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Impurity-induced infrared spectra of CsBr. A breathing-shell model calculation
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The impurity-induced infrared spectra of CsBr doped with dilute concentrations of Tl+, Rb+, K+, and
Na+ are calculated within the framework of a full breathing-shell-model formalism. Polarizability effects are
consistently incorporated in the calculations, and these effects are shown to have significant influence on the
calculated spectra of all the systems that are considered, For CsBr:Tl+, perturbation of the defect's second-

neighbor displacements are found to be essential for reproducing the observed spectra. The calculated spectra
for all systems are in very good agreement with the corresponding observed ones.

I. INTRODUCTION

The impurity-induced infrared absorption spec-
tra of CsBr and CsI have been measured" for a
variety of isoelectronic defects. Among the many
interesting features exhibited by these spectra are
the low-frequency resonance-band modes (RBM)
which appear in the Tl'- and In'-doped samples.
The relatively large frequency shift and rapid
broadening of the RBM line with increasing tern-
peratures" in the Tl'-doped crystals indicate
strong anharmonicities in the vicinity of the defect.
Moreover, contrary to normal expectations, the
HBM frequency shifts to higher values with increas-
ing temperatures. These effects, interesting as
they are, rema, in uninvestigated and unexplained.
However, in order to tackle the anharmonic prob-
lem it is absolutely essential to obtain a fairly re-
liable harmonic or "quasiharmonic" model for the
perturbed crystal at a definite temperature, and
this is the primary aim of the present theoretical
investigations.

It is an established fact that in ionic crystals
such as the Cs halides, the inclusion of polariza-
tion effects is essential for determining the disper-
sion of phonons correctly. Nevertheless, most of
the theoretical investigations of the spectra of per-
turbed crystals use a formal force-constant (rigid-
ion) model (without such polarization effects) in
which the unperturbed phonons are calculated by
means of one or another of the existing models
which do include polarizability effects. Such an ap-
proach suffers from two important consequences.
First, polarization effects are inconsistently and
only partially accounted for, and this may result in
serious errors if the polarizability of the defect ion
is significantly different from that of the replaced
host-crystal ion as is the case for the Tl' defect.
Second, the formal force-constant model for the
perturbed crystal is valid only for a particular
symmetry. For example, in crystals in which
every atom is at a center of inversion as is the

case for the Cs halides, the infrared-active pho-
nons are of symmetry type T,„. Consequently, any
formal force-constant model constructed by a fit
to an observed infrared spectrum (of symmetry
type T,„) need not necessarily be valid for phonons
of any other symmetry type such as A„, E, etc.
In order to calculate the anharmonic properties of
the infrared-active RBM it is not sufficient to know
the perturbed harmonic phonons for the infrared-
active symmetry type T,„only, because the multi-
phonon vertices couple phonons of different sym-
metry types. The calculations described in this
paper obtain a harmonic model for the perturbed
crystal which is consistent for phonons of all sym-
metry types.

Consistent breathing-shell-model (BSM) calcula-
tions' of the U-center local-mode absorption have
revealed only a weak effect of charge changes on
the local-mode frequency, because the U center,
at the local-mode frequency, vibrates essentially
in a static surrounding. In low-frequency reso-
nances, however, there is appreciable participa-
tion of the defect's neighbors in the vibrations, ' and
consequently charge changes may influence the
RBM frequency significantly. This is another rea-
son for the present investigation.

In this paper we present the calculations of the
impurity-induced infrared absorption spectra for
CsBr doped with dilute concentrations of Tl', K',
Rb', and Na'. The breathing-shell model (BSM) is
used to calculate the unperturbed phonons for
CsBr. For the perturbed-phonon calculations the
Lifshitz technique in the BSM formalism is ap.-
plied. Standard Green's-function techniques are
used to calculate the susceptibility and the impuri-
ty-induced absorption in a shell-model treatment. '
The perturbed BSM parameters are adjusted to ob-
tain the best possible fit to the experimental spec-
tra of Ref. 2. This method offers two advantages.
First, we are able to obtain a set of perturbed
BSM parameters rather than a set of perturbed
formal force constants. Consequently our resultant
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model for the perturbed crystal should be symme-
try independent. Second, polarization effects are
included in a cons. istent manner both in the per-
turbed phonon dynamics and in the perturbed dipole
moments.

We chose CsBr:Tl' for the investigation of the
RBM problem, because the experimental spectrum
for this system has more features in it than for the
other systems, consequently allowing a more com-
plete determination of the perturbed parameters.
The only other calculation of the infrared spectra
for this system is that of Ram and Agrawal' who

use a formal force-constant model. Moreover, the
agreement between the results of these calculations
and experiments is not particularly satisfactory at
higher frequencies.

The spectra of CsBr doped with K', Rb', and Na'

are calculated primarily as a check on the reli-
ability of our calculations. For these systems as
well we shall demonstrate the importance of polar-
ization effects and attempt to explain the origin of
the experimental features.

II. THEORY

A. Dielectric susceptibility

}c.,(~) = (e'er/v) u.'[g, y, (o)g, +px] u, . (2)

The first term represents the host-lattice suscep-

The notation used in this section closely follows
that of Refs. 4 and 6. The expression for the di-
electric susceptibility tensor is given by

X.&(cd) = (s'/~) u.'(Z. + & Z)

x (G, —G, TGQ) (Z, + b Z) u, .

The corresponding expression in Ref. 6 misses the
frequency-independent contributions. Here V is the
crystal volume and u is the polarization unit vector
of the external electric field. The matrices Z, and
4Z contain the unperturbed charges and the charge
perturbations, respectively, in units of the ele-
mentary charge e. 'The Green's-function matrix of
the unperturbed crystal is denoted by G„and the
matrix T is the t matrix, which accounts for the
perturbed phonon dynamics. In real-space repre-
sentation the elements of these matrices will be
denoted by a Cartesian index n =x, y, z; a sublattice
index K; a cell index l =1, . . . , N; and the type of
degree of freedom P=C, S,B,E. Here C refers to
the core, 8 refers to the (dipole) displacements of
the shells, B refers to the (monopole) breathing

'displacements, and E refers to the electric field.
The expression for the susceptibility tensor in

the low-concentration single-site scattering ap-
proximation up to terms linear in the concentration

p is given by

tibility, and the second term represents the defect-
induced modification

x = &-.r.(0)f y.(0)&.+ c.r.(0)(& &-g.)~z
+»(I —g. f) y.(0)4+»(g, —g. tg.)&z (3)

Here 4Z, t, and g, represent the charge perturba-
tion matrix, the t matrix, and the unperturbed
Green's-function matrix, respectively, for a single
defect with

f=x(1 +g Qx) ',
where X is the perturbation matrix for a single de-
fect. The quantities fQ and y, (q) are defined by

Z, (lKnP, l'K'n'P') = &Q(KP)5, , 6„„,5,, 6~ ~,

G, (l KnP, l'K'n'P')
=N 'Qy, (KnP, K'n'P'~q)

xexp [iq (R,„—R,,„.)] .

The translational symmetry of Z, makes all con-
tributions in Eqs. (2) and (3) vanish except those
for q equal to zero; then one has, for example,

(u&ZQGQ), „~=p gQ(K'P') y, (tc'nP', KnP ~q=0) . (4)
KiPi

Application of group theory further reduces the

problem, and this reduction is accomplished by
means of unitary transformations constructed from
symmetry basis vectors $(res) =($(res ~lKn)].
Here x and s refer to the sth partner and the sth
realization of a given irreducible representation
I'. Thus the matrices appearing in Eq. (3) can be

expressed either in the (lKnP) or in the (r xsP)
representation.

In the symmetrized representation,

x=gx(r Q),
rr

where a typical transformation to the symmetrized
representation is given by

gQ(r rsPs'P')

= g g $(res ~lKn)
lK0l l K fL

x gQ(lKnP l K n P )$(res ~l K n P ) ~

B. Model for the perturbed crystal

For crystals of Cs-halide structure the point-
symmetry group is 0„. The electric field unit vec-
tor transforms according to the irreducible repre-
sentation T,„, which is therefore the only one need-
ed for calculating the susceptibility. Addition-
ally we shall assume linear polarization along the



5900 M. S. HAQUE AND D. STRAUCH

x axis, and consequently we need to consider only, ,

that partner of the T,„ irreducible representation
which is polarized along the x direction.

We choose the origin of the coordinate system to
be at the defect site. The first-, second-, and
fourth-nearest neighbors are then situated at (111),
(200), (222), and equivalent positions, respective-
ly.

'The influence of defect-induced changes of the
following breathing-shell-model (BSM) parameters
are investigated: (i) change in mass at defect site,
which is denoted by 6M Mg Mo where M„and M,
are the defect mass and the host-crystal ion mass,
respectively; (ii) cha, nge in longitudinal and trans-
verse shell-shell force constants between the de-
fect and the first neighbors, denoted by 5f, and
6f„respectively; (iii) change in shell and core
charge at defect site, given by 6Y and -6Y, re-
spectively, implying zero change in ionic charge;
(iv) change in the isotropic core-shell force con-
stant at the defect site 6G. The changes 6Y and 6G

account for the change in the polarizability. This
set of parameters will turn out to be insufficient to
describe the Tl'-induced spectrum. Therefore the
effect of a possible lattice relaxation around the
defect is to be investigated since it has been found
to be important in other cases'; this requires the
study of the following changes: (v) change in longi-
tudinal shell-shell force cons tant between neigh-
boring first and fourth neighbors 5f„(vi) change
in the longitudinal shell-shell force constant be-
tween neighboring first and second neighbors 5f„.
(vii) change in the longitudinal shell-shell force
constant between two neighboring first neighbors
5f,. Even then the calculation of the Tl'-induced
spectrum lacks satisfactory agreement. Because
of the relative closeness of the second neighbors
we investigate finally the (viii) change in the longi-
tudinal shell-shell force constant between the de-
fect and the second neighbors 5f,.

For the host crystal, the transverse force con-
stant is about an order of magnitude smaller than
the longitudinal, and we have assumed a similar
relation for the perturbed case; therefore the
transverse force-constant perturbations have been
generally neglected. All perturbed parameters ex-
cept 6M are to be considered adjustable.

Eleven different degrees of freedom (realiza-
tions) in the T,„symmetr yare affected by these
nine different perturbed parameters. These, along
with their normalized basis vectors for the irre-
ducible representation T,„are given in Table I.
The latter can be found in the article by Dettmann
and Ludwig. ' In Table I, the subscripts C, S,B,E
refer to core, shell, breathing, and electric field
degrees of freedom, respectively. The super-
scripts l and t refer to longitudinal and transverse
basis vectors, respectively. The numbers 0, 1, 2, 4
associated with g refer to defect, first, second,
and fourth neighbors, respectively.

Using the symmetry basis vectors listed in Table
I, the perturbation matrix in defect space ex-
pressed in symmetry coordinates is shown in Table
II.

Using the formalism described above we have
calculated the frequency-dependent absorption con-
stant defined by

ff'((o) = (4v(u/cn) Im X((u), (5)

III. RESULTS AND DISCUSSION

All calculations which are described in this paper
are valid for temperature 4.2 K. The unperturbed
host-crystal phonons for CsBr at this temperature

where c is the velocity of light and n is the index of
refraction which is assumed to be constant. For
cubic crystals

X(&) =& gX (Id) .1

TABLE I. Symmetry basis vectors for the irreducible representation T«~$(—r) =-(& (r) for
~ = C, S,E; (,(—r) =-(,(r).
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B=2f,2f

units of 8 Njp,2rs ef. 10) for CsBr at 4..2 K. (Force constants in un'TABLE III. BSM parameters (Re .
charges in units of e.)

F Z

ii.i8 284.i 2i2.9 ii42 i43.4 —6.80 —2.78

were obtained from t eh BSM calculations of Mahler
and Engelharrdt " The macroscopic parameters

the honon calculations are given inused in e p
model parameters10. We present here the BSM mo e p

are listed in Table III.which
In Table III»+r tf and f refer o e

t t between thetransverse shell-sheQ11 force constan s e
bors refer to the core-s e

s rings for the breathing displacements, , re er
o '

h d' olar core-shell displace-to the springs for t e ipo
d Z are the shell and ionicments, and F, an, a

r es respective y. nr e p
'

1. I the following, charges,

units of the elementary charge e,e e'N V=
ergsycm, anand A ' respectively.

A. Resonance frequency of Csf CsBr:Tl'

The experimental infrare ped s ectrum for
'

h
'

hown in the lower half of Fig.CsBr:Tl', which is s own
'

consists of a dis inc' t' t resonance band mo e
.95 ' and some additional~ ~

( BM)p a t co =16. 5 cm an
absorption on the low- qw-fre uency wing o

=78.5 cm ', cf. Ref. 1 . ostrahlen band (&o

measure specd ectrum exists for frequencies i
than -VO cm '.

The resonance condition is given by

Relll+ g, (T,„,&u„)&(T,„,|d„)II =e +, ,„, „„=0. (6)

e ' e inE . (6) isusedtoThe experimental value of v„ in q.
' o

reduce ed the number of independent model parame-
ntee theters by one, an oy, d t simultaneously guarante

the RBM in the calculated
will be discussed below, differenspectrum. As wi e i

s of theparameters in uet ' fl ence different features o e
spectrum.

een twoE uation (6) establishes a relation betwee
erturbation parameters when en the remaining pa-per r

onstant. This is demonstratedrameters are kept cons an .
nd 3. All three curves presente inin Figs. 2 an

Fig. 2 show that the transverse coup ing o
b hanced when the longitudinal cou-fect has to be en ance
akened and vice versa in order to o

the resonance frequency constant. Un e
4 the curves shown inof the U-center local mode the

2 deviate very strongly from a linear be-Fig. evi
which indicates an appreciable p

tion of the defect's neighboring atoms
The straight line which is ob-

d for an Einstein oscillator (i.e. , neg ec m
all but the defects motion) is also s
ure.
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FIG. 3. Plot of t5 y vs (5 G obtained from the reson-
ance condition. All other parameters are held constant
at the values shown. Some values of the polarizability,
Eq. (7), for points along the curve are shown.
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FIG. 4. Calculated infrared spectra of CsBr.:Tl' for
five different values of 6f2. The parameter 6f& is
determined from the resonance condition. All other
parameters are held constant at the values shown.

In Fig. 2, the effect of using a formal force-con-
stant model is also indicated. Two such calcula-
tions are presented. In one 'the shell eigenvectors
are used and in the other the core eigenvectors for
calculating the unperturbed Greeri's-function ma-
trix g,. The deviations of these curves from the
consistent BSM calculation (solid line) reflect the
effects of the relative core-shell displacements.

The sensitivity of the RBM frequency to 5G and
5Y is shown in Fig. 2, in which Eq. (6) is used to
calculate 6G as a function of 6F. The lowest value
of 5G is that for which the resultant core-shell
spring constant is zero, i.e., negative values of the
core-shell spring are not obtained. The polariz-
ability of the defect, which is given by

(7)

I

B. One-phonon spectrum of CsBr:Tl'

In addition to the RBM peak at 16.95 cm ' the
spectrum has two additional peaks at roughly 61

o. = (Y, + 5Y )'/(G, + 6G),

varies along the curVe as shown.
The RBM frequency is also found to be sensitive,

although to a much smaller extent, to the parame-
ters 5f„5f„5f„and 6f„which do not affect the
defect directly, but act through the neighbors. The
question as to which values of all these parameters
represents the physical model of the crystal can-
not be answered by the position of the RBM fre-
quency alone. A more complete determination of
the model for the perturbed crystal will be prc-
vided by the complete absorption spectrum to which
we now turn.

and 65 cm ' (see Fig. l). The last two are crucial
features in determining our model. These two
peaks cannot be reproduced within the framework
of a. nea, rest-neighbor model (see also Ref. 7), i.e. ,
by means of the parameters 6f„6f„6Y,5G, which
directly influence the defect motion, or by means
of 5f„6f„5f„which result from relaxation ef-
fects.

With the above-mentioned force-constant changes
one can obtain the RBM peak and a small bump at
62.5 cm ', whose height along with that of the RBM
peak can be raised or loppered without producing
any qualitative changes in the spectra. The pa-
rameter 5f, produces a significant peak at 60.2
em ' for —2.06 5f, s —1.0, but fails to reproduce
the peak at 65 cm '.

Moreover, any combination of the above-men-
tioned parameters fails to reproduce '.he peak at 65
cm ' as well. We shall now demonstrate that with-
in our model this peak can be obtained by a non-
zero value of 5f,.

For the spectra shown in Fig. 4, 5f, is varied,
and 5f, is obtained by means of a fit to the RBM
frequency. All other parameters are held constant
at zero. Curve (a) in Fig. 4, for which 6f, =0,
shows a small bump at 62.5 em ' and nothing at
higher frequencies. As 5f, is increased, this bump
gathers intensity until it becomes a well-defined
peak for 5f, =2.0 [curve (e)], and in addition a
small peak appears at 67.4 cm '. As 5f, is further
increased, the peak at 62.5 cm ' becomes sharper,
and by 6f, = 2.0 [curve (e)j, the 67.5-cm ' peak dis-
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appears. These curves indicate a very strong cou-
pling between the defect and the second neighbors,
a very surprising result in view of the fact that the
model for the unperturbed crystal does not contain
such an interaction.

A calculated spectrum which we consider to be in
good agreement with experiment is shown in the
upper half of Fig. 1 (full line). The parameters
which determine this spectrum are quoted in the
figure. Starting from this set of parameters, the
influence of the various parameters on the spec-
trum shall now be demonstrated in Figs. 5-7.

The spectra shown in Fig. 5 are obtaj. ned by
varying 5f, for a fixed value of 5f, =2.5. The pa-
rameter 5f, is obtained from the resonance condi-
tion. Qualitative changes occur in the peak at 62.5
cm ' as 5f, is varied, but the dramatic effect oc-
curs in the 57.4-cm ' peak. The latter disappears
for 5f, a+0.2.

Consider now the spectra shown in Fig. 6 in
which 5f, is varied as the independent parameter
for 5f, =2.5, and 5f, being obtained from the reso-
nance condition. For the values of 5f, considered
here, the effect on the spectra is quantj. tative in
that the peak at 62 cm ' gathers intensity as 5f, is
decreased from 0.2 to -0.4. Otherwise the quali-
tative appearance remains unchanged. variation of
5f, and 5f~ leads to similar qualitative changes but
does not lead to an as well-defined peak around 60
cm

Let us now turn our attention to the parameters
which determine the change in polarizability of the

40--
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defect, i.e. , 6F and 5G. Figure 7 shows three
spectra which are calculated with parameters that
are picked off the cq.rve shown in Fig. 3.

Recall tha, t in Eq. (3) the contribution to the de-
fect-induced susceptibility is separated into four
terms from which the last three terms have rion-
zero contributions only for nonzero values of 5F.
For convenience let us denote these four different

I I I

40 60
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FIG. 6. Calculated infrared spectra of CsBr:Tl' for
four different values of 6f, . The parameter Bf& is deter-
mined from resonance condition. All other parameters
are held constant at the values shown.
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FIG. 7. Calculated infrared spectra for three differ-
ent values of defect polarizability. perturbed para-
meters are obtained from Fig. 3.
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contributions by X„y„y„and y4, respectively.
For 5F = -3, i.e., curve (b) in Fig. 7, It, +X, is an
order of magnitude smaller and X, three orders of
magnitude smaller than y, . For 6Y =14, i.e. ,
curve (c), the dipole moment of the Tl' ion (n = 5.3)
is much larger than that of the Cs' ion" (n =3.1$),
and hence y„y„and X, are expected to have rela-
tively larger contributions near the PBM peak.
This is precisely what is found. Near &he reso-
nance frequency X, +X,- 0.9y„and y, -O.IX,. At
higher frequencies the contributions from y„y3,
and y4 are an order of magnitude smaller than that
from y, .

The intensity of the RBM peak is expected to in-
crease with increasing polar jzability. Despite
computational uncer'taiqties the curves in Fig. 7

tend to confirm this. The peak at 62.5 cm ' is not
particularly affected by changes in o. , but for n
=5.3, the 67.4-crp ' peak is pushed down below the
neighboring peak in accarQanee wj. th experiment
(see Fig. 1). It is interesting to note that the po-
larizability of Tl' in TIBr is 5.1,"which is very
close to the value appropriate to curve (c). How-

ever, singly ionized thallium is a highly polariz-
able iop whose polarizability depend& very strongly
on its environment. " Hence it is not at all certain
that the polarizability of Tl' in TlBr should bp ap-
propriate for a substitutional TV ion in CsBr. Al-
so, the height of the RBM peag relative to those of
the high-frequency peaks is far too large ynd

therefore in serious disagreement with experi-
ment. Although some of this discrepancy in the

peak heights can be reduced by the inclusion of de-
fect-induced anharmonie effects which are known to
be strong for this system, ' it is unlikely that an-
harmoqicities alone can resolve such a large dis-
crepancy. Note also that the value of 6Y appropri-
ate to curve (c) is 14.0, which indicates a rather
large positive shell charge for Tl', namely F(TI')
=+7.2. Tt)is fact is difficult to explain on physical
grounds. To conclude the discussion on the effects
of polarizability changes, it appears that although
the RBM frequency is very sensitive to changes in

the shell charge and the core-shell spring con-
stant, no such changes are warranted on the basis
of best overall agreement with the experimental
spectry for CsBr:Tl'.

Let us now return to Fig. 1 where we present that
spectrum which we consider to be our best result
and compare it with the experimental resul. t. Al-
though the overall agreement between the experi-
mental and calculated results is good, there are
certain discrepancies which require discussion.

First, the overall absorption in the calcu@ted
spectrum is too large, roughly by a, factor of 2.
This might be accounted for by possible errors in

the value of the concentration for which we have

used the one quoted in Ref. 2, namely P =6.4x10 '
mole%. If instead of the above we use p =4.1 x 10 '
mole%, the 62, 5-cm ' peak comes in perfect
agreement with experiment, and the integrated RBM
absorption agrees to within 10%. A simila, r dis-
agreement in the line intensity in CsI:Tl' was en-
countered by Martin. " Note that the half width of
the calculated BBM peak is -1.1 qm ', whereas the
experimental valise is 1.5 cm '. The disagreement
iq. height and width for the RBRf peak must be due
to anharmonic effects.

The second important discrepancy between theory
and experiment lies in the frequencies of the two

peaks at higher frequencies. %e believe that these
two peaks result from defect-activated host-crys-
tal phonons, since their absolute positions are in-
dependent of the perturbation parameters, as we
have demonstrated jn Figs. 4-7. Hence the small
discrepancies in the frequencies of these peaks
from their corresponding experimental values re-
flect uncertainties in the calculated host-crystal
BSM phonons. This error, which is relatively
small, has a very significant consequence on the
appearance of the small peak at 67.4 cm ', in the
calculated spectrum. The frequency of the corre-
sponding experimental peak is roughly 65 cm '.
This difference pushes the calculated peak a little
farther on the rapid rise towards the reststrahlen
frequency, and thus gives it the peculiar appear-
ance.

In pig. 1 we a,iso gemonstrate the pffect of the
breathing degree of freedom on the calculated
spectrum. The spectrum drawn in broken line is
one in which the breathing coordinates on the first
neighbors are set equal to zero. This has the ef-
fect qf stiffening the effective springs between the
defect and its first neighbors. consequently the
resonance frequency shifts upwards.

The breathing effect, although not large, is a,iso
significant for the two peaks at higher frequencies.
The breathing eoordj. nates on the second and fourth
neighbors do not play a significant role, and their
effect is not visible on the scale of the graph pre-
sented. There are two reasons for this. One fac-
tor is the distance of these ions from the defect
site. The other is the fact that these ions are the
Cs' ions, which are less polarizable than )he near-
est-neighboring Br ions. "

C. Cssr:Rb', K', Na'

Unlike Tl' which, on account of its two 6s elec-
trons in the outer shell, has a large polarizability
which is strongly volume-dependent, Rb', K', and
Na' have inert gas structures and consequently
possess pojarizabilities which do not significantly
vary with volume. Moreover their ionic polariz-
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TABLE IV ~ Parameters for Rb, K, and Na ln CsBl ~

Impurity p (10 ~ mole%) Model gfj (e ~/y) i56 (e g/y) gy'(8)

1.79

1.201

0.255

5.0

9.5 "

I
II
III

I
II
III

I
II
III

—2.1
—2.1

—1.8

-2.5
—2.5
—2.0

-2.7
—2.7
—2.0

816
0
0

1787
0
0

12 650
0

0
1.6

0

0
2.6

0

0
4.8

0

Reference 11. Reference 2 ~

abilities are considerably smaller than that of Cs'
in CsBr. These considerations are taken into ac-
count in our calculations.

For these systems, three different model calcu-
lations are performed. The parameters are listed
in Table IV. In model I, &G is adjusted to obtain
the desired value of the polarizabilities, which are
also listed in Table IV. In model II, the same ef-
fect is obtained by adjusting the value of 6F, and in
model III no polarizability changes are included in
the calculations.

The only other parameter in these calculations is
5f, which is adjusted to obtain the best agreement
with experiment. Inclusion of 5f, requires dif-
ferent values for 6f, without any qualitative
changes in the spectral features. All the remaining
parameters are set equal to zero in these calcula-
tions.

The spectra calculated with the model-I parame-
ters are shown in Fig. 8, in which we also repro-
duce the experimental results of Ref. 2 for com-
parison. Model II reproduces exactly the same
spectra for Hb' and Na', with only a small dif-
ference in height for the large peak in the K' spec-
trum. The spectra obtained with the model-III pa-
rameters are similar. Note that 5f, has exactly
the same value in model I and model II, in which
the correct ionic polarizabilities of the defects are
accounted for, but have different values in model
III, where the ionic polarizabilities of the defects
are the same as that for Cs'. Also one expects a
continuous decrease of 5f, with decreasing defect
size which is found in modelIandmodelII, but only
partially in model III. Vfe present. these facts as
evidence for the importance of incorporating po-
larizability changes in defect calculations.

The correspondence between the calculated and
the experimental spectra, as shown in Fig. 8, is
striking. The values for defect concentrations used
are listed in Table IV. For the K' and Na' sys-
tems, these values correspond to the experimental
ones. ' For the Rb' system no experimentally de-

LsBr

I
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2--
o
CL
C

(3
I/I

THEORY

!-Na

pg 4--
O

o 2"
EXPERIMENT

20 40

h) (cm ~j

60 80

FIG. 8. Calculated and experimental (Hef. 2) infra-
red spectra for CsBr:Rb', CsBr:K', and CsBr:Na
Perturbed parameters correspond to those of model I
given in Table QT.

termined value is available, but p = 5.0 ~ 10 '
mole% gives the best agreement between the cal-
culated and experimental spectrum.

The only serious discrepancy between the cal-
culated and the experimental spectra is in the fre-
quencies of the calculated peaks which lie approxi-
mately 5 cm ' below the experimentally measured
peaks. These peaks can be moved continuously
backwards or forwards in frequency by adjusting
6f, . This effect is demonstrated in Fig. 9 for
CsBr:K'. Note that the intensities of the peaks
gradually decrease as they shift towards higher
frequencies; and that for a given value of concen-
tration, namely P =9.5&& 10 ' mole%, the best over-
all agreement with the experimental line shape is
obtained when the peak is located at 37.5 cm ', as
shown in Fig. 8. Similar effects are observed for
the Rb' and the Na' systems. The completely anal-
ogous deviation of the theoretical results from the
experimental ones in the CsCl and CsI systems"
suggests either that the alkali defects have been
treated in a systematically wrong way, which is un-
likely since they are thought to be rather well un-
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understood, or, rather, that the lattice dynamics con-'

tain inaccuracies common to all cesium halides.
To unders tand the above- mentioned disc repancy

we have attempted to investigate the origin of these
peaks. Since the peak position can be shifted con-
tinuously by changing 5f„ it is clear that these
peaks do not arise from defect activated peaks in
the host-crystal phonon density of states. It is, like
the Tl+ resonant band mode, a defect mode. In
pig. 10 is plotted the determinant II1+Xgpll as a
function qIIt frequency for all three systems. The
parameters are chosen to match the spectra. which
are shown in Fig. 8.

The respective peak positions are indicated by
arrows in the corresponding figures. The peaks
are clearly not resonances, since their positions
do not correspond to the resonance condition as
given by Eq. (6). For the Rb' and K' systems, the

peak positions coincide with a corresponding peak-
like structure in the imaginary part of II1+X g, ll.

For CsBr:Na', the peak in the spectrum corre-
sponds to a shoulder in the above-mentioned quan-
tity. These structures in imlll+Xgpll can be shift-
ed continuously in frequency by adjusting 5f,. As
they shift towards higher frequencies they encoun-
ter maxima in both the real and imaginary parts of

Ill+Kg, ll, which correspond to maxima in the un-
perturbed Green's functions g, . Consequently the

peaks in the calculated spectra get damped out at
tHese frequencies. Hence the peaks in the calcula-
ted spectra occur at too low a frequency because
the maxima in g, occur at too low a frequency,
which is a result of inaccuracies in the host-crys-
tal phonons.

IV. CONCLUSIONS

For CsBr:Tl' we have shown that the only way to
reproduce the experimental spectrum is by per-
turbing the displacements of the defect's second

-0.5-

w Irm ")

I

80

FIG. 10. Plot of Ill+ Qpll Rs e function of frequency
for Csar:Rb, CsBr:K', and CsBr:Na

neighbors. This could be achieved either by a di-
rect coupling of the defect to these second neigh-
bors, i.e., by 5f„or by additionally perturbing
the coupling between the first and the second neigh-
bors of the defect, i.e., 5f, . Our best resuIts are
obtained for 5f, =2.5 and 5f, = —0.2. At this point
it is not possible to state that the above values of
the parameters truly represent the perturbed crys-
tal, since a different combination of these two pa-
rameters can also reproduce the spectrum although

perhaps not so well. %e hope to resolve this un-
certainty by investigating additional spectra, e.g. ,
Baman spectra. Such calculations are now in pro-
gress and wi1.1 be published at a later date.

Although the evidence that we have presented for
the two parameters 5f, and 5f, is strong indeed,
the values which we have obtained for these are not
what one would normally expect. For 5f, =2.5, and

5f, =-3.02, we have a situation in which the cou-
pling of the defect to its second neighbor ( f, =0
+5f, =2.5) is about as strong as the coupling to its
nearest neighbors ( f, = &A +6f, =2.6), even though

the model for the host crystal does not include any
short- range coupling between second-nearest
neighbors. This is a possible drawback for the
host-crystal model. In Cs-halide crystals the dis-
tances from the nearest and second-nearest neigh-
bors are almost the same; the ratio of the dis-
tances being 2/MS=1. 15, which shows that the

values of 6f, and 5f, are not totally unreasonable.



M. S. HAGUE A1VD D. STRAUCH

Although the Tl' ion in thallous halides is smal-
ler than the Cs' ion in cesium halides, "anegative
value of 5f, indicates an outward relaxation around
the defect. This, together with the strong coupling
to second-nearest neighbors, seems to suggest that
the Tl' defect in CsBr has a large extent, in which
case the established picture of Tl' ion may break
down. The amount of relaxation, however, is un-
certain.

Finally, the infrared spectrum does not give suf-
ficient information as to whether the polarizability
of the Tl' defect is different from that of the Cs'
ion. Also, the lack of precise knowledge of the re-
laxation around the defect adds to the uncertainty
in the (vo1ume-dependent) polarizability

For CsBr:Rb', CsBr:K', and CsBr:Na', we have
found that the principal peaks result from defect

. modes rather than from defect-activated host-
crystal phonons.

In all the systems that we have considered, po-
larization effects are seen to play an important
role in determining the spectral line shapes even

though the actual parameters 6Y' and 5G cannot be
uniquely determined.

Except for the CsBr:Tl' RBM frequency, which is
forced to agree with the experimental value, the
peak positions in the calculated spectra are some-
what different from the observed ones for all four
systems that we have considered. We believe that
this is primarily a consequence of inaccuracies in
the host crystal BSM phonons. Since the latter is
not obtained by a fit to measured (neutron scat-
tering) phonon dispersion curves, inaccuracies of
this order are not unexpected.

The models that we have obtained for the per-
turbed systems should be valid for phonons of all
symmetry types. However, the eventual test for
this claim will be obtained from the results of the
R.aman calculations.
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