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Measurements of the second-order Raman spectra of CsCl, CsBr, and CsI have been made at both
300 and 80°K. From these the three independent spectral components, 4 ,,, E,, and T,,, have been
determined for all three crystals at both temperatures. A theoretical interpretation of these data has
been carried out using the phenomenological Born-Bradburn model to describe the Raman polarizability
tensor and the deformation-dipole model to provide the lattice-dynamical eigendata. We have found it
possible to obtain an excellent description of the observed spectra retaining 16 of the first- and
second-neighbor polarizability derivatives in the Born-Bradburn expressions for the elements of thel
polarizability tensor. We have also found that only three of these need be retained to obtain a good

semiquantitative fit to the observed spectra.

I. INTRODUCTION

Withthe advent of modernlaser Raman spectrom-
eters Raman scattering has become a standard
technique for studying elementary excitations in
solids. .

However, while much emphasis has been placed
on the study of first-order Raman scattering by
phonons, considerably less emphasis has been
placed on the study of the second-order spectra.
This is unfortunate since, in the case of centro-
symmetric structures such as the cesium-chloride
lattice, first-order scattering is forbidden and thus
studies of the second-order spectra are the only
means of probing the lattice dynamics of these
materials by inelastic light scattering unless one
activates the first-order spectra by the introduc-
tion of impurities. It is only recently that experi-
ments of this type have been carried out with the
emphasis being laid on obtaining information con-
cerning the dynamics of the host lattice.! Other
studies? of this type have been primarily concerned
with obtaining information about the defects them-
selves.

In this present paper we shall be reporting both
experimental and theoretical results on the second-
order spectra of CsCl, CsBr, and Csl. This work
represents the extension to the theoretical study of
the second-order Raman spectra of the cesium
halides techniques that have been developed and
refined over the past five or six years. 3"

The original formalism was developed by Born
and Bradburn® in 1947 when they introduced the
idea of expressing the crystal polarizability as a
power series in the nuclear displacements. This
is a valid approximation provided the frequency of
the exciting radiation is significantly less than that
of the lowest electronic transition frequency. The
predicted second-order Raman spectra are con-
tinuous since they involve the excitation of all pos-
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sible combinations of two phonons with equal and
opposite wave vectors. The intensity of any given
combination is weighted by a coefficient which is
expressible in terms of the second derivatives of
the crystal polarizability with respect to pairs of
nuclear displacements. This approach will be de-
scribed in detail in Sec. III of this paper.

Born and Bradburn were forced to make certain
simplifying assumptions, since they did not have
today’s computational facilities. Thus they assumed
that the coefficients had the same values for all
combinations as they had for those at the symmetry
point at the center of the (111) zone face. More
recently Cowley and co-workers®1° have used ex-
tensions of the shell model to estimate the polariz-
ability derivatives, the most exhaustive and recent
studies of this kind being the work of Pasternak et
al. 1

In the program mentioned earlier we have fol-
lowed the alternative route of using the general
Born-Bradburn approach, retaining these polariz-
ability derivatives as variable parameters and choos-
ing them to give us the best possible fit to the ex-
perimental results. This procedure is described in
detail in Sec. IV and in Sec. V we discuss the signif-
icance of our results. We also discuss the relation
of our present work to older calculations!®*~!* which
correlated the structure of the observed Raman
spectra with that of the two-phonon densities of
states and we shall see that the present more so-
phisticated approach is essential now that the ex-
perimental technique provides reliable information
about the polarization and intensity of the scattered
light.

II. EXPERIMENT

The Raman spectra of CsCl, CsBr, and CsI
were measured using a Coherent Radiation model-
52 argon-ion laser and a Spex model-1401 double
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TABLE I.
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List of scattering geometries employed, their associated Raman intensities, and

the appropriate group-theoretic designations of these intensities.

Group-
Propagation direction Polarization direction Raman theoretic

Crystal Incident scattered Incident scattered intensity classification
CsCl [110] [1'10] [001] [001] I A1) +1(E,)

[110] [i10] [T10] [110] I, $I1E,)

[110] [T10] [001] [110] I, I(Ty,)
CsBr [oo1] [T10] [110] [110] I IAy) +3 (Ep) +1(Ty,)

[001] [T10] [T10] [110] I HE,)

[001] [T10] [110] [001] I, I(Ty,)
CsI [110] [001] (10} (110] I I(Asp) +H(E,) +1(Ty,)

[110] [oo1]. [T10] [110] I, IE,)

[110] [001] [001] [T10] I, I(Ty,)

monochrometer in conjunction with photon-counting
electronics. All spectra to be presented here
were obtained using the 90° scattering geometries
listed in Table I. Only three geometries were used
for each crystal but, as will be seen later, these
are sufficient to determine the three independent
spectral intensities which are consistent with the
cubic symmetry of these crystals (4,,, E,, and
Tye). 5 The relationships between these and the
measured intensities are also shown in Table I.

The CsI and CsBr samples were originally ob-
tained from Harshaw Chemical Corp. and were
kindly supplied to us by Professor J. W. Weymouth.
The CsCl crystal used in this investigation was
purchased from the Crystal Growth Facility at the
University of Utah. Since the cesium halides do
not cleave, all samples were oriented using Laue
backscattering techniques. After final polishing
the orientations were checked and found to be with~
in + 3° of the desired orientations.

For Csl and CsCl, the 488-nm line of the argon
laser was used for excitation, together with a
narrow-band interference filter to eliminate plasma
tube fluorescence lines. The CsBr crystal ap-
parently contained unwanted impurities because,
when it was illuminated with 488-nm light, it
showed a broad and strong fluorescence back-
ground. This background increased steadily with
time until, after about an hour, it had reached a
level of 10* counts/sec for a 3-cm=! slit width.

This background was not present when the 514.5-um
laser line was used and consequently the CsBr spec-
tra were taken using this as the exciting radiation.

III. THEORY

The general theory of Raman scattering is to be
found in Born and Huang!®; however, in order to
specify the problem and for the sake of completeness
we shall outline the theory here.

For linearly polarized radiation the Raman scat-
tered intensity per unit solid angle due to transi-

tions from a vibrational state v to another vibra-
tional state »’ is given by!®

4
W, .

R(w0+ww,)=—gz 9 E n;,né(v'lP’g,, w
TC  &Brs

i=1,2
w,,..» 4
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In this formula w, is the angular frequency of the
incident light; w,, =(E,—- E,)/7%, where E,and E,,
are the energies of the vibrational states v and v/,
respectively; c is the velocity of light; Greek sub-
scripts refer to components along the cube axes;
nland n? are orthogonal unit vectors in a plane
perpendicular to the scattering direction; P, is
the electronic polarizability tensor; “E, and *E;
are the components of the electric vector of the
incident light.

When the levels v and v’ form a continuous spec-
trum, as is the case for second- and higher-order
Raman scattering, it is necessary to define R in
terms of continuous distribution functions 7,, g5(w)
as follows: :

4
R(wg+ Wy ) = _&3 Z n, nh Iav,Bﬁ(w) “E,'Ey ,
2mc aBY8
where R is now the intensity scattered per unit
frequency if

Iu?,BG(w): Z: (<2}IIP§7|1}><U|PBSIU'>)“

4
X,(l + E‘“Ll) 3w = (w, = wy)) 2)
Wo

and w=wy~ w,, with w, being the angular frequency
of the scattered light. The subscript av indicates
that we have taken the thermal average over the
initial states v.

The elements of the polarizability tensor can be
expanded as Taylor series in powers of the ionic
displacements (7, k). Thus



11 THEORETICAL AND EXPERIMENTAL STUDIES OF THE. ..

PaB=Po§g)+ Z POIB‘V(Z’ k)uv(l’ k)
lrY

+ % Z PaB‘rﬁ(ll,, kk’)uv(l) k)uﬁ(ll9 k'/ )
123454
76 (3)
where [ and I’ are cell indices (which run from 0
to N—1), while %2 and %’ index the two sublattices.
The first term on the right-hand side of Eq. (3)
gives Rayleigh scattering and the second term gives
first-order Raman scattering. For the cesium-
chloride structure this term is zero. However, the
third term is finite and gives rise to two-phonon
(second-order) Raman scattering.
We now express the ionic displacements in terms
of plane-wave phonon normal coordinates and thus
obtain

PG-1 Z Pos(i' 18, @) GD QU'1E) @)

where 4 and ' are the phonon wave vectors, j and
j' are the branch indices, and P, (4’ 1d,q’) is given
by

aB(]] |q’ q )— Z PaB’Y&(l kk ) Or(ké]q)oﬁ(;el,/'g q

‘)'6

T
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In Eq. (5) the ¢’s are the e1genvectors of the
Fourier-transformed dynamical matrix, m, is the
mass of the kth type of ion, a(l, k) is the position
vector of the ion (7, £) in the undistorted lattice
and /=7-1'. This result can be simplified by using
the following two requirements:

(a) The crystal must be invariant under an infini-
tesimal translation. This implies that

Paanoll, k) == 2 Pugyoll', k') .
(Iﬂkk)

(o) Since the change in the wave vector of the
light during the scattering process is effectively
zero, the net crystal momentum of the final-state
phonons must also be zero; thus g=-q’.

By using these two results we obtain the following
relation:

o,(k1jq) o4(klj’ = Q)
my,

aB(]] |q; —q) ZP&B?’G(Z kR )(

YG

Gy(kiyq) ag(k' 15" = q)
(mk mk')llz

iq-‘a(i, ke ))
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If we now combine Eqs. (2) and (4) we obtain

ﬁz e - ->, .o - -
Iozr,B&(w) =ﬁ _,IZ; Pm'(]]’|q, - q) PBG(]]l‘qs - q)
s

% (wot wj(qz’: w;e (= CI)> 5w w,(ﬁ)i W, -3)
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“‘—'——“—1 q 1.1 - 1,1
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where n(wj(q)) is the Bose-Einstein occupation num-
ber for an oscillator of angular frequency wj(q)

The plus (minus) signs corresponds to phonon
creation (destruction). We shall consider only the
Stokes spectra which are obtained by taking either
(++) or (+=-) subject to the condition that w,(q)

> w;' (‘ Fl)-

In order to specify the second-order Raman
spectra of a cubic crystal completely one only
needs to calculate I,,,,, I..,, and I, .

The polarizability tensor referred to the cube
axes has the form

x xy %z
PaB(jj’la’_a): Pyx Pw Pvz ’
P, sz P,

and the corresponding intensity matrix is given by
I ‘Iz I
Toprs=\ Lo I I )
I, I, I,
where

L=l=ly=1,,..=5(PL+ PL+ P2),

X yyyy
L s ®)
L=l =I..=1,,.=5(P%+P%+P2).

The actual scattering geometries employed in the
present work are shown in Table I. Thus we need
the two additional intensities I3 and I, defined as
follows:

13 =2 ( xxxx T xxyy + leyxy) ’
9
4_ 2( XXXX Ixxyy) ) ( )
where
[rxw=%(Pxx P+ Py P, +P,P,) .

These results are obtained by expressing the scat-
tering intensities for the various 90° geometries
actually employed in terms of those referred to the
(100) cube axes.

In group-theoretical notation the intensities I,
I,, I3, and I, are related to those associated with
the three irreducible representations of the sym-
metric polarizability tensor (4,,, E,, and Ty,) as
follows [different authors use different numerical
prefactors in their definitions of I(E,)]:

I3:[(Alg)+%I(Eg)+I(TZg) s
L,=I(Ty,) ,

I =I(E,)+I(Ay,) ,
I4=%I(Eg) .

(10)
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TABLE II. Symmetry operations.
(a). nn bonds
Class of symmetry operation E Cs oy [ors O3
Class order (g) 1 2 1 1 1
Angle (9) of rotation 0° or 360° 120° or 240° 0° 0° 0°
Sign + + - - -
Character of symmetry 54 0 2 2 2
operation R, ¥x(R)
hyPg(Ai) P (R) 54 0 2 2 2
(). nnn (++) or (——) bonds
Class of symmetry operation E C, 2C, 20y 20p
Class order (hg) 1 1 2 2 2
Angle (6) of rotation 0° or 360° 180° 90° 0° 0°
Sign + + + - -
Character of symmetry
operation R, ¥ (R) 54 2 0 2 2
hgdxWig) P (R) 54 2 0 4 4

Thus the problem of calculating the Raman in-
tensities reduces to that of calculating P,, and P.g.
This requires a complete knowledge of the polariz-
ability coefficients P,g,s(, #k'). These coefficients
form the elements of a fourth rank tensor.

However, since this tensor is symmetric in «
and 8 the number of independent elements is re-
duced to 54. We will retain only those coefficients
which involve nearest-neighbor (nn) and next-
nearest-neighbor (nnn) bonds. The number of inde-
pendent coefficients can be further reduced by the
use of point-group symmetry operations. The ap-
propriate operations for nn and nnn bonds are
shown in Tables II(a) and II(b), respectively. The
number of distinct elements is given by the number
of times, m(A4,,), the one-dimensional totally sym-
metric irreducible representation occurs in the
reducible representation formed from the polariz-
ability coefficients. This is given by’

i) =3 2 bl bo(R) (11)
where 7 is the order of the Kth class, g is the
order of the group; the character ,(R) can be
evaluated using the result that

¥x(R)= (4 cos?0 £ 2 cosh)(4 cos9+4cosh+1),
(12)
where 6 is the angle of rotation associated with
the symmetry operation (R). The plus or minus
signs are used according to whether R is a pure
rotation or a rotation-reflection.
From the Tables II(a) and II(b) it can be seen

that there must be ten polarizability coefficients
for a nn bond, eight for nnn (++) bond, and eight
for a nnn (- -) bond. Thus one has, in general,

26 polarizability coefficients for crystals having
the cesium-chloride structure. It is interesting

to note that, as a result of the different point-group
symmetry of the sodium-chloride structure, there
are eight coefficients for the nn bonds and 15 each
for nnn (++) bonds and nnn (- -) bonds for this
structure.

Since we are now left with a total of 26 coeffi-
cients we have endeavored to reduce this number
by physical arguments. Thus we have set equal to
zero those coefficients for which neither y nor 6
corresponds to the axis of the bond. This implies
that the polarizability is only significantly affected
when there is a direct change in bond length. This
reduces the total number of parameters to 16 but
leaves the number of nn parameters unchanged.

IV. CALCULATION AND RESULTS

In order to carry out calculations using the
formalism we have described we need phonon fre-
quencies and eigenvectors. These were computed
using a deformation dipole model for which the
short-range forces are restricted to act only be-
tween nearest-neighbor unlike ions.!® We use a
sample of 64 000 evenly spaced q vectors within
the first Brillouin zone. Thus we generate histograms
for the various spectra. Ahistogram step size of 2
cm™! was used; this is comparable with the experi-
mental resolution (3-4 cm™!).
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INTENSITY (arbitrary units)

0 40 80 120 160 200 240 280 320
STOKES SHIFT (cm™)

FIG. 1. Computed two-phonon densities of states for
CsCl together with the measured I; spectra. Since the
latter have no T,, component, the theoretical spectra
show structure which is absent from the measured I
spectra. The smooth curves are the experimental spec-
tra, while the histograms represent the theoretical spec-
tra.

Initially we assume that the polarizabilities
P,s(ji'1d, - Q) in Eq. (7) are constant. The two-
phonon densities of states thus computed are shown
in Figs. 1-3 for CsCl, CsBr, and Csl. On these
figures we also show the measured I; or I; spectra.

INTENSITY (arbitrary units)

| 1 | 1 1

1 1 1 1
120 160 200
. STOKES SHIFT (cm™')

FIG. 2. Computed two-phonon densities of states to-
gether with the measured I3 spectra for CsBr. The
smooth curves are the experimental spectra, while the
histograms represent the theoretical spectra. The peaks
marked by the arrows are due to defect-activated first-
order scattering (see text).

INTENSITY (arbitrary units)

1 1 1

0 30 80 120 180
STOKES SHIFT (cm™')

FIG. 3. Computed two-phonon densities of states to-
gether with the measured I spectra for CsI. The smooth
curves are the experimental spectra, while the histo-
grams represent the theoretical spectra.

It is apparent that this oversimplified approach re-
produces the most distinct peaks in the observed
spectra in a qualitative fashion but quantitative
agreement is poor.

It is thus necessary to refine the theory and ex-
press Pus(jj’|q, — q) in terms of the nn and nnn
polarizability coefficients.

In Table III we list the coefficients which have
been retained in our calculations and indicate the
spectral components to which they contribute. The
numerical values are those which give the best
agreement between theory and experiment and
were determined by a least-squares fit supplemented
by specific modifications designed to improve the
quality of fit in specific spectral regions.

As can be seen from the figures the fits that we
obtain to the observed spectra are excellent. How-
ever, the parameters so determined have no clear
physical significance and are probably not unique.
Thus we need to proceed further in order to obtain
a more meaningful understanding of our results.
As a first stage, in order togive some physical
significance to the numerical values, we have ex-
amined the contributions to the various spectra of
each individual coefficient. In this way we have
found it possible to divide the coefficients into
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TABLE III.
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Values of the polarizability coefficients normalized so that A=1,

Coefficients A through My are determined by the A;, spectra, the remainder by the

Ty, spectrum.

Polarizability coefficient

P, kR ") Bonds CsCl CsBr CsI
A=Pors Py Prone + - 1.00+0,065  1.00+0.143  1.00+0,045
D =Pruyys Pruees Peayyy + - —0.09+0,015 —0,14+0.067  0.02+0.005

Pyyxx’ Pyyus Pzzxx )
B =Putrys Prxees Preeys + - -0.52 0.07 0.44
Pyyyes Pyyyes Preex ) ' )
C=Pyyres Proyes Pyyuy, + - —0.84 -0.01 -0.07
P}Wl}” Px!”’ Plﬁl ’ ’ ’
E=Prve Puxey Poeyes + = -0.11 0. 04 -0.36
Pyyxn PWR’ any ) ’ )
Pi=P,,. ++ —-2.57 1.97 —4.38
Py=Pyes Prasx ++ —-1.62 0.24 —~1.37
M,=P,,, - —0.69 -1.18 0.34
Ms=Py, Pro - 0.33 ~1.94 —-1.42
C=Pryey: Puvces Paveys +— 0.61£0.140 —0.85+0.035  0.45+0.015
PW!D? 'Pyty:’ P:xtx
F=Pyyss Prorxs Pryees + - 0.51 -0.14 -0.12
P nyv’P ylw’P y-774 ) ) )
H-:nyxv chcy’ Ply‘x’ + - 0 58 0 29 0 14
PWNI’PY'W; Pﬂly ’ ’ ’
K =Prrgns P pyees Pyney: + = ~0.45 0.14 0.07
nytx’ Pytxy’ szyz
L=Pryrer Prryys Poyurs + - ~0.55 -0.70 —-0.29
PW‘Z’P)'M’ Ptxyy
Pg=Ppries Prgwy ++ ~0.08 —-0.31 —0.56
Mg=P prras Prony . —~0.65 -1.66 ~1.44

three classes:

(i) coefficients which affect one or more spectra
strongly and which are thus well defined.

(ii) coefficients which produce smaller but sig-
nificant effects, which therefore cannot be set
equal to zero although, quite often, they can be
varied over a considerable range without producing
very significant changes in the computed spectra.

(iii) coefficients which can, to a good approxima-
tion, be set equal to zero but which are retained
in the last refinements of our calculations since
they give small detailed improvements in the agree
ment between theory and experiment. Since their
effects are small, their numerical values are even
less well defined than those of parameters in
class (ii).

CsCl. In Fig. 4 we show the computed and mea-
sured A,,, E,, and T,, spectra for this crystal
at 300 °K while in Fig. 5 we show the correspond-
ing data for 80 °K. The A,, spectra cannot be
measured directly but have been calculated from
I, and I, using Eqs. (10).

The parameters A, D, and G are in class (i) and
are well defined. The parameters P;, P;, M,,
M;s and F, H, K, and L are in class (ii). The pa-
rameters B, C, E and Py, M, are in class (iii).

INTENSITY (arbitrary units)

N 1 1 1 1 1 1
0 40 80 120 160 200 240 280 320
STOKES SHIFT (cm™)

FIG. 4. Experimental and theoretical E,, A;,, and
Ty, spectra for CsCl at 300°K. The Ay, and E, intensities
are plotted in the same arbitrary units but the vertical
scale on the T,, spectrum has been multiplied by 2 for the
sake of clarity. The smooth curves are the experimen-
tal spectra, the full histograms are the 16-parameter
theoretical spectra, while the broken histograms are the
corresponding three-parameter theoretical spectra.
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Specifically P, and P; are required in order to
reproduce the observed structure in the A4;, and
E, spectra between 60 and 65 cm-!, while M, and
M; are required to fit similar structure between
180 and 190 cm™! in the same two spectra.

B, C, and E could be neglected were it not for
their effect on the A,, spectrum between 180 and
190 cm™!, where their inclusion improves the fit
over that provided by including only M; and M, .

G is well defined by the T,, spectrum, while F,
H, K, and L have to be retained to reproduce some
of the more significant subsidiary structure in this
spectrum. Pgand Mg are retained but their values
are very ill defined.

CsBr. Figures 6 and 7 show the computed and
measured Ay, E,, and T,, spectra for this crys-
tal appropriate to 300 °K and 80 °K, respectively.
In this case the A;, spectrum has been derived
from I3, I,, and [,.

The parameters A, D, and G are well defined and
are thus in class (i). The parameters P;, P;,

M,, M;and Py, Mg are in class (ii), while the
parameters B, C, E and F, H, K, and L belong to
class (iii).

P; and P; must be retained in order to reproduce
the structure observed in E, and 4,, spectra be-
tween 100 and 115 cm-!, while M, and M; are re-
quired to fit structure between 170 and 175 cm™,

INTENSITY (arbitrary units)

120 160 200 240 280 320
STOKES SHIFT (cm™)

FIG. 5. Experimental and theoretical E,, Ay,, and
Ty spectra for CsCl at 80°K. The A;, and E, intensities
are plotted in the same arbitrary units but the vertical
scale on the Ty, spectrum has been multiplied by 2 for
the sake of clarity, The smooth curves are the experi-
mental spectra, the full histograms are the 16-parame-
ter theoretical spectra, while the broken histograms are
the corresponding three-parameter theoretical spectra.
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INTENSITY (arbitrary units)

1 1 1 - 1
120 160 200
STOKES SHIFT (cm™')
FIG. 6. Experimental and theoretical E,, Ay, and
T,, spectra for CsBr at 300°K. Intensities are given in
the same arbitrary units for all three spectra. The
smooth curves are the experimental spectra; the full
histograms are the 16-parameter theoretical spectra,
while the broken histograms are the corresponding three-
parameter theoretical spectra. The peak marked by the
arrow is due to defect-activated first-order scattering
(see text).

B, C, and E could be neglected; they are retained
to refine the ultimate fit but their values are very
poorly defined.

G is well defined by the T,, spectrum, while Py
and Mg have to be retained in order to reproduce
some of the more significant features of the ob-
served spectrum. F, H, K, and L have been re-
tained in the last refinements.

It will be observed that the measured spectra
show sharp strong peaks at 55 cm™! (300 °K) and
59 cm™! (80 °K) which are not reproduced by the
theory nor are they present in the two-phonon densi-
ties of states (Fig. 2). However, earlier calcula-
tions of the one-phonon densities of states!® do show
strong peaks at these frequencies. This led us to
suspect that these peaks are defect-activated single-
phonon scattering. To check this we computed
temperature-weighted one-phonon densities of
states and we indeed found that the ratio of the
peak intensities, so calculated, agreed with the
ratio of the experimental intensities. This result
confirms our hypothesis and is consistent with the

. presence of the fluorescence described in Sec. II

which is certainly due to some unknown impurity
(or impurities) being present in significant quanti-
ties.
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INTENSITY (arbitrary units)

Il i Il

0O 40 80
STOKES SHIFT (cm™)

1 1 1 1 |
120 160 200 240

FIG. 7. Experimental and theoretical E,, Aq,, and
Ty, spectra for CsBr at 80 °K. Intensities are given in
the same arbitrary units for all three spectra. The
smooth curves are the experimental spectra; the full
histograms are the 16-parameter theoretical spectra,
while the broken histograms are the corresponding
three-parameter theoretical spectra. The peaks marked
by the arrows are due to defect-activated first-order
scattering (see text).

The disagreement between theory and experiment
at low frequencies is almost certainly due to our
inability to subtract from the observed signal that
component due to a high and unknown background
whose origin is Rayleigh scattering and possibly
fluorescence.

CsI. Finally, in Figs. 8 and 9 we show the
computed and measured 300 °K and 80 °K A4,,, E,,
and T,, spectra for this crystal. Again the 4,,
spectrum has been derived from I3, I,, and I,.

As was the case for CsBr the parameters A, D,
and G are in class (i); the parameters P;, P;,

M,, M and Py, Mg are in the class (ii), while the
parameters B, C, E and F, H, K, and L are in
class (iii).

We require Py, P;, M, and M; in order to re-
produce the main features of the observed E, and
A,, spectra between 90 and 100 cm™, while M, and
M; perform a similar function for the structure
between 115 and 120 cm™. B, C, and E could be
set equal to zero but are retained to refine the
agreement between theory and experiment between
90 and 100 cm™,

G is again well defined by the T3, spectrum, while
Py and My are retained in order to reproduce some

AGRAWAL, R. D. KIRBY, AND J. R. HARDY 11

of the more important subsidiary structure in the
spectrum. F, H, K, and L are once more used
for final refinements.

Once again we have trouble fitting the low-fre-
quency ends of the spectra but this is almost cer-
tainly due to the background Rayleigh scattering
which we are unable to subtract out. In the case of
both the bromide and the iodide this belief is sup-
ported by the excellent agreement between theory
and experiment over the remainder of the spectra;
one would expect a theory that closely reproduces
the summation bands to give a reliable prediction
of the intensities of the difference bands.

If one makes a comparison between the quality
of the agreement which we obtain between theory
and experiment for our results with that obtained
by Pasternak et al.! then, as is to be expected,
we do much better because we are using 16 param-
eters where they are using only two. It is thus
fair to ask if we can do as well with a comparable
number of parameters. Thus we have proceeded
in two stages: First we have set equal to zero all

INTENSITY (arbitrary units)

1 1 1 4 {
0 40 80 120 160
STOKES SHIFT (cm™')
FIG. 8. Experimental and theoretical E,, A;,, and
Ty spectra for CsI at 300°K. Intensities are given in
the same arbitrary units for all three spectra. The
smooth curves are the experimental spectra: the full
histograms are the 16-parameter theoretical spectra,
while the broken histograms are the corresponding three-
parameter theoretical spectra.
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INTENSITY (arbitrary units)
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STOKES SHIFT (cm™')

FIG. 9. Experimental and theoretical E,, Ay,, and
Ty, spectra for CsI at 80 °K. Intensities are given in the
same arbitrary units for all three spectra. The smooth
curves are the experimental spectra; the full histograms
are the 16-parameter theoretical spectra, while the
broken histograms are the corresponding three-parameter
theoretical spectra.

parameters in class (iii) and finally we have re-
tained only the three parameters A, D, and G
which are in class ().

The result of taking the first step, which leaves
nine parameters, is to produce theoretical spectra
which are almost indistinguishable from those
produced by the 16-parameter model and are thus
not shown separately. The one exception to this
rule is the T,, spectrum of CsCl, where the agree-
ment is significantly worse and comparable with
that provided by the second and final modification.

In Figs. 4 -9 we show the spectra predicted by
the three-parameter model. For all three crys-
tals we still have good agreement between the ex-
perimental and theoretical E, spectra. For the 4,
and T,, spectra the agreement is less good, partic-
ularly for the T,, spectrum of CsCl. Even so, the
agreement provided by this simple model is in all
cases at least as good as that obtained by Pasternak
et al.'! This statement remains true if one goes
a stage further and sets D equal to zero, since it
is always by far the smallest of the three parame-
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ters. Since this is the case we conclude that the
dominant influence on the Raman spectra is that of
the lattice dynamical model because, in the two-
parameter limit, the shapes of all the spectra are
determined entirely by the predicted eigendata.

In an effort to give a physical interpretation of the
relative magnitudes of the polarizability deriva-
tives we proceeded one stage further and made the
assumption that the ionic polarizabilities were af-
fected only by changes in the bond lengths. When
this assumption was used for the nearest-neighbor
bonds it transpired that the nearest-neighbor con-
tributions to the E, spectra were identically zero.
This is a consequence of the symmetry of the CsCl
structure. Moreover, it was impossible to repro-
duce the observed E, spectra using second-neighbor
polarizability derivatives alone. The predicted
peaks occur in the wrong positions and examina-
tion of the algebraic expression for the E, intensi-
ty reveals that this is due to the manner in which
zone-boundary combinations are suppressed in
the second-neighbor contribution to the E, spec-.
trum.

Since the analysis of Pasternak et af. ! uses an
assumption closely analogous to that we have just
discussed, it would appear that an analysis of the
cesium-halide spectra using their approach is un-
likely to succeed. It is true that their arguments
lead them to the conclusion that the parameter
A(P,,,,) dominates the first-neighbor contribution
to the scattering for NaCl structures, but this is
only true because the first-neighbor bonds lie along
(100 ) directions; this is no longer true for the CsCl
structure, and consequently the rationale outlined
above breaks down. Thus it would appear that the
dominance of A indicates that the dependence of
the crystal polarizabilities on ionic displacements
is very anisotropic, suggesting that the dominant
effect is coupling of the displacements to an elec-
tronic distortion having ellipsoidal symmetry.

V. CONCLUSION

By employing the Born-Bradburn model we have
been able to obtain excellent fits to the measured
second-order Raman spectra of all three CsCl
structure cesium halides. We have retained the
16 polarizability coefficients allowed by our bond-
extension approximation and we have studied their
relative significance as described in Sec. IV. In
this final section some general remarks about them
are in order.

The fact that these parameters are more than
adequate to fit the observed spectra implies that
the Born-Bradburn model provides a meaningful
interpretation of the observed spectra. Moreover
we have shown that it is possible to obtain fair to
good agreement between theory and experiment
using very simple two- or three-parameter models.
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This last result points the way to further work,
which should be aimed at the study of the relative
magnitudes of the parameters by quantum-mechan-
ical calculations.

The fact that our calculations involve both eigen-
frequencies and eigenvectors is some indication
that our lattice dynamical model predicts both with
reasonable accuracy. This is important in view
of recent work?® which shows that one can con-
struct force-constant models which give identical
eigenfrequencies by very different eigenvectors.

It will be observed by inspection of Table III
that sometimes the second-neighbor parameters are
considerably larger than the nearest-neighbor pa-
rameters for the same crystal. In spite of this the
former are generally classified as being subject to
marked uncertainty. This appears to be a conse-
quence of the structure of CsCl. It transpires that
in the process of Fourier transformation these co-
efficients are multiplied by numbers which are at

least an order of magnitude smaller than those which
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multiply the first-neighbor coefficients. Conse-
quently, in order to reproduce significant spectral
peaks which are not predicted by the first-neighbor
coefficients alone, one has to use large second-
neighbor coefficients and their values are ill de-
fined by our minimization program.

An additional reason for individual parameters
being ill defined is that the computed spectra are
only sensitive to combinations of two or more of
them. For example, a particular A4,, spectrum de-
fines the sum B+ C+ E with fair precision, while
the E, spectrum depends on B, C, and E separately.
Unfortunately this dependence is not very strong and
consequently the individual coefficients are ill de-
fined.
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