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ential angular cross sections from single crystals repre-
sent an additional and independent check of a lattice
dynamical model.

The method is not as sensitive to the details of the
model as a double di6erential cross section measure-
ment; however, it can be employed advantageously
when large single crystals or very intense neutron
sources are not available.
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The mechanism for the formation of M centers from F centers upon irradiation in the F band is discussed.
The evidence favoring Fs+ (or M+) centers as intermediate states is shown to be less convincing than formerly
believed. Measurements of the activation energy of the reaction rate have been made for Ii-to-M photocon-
version in additively colored KCl (0.35 eV), KBr (0.39 eV), and CsBr ( 0.1 eV). The "activation vloumes"
for F-to-M conversion in KC1 and CsBr have been measured. They are much smaller than those esti-
mated for free anion diffusion. The same mechanism for Ii-to-3f conversion seems to obtain in these three
salts.

INTRODUCTION

~ ~

~ ~

HEN an alkali halide containing F centers is
irradiated at an appropriate temperature with

light in the F band, M centers may form according
to the reaction F+F—+M. The reaction rate varies
with temperature as exp( —E/t'rT) over the small range
of temperature in which it can be measured. The re-
markable feature of the reaction rate is that E, the
"activation energy, " is very small, being about 0.4 eV
in KCl. Since the M center is known to consist of two
electrons trapped at two anion vacancies in nearest-
like-neighbor positions, "it is clear that when M centers
are formed from F centers, entities containing anion
vacancies must migrate. The activation energies mea-
sured for other vacancy-migration processes in KCl are
much larger than 0.4 eV. An anion vacancy diffuses

with an activation energy' of 0.95 eV, while F centers
di6use with an activation energy' of 0.94 eV.

The mechanism by which two F centers combine to
form an 3f center is of considerable interest. Two
processes have been proposed. The F-band irradiation
first ionizes some F centers, resulting in a crystal con-
taining anion vacancies (n centers), F centers, and F'

*Work performed in the Ames Laboratory of the U. S. Atomic
Energy Commission. Contribution No. 2246.
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centers which formed upon the capture of electrons by
some of the original F centers. The F' centers are meta-
stable. Van Doom' proposed that the o. centers are
attracted to F' centers, producing M centers directly.
An alternative process' is one in which n centers are
attracted to F centers, producing M+ centers (Fs+
centersr) which subsequently capture electrons to be-
come M centers. Although we have implied above that
o. centers move, in both models the other defect, F or
F' center, could move toward the n center. (Crawford'
has proposed that F' centers may move. ) In any case,
the low activation energy of the reaction rate constant
for photochemical F-to-3f conversion remains a puzzle.

Asai and okuda' conducted the most thorough experi-
mental study of the reaction rate constant for optical
F-to-M conversion in KCl. They considered the optical
ionization of F centers, the capture of electrons by e
centers and F centers, and the thermal ionization of F'
centers. Sy comparing the dependence of the reaction
rate on temperature, F-center concentration, and F-
light intensity with that expected for the two mecha-
nisms discussed above, they concluded that the "M+
process" (ct+F —+ M+, then M++ e ~ M) occurs,
rather than the "direct process" (n+F' —+M). The
small activation energy then arises because E is the
activation energy for anion vacancy diffusion minus

5 C. Z. van Doom, Philips Res. Rept. Suppl. 4, 1 (1962).
6 C. J. Delbecq, Z. Phys. 171, 560 (1963).
7 I. Schneider and H. Rabin, Phys. Rev. 140, A1983 (1965).' J. H. Crawford, Phys. Rev. Letters 12, 28 (1964).' K. Asai and A. Okuda, J. Phys. Soc. Japan 21, 2197 (1966).
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one-half the thermal ionization energy of the F' center.
The thermal ionization energy of the F' centers enters
the picture because it affects the concentration of n
centers.

Recent experiments on LiF have shown that there is
a transient M+ band during F-to-M conversion, strongly
suggesting an Mcenter-formation mechanism involving
M+ centers. '~" Subsequently, Farge et a/. " proposed
that M+ centers were the intermediate states in F-to-M
conversion in LiF, and perhaps in other alkali halides'4 '~,

and that the electron on the F center tended to form a
covalent bond between the two anion vacancies (one in
the P center, the other the n center) when they are
separated by several interionic distances. This covalent
binding tends to lower the energy for motion of the free
anion vacancy toward the value observed in F-to-M
conversion. Although this model does not give a simple
exp( —E/kT) form for the reaction rate, it may effec-
tively do so if the temperature range of the experiments
is suS.ciently restricted. Farge et a/. presented other
arguments which make the M+ mechanism seem likely
for optical conversion in LiF.

We have tried to measure the activation energy for
F-to-M photoconversion in several alkali halides, pri-
marily to determine whether a low activation energy
occurs in other alkali halides, or only in KCl and LiF.
Activation energies were obtained for KBr and CsBr.
We also measured the activation volume for F-to-M
photoconver sion in KC1 and have estimated this
quantity for CsBr.

Another purpose of the present paper is to point out
that it may be possible to interpret the work of Asai
and Okuda, ' and of Farge ei al." (for salts other than
LiF) on the basis of the direct mechanism instead of the
M+ mechanism. We do not favor the direct mechanism
but merely wish to point out that a clear choice between
the two mechanisms cannot be made yet.

COMMENTS ON MODELS PROPOSED

Asai and Okuda' show that both models predict a
reaction rate proportional to the square of the F-center
concentration. They measured the dependence to be as
the 1.34th power and attribute the difference to an

"Y. Farge, M. Lambert, and R. Smoluchowski, Solid State
Commun. 4, 333 (1966)."J.Nahum and D. A. Wiegand, Phys. Rev. 154, 817 (1967).

'2 J. Nahum, Phys. Rev. 158, 814 (1967).
i3 Y. Farge, M. Lambert, and R. Smoluchowski, Phys. Rev.

159, 700 (1967).
~4 Y. Farge Q&rivate communication) has pointed out that

Rabin (Ref. 15) observed a transient absorption band at 1.35' in
KC1 that had been x-rayed at 78'K, then warmed in the dark.
This band was strongest at 248'K, When the crystal reached
300'K, the M band was much larger than at 78'K. This band is
probably the Ii9+ band, identified later by Schneider and Rabin
(Ref. 7). Thus M+ centers appear to have been observed during
P-to-M conversion in KCl under appropriate conditions. Such a
band would be difficult to separate from the F' band in experi-
ments in which M centers are made from P centers by irradiating
in the Ii band,"H. Rabin, Phys. Rev. 129, 129 (1963).

inhomogeneous distribution of those F centers that be-
come M centers. They observed the reaction rate to
vary as the 0.65th power of the intensity of irradiation
in the F band. Others have found the first power' and
0.27th power. ' They predict the 0.5th power if M+
centers are formed as an intermediate, and the erst
power if M centers form directly. Hence their data
favor the M+ mechanism. The activation energy Eis
the anion-vacancy diffusion-activation energy minus
either the thermal ionization energy of the F' center
(direct formation of M centers) or minus one-half this
(M+ mechanism). For the value of the anion-vacancy
activation energy in KCl, they chose 0.6 eV, measured
by Hartel and Luty for F —+ F~ and F —+ Zq ~ con-
version. This gave E=0.35 eV for the M+ mechanism
and 0.1 eV for the direct formation of M centers, to be
compared with the observed 0.4 eV. However, if one
uses Fuller's' value for the activation energy of anion
migration, one gets 0.7 and 0.45 eV, respectively, with
the value for the direct mechanism in better agreement
with experiment. We believe that may not be consistent
to use Hartel and Luty's value in this analysisbe cause
it may already include corrections similar to the thermal
ionization energy of the F' center, or one-half of it, and
is thus probably a composite energy, just as E is, on
the basis of the work of Asai and Okuda. Moreover no
covalency was considered. If any covalent bonding oc-
curs in the M+ mechanism, the experimental value of
E should not agree with that calculated on the above
model, but it should be smaller. The possibility that
the F or F' center moves instead of the n can be tested
only when F and F' activation energies for motion are
available.

The covalency effect suggested by Farge et a/. " is
very appealing, but we suggest that it may also apply
to the attraction between n centers and F' centers.
There is a long-range Coulomb force between these
two defects, but it does not lower the activation energy
for the jump of either defect very much because it does
not depend rapidly enough on distance. There are no
good estimates of the "size" of F' centers. Calculations
have been carried out" using a semicontinuum model
similar to that used on F centers. "They indicate that
the F' center is about as compact as the F center, an
effect of polarization, both centers being described by
potentials that were evaluated in a similar fashion. Thus
as an n center and an F'-center approach, the F' center
polarizes. When the F'-center wave function begins to
overlap the n center, some covalent bonding occurs.
Then symmetry dictates that both defects resemble
polarized F centers. The calculation of the binding of an
n center to an F center was done" by inserting a dielec-
tric constant in the Coulomb potential for an H2+
molecule-ion. The over-all similarity of the ground-state

'6 H. Hartel and F. Luty, Z. Physik. 177, 369 (1964).
'7 H. Hartel and F. Luty, Z. Physik. 182 111 (1964)."D. W. Lynch and D. A. Robinson, Phys. Rev. 174, I05Q (1968).
&' W, B, growler, Phys, Rev. 135, A1725 (1964),
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configuration-coordinate curves of H2+ and H~ at larger
internuclear separations'0 makes it likely that an an-
alogous treatment carried out for the H~ molecule would
yield some covalent binding between an n center and an
F' center. The covalent binding of these two molecules
is different, but the lowering of the activation energies
for the jump of a defect is proportional to d Vjdr, not V,
the binding energy. (The usual configuration-coor-
dinate curve for H2 is for dissociation into two neutra1
hydrogen atoms, rather than the charged H+ and. H—,
the latter being similar to the n and F' centers. The co-
valent contributions to both types of configuration co-
ordinate curves for Hs should be comparable, however. )
In short, a covalent contribution to the activation
energy for F-to-M conversion by the direct mechanism
may be expected. We therefore suggest that there is
need for a more detailed theoretical investigation of
"M" and "M+" centers with large intervacancy sepa-
ration, taking into account polarization in both models.

perature, is the parameter varied between runs. The
data were normalized to constant initial F-center con-
centration by assuming the rate to have been linear in
this quantity. Since the initial F-center concentrations
varied by only about 20% among samples of any one
salt, the correctness of this assumption is not critical.
The plots of the logarithm of the rate versus inverse
temperature were straight lines whose slope gave E,
the activation energy. Our value of 0.35 eV for KCl (for
an F-center concentration of 5.8X10"cm ') is in good
agreement with the work of several others, '" " but
higher values have been found by other workers. "'4

Table I2' '0 lists the values of E for KCl, KBr, and
CsBr. The value for CsBr is very rough. Three series
of runs were made on three different CsBr crystals. The
values of E obtained were 0.10, 0.07, and 0.0"/ eV.
Several other CsBr crystals yielded too few M centers
for convenient study, despite reasonable F-center con-
centrations, while another crystal yielded E= —0.07 eV.
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@ FIG. 1. M center concentration (o.d. =optical density) versus
time of irradiation in the F band at constant photon Aux. The
M-center concentration is proportional to the optical density at
the M-band peak. The curves are normalized to constant initial
F-center concentration. All data were taken at 24.0'C. e =0.001
kbar; X=2.065 kbar; O=4.170 kbar.

«'I . Pauling and E. B. Wilson, Introduction to Quantum 3fe-
chanics (McGraw-Hill Book Co., New York, 1935), Chap. XII.

EXPERIMENTAL RESULTS

Additively colored blocks of crystal were cleaved or
cut into several samples of similar thickness. The rate
of formation of M centers was measured on a Cary 14R
spectrophotometer at several temperatures, using a
freshly quenched crystal for each temperature. The F
band was bleached with F light at 6xed temperature.
After various time intervals the height of the M band
was measured. The M band grew linearly with the time
of irradiation in the F band, then saturated, then
diminished as R bands formed. As a measure of the
reaction rate, we took the maximum slope of the curve
of M-band peak absorption coefficient versus time of
irradiation in the F band, using a constant photon Aux.
See Fig. 1, although there, pressure, rather than tem-

TAnzz 1. Activation energies (eV).

Initial F-center
concentration (10"cm ')

Ii-to-M conversion
Anion vacancy motion

Ii' thermal ionization

Calculated" for Ii to M+
Calculatedb for direct

P to M

KC1
5.8

0.35
0.950
1.04d
0.54"
0.62'
0.64-0.77
0.33-0.50

0.39
0 87e
1.02'
0.35h

0.70—0.85
0.52-0.67

CsBr
10-20

0.1
0.27g

a Using expressions of Ref. 9—second row of above table minus one-half
of third row.

b Using expressions of Ref. 9—second row of above table minus third row.
e Reference 3.
& Reference 25.

Reference 26.
& Reference 27.
I Reference 28."Reference 29.
& Reference 30.

2'%'. E. Bron and A. S. Nowick, Phys. Rev. 119, 114 (1960).
~' N. P. Kalabukhov and P. K. Gorbenko, Opt. i Spektroskopiya

16, 475 (1964) /English transl. : Opt. Spectry. (USSR) 16, 258
(1964)).

+ Y. Sato and T. Nakano, J. Phys. Soc. Japan 20, 173 (1965).
~4 G. Horn and H. Peisl, Z. Physik 194, 219 {1966).
s5 J. H. Beaumont and P. W. M. Jacobs, J. Chem. Phys. 45,

1496 (1966).
s' J. Rolfe, Can. J. Phys. 42, 2195 (1965)."G. Jacobs, L. G. Vandewiele, and A. Hamerlinck, J. Chem.

Phys. 36, 2946 (1953).
's D. W. Lynch, Phys. Rev. 118, 468 (1960).
~' P. Scaramelli, Nuovo Cimento 45$, 119 (1966).
"M. Tomura, T. Kitada, and M. Takebayashi, J. Phys. Soc.

Japan 20, 1531 (1965).

Clearly another competing reaction was occurring in the
last crystal, and the extent of its occurrence in the 6rst
three crystals is not known. Attempts to obtain E in
NaC1 and RbC1 were not successful. The low values of
E in KBr and CsBr suggest that the mechanism for
F-to-M photoconversion is the same in these salts and
in KCl.

Also included in Table I are values for the activation
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energy for the motion of anion vacancies in each salt
and the activation energies for Ii —+ M conversion in
KBr via both mechanisms using the models of Asai
and Okuda. The thermal ionization energy of the F'
center was taken from the photostimulated-thermo-
luminescence data of Scaramelli. "Agreement of the
computed values with experiment for KBr is poor, but
perhaps agreement is not expected. If covalency is in-
volved in n-center diffusion, the calculated values (last
two rows of Table I) should be higher than the observed
values (first row). Both mechanisms satisfy such an
equality.

By working at a fixed temperature and varying the
pressure one gets the activation volume for a process
as kT times the derivative with respect to pressure of
the logarithm of the rate constant. The slopes of the
linear portions of the curves of Fig. 1 are proportional
to the rate constant. The logarithms of the slopes were
plotted against pressure. A fair straight line resulted,
whose slope gave the activation volume to within 20%%uq,

based on the scatter. This was done for KC1 (two runs)
and for CsBr with the results shown in Table II. The
two values for the activation volume in KC1 differ by
more than one expects from an estimate based on scatter.
The origin of such run-to-run differences is not known.
Similar problems arise in determining activation ener-
gies and may account for the discrepancies in the values
reported in the literature for Ii-to-M photoconversion
in KC1. These data were taken using a sapphire-
windowed high-pressure cell using helium for a pressure
Quid.

The activation volumes for vacancy motion have
been measured only for cation vacancies. "However,
Keyes" "has shown that these activation volumescan
be correlated roughly with the corresponding activation
energies by use of an equation derived on the assump-
tion that the activation energy can be viewed as polari-
zation energy in a dielectric continuum or as strain
energy in an elastic continuum. Experimentally, these
quantities correlate very well for vacancy diffusion in
metals and cation-vacancy motion in dielectrics. "We
have used Keyes's model to 6nd expected activation

"C.B. Pierce, Phys. Rev. 123, 844 (1961)."R.W. Keyes, Acta Met. 6, 611 (1958)."R. W. Keyes, in Solids Under Pressure, edited by W. Pau1 and
D. M. Warschauer (McGraw-Hill Book Co., New York, 1963),
p. 71.

TAsLE. II. Activation volumes (cm'/mole).

Process

Ii-to-M conversion
measured

F-to-M conversion
calculated

Anion™vacancy jump
ca1culated

KCl

3.2, 5.1

4 5a

KBr CsBr

2.7

6.6b

T4—17 54

Using E =0.38 eV.
b Using E =0.4 eV.
e Using E =O.i eV.

where E is the compressibility, y is the Griineisen
constant, and e is the static dielectric constant.
(8 inc/8lnV)z is known from the work of Mayberg. "
The two equations give identical results to one signifi-
cant 6gure.

One can see that the measured activation volumes
are small and can be estimated fairly well from the
activation energies. This is surprising, for the equation
of Keyes has rarely been successful for systems that
cannot be treated classically in some fashion. "In the
present case, we hardly expect to be able to predict
hV from E when part of E involves either a covalent
bond or the ionization of an Ii ' center. In fact, for such
systems the term "activation volume" is misleading,
for it may not represent a change in size of the system.

In summary, we can say that the activation energy
for F-to-M photoconversion is anomalously low in KCl,
KBr, and CsBr. The mechanisms proposed to account
for such a low energy are not yet very convincing, al-
though in the special case of Lip, M+ centers have been
seen during Ii-to-M conversion. The activation volumes
for this process are very small.
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volumes hV* for anion-vacancy motion and F-to-M con-
version, (Table II) using the equations

hV*= 2(y —1)EZ
and


