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Thermal Production of F-Aggregate Centers in KC1
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The optical absorption spectrum of a KCl crystal x rayed at
liquid nitrogen temperature has been followed during warming
in the dark to about 320'K. This measurement not only provides
a means for the study of M-center formation by the aggregation
of separated F centers, but also the formation of other F-aggre-
gate centers. The principal features of this measurement are as
follows. A small initial M band appears superimposed on the F'
band at liquid nitrogen temperature upon completion of x raying.
Warming to about 207'K results in the disappearance of the F'
band with the M band remaining essentially unchanged. At
207'K the onset of F-center migration is indicated by the initia-
tion of growth of the M band and several longer wavelength
bands. The Nl band shows continued growth with increasing
temperature, increasing by over an order of magnitude upon

reaching room temperature. Owing to a particularly large M-
center concentration (in the presence of few It centers), Okamoto's
M4 excited 3l-center band is directly observed. Absorption struc-
ture appearing to the long-wavelength side of the 37 bands at
about 1350 mp, and other structure between the 1M and the N
bands likewise show steady growth with increasing temperature
above 207'K, but became unstable at higher temperature. The
1350-my structure, which shows a steady increase over the
temperature range 207—248'K, declines above 248'K and disap-
pears completely by 269'K. A possible fundamental role of lumi-
nescence in the production of F-aggregate centers by varied
methods is mentioned, and the primary inQuence of local vibra-
tions of the lattice in affecting the optical transition of the M
center is discussed.

INTRODUCTION

HE discovery by Ottmer' of the optical absorption
band that is known as the M band in alkali

halide crystals marks the initial eGort in the study of
the family of optical absorptions appearing to the long-
wavelength side of the F band designated as the R,
M, and N bands. Molnar, ' for whom the M band is
named, and PetrofP subsequently carried out systematic
studies of these bands in various x rayed and additively
colored alkali halides, and Seitz4 ' made tentative pro-
posals for the models of the centers giving rise to these
bands. The principal underlying basis for the assign-
ment of the models to the R-M-N series was the fact
that these absorption bands appeared to be products of
F-center coagulation, created at the expense of the F
band. It is for this reason they are referred to collec-
tively as F-aggregate centers.

The current count of optical absorption bands associ-
ated with F-aggregate centers has grown considerably
larger than the R&, R&, M, and N bands reported by
the early investigators. Okamoto' has recently made a
careful investigation of the optical anisotropy of
F-aggregate bands and he has been able to enumerate as
many as four R-center absorptions, six M-center absorp-
tions, and two N-center absorptions. Several of these
bands are particularly weak in absorption strength and
lie beneath a much larger F band.

In recent years the M center has been singled out for
rather close scrutiny. Studies of the thermal equilibrium
between F and M centers in additively colored crystals~
and also the nonequilibrium production of F and M

' R. Ottmer, Z. Physik 46, 798 (1928).' J. P. Molnar, dissertation, Massachusetts Institute of Tech-
nology, 1940 (unpublished) and Phys. Rev. 59, 944 (1941).' S. Petrol', Z. Physik 127, 443 (1950).

4 F. Seitz, Revs. Mod. Phys. 18, 384 (1946}.
F. Seitz, Revs. Mod. Phys. 26, 7 (1954}.' F. Okamoto, Phys. Rev. 124, 1090 (1961).

7 C. Z. van Doom, Phys. Rev. Letters 4, 236 (1960}.

centers in x-rayed crystals' supported the earlier con-
tention of van Doom and Haven' and Pick" that the M
center is a simple aggregation of two F centers (Fs model
of the M center). This is the same model that Seitz'
anticipated earlier for the R2 center. As of the present
writing the M center appears to be the only F-aggregate
center whose model is on a reasonably secure foundation.

There are two principal methods for the production
of F-aggregate centers in alkali halide crystals. The
first method is the exposure of a crystal to ionizing radia-
tion (x rays, gamma rays, etc.) and F-aggregate centers
appear together with F centers. The second method con-
sists of irradiating a crystal that initially contains F
centers with light at the wavelength of the F band; the
F band decreases as a result of this irradiation and the
R-M-N series appears. The latter process of photo-
chemical or optical conversion as it is referred to, occurs
if the F centers are initially present in the crystal either
as a result of additive coloration with excess alkali
metal or as a result of x-ray irradiation.

Both processes of F-aggregate production are strongly
temperature dependent. In the case of optical conver-
sion, F-center aggregation is negligible in the tempera-
ture range where F—& F' conversion is appreciable. For
KCl optical F~ M conversion does not become im-
portant until temperatures somewhere in the vicinity
of 200—230'K are reached. ""Above this temperature
a number of investigators have reported on the tem-
perature dependence. ' ""In the case of the production
of F-aggregate centers by ionizing radiation, it had been
generally thought that such production is inhibited at
low temperatures. "It has recently been demonstrated

S. J. Faraday, H. Rabin, and W. D. Compton, Phys. Rev.
Letters 7, 57, 433 (1961).

~ C. Z. van Doom and Y. Haven, Phillips Research Repts. 11,
479 (1956), and C. Z. van Doom, sNd 12, 309 (1957). .

'~ H. Pick, Z. Physik 159, 69 (1960).
n F. Liity, Z. Physik 165, 17 (1961)."T.Tomiki, J. Phys. Soc. Japan 15, 488 (1960).
"W. E. Bron and A. S. Nowick, Phys. Rev. 119, 114 (1960).
'4 W. H. Duerig and J.J. Markham, Phys. Rev. 88, 1043 (l.952) .
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that M centers are induced by x rays in the liquid-
nitrogen and liquid-helium temperature range, ' al-
though in significantly smaller quantity than is usually
observed near room temperature.

The picture that is held is that M-center formation by
x rays occurs at low temperature by the production of
a pair of F centers at neighboring negative ion sites.
Ii centers produced at isolated sites presumably do not
aggregate to form M centers at low temperature. The
observation that warming a crystal after x-ray irradia-
tion at low temperature resulted in a much enhanced
M-center concentration' has provided evidence that
isolated Ii centers can indeed be induced to aggregate at
sufFiciently high temperature. This process like the
photochemical process emphasizes the essential role of
thermal activation in the production of J -aggregate
centers. It is the purpose of this paper to describea
series of experiments in which the optical properties of
K Cl to the low-energy side of the F band were examined
during warming after an extended x-ray exposure at
liquid-nitrogen temperature. These measurements re-
Qect on the processes of Ii aggregation and at the same
time provide a method for attaining particularly large
concentrations of P-aggregate centers.
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EXPERIMENTAL PROCEDURE

The experimental work deals with an extended series
of measurements performed on a single KCl crystal ob-
tained from the Harshaw Chemical Company. The
crystal was cleaved along (100) planes into a flat plate,
approximately 0.61 mm thick, and mounted in a
Hofrnan low-temperature, double-walled Dewar. The
Dewar was provided with a beryllium entrance window
for the x-ray beam and calcium fluoride windows for
optical measurement. These windows were mounted on
a head that could be manually rotated in order that the
crystal could be optically measured along the direction
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Fxo. 2, The optical abosrption spectra of KCl over the tempera-
ture range 78.5—207'K upon the termination of x raying at liquid-
nitrogen temperature.

of x raying. This direction was along the perpendicular
to the face of the crystal plate.

The crystal was mounted on a copper block provided
with an aperture for optical measurement. The junction
of a copper-Constantan thermocouple was mounted
against the crystal face, and the junction and a portion
of the surrounding crystal were covered with Dow
Corning 4 Compound to insure thermal contact at low
temperature. The thermocouple was initially checked at
the ice point and at liquid-nitrogen temperature and
was found to agree closely with standard calibrations.

The crystal was kept in the dark during x raying and
during subsequent warming, and was subjected to light
only during periodic optical measurement and intervals
of bleaching to be described. Optical measurements were
made with a Cary, model 14MR, recording spectro-
photometer, modified to accommodate the Dewar. The
x-ray exposure was performed with a Machlett OKG-60,
tungsten-target tube operated at 50 kV and 50 mA using
a Bracke-Seib dc generator with an estimated output
ripple of about 5'%%uo. The approximate distance of the
crystal from the anode of the x-ray tube was 11.7 cm.

The x-ray exposure was performed at liquid-nitrogen
temperature for a period of 61 h. The Dewar was re-
filled as required during irradiation and the crystal tem-
perature was measured repeatedly to insure that liquid-
nitrogen temperature was maintained throughout the
exposure. Following the termination of x raying, the
nitrogen was poured from the Dewar, and the Dewar
and crystal within were allowed to warm under the
action of ambient heating. The warming characteristic is
shown in Fig. 1.Over an appreciable portion of time, the
rate of warming was near 1 deg/min. In order to extend
the measurements above room temperature, warm water
was transferred to the Dewar at temperatures above
about 270'K. This procedure accounted for the jog in
the data of Fig. 1 and provided for an increase in tem-
perature to about 318'K. before the temperature
declined.

During the warming sequence of Fig. 1 periodic opti-
cal absorption measurements were made by scanning
the spectral range from 1700 to 700 mp, Figs. 2—5.
The 700-mp, limit was chosen so as to avoid irradiating
into the F band with the spectrophotometer beam. Upon
reaching 312'K, the terminal point of Fig. 1, measure-
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ments were extended to shorter w

fh b d'an (Figs. 5-7).

RESULTS

1.5

13-

1.0--
0

3 0.9—

~ 0,8
M

uJ 0.7—
O

+ 06-
1-
rLo05-

0.3

O. I

1100
WAVELENGTH (m )mp,

1700800

2,0

L5~

The data as obtained in chronolo ical
l,2-

ill i F' . 2—

f o 785 to 207'K U o

I.I—

h M b d
much broader F' band. As the tern era

disappeared a d the M ba d
b d t th

Fo
in e spectral range 700—1700

0.4--

igure 3 shows the o tical s
mp, .

op ica spectra in the range 207 t
s e warming se uence

0
g q nce continued. The 207'K

re e same as shown in Fig. 2. It is
therei aeon d abl e ha
ture

K

1300 1500

vicini
uc ure makes its appearance i temperature range 248-295'K

IG. 4. The optical abosrption s c

The data at 288 and 295'K a

g over the temper t

Figure 4 showshows a continuation of the warsho w ion o t e warming se-

g to 295 K To to considerableue perature ran e 248

o eregionof theIi b

comp ication in the 6
e growt in the 3f ban

be a diminution f b

from the peak of th M b
are reproduced onl

ion o a sorption struc

e and to the eak of

warming above 295'K.

p o — p
nd and the struc-niu eo theMba

'
g the Dewaar was evacuated and

p, continue to increase over thi

o iqui -nitrogen tern erature
During the evacuation
period of appro»mately 2 h d

]taneous]
t k tli id- ito t

t lre o bt ee th Fig5Absort
g eralhlllngin owing

sorption structure was

o e growth of additional ab
Figure 5 shows the full 295'K spectrurn between 700

1 oi f F'
p, , an the spectrum take

0 rg. 1) with t„e short-wavelength

10

0.9—

0.8—

o 07.
C3

0.6—0

0.5—
IJJ

04 —.

O
0.3—

Q
O 02-

0.1—

0
700 800 900 I 100

WAVELENGl H (m p.)

1300 1500 1700

05-

~ 1.0—
UJ
C3

rL
D

600 700 800

95 K
12 K
8.5' K

900 1100 1300
ENGlH ( mp.

FIG. 3. The optical absorption spop'oR'
I ig. 2.

e —48'K in continuati fa 'on o the data of
I'"n. 5. The optical absor tion sp o p t of - ydKCl 2

er su sequent coohn to q
o e ataof Fig 4,



132 HERBERT RABIN

2.0
1
1
1

1
1 I s

1
1

1

1

I
1

l.5— t
1

1 I l
I
1

1

f1
I 1
I

1
~

I
I
I
I

1

I

1

1

I

I

at liquid-nitrogen temperature the R& and R2 bands are

P7
morefullyresolvedas are the% and h t hi an w atisperhaps the

1020 m . Also
2 band on the long-wavelength h ld bsou er ataout

mp. iso the structure to longer wavelen ths at
1130a,nd 1260 m aly ~a so seen m Fig. 5) is much enhanced.

g s a

O

C)

l—
cn I.O .-
UJ
CI

C3

CL0

BLEACH

05-

t

700
1

I I

900 I IOO I300 1500
1'/AVELENGTH (mp, )

500 I 700

FIG. 6. Th. 6. The optical absorption spectra of x-rayed KC1 at room

s
temperature before and after bleaching 'th Ii-b d l' h .
pectra were taken 5 days after the data of Fi . 5 during. ) n g which

in e ar at room temperature.

0 600 800
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ported positions of the R~ and R2 band

' 1,an s, respective1y,
an t e 8-mp, band appears to be in agreement with

side of the X~ band a shoulder at about 1020 mp falls
at the expected position of the X~ band. In addition,
a s oulder just to the long-wavelength side of the M
band was further resolved into a weak b d k'ea an pea ing at
approximately 853 mp upon adding liquid helium to the
Dewar. The crystal was thereafter returned to room
temperature where it was allowed t '1'b fo equi i rate "or a
5-day period in the dark.

The absorption spectrum after this 5-day period at
'g. . e principalroom temperature is shown in Fig 6 Th

c ange noted is a considerable enhancement of the M
band. Th ere is also some smaller enhancement in the
a sorption spectrum in the E-band region (in the valley
between. the F and M bands), and the 1Vq band appears
to be partially resolved at 988 mp. At this point the

of theP a
crystal was given an extended bleach at th 1 h
o t e Ii band, using a tungsten lamp and an interfer-
ence filter passing at a peak position of 560 mp. As
shown in Fig. 6 there is a large enhancement in th R

R2 bands, the M band is considerably reduced, and
in e

the E~ band and the region to longer wavelen ths is
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Figure shows the absorption spectrum 6 da f 11
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DISCUSSION

It is clear from the data that considerable Ii aggrega-

low
tion is induced upon warming a KCl 1

ow temperature. This technique allows for the unique
production of M-band absorptions well in excess of

R-
optica ensities of 2 in the presence f ' 'fi

-center absorption (Fig. 5). When additional aggrega-
tion is allowed to take place upon standing at room tem-
perature, the optical density is extrapolated to be ap-

Fig. 6). Upon bleaching in the F band aftn a er warming,
arge and E absorptions may also be induced in the

range of 1 to 2 in optical density (Figs. 6—7). Owing to
a co oration gradient accentuated b th f

ere x rays, Smakula's formula gives only a rou h
estimate ote of t..e average concentration of centers. The

a roug

initial M-center concentration at 1' d-iqui -nitrogen tem-
perature after x raying is computed to be 6.7 X 10"/cm'
using an M-center oscillator strength of 0.38 for a
Gaussian band shape. ' On the basis of a quadratic rela-
tion between Ii an

F-center concentration is computed to be 4X 10"/

to the vicinity of 320'K the M-center concentration is

cm, an increase of about aapproximately 1.4X10'7/cm' an
'

factor of 20. Prf . esumably, the surface co1oration is sub-

stantially larger than the average volume coloration.
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The warming technique provides not only an added
method for the production of the known P aggreagtes
(R, M, and 1V centers), but also a means for the intro-
duction of other centers. The structure at 1350 mp ap-
pears to be stable only in the temperature range 207—
269'K with maximum stability at 248'K (Figs. 3—4).
Okamoto' reports a band at 1380 mp in KCl which is
converted from a band peaking at 1460 mp upon bleach-
ing with F-band light at liquid-nitrogen temperature,
and upon subsequent warming to room temperature
the latter band is reformed at the expense of the ab-
sorption at 1380 mp, . It is not clear that the 1380- and
1350-mp, bands are identical. The 1350-mp absorption
reported here does not appear to be interconvertible
with a longer wavelength band which is stable in the
vicinity of room temperature, and moreover, it appears
to have a somewhat larger half-width than the 1380-mp,
band.

At least three bands have been observed in this work
that do not appear to have been reported earlier. Two
of these bands are partially resolved at liquid-nitrogen
temperature (Figs. 5 and 7), and are observed to peak
at approximately 1130 and 1260 my. A third band is
only weakly indicated as a shoulder on the long-
wavelength side of the 3f band at liquid-nitrogen tem-
perature (Fig. 5). This band is partially resolved at
liquid-helium temperature and falls at about 853 mp.

A most interesting consequence of the particularly
large M-center to R-center concentration ratio in this
work is the direct observation of Okamoto's M4 band. '
This absorption which is presumably due to an excited
state transition of the M center is shown in Fig. 5 at
liquid-nitrogen temperature, peaking at about 634 mp, ,
with a smaller R~ band appearing as a long-wavelength
shoulder. This band predicted to be in the ratio of
1:40 with the M band (Okamoto's M~ band) can ap-
parently be easily investigated with the high 3f-center
concentrations produced by the technique herein
described.

The situation in the spectral range between the peaks
of the M and X bands seems to be complicated owing
to the presence of unresolved band structure. As pointed
out above in connection with Fig. 4 there appears to be
a filling in of the absorption structure between the M
band and the 930-mp, absorption structure. A subtrac-
tion of the spectra at 269'K from that at 295'K indi-
cates the presence of at least one absorption band peak-
ing in the neighborhood of 855 mp. This may be identi-
cal to the weak structure reported above at 853 mp upon
lowering the crystal to liquid-helium temperature. It is
furthermore noted absorption structure which peaks in
the neighborhood of 930 my (Figs. 3-4) is observed to
disappear either in full or in part in warming between
295 and 312'K (Fig. 5). A subtraction of the absorp-
tion data at 312'K from those at 295'K after normaliza-
tion of the M bands, shows that the absorption peak
of the depleted structure occurs at approximately 940
mp. The absorption shoulder remaining to the long-
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FIG. 8. Relative concentrations of centers arising from the E',
3', and 1350-mp bands in KCl as a function of temperature follow-
ing x-raying at liquid-nitrogen temperature.

wavelength side of the M band at 312'K (Fig. 5) ap-
pears to be E-band structure. This structure is fully
resolved as shown at liquid-nitrogen temperature into
a prominent E~ band at 958 mp and perhaps a weaker
X2 long-wavelength shoulder in the neighborhood of
1020 mp. The assignment of this structure is in agree-
ment with the E-band structure in Figs. 6—7 at both
room and liquid-nitrogen temperatures. In Fig. I the
E2 band at 1020 mp appears to be more fully resolved.
It is concluded therefore that the rather broad structure
appearing in the range 900—1000 mp in warming from
liquid-nitrogen temperature (Figs. 3—4) is an admixture
of both E bands and some other absorption peaking
near 940 mp. The spectral region between the peak of
the M band and the E~ bands appears to be a most
active spectral range in warming following x-ray irradia-
tion. Measurements using polarized light in this spectral
range might prove to be most fruitful for unraveling
the overlapping structure which appears to be present.

Figure 8 shows the relative concentration of the cen-
ters giving rise to the P, 3E, and 1350-mp, bands as a
function of temperature. In the case of the P band the
relative peak height at 830 mp, (with the M band sub-
tracted) is assumed to be proportional to the concentra-
tion of centers, taking the half-width of this band to be
temperature independent, and in the case of the 1350-mp
band the relative peak height is also assumed propor-
tional to the concentration since there does not appear
to be any appreciable half-width change in the limited
temperature range of this band. The data for the M band
in Fig. 8 are proportional to the area under the absorp-
tion curve (peak height times half-width) and a unit
of 1.0 of the ordinate corresponds to roughly 10"
centers/cm'. It is clear that the F' centers introduced

by x raying are fully depleted before the onset of growth
of the M bands. This disappearance of the F' band
seems to fall at considerably lower temperature than
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the 200'K point reported by other investigators. ""
The onset of M-center formation is noted to occur at
about 207'K and after a linear rise reaches a plateau at
about 270'K and thereafter increases at a slower rate.
The slower rate may be characteristic of aggregation
of F centers over large distances while the initial rise
and leveling off may be representative of the aggrega-
tion of F centers closely spaced to one another. In this
regard it would be important to verify that the rate of
warming was slow enough that equilibrium concentra-
tions of centers were present continuously at each tem-
perature. This point is deserving of further investigation
particularly in light of the fact that M centers appear
to continue to be formed upon standing in the dark.
over periods of days following the warmup (Figs. 5—6).
It would not only be of interest to study the growth
characteristic for different rates of heating following
x raying but it would be most interesting to extend
these measurements into the temperature range where
F aggregates are reported to be disrupted. "Although
there is little that can be said with respect to the nature
of the 1350-mp, band, it appears from Fig. 8 to be unre-
lated to the M center owing to the fact that the M-center
growth is almost perfectly linear in the temperature
range over which the 1350-mp band reaches a maximum
and declines, Accordingly, two likely models whose exis-
tence might be anticipated, the M' center (M center
plus an electron) and the singly ionized M center (Seitz
Rt model') are unlikely for this reason (as well as others).

Figure 6 shows the typical enhancement of the E»,
E.2, and E bands upon bleaching with F-band light. It
is noticed that the M band simultaneously undergoes a
decline. Since the rates of growth of these bands were
not followed as a detailed function of bleaching time,
it is not known whether the decrease in the M band was
preceded by some growth. The interesting observation
was made that upon standing in the dark after the
bleach there was considerable enhancement of the M
band and decrease of the Rt and Rs bands (Fig. 7). At
the same time the N band appeared also to increase by
some small amount. It is apparently clear that optical
conversion of F aggregates are not in all cases stable
at room temperature.

The mechanism of F aggregation seems to be com-
plicated by the fact that it can be activated thermally
in addition to the methods of photochemical conversion
and x raying in the dark. One point of view to take is
that all three processes produce an effect in the crystal
that leads to some identical chain process giving rise
to F-aggregate centers. It is interesting to take note
that there appears to be at least one factor which may
be common to all of these processes, namely, F-band
light. In the instance of warming following x-ray ex-

"D.Dutton and R. Maurer, Phys. Rev. 90, 126 (1953)."A. Halperin, A. A. Braner, M. Schlesinger, N. Kristianpoller,
Proceedings International Conference on Serliconductor Physics
Prague 1960 (Czechoslovakian Academy of Scienc'es, Prague,
1961),p. 724.

posure, the thermoluminescence of the warmed crystal
may provide this light, and in x raying in the "dark, "
the x-ray-induced photoluminescence of the crystal may
likewise promote the formation of F aggregates. Large
differences in the ratio of M to F centers in different
alkali halides x rayed at room temperature" could per-
haps be explained on the basis of varying luminescence
effj.ciencies. These possibilities are certainly deserving of
further attention in view of the fact that thermolumines-
cence of x-rayed crystals"" and x-ray-induced photo-
luminescence"" are appreciable in the alkali ha)ides,
and moreover, the warming characteristic of the M
band in Fig. 8 bears marked similarities to the tempera-
ture dependence of photochemical F—+ M conversion. "
If F —+ 3f conversion results from the Coulomb attrac-
tion of F' centers and anion vacancies created by optical
photons as has been suggested, "the presence of F-band
light in the various processes of M-center formation may
prove to be significant . It should be mentioned that
an optical photon does not appear to be absolutely
necessary for this mechanism to be operative, since
x rays presumably could act directly to produce F' and
alpha centers in the dark, and the energy release in
nonradiative recombinations during warming from low
temperature after x raying may likewise promote the
production of F' and alpha centers and thus eventually
3f centers. "

Figures 9—10 give peak position and half-width data,
respectively, of the 3f band in KCl as extracted from
this and earlier' work. The half-width data at high tem-
perature were based only on the short-wavelength side
of the band owing to appreciable overlapping structure
on the long-wavelength side. The thermal shift of the
peak of the M band shows the same general behavior
observed for the F band, "except that the magnitude of
this shift in the case of the 3f band appears to be con-
siderably less tha, n that observed for the F band. Figure
10 gives a plot of the half-width of the M band as a
function of the square root of the absolute temperature
in order to obtain an estimate of v„ the vibrational fre-
quency tha, t influences the 3f center in its ground state.
Analogous to similar treatments for the F center"" v,
turns out to be approximately 3.2X10" cps for the M
center in KCl, which is not grossly different for corre-
sponding values obtained for the F center in KCl
(2.6X10's cps, reference 21, and 2.96X10" cps, refer-
ence 22), but about a factor of 2 less than the value of
6.3&(10"cps, the longitudinal optical frequency of the

' H. Rabin "Proceedings of International Conference of Crystal
Lattice Defects, Kyoto, 1962" LSuppl. J. Phys. Soc. Japan (to be
published) j.' A. Halperin and N. Kristianpoller, J. Opt. Soc. Am. 48, 996
(1958).

"W. E. Spicer, Phys. Rev. 106, 726 (1957).
2 G. Bonissoni, P. Camagni and G. Chiarotti, Proceedings Inter-

national Conference on Color Centers and Crystal t.uminescence
Torino, Italy 1960 (I,itogra6a E. Gili, Torino, 1961.), p. 153.
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THERMAL PRODU CTION OF I' —AGGREGATE CENTERS IN KCl
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FIG. 9. Variation of the peak position of the ~V
band as a function of temperature for KCl.
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lattice. The latter fact leads one to conclude that the M
center in the ground state is more strongly inAuenced

by local vibrations than vibrations characteristic of
the perfect lattice. Unlike NaC1,"however, in KCl the
value of v, for the M center is not appreciably larger
than v, for the Ii center.

SUMMARY

The principal results of this investigation may be
summarized as follows:

(1) Warming a KC1 crystal x rayed at liquid-nitrogen
temperature results in the production of sizeable ab-
sorptions to the long-wavelength side of the Ii band.

(2) The principal growth upon warming occurs in
the M band due presumably to the aggregation of
isolated F centers that are immobile at low temperature.
The critical temperature for this aggregation in KCl
occurs at approximately 207'K.

(3) Other absorption structure peaking at approxi-
mately 1350 mp disappears at about 269'K after reach-
ing a maximum at about 248'K. This structure appears
to be unrelated to the M center.

(4) New absorption bands are observed at approxi-
mately 1130 and 1260 mp, to the long-wavelength side
of the E-band structure, and a variety of absorption
changes are observed between the M and Ã bands. At
least one band is present in the neighborhood 853—855
mp which grows upon warming, and other absorption
structure at about 940 mp which also grows upon warm-

ing is unstable above about 295'K. There is apparently
considerable absorption activity in the vicinity between
the M and E bands that is deserving of further
attention.

(5) The warming technique after x raying allows for

~ W. D. Compton and C. C. Klick, Phys. Rev. 112, 1620 (1958).
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FIG. 10. Variation of the half-width (nE) of the M band in
KCl as a function of the square root of the absolute temperature
(T). Experimental points are indicated along with the theoretical
curve given by nE=APcoth(hvg/2kT) /~2 with A =0.056 eV and
vg =3.2X &0 cps.

the production of considerable JI-center concentrations
in the presence of few R centers. The fact allows for
the direct observation of one of the bands that have
been attributed by Okamoto to be due to 3f-center
excited states.

(6) The metastable character of F-aggregate centers
induced by photochemical bleaching is demonstrated
by a sizeable enhancement of the M band at the appar-
ent expenses of the R~ and R2 bands upon standing at
room temperature after the bleach.

(7) The production of F-aggregate centers by x ray-
ing in the dark in the vicinity of room temperature and
by warming after x raying at low temperature may be
strongly infiuenced by luminescence of the crystal itself.
Accordingly, the same mechanism that is operative in
optical P —& M conversion may also play a role in these
processes of Ii aggregation.

(8) An estimate of the vibrational frequency of the
lattice which inRuences the M center in its ground state
is not grossly different than similar values determined
for the F center in KCl. These values are about ha/f of
the magnitude the longitudinal optical frequency of the
lattice.
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