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Impurity-induced Raman spectra of CsBr:Tl+: A breathing-shell-model calculation

M. S. Haque, * D. Strauch, H. Krause, and T. Suski~

Fachbereich Physik, Universitat Regensburg, D 8400 Regensburg, Federal Republic of Germany

(Received 29 March 1977)

The Raman spectra of CsBr:Tl+ at 16 K have been measured. The E, spectrum shows some differences

from the one at 300 K. A (breathing) shell model calculation of the spectra has been made and a set of
harmonic-perturbation parameters have been obtained which describe the E and T, spectra .in good

agreement with experiment. The A, spectrum was too weak to be detected. Inclusion of the polarizability

derivatives at the defect's second neighbors resolves a puzzle set up in previous work.

I. INTRODUCTION

In a recent publication, ' an attempt was made
by two of the present authors to obtain a symme-
try-independent lattice-dynamical model of the
perturbed crystal, CsBr:Tl' at 4.2 K, by calcu-
lating its defect-induced infrared spectrum using
a full breathing-shell-model (BSM) formalism.
Polarizability effects were consistently incorpor-
ated in these calculations, and the perturbed-
crystal model was obtained in terms of perturbed
BSM parameters pertaining to the host-crystal
phonons. ' Although the calculated spectrum could
be brought into a very good agreement with the
observed one, ' a unique set of parameters could
not be determined on account of the necessarily
large number of parameters involved in the model
and the scarcity of features in the observed spec-
trum. This uncertainty was two-fold. First, the
two parameters describing the polarizability of
the defect ion could not be uniquely determined
even though a polsrizability change was shown to
influence the spectrum. Second, the various para-
meters describing the host-defect coupling and the
lattice relaxation were not quite unique. While
the first-order defect-induced Raman spectra are
independent of the defect polarizability and thus
the former parameters will be left uncertain, the
latter set of parameters will be pinned down to
an as great a degree as possible. This is the aim
of the present paper.

As is very well known, first-order Raman spec-
tra are forbidden in pure alkali halides on account
of inversion symmetry. Implantation of an im-
purity into the crystal not only removes this in-
version symmetry but also destroys the lattice
periodicity, consequently allowing continuous first-
order spectra to be observed. Such spectra re-
flect the perturbed phonon density of states
weighted by the amplitudes of motion of thW de-
fect's neighboring ions. The spectra, therefore,
contain information on the lattice dynamics of the
perturbed crystal and can consequently be used

to narrow down the choice of perturbed parameters
in our model for the perturbed system, CsBr: Tl'.

The experimental and calculated first-order
Raman spectra of thallium-doped Cs halides at
room temperature have been published by Buchan-
an et al.' Our model for the perturbed crystal is
valid at 4.2 K, and therefore, it was necessary to
perform a set of measurements at low tempera
tures. The calculated spectra in Ref. 4 were ob-
tained by using a formal force-constant (rigid-ion)
model, and as such the perturbed parameters are
not expected to be the same for phonons of-differ-
ent symmetry types (see Ref. l). We shall demon-
strate that the same set of perturbed parameters
in our model can be used to calculate the infrared
and the Raman spectra.

It was found in Ref. 4 that in order to reproduce
the E spectrum for CsBr: Tl' the change in the
transverse force constant between the impurity

' and its nearest neighbors had to be three times
as large as the change in the corresponding long-
itudinal force constant. Such a result appears to
be doubtful, since the transverse force constant
in the unperturbed crystal is about an order of
magnitude smaller than the longitudinal one. '
Moreover the calculated E, spectrum is not in
very good agreement with the experimental one.
We shall show that this spectrum can be obtained
by including the polarizability derivatives on the
defect's second neighbors, and that it is unneces-
sary to assume such unreasonable force-constant
changes as was done in Ref. 4.

II. EXPERIMENT

The Raman spectra of CsBr: Tl' were measured
using a 2-W Ar laser, a 1-m double monochroma-
tor and a Channeltron detector with photon-count-
ing equipment. The crystal was placed in a small
evaporation cryostat, and the measurements were
performed at 16 K for two different geometries
corresponding to the E and the T~ spectra. As
in Ref. 4, the A„spectrum for CsBr: Tl+ was too

16 5585



5586 M. S. HAQUE, D. STRAUCH, H. KRAUSE, AND T. SUSKI 16

weak to be observed.
To determine the extent of second-order Raman

scattering in the measured spectra of CsBr: Tl',
the spectra of pure CsBr were also measured.
At 16 K, almost no scattering was observable
from the pure sample for frequencies below the
one-phonon cut-off frequency (-120 cm '); although
this scattering increased very rapidly with in-
creasing temperatures. In view of this fact, we
believe that the observed spectra for CsBr: Tl'
at 16 K, and for frequencies (120 cm ', are the
first-order defect-induced spectra.

The observed E spectrum of CsBr: Tl' is shown
in panel 1 of Fig. 2, and the corresponding T,
spectrum is presented in panel 1 of Fig. 3. Al-
though the relative intensities of the peaks in the
E spectrum are different from those of the cor-
responding room-temperature spectrum, 4 the peak
positions in both the E and T, spectra shift up
in frequencies by only 6 cm ' or less when the
crystal is cooled down from 300 to 16 K. It is
theref ore doubtful that any further changes in the
spectra would be observed between 16 and 4.2 K.

III. THEORY

The Raman scattering tensor for first-order
scattering is given by'

z „,(—a) = a Ki)(&u)g P s(I') ImG (I'i &u)P„(I') . (1)
r

Here, u& is the frequency shift, and r)(&u) = I/(I
—e ~ ). ImG(I'i~) and P,s(1') are the imaginary

part of the Green's-function matrix and the vector
of the first-order electronic polarizability deriv-
atives, respectively. I' refers to a symmetry
basis.

Let $o(r iI't) be an element of a symmetry basis
vector; here, I' is the representation, t a realiza-
tion, r a lattice point, and Q refers to shell (S)
or breathing (8) displacements. These elements
are listed in Table I for the defect's first, second,
and fourth neighbors, and for the three Raman-
active representations A~, E, and T, . For the
E and T, representations, only one partner
from each is shown. Note that the T~ representa-
tion has two realizations on the first and fourth
neighbors, but only one on the second neighbors.
For the E representation, the fourth neighbors
make zero contribution. We have shown in Ref. 1
that the breathing motion on the second and fourth
neighbors do not have any significant effect on the
spectrum. Consequently, they are left out of the
present calculations. In the symmetry basis the
elements of P a(I') are given by

P s(I't)=g )o(riI't)BP Jeuo(r); (2)

here, u is a vibrational displacement of particle
Q at site r. We assume that the polarizability
derivatives are nonzero only on the first and
second neighbors of the defect. No polarizability
derivatives are being associated with the breathing
degree of freedom.

Using the basis vectors listed in Table I and the
symmetry operations of the group O~ we obtain

TABLE I. Symmetry eigenvectors in the defect subspace for Raman-active modes: Elements of only half of the par-
ticles ar r are shown, the other half is obtained from ( s(r)=-$s(-r); )a(r) = ]s(-r).

000
111
222

T11
222

1T1
222 200 020 002

A4 js(A|, 1), V24 (s(A|~, 5)

v6 $s (Ai, 2)

hg(&~, 3)

&8 $~Q „,4)

4(, (Z„1),4$, (E„s)
2)g(Eg, 2)

&8 Ps (T2~, 1),&8 g s(Tp, 5)

4(s (Tp„2),4fs (T~, 8)

2fs (Ttl,„s)
vS $~(r„,4)

(0, 0, 0) (1,1,1) (T, 1,1) (T, 1,1') (1,T, 1) (0, 0, 0) (0, 0, 0) (0, 0, 0)

(0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0,0, 0) (1,0, 0) (0, 1,0) (0, 0, 1)

(0, 0, 0) (0, 1,T) (0, 1,T) (0, T, T) (O, T, T) (0, 0, 0) (0, 0, 0) (0, 0, 0)

(0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 1,0) (0, 0, 1)

(0, 0, 0) (1,0, 0) (T,O, O) (1,0, 0) (T, O, O) (0, 0, 0) (0, 0, 0) (0, 0, 0)

(0, 0, 0) (0, 1,1) (0, 1,1) (0, 1,T) (O, O, I) (0, 0, 0) (0, 0, 0) (0, 0, 0),

(0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0,0, 0) (0, 0, 0) (0, 0, 1) (0, 1,0)
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P(,g) =

P„(111,y)+ 2P„(111,z)

—,'[P,„(020,y)+2P (002, z)]

TABLE II. Perturbation matrix in the E~ representa-
tion. Symbols are explained in the text.

f 5f, + —,
' 5fs+25fi —35f—s l

, 5f'—5f,+ , 5f'—/

P(E,) =
r P„,(111,y) —P„(111,z)

2[P (020, y) —P (002, z)]

0

(3a)

(3b)

with

I(r,.) = P (r,)™(r,.)P(r,.) .
The perturbed Green's function matrices 6 (I';)

are computed. from the corresponding unperturbed
ones and from the perturbation matrices. The
same host-crystal phonons' for the unperturbed
Green's functions and the same defect parameters
for the perturbation matrices are used as in Ref.
1.

and

P(T )=

v 2P„(ill, z)

2P,(111,y)

P„,(200, z)
(3c)

i„„„,= (8k'/3w)[I(A, )+ 2I(E )],
i„„„„=(8m'/3~)[l(X„) I(E,)],
i„„„=(4kq/w)I(T, ),

(4a)

(4b)

(4c)

With these the following three independent ele-
ments of the Raman scattering tensor are ob-
tained,

In Tables II and III, we present the perturbation
matrices in the symmetrized E, and T, represen-
tations, respectively. Since the A„spectrum in
CsBr: Tl' is too weak to be observed, we leave
this spectrum out of our calculations. The nota-
tion used in Tables II and III is that of Ref. 1. We
repeat the meaning of the quantities here for clar-
ity. 5f, and 5f, are the changes in the longitudinal
and the transverse shell-shell force constants, re-
spectively, between the defect and its first neigh-
bors; 5f, is the change in the longitudinal shell-
shell force constant among the first neighbors;
5f~ is the change in the longitudinal shell-shell
force constant between the first and the fourth
neighbors; 5f, is the change in the longitudinal
shell-shell force constant between the first and
the second neighbors, 5f, is the change in the
longitudinal shell-shell force constant between
the defect and the second neighbors. 5f„5f„and
5f, simulate the effect of relaxation of the defect's
nearest neighbours and/or the change of electron-

TABLE III. Perturbation matrix in the T2 representation.

Xgg A,(2 —-v 8 6fs

A22 0

(nf .+ nf, )/W3

—v2 (6f +6f )/W3

&85fJV3

——bf4
1

—v 2 t5f4/3

——&26f4

——~f4
2

3

0

X44 —Bf4/v 3 —&26f4/v 3

Bf4/3 W26f4/3

-6f42

3

A« ———,
' gf, + 2(5f, ) + 6f + 2', + ' 6f4,

12
=

3 ~~f, —~f~ —~fs+ ~f4»

f, +
2

&f~+ ~fs+ ~f4»

~44 = ~fi + 3~fs+ &f1 + &f4 ~
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ic eigenstates at these neighbors induced by the
defect, while 5f„5f„and 5f, represent the change
in the direct coupling of the defect to the lattice.

IV. RESULTS AND DISCUSSION

As we have already mentioned in Sec. I, the
primary aim of this paper is to obtain a lattice-
dynamical model for CsBr: Tl' which can be used
for calculating perturbed phonons of any symmetry
type. Hence in order to calculate the first-order
Raman spectra of CsBr: Tl', the most important
criterion that the perturbed BSM parameters (see
Tables II and III) must satisfy is that they repro
duce the experimental infrared (T,„) spectrum'
as well.

It was found' that the experimental features of
the infrared spectrum at higher frequencies can-
not be reproduced by the theory without perturbing
the motion of the defect's second neighbors. This
can be done either by a direct coupling of the de-
fect to its second neighbors, i.e. by 5f„or by a
combination of 5f, and 5f,. The exact combination
of these two parameters cannot be determined
uniquely from the infrared spectrum alone be-
cause of the lack of sufficient features in it. We
will demonstrate to which extent the Raman spec-
tra help to determine the perturbation parameters.

Figure 1 shows the experimental and calculated
infrared spectra of CsBr: Tl'. The calculated
spectrum shown in panel 2 is the one which was
presented in Ref. 1. The curves shown in panel
2 of Figs. 2 and 3 are calculated with the same
set of parameters as used for the curve in panel
2 of Fig. 1. For this set of parameters the best
possible E spectrum is obtained with a contribu-
tion of the second-neighbor polarizability given
by v, /v, =1.25, see Eq. (Sb). Even though the T,
spectrum is reproduced very well, the E spec-
trum is not. In order to improve the agreement
between the theoretical and experimental E spec-
trum the shell-model parameters must be changed.
A set of parameters which yield reasonably good
T,„, E, and T2 spectra is quoted in panel 3 of
Figs. 1-3 where the corresponding spectra are
shown. We will comment on some details.

In Fig. 2, we present the low-temperature ex-
perimental and calculated E spectrum of
CsBr: Tl+. The spectrum drawn with the broken
line is obtained fro~ the polarizability derivatives
of just the defect's first neighbors (v, =0) in which
case the intensity of the peak at 44 cm ' is much
too low. One way to increase the intensity of this
peak relative to those of the two neighboring ones
at higher frequencies is by using unreasonably
large negative values af 5f, as was done by Buchan-
an et al.» However, such a value for 5f, totally
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FIG. l. Experimental and calculated defect-induced
infrared spectrum of CsBr:T1'. The experimental spec-
trum, which is shown in panel 1 is taken from Ref. 2,
while the calculated spectrum in panel 2 is the one given
in Ref. l.

destroys the calculated infrared spectrum. An-
other way of obtaining the correct relative inten-
sities is to include nonzero values for the polar-
izability derivatives on the defect's second neigh-
bors as well; the spectrum drawn with a contin-
uous line has been calculated by using v, /v, =0.75.
Recall that the defect's second neighbors are the
'heavier Cs' ions and that their distance from
the defect site is only 15% larger than that of the
first neighbors. Hence it is not unreasonable that
the large peak in the acoustic region of the spec-
trum arises from the vibrations of the heavier Cs+
ions in the second neighboring positions.

The E spectrum is independent of the paramet-
ers 5f, and 5f», and although it is not very sensi-
tive to small changes in 5f, and 5f„ the infrared
(T,„) spectrum is. The combination of the T,„
and the E spectrum determines the parameters
5f, and 5f, to within 20%%up. We have shown in Ref.
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1 that, due to uncertainties in the calculated and
the experimental infrared spectrum near the res-
onance frequency, one is unable to determine the
perturbed parameters 5 Y(shell charge) and 5G
(core-shell force constant). Moreover, since the
Raman-active modes are of even parity, for which
the defect remains stationary, &F and 5G are not
involved in the Raman calculations and consequent-
ly remain undetermined. Assuming 6Y= 6G = 0,
the infrared and Raman spectra determine 5f, and

5f, to within 20%. We would like to point out that
both 5f, and 5ft depend rather sensitivity on the
values of & Y and 5G, and hence the actual uncer-
tainties ih the values of these two parameters are
much larger than 20%.

Figure 3 shows the low-temperature experimen-
tal and calculated T, spectra of CsBr: Tl'. Re-
call that for the irreducible representation T,
there are two realizations on the defect's first
neighbors. The calculated spectrum corresponds
to G(T~, 2, 2) and is seen to be in good agreement
with the experiment. The spectrum obtained from
G(T, , 1, 1) does not correspond to the experiment
at all (see also Ref. 3). We have also drawn (brok-
en curve in panel 3} the contribution from
G(T~, 3, 3}, which represents the motion of the

defect's second neighbors. One can readily see
that the latter has no resemblance to the experi-
mental spectrum either&

Note that the T, spectrum does not depend upon
the parameter 5f,. More negative values of 5f,
tend to shift the low-frequency peak to even lower
frequencies and consequently worsen the agree-
ment with experiment. Less negative values of
5f„however, worsen the agreement between
theory and experiment for the T,„spectrum. The
T, spectrum is not very sensitive to changes in

5f4 when the latter is =- 5f,. Larger values of

5f4 worsen the agreement with the experimental
spectrum and for 5f, = 5f, the calculated spectrum
has very little resemblance with the measured
spectrum.
- Aside from disagreements in the peak positions,
which also occur in the E and the infrared spec-
tra, the agreement between theory and experi-
ment is rather good. We have discussed the dis-
crepancies in the peak positions between experi-
mental and calculated spectra in Ref. 1. We be-

CsBr Tl+

T2

CsBr: Tl'
Experiment

6f5- -0 2

6f, = 0

6f„= 0

fi —- 3.02

6f

f,= -0.2 6' = 2.5

f, = 0 6f, =0

m, /Tf, „=125

Theory

Theory

6f, = - 1.3 6f2 = 0.5

6ft= 0.
,
4 6f

m2/z, = 0.75

6f, = -1.3
04

6' = 0

Theory

6f, = -3.09
6fi = 0

Theory

20 40 60 80 100 120 140
I I I I

20 40 60 80 100 120 140

(l} [Cm ij

FIG. 2. Experimental and calculated E~ spectrum of
CsBr:Tl' .

FIG. 3. Experimental and calculated T2~ spectrum of
CsBr:Tl' .
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lieve that these are due to inaccuracies in the
calculated host-crystal phonons.

V. CONCLUSIONS

In the last section we have presented the in-
frared and the Raman spectra which were calcu-
lated with two different sets of perturbed BSM
parameters. For the first set of parameters, to
which the calculated spectra of panel 2 (Figs. 1-3)
correspond, the T,„and T, spectra are in excel-
lent agreement with the corresponding experi-
mental spectra, but the calculated E spectrum is
very poor. For the second set of parameters, to
which the calculated spectra of panel 3 of Figs.
1-3 correspond, the E spectrum agrees well
with experiment, but the T,„and T, spectra are
somewhat worsened. The overall good agreement
between theory and experiment for all three spec-
tra is better when the latter set of parameters is
used.

Two of the most crucial parameters in our mod-
el are 6f2 and 6f,. For crystals of Cs-halide
structure a, nonzero value of 6f2 is very reason-
able; The value' that we have obtained for the
other parameter, 6f,=-1.3, needs some com-
ments.

Nonzero values of 6f„5f„and 6f, can result
from two different mechanisms, namely (1) re-
laxation of the lattice around the defect, (2) per-
turbation of the electronic eigenstates on the de-
fect's neighboring ions. For the first case, a
negative value of 6f, implies on outward relaxa-
tion of the lattice (within the framework of a Born-
Mayer plus Coulomb-type potential). If we now

assume that only the defect's nearest neighbors
are shifted to new equilibrium positions and that
the force-constant changes are proportional to
the relaxational displacements, then one finds

5f~ = -36f, = 3.9, and 6f, =~126f,= -4.4, and the
spectra (T,„, E„and T, ) calculated with these
parameters are in very poor agreement with ex-
periment. Hence, a value of 6f, = -1.3, which
we have obtained from our model cannot all be an
effect of lattice relaxation of the nearest neigh-
bors The up.per limit on the values of 6f, and

5f~ as determined from the E and the T2 spectra
are of the order 1 and -1, respectively. This
would imply that the contribution from the near-
est-neighbor (outward) lattice relaxation to 6f,
is at the most approximately -0.3. If we now as-

sume that there is also an outward relaxation of
the second and fourth neighbors, then 6f, would
become more negative and 6f, would become smal-
ler. This, along with the fact that the electronic
eigenstates of the defect's nearest and second-
nearest neighbors are perturbed by the defect,
probably accounts for such a large negative value
of 6f, .

We have shown in Ref. 1 that the infrared cal-
culations do not yield information on the pertur-
bation of the shell charge and/or that of the core-
shell force constant at the defect site. Since the
Raman-active modes do not involve the motion
of the defect ion, these quantities remain unde-
termined.

Qur results for the E spectrum clearly indicate
that it is necessary to include electron-phonon
interaction on the second neighbors of the defect.
This is not so~for the T, spectrum.

We believe that the lack of agreement in the
peak positions between the experimental and the
calculated spectra are primarily due to uncertain-
ties in the calculated host-crystal phonons. In
view of the fact that these were obtained by means
of a fit to macroscopic parameters and not to
experimentally determined dispersion of phonons
(which are available only for nitrogen and room
temperature' ), such uncertainties are not unex-
pected.

Qn the basis of the results which we have ob-
tained, we believe that a single set of perturbed
BSM parameters can be used to calculate the de-
fect-induced infrared and Raman spectra of
CsBr: Tl', which are in reasonably good agree-
ment with the corresponding measured spectra.
Nevertheless, one very important question, which
concerns the values of 6Y and 5G, remains un-
answered. As a consequence of this uncertainty,
the values of perturbed parameters with which
we describe our model, pa, rticulary those of 6f,
and 6f„are also uncertain. Therefore, we can-
not conclude that the model which we have ob-
tained for CsBr: Tl' is a unique one.
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