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Measurements were made of the absorption of the infrared-active local mode of H™ and D~
substitutional impurities in CsBr and CsI from 5 to about 100 K. In CsBr, the T? dependence
of the half-width above about 30 K indicates the local mode is broadened by the Raman or
scattering mechanism, while the constant low-temperature half-widths are characteristic of
the decay of the local mode into three (D) or four (H") lattice phonons. The sidebands are
weak, and are described well by the model of Bilz, Fritz, and Strauch, in which the polariza-
bility of the impurity is important. The resultant lattice density of states for CsBr is in good
agreement with that calculated by Karo and Hardy using a model with the deformation dipoles
on anions only. The main absorption peak in CsI was not Lorentzian, but no origin for the un-

resolved structure was found. The phonon density of states dednced from the sidebands in
CsI agrees reasonably well with Karo and Hardy’s calculated curve.

INTRODUCTION

A U center is a hydrogen or deuterium negative
ion at a normal cation site in an alkali or alkaline-
earth halide. The very light mass of this ion re-
sults in a threefold degenerate vibrational mode
which cannot propagate through the lattice, a mode
which is confined to the immediate vicinity of the
defect. The excitation of this localized mode gives
rise to a narrow temperature-dependent infrared
absorption peak. ! ‘In addition, the defect destroys
the translational invariance. of the crystal, re-
moving the wave-vector selection rule for optical
processes. The result is the occurrence of side-
bands on the main local-mode absorption peak,
corresponding to the excitation of the local mode
plus the creation or absorption of a lattice phonon.

Measurements of the peak position of the local-
mode absorption and its dependence on the mass of
the defect (isotope effect) give information on the
force-constant changes which occur when the defect
is introduced. Measurements of the half-width
of the local-mode peak as a function of temperature,
and its isotope effect, yield information on the
anharmonic coupling of the local mode to the lattice,

and on the decay mechanism of the excited local
mode. The observed sidebands can be compared
with the density of states for the phonons in the
perfect crystal or, if necessary, in the crystal
with defects. The temperature dependence of the
peak position can be observed, but its interpreta-
tion is not clear.

Studies of the U center local mode have been
carried out for most alkali halides of the NaCl
structure, '~® and a very complete study® was made
for alkaline-earth fluorides. Very little work
has been reported for U centers in the CsCl lattice,
the only work™ ® being at temperatures above 20 K.
The isotope effect was not studied completely, nor
was the low-temperature limit of the width of the
main peak, Sidebands were found on the CsCl and
CsBr local-mode peak, '° but not CsI, and the
resolution was limited. The sidebands are im-
portant because the phonon spectrum for the cesium
halides has never been measured by inelastic neu-
tron scattering. Our sideband measurements on
CsBr strongly favor one of four calculated spectra
based on different force-constant models. We
also are able to analyze the shape of the main peak
in CsBr. Our data on CsI are difficult to inter-
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pret, but suggest at least that U center local
modes do occur in CsI and that one of the calcu-
lated phonon density of states is more suitable
than others.

THEORY

In the past ten years local modes have received
a great deal of attention. In general a simple
mass-defect model produces a sizable error in
predicting the local-mode frequency. ""!? Two ap-
proaches have been very successful for U centers
in crystals with the NaCl structure. In studying
KBr sidebands, Timusk and Klein'*~** assumed
the primary effect of the defect was to change the
short-range force constant between the hydride
ion and the nearest neighbor. The force-constant
change was found by forcing a fit to the local-mode
frequency and this parameter was used to calcu-
late a perturbed one-phonon density of states which
was then compared to the sideband structure.

This model has been used by others to calculate
sideband structure!®’!” and the temperature de-
pendence of the half-width of the main peak, *8-2
In an alternate model, Bilz, Fritz, and Strauch®
assumed the most significant correction to the
mass-defect model was the consideration of the
hydride polarizability (i.e., a change in a fairly
long-range force constant). This model resulted
in an isotope shift of the local-mode frequency
very nearly V2 and only a slight perturbation of
the lattice modes. (The isotope shift here is the
ratio of position in energy of the main peak for
H™ to that for D".)

Many of the features of the main peak absorption
may be explained without recourse to a detailed
model of the defect. Hanamura and Inui®? have
derived an expression for the temperature depen-
dence and isotope dependence of the half-width of
the main peak in terms of the anharmonic potential
coefficients.

The Hamiltonian of the lattice is

H=Hy+H'

where H is the harmonic part and H’ is the an-
harmonic part which may be expanded as

H=V® LWy, ...

We need only the third-, fourth-, and fifth-order
terms. Using creation and annihilation operators
for the ith normal mode, we have

Hy= 32 Hw;®lb;+b;b})
i
and

1
= §;§ CEOO+b))O,+b])br+D])

1
+ —???; Cl(l;l)al(bi'*'bit)(bj'*'b;)

XOp+b)O+b)+-+. (1)

The coefficients C™ are of the form

AN 1 VUV
c(3)=<__> Z}Z}EAG) ____ab—z:n_2 .
HET\2 (CHETH m,mym,)

@)

A™ ig the nth derivative of the potential evaluated
at equilibrium and the v, are eigenvectors of the
harmonic portion of the Hamiltonian. Hanamura
and Inui showed that the width of the absorption
curve at half-maximum could be expressed as

_ 21 {llal,H'0)], H'(0)]a,})
Fa= 72 2+ 1 : ®)

H’(0) is the w=0 Fourier coefficient of the anhar-
monic parts of the Hamiltonian and 7, is the aver-
age phonon number for the local mode. The curly
brackets mean symmetrize., In the above equation
and the following discussion, a and a' will be used
for operators which are restricted to local modes.
The operators b and b' refer only to lattice modes.
Similarly w, is a local-mode frequency and m,

is the U center mass where the subscript @ may
refer either to hydrogen or deuterium.

Each of the terms of the anharmonic portion of
the Hamiltonian may be expanded and many of the
cross terms identified with physical processes.
The terms to be discussed are listed in Table I.

Half-Width of Main Peak

The restriction from Eq. (3) that terms leading
to broadening have no net frequency change re-
stricts broadening mechanisms. Broadening
mechanisms are identified in Table I by the & func-
tion. We now discuss these terms. The decay
of the local mode into two lattice modes is energet-
ically not possible for any of our samples. All
local-mode frequencies are higher than twice the
highest lattice-mode frequency, which is that of
the long-wavelength longitudinal optical mode.
Decay into three lattice modes is energetically
allowed in CsBr: D™ and CsI: D" but not for hydride
U centers in these salts. From Eq. (3) this
process leads to a half-width varying as T2 at high
T and to a constant finite width at low tempera-
ture, 182122 The low-temperature half-width is
determined by C*’ which depends on A’ the de-
fect mass, and the local-mode frequency. The
“scattering” term aa'b;b}6(w; - w,), also called
the Raman or modulation term, 8:1%:1%:21 i5 allowed
for all U centers. A lattice mode is scattered
into another mode of different wave vector, but
the same frequency. This “interrupts” the local-
mode vibration and gives a lifetime broadening.
The half-width varies as 7% at high T and goes to
zero at low T. Decay of a local mode into four
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lattice modes is possible for all the U centers we
have studied, and is the simplest decay mechanism
available for our hydride U centers. It comes

from V. The half-width varies as 7° at high T
and goes to a constant at low 7. Broadening through
interaction of two local modes should be negligible
since the modes are well localized and the U center
concentration is low.

Harmonics

The double excitation of a local mode is sym-
metry forbidden for impurities on sites of O, sym-
metry, but the triple excitation (An=3) is allowed.®
It should give rise to absorption at three times
the energy of the main peak. Other high-order
terms in Eq. (1) play no role in the discussion.

Sidebands

The third-order anharmonic term may produce
sidebands. Some of the most important features
are independent of the detailed model used. If
the frequency dependence of the eigenvectors is
neglected, Eq. 2 shows the frequency dependence
of V® to be 1/w, Vw;. This leads to the functional
form of (wf)?p (w}) for the sideband absorption
coefficient due to the third-order anharmonic po-
tential, where wj is the frequency with respect to
the local mode, |w;- w,|. There are several
important qualifications. The above frequency
dependence is not correct for low-frequency lat-
tice phonons. In this range the sidebands are pro-
portional to wip (w?).?! p(w?) is the perturbed one-
phonon density of states, but including only those
phonons that couple to the U center. It is not pos-
sible to couple to all lattice phonons due to parity
considerations. This will be discussed in detail
later. The coupling mechanism determines the
degree of perturbation of the perfect lattice den-
sity of states. A model employing a large change

C. G. OLSON AND D. W. LYNCH

|

in force constant!!~*%:15:16 i}l result in a signif-

icant perturbation of the phonon spectra with the
possibility of introducing gap modes in crystals
which have a gap in their phonon spectrum. On
the other hand the model of Biltz, Fritz, and
Strauch® results in a very slight perturbation
since the force constant is not changed. Sidebands
can also result from a deformation dipole me-
chanism, 2® but most authors find this does not fit
experiment. Page and Dick!” show that it can give
sidebands in reasonable agreement with experi-
ment. We fit our results to theory without their
use.

There has been some controversy about whether
the integrated area of the absorption peak should
be temperature independent when the anharmonic
terms are considered. It now appears that the
area of the main peak plus the area under all side-
bands should be a constant as long as deformation
dipoles are unimportant. The early experimental
results were not in agreement on the temperature
dependence of the area.

EXPERIMENTAL

U centers were produced by additively coloring
crystals with potassium and then heating the crys-
tals to 425 °C in a hydrogen (1400 psi) or deuterium
(600 psi) atmosphere. Concentration adjustments
were made by varying the F center concentration.
Relative concentrations were monitored by mea-
suring the ultraviolet U band due to electronic ex-
citation of the U center electron.®

Since CsBr and CsI do not cleave, it is difficult
to measure the absorption coefficient in the peak
of the ultraviolet U band for large concentrations
of U centers. Moreover, the U center distribu-
tion was far from uniform. The U center concen-
tration was higher near the faces of the crystals.
A slice from the surface of one sample was thinned

TABLE I. Some terms in the anharmonic Hamiltonian. Those terms with a ¢ function are possible broadening mechan-
isms. The 6 function is not part of H’ but was added as a label. It is needed in Eq. (3).
Order Term Process
3 athb;6(wy — w;— w,) Two-phonon decay
aaTb, High-frequency sideband
aatb} Low-frequency sideband
aata Second harmonic
4 atbbbro(we, —w; — wpy) Three-phonon decay
aatb;b;T6(w; — w,) Raman, modulation, or scattering process
aaTb;b, Two-phonon high-frequency sideband
aatb;b;t Two-phonon difference sideband
aath;To,T Two-phonon low-frequency sideband
aataa Third harmonic
a; aﬂa,a ,T Broadening by interaction between two local modes
5 aTbib byby6(wg — Wy — w;— Wy — wy) Four-phonon decay

ath Tb,6:0,6(wy + w; — w; — w,— wy)

Decay process energetically allowed for D~ centers
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to 0.2 mm. It had an optical density of 5-7 at the a problem since the doped detector sensitively

U band peak, corresponding to about 10*® (U cen-
ters)/cm?® if the oscillator strength is 1. Com-
paring the infrared absorption peaks of all our
samples with this one leads us to estimate a range
10'"-5x10'® (U centers)/cm?® in the various sam-
ples we measured. The hydrogen concentrations
of several moderately densely colored samples
were measured by the pH change upon solution.
They were about 10'® (U centers)/cm?® for an aver-
age over the volume of the samples.

Transmission measurements were made using
a conventional optical cryostat with liquid-helium
temperature polyethylene exchange gas windows.
Samples for main peak measurements were mounted
in poor thermal contact to the sample holder.
Adjustments in the exchange gas pressure resulted
in sample temperatures between 5 and 37 K as
measured with a Au-0. 02% Fe |Cu thermocouple
imbedded in the sample. Measurements at higher
temperatures were made as the sample warmed
after the helium evaporated. With a good vacuum
in the exchange gas space, temperature drift during
a scan was no problem.

Two different spectrometers were used. In
measuring the main peak absorption the primary
considerations were high resolution and wavelength
stability. The monochromator used was a single-
pass Perkin-Elmer 98G grating monochromator.
A Ge: Zn detector was used for all measurements
except for the CsI: D" peak at 50 um, where a
thermocouple was used. Order-sorting was done
with bandpass filters, plus reststrahl filters,
where necessary. Normally, stray light was not

was lower for higher-order light. Measurements
of very dense samples showed a negligible amount
of stray light at the U center peak. The exception
to this was Csl: D~ where appropriate corrections
were made.

The absorption due to U centers was measured
by alternately scanning a sample and a blank of
the same material and equal thickness. Over most
of the temperature range studied, the apparent
shape of the main peak absorption was influenced
by the bandpass of the spectrometer (typically
0.6-0.7 cm™). Whenever possible the correction
tables compiled by Ramsay?* were used.

The sideband spectra were measured on a double-
pass prism monochromator (Perkin-Elmer model
99) with a thermocouple detector. The absorption
was measured point by point, again using a blank
to eliminate the effect of reflection losses and host
lattice absorption. Because of nonuniformity in
the samples, the absorption was measured at con-
stant slit width which resulted in rather poor
wavelength resolution in some regions.

DISCUSSION

U centers in CsBr and CsI have somewhat dif-
ferent properties and will be discussed separately.
Representative absorption curves for the CsBr: H”
and CsBr: D" local modes are given in Figs. 1 and
2. They are generally symmetric, have a pro-
nounced temperature-dependent width, and have
a slight shift of peak energy with temperature. The
apparent large change in integrated absorption as
a function of temperature is a manifestation of



1994 C.

PHOTON- ENERGY  (1073ev)

G. OLSON AND D. W. LYNCH

[

33.0

3Ii5 32i0 32i 5

BANDPASS —  f—

OPTICAL DENSITY (ARBITRARY UNITS)

o o o = = = - -
kS o © © o > o @
T T I T | [ I

o
(M)
I

CsBr: D™

FIG. 2. Absorption spectrum
of CsBr: D" at several tempera-
T tures.

|
250 255 260
WAVE NUMBER (cml)

finite bandpass. As the width of a true absorption
band becomes very narrow with respect to the
bandpass of the monochromator, the apparent ab-
sorption will decrease in strength.® The correc-
tions at very low temperature would be so large
that they cannot be made accurately, However,

an absorption strength independent of temperature
would be within the probable range of our corrected
measurements.

Most features of the CsBr U center local-mode
absorption can be explained in terms of the models
mentioned. Figure 3 shows the half-width of
CsBr: H™ as a function of 7%, In the range where
it was possible the half-width has been corrected
using the tables compiled by Ramsay.2® The cor-
rections cannot be applied below 25 K as the mea-
sured width is too narrow. To examine this re-
gion, the inset shows the half-width of the measured
transmission plotted as a function of 72. The ab-
sorption becomes extremely narrow but finite and
apparently constant by 8 K.

Figure 4 is a similar plot for CsBr:D". In
general this peak is narrower and bandpass cor-
rections cannot be applied below 40 K. The tem-
perature dependence of the half-width is 72 from
40 to 95 K, where it becomes somewhat less. At
low temperatures the transmission half-width ap-
proaches a constant value. D&tsch and Mitra®
found a half-width varying between 7! and T2 for
T >100 K, while the behavior below this tempera-
ture was obscured by finite bandpass effects.

The highest lattice-mode frequency w;,=118
cm™! is known for CsBr at 4 K from recent

265 270

data.?"?® The decay of the CsBr: H" local mode
into lattice modes requires four lattice phonons
leading to a T° dependence at high temperature
and going to a constant value at 7= 0, determined
in part by the magnitude of the fifth-order anhar-
monic term. The CsBr:D" local mode could de-
cay into three lattice phonons through the fourth-
order term. The temperature dependence for this
would be 7% again going to a constant at 7'=0.
The actual mechanism appears to be the scattering
or modulation term which goes as 72 for both
centers. The isotope effect in the half-width comes
from the isotope mass and local-mode frequency.
[Eq. (2)]. Theory for the scattering process gives
a ratio of half-widths of 2, in agreement with our
data above 40 K. At low temperatures the modula-
tion term goes to zero and the relatively weak
decomposition terms predominate. That the
CsBr: D™ width is greater in this limit is an in-
dication that the fourth-order anharmonic term
is larger than the fifth-order term and/or that
the one-phonon density of states is larger at s I
than at fwy. Ivanov et al.® have shown that a
slight admixture of the two mechanisms can main-
tain a T2 dependence to quite low temperatures.
Fig. 5 shows the peak energy for both isotopes
as a function of temperature. Each approaches
a constant value at low temperature: 364.08 cm™
eV for CsBr:D" and 257.40 cm™eV for CsBr: H.??
The ratio of peak energies is 1.414, the square
root of 2 within the limits of wavelength calibra-
tion.  This supports an essentially static lattice
model, or a model such as that of Bilz et al.?
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The ratio is 1.48. It is expected that third-order
terms (or fourth-order terms taken in first-order
perturbation theory) would lead to a linear tem-
perature dependence. The role of thermal expan-
sion in (3w/37T), is not known. The magnitude,
sign, and isotope dependence of the temperature
shift cannot be predicted without further calcula-
tions involving the actual phonon spectrum.

The temperature dependence of both the half-
width and the peak shift of CsBr : D™ begin to de-
viate from a straight line at higher temperatures,
about 90 K (see also Ref. 10), The dominant term
in the half-width is V' while the peak shift is
due, at least in part, to V®® or V¥, The devia-
tions could be explained consistently by a weaken-
ing of the fourth-order anharmonic potential at
higher temperatures. Lowndes?® has resolved the
temperature and pressure shift of the long-wave-
length longitudinal-optical frequency (wyo) of CsBr
into two temperature-dependent terms—that due to
thermal expansion and that due to a change in the
phonon self-energy term. These changes are a
function of the host lattice anharmonicity, however,
not the anharmonicity of the defect potential. His
results suggest that the source of the relative de-
crease in the shift function is thermal expansion
of the lattice.

The sideband spectra of the CsBr U centers are
given in Fig. 6. In comparison to most NaCl struc-

in Fig. 6. This is consistent with weak coupling
to the lattice and a V2 isotope shift of the local
mode. One interesting feature is that the high-
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and CsBr: D", The structures marked 1 and 2 are spuri-

ous as discussed in the text.
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and low-energy sidebands are not exactly symmetric
about the local mode. This is the effect of a shift
function with a non-negligible frequency depen-
dence.?! No third harmonic absorption was found

in any of the CsBr or CsI samples.

There is an extra peak, labeled 1 in Fig. 6, in
the low-energy sideband at w;=1.42x10" sec™?
(75.4 cm™). The absorption is weak, but it ap-
pears in all samples with a sufficiently high con-
centration of U centers. The shape and width of
the measured peak at 33 X are almost entirely
that of the bandpass function. Corrected, it shows
typical local-mode behavior—very narrow and
very temperature dependent. The peak position
is consistent with that expected for a U center
having a light impurity on an adjacent Cs site.

This would perturb all three modes equally since
the impurity is in a (111) direction and the H" vibra-
tions are in the (100) directions. The degeneracy
would be maintained. A smaller ion such as rubid-
ium or potassium would provide a weaker-coupling
and hence lower-frequency vibration. Either im-
purity is possible since rubidium is a common
impurity in cesium and the crystals were additively
colored with potassium. The mode is not consistent
with an adjacent halogen impurity such as a second
H ion. This would split the local mode into a
singlet and doublet. A second mode in the side-
band spectrum is not seen below 40 um. The other
possibility is an interstitial. This, however,

would produce a shift to high energy. The extra
peak in the CsBr: D™ sideband, labeled 2 in Fig. 6,
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is due to hydrogen impurity in the deuterium.

Figure 7 shows the high-energy low-temperature
CsBr: H™ sideband with a weighting factor of
(w})®. This should be proportional to the perturbed
one-phonon density of states. The perturbation
arises not only from a possible change of force
constant, but from the fact that symmetry consid-
erations prevent coupling to some of the lattice
modes.

The introduction of the defect reduces the sym-
metry of the lattice. The representations of the
lattice modes may be expanded in terms of the
representations of the point group of the defect.
Then with a knowledge of the symmetry of the de-
fect and the electric dipole operator, the selection
rules for the lattice modes may be determined.
Loudon®® has considered the case of the NaCl and
CaF, U centers in detail. Extension to the CsCl
structure U centers is rather straightforward.

The significant modes which may not appear in the
sidebands are all phonons at M, the acoustic pho-
nons at X, and the optic branch at R.

Karo and Hardy®' have calculated the phonon
spectra and density of states for CsCl, CsBr, and
CsI using three force-constant models: rigid ions,
“polarization dipole, ” and “deformation dipole. ”
Two variations of the latter were used, one in
which the deformation dipole moment was localized
on the cation, the DD(+) model, and one with it on
the anion, the DD(-) model. Our sideband data
for CsBr were compared with all four of the cal-
culated phonon density of states curves. Agree-
ment with all but the DD(-) model was fairly poor,
while the agreement with the DD(~) results was
excellent. We henceforth refer to the results of
the DD(-) model calculations as the calculated
results. Figure 7 shows Karo and Hardy’s cal-
culated density of states with the most significant
permitted phonons labeled. It can be seen that,
while selection rules will modify the one-phonon
density of states, none of the structure is removed,
and the general shape is preserved. The agreement
is remarkably good. The proper weighting factor
at low frequency is w}, not (w;)®. This will have
the effect of moving the lowest measured peak to
lower frequency, improving agreement with the
calculated curve. The fact that it is still at too
high a frequency may be an indication that there is
some perturbation of the lattice phonons.

The CslI U center has some features which are
not as readily explained. Figures 8 and 9 show
the local-mode absorptions of CsI: H and CsI:D".
The positions are not close to those predicted on
a simple mass-defect model. 3 They are in accord
with those of Ref. 10, except for temperature dif-
ferences. The significant difference from the
CsBr centers is the rapid increase of a high-en-
ergy shoulder with temperature. This asymmetry
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FIG. 8. Absorption
spectrum of CsI: H at
several temperatures.
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FIG. 10. Half-width of the CsI: H™ local-mode absorp-
tion vs temperature, subject to the uncertainty in defini-
tion of the half-width in CsI discussed in the text.

quenching. The only published data on Csl U cen-
ters!? are for higher temperatures, but they also
show the asymmetry.

The temperature dependence of the half-width is
given in Fig. 10. The choice of a significant half-
width is not apparent. The asymmetry persists to
very low temperatures. In addition, the measured
curve is neither Lorentzian nor Gaussian on either
side. For these reasons, correction tables are
not strictly applicable. An approximation of the
half-width, corrected for bandpass, was obtained
by fitting a symmetric band to each side. The
vertical lines in Fig. 10 indicate a reasonable range
of corrected widths obtained this way. At higher
temperatures the absorption becomes so wide that
no corrections are required. In these cases, the
over-all width of the asymmetric band is plotted,
even though this may not be the physically signi-
ficant width. The measured widths may be fit rea-
sonably well by a T? temperature dependence.
Since the highest lattice-mode frequency w;o is
91 cm™, 2728 the CsI: D" local mode could just
barely decay into three lattice modes, but the
CsI: H mode requires four lattice modes for decay.

The absorption of the CsI: D" center was mea-
sured only at two temperatures. The degree of
asymmetry appears to be the same as for the
CsI: H center. Infact, the half-width of the ab-
sorption at 37 K is the same for the two isotopes
to well within the uncertainty of the measurement.
Until the origin of the asymmetry or unresolved
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structure of this peak is known, no interpretation
should be placed on the lack of isotope effect in
the half-width of the main peak.

A similar ambiguity arises in deciding how to
represent the temperature dependence of the peak
energy. The energies plotted in Fig. 11 are those
of the entire curve. Over most of the range the
shift has a 7% dependence and the net shift is more
than five times that of CsBr. The ratios of the
peak energies at 37 K give an isotope shift of 1.41.

The high-energy sideband is weak and is general-
ly obscured by the tail of the high-energy shoulder.
The low-energy sideband occurs in a region where
sufficiently accurate measurements could not be
made. The absorption on the high-energy side of
the local mode is given in Fig. 12. Consistently
measurable absorption occurs out to an energy
three times that of the maximum lattice phonon
energy. In Fig. 13 the low-temperature sideband
is given with an (w})? weighting factor. It is mean-
ingless to attach physical significance to this
curve for two reasons. First, until the origin of
the high-energy asymmetry is known, the appropri-
ate origin for this weighting factor is unknown.

The measurement might represent a large series

of sidebands. Secondly, determining the perturbed
one-phonon density of states for a given model re-
quires knowledge of the symmetry of the defect
mode. In spite of these unknowns, the Karo and
Hardy DD(-) density of states is given in Fig. 13.
Some of the permitted modes are marked, assuming
cubic (T'js) symmetry for the defect local mode.

The calculated density of states for the other mod-
els do not give better agreement. Eldridge®® has
shown that the DD(-) model is superior to the DD(+)
model in fitting phonon spectra determined by
thermal diffuse x-ray scattering in CsI.

An explanation of the shape of the CsI U center
peak is not available at this time. If a plot is
made of U center infrared absorption peak fre-
quency vs the interatomic spacing® the CsI absorp-
tion occurs at the expected frequency, so we are
quite certain we are dealing with U centers in CsI.
Possible sources of this strange shape are (i) un-
resolved structure due to strains, * to impurities
near the H™ ion, to some interstitial H™ ions (U,
centers), or to two H™ ions in proximity; (ii) a
large component in the sideband structure due to
strong coupling to a low-frequency mode or to dif-
ference sidebands; and (iii) a change in the site of
the H™ ion. Interstitial H" ions®**~%" and U center
pairs®® have been observed before, and they pro-
duce peaks further from that of the substitutional
H" ion than is needed here. Moreover, at room
temperature no U, band was seen in the ultraviolet.
(In several alkali halides with the NaCl structure,
this is a band at lower energy than the U band due
to electronic excitation of interstitial H™ ions. )
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The fact that the main peak in Csl: H™ becomes
very narrow at low temperatures seems to rule
out any unresolved structure as the origin of the
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FIG. 11. Peak position of the CsI: H™ local-mode absorption vs temperature.

to be (€"i*T_ 1), The temperature dependence
of a sideband peak some 5-10 cm™ from the main
peak is inconsistent with that observed in the high-

line shape. The temperature dependence of the energy “component” of the CsI: H™ peak. Two pho-

strength of a high-frequency sideband is expected
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FIG. 13. Comparison of the CsI: H sideband absorp-
tion, weighted by a factor of (w— w,,ak)3 with the calcu-
lated phonon density of states (Ref. 31). Critical points
in the calculated density of states are marked.

since a thermally excited lattice mode is required,
then increase with increasing T. However, they
should be weaker than the one-phonon sidebands
and should occur on both sides of the main peak.
They, too, seem to be unlikely explanations of the
shape. If the crystal warms from 0 K, and the
lattice expands, the H™ ion may move off its lattice
site into an off-center equilibrium site. (The
usual occurrence?® would be for the impurity to be
in the off-center site at 7=0, then be “thermally
excited” into equivalent off-center sites at larger
T, finally reaching full cubic symmetry when
enough sites are sampled during a characteristic
time for a measurement.) The off-center H™ ions

INFRARED ABSORPTION OF U CENTERS IN CsBr AND CsI
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would vibrate at more than one frequency, the
three fold degeneracy of the low-frequency mode
being partly lifted. Such a displacement of equilib-
rium is capable of being tested, however, for

Csl: H™ should then have unusual low-temperature
dielectric properties. It should be pointed out that
both CsI: H and CsI:D" display this odd shape and
have qualitatively the same temperature-dependence
for the shape. It is anticipated that there should
be some mass-dependence in the hypothetical mo-
tion off-axis, especially in the tunneling to restore
effective cubic symmetry. In short, there is no
real explanation of the line shape of the CsI: H”
local-mode absorption peak.

SUMMARY

The infrared absorption due to H™ or D" substi-
tutional impurities has been measured in CsBr
and Csl. In CsBr it is described very well by the
model of Bilz ef al. The coupling to the lattice is
weak, since the sidebands are weak. The density of
states obtained from the sidebands, assuming a
simple model for the coupling, is in good agreement
with that calculated by Hardy and Karo with a de-
formation-dipole model, placing these dipoles on
anion sites. The half-width of the main peak at
high temperatures is due to Raman or scattering
processes brought about by anharmonic terms in
the Hamiltonian, while at low temperatures the
half-width is due to possible residual strains and
decay of the local mode into three lattice modes
(CsBr:D") or four lattice modes (CsBr:H"). The
absorption in CsI seems to be due to H™ and D7,
but its shape is unusual and most features of this
absorption have not been interpreted.
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Photochromic color centers are known to exist in additively colored CaF, doped with La,
Ce, OB, TH, Lo, or ¥. 1 1s aiso known fhat Tnese ceniers consist of one or two electrons
bound at the fluorine vacancy adjacent to the trivalent impurity cation. The ultraviolet (uv)
absorption spectra of photochromic centers (PC) in CaF,; were measured from 85000 to
80000 cm™!, the band edge of the host crystal, at both room and liquid-nitrogen temperatures.
The spectra show two regions of absorption. The low-energy region, up to 57000 cm™!, has
bands at 44 000 and 52 000 cm™!, which are conjectured to be analogous to the L bands of F,
centers in alkali halides. The high-energy region, from 57000 cem™! on, is characterized by
a band at 62 000 cm™, which is interpreted as charge transfer from PC to nearby impurities.
At the band edge, an extra absorption appears in the uv-switched CaF,: 0. 1-at.%-Gd sample,
and it is speculated that it is the 4f"— 47%5d transition of Gd%*. This interconfigurational tran-
sition is “red shifted” due to the screening effect of electrons, which have been released from
the ionized PC and trapped in the vicinity of Gd3*.

I. INTRODUCTION

The photochromic centers (PC) in CaF; have

aroused much interest® in recent years. These cen-

ters are produced ™ either by x irradiation or by
additive coloration of CaF, crystals doped with cer-
tain rare earths (RE) (La, Ce, Gd, Tb, and Lu) or
yttrium. The PC produced by additive coloration
can be photoswitched 2~* reversibly between two
states, the thermally stable original state and the
ultraviolet (uv)-switched or the ionized state. We
shall restrict our discussion to the PC produced

by additive coloration?~* only.

The absorption spectra of PC below 50000 cm™
have been extensively studied.?% Three absorp-
tion bands around 25000 cm™ have been identified
as m, 0, and 7 transitions from the A; ground
state. %% From the optical®® and EPR studies ®
the PC has been described®~® as a complex consisting
of a fluorine vacancy with one of the above-men-
tioned dopants as a nearest neighbor. In the ther-
mally stable state the PC has two electrons and is
electrically neutral. 3~® The uv switching light ion-
izes 3~® the PC by releasing one electron, which in



