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Measurements of the absorption spectrum of F centers in CsI reveal structure similar to that of the  band
in CsBr. Bands like the L bands in other alkali halides have been observed in CsBr and CsI. In CsBr these
L bands exhibit structure similar to that of the CsBr F band. The emission of F centers in CsCl, CsBr, and
CsI has been measured. The emission spectra are double Gaussian, peaking at 1.255, 0.910, and 0.740 eV
in CsCl, CsBr, and CsI, respectively. The full widths at half-maximum are 0.245, 0.184, and 0.140 eV,
respectively. The emission in CsBr is excited with constant quantum efficiency in all parts of the F band.
The lack of structure in the emission bands can be explained by either of two descriptions of the excited F¥
center after relaxation of the lattice has occurred. Dichroism of the M band in CsBr indicates these
centers have (100) transition-dipole axes as expected for the van Doorn-Haven model of the M center.
Other M-center transitions lie under the long-wavelength part of the F band. A large number of F-aggregate

bands have been found.

I. INTRODUCTION

HE F band in cesium halides exhibits a charac-

teristic structure at low temperatures.!> Because

the structure occurs in CsF,? which crystallizes in the

NaCl structure, as well as in the three body-centered

cesium halides, the structure can be attributed to the
cesium ions, not to the crystal structure.*

A first attempt® to relate the F-band structure to
the spin-orbit splitting of the cesium atom, the wave
functions of which are used for the F-center electron,
gave too small a calculated splitting. More recently
Knox® has shown how the spin-orbit splitting of the
cesium 6p levels could give rise to several conduction
bands. From the split conduction bands he formed
F-center states by the effective-mass approximation.
There were three “ground’ states with 1s wave-function
envelopes, built from I'¢*, I's~, and I's~ conduction-band
functions. The former presumably lies lowest and the
other two “ground”-state levels are sufficiently higher
in energy that they are unoccupied at 300°K. The
pertinent excited states were 2pI'st, 2sT's~, and 2sT's™,
all of which can be reached from the 1sT'st state by
electric-dipole transitions. With this model there should
be absorption at long wavelengths from 1sT'¢t to the
other two “ground” states, and a structure in emission
from 2pI'¢t to all three “ground” states. Knox also sug-
gested that in other alkali halides the L bands™# could
arise from the levels that give the F band its structure
in the cesium halides.

In the following we present absorption and emission
data on CsI and CsBr crystals containing F centers.
No structure is evident in the emission spectra. In addi-
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tion, F-center emission in CsCl has been observed. We
show that L bands are present in CsBr and CsI which
are similar to those of other alkali halides except that
they exhibit structure in CsBr. We have looked for the
1sTet-1sT6 and 1sT¢H-1sTs transitions in the 1-35 u
region and found none.

Henry, Schnatterly, and Slichter,® and Moran," have
explained the splitting of the cesium-halide F band by
using a more appropriate localized F-center electron.
The splitting arises primarily from spin-orbit effects on
the nearest cesium and halogen ions, as shown by
Smith,* and also from the interaction of the F-center
electron with noncubic (tetragonal) vibrational modes.
Moran® has shown how these interactions explain not
only the splittings observed in the F bands of the four
cesium halides, but also changes in oscillator strengths
caused by magnetic fields, observed in recent magneto-
optical experiments.’>'* In the model used in Refs. 9
and 10 there are only three transitions expected in the
main absorption band, not five as in Ref. 6. The F-center
luminescence spectra in CsBr and CsI also are in accord
with the usual localized model for F centers.

We also present evidence that the M center in CsBr
isindeed the F, center van Doorn and Haven!' proposed
for the other alkali halides. M-center absorption and
emission in CsBr is described. A number of F-aggregate
absorption bands have been found.

II. EXPERIMENTAL

Harshaw or Korth crystals were additively colored
with Cs or K metal. Prior to measurements they were
heated to 500°C for 1 min, then quenched on a copper
block. They were exposed only to light outside the F
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band (Corning 5-58 filter) except for the light used for
measurements. When they were at 15°K, room light
was allowed on the crystals. Most absorption measure-
ments were made with a Beckman DU spectrophotom-
eter. Some later measurements were made with a Cary
14R spectrophotometer.

Luminescence was excited by a 1-kW tungsten lamp
filtered through 5 cm of a 29; CuSO; solution, and
Schott OG-1 and KG-3 filters. Luminescence was ana-
lyzed with a Bausch and Lomb grating monochromator,
Schott UG-8 filter and PbS photodetector. Corrections
for the relative spectral response of the detection system
were applied to the data. These corrections were deter-
mined by using the analyzing system to measure the
known spectral distribution of radiation from a tung-
sten-ribbon filament lamp at a known temperature.
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F1G. 2. Absorption in additively colored CsBr. Solid line, 13°K;
dotted line, 78°K; dot-dash line, photoconductive response at
4.2°K (Ref. 17). At 78°K the F band (~?2 eV) peak has an optical
density of ~3. At 13°K the peaks in absorption to the left of the
F band occur at 2.50, 2.62, ~2.90, 3.12, ~3.35, and ~3.6 eV.
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Excitation curves were obtained by setting the ana-
lyzing monochromator at the emission peak with 6-mm
slits and exciting with a second, similar monochromator
using a KG-3 filter and the Cu,SOy solution. This was
adequate for exciting in the F-band region but too
much scattered exciting light was detected to allow
excitation in the M bands. The relative spectral distri-
bution of the exciting light was measured with a radia-
tion thermocouple and the appropriate corrections
applied.

Temperatures were measured with a gold (0.039,
iron) versus copper thermocouple.!®16

III. RESULTS
1. F Band in Csl

Figure 1 shows the F band in CsI at 78 and 13°K.
The peaks are at 1.655 and 1.665 eV at 78 and 13°K,
respectively. The integrated area of the F band changes
less than 29, upon cooling from 78 to 13°K, and this
change could result from errors in assigning baselines.
The hint of structure at 78°K changes to easily apparent
structure at 13°K. The 13°K F band can be decomposed
into two sub-bands by the method used by Rabin and
Schulman.! These bands peak at 1.660 and 1.728 eV
and have relative areas of about 2:1 (1.84:1 in this
case). Their widths are 0.072 and 0.060 eV, respectively.
There is some residual absorption at energies higher
than 1.74 eV but its integrated area is less than %th of
the smaller of the two main F-band components. The
relative areas of the two F-band components in CsI are
about the same as those for CsBr.}2

2. L Bands in CsBr and CsI

Figure 2 shows the absorption spectrum of a densely
colored crystal of CsBr at 78 and 13°K, as well as the
results of photoconductivity measurements of Ishii and
Ueta.!l” It is too difficult to fix a baseline so that oscil-

1T, Ishii and M. Ueta, J. Phys. Soc. Japan 18, 1460 (1963).
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lator strengths relative to that of the ¥ band cannot
be obtained. The bands on the high-energy side of the
F band decrease when the F band is bleached and exhibit
the same photoconductive behavior as the L bands in
other alkali halides.!®2° It seems reasonable to call them
L bands too. The K band is not well resolved, but prob-
ably is the structure at 2.08 eV reported previously! as
potentially part of the F band. There is another absorp-
tion component in the region 2.3-2.4 eV. Some of the
L bands were also reported previously,>?' but their
origin was unknown.

The structure in the L; band (2.50 and 2.62 eV at
13°K) is clear. The high-energy component has the
lower height, as in the F band. (Note the reversal in
relative heights in the photoconductive response curve.)
The L, band complex does not seem to exhibit the tem-
perature-dependent area reported for the L, band in
rubidium halides,” nor is its temperature shift unlike
that of the F band. However, upon warming from 4 to
78°K, the Li-band photoresponse grows with respect
to the Le-Li-band photoresponse,'” despite no obvious
relative changes in absorption areas. The increase in
Ly-band area with increasing temperature observed for
some alkali halides has been attributed by Wood* to
the mixing of two nearly degenerate electronic levels
by lattice vibrations, but Wood’s calculation was for
the NaCl structure and may not pertain in detail to
CsBr. The L, and L3 bands overlap, but at least four
sub-bands are discernible at ~2.90, 3.12, ~3.35, and
'~3.6 eV, the latter not being evident in Fig. 2, but
showing on the original recorder traces.

In CsI there is an L; band at 2.23 eV and an L; band
at 2.94 eV (78°K). In between these two is a region of
structureless absorption. At 78°K there is no evidence
of structure in either the L, or L3 band.
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F16. 5. Relative CsBr F-center emission efficiency versus tem-
perature. The ordinate is the integrated area of the emission
spectrum (Fig. 3) at temperature 7 divided by the area of the
spectrum at 13°K.

3. F-Center Luminescence in CsBr

Figure 3 shows the F-band luminescence in CsBr as
a function of temperature. The excitation spectrum for
this luminescence is shown in Fig. 4. All parts of the
F band excite emission with the same efficiency, for
the excitation curve follows the absorption curve. The
integrated areas of the emission curves are shown in
Fig. 5 as a function of temperature. Following Swank
and Brown,? this can be fit to an expression of the form
[area (T)/area (0)]=[1+4 exp(—AE/kT)] . AE re-
presents an energy for thermal ionization of an excited
F center while 4 is a ratio of two characteristic times.
The F luminescence in CsBr is fit by 4=4.5X10%,
AE=0.045 eV, the latter in good agreement with data
of Spinolo.? The emission curve is approximately double
Gaussian (see Fig. 6) and the half-width is shown in

Fig. 7.
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Fi1G. 6. [InIo/InI ]2 versus photon energy for F-center lumines-
cence in CsBr at 13°K. I, is the peak emission intensity and I is
the emission intensity at any photon energy. If the emission is
Gaussian a symmetric V should result. The skewed V is indicative
of a different width for the Gaussian on each side of the maximum.
The departure of the points from the V near the emission maxi-
mum is believed to be real.

28 G, Spinolo, Phys. Rev. 137, A1495 (1965).
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4. F-Center Luminescence in CsI

Figure 8 shows the luminescence of CsI containing
F centers. We assume this peak is F-center luminescence
from the temperature dependence of the area and be-
cause it is excited by light in the region of the F band.
Very little M absorption (assumed to be the peak at
1185 mp?) was present. The integrated-area-versus-
temperature curve fits closely the above-mentioned ex-
pression with 4=7X10° and AE=0.052 eV. The shape
is double Gaussian. The half-width at 14°K is 0.140
eV and tends to increase with temperature until the
intensity is low and the band seems to split into two
peaks. The two bands present at about 50°K are not
understood. They may arise from new centers produced
by bleaching the F band. These two emission peaks
disappear at about 78°K. A notable feature of the F
emission in Csl is the lack of temperature dependence
of the energy of peak emission.

5. F-Center Luminescence in CsCl

A crystal of Semi-Elements, Inc., CsCl was x rayed
at 78°K, then cooled to 15°K. Excitation in the region
of its F band"* produced an emission peak of width
0.24 eV centered at 1.255 eV. This peak diminished
when irradiated at 15°K with F-band light, indicating
optical bleaching of the F centers at this temperature.
Upon warming to 78°K the 1.255-eV peak disappeared,
being replaced by a strong emission peak at 1.00 eV and
very weak peaks at 1.22 and 1.30 eV. No optical-absorp-
tion measurements could be made on this crystal.

6. Infrared F-Center Transitions

The model of Ref. 6 predicts two allowed transitions
at wavelengths longer than the F band. We found no
such transitions in either colored CsBr or colored CsI at
90°K in the region from 1 to 35 p. Since the 1sT's~ and
1sT's~ levels, if present, are unpopulated at room tem-
perature, they lie at least 0.05 eV above the 1sT'¢* level.
Optical transitions would thus be expected at an energy
greater than about 0.05 eV, or A< 25 p.

7. M-Band Dichroism in CsBr

A crystal with a (100) face was used. M-band (1045
mu at 78°K) dichroism could be produced either by
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bleaching the F band with [010] or [001] polarized
light at 190°K to form M centers, or by bleaching the
M band at 190°K with [010] or [001] light. Polarized
M light had no effect at 78°K where M centers do not
bleach, and polarized F light at 78°K gives an F’ band,
not an M band.

Either [010] or [001] light gives a dichroic M band
(Fig. 9), but [0117] light does not, indicating that the
M centers have their transition dipole parallel to (100)
directions, not (110) or (111). (100) M -center axes are
expected for the van Doorn—Haven model of the M
band* in the CsBr lattice. The M dichroism is not
permanent at 190°K in the dark. The weak component
of the dichroic M band grows at the expense of the
strong component, apparently from reoreintation of the
centers.

As can be seen in Fig. 9 there is dichroism in the low-
energy side of the F band. This dichroism peaks at
1.86 eV and is proportional to the M-band dichroism,
but of opposite sign. It probably arises from transitions
to higher excited states of M centers.?*26 The area in
the region of the'F band in Fig. 9 due 'to such M-center
transitions is 1.6 times the area of the M band dichroism.
A band at 1.80 eV that forms upon F bleaching is not
dichroic when the M band is, nor are any of the bands
between the F and M.

8. M- and “R”-Center Luminescence in CsBr

A colored CsBr crystal which had been bleached with
F light at 190°K to produce M centers exhibited a com-
plex emission spectrum at 90°K. There was no F center
emission (0.90 eV peak), but there were two strong
peaks at 0.975 and 0.775 eV, and a weak one at 0.85
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F1G. 8. F-center luminescence spectra in CsI: A, 13°K;;
B, 34°K; C, 44°K; D, 49°K.

24 C. Z. Van Doorn and Y. Haven, Phys. Rev. 100, 753 (1955).
% H. Kanzaki, Phys. Rev. 110, 1063 (1958).
26 I, Okamoto, Phys. Rev. 124, 1090 (1961).
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F1c. 9. Anisotropy in CsBr M and F bands after polarized
bleach of the M band at 190°K. The ordinate is the optical density
measured with the electric vector parallel to that used to bleach
the M band, [010], minus the optical density with the electric
vector perpendicular to that of the bleaching light, [001]. (Meas-
urements at 78°K.)

eV. Bleaching with M light at 190°K caused the 0.975-
eV emission peak to decrease slightly while the 0.775-
eV peak grew a bit. The 0.85-eV peak was too weak to
study. None of the above three peaks shifted upon cool-
ing to 13°K. In another crystal bleached less heavily
with F light prior to emission measurements the 0.85-
€V emission was more prominent. It peaked at 0.849 eV
and had a half-width of 0.090 eV (78°K). This crystal
contained more M centers and fewer other aggregate
centers (Sec. 10) than the previous crystal.

All of these emission spectra were obtained with exci-
tation in the region of the ¥ band. When the exciting
light was polarized parallel to [010] in a crystal with
a (100) face, the 0.975 eV emission was unpolarized
while the 0.85 eV emission was almost completely polar-
ized parallel to [001]. (The 0.755-eV band was not
examined.)

Several excitation curves were run for the emission
at 78°K (Fig. 10). The emission observed was a mixture
of both 0.957- and 0.85-eV peaks. The excitation curve
peaks at 1.86 eV, where the M centers appear to have
a second transition (Sec. 7 above). This peak also cor-
responds to a photoconductivity peak found in crystals
bleached with F light at 78°K.17
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From its excitation spectrum and polarization char-
acteristics, the 0.849-eV peak can be ascribed to M
centers. The aggregate centers are probably responsible
for the peaks at 0.975 and 0.775 eV.

9. F-M Equilibrium

An attempt was made to study the thermal equilib-
rium between F centers and M centers.?” CsBr was
additively colored at 500°C with potassium by the
method of van Doorn.?® The crystals were quenched to
room temperature in less than 3 sec and the heights of
the F and M bands measured. If the reaction F+F &= M
occurs and thermal equilibrium has been quenched in,
the height of the M band should be proportional to the
square of the height of the F¥ band. In fact a linear rela-
tion, not the expected quadratic relation, was found.
Van Doorn?” takes this to indicate a quench insuffi-
ciently rapid to retain equilibrium and this is known to
be the case here, for allowing the crystal to cool more
slowly (up to 20 m) gave points on the same curve.
Attempts to repeat the experiment by coloring at 450°
were not successful.

Mascarenhas and Rabin have x rayed CsBr at
~190°K and found the resultant M -center concentra-
tion proportional to the first power of the F-center
concentration,® while a quadratic dependence is again
expected. This result may arise from the large nonuni-
formity of coloration in CsBr due to the large x-ray ab-
sorption coefficient.®
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Fic. 10. Excitation spectrum for M -center luminescence in
CsBr at 78°K. Circles and crosses, excitation spectrum (same
ordinate as in Fig. 4) ; solid line, absorption spectrum at 78°K with
no M centers present; dotted line, absorption spectrum at 78°K
after bleach at 200°K with F light to produce M centers.

27 C. Z. Van Doorn, Phys. Rev. Letters 4, 236 (1960).

28 C, Z. Van Doorn, Rev. Sci. Instr. 32, 755 (1961).

2 S, Mascarenhas and H. Rabin (private communication).

30 S, Mascarenhas, H. Rabin, and V. B. Sverzut, Phys. Status
Solidi 7, 1039 (1964).



F1c. 11. Absorption spec-
trum at 15°K of a heavily
colored CsBr crystal that
had been bleached with F
light at 190°K to develop
F-aggregate bands.

A 290 LYNCH, BROTHERS, AND ROBINSON
10 | — T T T
08
E
Q 06 —
8
2
£
S|
- F
0.0.>4
oz |-
° 1 1 1 1 1 1 1
06 08 10 12 14

WAVELENGTH (i)

10. Other F-Aggregate Bands in CsBr

Figure 11 shows the absorption spectrum of a heavily
colored crystal that had been bleached with F light
at 190°K. The measurements were made at 15°K. The
bands are the F, the M, and probably F-aggregate
bands.?! At 15°K, the latter are at 720, 786, 825, 858,
908, 975, 1090, and 1246 my, the last having two
shoulders on its long-wavelength side. There is also
a shoulder on the F band at about 688 mu. (The fine
structure in the aggregate bands will be the subject of
a future publication.) The band at 1090 mu appears
as an unresolved tail on the M band at higher tempera-
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F16. 12. Height of CsBr M band and three aggregate bands at
190°K as a function of the time exposed to F-band light. At 394
min, the F light was replaced by M-band light. An M band was
present initially. The initial ¥ band had an optical density of
about 4.

3 H. Pick, Physik 159,769 (1960);and references therein.

tures. Figure 12 indicates how these bands grow upon
F irradiation at 190°K. As expected, the M grows first
then decays. The bands at 800, 910, 1290 mu grow more
slowly and seem to grow together. (These are at 786,
908, and 1246 mp at 15°K.) The other aggregate bands,
in Fig. 11, are not resolved at 190°K. Upon irradiating
with M light the M band dropped sharply while the
800, 910, and 1290 mu bands dropped a little and then
leveled off. None of the bands in Fig. 11, except the
M and F, bleach optically at 190°K. Upon warming to
room temperature in the dark, they all disappear, in-
cluding most of the M band, leaving only an ¥ and
a small M band. They can be formed temporarily
by bleaching the F band at room temperature, and
are found to be resistant to optical bleach at room
temperature, 3?3

IV. DISCUSSION

Moran,® and Henry, Schnatterly, and Slichter® have
explained the shape of the F band in cesium halides.
Their tight-binding model adequately describes the
absorption-spectrum shape. The effective-mass approxi-
mation used by Knox® apparently is not appropriate
here. If one assigns splittings to the conduction bands
according to Ref. 6 to fit experiment and assumes
“ground-state” splittings of the same order of magni-
tude, then infrared absorption probably should occur,
and structure in emission should be observed. Neither

32 In an attempt to see whether the K’ band in CsBr found by
Drickamer et al., (Refs. 33, 34) could be due to plastic deformation,
a CsBr crystal containing only an F band was plastically deformed
9.5% in the dark at room temperature. The result was no F band
(or K’), but a broad colloid band and a large band at 910 mu
(90°K), one of the bands of Figs. 11 and 12. The K’ band lies
at a photoconductivity peak seen by Ishii and Uetal” and probably
corresponds to the K band in other alkali halides.

#W. G. Maisch and H. G. Drickamer, J. Phys. Chem. Solids
5, 328 (1958).

( #R. A. Eppler and H. G. Drickamer, J. Chem. Phys. 32, 1418
1960).
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were detected in the present work. A change in sym-
metry of several states would make such transitions
unallowed, but then the structure in the F band might
vanish too.

The L bands correspond to transitions to higher ex-
excited states of the F center. The small oscillator
strengths are expected because of the large extent of
these states. Note that L-band splittings in CsBr are
about the same as the F-band splitting. The origin of
the splitting appears to be spin-orbit effects and inter-
action with noncubic localized-lattice modes, both of
which should decrease as the final state becomes more
diffuse. It would appear that the higher excited states
are still fairly well localized.

The structureless aspect of the CsBr F-center emis-
sion can be explained several ways. If, upon relaxation
of the lattice prior to emission, the F-center “2p” levels
remain split by spin-orbit interaction and/or by static-
ionic displacements, only the lowest state will be popu-
lated at low temperatures. (There should be ample time
and energy for an excited F center to come to thermal
equilibrium before emission.) Then only a single emis-
sion component will be seen. At 78°K, where the emis-
sion is nearly thermally quenched, the possible occur-
rence of a second emission component due to higher
“2p” levels could not be seen. On the other hand, if the
excited F-center electron spreads out before emission
to the extent suggested by Fowler,’> one can expect
spin-orbit effects to be negligible and the electron to
interact with longitudinal-optic (LO) lattice modes
rather than Jocalized modes. In this case the “2p” func-
tions become degenerate again and only one emission
band will occur.

Spinolo® has shown that if Fowler’s delocalized-
excited state occurs before emission, the energy for
optical ionization of the excited F center can be calcu-
lated in the effective-mass approximation. If this is close
to the thermal-ionization energy AE, then AE « m*es2
where ¢ is the static-dielectric constant. m* seems to be
constant for all alkali halides, for a plot of AE versus e; 2
is a fairly good straight line.”® Our AE values for CsBr
and CsI fall close to Spinolo’s line. For CsCl a value of
AE~0.015 eV is predicted. This is much smaller than
for the other alkali halides and is in accord with our
observation that the F band bleaches optically at 15°K.
(This crystal was x rayed, and thus contained trapped
holes. However, the exciting light was confined to the
region 550-700 my, a region in which hole-excitation is
unlikely. The bleaching thus seems to arise from ioniza-
tion of the F center.)

By plotting the widths W of the emission curves in
the form coth™ [W (T)/W (0) J? versus 7! estimates of
a characteristic lattice frequency for the excited state
can be found.? For CsBr this can only be a rough

35 W. B. Fowler, Phys. Rev. 135, A1725 (1964).

36 See, for example, C. C. Klick and J. H. Schulman, in Solid
State Physics, edited by F. Seitz and D. Turnbull (Academic Press
Inc., New York, 1957), Vol. 5, p. 110.
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estimate for, as Fig. 7 shows, T=13°K may not give
the low-temperature limit of the width. For CsI the
structure observed at higher temperatures precludes
this estimate. For CsBr the F-center excited-state char-
acteristic phonon energy is about 0.008 eV, about 809,
of the long-wavelength L.O-mode energy.

An alternative to a delocalized excited state which
also yields no structure in the emission band, a large
noncubic relaxation of the ions about the excited F
center, cannot be ruled out. The apparent compact
lattice of CsBr should still permit relaxation, for the
activation energies for vacancy jumps are not very
large.?”

The Stokes shift of F-center emission in CsCl, CsBr,
and CsI is not given as well by Pekar’s theory®® as
is the shift for other alkali halides. Using room-tempera-
ture data the F emission peaks should occur at 0.43,
0.72, and 0.82 €V in CsCl, CsBr, and CsI® while they
actually occur at 1.26, 0.91, and 0.74 eV, respectively,
reversed in order from the prediction. CsCl is particu-
larly poorly fit, the ratio of Stokes shift to the F-absorp-
tion-peak energy being in disagreement by 389,. The
value of the parameter eg—2— 1, where # is the index of
refraction, is larger for CsCl than for any alkali halide
whose F luminescence has been measured.

The M center seems to be similar to that in other
alkali halides and to have similar properties. Our data
are not deemed accurate enough to let us determine the
M-band oscillator strength with respect to that of the
F center. The M absorption under the F band (Fig. 9)
lacks a simple shape and may be due to several transi-
tions. The Fy model of the M center in CsBr has Dy,
symmetry, not Ds;, as in KCl, so the second and third
excited states are degenerate, not split as in KCl. There
seem to be other nearby excited states in Fig. 9. From
the photoconductivity work!? these states have an ap-
preciable probability of being ionized at 4°K.

Not much can be said about the aggregate bands of
Fig. 11. They grow from F and M centers, but are
rather difficult to study since they do not bleach opti-
cally. It is not possible to relate them to Ry, N, and
O bands® in, e.g., KCl. Furthermore other aggregate
bands exist in KCL24 and A centers®:*? cannot be
ruled out.

V. SUMMARY

F centers in cesium halides appear to be similar to
those in other alkali halides except for the larger spin-
orbit constant and interaction with noncubic vibrations.

37 D. W. Lynch, Phys. Rev. 118, 468 (1960).

38 S. I. Pekar, Usp. Fiz. Nauk. 50, 197 (1953), translated by
M. F. Friedman, Newtonville, Massachusetts.
(1;96%. B. Fowler and D. L. Dexter, Phys. Status Solidi 2, 821

49 J. G. Ring and L. I. Grossweiner, Bull. Am. Phys. Soc. 9,
643 (1964).

4 K. Kojima, N. Nishimaki, and T. Kojima, Proc. Phys. Soc.
Japan 16, 2033 (1961) and references therein.

4 F. Liity, Z. Physik 165, 17 (1961).
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Higher excited states exist in CsBr and CsI with ener-
gies and oscillator strengths similar to those of F centers
in other alkali halides. In CsBr these excited states also
split similarly to the excited states of the F-band tran-
sition. The F-center emission spectra indicate that the
excited state prior to emission is probably like that of
F centers in other alkali halides. The M center in CsBr
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is probably the F, center as in other alkali halides. It has
one or more transitions overlapping the F band. The ag-
gregate bands are many and are not well characterized.
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Mossbauer Fractions and Specific Heats of Diatomic Lattices
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A simplified analysis using one-parameter models (like the Debye model for monatomic lattices) without
details of the normal-mode spectrum (acoustic, optic) is proposed and applied to the alkali iodides. The
theoretical basis is the insensitivity of (x2) and (p?) of a given lattice atom to changes in masses of other
lattice atoms. The calculations utilize simple relations between the Mossbauer fraction and the specific heat
of an alkali iodide crystal and the corresponding properties of a fictitious monatomic iodine crystal where
all the atoms have the iodine mass but the forces between atoms are those of the alkali iodide crystal. A
Debye model for the fictitious crystal is used to fit experimental data. A good fit is obtained with one
parameter, the Debye temperature of the fictitious crystal.

NUMBER of calculations have been made for
specific models of the Mossbauer effect for a
source which is not in a homogeneous lattice.! These
results indicate that the Mgssbauer fraction depends
strongly on the mass of the source and the force con-
stants binding the source atom and is almost independ-
ent of the properties of the rest of the crystal. A gen-
eral justification of this effect has been given? and leads
to the following simple rule for calculating Mossbauer
fractions and thermal shifts in nonhomogeneous lattices.
One can calculate these properties using a model of a
fictitious homogeneous crystal in which all the masses
are the same as that of the Mgssbauer source atom while
leaving the forces the same as in the original crystal.
Recent experiments® have measured the Mossbauer
effect in an iodine isotope in all the alkali iodides.
Their result, that f remains essentially constant from
LiI to Csl, is in agreement with the general rule above.
Since the force constants of all the alkali iodides are
not very different from one another, the rule states
that the f factor for all of these alkali iodides can be
calculated from similar fictitious homogeneous iodine
crystals in which the forces and structure are those of
the corresponding alkali iodide crystals.*

1'W. M. Visscher, Phys. Rev. 129, 28 (1963); P. G. Dowber
and R. G. Elliot, Proc. Roy. Soc. (London) A273, 222 (1963).

2H. J. Lipkin, Ann. Phys. (N. Y.) 23, 28 (1963); Y. Disatnik
and H. J. Lipkin (to be published).

3D. W. Hafemeister, G. dePasquali, and H. deWaard, Phys.
Rev. 135, B1089 (1964).

4 Although these crystals have different structures and lattice
constants, the only similarity required between the corresponding
fictitious 1odine crystals is that they have nearly equal character-

The above simple rule can easily be extended to
apply to other properties of the crystal such as the
specific heat as well as the Mossbauer fraction and
thermal shift. Since these Mdssbauer properties depend
on the mean-square position and mean-square momen-
tum fluctuations of the Mdssbauer atom, the latter can
also be calculated from a fictitious homogeneous lattice
as can also the mean-kinetic and mean-potential
energies.

Using the above rule we can write that the mean-
square momentum of an iodine atom in an alkali iodide
crystal denoted by ¢l at a temperature 7 is equal to
the mean-square momentum of an atom in a fictitious
iodine lattice at temperature T':

Lo (T) 1= [p*(T) I 1

The same argument can be applied to the mean-square
momentum of the alkali atom, which is equal to the
mean-square momentum of an atom in a fictitious
homogeneous alkali crystal with the same force con-
stants as the alkali iodide crystal and the fictitious

iodine crystal:
[ (1) " =[p*(T) ] @)

The two fictitious homogeneous crystals are simply
related since they have exactly the same forces and
differ only by a change in the mass of the constituent

istic temperatures. This is indicated by the near equality of the
nearest-neighbor force constants, and verified for the cases of
Nal, KI, and RbI by the analysis of specific-heat data in this
paper. A similar analysis for Lil and CsI will be of interest when
experimental data are available.



