

argon, and then the furnace heated for 2 hours at either 

6000 or 400°C. Cooling took place over a period of 60 

to 70 hours by reducing the furnace power with a variable 

transformer, operated by a synchronous motor through a 

gear reduction assembly. The variable transformer was 

turned at a rate linear with time; however, the actual 

cooling rate of the furnace was not linear, the rate 

being slightly higher at the initial higher temperatures. 

Fluctuations in the line voltage also were noticeable 

and affected the cooling rate. 

.3peciinens from the following crystals were annealed 

at 600°C: G-7, G38, G-34, G-35, Harshaw TT 1832, and 

HO-18. The initial and average cooling rates were 12.4° 

and 990 per hour, respectively. Specimens from the 

following crystals wore annealed at 400°C: G-47, G-38, 

G-55, G-31, G-30, and G-20. The initial and average 

cooling rates for this run were 9.0° and 7.2° per hour, 

respectively. 
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Figire 1. Photograph of Crystal Growing Apparatus 
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III. ULTRAVIOLET ABSORPTION SPECTRA 

A. Introduction 

The electronic fundamental absorption edge of KC1 

starts in the ultraviolet region at approximately 180 ini 

(23, p. 816). Below this wavelength, electronic transi- 

tions give rise to several fundamental bands. In the 

infrared region, Ionic vibrations give rise to a funda- 

mental band centered at 70.7 . (3, p. 723), but for 

crystals a few millinieters thick, this band is very broad 

so that the absorption edge is clearly apparent at 20 . 

.['ure KC1 should be completely transparent to irradiation 

between 180 mp. and 20 )i, 'and the presence of any absorp- 

tion bands in this region is considered an indication of 

the presence of impurities, or other crystal disorder. 

Traces of lead and thallium are known to give rise 

to ultraviolet absorption bands at 273 mji and 2'$-7 mji, 

respectively (22, p. 42). Ionic silver centers in KC1 

show absorption bands around 218 mi and 228 mjì with a 

third weak band at about 2k5 mjx. X-ray irradiation of 

silver doped KC1 gives rise to a whole series of new 

bands (15, p. 1550). Kaiser (29, p. 106-109), working 

on KC1 doped with AgC1, TiSi, and CuOl, colored his 

crystals additively, and found a band at 285 m.i in all 



three cases. In addition the copper doped crystal showed 

a peak at 302 inji. 

n absorption band at 2014. in» in KC1 has been 

studied by itzel and Patterson (14, p. 1113) and by 

Rolfe (59, p. 57), and has been ascribed to the presence 

of hydroxyl ions in the lattice. 

Obviously, the present work, seeking to achieve a 

state of high purity in KOl, was accompanied by an 

interest in the ultraviolet spectra from the standpoint 

of the absence of absorption bands rather than their 

presence. 

B. Apparatus and Procedure 

A Beckman I1odel DK-1 recording spectrophotometer 

was used for all measurements reported herein. 

hydrogen lamp was used as the source, and a photo- 

multiplier as detector. All absorption measurements 

were made at room temperature and at decreasing wave- 

length, starting with 360 in» and usually extending down 

to 200 in». 

The crystals were held in the sample holder by 

special adaptors which limited the light through the 

reference path as well as the crystal to a circular beam, 

0.635 cm in diameter. All measurements were made using 



air as a reference, Specimens were cleaved from the 

sìngle crystals as grown, and the crystals were 

positioned in the holder in such a way that the light 

beam passed through the best optical surfaces. No 

efforts were made to polish the cleaved surfaces, since 

comparison of the spectra of cleaved specimens with 

Harshaw specimens which were polished on one face, in- 

dicated a higher scattering and reflection loss in the 

latter case. 

Nost of the specimens were also used subsequently 

for conductivity measurements. 

C. Results and Discussion 

The ultraviolet absorption spectra of crystals 

prepared from different starting materials are compared 

in Figure 2. It can be seen that no absorption is 

evident at wavelengths greater than 280 mji, with the 

exception of a very broad band in the case of crystal 

G-33, grown from doubly recrystallized, doubly sublimed 

KC1. The different relative positions of the base lines 

are a result of a varying degree of reflection and 

scattering in each specimen. The reason for the broad 

band centered around 330 mi in the crystal from doubly 

sublimed KC1 is not clear. It may be pointed out again 
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that this starting material was sublimed in a stainless 

steel retort using a nickel crucible and nickel shield 

for collecting the sublimate, Furthermore, there was 

no cold. trap between the vacuum pumps and the rest of 

the system, so that some pick-up of impurities in the 

sublimation process would have been possible. Although 

the precise nature o± the impurity or impurities giving 

rise to this broad band is unknown, it may be mentioned 

that aqueous hydrochloric acid solutions of several ions 

show absorption in this general region (11, p, 556). 

Fe in weak 1101 shows an absorption band at 335 mj. 

which is resolved into two bands at 363 mp and 515 n», 

respectively, as the acid concentration is increased. 

++ 
Bi shows an absorption peak at 328 In», and Ni has 

a band at 393 in». 

Figure 2 indicates the best crystal to be one 

prepared from doubly recrystallized, singly sublimed 

KC1. No absorption band is found at 24-7 in» and an 

extremely weak one at 273 mp. This sublimation was 

carried out at a lower pressure than the double sublima- 

tion referred to above, and in this case the sublimate 

was collected on platinum. It should be noted that the 

scale of the ordinate in Figures 2, 3, and 4- has been 

increased for a better comparison of all the weak bands. 
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Obviously, the least pure crystal was one prepared 

from reagent grade KC1. Prominent bands are evident at 

both 273 mp and 247 mp. The crystals from singly and 

doubly recrystallized KC1 show no absorption at 273 nu, 

and the band. at 247 mp is inversely related to the number 

of recrystallizations. 

eduction of intensity of the 247 mi band with 

purification is graphically illustrated in Figure 2. 

The band is completely absent in doubly recrystallized 

singly sublimed KC1, strongest in reagent grade KC1, and 

intermediate in the singly and. doubly recrystallized 

specimens. 

If any conclusion can be drawn from the absorption 

around 200 mp, it would be that crystal G-30 is the best 

specimen. If residual moisture in the crystal gives rise 

to the 204 mp band, then sublimation should be an 

effective way to remove this impurity. 

Figure 3 shows the results obtained when crystals 

were grown in different atmospheres. All of these 

crystals were grown from a graphite crucible, but the 

atmosphere was argon, dry air, and ordinair air, 

respectively, for G-23, G-35, and G-37. For comparison, 

G-45 which was KC1 doped with KOH is included in 

Figure 3. 
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It is difficult to say whether the absorption 

around 200 mi in G-23, G-35, and G-37 is due to the same 

impurity that gives rise to the 20k mp, band. Certainly 

in these three crystals there is no peak centered at 

20k mji, which indicates that the presence of air, either 

dry or wet, during the growing process produces little 

or no effect on the 20k mp, band when the crystal is 

grown from a graphite crucible. 

In the case of G-k5, the hydroxyl doped crystal, 

the measurements were extended to 190 mji in an effort 

to locate the center of the peak. Although the height 

of the peak was off scale, the center was determined to 

be at 205 mp, assuming the peak to be symmetrical. This 

value is considered within experimental error of the 

hydroxyl 'band previously reported. 

In contrast to the results shown in Figure 3, 

Figure k indicates a marked dependence of the 20k m,p, 

band on atmosphere when the crystals are grown from a 

platinum crucible. Crystal G-6 was doubly recrystallized 

KC1, grown in the open atmosphere from platinum; G-4-2 

was doubly recrystallized and doubly sublimed, grown in 

argon from platinum. A K01 crystal obtained from the 

Harshaw Chemical Co., as well as G-45 from Figure 3, are 

included in Figure 4- for comparison, and show prominent 
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absorption bands at 20k nj1. 

In view of the fact that crystals grown in the 

open air from platinum cruci'bles show absorption at 

204- mj while those grown from graphite crucibles do 

not, the precise nature of the impurity that gives rige 

to this band. is still open to question. 
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IV. IONIC CONDUCTIVITY 

A. Introduction 

28 

Investigations on the electrical properties of 

KC1 and other alkali halides have been concerned pri- 

manly with three objectives: (1) determination of con- 

formity to Ohxnts law, (2) measurement of transport 

numbers, and. (3) study of the conductivity as a function 

of temperature. 

In the first objective, only slight deviations from 

Ch&s law were found by Lehfeldt (38, p. 718), and these 

were under high temperature-high field, and low temper- 

ature-low field conditions. 

Ohm's law is generally considered to be valid, al- 

though in direct current measurements a polarization 

phenomenon is frequently observed. As a potential is 

applied across a crystal, the initial current drops off 

with an exponential decay until a steady state is reached. 

This is attributed to a build up of charge carriers at 

the electrode-crystal interface which acts as a barrier 

to the flow of current. iesistance values obtained by 

direct current measurements will depen therefore, on 

whether the readings are taken immediately after appli- 

cation of the voltage, after the current has reached a 
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steady state value, or at some intermediate time. Such 

polarization phenomena and capacitance or space-charge 

effects are well known as being characteristic of many 

dielectric materials (25, p. 102-112). To avoid polar- 

ization effects, some investigators have used alternating 

current or reversible direct current pulse methods. 

The measurement of transport numbers in KC1 

crystals has been investigated by Tubandt and coworkers 

(71, p. 2k0-2'4-3), Ronge and Wagner (60, p. 75), and 

Kerkhoff (31, p. '450). The transference number of K is 

nearly unity at room temperatures and drops off very 

slowly with increasing temperature to a value of 0.88 at 

600°C for KC1 of reagent grade parity. 0f special 

interest are the measurements of Kerkhoff which show that 

the relative transport numbers of and C1 are highly 

dependent on purity of the crystal, the greater the 

purity, the higher the transport number of C1, 

especially at the higher temperatures. 

Ionic conductivity has proved to be a fruitful 

subject for study in the broader field of imperfections 

in crystalline solids. In the classical picture of 

ionic crystals, ions held together by electrostatic 

forces occupy lattico points in a perfect crystalline 

arrangement. In such an ideal picture, movement of ions 
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through the lattice under the influence of an electric 

field would not be possible. To account for experimental 

observation, Frenkel (17, p. 652) proposed that ions vi- 

brating under the influence of thermal energy, sometimes 

gain sufficient energy to leave their normal lattice 

sites and move into interstitial positions. Both 

vacancies and interstitial ions thus produced, 

conceivably could then migrate in an electrical field. 

The number of such Frenkel defects would be a fanction 

of the temperature. It has been shown (8, p. 192) that 

this mechanism best explains conductivity as well as 

diffusion in silver chloride and silver bromide. 

Schottky (61, p. 355) proposed a model in which an 

equal number of positive and negative ions migrate to 

the surface of the crystal leaving an equal number of 

negative and positive vacancies. Ionic conductivity 

would essentially involve migration of the vacancies 

under the influence of an electrical field. Once again, 

the concentration of Schottky defects would be determined 

by a thermodynamic equilibrium. The relative magnitudes 

of the energy required to form Frenkel and $chottky de- 

fects determines which type of disorder predominates. 

On the basis of such energy considerations, Nott and 

Littleton. p. i-99) have shown that disorder in. 
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potassium chloride is predominantly of the Schottky 

type, and it is generally agreed that at least for 

temperatures below i-OO°C, the positive ion vacancy is 

the predominant charge carrier in KC1. 

If a single charge carrier is responsible for the 

conductivity, then the conductivity, o is given by the 

equation 

where n is the number of carriers per unit volume, e is 

the electronic charge of the carrier, and i is the 

mobility. IIi general, both n and ji are unknown and are 

both dependent on temperature. 

If conductivity were dependent only on the number 

of carriers and their mobility, it should follow an 

expression of the form 

= A e//kT 

where o is the conductivity, A is a constant, I is the 

ener of formation of a pair of Schottky defects, U is 

the activation energy for mobility, ks the Boltzmann. 
constant, and. T is the absolute temperature. This 

equation indicates that conductivity is dependent on the 
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energy necessary to create a charge carrier and on the 

activation energy necessary for its motion. A plot of 

log vs l/T should give a straight line with a slope 

of (3E + U)/k. In reality, the experimental curve con- 

siete of two straight line portions -- a higher temper- 

ature part of greater slope and a lower temperature part 

of lesser slope. A typical plot of log ø vs l/T is 

shown in Figure 5. The high temperature part has been 

regarded as highly reproducible for a given alkali 

halide, and is referred to as "intrinsic" conductivity. 

The lower temperature part, referred to as the "extrin- 

sic" or "structure sensitive" part varies from one crys- 

tal to another and is largely dependent on the history 

of the specimen. The break in the curve has been 

referred to as the "knee" or the "kink". 

To describe this relationship, 3mekal (67, p. '#7k) 

proposed the formula 

A1 el/kT + A2 e2'1CT 

in which A1 and A0 are constants, 
. 

are 

activation energies for the conduction process at the 

lower and higher temperatures respectively, and the other 

symbols as defined above. Smekal's interpretation was 
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Figure 5. Typical Conductivity Curve for KC1 
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that at lower temperatures, "loosely bound" ions, per- 

haps along dislocation planes and. grain boundaries, 

carried the current with the first exponential terni 

dominating. At higher temperatures, the lattice ions 

carried the current with the second exponential domin- 

ating. This equation is useful in describing 

empirically the two regions of the conductivity curves, 

although it may apply equally well to other mechanisms 

for conductivity. oeveral other interpretations have 

been proposed in addition to that postulated by meka1. 

Phipps and coworkers (51, p. 121; 52, p. 135) 

assumed that conductivity was proportional to the number 

of ions with an energy greater than a certain threshold 

value, and that the mobility of the ions was nearly in- 

dependent of temperature. They postulated that at lower 

temperatures only one ion contributed to the conductivity 

while in the higher temperature region both ions carried 

the current. The slope of' the log vs 1/T curve was a 

measure of the Theat of liberationu of an ion from the 

lattice. This mechanism is rejected today because the 

measurement of diffusion coefficients using radioactive 

cations (43, p. 1231) indicates that purely cation dif- 

fusion requires two exponential terms, one for a lower, 

and one for a higher temperature region. 
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Jost (27, p. 475) suggested the possibility that 

as a crystal is cooled, lattice defects are continually 

disappearing but as temperatures ïn the vicinity of the 

knee are reached, the mobilities of the defects are too 

small for the defect concentration to achieve equilibrium 

and a certain concentration of defects is "frozen in". 

If this were the case, the conductivity curve in the 

transition region of the knee should depend on whether 

measurements are made at ascending or descending temper- 

atures since equilibrium would be approached at a differ- 

ent rate for the two cases (19, p. 1266). 

Finally, the explanation favored by a majority of 

workers today is that traces of impurities are responsi- 

ble for the observed shape of the conductivity curve. 

Hence, it may be possible that at sufficiently high 

temperatures the correct conductivity of the crystal is 

observed while at lower temperatures, the influence of 

impurities becomes a dominating factor. Although most 

investigators today feel that the extrinsic conductivity 

is best explained on this basis, the concept of "frozen 

in" defects is not ruled out. It is entirely possible 

that both models contribute to the conductivity in the 

structure sensitive region. 

The mechanism of conductivity has been clarified 
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considerably by several investigations using crystals 

containing a small amount of' intentionally added impurity 

in which the impurity cation carries a valence different 

from the cation of the host crystal. What is achieved 

by such doping is that a known concentration of defects 

is introduced into the lattice. For example, if a small 

amount of CaCl2 is added to KC1, the divalent calcium 

ion enters the lattice substitutionally (55, p. '1-13), 

replacing a potassium ion. In. order to preserve electri- 

cal neutrality in the crystal, either an extra chloride 

ion must enter an interstitial position or a potassium 

Ion vacancy must be created. In view of the relatively 

large diameter of the chloride anion, creation of a 

positive ion vacancy requires less enerr than squeezing 

a chloride ion into an interstitial position. Essential- 

ly what is achieved by doping, then, is the addition of 

a known concentration of cation vacancies. At a temper- 

ature below the knee, the number of thermally produced 

vacancies presumably would be negligible compared to the 

number of cation vacancies introduced by the addition of 
++ 

Ca , and in the first exponential term of bmekal s 

conductivity equation would contain only the activation 

energy of cation vacancy mobility. At a temperature 

above the knee, that is, in the intrinsic region, the 
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number of thermally produced vacancies would be greater 

++ than the number introduced by the added Ca , and the 

exponent E2 would contain the heat of formation of' the 

vacancies as well as the activation energy for their 

mobility. A greater slope of the curve in the intrinsic 

region would thus be expected, as is observed. 

If the concentration of positive ion vacancies is 

known, then their mobility at a given temperature can 

be determined from the conductivity. This technique, 

introduced by Koch and agner (3, p. 310), permite the 

concentration of charge carriers in pure crystals to be 

calculated from the mobilities in doped crystals. 'Jagner 

and Hantleman (72, p. 72) have applied this technique to 

Kai. At 600°C they found that the mobility of positive 

ion vacancies in KC1 doped with strontium, was i x lO 

cm2voltsec, and the mole fraction of positive ion 

vacancies in pure KC1 was 0.8 x 10. 
In the case of purely 3chottky disorder, where 

the concentration of positive and negative ion vacancies 

is equal, the product of' such concentrations are related 

to the energy of their formation through the expression 

X1 . E X02 = A e'kT 

The concentrations of' such vacancies are subject to a 



"solubility product" rule, so that an increase in the 

positive ion vacancy concentration in KC1 by the addition 

of a small amount of CaC12, say of concentration e, 

necessarily results in a suppression of the negative ion 

vacancy concentration. The positive ion vacancy concen- 

tration would then be increased to X1 + e = X', and the 

negative ion vacancy concentration decreased to x' - e, 

so the solubility product relationship would be satisfied 

by 

x'(x' - c) = A e'kT 

This is a quadratic equation in x' which when solved 

yields 

x' 

This equation for the concentration of positive ion 

vacancies was used by Haven (19, p. 1268) to account for 

the conductivity of lithium halides with small additions 

of magnesium halides. It has been treated somewhat more 

rigorously by Lidiard (40, p. 286) and shows that the 

theoretical conductivity curve will display two parts, a 

lower part in which the positive ion vacancy concentration 

due to impurities is large compared to thermal disorder, 
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and a higher temperature part in which intrinsic dis- 

order eclipses the impurity contribution. 

Agreement between conductivity calculated on the 

basis of such theoretical considerations, and experi- 

mental work, is not entirely satisfactory. deviation 

from theoretical expectations becomes more acute the 

higher the impurity content, and Lidiard has ascribed 

this deviation to the fact that theory neglects the 

interactions between one defect and another. Further- 

more, theory predicts that increase in conductivity 

should be determined only by the charge and concentration 

of added impurity and independent of its nature; however, 

Kelting and Witt (30, p. 706) found different conduc- 

tivity isotherms for doped KOl crystals depending on 

whether the doping agent was CaC12, SrC12 or BaCi2. 

This difference could be due to a varying degree of 

association between divalent cation impurities and 

positive ion vacancies, with a possible slight contri- 

bution from the difference in lattice distortion by 

impurities of different ionic radii. 

Conductivity measurements on potassiwn chloride 

date back to 1911 when Benrath and Wainoff (, p. 258) 

determined electrical conductivities of a number of pu.re 

salts and salt mixtures. Their measurements on KC1 
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pressed plates were made in the temperature range from 

640°C to the melting point. Tammann and Veszi (70, p. 

368) studied the conductivity of several salts using 

both pressed plates and single crystals. Their measure- 

ments on KC1 extended from a few degrees below the melting 

point down to 520°C or '440°C for single crystals or 

pressed plates, respectively. 

Phipps and Partridge (52, p. 1333) also measured 

the conductivities on both single crystals and pressed 

plates. Two different methods of measurement were em- 

ployed -- an alternating current bridge method for 

resistances up to i megohm and a direct current pulse 

method for resistances from 10 to l0 megohms. It is 

unfortunate that there is a gap between their AC and DC 

measurements, because this occurs in the region of 

transition from the lower to the higher portion of the 

conductivity curve. Their estimates of the knee temper- 

atures are approximately 440° and 570°C for single 

crystals and pressed plates, respectively. 

The conductivities of 16 single crystals of various 

salts, mostly alkali halides, were measured by Lehfeldt 

(38, p. 720) using a direct current method, The temper- 

ature of' the knee for KC1 was approximately 560°C, with 

measurements taken from 300°C up to the melting point. 



Brennecke (5, p. 205-207) also reported conductivity 

measurements on KC1 flat plates. For the two specimens 

measured, knees were reported at 25 and 208°C, 

respectively. To date no other investigations have re- 

sulted in such a low knee temperature. His measurements 

on two KBr specimens showed no knee, whereas other in- 

vestigations show KBr to be very similar to KC1 with a 

knee in the vicinity of 500°C. In view of these two 

discrepancies, Brennecke's measurements are open to 

question. 

An extensive investigation on the conductivity of 

KC1 single crystals doped with Ca012, Sr012, or BaCi2, 

as well as pure KC1, has been carried out by Keiting and 

Witt (30, p. 697). Their work graphically portrays the 

increase in extrinsic conductivity with increasing 

addition of a divalent cation. Using a direct current 

method, they found knees for pure KC1 single crystals in 

the temperature range of 50° to 560°C. 

Alternating current conductivity measurements on 

pure KC1 and strontium doped KCI were made by Wagner and 

Hantleman.n (72, p. 73) with measurements taken from 600° 

to 725°C. No knee temperatures were reported since in 

this narrow temperature range the doped crystals exhib- 

ited only extrinsic conductivity and the pure KC1 only 
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intrinsic. 

More recently, some studies on KOl have been 

directed toward the changes produced in conductivity by 

bombardment of crystals with ionizing radiation. Nelson, 

Sproull and Caswell (49, p. 364) studied the effects of 

gamma and neutron irradiation and found that irradiation 

by gamma rays initially reduced extrinsic conductivity, 

presumably because positive ion vacancies trapped holes, 

but continued irradiation enhanced conductivity, probably 

by creating K+ vacancies. Annealing near 200°C returned 

the conductivity to its original value. Fearistein (50, 

p. 1409) found similar results upon bombarding KC1 and 

NaC1 single crystals with protons. The extrinsic region 

of several alkali halides has been recently studied by 

Cunnell and neider (9, p. 598), who found a significant 

lowering of the conductivity following either annealing 

or x-ray coloration of the crystal. 

A small addition of a univalent foreign cation to 

a uni-univalent crystal produces no noticeable effect on 

the conductivity; however, large additions do, and 

studies on the mixed system KC1-KBr by Schulze (63, p. 5) 

indicate that the conductivity in the intrinsic region 

passes through a minimum corresponding to the lowest 

point in the fusion curve (eutectic temperature). 



Several other conductivity studies on sodium 

chloride and other ionic solids, which bear indirectly 

on this problem are noted in the bibliography. 

B. Apparatus and Procedure 

A reversible direct current pulse method was 

chosen for conductivity measareinents because this method 

has been shown to give reliable results while eliminating 

the need to apply a correction factor for polarization. 

Availability of most of the components for construction 

of the apparatus also encouraged the adoption of this 

method. 

A schematic diagram of the conductivity apparatus 

i_s shown in Figure 6, and the circuit diagram in Figure 7. 

A pulse of 0.66 second duration was passed through the 

crystal and the deflection of a ballistic galvanometer 

noted. The galvanometer deflection was calibrated for 

each available voltage with a series of standard precision 

resistors whose resistances were known with an accuracy 

of +5 percent. The standard resistors were checked with 

a General Radio Type 54k-B megohm bridge and found to 

agree with manufacturers specifications. Since each 

voltage, with the exception of the 31.2 and 57.6 volt 

sources, gave a different deflection for the same value 
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of V/R, separate calibration curves were prepared for 

the different voltage sources. The calibration curves, 

shown in Figure 8, are fitted by the method of least 

squares (39, p. 253) to the experimental points. The 

points for th. 31.2 and 57.6 volt source were combined. 

All of the curves were linear with the exception of the 

930 volt source, and in this case, a second degree 

equation was fitted to the experimental points. 

Crystal specimens approximately 1.5 cm square and 

4 to 6 mm thick were cleaved from the crystal boules with 

a single edge razor blade, and a thin film of silver, 

covering a cross-sectional area of 0.5 cm2, was evaporated 

on to the opposite faces to insure good contact with 

electrodes. The silver was deposited by evaporation from 

a hot tantalum filament under a pressure of 2 x 10mm, 

using apparatus constructed in this laboratory and 

described by hills (21, p. 27). Dimensions of the crys- 

tais were measured with a micrometer. 

Temperature measurements were made by measuring 

the emf of a chromel-alumei thermocouple with a Leeds 

and Northrup Type K potentiometer. The thermocouple was 

calibrated using the following reference points: 
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Boiling point of water loo 0Q 
Freezing point of Tin 231.8 

H H Lead 327.4 
" Zinc 419.5 

Antimony 630.5 

The thermocouple response was 0.041 atilivolts per 

degree Centigrade with the cold junction being held at 

0°C during measurements as well as during calibration. 

Radio "B" batteries were used for the voltage 

sources, and their voltages were measured with a vacuum 

tube voltmeter. Six sources were available for the 

various ranges of resistance -- 930, 315, 57.6, 31.2, 

3.21 and 1.60 volts. 

The procedure for a typical run was straightforward 

and could be completed in 3 hours starting with silvering 

of the specimen and going through to the completed curve. 

After the silver was deposited on the crystal, the 

specimen was placed between the electrodes in the con- 

ductivity apparatus, the vacuum head set in place, a 

small container with magnesium perchlorate desicant 

placed in the bottom of the apparatus, and the apparatus 

placed in the furnace. The electrical leads were con- 

nected, the lead weights were placed on the top electrode, 

and the thermocouple placed into the well. The weights 

were such that a constant pressure of 2 kg per square 

centimeter was applied on the specimen. This pressure 



assured good contact with the crystal, but was not great 

enough to cause any measurable deformation. 

The apparatus was then flushed with argon, cooling 

water to the vacuum head connected, and the furnace 

turned on. 

A temperature in the vicinity of 20000 was necessary 

before a measurable deflection on the galvanometer could 

be observed. Neasurements were taken as soon as a de- 

flection of 3 or 4 cm was noted on the galvanometer. 

In making a run, the potentiometer was set for a 

given temperature and as soon as this temperature was 

reached, a pulse was passed through the crystal and the 

deflection recorded. A pulse in the opposite direction 

was also passed through the crystal each time as a 

further precaution against polarization effects. 

Readings were taken approximately every 25 degrees 

up to a niaximuin of 625°C, with the temperature being in- 

creased at a rate of 8 degrees per minute. 

Considerable difficulty was encountered with stray 

currents above 450°. This was traced to an apparent in- 

ductive effect from the furnace, and was eliminated 

completely by turnIng off the power to the furnace during 

the few seconds that a reading was being taken. 

From the galvanometer deflections and the 



calibration curves, the resistance of the specimen could 

be obtained and the conductivity calculated. A plot of 

the log of conuctivity vs reciprocal absolute tempera- 

ture completed a run. 

C. Results and Discussion 

1) High-purity crystals 

Inspection of the conductivity curves indicated 

that in some cases both portions of the curve appeared 

to be linear, whereas in some cases, marked deviation 

from linearity was observed in the extrinsic region. If 

the experimental points appeared to be reasonably linear, 

the method of least squares was used to fit a straight 

line, and the regression equations for the two straight 

lines were solved simultaneously to determine the exact 

position of the knee. In practice, a sharp break was 

seldom, if ever, obtained, the experimental Doints in 

the transition region always showing some curvature. 

-ctivation energies for the intrinsic and extrinsic 

conductivity regions were calculated from the equation 

A1 el"kT + A2 e2hh1CT 

by disregarding the second term in the extrinsic and the 



first terni in the intrinsic re4ons. Once again it 

should be noted that E1 is considered to be the activation 

energy for mobility of a positive ion vacancy, and E2 is 

equal to (3 + E) where W is the energy o1 fornaf1on of 

a pair of vacancies. 

Values for E1, E2, W, A1 and A2 are tabulated for 

9 specimens in Table 2. ihere blank spaces occur in 

the table, either an insufficient number of points were 

available in the range to calculate the appropriate con- 

stants, or else deviation from linearity was so marked 

that the given equation could not possibly apply. 

For comparison, activation energies obtained by 

other investigators are given for the extrinsic region 

in Table 3, and for the intrinsic region in Table -. 

From the values given in Table 3, it is evident 

that the activation energy for mobility is not independent 

of the type of impurity. This may be ascribed to the 

difference in association energies between di- or poly- 

valent cations and positive ion vacancies. The order of 

the series investigated by Kelting and \Jitt suggests that 

if the predominant impurity were magnesium for example, 

the activation energy would be lower than for the other 

alkaline earths. The investigation by Lehfeldt suggests 

that at least iii some cases, the activation energy may be 
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dependent on concentration as well as type o± impurity, 

since his curves show a considerably steeper slope in 

the extrinsic region for KC1 containing 0.0k mole per- 

cent Pb than for KC1 containing 0.07 mole percent Pb. 

Comparison of the activation energies obtained in 

this work for the intrinsic region with other literature 

values in Table k, indicates that although the average 

slope agrees reasonably well with other investigations, 

the individual values cover a broad region. A reason 

for this variation will be discussed below. 

Since no single specific line from this work can 

be designated as the intrinsic conductivity of KC1, 

magnitude of the knee temperature offers a poor cri- 

tenon for evaluation of relative purity. Knee temper- 

atures are included in Table 5 for what they may be 

worth; however, since the extrinsic slopes deviated from 

the mean only slightly, a ranking of absolute conduc- 

tivities at an arbitrary temperature of 350°C should 

provide a better comparison. The conductivities at 

l/T = 1.6 x l0' are shown in Table 5 in decreasing order 

for specimens prepared from various starting materials 

as indicated. The values preceeded by ?t? are extrapo- 

lated from the most linear portion of the curve, although 

it is apparent that the shape of the curve in these cases 
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must be explained. by additional factors in the mechanism. 

The three specimens doped with calcium stand at 

the top of the list as expected. The hii conductivity 

of crystals grown from reagent grade KC1 is also as 

expected. Going to the bottom of the table, the lowest 

conductivities (and presumably highest purities) are 

found for crystals grown from material that has simply 

been recrystallized from aqueous solution, or purified 

chemically by the patented process as described in 

Section II B. 

Contrary to initial expectations, material which 

was sublimed once or twice in addition to aqueous recrys- 

tallization, showed a higher conductivity than the non- 

sublimed. These results may be explained on the basis 

of pick up of impurities in the sublimation process. 

Potassium chloride, even above the melting point, may 

contain small amounts of occluded moisture which will 

result in hydrolysis, givIng off a small amount of HC1 

(26, p. 791). Attack on the nichrome furnace elements 

will give rise to corrosion and the nickel, chromium, 

and iron chlorides thus produced may indeed contaminate 

the sublimate. 

To be sure, the saine corrosion may take place in 

growing a crystal from the melt, but the transfer of 
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contaminants from the heating elements to the melt in 

an inert atmosphere is not as likely as transfer to the 

sublimate collector under vacuum. 

In the case of doubly sublimed KC1, the starting 

material was in direct contact with a nickel crucible 

and sublimed in a stainless steel retort. Conductivity 

of specimens grown from this material places them high 

in the ranking, somewhat better than reagent grade KC1, 

and. approximately the same as commercially available 

crystals. Starting material that was sublimed once (in 

the crystal growing apparatus) had a lower conductivity 

than the doubly sublimed material. 

Comparison of KOl recrystallized four times and 

sublimed once, with that recrystallized twice and sub- 

limed once, indicates that only a slight purification 

was gained by the additional recrystallizations. Per- 

haps in both cases contamination during sublimation 

masks the purification during recrystallization. 

The position of G-5 in the ranking deserves 

comment since the lowest conductivity at 350°C was for 

a specimen from this crystal. In comparing this specimen 

with others grown from doubly recrystallized KC1, one 

might be surprised that dry air should be better than 

an Inert atmosphere such as argon for growing high purity 
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crystals. Closer analysis, however, suggests that this 

result also can be explained on the basis of contamination 

from the nichrome furnace elements. It is well known 

that nichroine resists corrosion best if' used in an 

oxidizing atmosphere by formation of' an oxide layer on 

the surface of the wire. This would not be the case in 

an argon atmosphere. Corrosion products could diffuse 

to the melt and become incorporated in the crystal. 

Crystal growing apparatus in which the furnace elements 

do not come in contact with the atmosphere above the 

melt is indicated, and a possible design is suggested 

in Section VI. 

Crystals G-37 and G-k3, grown from doubly recrys- 

tallized KC1 in the open atmosphere, probably picked up 

impurities from dust particles and other contaminants 

always present in the air. 

Crystal G-7 was grown from portions of single 

crystals that had been grown from the melt previously. 

Nore specifically, sections from G-18, G-20, G-22, G-23, 

G-24-, G-25, G-26, G-29, G-30, G-31, G-32, G-33, G-38, 

G-39, and G-40 were used as starting material for G-47. 

Since a variety of purity is represented, the conduc- 

tivity ol' G-47 would be expected to be an appropriate 

average of the conductivities of the various crystals. 
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Its position in the ranking of Table 5 is in accord with 

expectations. 

Conductivities at 35Q0Q by other investigators 

are included in the tabulation for comparison. Values 

obtained by Kelting and Jitt, and Lehfeldt are approxi- 

mately the same as those obtained on Harshaw KC1. The 

conductivity obtained by ithipps and Partridge is in- 

cluded, although the value of this comparison is 

questionable because of the much greater slope obtained 

in the extrinsic region by these investigators. 

'Jhen an attempt is made to analyse the effects of 

annealing on the conductivity, one is confronted with 

some apparent inconsistencies. Results on G-35 suggest 

that annealing increases the conductivity; those on 

G-147 suggest that it decreases the conductivity; whereas, 

those on -38 would suggest either an increase or de- 

crease, depending on the annealing temperature. The 

dangers in drawing conclusions concerning annealing 

effects from this data become obvious when it is 

realized that the assumption that a crystal is homogenous 

is not valid. NcFee (4k, p. 859) and Koch (32, p. 641) 

have shown that the impurity concentration in a crystal 

will vary over a wide range, depending on the position 

in the boule from which a specimen is selected. 
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In the data of Table 5 only specimens from the 

same crystals labeled tI(2)*r and "A600" may be compared 

for the effects of annealing, because in these cases 

adjacent specimens from each crystal were used. Thus 

when one considers G-3(2), G-34 A600, Harshaw (2), 

Harshaw A600, G-38 (2), G38 A600, G-47 (2), G-'4-7 A600, 

G-35 (2), and G-35 A600, lt may be concluded that an- 

nealing, at least at 600°C, has practically no effect 

on the extrinsic conductivity. The variation in conduc- 

tivity for other specimens from the same crystals can 

be ascribed to the position in the boule. 

Figure 9 shows conductivity curves for the crystal 

specimens whose ultraviolet spectra were given in 

Figure 2. If the absorption bands at 273 and 214.7 mj.i are 

respectively due to Pb and some monovalent impurity 

such as Tl+, extrinsic conductivity may be correlated 

to the divalent cation impurity content. Although G-33 

showed no 273 nip. peak, presumably other impurities were 

present in this case. However, such a comparison is 

fortuitous for other divalent cations could certainly 

be present which have no absorption bands in the measured 

region. 

Additional conductivity curves are shown in Figures 

10, 11, 12, 13, 14-, 15 and 16. The shapes of the curves 
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for G-37, G-2, G-38 (2), G-7, and -35 (2) should be 

especially noted. Haven (19, p. 1266) has pointed out 

that such hysteresis would be expected if "freezing in" 

of thermal vacancies occurred upon cooling. The fact 

that this behavior was observed for sorne crystals in- 

dicates that extrinsic conductivity might well be ex- 

plained either on the basis of impurities or frozen in 

defects or both. The picture is not at all clear cut, 

and is undoubtedly complicated by the relative concen- 

trations of residual multivalent anions and. cations. In 

the past, the absence of thermal hysteresis in the con- 

ductivity curves has been cited (19, p. 1266; kO, p. 

284) as evidence against the hypothesis of frozen in 

defects as the explanation for extrinsic conductivity. 

The present results suggest that possibly hysteresis has 

not been observed in the past because of a masking effect 

by impurities. 

In order to be certain that the measured conduc- 

tivities were not distorted by appreciable capacitance 

effects, the crystal was considered to be a parallel 

plate condenser and the charging current computed. 

The capacitance of a parallel plate condenser is 

given in electrostatic units (68, p. 58) by 
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EA 
4'ir'd 

where plates of cross-sectional area, A cm2, are 

separated by a distance d cm, with material of di- 

electric constant . Conversion to practical units 

yields 

c 
8.85 X lO (E ) (A) 

farads. d 

The dielectric constant of crystalline KC1 at room 

temperature is 4.94- (, p. 853). For the crystals and 

apparatus used in this work, A was 0.5 cm2, and d may 

be considered as 0.5 cm as an average value. Substituting 

into the above equation, it is shown that C '4.37 x lO 

farads. 

Since the capacitance is equal to the charge divided 

by the potential, and the charge is equal to the product 

of the current and time, the charging current can be 

computed. Considering the highest potential used in the 

present experiments, 930 volts, and a pulse length of 

0.66 second, the average charging current is calculated 

to be 2.68 x 15l° ampere. In the case of the highest 

measurable resistance, a current of 5 x l0 ampere was 

passed through the crystal. However, since the charging 

current has a relatively high initial value, and then 



57 

decreases exponentially, a comparison of' the actual 

charge placed on the crystal as a capacitor, with that 

passed through the galvanometer, may be more appropriate. 

With a potential of 930 volts, the charge on the crystal 

of k37 x lO farads capacitance would be k.06 x l010 

coulomb. The charge passed through the crystal as 

measured by the galvanometer was (5 x 1O arnpere)(O.66 

second) 3.30 x lO coulomb. These computations in- 

dicate that capacitance effects are negligible and may 

be disregarded. 

To determine further if appreciable polarization 

effects may be possible, even in using a pulse method, 

the amount of potassium or chlorine liberated at the 

respective electrodes may be calculated. When 3.30 x 10 

coulomb is passed through a crystal, 3.30 x l0/95,600 

= 3.L15 x io2 equivalents of potassium are deposited on 
one electrode. The cross-sectional area of an electrode 

was 0.5 cnì2, so that 6.9 x io2 equivalents are de- 
posited per cm2. The atomic weight of potassiwn is 

approximately 39, so this number of equivalents cor- 

responds to 2.70 x l0° gram of potassium. From its 

density, 0.86 gram/cm3, the volume of this layer of 

iDotassium may be shown to be x l010 cm3. Since 

the atomic diameter of potassium is 5.54 x io8 cm, the 



maximum surface that could be covered by a nionoatomic 

layer of the deposited potassium would be .lL1. x 1o10/ 

5.54 x io8 = 5.67 x lO cm2. This is approximately 

0.5% of the electrode area. Application of Kirchoff's 

Law shows that the resistance will not be appreciably 

affected by the deposit. 

The variety of intrinsic conductivities displayed 

by the curves leads one to question the nature of the 

conductivity process in this temperature region. In the 

past, intrinsic slopes for KC1 have been established pre- 

dominantly from data on crystals doped with divalent 

cations. In such crystals the positive ion vacancy Is 

still the predominant charge carrier even in the intrin- 

sic region. The work of Kerkhoff on transport numbers 

is of special significance in this connection. He showed 

that the greater the purity, the lower the transport 

number of the positive ion becomes. This effect is 

especially noted at higher temperatures. The purest KC1 

on which Kerkhoff measured transport numbers had a knee 

around 490°C. It is reasonable to postulate that for 

crystals with knees around 430 to 450°C, the transport 

number of the chloride ion would be still higher. The 

slope of the conductivity curve in the intrinsic region 

Indeed measures the energy of defect formatïon and the 
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activation energy for carrier mobility; however, it is 

not correct to assume only a single type of carrier at 

the higher temperatures. Nott and Gurney (47, p. Li4) 

and Jost (28, p. 181) have indicated that when more than 

one type of defect contributes to the conductivity pro- 

cese, the slope of the line will correspond to some mean 

value of the activation energies of the several contri- 

butors. In short, if the transport numbers are impurity 

sensitive, as Kerkhoff's work indicates, then the slope 

of the intrinsic line will vacillate somewhere between 

the activation energies for purely cationic and purely 

anionic conduction. The results of the present investi- 

gation indicate this to be the case. 

2) Sulfate doped crystals 

In view of the extremely important role of positive 

ion vacancies in conductivity, the effect of suppressing 

their concentration with intentionally added divalent 

anions was of special interest. In such a crystal, the 

effect of residual divalent or multivalent cation im- 

purities essentially can be considered to be negated by 

the presence of an excess of the divalent anion. Figures 

17, 18, and 19 show conductivity curves for two sulfate 

doped KC1 crystals whose conductivities were determined 



at ascending and descending temperatures as indicated 

in each figure. Both crystals were grown from melts 

which contained 2 mg of potassium sulfate for each grain 

of potassium chloride, corresponding to one sulfate ion 

for every 1.17 x lO3 chloride ions. 

The initial curve on ascending temperature shows 

a slope almost identical to that usually described as 

the intrinsic slope. Initially, a temperature of 350°C 

is required before a measurable galvanometer deflection 

is noted. At the highest temperatures measured, there 

may be a slight knee, although the limit of the apparatus 

did :iot permit enough experimental points in this region 

to establish a transition beyond question. Measurement 

of conductivity with decreasing temperature indicates a 

linear relationship but of lesser slope than the original 

conductivity. Measurement once again with increasing 

temperature shows hysteresis toward the original curve. 

This cycle can be repeated at will provided the time 

lapse in cycling is approximately the same. As indicated 

in Figure 18, this effect is absent if the crystal is 

cycled below '450°C. If the crystal is heated to approxi- 

mately 600°C and cooled, its conductivity curve may be 

nearly restored to the original by warming to 450°C and 

coolinbT. 
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These results point strongly to a "freezing in" 

of defects as the controlling mechanism. This mechanism 

undoubtedly also plays a role in the conductivity of 

pure KC1 crystals, but in the case of crystals doped 

with sulfate, the positive ion vacancy concentration is 

suppressed to the point that the effect may be better 

observed and manipulated. 

As a crystal is cooled from a high temperature, 

say 6OOC to 25000 in a time interval of 30 to 45 minutes, 

the concentration of thermally produced vacancies cannot 

adjust to an equilibrium value as rapidly as the temper- 

ature decreases. A non-equilibrium number of vacancies 

remains in the crystal as indicated by the higher con- 

ductivity line. Upon warming up the crystal from 250°C, 

vacancies become mobile enough to seek their equilibrium 

value and the conductivity line curves over toward the 

"intrinsic" line. If the crystal is warmed to say 450°C, 

equilibrium is established but the concentration of 

vacancies is not as great as at 600°C, and cooling from 

this temperature permits equilibrium to be approached 

more nearly. 

The mobility of vacancies at room temperature is 

not great enough to establish equilibrium in approxi- 

mately 2 months. This is indicated by curve 5 of 



Figure 18. The position of the first conductivity curve 

for each specimen along the intrinsicH line indicates 

that in growing a crystal from the melt, the crystal is 

cooled slowly enough to permit equilibrium of thermal 

vacancies to be established. 

The slope of curve i of Figure 19 further Indicates 

that if a crystal is annealed at 600°C and cooled slowly, 

no defects are frozen in. In this case the crystal was 

cooled from 600°C to room temperature over a period of 

60 hours. 

Since the conductivity retains the intrinsic slope 

when the crystal is cycled below 450°C, a question arises 

as to whether positive ion vacancies can diffuse from the 

surface of the crystal at a high enough rate to maintain 

this equilibrium. 

The jump frequency of a positive ion vacancy (64, 

p. 13) is given by 

2:) e 
/kT 

+ o 

where Z)0 is of the order of io14. If the average 

activation energy for mobility is taken as 0.65 eV, the 

jump frequency at 450°C is calculated to be 

= 2.9 X sec 
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From the jump frequency, the diffusion coefficient and 

the mean displacement can be computed. The diffusion 

coefficient is given by 

D 

where d is the distance between positive ion vacancies. 

Using the jump frequency calculated above, the diffusion 

coefficient at '450°C is '4.80 x l0 cm2sec. 

The mean square displacement is related to the 

diffusion coefficient by the expression ('46, p. '449) 

= 2Dt 

If we take 30 seconds as the approximate time required 

to make a measurement at a given temperature, the mean 

square displacement at '450°C is 

2 D t = (2)(4.8o x 10)(30) 

= 2.88 x l0 

The mean displacement, Lx, will then be 5.36 x 10 cm. 

Obviously, this is not a sufficient displacement to main- 

tain equilibrium by migration of vacancies from the sur- 

face of the crystal; however, if we consider the 



6 

dislocation lines as a reservoir of vacancies, then it 

may be shown that vacancies can migrate into the crystal 

and back to dislocation lines within the length of time 

of the experiment. 

3lack (66, p. 833) determined the dislocation 

density of several KC1 crystals by counting etch pits. 

The dislocation density reported for a crystal regrown 

from Harshaw KOl was 14 x lO5 lines per cm2. The average 

distance between dislocation lines can be computed by 

assuming a homogenous distribution. This distance is 

computed to be 1.58 x 1O cm, and the greatest distance 

that a positive ion vacancy would have to migrate would 

be //2 times 1.58 x lOs, or 1.12 x 1O cm. 

It may be seen now, that the mean displacement, 

calculated from the diffusion coefficient, is nearly 

five times as great as the average distance required for 

migration from dislocation lines. 

By a similar computation, it may be shown that at 

350°C, the mean displacement is of the same order of 

magnitude as the distance required for migration from 

dislocation lines. 
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V. SUÌIÌIARY OF CONCLUSIONG 

The results of this investigation permit the 

following conclusions to be made: 

1. Single crystals of KcJ1 grown from the melt in 

an argon atmosphere, starting with material that has been 

recrystallized and sublined, show practically no ultra- 

violet absorption between 200 and 360 rni. 

2. Single crystals of KCÌ, when grown in the open 

atmosphere, have a greater absorption at 20'4- miii when 

grown from a platinum crucible than when grown from a 

graphite crucible. 

3. Single crystals of KC1 grown from recrystal- 

lized starting material in an argon atmosphere and 

graphite crucible, show a transition from extrinsic to 

intrinsic conductivity around 3O0 to 45000. 

4. Ionic conductivity in the extrinsic region is 

extremely sensitive to traces of impurities, and may 

fluctuate considerably, depending on whether the residual 

impurities consist of more polyvalent cations or more 

polyvalent anions. 

5. The slope of the intrinsic conductivity line 

apparently depends on the relative transport numbers of 

the positive and. negative ions. 

6. Conductivity of KC1 containing added 304 



shows hysteresis lag indicating that conductivity in 

the extrinsic region is effected by a non-equilibrium 

number of vacancies in the crystal. 

7. In the temperature range 350-450°C, the 

equilibrium between the perfect crystal and positive 

ion vacancies is established rapidly by migration of 

vacancies to and from internal sources such as dis- 

locations. 
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VI. SUGGESTIONS FOR FURTHER dORK 

In reviewing the course of this investigation, 

several modifications in technique and procedure, as 

well as new experiments, are suggested. 

1. The Kyropoulos technique might be modified 

by placing the crucible in a quartz tube, and placing 

the furnace outside the quartz tube. This would permit 

a controlled atmosphere above the melt but would eliminate 

contact of corrosive material with the furnace elements. 

2. The same advantage might be achieved by 

exploring the possibility of growing high-purity crys- 

tals by the Bridginan method. This procedure is also 

amenable to zone refining techniques. 

3. Greater purification might be achieved by re- 

crystallizing from highly acidified solutions. A high 

hydrogen ion concentration perhaps would hold some im- 

purities in solution that normally crystallize out under 

neutral conditions. 

£1_. Sublimation techniques might include collection 

of the sublimate directly in the crucible from which the 

crystal is to be grown. This would eliminate unnecessary 

handling of the material. 

5. The use of non-aqueous suspensions of colloidal 



graphite for electrode contact in conductivity studies 

in place of evaporated metal electrodes would permit 

various annealing effects to be studied on the sanie 

crystal specimen. Colloidal graphite reportedly makes 

a satisfactory electrical contact and could be washed 

off, permitting other experiments on the same specimen. 

6. An investigation on the transport numbers of 

KC1 containing added SOk would be of interest to 

establish the nature of the current carriers at various 

temperatures. 



Table i 

High Parity KC1 Crystals and Conditions of Preparation 

Code No. Starting Naterial Crucible Atmosphere Pulling Rate 

G-6 DR Platinum Open Air 2.91 cm/hr 
G-18 SR Graphite Argon 1.59 

G-20 Pat DR lt U Il 

G-23 DR ti 2.91 

G-2k DR 

G-25 SR 11 " 

Rgt. u it il 

G-29 DRSS 

G-30 DRSS " 

G-31 DRDS u it 

G-33 DRDS 

G-34 Rgt. U fi 

G-35 DR " Dry Air il 

G-37 DR Open Air 

G-38 14-RSS " Argon 

DRDS Platinum u 

G-43 DR Graphite Open Air 1.59 



Table i - Cont. 

Code No. Starting IIateriai* Crucible Atmosphere Pulling Rate 

G-k5 DR + KOH Graphite Open Air 1.59 cm/hr 
G-Ll7 PC Argon 

*The abbreviations used are as follows: 

SR - singly recrystallized 
DR - doubly recrystallized 

Pat. DR - processed chemically by method of U. S. Patent 2,6LO,755 and doubly 
recrystallized 

Rgt. - reagent grade 
DRSS - doubly recrystallized and singly sublimed 
DRDS - doubly recrystallized and doubly sublimed 
kRSS - recrystallized four times and singly sublimed 

DR + KOH - doubly recrystallized with 0.15 N% KOH in melt 
PC - sections of previous crystals grown from melt 

o 



Table 2 

Values of Constants for Conductivity Using Smekal's Equation 

Specimen E1 E2 W A1 À2 

G-42 1.80 4.6 x 10 

G-33 0.68 1.56 1.76 4.35 x 10 2.84 x lO 

G-31 À400 0.64 1.82 2.36 1.46 x 10 7.59 lo 

G-29 0.70 1.57 1.74 4.67 x 10 7.56 x 10 

G-30 0.62 1.67 2.10 6.40 x lo 1.21 x lO 

A400 0.62 1.65 2.06 5.20 x 10 6.81 x 

G-38 0.63 1.52 1.78 6.92 x 10 1.16 x lO3 

(2) 1.54 6.95 x io2 

" A600 0.66 1.34- 1.36 1.87 x 10 1.03 x io2 

" kLI.00 0.66 1.31 1.30 1.04 x 10 3.69 x 101 

G-47 0.64 1.84 2.40 1.19 lo 6.71 x 

(2) 1.61 3.69 x 

A600 1.73 1.42 iO4- 



Table 2 - Cont. 

Specimen* E1 E2 A1 A2 

G-47 A4OO 0.61 1.26 1.30 6.32 x l0 2.11 x io1 

G-23 0.66 1.54 1.76 8.64 x o 1.79 x 1O 

G-24 0.63 1.78 2.30 4.92 x lo 5.68 x 

G-20 0.63 1.37 1.48 5.49 x 10 1.09 x 102 

At4.00 0.67 1.90 2.46 8.23 x 10 2.83 x 1O 

G-18 0.64 1.65 2.02 5.67 x 10 6.70 x lO 

G-25 0.64 1.73 2.18 6.61 x 10 2.31 x 

G-28 0.70 1.62 10 
2 

G-34 0.59 2.06 2.94 1.74 x 10 2.34 x io6 

(2) 0.69 2.03 2.68 8.82 x 10 1.68 x io6 

A600 0.69 1.46 1.54 8.82 x 10 5.91 x io2 

Harshaw TTi832 0.71 1.84 2.26 6.33 X 1O 2.44 X 1O 

(2) 1.68 8.76 x 1O 

A600 1.77 3.20 x r'..> 



Table 2 - Cont. 

Specimen W A1 A2 

G-37 

G-43 0.63 

G-35 0.63 

" (2) 0.73 

A600 0.73 

A'-IOO 0.62 

HO-12 

HO-18 

A600 

KC1.Ca (0,001 N%) 0,67 

(0.01 r1%) 0.64 

(0.1 N°4) 0.71 

1.58 

1.59 

1.79 

1.90 

1.51 

1.18 

1.88 

1.74 

1 66 

1.92 9.43 x 10 

2.32 3.57 x 10 

2.34 3.13 x 10 

1.56 3.13 x 10 

1.12 5.64 x 

1.39 x icr2 

1.45 x io2 

3,49 x 10 

2,01 x 10 

2.73 x 10 

5.31 X 

1.22 x 10 

8.91 x io2 

41 52 

2.'44 X 10 

1.32 x 10I 

7.69 X 

'-4 



Table 2 - Gont. 

* Abbreviations in addition to the crystal code numbers are as follows: 
(2) - second specimen from the same crystal 
A600 - annealed at 60000 
A00 - annealed at kOO°C 
HO-12 and HO-18 - both grown from melt containing 2 mg K2SO4 per gram KC1 
Indicated concentrations for calcium doped crystals refer to the concentration 

in the melt 



Table 3 

Literature Values for Activation Energies 
in the Extrinsic egion of Conductivity 

Investigator Type of Crystal E1 

Kelting and Witt 
ii li fi 

II U ft 

Wagner and Hantelmann 

Lehf e ldt 

Phipps and Partridge 

This work 

Etzel and Naurer 

Be an 

75 

KC1Ca 0.79 eV 

KC1Sr 0.86 

KC1'Ba O.9 

KC1'Sr 0.78 

KC1Pb (0.07 N°4) O.k3 

pureKCl 0.99 

"purettKCl 0.65 ±0.06 

NaC1Cd 0.86 

NaC1'Ca 0.98 
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Table '-I- 

iiterature Values of Activation nergies 
for KC1 Intrinsic Conductivity 

Investigator W 

Phipps and Partridge 

Kelting and Witt 

Lehfeldt 

Sine kai 

Tanunann and Veszi 

This Work 

2..02 eV (single 
crystal) 2.06 eV 

1.90 (pressed 
crystal) 

2.4 

2 06 

2.0 

1.73 

1.95 (Avg.) 

(Range: 1.12 - 
2.94) 



Table 5 

Conductivities at 1/T = 1.6 x l0 

Specimen , ohmcni1 Approximate 
Knee Temp. 

OC. 

KC1Ca 0.1 11% Ca 7.2 x l0 

KC1'Ca 0.01 11% Ca 1.0 

KC1.Ca 0.001 N% Ca 6.0 x io8 542 

G-28 Rgt. 3.65 530 

G-34 2.90 527 

(2) 2.25 527 

A600 2.25 527 

Kelting and Witt (extrapolated) 1.5 560 

G-33 DRDS 1.50 493 

Harshaw TT1832 1.25 473 

G-29 DRSS 1.16 43k 

G-31 A400 DRDS 1.03 502 

Lehfeld.t 1.0 550 

Harshaw TT1832 (2) 9.70 x 10 512 
H ti A600 9.70 512 



Table 5 - Cont. 

Specimen Starting 
Material 

Approximate 
Knee Temp. 

OC. 

G-37 DR (open air) (?) 9.65 442 

G-38 A600 4RSS 9.22 454 
G-42 DRDS (?) 8.30 456 

G-38 (2) 4RSS (?) 8.30 454 

G-47 PC (?) 7.60 460 

G-4-3 DR (open air) 7.60 467 
G-47 (2) Pc (?) 7.05 473 

A400 (?) 7.03 44-2 
" A600 (?) 6.50 470 

G-30 DRSS 6.11 448 

G-38 4RSS 5.74 447 

G-30 A4-00 DRSS 5.55 467 

G-35 A4-00 DR (dry air) 5.20 447 

G-38 A400 '4-BSS 4.78 1149 

G-25 SR 4.71 4-55 

G-20 Pat. DR 4.4-6 431 

G-35 A600 DR (dry air) 4.4-3 457 CU 



Table 5 - Cont. 

Start Ing Specimen Naterial* , ohmcm Approximate 
Knee Temp. 

OC. 

G-35 (2) DR (dry air) (?) 4.28 457 

G-23 DR 4.03 423 

G-2k DR 3.96 444 

G-18 

G-20 A400 

G-35 

Phipps and Partridge 

SR 

Pat. DR 

DB (dry air) 

3.90 446 

3.45 444 

3.20 L44 

5.0 X io10 

* The designations here are the same as in Tables i and 2. 
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Figure 6. Schematic Drawing of Conductivity Apparatus 

1. Thermocouple well. 
2 Lead weights. 

3. uartz insulators. 
4. ycor container. 

5. Electrodes ar framework, nickel-plated brass. 

6. Nanesium perchiorate. 
7, Niebrome furnace. 
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Figure 7. Circuit Diagram of Conductivity Apparatus 

1. Voltape selector switch. 
2. Contactor. 

3. Crystal. 
Li Triple pole double throw switch. 

5. Galvanometer. 
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