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The equilibrium which is established between F and F-aggregate centers in KCl by x rays has been
studied at room temperature. It was found that the concentration of R centers was proportional to the
product of the concentration of F and M centers, indicating that the R centers are composed of three F
centers. The concentration of N centers was proportional to the product of the concentration of F and R
centers suggesting that the NV center is composed of four F centers. The concentration of N centers was
proportional to the concentration of M centers suggesting that the N center is composed of two F
centers. The deviation from linearity of the Nz? versus N curve is shown to arise from the presence of
higher aggregate centers. Samples x irradiated at room temperature to establish an equilibrium among F
and F-aggregated centers were cooled and the irradiation continued. The concentration of M centers
decreased exponentially with irradiation time. The temperature dependence of this exponential decay
time corresponded to an activation energy of 0.07 eV for lemperatures above 100°K.

I. INTRODUCTION

LTHOUGH the van Doorn-Haven! model of the
M center—two nearest-neighbor F centers—is
now well established,”~* the mechanism of generation
of M centers by x rays is not well understood. At low
temperatures, the concentration of M centers IV, varies
as KN ¢?, where N is the concentration of F centers.
K is a statistical factor which may be approximately
calculated assuming no diffusion of the F centers. At
higher temperatures, the situation is more complicated.
The M-center concentration is greater by a factor of
the order of 500, a plot of NV versus N #* shows marked
deviations from linearity, and sizeable concentrations
of R and NV centers appear.

Sonder and Sibley® have proposed that the dynamic
equilibrium which exists between the F and M centers
during a room-temperature irradiation is accomplished
by the simultaneous creation and destruction of F and
M centers by the radiation. Thommen® has demon-
strated the temperature dependence of this equilibrium
and has suggested that the curvature of the N #? versus
N plot at low concentrations of F centers results
from vacancies initially present in the crystal. Harrison”
has proposed that a dynamic equilibrium exists among
the F and all F-aggregate centers, ie., M, R, and N
centers.

In the presence of a dynamic equilibrium among F,
M, R, and N centers, it should be possible to derive
some information about the models of the more complex
centers from the relative concentrations of these centers.
Faraday et al.? and Okuda and Asai® have indicated
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that the concentration of R centers varies approxi-
mately as the § power of the M-center concentration,
in support of van Doorn’s® model of the R center as
being three F' centers. The constant ratio between the
peak heights of the R; and R, bands® ! strongly suggests
that both absorption bands arise from two distinct
transitions of the same defect. Hattori has studied
photochemical and thermochemical reactions involving
the N, and NV, centers in additively colored KCl and
finds that the two absorption bands probably arise
from transitions of two distinct defects. It was sug-
gested in this work that the N, band may arise from
the same defect that gives the R centers. Very few
results have been reported that can be used to verify
Pick’s suggestion that the two IV bands arise from four
associated F centers.?

In the present work, the absorption coefficient at the
peak of the F, M, R,, Ni, and N, bands in KCl was
determined following x irradiation with various inten-
sities and for various periods of time. The results and
discussion are divided into three sections. Section A dis-
cusses the models of the R and N centers. Section B
discusses the influence of R and N centers upon the
equilibrium between F and M centers. Section C
discusses the mechanism by which equilibrium of the
M-center concentration is established.

II. EXPERIMENTAL TECHNIQUES

Samples of Harshaw KCl were cleaved into plates
0.12-0.60 mm thick and were irradiated with x rays
from a tungsten target x-ray tube operated at 100-kV
constant potential and 25-mA current. The uniformity
of coloration was enhanced by filtering the x-ray beam
with 0.004 in. of copper. The temperature of irradiation
was 16°C unless otherwise specified. The x-ray intensity
was altered by changing the distance from the sample
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to the x-ray tube. Optical absorption measurements
were made at liquid nitrogen temperature with a Cary
Model 14R spectrophotometer. Care was taken to pre-
vent the exposure of the crystals to light while they were
at room temperature. In all of the data presented, the
concentration of F centers was determined by sub-
tracting the absorption arising from the higher excited
states of the M centers from the peak of the F band.
The correction was evaluated using Delbecq’s!® value
of the oscillator strengths of the M, and M, bands and
Okamoto’s!* value of the half-widths of the M; and M’
absorption bands. The correction was

1)

(aF)corrected= (aF)meaBured'— 065(¥M .

III. RESULTS AND DISCUSSION
A. R and N Centers

A plot of the absorption coefficient at the peak of the
R, band versus the product of the absorption coefficients
at the peak of the M and F bands is shown in Fig. 1
for two different x-ray intensities. Since the absorption
coefficients are linearly related to the concentrations, a
relation of the form

Nr=KgNuyNr (2)

appears valid, with the constant Kz a function of the
intensity of the x rays. In the presence of a dynamic
equilibrium in which an F center is added to an M
center to form an R center, the equilibrium reaction
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F16. 1. Absorption coefficient at the peak of the R, band versus
the product of the absorption coefficients at the peak of the F
and M bands. X irradiated at 16°C. Measured at 77°K. X-ray
intensity for curve B was 1.5 times the intensity for curve A.
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would be expected to be of the form

R2F+M. ©)
This would predict a relation of the form of Eq. (2).
Although three F centers might be combined by re-
actions other than that represented by Eq. (3), the
joining of an F to an existing M center seems quite
reasonable from a physical standpoint. The data of
Fig. 1 strongly suggest, therefore, that the R centers
are composed of three F centers, in agreement with
van Doorn’s suggestion.®

Figures 2, 3, and 4 present data concerning the N
bands. The formation of an N center by attaching an
F center to an existing R center, as suggested by Pick’s
model, would require an equilibrium reaction of the
form

N=F+R. 4
This leads to a relation of the form
Ny=KyNpNg, ®)

where Ny represents the concentration of IV centers.

Figure 2 indicates that this is valid for the N, band
but not for the N; band. Figure 3 is a plot of the absorp-
tion coefficients of the peak of the N;and N, bands as a
function of the absorption coefficient at the peak of the
R, band. The concentration of N; centers is clearly not
proportional to the concentration of R centers. Al-
though a linear relationship exists between the N, and
R-center concentration, the fact that the curve does
not pass through the origin implies that the bands do not
arise from transitions in the same defect. The data
given in Fig. 2 imply that the V, center consists of four
aggregated F centers in agreement with the model
suggested by Pick.1?

The model of the N; center is not clear. Figure 4
suggests that the N is closely related to the M center,
It may consist of an M center perturbed by a nearest-
neighbor positive ion vacancy or impurity. Since the
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Fic. 2. Absorption coefficient at the peak of the Ny and N,
bands versus the product of the absorption coefficients at the
pea'ilfls Igf the I and Rs bands. X irradiated at 16°C. Measured
at 77°K.
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symmetry axis of this center is along (110), this is also
consistent with the view that an M center might be
involved in this defect.!+1

B. Effects of Higher Aggregates on Equilibrium

The effect of higher order aggregate centers upon the
F-M equilibrium can be seen from the following very
simple approach. If it is assumed that F centers are
formed at random, that the formation of an R center
results from the addition of an F center to an existing
M center, that the destruction of M and R centers does
not contribute significantly to the concentration of F
and M centers, respectively, and that all aggregation
is stimulated by the x rays, the growth of the F, M,
and R centers can be described by the relations

NI«'=011N0"‘61NF ) (6)
Nu=a:Np—BsNy, (M
Ne=a;Ny—BsNg. ®)

N is the time rate of change of the concentration of
centers of ith type, « and (8 are formation and destruc-
tion rates, respectively, and Ny is the concentration of
halide lattice sites in the crystal. Superimposing the
experimentally observed relation given in Eq. (2) leads

to
B1+B2—Bs K ros
Ny+ {—w N

e |, o)
a3—~KRa1N0 0[3—KR,O[1N0

which has the form

Ny~+C:Nr=K'Ng?. (10)

Physically an equation of this form is quite reasonable
since the formation of an R destroys an M center. Thus
it is clear that N will cease to be proportional to N z?
when the concentration of the R centers becomes
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F1c. 3. Absorption coefficient at the peak of the N bands
versus the absorption coefficient at the peak of the R band.
X irradiated at 16°C. Measured at 77°K.
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F1c. 4. Absorption coefficient at the peak of Ny band versus
absorption coefficient at the peak of the M band. X irradiated
at 16°C. Measured at 77°K.

significant. Substitution of Eq. (2) into Eq. (10) indi-
cates that an equivalent statement is that N will be
proportional to N only when CoKrN p<1.

Utilizing Smakula’s equation'® leads to an equation
of the form

S We
aM+C2[————}aR=K'{

r Wu

We fu
c———}aﬁ, (11)
Wu f#

where « is the absorption coefficient at the peak of the
absorption band in cm™, W is the full width at half-
maximum of the absorption band in eV, f is the oscil-
lator strength, and C is the constant 1.29X10Y
[n/ (n*+2)*] for a crystal having index of refraction #.
This is more simply written as

aM+C3O£R=K"O[F2, (12)

where C; and K" are constants obtained from Eq. (11).
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Fi1G. 5. Absorption coefficient at the peak of the M band versus
the square of the absorption coefficient at the peak of the F band.
X irradiated at 16°C. Measured at 77°K. Lower curve is un-
corrected for R centers. Middle curve is a typical linear extrapola-
tion of the uncorrected data. Upper curve is corrected for R
centers.
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Color Centers in Solids (Pergamon Press, Ltd., London, 1962).
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Fi16. 6. Absorption coefficient at the peak of the Ry band versus
the product of the absorption coefficients at the peak of the F and
M bands. X irradiated at 16°C. Measured at 77°K. Upper curve
is corrected for Vs centers. X-ray intensity is one-fourth that used
for curve A of Fig. 1.

Figure 5 clearly indicates that a value of C; can be
found which satisfies Eq. (12). Within the accuracy of
the measurements, C3 was found to be independent of
x-ray intensity.

It has been argued by Thommen® that the deviation
from linearity of the ay versus az? at low density is a
result of vacancies which are not generated by the x
rays but are initially present in the crystal and are
converted to F centers by simply trapping an electron.
Figure 5 indicates, however, that for F-center densities
as low as 4X10' cm~ the deviation from linearity of
the observed curves is a result of the presence of R
centers and not vacancies initially present in the crystal.
Thommen’s conclusion is based upon measurements at
lower F-center concentrations, and does not necessarily
conflict with the present interpretation.

The effect of the IV, center concentration upon the
M and R center equilibrium can be derived in a manner
similar to that carried out for the effect of R centers on
the Fand M center equilibrium. Writing

NN2:a4NR_ﬁ4NN27 (13)
and superimposing Eq. (5), leads in a similar way to
OLR+C4O£N2=K”’O£FU(M. (14:)

Figure 6 indicates that a value of C,4 can be found that
satisfies Eq. (14). There is no need to apply this cor-
rection to the data of Fig. 1 since the higher x-ray in-
tensity used in that measurement suppressed the con-
centration of NV, centers.

These results clearly indicate that the dynamic
equilibrium that exists in the presence of ionizing radia-
tion is quite different from a chemical equilibrium. In
the present circumstance, the concentration of one
defect, e.g., the M centers, depends upon the concentra-
tion of a second type of defect, e.g., the R centers.
Although this is quite obvious from the coupled nature
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of Egs. (6) through (8), it is important to realize that
the equilibrium represented by Egs. (3) and (4) are
of limited validity. These equilibria are valid only so
long as the concentration of the next higher order of
aggregates is small.

C. Approach of the M-Center Concentration
to Equilibrium

The results of Sonder and Sibley® and Thommen®
indicate that equilibrium is rapidly re-established if the
system is perturbed by a change in temperature or
radiation intensity. These measurements were confined
to near room temperature. In the present work, a
crystal was irradiated at 16°C, cooled to some low
temperature and again x irradiated. Since the concen-
tration of M and R centers generated by a low-tempera-
ture irradiation is small compared to the concentration
generated by the same irradiation at 16°C, it follows
that the centers generated by x irradiation at room tem-
perature are not in equilibrium when the sample is at a
lower temperature. Figure 7 is an indication of the
exponential decay of M centers that result from a second
irradiation at 90°K. ay, is the absorption coefficient of
M centers present prior to the x irradiation of 90°K.

At least two mechanisms by which M centers may be
destroyed by x irradiation can be imagined.

(1) The x rays deposit energy at or near an M or R
center. This energy has some probability of thermally
dissociating the wvacancies, thereby destroying the
centers. The deposition of thermal energy could occur
by (a) distribution of energy uniformly in a volume of
the crystal, as a thermal spike resulting from the slowing
down of a photoelectron; (b) distribution of energy
among the defects as by electron-hole recombination at
the defects.

(2) The x rays produce an interstitial ion or atom
which moves to an M or R center thereby annihilating
one of the vacancies and destroying the defect.

A simple calculation of the relaxation times that
would be expected for each of these mechanisms can
now be made.

| I
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Fic. 7. Exponential decay of M centers at 90°K induced by
a constant intensity x irradiation. M centers were initially gen-
erated at 16°C by x irradiation. Nry=9X 10" cm™3 and Nary=7.5
X101 cm™3,
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(1a) X-ray energy distributed randomly
throughout the crystal

Let N equal the number of negative ion sites/cm?.
Ng equals the number of lattice sites excited/time/
cm? by the x rays. p equals the probability an excitation
of an M center will destroy it. If the number of M
centers formed by the x rays at the low temperature
are neglected, it follows that

—dNy/dt=pNg(Ny/No),
and 15)

T=N0/PNE.

Thus, the relaxation time is a constant for a given
irradiation intensity.

(1) X-ray energy deposited preferentially
at the defects

Let N equal the number of defects excited/time cm?
by the x rays. PrNr, PN, PrN1 equal the fraction
of the excitations that occur at F, M or other unspecified
defects, respectively. b equals the probability that
excitation of an M center will destroy it. Again neglect-
ing the M centers formed at the lower temperature by
the irradiation, it follows that

ANy

bpuN u
dt EPINI+PFNF+PMNM.

It seems reasonable to assume pr=py since the cross
sections for electron-hole capture should not differ
markedly for the F and M centers. For N z>>N i, as was
the case during the experiment, it follows that

7=710+CNF,

where 7o and C are constants for a given crystal and
for a fixed irradiation intensity.

(16)

(2) Motion of interstitial ions or
atoms to defects

Let Np equal the number of interstitials produced/
time/cm®. prN r, parN ur, fr equal the fraction of inter-
stitials_which recombine with isolated F centers, the
fraction which recombine with an F center that is
part of an M center, and the fraction which are trapped
in the lattice thereby generating a new stable F center,
respectively.

Neglecting newly formed M centers, it follows that

dN u

puNu
Ca DfI+PFNF+PMNM'
Assuming pr= py and N >>Ny, it is seen that
r=1J+C'Np. a7

Figure 8 illustrates the dependence of the relaxation
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Fic. 8. Characteristic decay time of the concentration of M
centers at 90°K versus the concentration of F centers initially
present in the crystal. F and M centers were generated in an
equilibrium concentration by x irradiation at 16°C prior to the
x irradiation at 90°K.

time of the M-center concentration upon the initial
concentration of F centers. In all cases, the F and M
centers were generated in equilibrium by an x irradia-
tion at 16°C. The relaxation time was determined by a
second x irradiation at 90°K. A total of five crystals
were used in obtaining the data shown in Fig. 8. If Nr
is expressed in cm™ these results may be represented by

7(90°K) =33 min+16.7NpX 10" min.  (18)

This result eliminates mechanism (1a) as a possibility.
Mechanisms (1b) and (2) are both compatible with the
results expressed by Eq. (18).

Mechanism (2) would be expected to have a tempera-
ture dependence that is determined by the activation
energy for motion of an interstitial. Crawford!” has
suggested that the temperature dependence of process
(1b) would be determined by the difference in the energy
of ionization of F’ centers and the activation energy
associated with the diffusion of holes. Figure 9 illustrates
the data that were obtained for the temperature
dependence. The ordinate is plotted as the logarithm
of the relaxation time at a temperature 7 relative to that
at 90°K in order to account for variations in the con-
centration of F centers among the various measure-
ments. At temperatures below ~100°K, the tempera-
ture dependence is much less. Insufficient data were
taken below this temperature to know whether a unique
activation energy exists. The magnitude of the activa-
tion energy for temperatures above ~100°K cannot be
reasonably used to decide between mechanisms (1b)
and (2).

The concentration of R centers was observed to
decay exponentially with time over the temperature

17 J. H. Crawford, Phys. Rev. Letters 12, 28 (1964).
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range covered. At 90°K, rp/7y=~2. The temperature
dependence of 7z was essentially the same as that of 7.

In an effort to provide a more sensitive test between
these two mechanisms, F and M centers were generated
at 16°C and optically oriented by irradiation at 200°K
with F light polarized along (110). The absorption
measured with (110) M-band light was a factor of 2
greater than with (110) M-band light. A further x
irradiation was now made. At 200°K, both components
decayed with the same time constant which was
equivalent to that observed for randomly oriented M
centers. At 90°K, the M centers reoriented much more
rapidly than they decayed; i.e., the difference between
the two orientations decreased faster than the over-all
decrease in the total number of M centers.

Although no absolute statements can be made con-
cerning the mechanism by which equilibrium is estab-
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lished, the following suggestions seem compatible with
presently available data.

(a) The dominant mechanism establishing equili-
brium apparently changes as the temperatures are
increased above 100°K.

(b) The recombination of an interstitial with an M
center, thereby destroying one of the F centers com-
posing the M center, would not result in a change of
the orientation of M centers. This fact suggests that
interstitial recombination is the dominant mechanism
above 100°K. The activation energy of 0.072 eV there-
fore represents some measure of the motion of the
interstitial.

(c) The significant reorientation of M centers at
90°K suggests that below 100°K the predominant
mechanism is a result of electron-hole recombination.
¥ (d) Since the temperature dependence for the de-
struction of R and M centers is about the same, it is
suggested that the same mechanisms operate for all
of the aggregate centers.

Although these conclusions are reasonably consistent
with the data, it must be noted that the calculation of
Crawford would suggest that electron-hole recombina-
tion cannot be effective at quite low temperatures, for
the F’ center is stable!® and the hole has a negligible
energy for diffusion at temperatures near 100°K.!8

It should also be noted that the situation may be
quite different if the entire irradiation is performed at
temperatures near liquid helium. In this case, the
interstitial and F center which are formed in pairs may
remain near each other and annihilation can occur by
a first-order rate process.”

18 C. Delbecq, W. Hayes, and P. Yuster, Phys. Rev. 121, 1043
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