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Experimental Raman spectra are presented for KC1, KBr, KI, and RbCl doped with T1* ions.
The spectra are continuous and first order, being caused by the impurity-induced breakdown
of the lattice periodicity, and are strongest for E, vibrations and weaker for T,, vibrations.

No A, spectra are seen. Theoretical calculations for the Raman spectra are presented and
are based on the assumption that the electron-phonon interaction is linear in the displacements

of the impurity’s nearest neighbors.

The spectra are calculated using phonons derived both

from the shell model as fit to neutron data for KBr and KC1, and from the breathing-shell

model computed from macroscopic parameters for all four hosts.

The best agreement be-

tween theory and experiment is seen to occur using zero-force-constant changes for the E,
spectra in KBr and KI and for the Ty, spectra in all hosts, In KC1, a 10% stiffening in the
force constant is necessary for the E, spectrum, and in RbCl this spectrum requires a 10%

weakening.

No significant differences can be seen in the spectra calculated from the two

different models for the phonons, and the agreement between theory and experiment is good.

I. INTRODUCTION

In this paper, we report an experimental and theo-
retical study of the first-order impurity-induced
Raman spectra of T1*-doped KCl, KBr, KI, and
RbCl1.

Raman scattering from the vibrational modes of
a pure crystal is governed by two universal selec-
tion rules. The first, resulting from the periodicity
of the lattice, requires that the change in photon
momentum equal the change in crystal momentum.
This, combined with the relative wavelengths of
visible light and the lattice vibrations, restricts
first-order Raman activity to phonons with almost
zero wave vector. For second- and higher-order
processes, the sum of the wave vectors of the
phonons involved must be almost zero. The second
rule is discussed in detail in Sec. III. It states that
for crystals containing a center of inversion, the
only vibrational modes which are Raman active in
first order are those having displacement patterns
which are even under inversion, i.e., even-parity
modes. The k~ 0 and inversion-symmetry rules
thus require that for a first-order Raman-active
mode in a pure crystal, all atoms located at centers
of inversion are at rest.

These two rules lead to severe restrictions in
alkali halides. All atoms in crystals of the rocksalt
structure are at centers of inversion. Hence, none
of the zero-wave-vector phonons is of even parity
and there is no first-order Raman spectrum. In-
stead, one observes a continuous second-order

|

spectrum.

However, when a substitutional impurity is in-
troduced into an alkali halide, the translational
symmetry and the inversion symmetry for all atoms
but the impurity are broken; this makes first-order
Raman scattering possible. The spectra will be
continuous because the loss of translational invari-
ance removes the zero-wave-vector selection rule.
But, since the impurity itself occupies a center of
inversion, the scattering is still restricted to modes
which are even under inversion about the impurity
site; that is, to modes in which the impurity does
not move. The impurity-induced Raman spectra
will reflect the perturbed crystal density of states
weighted according to the amplitudes of motion of
the neighboring ions for modes of even parity. The
spectra will have peaks where these “projected
densities of states” have peaks. Any remaining
modes in which the impurity ion itself moves will
not be Raman active but will be infrared active.
These modes are odd under inversion.

The amplitudes and frequencies of these infrared-
active modes are dependent on the defect mass as
well as the force constants in the perturbed crystal.
A given impurity may produce phonon resonances,
gap modes,or true localized modes. The Raman-
active modes involve no defect motion and are
therefore independent of the impurity mass; they
are determined solely by the force constants in the
perturbed crystal and the masses of the neighbors
of the impurity. If the force constants are substan-
tially changed from the pure crystal values, phonon
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resonances, gap modes, or localized modes may
again be induced so that the vibrational spectra
would bear little relation to those for the pure crys-
tal. However, if the force constants in the perturbed
crystal are the same as in the pure crystal, the
Raman-active vibrational modes will be identical
with the equivalent modes in the pure crystal, the
Raman effect would then serve as a direct probe of
the vibrational spectrum for the pure crystal. Im-
purities such as these are known as isotopic. It is
important to bear in mind that they are isotopic in
the lattice-dynamical sense, but not in terms of the
electron-phonon interaction. Indeed, the fact that
the electron-phonon interaction with impurities
present differs from that for the pure host is what
gives rise to the impurity-induced Raman effect.

Although the study of phonon resonances, gap
modes, and localized modes is of interest in itself,
in order to get information about the pure-crystal
phonons it is desirable to study the spectra for iso-
topic defects.

In an earlier report, ! we display our results for
KBr doped with low concentrations of T17, and it
was seen that one observed a first-order Raman
spectrum. In that paper, we also display a com-
parison of our room-temperature data on KBr:T1*
with a theoretical Raman spectrum computed using
phonons derived from the breathing-shell model
(BSM), using zero-force-constant changes. The
comparison, in that case, was very good indeed,
and suggested that T1* acted as anisotopic impurity
in KBr allowing one to use the Raman effect as a
probe of the pure-crystal phonons. In that paper,
we also gave a few tabulated experimental and theo-
retical results for KC1:T1* and KI:T1*.

There has been a considerable amount of previous
experimental and theoretical work on impurity-in-
duced Raman spectra (see, for example, Ref. 2).
Perhaps the most complete studies have been made
on crystals containing F centers. Raman scattering
from F centers in KCl and NaCl was observed by
Worlock and Porto,  and discussed theoretically by
Kleinman, * Benedek and Nardelli, ° and Henry and
Slichter.® A combined experimental and theoretical
investigation of F centers in KF, NaBr, and RbF
was made by Buchenauer, Fitchen, and Page.’
While one can see effects of the lattice phonons in
these studies, they are complicated by the large
force-constant perturbations produced by the F cen-

ter. Further, the experiments were done with a
resonance enhancement arising from the coincidence

between the exciting laser frequency and the absorp-
tion band for the F center, resulting in some subtle
complications in the spectra. The same remarks
pertain to the Raman spectra due to F,(Li) centers
in KC1 observed by Fritz. ®

Raman scattering from localized modes has been
observed by Feldman, Ashkin, and Parker® for Ge
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in Si, and by Harrington, Harley, and Walker!? for
H™ and D" in CaF, SrF, and BaF, However,
localized modes are not involved in the present
problem. Stekhanov and co-workers!! have looked
at KCI doped with Li, Br, I, Na, Rb, and Cs.
They interpreted their spectra as indicating scatter-
ing by phonon resonances and localized vibrations.
Some near-resonance features of their data were
discussed by Rebane and Tehver, % but there are
some ambiguities in their results; in particular,
Kaiser and Mdockel®® have been unable to reproduce
the KCI:Li and KCI:I data.

Kaiser and Moller'* have observed first-order
impurity-induced scattering in NaCl:Ag, but the
system is known to be one for which the impurity
force constants differ from the host crystals. !
Lastly, Hurrel et al.'® have observed a first-order
scattering in KBr containing 8% KCl, but at this
concentration, as they pointed out, one may have a
highly disordered lattice and the interpretation
would not be straightforward.

Therefore, it appears that T1" in KCl, KBr, KI,
and RDbCI is the first clear-cut example of an im-
purity to be studied by Raman scattering for which
the force-constant changes are very small, /1718

A theory of impurity-induced first-order Raman
scattering in alkali-halide crystals has been de-
veloped by Xinh, Maradudin, and Coldwell-Horsfall
(XMC).*® They calculated spectra for the particular
case of KC1 and did their numerical evaluation using
0 °K deformation-dipole-model (DDM) phonons.
More accurate theoretical phonons now exist and
are used in this paper. In addition, our calculations
have been made with a finer wave vector and fre-
quency mesh than was used by XMC. This makes
a far more detailed comparison between experi-
ment and theory possible.

The reminder of this paper is arranged as fol~
lows: In Sec. II, the experimental details and re-
sults are displayed. The data were taken at 15 °K
since at these low temperatures anharmonic effects
and also the host-crystal second-order Raman
spectra can be ignored. Section III is a review of
the theory, while Sec. IV describes the calculations
made with 0°K BSM- and shell-model (SM) phonons
assuming both zero and small force-constant
changes. The theoretical curves which, in our
opinion, fit the data best are displayed for direct
comparison with experiment, whereas the results
for different force-constant changes for the two
models are given in Appendix B. In Sec. V, we
give further discussion, and the article is sum-
marized in Sec. VI

II. EXPERIMENT
A. Experimental Details

The samples used in this work came from several
sources. Pure crystals and also our sample of
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FIG. 1. Experimental and theoretical Raman spectra

for KI: T1*: above E, component, below Ty component,
The temperature of the experiments was 15 °K and the
instrumental gain was the same for both doped and pure
crystals and for E, and T,, spectra. The theoretical
curves are for zero force-constant change and were com-
puted using 0 °’K BSM phonons. They have been normalized
to reflect the experimental intensities.,

KI:T1* were obtained from Harshaw Chemical Co.
Samples of KC1:T1*, KBr:T1*, and RbCL:T1* were
grown at Northwestern University by the Kyropoulos
method, and our most concentrated sample of
KCIL:T1* was grown by the Bridgeman method at
Cornell University and kindly supplied to us by
Professor Pohl. For KC1:T1* and KBr:T1", we
studied crystals of several different concentrations
and found that the impurity-induced Raman spectra
scaled with concentration. Only one concentration
each of KI:T1* and RbCl: T1' was studied. The data
presented here are for our most concentrated sam-
ples which contained 8.6x10' , ~ 1x10', 6x10',
and ~1x10'* cm™3 for KC1:T1*, KBr:T1*,KI: T1*, and
RbC1:T1*, respectively. At these concentrations it
should be a good approximation to regard the im-
purities as isolated since the average distance be-
tween them is at least 50 A.

The spectra were recorded using a Coherent-Ra-
diation model 52 argon-ion laser operating with
1.3 W in the 488. 0-nm line and a Spex double mono-
chromator with photon-counting detection. The
usual 90° scattering geometry was used. In order
to improve the signal to noise and to work with as
high a resolution as possible, the spectra were re-
peatedly swept and the signal accumulated in a
multichannel memory unit (Enhancetron 1024 or
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Fabritek 4074). The samples were cooled to 15°K
using liquid helium in an optical cryostat of con-
ventional design.

Although the absolute accuracy of the spectra re-
corded with this equipment was +2 cm™! due to pos-
sible spectrometer errors, the relative positions
of peaks within one spectrum were accurate to less
than 1 cm™.

The point group for these materials is 0,. As
will be seen in Sec. III, the first-order impurity-
induced spectra are composed of components re-
sulting from vibrations belonging to the 4,,, E,,
and T, irreducible representations. The symmetry
properties of the observed spectra were determined
using various combinations of propagation direction
of incident light E, polarization of incident light €,
and the selected polarization of sgattered light
(propagating perpendicular to k) € , relative to the
crystal axes. With k11 {001y, €I(110), and
€'11(001), the spectra of T, character were ob-
served; E, components were selected with k 1 (001),
€1(110), and €11 (110), while combined E, and 4,,
spectra were recorded with K 1l (001), €1(010), and
€'1(010). In these arrangements, the weights of
the three symmetries are® Ty, 3E,, and A,,+4E,.

B. Experimental Results

The experimental E, and T, Stokes spectra for
all four T1'-doped samples are shown in Figs. 1-5.
The spectra were recorded at 15 °K using the same
instrumental gain and resolution for the two sym-
metries in a given sample. Also shown are the re-
sults of theoretical calculations which are discussed
in Sec. III. The experimental spectra for undoped
samples, taken at equivalent sensitivity to the doped
spectra, are shown for reference in the cases of
KBr, KI, and RbCl. The pure-crystal spectra for
KCl are not shown, but at this temperature and
sensitivity they are essentially zero between 0 and
200 cm™L.

All the T1*-doped crystals show strong lines of
E, symmetry and rather weaker Ty, spectra. A
particularly striking feature is the similarity of the
spectra for KI:T1* (Fig. 1) and KBr:T1"* (Fig. 2).
Both crystals have a very prominent E, peak which
cuts off sharply on the high-energy side; the re-
maining smaller E, peaks and the T,, spectra are
also very similar in form for the two crystals.
However, the peaks in KBr:T1* occur at higher en-
ergies than those in KI:T1*. KCIL:T1* (Figs. 3 and 4)
shows the most intense Ty, spectrum of the four
samples, the intensity being comparable to that of
the E, spectrum. Note that the T1*-induced lines
in KC1 occur at considerably higher energy than in
KI or KBr. RbCL:T1* (Fig. 5) shows a very sharp
E, line which has a width of approximately 2.7 cm™,
(The width of the peak in Fig. 5 is limited by the
instrumental resolution.) There are also two
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broader and weaker bands in the E, spectrum of
RbCL:T1* at 58 and 89 cm™. RbCI:T1* shows the
weakest T, spectrum of the four samples.

We were not able to detect any impurity-induced
lines of A,, symmetry. However, the level of de-
tection for A;, was not as high as for E, and T,
modes because it is not possible to observe 4,
spectra independently of E, or Tp. In addition the
pure crystals generally show a more intense sec-
ond-order scattering of A;, symmetry than of E,
or T, symmetry. A direct evaluation of the 4;,
scattering strength can be seen by comparing Figs.
3 and 6. Figure 3 shows only the E, spectrum for
KCL:T1%, while Fig. 6 shows the combined E, and
A,, spectra, both taken at 15°K. Even though the
vertical scales are not the same in the two figures,
it is clear that any A,, scattering is 10% or less of
the E, strength. Any A,, spectra are comparably
weak in KBr, KI, and RbCl. It should be noted that
the reason for the very low intensity of the pure-
crystal second-order scattering is that at these
frequencies the spectra are composed mainly of
difference bands, for which the Raman-scattering
efficiency vanishes as the temperature approaches
Zero.
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FIG. 2. Experimental and theoretical Raman spectra
for KBr: T1*: above E, component, below T, component.
The temperature of the experiment was 15 °K and the in-
strumental gain was the same for both doped and pure
crystals and for E, and Ty, spectra. The theoretical
curves are for zero force-constant change and were com-
puted using 0 °K BSM and 90 °K SM (VI) phonons. They
have been normalized to reflect the experimental intensi-
ties.
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FIG. 3. Experimental and theoretical Raman spectra

of KC1: T1*: E, component. The temperature of the ex-
periment was 15 °K and the instrumental gain was the same
as-that of the Ty, component shown in Fig. 4. The theo-
retical curves are for a 10% increase in the longitudinal
force constants between the T1* and its nearest neighbors,
and the calculations were made using 0 °K BSM and 115 °K
SM (VI) phonons. The theoretical spectra have been
normalized to reflect the experimental intensity.

Although it is not the purpose of this article to
discuss temperature-dependent effects, for conve-
nience we list in Table I the experimental peak
positions for E, and T, spectra of all four hosts.

A discussion of phonon renormalization effects will
be published separately.

The evidence that our impurity-induced spectra
are first order is twofold. First, we have observed
that the intensities of the lines in the Stokes spectra
have a temperature dependence appropriate to first-
order scattering. One cannot use the temperature
dependence of the ratio of Stokes to anti-Stokes in-
tensities to determine the order of the scattering,
since for a given value of the Raman shift the tem-
perature dependence of this ratio is the same for
all orders. However, first-order scattering can
be distinguished from second order by observing
the over-all temperature dependence of either the
Stokes o7 the anti-Stokes intensity.

The second piece of evidence that the defect-induced
spectra are first order is that such intense scat-
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FIG. 4. Experimental and theoretical Raman spectra
of KC1:T1*: T,, component, The temperature of the
experiment was 15 °K and the instrumental gain was the
same as for the E, component shown in Fig. 3. The
theoretical curves are for zero force-constant changes
and were computed using 0 °’K BSM and 115 °K SM (VI)
phonons. They have been normalized to reflect the ex-
perimental intensities.

tering is produced by very small concentrations of
impurities (less the 0.5 mole%); it seems unlikely
that in alkali halides such a small disturbance of the
lattice could induce second-order scattering of
comparable or greater intensity than that from the
pure crystal.

If the force constants are assumed to be only
weakly perturbed, the defect-induced spectra can
be explained in a qualitative way by considering the
relative masses of the cations and anions in the
crystals. If one assumes that the Raman process
takes place via a virtual excited electronic state of
the T1" ion, and that only the motions of the nearest
neighbors appreciably modulate the T1* electronic
wave functions, then the defect-induced Raman
spectra should be most intense in regions of the
phonon spectrum where the nearest neighbors of the
T1* vibrate with large amplitudes; more precisely,
where the projected density of states is large.

This will be at frequencies in the acoustic-phonon
region if the nearest neighbors, which are the an-
ions, happen to be the heavier ions in the crystal,

as is the case in KI or KBr, and will be in the optic-
phonon region if the anions are lighter than the
cations, as in RbCl. If the anions and cations are
of comparable mass, as in KCl, one would expect
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roughly equal scattering at frequencies in the optic-
and acoustic-phonon regions.

The experimental spectra show these effects.
For KI:T1" and KBr:T1*, strong peaks appear at fre-
quencies corresponding to acoustic phonons of the
pure crystals, and there are energy gaps in which
no Raman scattering occurs that correspond well
with the gaps between the acoustic- and optic-pho-
non regions in the host lattices.?"?> At higher ener-
gies, there is a pair of much weaker lines corre-
sponding to optic phonons. RbCI also has a gap be-
tween the acoustic and optic branches, 2 but the in-
tense E, line and the T,, band in the RbC1:T1" spectra
correspond to optic-phonon frequencies, while the
very weak low-energy E, lines correspond to acous-
tic modes. The KCIL:T1" spectra, as expected, show
scattering which covers the whole range of acoustic-
and optic-phonon frequencies?*'?® with almost equal
intensity.

The success of this qualitative interpretation is
strong evidence that a good quantitative description
of the impurity-induced spectra can be made by as-

TABLE I. Experimental peak positions for T1*-induced

spectra at three temperatures, Values for sharp lines

are accurate to 2 cm-=!. All entries in cm™!,

Crystal and Peak position

symmetry 300 °K 80 °K 15°K

E, 45 58 58

85 90 89

103 113 113

RbCl Ty, 130 140 140
E, 90 100 100

120 125 125

134 140 140

149 159 159

Kel Ty 120 125 125
148 157 157

E, 70 74 74

84 86 86

117 121 122

129 135 135

KBr Ty, (70) (74) 78
82 86 89

127 130

E, 51 55 55

60 63 65

99 103 108

113 115 120
KI Ty (50) (54) (54)
62 64 64

. 112
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suming weak force-constant perturbations and con-
sidering the influence on the T1* of just its nearest

neighbors. These ideas will be made more precise
in Sec. III.

III. THEORY

The calculations reported here are based upon
the off-resonance theory of Maradudin®® and Benedek
and Nardelli® for an insulator obeying the Born-Op-
penheimer approximation. In order to keep the
present work complete and self-contained and to
illuminate some of the important points, a rather
thorough outline of the theory will now follow.

Under the assumption that the incident-photon en-
ergies are small compared with any of those for
electronic transitions in the perturbed crystal,
Maradudin, ?® following Born and Huang, 2 showed
that the intensity of linearly polarized Raman scat-
tering per unit solid angle per unit frequency is
given by

4
I0)=5or T Mansiann(@) B ) ES(0). (1)
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FIG. 5. Experimental and theoretical Raman spectra

of RbC1:T1*: above E, component, below Ty, component.
The temperature of the experiment was 15°K and the in-
strumental gain was the same for both pure and doped
crystals and for E, and Ty, components. The theoretical
curves were computed using 0 °K BSM phonons. The
theoretical E, spectrum is for a 10% decrease in the
longitudinal force constants between the defect and its
nearest neighbors, while the Ty, spectrum is for unper-
turbed force constants. The theoretical curves have
been normalized to reflect the experimental intensities.
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FIG. 6. Experimental Raman spectrum for KC1: T1*:
combined A, and E, components taken at 15 °K with differ-
ent instrumental gain from that of Figs. 3 and 4.

Here w=ws—w;is the frequency difference between
the scattered and incident radiation, 7 is a unit
vector parallel to the scattered electric field, and
}E(w ;) is the Fourier component of the incident elec-
tric field. The Raman-scattering tensori,,, g (w) is
given by

far @)= @[ dre @, (u, ) ea(w), (2)

where ®g(u) is the operator for the static electronic
polarizability of the crystal in a fixed nuclear con-
figuration u and in its ground electronic state; the

brackets denote a thermal average over nuclear

configurations, and

@ay(g’ T)= emr/n (Par(}l_) e-iHT/n

i @4,(u) in the interaction representation. In
terms of the system’s electronic states |u) for
nuclear configuration u and its dipole moment op-
erator

%zznqngn"'zeqege?
where g, and ¢, denote the nuclear and electronic

charges; the static polarizability tensor operator
is given explicitly by

C oW =2 (o,0)™ (O] 1y (|, 0) +c.c.),
u#0

(3)

with w ,o being the frequency for a virtual transition

to state | ). According to this equation, @,,(u) is

both real and symmetric.
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In the harmonic approximation, the Hamiltonian
for the perturbed crystal can be written

H=3(3"Mi+u"@w)= 325 (dF +fd}), @

where the normal coordinates d; and nuclear dis-
placements from equilibrium u ={u(na)} are related
through

u=23 x(Nd;. (5)

The symbols M and & denote the system’s mass
and harmonic force-constant matrices, and the co-
efficients z( f) are the normalized eigenvectors sat-
isfying

(@-wiM)X(N=0 and X*(NAMX()=8s.. (6)

Expanding the polarizability tensor in terms of
the normal coordinates gives

®ar(0)=Poyo+2s Paypds++ -+, (7
so that

((pay(l_ly T) 6’57(2))
=Pay,oPsx.o+ﬁE' Pay,fPBh,f'(df(T)df'>+' .o, (8)

where use has been made of the harmonic result
(d¢(1))=0. When substituted into (2), the constant
term above just contributes 6(w), corresponding to
Rayleigh scattering, and will not be considered
further. If the (d;(7)d;.) term is worked out in the
harmonic approximation and substituted into (2), the
result is first-order Raman scattering, given by

iur,B).(w)=7’i Z;f (wa)'l Pyt Pors [n(wf) 5(w +wf)
+N(=ws) 8w -wy)],  (9)
where

N(w) = (1-e?h)?

and the two terms give the Stokes and anti- Stokes
contributions, corresponding to phonon emission
and absorption, respectively. Just the Stokes com-
ponent will be subsequently considered, as only they
persist at low temperatures.

Symmetry arguments may be used to determine
which modes lead to vanishing coefficients P, , and
are thus Raman inactive. The polarizability tensor
is first expanded in terms of particles displace-
ments according to

® W)= Pypo+20 Pogmy)ulmy)++« -, (10)

withm =1, ..., Ns, therebeings atoms in the basis
and N unit cells, while ¥=x,y, z. This equation, to-
gether with Eq. (5), leads to the relation

Papys= Zy? P,s(my) xmy|f) (11)

connecting the first-order coefficients in the normal
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coordinate and particle displacement representa-
tions. Now because G’aa(g) relates two vectors,
namely, the electric field and its associated polar-
ization, thisquantity transforms under point-sym-
metry operations as a second-rank Cartesian ten-
sor. Then, since P, (m7) is just the first deriva-
tive of ®,4(u) with respect to u(my) evaluated at the
system’s equilibrium configuration, it follows that
P,gm7) is a third-rank tensor. Thus, if r is the
3% 3 orthogonal Cartesian matrix of a point-sym-
metry operation taking the particle at site m to site
m', then

Pogmy)= 20 ¥qia¥gig?¥yeyPyrglm’y’). (12)

a’gly’
If the system has inversion symmetry about site
m =0 and the sites are labeled so that site m is
transformed under inversion to site —m, one im-
mediately has

Pogmy)==Pyg(=m7). (13)
In particular, P,,(07)=0. Hence, if every site is
an inversion center, as is the case in pure crystals
of the NaCl structure, all P, m7) vanish and first-
order Raman scattering is not allowed. The intro-
duction of a single defect at m =0 into such a crys-
tal, however, removes all of the inversion centers
except at the defect itself, so that first-order Raman
scattering is possible. The remainder of this dis-
cussion will be restricted to this situation, namely,
a single-substitutional defect in a rocksalt lattice.
The point group is thus O,, the full cubic group.

Now the Xx(f)’s are 3Ns-dimensional basis vec-
tors for irreducible representations of the point
group and are thus either even or odd under inver-
sion in the defect site, that is,

X(=my| f)== xtmy| f)

for f referring to an even (-) or odd(+) parity mode.
This fact, together with Eqs. (11) and (13), imme-
diately yields the result that only even-parity modes
can give rise to first-order Raman scattering.

For the cubic group there are five irreducible
representations corresponding to even-parity modes,
but group theory further reduces the number of
first-order Raman-active modes to three. This is
because the r matrices are just the matrices of the
irreducible representation T,,(I';5) according to
which Cartesian vectors transform, so that Eq. (12)
states that P,,(my) is the (my) component of a 3Ns-
dimensional basis vector B, belonging to the ap
row of the direct-product representation T,,XTy,.
Hence, in view of Eq. (11) and the orthogonality of
basis vectors belonging to different irreducible rep-
resentations, P,z . can be nonzero only when &(f)
is a basis vector belonging to an irreducible repre-
sentation contained in T;,XT;,. This restricts f
to modes of A (T'y), E (Ty,), Ty, (Tys5), and T (Ty5.)
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symmetry. Finally, by using group-theoretic pro-
jection operators to project symmetry vectors of
these four types from P,; for different values of

ap, one finds that the only possible nonzero F,g
are PM,AH, Pm,'Eg, and Pas.ra,: where a#B8. The
T, projection dropped out when use was made of the
fact that (Paﬁ(g) is a symmetric tensor.

The Raman-scattering tensor i,,,4, being pro-
portional to the product of two second-rank tensors,
is a fourth ranked Cartesian tensor. This plus the
fact that P4(u) is real and symmetric, results in
there being but three independent elements of 7, 4,
for cubic crystals, % namely,

Teyux™ G110 Cuxyyy =012, AN Gy S igg.

Returning to Eq. (11), rewriting it as Pyg s= Py

Xx(f), and substituting this into the Stokes term of
Eq. (9) gives

iﬂl?’,ﬁ).(— ’..0) =ﬁn(w)gary Ef}(f)ET(f) 6(@? - UJZ)BSA,

(14)

where w is now the absolute value [wg—w;| of the
frequency shift of the scattered radiation. This

equation is conveniently rewritten in terms of the
system’s harmonic Green’s-function matrix

G(w?)= (& - w?M)™ =20 x() X" (/)8(F - A (15)
as
far, (= w) =17 N(w) IMPy, G(z) Py, (16)

with z =w?+7€ and the limit € - 0* being understood.
In the following, we will often omit showing the ex-
plicit z dependence of G. If the Green’s-function
matrix is now expanded in terms of a complete or-
thonormal set {£(T" #)} of basis vectors for the ir-
reducible representations of O, according to

g = i%;' Ga(ritt')é(rit) éT(l"it’) ’

where I'; denotes a representation, ¢ labels the vec-
tors within a representation, and the matrix ele-
ments of G in the symmetry basis are given by

A,g ()

1-fold 2~ fold

Bgl257)
3-fold

Eg(Fy)

FIG, 7. Normalized symmetry basis vectors on the
defect’s nearest neighbors for the first-order Raman-
active modes. Degeneracies are indicated, and only one
partner of each symmetry is shown. The particle label-
ing convention is given in the Ay, figure.
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Gp(T;tt') = £T(Tt) GE(Ty2), (1

one has

Gy (= @) =1 m(w) Im 23 Gy(Ttt")
itt!

x Pay £(Ty2) B &(Tt') (18)

In view of the symmetry arguments given earlier,
the sum over 7 may be restricted to include just the
irreducible representations A, E,, and Th,.

It has been seen that the introduction of a defect
at m =0 allows, in principle, all of the P, {my) co-
efficients to be nonzero, except at the site m =0
itself, which retains inversion symmetry. We will
now assume that the only PaB(m'y) coefficients having
values appreciably different from zero are those
for which m refers to one of the defect’s six nearest
neighbors. Physically, we are just supposing that
the dominant first-order electron-phonon coupling
is through the motion of the impurity’s nearest
neighbors. Hence, in both Egs. (17) and (18) just
the nearest-neighbor components of the symmetry
basis vectors need to be considered, and these are
shown for A,,, E,, and T, modes in Fig. 7.

Knowledge of these vectors allows one to work
out the scalar products l’f,_&_ (T;¢). The result for
A,, modes is

PIE(Ay)=2- 6712 [P, (1x) + 2P,,(2y)],
where the initial factor of 2 arises from the applica-
tion of Eq. (13), and use has been made of the fact
that P,,(3z) is equal to P,(2y), which follows from
Eq. (12), applied for a rotation of 90° about the
x axis. Clearly, PJ£(A,,) is equal to BT£(Ay,), so
that one may write

BLE(A,)=PRE(A,)=2-67/%(4+20),

with A and C being P,(1x) and P,(2y), respectively.
Proceeding similarly for the twofold degenerate E,
modes, one obtains

PIE(E,1)=-BIE(E,1)=A-C

(19a)

and (19b)
PL:(E,2)=PLE(E,2)=3"V3 (C-A),

whereas the T,, modes give
PLE(Ty ) =280, (=1, 2, 3. (19¢)

Here B stands for P, (1y).
It remains now to evaluate the matrix elements

of G in the symmetry basis according to Eq. (17).
Doing so and using the transformation rule

Glma,np) = 2 7o o7ssGlm’a’, n'8")
alB'

satisfied by the Green’s-function matrix yields?®

ga(Ay,) = G(1x, 1x) - G(1x, - 1x) + 4G(1x, 2y),  (20a)
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ga(E, 1t') = 8,u[G(1%, 1x) - G(1x, ~ 1x) - 2G(1x, 2y)],

(20b)
and
g5(Tap tt') = 841 [G(1x, 1%) - G(1y, - 1y) + 2G(1x, 29)],
(20c)

where the lower-case g’s on the left-hand side of
this equation are used to denote that we are working
with the nearest-neighbor subspace. The #t' indices
will henceforth be dropped because of the &§,, fac-
tors, which occur because of the vanishing of ma-
trix elements taken with respect to basis vectors
belonging to different rows of an irreducible repre-
sentation. Combining Eqs. (19) and (20) with Eq.
(18), one then has for the first-order Stokes scat-
tering

i(= ) =377 7m(w) [(A4 + 2C)2 Img 5(4,,)

+2(A - C)?Imgy(E,)], (21a)
i1a(~ @) = %17 imn(w) [(A + 2C)2 Img 5(4,,)
- (A -0)%1Img4(E,)], (21b)
and
iga(- ) =477 7 (w) B2 Img 5(T5,). (210)

Notice that the combinations i, + 235, %;; — 435, and
i44 are proportional to scattering from phonons of
the individual symmetry types A,,, E,, and Ty,
respectively. This fact, together with Eq. (1),
justifies the experimental arrangements given in
Sec. IIA for determining the symmetry properties
of the measured spectra.

Now, in general, the presence of defects requires
that the Green’s functions appearing in Eqgs. (21)
should be evaluated using perturbed phonons. Since
the modes under consideration involve no motion
of the defect, they are independent of the impurity
mass and are thus perturbed by just the force-
constant changes. As will be seen shortly, the
force-constant perturbations associated with T1*
in KI, KBr, KCl, and RbC1 are very weak, and ex-
cellent agreement with experiment is available in
most cases by using unperturbed phonons. These
are plane waves, for which a traveling wave repre-
sentation with complex x’s is convenient:

x(lbalﬁj) N2 e(bot];j) e-ti-ﬁ(m )

The site index has been split into a cell label
l=1,...,N and a basis index b=by,...,bs. In this
work, b, and b, will refer to positive and negative
ions, respectively. The polarization vectors e(E )
are eigenvectors of the dynamical matrix B

D(ba,b'a’[kj) =T (iba, 1'b"a’) FRIWIM
1'
and they satisfy the orthonormality condition

T mye* (balkj) ebalki’) =5, .
ba
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The vector R(Ib, 1'd") =R(16) - R(I'b") connects the
equilibrium positions b and 7’6’, and with complex
polarization vectors the transpose operation ap-
pearing in Eq. (15) for the Green’s function should
be replaced by Hermitian conjugation. Thus, with
unperturbed phonons a typical element is given by

ImGo(1x, 1x; w?) =aN1 25 |e(b2xlﬁj)|2
&

x 6wk ) - w?], (22)
the zero subscript signifying that this is an unper-
turbed Green’s-function element. By averaging
Eq. (22) over the interval (w?, w?+ Aw?) one obtaing

mGy(1x, 1x; w?) =m(Naw?) * T | elby x| kj) |2,
kj
(23)
where the sum is restricted to those kj’s for which
w?(kj) is in the interval. By means of this equation
and its analogs for the other elements, it isa
straightforward task to compute numerical approxi-
mations to the unperturbed Green’s functions, pro-
vided the host-lattice polarization vectors and ei-
genfrequencies are available. The unperturbed
Green’s functions are also necessary if the phonons
are perturbed by the presence of defects, and the
treatment for this case is reviewed in Appendix A.

I I | I I I I
Kl _positive defect BSM
Eq
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FIG. 8. Perturbed theoretical E, spectra for KI using
0 °K BSM phonons. The relative vertical scales are in-
dicated by vertical unit bars, and the unperturbed values
of the nearest-neighbor longitudinal-overlap force con-
stants are given in Ref. 37.
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IV. NUMERICAL CALCULATIONS AND DISCUSSION

We have calculated theoretical Raman spectra ac-
cording to the theory of Sec. III for a positive im-
purity in KI, KBr, KCl, and RbCl for the case of
unperturbed or weakly perturbed phonons. The
force-constant perturbations were assumed to con-
sist of the changes 6k; in the longitudinal force con-
stants between the defect and its six nearest neigh-
bors. This perturbation affects the A;, and E,
modes, whereas the T,, phonons, which involve just
“transverse”’ motion of the defect’s nearest neigh-
bors, are independent of 6k,. Of course, the Ty,
modes will be perturbed by changes 8%, in the trans-
verse nearest-neighbor force constants, but accord-
ing to the arguments given in Appendix A these :
changes and the associated perturbations of the T,
Raman spectra should be much weaker than those for
for the Al, and E, spectra. Thus all of the T,, cal-
culations given here are for unperturbed phonons.
The unlikeliness of there being significant force-
constant changes beyond those mentioned here is
aleo argued in Appendix A.

The host-lattice phonon frequencies and polariza-
tion vectors were obtained for all four hosts from
the BSM of Schrder? and, for purposes of com-
parison with the BSM, from the SM of Cowley
et al. % for KBr and KCl. The SM parameters are
determined by fitting to inelastic neutron scattering
measurements of the phonon dispersion curves, and
the parameter values we have used are given to-
gether with the experimental and theoretical dis-
persion curves for KBr at 90 °K and KCl1 at 115 °K
in Refs. 22 and 24, respectively. The BSM, on the
other hand, has few enough parameters that they
are obtainable from macroscopic data such as the
elastic constants, the high-frequency and static-di-
electric constants, the reststrahl frequency, etc.,
and the data that we have used for KI, KBr, and
KCl are given in Table II of Ref. 30. BSM input
data for RbCl are also listed in Ref. 30, but these
were measured at room temperature. Since the
Raman spectra with which we are comparing our
calculations were taken at 15°K, we have used re-
cently measured low-temperaturedata for RbC1 and
these are given in Table II. The unperturbed fre-
quencies and core® polarization vectors were eval-
uated for 1686 k vectors in the Kellermann % sec-

JR.
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tion of the Brillouin zone. Through symmetry op-
erations, this is equivalent to a uniform mesh of
64000 k vectors.

Numerical approximations to the imaginary parts
of the unperturbed host-lattice Green’s functions
were obtained by dividing the interval (0, w2) into
100 bins of equal width Aw? and averaging according
to Eq. (23) and its analogs for the other required
Green’s-function elements. 3®* The average value
for each bin was associated with the bin’s frequency
midpoint, and the resulting points were connected
by straight line segments, yielding the unperturbed
imaginary parts given here. The corresponding un-
perturbed parts, which according to Appendix A are
necessary for calculating the perturbed spectra,
were computed from Eq. (A4) analytically, this
being possible in view of the approximation of the
unperturbed imaginary parts as series of straight
line segments.

The calculated 0 °K spectra which give the best
agreement with experiment are compared with the
15 °K Ramag data for E, and T,, scattering in KI,
KBr, KCl, and RbCl in Figs. 1-5. The electron-
phonon coupling parameters A, B, and C have been
left open, and the vertical scales of the theory
curves were therefore chosen to give peak intensi-
ties comparable with those of the experimental data.
Thus, the ratios of the theoretical E, and T,, curves
reflect the corresponding experimental ratios. The
T,, calculations are for unperturbed phonons in all
four hosts, whereas in KCl and RbCl the theoretical
E, spectra are for fractional force-constant changes
of +0.1 and - 0.1, respectively.® Theoretical E,
spectra for other values of the force-constant
changes are given in Appendix B for comparison.
Our choice of the best theoretical curves was deter-
mined by considering the over-all agreement, taking
into account peak positions, relative peak heights,
line shapes, and the experimental and theoretical
resolutions. As can be seen in the perturbed spec-
tra of Appendix B, the line shapes and relative peak
intensities are much more sensitive to force-con-
stant changes than are peak positions.

A. K. TI'

The best agreement is for KI: T1* using unper-
turbed 0 °K BSM phonons as showninFig, 1, Indeed,

TABLE II. BSM input parameters for low-temperature phonons in RbC1,

my My re? cir® e’ cy® €° €% W a,? a,d
(amu) (cm) (dyne/cm) (cm-Y) (A3
85.47 35.45 3.29 4,297 0.649 0.493 4.53 2.20 126.0 1,797 2.974
x10-8 x101 x101 x10

2Computed from the density measurement of Ref, 31,
"Measured at 4.2°K by J. T. Lewis et al., Ref. 31.

‘Determined for 2°K by R. P. Lowndes and D. H. Martin, Ref. 32.
9Room-temperature data from J. R. Tessman et al. , Ref. 33.
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for the E, spectra if account is taken of the experi-
mental resolution of 2.7 cm™! and of the theoretical
bin width of 2 cm™! at the 55-cm™! peak, the agree-
ment is perfect over the entire acoustic region of
the spectrum. The weaker optical portion is not
well represented by the theory, and this feature of
very good agreement in the acoustic portion accom-
panied by an inadequate comparison in the optical
region also occurs in the E, results for KBr and
KCl. But note that in KI and KBr, where the near-
est neighbors of the T1" are the heavy ions of the
lattice, the major peaks in the nearest-neighbor
projected densities of states occur in the acoustic
region, so that the over-all comparison between
theory and experiment is excellent. The calculated
unperturbed T, spectrum for KI is also seen to give
excellent agreement with the experimental T, scat-
tering, which is rather weak.

B. KBr:TI"

Turning now to Fig. 2 and the KBr: T1" spectra,
for which calculations involving both 0 °K BSM and
90 °K SM phonons have been made, we again see
that unperturbed phonons give good agreement with
experiment. As with KI, the E, agreement is good
in the acoustic region where the experimental res-
olution is 2.7 cm™! and the bin width at the 71-cm™?
peak for the theory curves is =2 cm™!, whereas the
agreement is poor in the weaker optical portion.
The SM more successfully predicts the lower gap
edge observed in the experimental spectra; how-
ever, the experimental peaks seen near 87 cm™ ! for
each symmetry are best reproduced by the BSM.

Notice that the BSM and SM E, and T,, curves are
in good agreement with each other over their entire
frequency range, the principal differences being the
position of the low-frequency edge of the gap be-
tween the acoustic- and optical-phonon branches and
the frequency of the peaks occurring near 85 cm?
for both symmetries. The predicted positions of
these peaks for the BSM and SM are 87 and 83 cm™?,
respectively, and they correspond exactly with
peaks in the frequency densities of states for the
two models. This 5% difference in the positions of
these peaks in the KBr BSM and SM densities of
states is not paralleled by a discrepancy in the KI
BSM and SM? densities of states, where the analo-
gous peaks differ only by 2. 4% and there is a negli-
gible difference in the position of the gap edge. In
view of this and the strong qualitative similarity be-
tween the KBr and KI results, we have not per-
formed KI SM calculations, which require the addi-
tion of second-neighbor forces between cations to the
the KBr SM. The possibility of attributing the
small differences in the BKr BSM and SM calcula-
tions to the fact that they are appropriate to 0 and
90 °K, respectively, seems to be ruled out by the
fact that according to Table I, the experimental
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Raman peaks show no appreciable shift with tem-
perature below 80 °K.

The over-all agreement between theory and ex-
periment is seen to be about equally good for each
model. In addition to the 87-cm™ '-peak discrepan-
cies discussed above, both the BSM and SM predict
the main E, peak to be 3.5 cm” ! too low and insuffi-
ciently narrow. This suggests that the E, phonons
might be perturbed by a slightly increased k;, but
the perturbed phonon calculations, given in Appen-
dix B, are seen to leave essentially unaltered or to
worsen the relative peak-height and line-shape
agreement without adequately increasing the peak
frequencies.

In summary, then, the best agreement between
theory and experiment for KBr: T1" is obtained with
unperturbed phonons. In view of the experimental
and theoretical resolutions, the agreement is good,
and there is no compelling reason to prefer one lat-
tice-dynamical model over the other.

C. KCL:TI*

Our results for E, and T,, scattering in KC1: T1"
are displayed in Figs. 3 and 4. The principal
Raman scattering for this host lattice, whose posi-
tive and negative ions are of nearly equal mass, is
seen to occur in both the acoustic and optical

T T T

KBr positive defect
BSM  Eq
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FIG. 9. Same as Fig. 8, but for KBr using 0 °’K BSM
phonons.
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regions. By comparing the experimental E, data
with the theoretical predictions for unperturbed
phonons given in Appendix B, it is apparent that
while there is over-all similarity, particularly for
the broad acoustic peak near 100 cm™?, the line-
shape and peak-height agreements are poor. Al-
lowing the E, phonons to be perturbed by a 10% in-
crease in k; results in the substantially improved
comparison with experiment exhibited in Fig. 3,
where it is seen that the acoustic peak at 100 cm”
in the E, spectra is well represented by the theory,
whereas the theoretical peaks at 116 and 131 cm™*
are 9 cm™! short of the experimental peaks at 125
and 140 cm™ !, outside the combined experimental
resolution of 4.6 cm™ ! and the theoretical bin width
at the 116-cm™ ! peak of 2 cm™!. However, a more
serious discrepancy occurs for the strong experi-
mental line in the optical region at 159 cm™', which
is not reproduced in either the BSM or SM calcula-
tions. There is a weak spike at 154 cm™' in the SM
results, but as can be seen from the perturbed pho-
non calculations given in Appendix B, greater force-
constant increases do not sufficiently increase the
frequency or strength of this peak and, moreover,
worsen the over-all agreement from that given

here. We recall that the high-frequency optical-
phonon E, spectra for T1'-doped KBr and KI were
also inadequately described by the theory, but the
discrepancy is, of course, more serious in
KC1:T1*, where this region of the spectrum is seen
to be dominant.

Kravitz'® measured the T1*-induced Raman scat-
tering in KC1 at room temperature, and on the basis
of comparisons with the calculations of Xinh et al.®
he also concluded that the force constants are
slightly changed. The XMC calculations, as dis-
cussed in Sec. I, were done with many fewer k vec-
tors and a coarser frequency mesh, using DDM pho-
nons. Thus their calculated spectra have neither
the accuracy nor the detail shown here. In addition,
the comparison of 0 °K theory with room-tempera-
ture data, even when the theory is corrected for the
Bose-Einstein population factor, is inexact since
anharmonic effects are not taken into account (cf.
Table I).

The 0°K BSM and 115 °K SM results for KC1: T1*
in both the E, and T,, symmetries are seen to agree
with one another to the same extent that they do for
KBr:T1*. The high degree of similarity that we
have shown to exist between the corresponding BSM
and SM calculations is interesting since the calcu-
lations involve the host-lattice polarization vectors
as well as frequencies, and furthermore require
knowledge of the quantities for k vectors throughout
the entire Brillouin zone. As stated earlier, the
BSM and SM both give good agreement with inelastic
neutron scattering measurements of the phonon fre-
quencies. However, these frequencies are usually

1
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measured just for k vectors along high-symmetry
directions in the Brilloiun zone, and our results
show that both the frequencies and polarization vec-
tors of the BSM and SM are essentially the same
throughout the zone, at least insofar as these quan-
tities are involved in the kj sums in the Green’s
functions. This agreement between the models is
gratifying since the BSM, unlike the SM, is not fit
to neutron data and may thus be applied to crystals
for which these data are unavailable.

The T,, spectrum for KCI1: T1" is given in Fig. 4,
and we see that the agreement between experiment
and the calculations for unperturbed phonons is gen-
erally good. However, the theory does not repro-
duce exactly the width of the main peak at 157 cm” 1,
and the broad theoretical peak at 75 cm™! is of
greater intensity than seen experimentally. 3’
Nevertheless, the agreement, both over-all and
especially for the 157-cm™ ! peak, is good.

Thus, it appears that T1" in KC1 is accompanied
by slightly stiffened longitudinal force constants be-
tween the defect and its nearest neighbors, bringing

I I I I I | I I
KBr positive defect SM
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the theoretical and experimental E, spectra into fair
agreement except for the 159-cm™! peak. The good
T,, agreement leads to the conclusion that these
modes are unperturbed by the presence of the im-
purity.

D. RbCL:TI*

Finally, the experimental and theoretical E, and
T, results for RbCl: T1" are shown in Fig. 5. The
calculations employ BSM phonons derived from the
low-temperature input data of Table II, and just as
with KCl1: T1", the experimental E, spectrum is not
well predicted by the unperturbed phonon calcula-
tions given in Appendix B. Instead, the best agree-
ment is obtained for the E, scattering by employing
a decrease in &, of 10%, in which case the theo-
retical peak at 108 cm™! is a near resonance as-
sociated with the approximate vanishing of the first
term in the denominator of the E, version of Eq.
(A5). The theoretical peak is 5 cm™ ! below the ex-
perimental value, but again one must bear in mind
the experimental resolution of 2.5 cm™ ! and the bin
width of = 1.5 cm™ ! at the main peak. Doing so, and
noting that the theory reproduces the rather char-
acteristic shoulder on the high-frequency side of the
main line and also correctly predicts the relative
peak intensities between this peak and the weak
acoustic peaks, one sees that the agreement be-
tween theory and experiment for the E, spectrum
is good.

The comparison between theory and the very weak
experimental T,, spectrum is inadequate. The
broad experimental peak near 140 cm™ ! seems to
correspond with the broad theoretical peak near
150 cm™! and the small experimental bump near
115 cm™! may correspond to the theoretical peak at
121 cm™!, but the relative intensities are not repro-
duced. Unfortunately, the experimental T,, scat-
tering is so weak that a meaningful comparison is
difficult to make, and we therefore do not view the
T,, discrepancies as serious at this time.

V. FURTHER DISCUSSION AND CONCLUSIONS

The principal discrepancies in the calculated
Raman spectra involve the optical portions of the
E, component for KI, KBr, and, more seriously,
KCl. This part of the experimental E, scattering
is rather weak for KI and KBr, but is dominant for
KCl, and we have seen that the agreement cannot
be improved by allowing the E, phonons to be more
strongly perturbed than in Figs. 1-3. We must
thus look outside the present theoretical frame-
work. The most obvious possibility suggesting it-
self is that the unperturbed phonons may be less
certain in the optical region of the spectrum than
in the acoustic. The flat nature of the dispersion
curves for the optical branches results in the peaks
in the frequency densities of states being sensitive
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to errors in this region. However, the neutron data
and their SM interpretations do not appear to be
sufficiently uncertain in the optical region, at least
in the high-symmetry directions, to allow such an
explanation to completely remove the discrepancies.
Notice that our projected densities of states for KI
and KBr do, in fact, show small peaks at approxi-
mately the frequencies corresponding to the ob-
served E, optical peaks in these crystals, but their
strengths are much too weak and their relative in-
tensities are incorrect. For KCl, as mentioned,
the SM calculation shows a weak spike at 154 cm”
which does not show in our BSM calculations and
which is associated with a peak at 154 cm” ! in the
KC1 SM frequency density of states. This peak has
been attributed by Copley et al. 2 to a saddle point
occurring at an off-symmetry position in the sixth
phonon branch. Unfortunately, the particle ampli-
tudes associated with this peak do not have suffi-
cient E, projections on to the defect’s nearest
neighbors to result in a strong 154-cm” ! peak in the
nearest-neighbor E, projected density of states.

1
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These considerations bring us to another possi-
bility, namely, that the first-order electron-phonon
coupling parameters may be appreciable on more
than just nearest neighbors of the defect.

If, for instance, the P ;(m¥)’s were assumed to be
nonzero on the impurity’s second nearest as well

as nearest neighbors, the projected densities of
states needed in the theory would involve the parti-
cle amplitudes for both sets of ions. The defect’s
second neighbors in KI and KBr are the light potas-
sium ions and should, thus, have large amplitudes
in the optical region in contrast to the behavior of
the heavy halogen ions which vibrate vigorously in
the acoustic portion of the spectrum. The introduc-
tion of nonzero second neighbor P (mY)’s would in-
troduce new coupling parameters into the theory,
and one would thus be required to attempt an

a priovi estimate of the relative strengths of the
nearest- and next-nearest-neighbor contributions

in order to complete the theory. This point deserves
further study.

In this paper we have not considered questions re-
lating to the T1" impurity’s electronic properties
such as the relative magnitudes of the electron-pho-
non coefficients A, B, and C which in turn determine
the relative strengths of the Ay, E,, and T,, scat-
tering,the possibility of dynamical Jahn-Teller in-
teractions,nor the electronic origin of the small
force-constant changes. To understand these prop-
erties theoretically would require detailed knowl-
edge of the T1* wave functions, both for the ground
and excited states, in each of the hosts. On the
other hand, to relate these properties phenomeno-
logically, such as through stress effects on the
electronic absorption bands, would require knowl-
edge of the excited states involved in the Raman
scattering, and these have not been experimentally
determined. The reader interested in the elec-
tronic properties associated with T1'-doped alkali
halides should consult the papers of Bimberg
et al. , % Fowler, 3® Fussginger, ‘* and the references
therein.

We have, instead, concentrated on the lattice-
dynamical aspects of the problem in order to em-
phasize the highly successful application of im-
purity-induced Raman scattering to the study of un-
perturbed phonons. Introduction of a suitably chosen
impurity causes a breakdown of the selection rules
which normally forbid first-order Raman scattering
in alkali halides. Thus, one is able to probe the
entire Brillouin zone with the precision appropriate
to optical experiments. The important considera-
tion is that the impurity must cause little or no
verturbation of the pure-crystal force constants.
This condition is seen to be easily met for the case
of T1" in the four alkali halides we have studied. In
most of the cases we examined, the best agreement
between theory and experiment occurred for unper-
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turbed phonons; in any case, the most substantial
force-constant change we needed was +10%.

When one considers that there must certainly be
other impurities which would produce the same lack
of force-constant changes as T1%, the power of the
technique becomes clear. By appropriate choice of
impurity one could choose which symmetry phonons
he wished to study. By studying these systems under
the influence of external perturbations, such as
temperature or pressure, one could also study such
phenomena as anharmonic interactions. The use of
this technique as a probe of unperturbed phonons
will clearly be of considerable use in the future.

VI. SUMMARY

In this paper we have studied experimentally and
theoretically the Raman spectra produced when T1*
jons are introduced as impurities in KCl, KBr, KI,
and RbCl. The following points were observed:

(i) First-order Raman spectra were observed ex-
perimentally, caused by the breakdown of the peri-
odicity of the lattice produced by the T1* impurity.
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SM (V1) phonons.
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BSM phonons. The large vertical bar in the lower spec-
trum reflects the change of the near resonance at 108 em™!
for 6k/k=-0.1 to the localized mode in the gap at 105
cm-! for 8k/k=~0.2.

If it is assumed that the Raman effect is caused by
the modulation of the T1* electronic wave functions
by the vibrations of the nearest-neighbor anions,
one can understand qualitatively why the strongest
spectral lines in KI and KBr are in the acoustic re-
gion of the phonon spectrum, since the anions in
these hosts are the heavy ions. In RbCl, where the
neighbors are the light ions, the strongest lines lie
in the optical-phonon region, while in KCl1 the spec-
trum is about equally strong over the entire spectral
region, as expected. The strongest lines were al-
ways seen to be of E, symmetry, with weaker lines
of Ty, symmetry also observed. No significant 4,,
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spectra were seen.

(ii) Theoretical calculations of the Raman spectra
were made using phonons derived from SM and the
BSM. In making the calculations it was assumed
that the electron-phonon interaction was linear in
the displacements of just the defect’s nearest neigh-
bors. The best agreement between theory and ex-
periment was obtained by using no force-constant
change for the E, spectra in KI and KBr and for the
T, spectra in all hosts. In KCl, a 10% force-con-
stant stiffening gave the best agreement for E,,
while in RbCl, a 10% weakening gave the best E,
agreement.

(iii) In KBr and KCl, the spectra were calculated
using both models for the phonons, and the calculated
spectra were essentially similar. This important
result means that the eigenvector sums over the
Brillouin zone gave virtually identical results for
each model. This gives one confidence when using
the BSM on hosts for which neutron data and an ac-
companying SM fit are unavailable.
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APPENDIX A: INCLUSION OF PERTURBED PHONONS

For the case of perturbed phonons, the usual
Lifshitz techniques may be used to express the per-
turbed Green’s functions in terms of unperturbed
ones. Thus, if the harmonic perturbing matrix is
defined by

_(_:(Z)E(g_go)‘z (M"Mo) ,
one obtains from Eq. (15) the result
G(@)=[1+Go(2) C)Gole) - (A1)

By expanding the inverse, it is seen that this ex-
pression also holds within the harmonic impurity
subspace, defined by sites involved with nonzero
elements of C (z). We consider only longitudinal
and transverse force-constant changes 6k, =k, - k,q
and 0k, =%, - ko between the defect and each of its
six nearest neighbors. Therefore, our impurity
subspace is the same as the subspace defined ear-
lier by the assumed extent of the changed electron-
phonon interaction. It is simple to show that

C(2)&(Tyt)=0k, & (Tyt)

for A,, and E, modes while
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C(2) & (Tyt) =0k £ (Ty,t) .

Hence, when Eq. (Al) is expressed in the sym-
metry bases one has

EY:] (Alg):[l +5klgBO(Alg)]-1gBO (Alg) , (A2a)
S| (Ee) = [1 +0k1&p0 (Eg)]-lggo (Eg) , (A2Db)
Y (T?x):[l +5ktgao(T2g)]-lg50 (Tze) s (A2¢)

with the gz, (I';)’s being given as in Eqs. (20), but
in terms of unperturbed quantities. For instance,
we have

In’lgao(Au; w?)

=N L 6 [w? (k) - )] e (b [Kj)[?
kj

x(1 - eFRELD) 4o (b, x| Kj) e* (byy [Kj) ! FREDY
(A3)

The real parts of the unperturbed Green’s function
are Hilbert transforms of the imaginary parts

2
Reg o ([y;wd)=711P fow"' dx [Imggo (Ty ;%)) (¢ —w?)™?,

(A4)
where w,, is the maximum frequency in the unper-
turbed crystal. Knowledge of the real and imagi-
nary parts of the unperturbed Green’s functions
then enables one to compute the imaginary parts of
the perturbed Green’s functions. Thus, Imgy(T;,)
is given by

Img s (T p; w?)

Img o (T2¢; )
[1+06k, Regpo(Tap;w?) P+ [0k, Imgpo (Tpp ;0]
(A5)
Resonances occur when 1+ 0k, Reg g (T}, ; w?) van-
ishes for w within the range of unperturbed phonon
frequencies, whereas the vanishing of this quantity
for frequencies outside the unperturbed range cor-
responds with the appearance of a localized mode.
Whether or not a particular resonance gives rise
to a maximum in Eq. (A5) depends, of course, upon
the behavior of the imaginary part Img go (T, ; w?)
near the resonance frequency.
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Notice that the absolute, rather than the frac-
tional, change of force constant is involved in (A5).
Since in alkali halides the magnitudes of the unper-
turbed longitudinal and transverse overlap force
constants are typically in the ratio of 10:1, whereas
the Green’s functions g0 (I';) are of the same order
of magnitude for any T, it is seen that the A}, and
E, phonons are much more strongly perturbed by
a given fractional change in %, than are the T,
modes perturbed by the same fractional change in
k,. Because the changes in 2, and &, are each de-
rived from the same physical origin, namely, near-
est-neighbor overlap, the assumption of approxi-
mately equal fractional changes is reasonable and
we have accordingly considered the T, modes to
be unperturbed in the numerical calculations pre-
sented here,

Considerations similar to those for %, also hold
for possible overlap force-constant changes between
the defect and its second or third nearest neighbors.
Changes in these quantities are expected to be
small in view of the fact that the unperturbed values
of these force constants are, if not zero, typically
down from those for nearest neighbors by at least
an order of magnitude. Furthermore, the possi-
bility of significant relaxation-induced force-con-
stant perturbations between the first and fourth
nearest neighbors of the defect, which are nearest
neighbors along (100), seems to be excluded by the
fact that the ionic radius of T1* is but 5% larger
than that of K* and 5% smaller than that of Rb*, the
radii being®! 1. 33, 1.40, and 1. 484 for K*, TI*,
and Rb*, respectively.

Calculated perturbed E, spectra for a range of
weak force-constant perturbations are given in
Appendix B.

APPENDIX B: CALCULATED PERTURBED £; SPECTRA

Here we show in Figs. 8-13 the theoretical per-
turbed E, spectra from which the calculations of
Figs. 1-3 and Fig. 5 are taken. Greater force-
constant changes than +20% are not shown since
they significantly worsen the agreement with
experiment.
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