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EVIDENCE FOR THE DOUBLE E MODEL OF THE M CENTER
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Recent results of van Doom' on the thermal
equilibrium of E and M centers in KCl show that
the concentration of M centers varies quadrati-
cally with the concentration of E centers. This
result supports the proposal of van Doom and
Haven' and Pick' that the model of the M center
is a pair of associated E centers (E2 model) rather
than a vacancy pair plus a single F center as sug-
gested earlier by Seitz and modified by Knox. '
This Letter presents new results on the relative
concentration of E and M centers induced by ir-
radiation, and the implication of these results on
the M-center model.

Thin plates of KBr and KCl, approximately 0.09-
0.20 mm thick, have been irradiated at liquid he-
lium and liquid nitrogen temperatures with x rays
from a 50-kv dc generator for periods up to sixty
hours. Sensitive optical absorption measurements
show that a weak M band appears with the genera-
tion of F centers in KBr, KBr doped with Ca, KC1,
and KCl doped with Sr. The data for KBr (Fig. 1)
show that the concentration of M centers produced
by these low-temperature irradiations is a quad-
ratic function of the E-center concentration. A

similar result was found in the KC1 specimens.
As is shown below, this is evidence that an M cen-
ter is composed of two E centers. The fact that
the divalent impurities and accompanying positive-
ion vacancies did not alter the relative concentra-
tions of E and M centers (see Fig. 1) is additional
evidence that the positive-ion vacancy is not es-
sential to M -center production.

The x-ray production of M centers is predicta-
ble from the probability of forming two E centers
as neighbors. If it is assumed all E centers are
produced with equal likelihood, the probability
that two E centers will be formed as neighbors
is proportional to (nE/N)', where nE is the con-
centration of F centers and N is the concentration
of negative-ion sites in the normal lattice. Thus
the concentration of M centers is given by

where K is a constant. Figure 1 shows this pre-
dicted quadratic dependence. Using the Gaussian
form of Smakula's formula' for both F and M cen-
ters, it follows that
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FIG. 1. Absorption constant of the M band vs absorp-
tion constant of the I" band squared for x-rayed KBr at
liquid hei. ium and nitrogen temperatures. The optical
measurements were taken at the irradiation tempera-
ture.

where C = p/(p'+2)', y, being the index of refrac-
tion, n = absorption constant in cm ', 5'=the ab-
sorption half-width in ev, and f=the oscillator
strength. The indices E and M refer to the E and
M centers, respectively. Table I gives a tabula-
tion of the half-widths and values of nM/nE' ob-
tained from a least-squares fit of the data of Fig. 1.
Assuming that negligible diffusion of E centers oc-
curs at liquid helium and nitrogen temperatures,
M centers can only be formed during x raying
when two E centers are formed as nearest neigh-
bors. In this case K =12, corresponding to the
number of nearest negative-ion sites surrounding
an E center. Average values of fE are taken from
the literature. "' The values of fM so calculated
(0.12 to 0.20, Table I) appear quite reasonable in
view of the simplicity of the calculation.

In light of the low-temperature results, two ex-
amples of M-center formation at higher tempera-
tures can be considered. First, the M-center con-
centration in KBr and KCl crystals x-rayed at
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Table I. Data for calculating fM for KBr and KCl assuming A =12.

KBr (He temp. )

KBr (N2 temp. )

KCl (He temp. )

KCl (N2 temp. )

o. /o. 2 (om)

1.87 x10

1.71 x10

1.95 x10

1.96 x10

W /8' (ev/ev)

0.052/0. 158

0.068/0. 190

0 .056/0. 168

0.066/0. 184

3.2
4.0

2.7

2.9

0.15

0.12

0.20

0.18

Average values of fF are taken from the literature for a Gaussian F band: (fF) (KBr) =0.48 7 and (fF) (Kcl)
= 0.53.

liquid helium or nitrogen temperatures increased
by a factor of about fifty upon warming to room
temperature. " This suggests that E centers some
distance apart aggregate to form M centers during
warmup. Second, E- and M -center equilibrium
after room-temperature x raying may be studied.
The published data of Mador et al."for NaC1 and
LiF are particularly appropriate for this purpose
since optical absorption measurements were made
transversely to the x-ray direction, insuring uni-
form coloration along the optical path. A treat-
ment of their data to test the quadratic relation
between nM and nE is shown in Fig. 2. It is again
seen that nM is a linear function of n& . Equation

20

(2) can now be used to compute a value of K for
NaCl and LiF at room temperature, assuming a
value of the oscillator strengths. " K may now be
interpreted as follows. If two E centers are con-
tained in a spherical volume of K negative-ion
sites, they associate to form an M center. If a
is the lattice constant, i.e., the distance between
like ions along a (100) direction, then a "sphere
of interaction" for E centers of radius x is given
approximately by the relation (4m/3)r'=Ka'/4. It
follows that r/a=0. 39(K)"', which is the maximum
number of lattice constants over which E centers
join to form M centers. Using values of K calcu-
lated from Eq. (2) from the least-squares slopes
of Fig. 2, r/a can thus be determined. Values of
K and r/a are as follows:

r/a

NaC1 7000 7.4

15
I-

0
O

o~ Io

CL

0

D
5

CC)

I

0 4 8 12 16 x IO&

F- BAND ABSORPTION CONSTANT SQUARED (CM ')~

FIG. 2. Absorption constant of the M band vs absorp-
tion constant of the I band squared for NaC1 and LiF
x-rayed and measured at room temperature, taken
from Mador et al.

LiF 4400

This result implies that the interaction of two E
centers is sufficiently great at room temperature
that two E centers separated by six or seven lat-
tice constants join to form M centers. The nature
of the mechanism which promotes such an associ-
ation is not understood. Alternatively this might
be taken as evidence for a nonrandom distribution
of E centers.

A value of K for KC1 can also be determined for
van Doom's high-temperature data' (-1000'K).
This value is roughly a factor of ten lower than
the room-temperature values, suggesting an equi-
librium between the formation and the breakup of
M centers at the high temperature.

A substantial amount of evidence now appears
to support the E, model of the M center. It has
been demonstrated that E and M centers are quad-
ratically related in cases of both thermal quench-
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ing and x raying over a wide temperature and con-
centration range in a variety of alkali halides.
Furthermore, this model is in accord with the
requirement of inversion symmetry, "the absence
of dielectric loss'~ and magnetic susceptibility, "
and the inconclusiveness of electron spin reso-
nance" of the M center.

In light of the above discussion the suggestion
of Pick' that the R and N centers are higher ag-
gregates of F centers has been examined. Treat-
ing unpublished data" for NaCl that had been uni-
formly irradiated with gamma rays at room tem-
perature, it was found that the R, -center absorp-
tion varied approximately as the 1.5 power of the
M-center absorption. This supports the conten-
tion that the R center is an aggregate of an M and
F center, or simply three F centers as suggested
by Pick. A more extensive study is indicated.

The authors are indebted to Dr. C. C. Klick for
many helpful discussions.
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Recovery times have been observed in one of
the copper Tutton salts which depend upon the
size of the crystal(s) employed. ' The salt in
question is fully concentrated Cu(NH~), (SO,), 6H, O.
The paramagnetic ion is Cu+' (S = —,') and the two
ions per unit cell give rise to two lines. ' How-
ever, at high concentrations the two lines coa-
lesce to form one broad line whose full width at
half maximum varies from 170 to 450 oersteds
depending upon the angle between the crystal
axis and the magnetic field.

The relaxation times mere measured with an
X-band pulse-decay superheterodyne spectrom-
eter, the output of which was the dynamic re-
covery curve of the spin system. The relaxa-
tion times mere determined from the exponential

tails of the decays, in the region where the spin
temperature = lattice temperature.

The crystals reported on were prepared in two
different ways. In the first instance a fine pow-
der of crystallites was allowed to grow slowly
over a period of 24 hours. The second method
involved the preparation of a supersaturated so-
lution by heating. The solution was stirred con-
tinually as it cooled to room temperature with
the result that a fine powder of tiny crystals was
deposited in the bottom of the beaker. In both
cases the crystals mere then dried by exposure
to air and carefully sorted according to size
using a series of sieves. The hole sizes in the
ten sieves ranged from 37 to 1000 microns.
Only naturally grown single crystals were used
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