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Optical, Electron-Spin-Resonance, and Electrical Studies of
Colloidal and F-Aggregate Centers in Highly Pure KC1

Crystals. I. Colloidal Centers
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In additively colored highly pure H and "pure" 8 crystals (background impurity concentration ~1 and
10 ppm, respectively) quenched from 300'C in the dark, a colloidal optical absorption band is formed. The

peak position (730 nm) and half-width (0.25 eV) of the band do not change with heat treatment in the dark
in the H crystals. In 8 crystals the colloidal band has a larger half-width (0.30 eV) and moves to longer
wavelengths on heating the crystal to higher temperatures. On quenching the crystals from 150 to 250 C
in light, the F band decreases, and a new X band in the H crystals at 700—710 nm and the Scott R' band
in the 8 crystals at the same wavelengths are formed. Most of the X centers and some of the Scott E.'

centers are converted to colloidal centers at 300'C. The colloidal band in H crystals and the composite
colloidal and Scott R bands in 8 crystals move rapidly to longer wavelengths and increase in half-width
on heating the crystals to higher temperatures in light. A narrow symmetrical ESR line due to colloidal
centers, superimposed on the well-known ESR line due to Ii centers, is observed in crystals containing the
colloids. The line is Lorentzian in shape, has a half-width of 2.5 0 at room temperature, and has a g value of
1.9998.This value of g agrees with the value obtained theoretically by Beinenstock and Brooks for potassium-
metal conduction electrons neglecting "polarization correction" and including the "Hartree term. "A rough
upper limit of 700 atoms on the size of the colloidal particles is obtained by the observed symmetrical shape
and half-width of the CESR line. In the J3 crystals, only a small fraction of the absorption under the "col-
loidal band" is found to be due to colloidal particles. Even in the H crystals, a part of the optical absorption
under the "colloidal band" is due to residual background impurity present in the crystals. No colloids are
formed in crystals containing large concentrations of Ba or Cd. The X band does not influence the electrical
conductivity, the Scott E' band suppresses the conductivity by a large factor, and colloids enhance the
conductivity at higher temperatures. The results show that the colloidal nature of the centers, investigated
by Scott, Smith, and Thompson, is essentially correct, and contradictory results were obtained by several
subsequent workers because it is not possible to understand the eBect of light and background impurity
on the optical absorption bands by optical measurements alone.

I. INTRODUCTION In this paper, results of optical, electron-spin-reso-
nance (ESR), and electrical studies of KC1 crystals
containing different centers responsible for the IR bands
in highly pure KCl crystals are reported. In particular,
the effect of exposure of the crystals to visible light and
of the background and deliberately doped divalent
cation impurities are investigated. These results show
that the absorption under the IR bands, obtained in
KCl crystals quenched from 150 to 450'C is due to a
variety of centers, and optical studies alone cannot dis-
tinguish between the different kinds of centers.

DDITIVELY colored alkali-halide crystals, when
quenched rapidly from the coloring temperature

to room temperature in the dark. , contain pure F
centers. ' ' If the crystals containing F centers are now
heated to 150—450'C, the P band diminishes and the
optical absorption bands peaking on the long-wave-
length side of the F band (between 700 and 820 nm
for KC1) with different half-widths are formed' s.

tAte shall denote this family of bands in KC1 as infrared
(IR) bands. Scott et al. ,

s Doyle, 4 and Penley and Witte'
have identi6ed the centers responsible for the IR bands
with the small colloidal particles of the potassium metal
embedded in the crystal lattice. On the other hand,
Shatalov ' Bugai et al. ' Sonder, ~ and others' have ob-
tained results which are not consistent with the col-
loidal nature of the centers.

II. EXPERIMENTAL DETAILS

Single crystals from spectroscopically pure KCl
powder obtained from Johnson, Matthey, and Co.,
Ltd. , London, were grown by the Kyropoulos method. '
These crystals contain less than 1 ppm of background
divalent cation impurity'8 and are designated as highly
pure (H) crystals. Crystals grown from BDH Analar
powder contain about 10 ppm of divalent cation im-

purity and are designated as 8 crystals. ' Crystals doped
with Sa and Cd impurities, grown from the melt, are
designated as D crystals. The crystals were cleaved in
rectangular blocks of approximate dimensions 15X15
X15 mm. A number placed after the letter H, 8, or D
indicates the batch from which the crystals were

*Also at the Indian Institute of Technology, Hauz Khas,
New Delhi 29, India.' Color Certters ia Solids, edited by J. H. Schulman and W. D.
Compton (Pergamon Press, Inc. , New York, 1962).

G. D. Sootha, thesis, University of Delhi, 1967 (unpublished).
e A. B. Scott and W. A. Smith, Phys. Rev. 83, 982 (1951);

A. B. Scott, W. A. Smith, and M. A. Thompson, J. Phys. Chem.
57, 757 (1953).

4 W. T. Doyle, Phys. Rev. 111, 1067 (1958); Proc. Phys. Soc.
(London) 75, 649 (1960).

& J. C. Penley and R. S. Witte, J. Appl. Phys. 33, 2875 (1962).' A. A. Bugai, M. O. Deigen, M. A. Rubat, and A. A. Shatalov,
Phys. ProbL Spectry. (Moscow) 11, 116 (1960).

7 E. Sonder, Phys. Rev. 125, 1203 (1962). s S. C. Jain and P. C. Mehendru, Phys. Rev. A140, 957 (1965).
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FIG. 1. Absorption spectra of an additively colored B1 crystal
containing 9.0X10"cm ' excess potassium atoms and quenched
from different temperatures to room temperature ~n the dark.
Curve 1 is for the crystal quenched from the coloring temperature
(580'Cl. Curves 2—9 correspond to the quenching temperatures
80, 120, 150, 200, 280, 350, 400, and 450'C, respectively.

cleaved. The cleaved blocks were then additively
colored in the usual manner. ' "Care was taken to keep
the crystals in complete darkness during the coloring
and the cleaving process and during the subsequent
measurements. The method of heating and quenching
the crystals, measuring the optical absorption, the elec-
trical conductivity, and the thermal and optical bleach-
ing were the same as described earlier. ' "Initial F-
center concentration in quenched crystals, which is
taken to be equal to the concentration of the excess po-
tassium metal, is calculated using the Smakula-Dexter
equation and taking the oscillator strength f=0.5 for
KC1." The crystals were heated at the rate of
1.5'C/min.

The ESR spectra of additively colored KCl crystals
were measured at different temperatures with an X-
band standard Varian V-4502-12 EPR spectrometer,
the variable-temperature accessory V-4557, and the
temperature-controller accessory V-4540 of the Varian

spectrometer. The accuracy of measured g values
is &0.0003.

III. EXPERIMENTAL RESULTS
AND DISCUSSION

A. Optical-Absorption Measurements

1. II~ghly PNre Crystals

In Fig. 1 are shown the optical absorption results ob-
tained after quenching an additively colored highly

' S. C. Jain and G. D. Sootha, J. Phys. Chem. Solids 26, 26/
(1965).

' W. D. Compton and H. Rabin, Solid State Phys. 16, 121
{1964),

pure B1 crystal from different temperatures to room
temperature in complete darkness. Curve 1 is for the
crystal quenched from the coloring temperature 580'C.
The concentration Ep of the initial Ii centers or of the
excess potassium metal in this crystal is 9.0&(10' cm '.
Changes in the optical absorption in the Ii and IR band
regions on quenching the H1. crystal in dark from 80,
120, 150, and 200'C are shown by curves 2 to 5, re-
spectively. It is seen from these curves that except for
aggregation of a small number of P centers into M
centers below 120'C, the P-center concentration re-
mains nearly constant up to 200'C. The results ob-
tained on quenching the crystal from temperatures in
the range 200 to 300'C (not shown in the figure) depend
upon the heating rate used. On quenching the crystal
from 300'C, F-center concentration becomes very small
and a new IR band peaking at 730 nm is formed (curve
6). Curves 7, 8, and 9 were obtained after quenching
the same crystal from 350, 400, and 450'C, respectively,
and show that the number of centers responsible for the
730-nm IR band decreases and that of the F centers in-

creases on heating the crystal to temperatures higher
than 300'C.

Experiments were also performed on crystals con-
taining different concentrations of excess alkali metal.
It was found that the 730-nm band could not be de-
veloped in H crystals containing less than 5)&10"-cm '
excess alkali atoms and heated in the dark. The crys-
tals containing higher concentrations of excess alkali
metal showed that there is a heterogeneous equilibrium'
in the temperature range 300—450'C between the F
centers and centers responsible for the 730-nrn band,
suggesting that the 730-nm band is due to potassium
colloidal particles. ' ' The peak position 730 nm and half-
width 0.25 eV of the IR band observed in the present
work did not change with heat treatment in dark in the
highly pure crysta&s, a result different from those ob-
tained by earlier workers. ' '~

The effect of combinat'. on of heat and visible light
on the coagulation of Ii centers in another highly pure
H2 crystal containing the same (9.0X10" cm ') excess
alkali atoms is shown in Fig. 2. The E, M, and S centers
are formed at 50'C (curve 1), but on quenching the
crystal from 70'C, the R centers disappear and the M
and E concentration increases (curve 2). Curves 3, 4,
and 5 show the effect of quenching the crystals from
150, 200, and 250'C, respectively. The F-center con-
contration becomes small at 200'C and an IR band
with a half-width of 0.4 eV, designated as X band, is
observed at 700 nm.

On quenching the crystal from 280'C, in light, this
band shifts to 730 nm and a small Ii band is also formed
(curve 6). The half-width of the 730-nm band is now
0.28 eV. The band again showed a heterogeneous equi-
librium with the Ii band, and is therefore identical
with the colloidal band.

On quenching the crystal from 350, 380, and 450'C,
curves 7, 8, and 9 show that the conoidal band decreases
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in intensity and shifts continuously to longer wave-
lengths, and its half-width increases. The area under the
band is sensitive to the heating rate and the intensity of
visible light used.
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Z. Crystals With Background Impurity and
Deliberately Doped Barium Impurity

Experiments similar to those performed on H1 and
H2 crystals were also performed on 8 crystals contain-
ing about 10 ppm of background divalent cation im-

purity and 10"—10"-cm 'Ii centers. The results ob-
tained with 8 crystals heated in the dark are qualita-
tively similar to those obtained with the H crystals. Il

centers are stable below 200'C; the heterogeneous equi-
librium between the IR band and the F band was ob-
served in the temperature range 300—450'C, indicating
the colloidal nature of the centers giving absorption
under the IR band. However, in 8 crystals the peak
position of the colloidal band changes" from 730 to
745 nm on increasing the temperature of quenching
from 300 to 450'C. The half-width of the band is 0.30 eU
as compared with 0.25 eV for H crystals heated in
the dark.

Apparently the behavior of 8 crystals heated in light
and quenched from temperatures below 250'C is the
same as that of the H crystals heated and quenched
similarly. However, the conductivity results show that
the IR band in the 8 crystals is not the same as the X
band obtained in the II2 crystal (curves 3, 4, and 5 of
Fig. 2). The band in B crystals is sensitive to the back-
ground impurity and is presumably a Scott R'
band. ". " ESR measurements to be described later in
this paper show that at 300'C a part of Scott R'
centers are converted into colloidal centers. The com-
posite colloidal and Scott R' band move to longer wave-
lengths and become broad on heating the crystal to
temperatures higher than 300'C.

The behavior of the D crystals doped with Ba or Cd
impurity is very different. A strong IR band at 730 nm
of half-width 0.35 eV and a large decreases in F band are
observed in D1 crystal containing 40 ppm of Ba im-

purity when heated in dark to 200'C. It will be shown
later that the absorption under this band is partly due
to colloidal centers and partly due to Scott R'-type or
other complex centers. On increasing the temperature,
the composite IR band becomes weak and moves to the
longer wavelengths and finally disappears at 400'C.
A broad IR band at 820 nm was formed in D2 crystal
containing the same Ba concentration but heated in

"Our earlier results (Ref. 9) indicated that the peak position of
the IR band in crystals grown from BDH material heated in dark
was constant. Presumably, the batch from which those crystals
were grown was purer than the 8 crystals used here.

"A. B. Scott and L. P. Bupp, Phys. Rev. 79, 341 (1950).The
notation R' has also been used to denote the center formed by the
capture of an electron by the R center (Ref. 10). To avoid con-
fusion, we shall designate the present band as the Scott R'
band."T.Ikeda and S, Yeshida, J. Phys. Soc. Japan 22, 138 (1967).
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FIG. 2. Absorption spectra of an additively colored H2 crystal
containing 9.0X10" cm ' excess potassium atoms and quenched
from different temperatures to room temperaturein light. Curves
1-9 correspond to quenching temperatures 50, 70, 150, 200, 250,
280, 350, 380, and 450'C, respectively.

light to temperatures in the range 100—400'C. D3 crys-
tal containing 80 ppm of Ba and heated in light or dark.
behaved in a manner similar to D2 crystal. In addition
to the possible absorption due to X, Scott R', and col-
loidal centers, the D crystals have further complication
because of the absorption by the Z centers. ' Kojima"
has shown that the Z2 band in Ba-doped KC1 crystals
has a component at 800 nm also.

Experiments were also performed on D4 crystals con-
taining 30 ppm of cadmium impurity. No IR bands
(including R, M, and E bands) could be formed in this
crystal. Optical absorption bands on the short-wave-
length side of the Ii band observed in the cadmium-
doped crystals' will be discussed in paper II"and in de-
tail in a later pubhcation. "

"K.Kojima, J. Phys. Soc. Japan 19, 868 (1964)."S. C. Jain and G. D. Sootha, following paper, Phys. Rev. 171,
1083 (1968)."S.C. Jain, G, D, Sootha, and R. K. Jain (to be published).

B. ESR Measurements

1. Highly PNre Crystals

The ESR absorption measurements were made on
several highly pure II.crystals containing different con-
centrations of excess potassium metal. The quenched
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FIG. 3. Curve 1 is the first-derivative trace of the ESR spectra
taken from the recorder chart, at room temperature for additively
colored H1 crystal (Ãf ——9.0)(10' cm 3) after quenching from
300'C in dark. Curve 2 is the expected F-center ESR absorption
for this crystal (see text). Curve 3, obtained after subtracting
curve 2 from the composite curve 1, is the CESR line due to metal
colloidal particles embedded in KCl crystal.

crystals containing only F centers gave a Gaussian ESR
line with a half-width of 46 G and a g factor of 1.9957,
in agreement with the well-known ESR absorption
characteristic of the F centers in KC1 crystals. " On
quenching the crystals in the dark from temperatures
below 200'C, the same ESR line with an intensity pro-
portional to the F-center density was observed. The
results obtained after quenching the crystals, contain-
ing more than 5X10" cm ' excess potassium metal
initially, from 300'C are most interesting. Now a nar-
row ESR line superimposed on the broad F-center ESR
line is obtained, A typical trace, taken from the re-
corder, chart, obtained after quenching the II1 crystal
from 300'C to room temperature in the dark, is shown
by curve 1 in Fig. 3. The optical absorption results for
this crystal were given in Fig. 1. The intensity of the
narrow KSR absorption line decreases on quenching the
crystal from temperatures greater than 300'C and the
F-center KSR absorption intensity increases. The
narrow ESR line superimposed on the broad F-center
ESR line disappears on quenching the crystals from
450'C or above.

A comparison of the ESR results with the optical
absorption results shown in Fig. 1 shows that the optical
absorption band of half-width 0.25 eV at 730 nm due to
colloids and the narrow KSR absorption line appear and
disappear at the same temperature and suggests that
the narrow ESR line is due to the conduction ESR in the
colloidal particles of potassium metal.

In order to separate the narrow ESR line from the
composite spectra, the dependence of the intensity of
the F-band ESR line on the F-center density was
studied. The exact number of F centers present in the
crystal quenched from 300'C was determined from the
optical absorption measurements, and the expected
ESR absorption line due purely to F centers was drawn
(curve 2 in Fig. 3) and subtracted from the composite

"H, Seidel aud H, C, Wolf, Phys. Status Solidi 11, 3 (1965).

curve 1 of Fig. 3. The narrow ESR absorption line
(curve 3 in Fig. 3) thus separated from the composite
spectra at room temperature is found to be Lorentzian
in shape with a half-width of 2.5%0.2 G and a g value
of 1.9998. The half-width of the ESR line was found to
decrease from 2.5 G at room temperature to 2.0 G at
liquid-nitrogen temperature. No change in the line
shape and g value was observed at liquid-nitrogen
temperature.

Bienenstock and Brooks' have calculated the g shift
in diBerent alkali-metal particles, (1) with and without
the polarization correction and (2) with and without a
term in the potential corresponding to an approximate
self-consistent Hartree field due to the presence of
other conduction electrons within the Wigner-Seitz
sphere. The authors found that the best agreement with
experiment for several alkali metals is obtained when
the "polarization correction" is neglected and the
Hartree term is included. Our value of 1.9998 for g is
identical with that evaluated by these authors neglect-
ing polarization correction and including the Hartree
term for potassium metal, and is also in approximate
agreement with, the value of 1.9997 recently observed
by Walsh, Rupp, and Schmidt" for potassium metal.
These results suggest independently that the narrow
ESR absorption is due to potassium colloidal particles.
The observed Lorentzian shape is also consistent with
the metallic nature of the centers. '~"

Previous theoretical' and experimental" ' " work
on ESR absorption due to metallic conduction electrons
has shown that the symmetry and half-width of the line
changes with the particle size. Dyson" has discussed the
effect of particle size on the symmetry of the CESR
spectra and has shown that the line is symmetrical and
Lorentzian if the size is smaller than the skin depth and
in this case A/8= 1, where A and J3 are the maximum
amplitudes of the erst derivative of the ESR absorption
on either side of the base line. In the present work, the
ratio A/I3 remained close to unity even at liquid-nitro-
gen temperature. This therefore puts an upper limit of
about 700 atoms on the size of the colloidal particles in
K.Cl crystals. Rough estimate of the size of colloidal
particles made from the observed half-width of CESR
line" "gives a value between 10 to 30 atoms per colloid.
These values of colloidal size are within the limiting
values estimated by Scott et ut. ,

' from the optical work
on additively colored KCl crystals.

It was found earlier that the optical absorption peak
due to potassium colloids remains at 730 nm when the
B crystals are quenched from 300—450'C in the dark.

' A. Bienenstock and H. Brooks, Phys. Rev. A136, 784 (1964).' W. M. Walsh, Jr., L. W. Rupp, Jr., and P. H. Schmidt, Phys.
Rev. 142, 414 (1966)."F.J. Dyson, Phys. Rev. 98, 349 (1955)."G. Feher and A. F. Kip, Phys. Rev. 98, 337 (1955)."R.Catterall, J. Chem. Phys. 43, 2262 (1965)."R.J. Pressley and H. L. Berk, Phys. Rev. 140, A1207 (1965)."R. J. Elliott, Phys. Rev. 96, 280 (1954); 96, 2660 (1954).

"R, C, MeMillan, J. Phys. Chem. Solids 25, 773 (1964).
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The half-width of the optical absorption band as well as
the CESR absorption line remains constant under these
conditions. This shows that the colloidal size remains
constant in the H crystals heated in the dark.

The area under the CKSR absorption is compared
with the area under the corresponding IR optical ab-
sorption band in Fig. 4. It is seen that the observed
points for II1 crystal heated in dark lie on a straight
line, indicating that the CKSR absorption intensity in-
creases linearly with the area under the colloidal band.
The straight line does not pass through the origin but
cuts the x axis at a finite value of the area. This suggests
that all of the optical absorption under the IR band is
not due to pure colloids even when the crystal is highly
pure and is heated in the dark. The area of the optical
band corresponding to the intercept made by the
straight line on the x axis is about half of the area under
the maximum IR band formed in the crystal quenched
from 300'C in the dark. The area that does not corre-
spond to the colloids is found to be independent of the
initial F-center concentration and is mainly determined
by the background impurity concentration present in
the crystal.

Z. Egect of Light and Impurity ort

ESE Absorptiort

The eGects of visible light and background or doped
divalent cation impurities on the KSR absorption in
additively colored KC1 crystals are summarized in
Fig. 4 and are discussed below.

(I) Exposure of additively colored crystals to visible
light produced the well-known" narrowing of the F-
center KSR line. K.Cl crystals doped with 30ppm of Cd
behaved in a similar manner, even though no F-aggre-
gate centers could be produced in these crystals. Barium-
doped KC1 crystals were not studied in detail because of
the complication due to the absorption by the
Z centers "'

(2) Point 250H2 in Fig. 4 shows that no ESR ab-
sorption due to X centers present in H crystals (see
Sec. III A) is observed and that the X centers are differ-
ent from the colloidal centers.

(3) The points 280H2 and 350H2 in Fig. 4, for crys-
tals heated in light, lie close to the straight line obtained
earlier for the H crystals heated in the dark. This shows
that the fraction of the absorption under the colloidal
band which is not due to colloidal centers is the same in
H crystals heated to 280'C or more, in light or in dark.
However, both the area of the optical colloidal band and
the CESR line are considerably reduced on heating the
crystal in light. Presumably, under the combined action
of heat and light, the excess alkali metal di6uses out of
the crystal faster. The half-width of the CKSR line is
now 3 G as compared with 2.5 G observed with crystals

"G. E. Conklin and R. J. Frianf, Phys. Rev. 132, 189 (1963).
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heated in the dark, suggesting that the shift of the opti-
cal colloidal band (curve 2, Fig. 2) to longer wavelengths
is due to the increase in the size of the colloids under the
combined action of heat and light.

(4) On quenching in dark, from 300'C, the 8 crystals
containing 10 ppm divalent cation impurities and
more than 1.0X10' cm ' excess potassium atoms gave
a very weak CESR absorption line with slightly greater
half-width (3.0 G) but the same g value. The point
30081 for 81 crystal with 7.0&&10'~ cm ' excess alkali
atoms in Fig. 4 shows that the ratio of the area under the
CESR line to the area under the IR band is about 3 of
the value expected from the straight line between the
two areas for the H crystal. The part of the optical ab-
sorption not related to the colloidal centers increases
rapidly with the increase in the background impurity
concentration. This gives support to the conclusion ar-
rived at earlier, that the area under the IR band given
by the intercept made by the straight-line plot on the x
axis in Fig. 4 is due to centers involving residual back-
ground impurity present in the 8 crystals. No colloidal
centers are formed in crystals containing F-center con-
centration equal to or less than the concentration of
background divalent cation impurity.

(5) The optical work discussed earlier showed that a
strong IR band designated as the Scott E' band is
formed in 8 crystals heated in the range 150—250'C.
The point 20082 for the 82 crystal containing
7.0&&10"cm ' excess potassium atoms shows that Scott
R' centers do not give ESR absorption. When the 8
crystals heated in light and containing E' centers are
quenched from 280'C, a very weak CKSR '.ine is ob-
served, as shown by the point 28082 in Fig. 4. A small

part of Scott E' centers is converted to colloida, l
centers at 280'C.

AREA UNDER THE IR BAND

FIG. 4. Plot of the area under the CESR absorption due to
potassium colloidal centers as a function of the area under the
corresponding IR bands in KCl crystals quenched from different
temperatures. The letters II, 8, and B indicate highly pure,
"pure, " and doped crystals. The numbers placed before and after
each letter indicate, respectively, the temperature in 'C from
which the crystal was quenched and the batch number from which
the crystal was taken. , heating and quenching done ie the dark;
0, heating and quenching done in light.
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Fro. 5. Plot of o,/o as a function of increasing temperature for
additively colored H, 8, and D crystals. Curves 1 and 9 are for
II1 and H3 crystals containing 1.5)&10'8 and 4.0)&10'7 cm ', re-
spectively, of excess potassium-metal concentration initially and
heated in dark. Curve 2 is for the H2 crystal, identical to the H1
crystal, heated in visible light. Curves 3 and 4 are for B1 and $2
crystals containing 1.0)&1017 cm ' of excess potassium-metal con-
centration and heated in dark and light, respectively. Curves 5
and 6 are for D1 and D2 crystals doped with 40 ppm of Ba and
heated in dark and light, respectively. Curve 7 is for the D3 crystal
doped with 80 ppm of Ba and heated in dark. Curve 8 is for the
D4 crystal doped with 30 ppm of Cd and heated in dark.

(6) Point 200D1 in Fig. 4 shows that D1 crystal con-
taining ~40 ppm Ba concentration and 10" cm 3 F
centers gives a weak CESR line after quenching the
crystal from 200'C in the dark. It is seen that though
the optical absorption under the IR band in H1 and Di
crystals is the same, the ESR absorption under the
CKSR line, in Di crystal, is much smaller. The half-
width of the CESR line is now 4 G as compared with
2.5 6 in Hi and 3G in J3 crystals, in the dark. On in-
creasing the Ba concentration further ( 50 ppm), col-
loids cannot be formed, because no CESR is observed at
any temperature. On heating the D2 crystals doped with
40-ppm Ba in the temperature range 30—400'C in light,
no CESR could be observed. The point 200D2 in Fig. 4
shows the result obtained after quenching the crystal
from 200'C in light. D4 crystals containing 30 ppm or
more of Cd impurity did not give CESR whether heated
in light or in the dark. No optical absorption in the IR
region was observed in this crystal.

The g value in all cases where CESR is observed is the
same and the shape of the line Lorentzian. The increase
in half-width in II crystals heated in light may be due
either to larger size of the colloids formed in the pres-
ence of light or to inclusion of impurity atoms in the
colloids &n J3 and D crystals

C. Electrical Conductivity Associated with Colloidal
Particles, and Effect of Light and Background

Impurity

Curve 1 in Fig. 5 shows the plot of the ratio o,/o„
(o, is the conductivity of the colored crystal and o „that
of the uncolored crystal) versus temperature for the
H3 crystal containing 1.5&10"cm ' excess potassium
atoms and heated in the dark. It is seen from the plot
that the ratio o,/o remains unity up to 250'C and
starts increasing at higher temperatures. After attaining
a maximum value 60 at 465'C, it starts decreasing and
becomes unity at 600'C. These results are in qualita-
tive agreement with the results obtained earlier with 8
crystals in the dark. ' Curve 2 gives the results for an
identical crystal H4 heated in light. It is seen that the
conductivity near the peak is suppressed from 60 to 50
in the presence of light. The maximum area under the
optical or KSR colloidal band is obtained at 300'C in
dark and 280'C in light. By comparing curve 6 in
Fig. 1 with curve 6 in Fig. 2, it can be seen that the
maximum area of the colloidal band in the crystal
heated in light is about 20'Po less as compared with that
in crystal heated in the dark. Thus the reductions in the
maximum colloidal-band area and in the peak value of
o.,/o„on heating the H crystal in the dark and in light
are in the same ratio. It was pointed out earlier that in
the presence of light, a part of the excess alkali metal
present in the crystal diBuses out.

The results for 83 and 84 crystals containing
1.0)&10"cm ' excess potassium metal and heated in the
dark and in light, respectively, are shown by curves 3
and 4. The lower portion of Fig. 5 shows the plot of
conductivity ratio o,/o between zero and unity on an
enlarged scale. The peak value of the conductivity ratio
is reduced from 14 to 3.5 and the peak position changes
from 450 to 430'C when the heating is done in light.
Thus the eGect of light is more pronounced in the 8
crystals than in the H crystals. Curve 5 for the conduc-
tivity ratio of the Di crystal doped with 40 ppm of
barium and containing 10"cm ' F centers and heated in
the dark shows a peak at about 260'C. The value of
o,/o„at the peak is 3. Curve 6 shows that o,/o is sup-
pressed considerably in the whole temperature range
when the D2 crystal containing 40 ppm of barium is
heated in light. Curves 7 and 8 show that similar results
are obtained with D3 and D4 crystals doped with 80
ppm of Ba and 30 ppm of Cd, respectively, even when
heated in the dark.

The eGect of background impurity on the conduc-
tivity in the colloidal region can be seen by comparing
curve 1 for H3 crystal with curve 3 for 83 crystal, The
concentration of excess potassium metal in the 83 crys-
tal is about -', of that in the H3 crystal, but the peak
value of the conductivity ratio in 83 crystal heated in
dark is 14, less than ~ of the peak value in H3 crystal
heated similarly. Curve 9 for H5 crystal containing
4.0&&10'r cm ' excess potassium metal and heated in
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the dark. further emphasizes the eBect of background
impurity on the excess conductivity. Though the con-
centration of excess metal in this crystal is less than half
of that in 83 crystal, the peak value of the conductivity
ratio in the H5 crystal is still 50% larger as compared
with that in the 83 crystal.

Both the concentration of colloids and the excess
conductivity due to the colloids are considerably re-
duced by exposure of the crystal to light or by the back-
ground impurity, and the effect becomes more pro-
nounced by the combination of the two. The values of
o,/o„(1 observed with impure crystals will be dis-
cussed in detail in paper II.

In earlier works, "the observed excess conductivity
(o,—o„) in the temperature range 300-500'C in KC1
was attributed to electrons emitted thermally by the
potassium-metal particles into the conduction band of
the salt crystal. On this model, the temperature varia-
tion of the excess conductivity (o,—o„) is given by

—CTslsF(T)e (v xl&&—

where q is the thermionic work function of potassium
particles for emission of electrons into vacuum, X is
the electron afFinity of KC1, F(T) is a function of the
concentration of colloids and therefore depends on the
temperature, and C is a constant.

In the earlier work, F(T) was taken to be propor-
tional to the area under the IR optical absorption band.
The value of q —X, and hence of X, has been reevaluated
by taking F(T) proportional to the area under the
CKSR line as suggested by the results of Fig. 4. The
value of X for KCl now comes out to be 0.23 eV as
against 0.32 eV reported previusly. '

The detailed theory of ionization of metal particles
embedded in a crystal has not been worked out. Ein-
binder Smith" and Sodha" have discussed the elec-
tron density in equilibrium with solid particles sus-
pended in a gas at high temperatures. If the maximum
ionization is one electron per particle, the electron den-
sity will be given by Saba's equation, "' and for small
densities the temperature variation of electron density
will be governed by an exponential term with energy
~ q. On the other hand, if multiple ionization takes place,
the energy in the exponential term may be considerably
more than y, since the small particles are charged as the
emission of electrons proceeds and the work function
increases. The work function may also change because
the colloids are in the molten state at these high tem-
peratures. However, recent work has shown that the
saturation of F-center density in a crystal colored addi-
tively at higher temperatures is controlled by the work
function of the alkali metal, and the experiment sug-
gests that the work. function in the molten state is not

s" H. Einbinder, J. Chem. Phys. 26, 948 (1957).
's F. T. Smith, J. Chem. Phys. 28, 746 (1958).
ss M. S. Sodha, Brit. J. Appl. Phys. 14, 172 (1963).
'0 M. N. Saha, Phil. Mag. 40, 472 (1920).

much different from that in the solid state. 3' In any
case, the value of X obtained by this method should be
regarded as only a rough estimate.

The shift in peak position T, with excess potassium
concentration nz is given by' '

De—d, KgtkTp
7 (2)

where 5Hc is the energy required to take one atom from
the colloidal particle and convert it into an P center.
Present work has confirmed that in identical crystals,
heated in the dark, the observed shift in peak position is
given by Eq. (2), with EHc=0.8 eV.

Attempts have also been made to correlate the pre-
exponential factor CF(T) in expression (1) for (o,—o„)
with the total number of colloids present in the crystal. "
Assuming that the colloids are electively plane emit-
ters, that their surfaces are perpendicular to the applied
electric Geld, that the total volume of colloids present in
the crystal is a small fraction of the volume of the crys-
tal itself, and that the applied Geld is large enough so
that the space-charge effects can be neglected, Kothari
and Jain" have written expression (1) in the form

"A. S. Shibanov, Fiz. Tverd. Tela 7, 312 (1965) )English
transl. : Soviet Phys. —Solid State 7, 249 (1965)).» D. S. Kothari and S. C. Jain, Phys. Letters 13, 203 (1964).
There is an error in Eq. (1) of this paper. The factor A has been
omitted in the denominator of the preexponential factor on the
right-hand side of the equation. However, this did not cause any
error in the calculations, since A was unity for crystals used in
those experiments.

~ F. Fischer (private communication).
'4 A. Guinier and M. Lambert, in Cluster Conference Proceed-

ings, Harwell, 1966, p. 281 (unpublished).

where A is the area of the crystal surface and S is an
area related to the concentration of colloids, both areas
being perpendicular to the applied field. Comparing the
preexponential factor with the observed value and as-
suming a reasonable value for the electron mobility v,
the authors have obtained the value of e, the number of
atoms in each colloid."However, the procedure is ex-
tremely rough and calculations of free-electron density
in the crystal such as those made for particles suspended
in gases"" will be very valuable.

Before concluding this section, we would like to make
some comments on the nature of X and R' centers. The
X band seems to be due to atomically dispersed centers.
It is also found in crystals which are exposed to light and
heated in the dark. "Fischer" has suggested th'at the
centers responsible for this may be one-dimensional
needles or two-dimensional platelets of potassium atoms.
Such needles and platelets of impurities in KCl crys-
tals doped with KO2 have been observed by Fischer.
However, EPR expected from such centers'4 could not
be observed by us. X centers have no inQuence on the
conductivity of the crystal. '5 Scott R' centers, though
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optically similar to the X centers, decrease the con-
ductivity of the crystal by a large factor."

D. Experiments of Other Workers on Colloids
in Alkali Halides

(I) Our results on the effect of barium and cadmium
impurity on the formation of colloids are in qualitative
agreement with the optical work of earlier authors. "~'

Low concentration of barium reduces the maximum
concentration of colloids that can be formed and high
concentration of barium suppresses the colloidal band
completely. 30 ppm of cadmium impurity suppress com-
pletely the formation of the colloidal and all other
F-aggregate bands on the long-wavelength side of
the F band.

(2) Penley and Witte' have found that the half-
width of the "colloidal band" in KC1 crystals heated in
the dark was more than that which would correspond
to Mie theory' and that in two cases the peak position
was 800 nm as compared with all other cases, where the
peak position was between 715 and 725 nm, Nadeau"
has observed two components of the "colloidal band"
at 735 and 769 nm in K.C1 crystals annealed at 290'C.
In a few cases, we observed two such components in
"pure crystals" containing unknown background im-

purity and in crystals doped with barium. The work re-
ported here shows that the large half-width structure in
IR band and shift in peak position of the IR band ob-
served by earlier workers are related to the unknown
background impurity present in the crystal and to the
effect of the exposure of the crystal to light.

(3) EtzePs has found that the width of the "colloidal
band" in NaCl increases with temperature and con-
cluded that the so-called colloidal band must be due to
atomically dispersed centers. Though the work similar
to that reported here has not been performed on NaC1
crystals, one would expect that the eGect of heat and
light will be the same on KCl and NaC1 crystals, and

"L.R. Watson and A. B.Scott, J. Chem. Phys. 30, 342 (1959).
"N. A. TSal and M. V. Pashkovskii, Fiz. Tverd. Tela 6, 780

(1964) LEnglish transl. :Soviet Phys. —Solid State 6, 607 (1964)g."J.S. Nadeau, J. Appl. Phys. B4, 2248 (1963).
"H. W. Etzel, in Ref. 1, p. 266.

the band observed by Etzel was similar to the X band
observed by us. Sastry" has confirmed that the width of
the colloidal band developed in additively colored NaCl
crystals in the dark is temperature-insensitive.

(4) Bugai et a/. ' were able to measure ESR absorption
due to colloids in sodium-chloride crystals, but they
found that the "colloidal band" in potassium-chloride
crystals did not give the KSR absorption. Recently,
Sonder' has measured the magnetic susceptibility as-
sociated with the color centers in KCl and has come to
the conclusion that the "colloidal centers" are not mag-
netic. These authors heated the additively colored po-
tassium-chloride crystals in visible light at or below
280'C to produce the "colloidal band. " The results of
these authors are in agreement with the results dis-

cussed in this paper, since in none of the H or 8 crys-
tals heated in light below 280'C could colloids be
formed. The bands observed by these authors must have
been X or Scott R' type of bands.

(5) Berge and co-workers4s have found that the con-
ductivity of lithium-fluoride crystals irradiated by
heavy doses of neutrons (&10rs nV) is considerably
enhanced. The effect was more pronounced in highly
pure LiF crystals. In these crystals conductivity could
be increased by a factor of up to 10'. ESR"" and
NMR4' absorption measurements and microthermal
and x-ray analysis'4 have shown that the same high
doses of neutrons (&10's nV) produce precipitates of
small lithium-metal particles in LiF crystals. We sug-

gest that the enhanced conductivity observed by Serge
and co-workers' is due to electrons thermally emitted
by lithium particles into the conduction band of the salt
crystal. This interpretation is supported by the fact that
the effect of background impurity and the general
behavior of enhanced conductivity in LiF are similar to
those observed by us in KC1 in the colloidal region. A
rough analysis of the data of Serge and co-workers
yields X= 1.18 eV for LiF crystals.

"P. V. Sastry (private communication).
4' P. Serge and G. Blanc, Bull. Soc. Franc. Mineral. Grist. 83,

257 (1960); M. Dubois, P. Berge, and G. Blanc, Discussions
Faraday Soc. 31, 167 (1961).

4'R. Kaplan and F. J. Bray, Phys. Rev. 129, 1919 (1963).
4'A. Van Den Bosch, J. Phys. Chem. Solids 25, 1293 (1964).


