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The compounds in the family Mg,X (X=Si, Ge, Sn, Ph) crystallize in the antifluorite struc-

ture and constitute small-gap semiconductors.

We use Raman scattering techniques to

investigate the surface light scattering of these materials. The frequencies of their long-
wavelength optical phonons at 300 and 77 °K are established. From these values we were able
to determine the effective force constants of the modes and compare them with values found

in the literature.

Second-order scattering has also been examined. The most striking fea-

ture of these materials, in connection with the present work, is the resonant scattering that
they all exhibit for excitation frequencies between 2.40 and 2.71 eV. The resonance is attrib-

uted to interband electronic transitions.

Good agreement is found between the present experi-

mental results and an existing theoretical model on resonant Raman scattering.

I. INTRODUCTION

The four materials of the family Mg, X (X = Si,

Ge, Sn, Pb)! constitute small-bandgap semicon-
ductors with indirect gaps of 0.6,20.6,%% 0. 3, *
and 0.1 eV, ° respectively. There is still some
ambiguity about Mg,Pb as to whether it is semi-
conductor or semimetal.® From the structural
point of view, these materials crystallize according
to the O, crystal class with three independent in-
terpenetrating fcc Bravais sublattices located at

0, i, and 3 of the body diagonal 111 of the unit cell.
This, known as the antifluorite (CaF,) structure, is
shown schematically in Fig. 1.

With three atoms per unit cell, group theory al-
lows six optical branches in the vibrational disper-
sion curves, which degenerate into two triply degen-
erate points at the center of the Brillouin zone. The
symmetries of these two points are described by
the F,, and F,, irreducible representations of the
0, point group and correspond to the § ~0 Raman-
active and infrared-active phonons, respectively.
Because of the complementary principle, the Fp,
and F,, modes are infrared-inactive and Raman-
inactive, respectively, in first order. The relative
atomic motion for the two phonons is shown in Fig.
1. Furthermore, because of the macroscopic elec-
tric field associated with the F,, mode, there is a
TO-LO splitting at q ~0 for this phonon, with the
corresponding frequencies wy, w; related through
the well-known Lyddane-Sachs-Teller (LST) relation
(wr/wg)? = €y/€., where ¢, and ¢, are the low- and
the high-frequency dielectric constants for the ma-
terial, respectively. The frequencies w; and wy
can in principle be determined through infrared
(IR) measurements, and have indeed been estab-
lished for some of these materials, with varying
accuracy depending on material and experimental
and analytical procedure.”"® These frequencies

(wz, wg) cannot be established through Raman scat-
tering experiments, unless the parity restrictions,
which forbid Raman scattering by the F,, mode,
are somehow relaxed. Intense Raman scattering
by the normally Raman-inactive q~0 LO phonons
of all four materials may, and indeed, has been
observed close to resonance, in first and second
order.® Neutron scattering and independent theo-
retical calculations also represent sources of in-
formation on the values of these frequencies, as
will be discussed later.

We have investigated the Raman spectra of these
materials at room and liquid-nitrogen temperature,
and established the frequencies of their Raman-
active  ~0 optical phonons. From these values
we were able to determine the effective force con-
stants of the modes and compare them with values
found in the literature. Second-order scattering
has also been examined. Furthermore, detailed
results on the observed resonance-enhanced scat-
tering intensity for the F, -type phonons of the four
materials are presented. The observed resonance
pattern seems to agree with the results of a model
proposed by other workers.

II. EXPERIMENTAL

The measurements were taken with a Spex 1401
double monochromator, and an I. T. T. FW130
photomultiplier operating in the photocounting mode.
Argon-ion laser lines between 2. 40 and 2, 71 eV
were used at low powers to avoid excessive heating
of the samples. The power of the incident beam
was measured within 5% at the position of the sam-
ple, with the sample removed. An oblique inci-
dence geometry was used with the incident and
scattered beams at right angles. Such a configura-
tion is essentially equivalent to backward scattering
from the surface of the samples, as the indices of
refraction at these energies are typically larger
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FIG. 1. Schematic presentation of the relative posi-

tion and atomic displacement of the two q= 0 optical
phonons in Mg,X type of materials.

than five. '® The incident beam was polarized par-

allel or perpendicular to the plane of incidence.

The scattered light was left unpolarized. The sam-
ples used were unoriented. Cleavage surfaces
corresponding to (111) planes were used for the
scattering. Since these materials are particularly
sensitive to moisture, the samples were kept inside
an evacuated Dewar while the scattering measure-
ments were taken. Because of the simplicity of the
first-order spectrum, it was not considered neces-
sary to make complete use of the polarization selec-
tion rules as a symmetry identification probe. Such
a procedure would require oriented samples and
specific polarization for the two beams, depending
on their directions. Special care was taken to re-
produce the same physical conditions for the scat-
tering measurements of the four materials. This
procedure allowed an approximate comparison to

be made of the relative scattering intensities.

III. FIRST-ORDER RAMAN SCATTERING

The Fy, d= 0 optical phonon frequencies wy at
300 °K are presently established as 258.5, 255,
221, and 214 cm™, within 0.5 cm™. The relation 2w,
=wy - wg was used, where wgs, w, are the observed
absolute frequencies for the Stokes and anti-Stokes
lines, respectively.'' The observed full widths at
half-intensity are 6.0+0.5 cm™ for X=S8i, Ge, Sn
and 9.5+ 1 cm™ for X=Pb, with an instrumental
slit width of 1.8 cm™'. These values apply to both
the Stokes and anti-Stokes components. Prelimi-
nary temperature measurements on Mg,Si gave the
following results. At 77 °K the frequency increased
by 3.5 cm™ and the linewidth decreased by 1.5
cm™, At 420°K the frequency decreased by 4.5
cm™ and the linewidth increased by 2.5 cm™, For
comparison we note that Si at 420 °K shows a de-
crease of frequency by 2.20 cm™ and increase of
the linewidth by 1. 15 cm™. * The corresponding
values for diamond and Ge are 1.7 and 0. 2 cm™,
and 2.4 and 0.6 cm™, respectively.'® It appears
from these figures that Mg,Si and most likely the
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other materials are more anharmonic than the dia-
mond-type covalent crystals. The values of w; at
77°K are established as 262, 260, 224, and 217
cm™, within the same accuracy.

Independently of this work, two other groups of
workers have reached similar values for w,.
Buchenauer and Cardona report w;=258.3, 254.5,
and 222.1 cm™ for X=S8i, Ge, Sn, respectively, at
297 °K, together with a detailed investigation of the
temperature dependence of the frequency and line-
width of the mode below room temperature, using
a 4880-A 500-mW argon laser line.* Laughman
and Davis also report w,;=258, 220 cm™ for X=Si,
Sn, respectively, at room temperature, using a
4880-A 600-mW argon laser line.'

It has been suggested by Buchenauer and Car-
dona'* that throughout the sequence X=Si, Ge, Sn,
Pb, the frequency w, should go as ag®*, a,being
the lattice constant. On the basis of this assump-
tion, the values a,=6.338, 6.339, 6.762 A for X
=Si, Ge, Sn, respectively, '* and the present value
(214 cm™) of w, for X=Pb, we obtain the (average)
value of 6.860 A for the lattice constant ag of
Mg,Pb, at room temperature. This is in very good
agreement with the value of 6. 813 A obtained from
the literature, '**

IV. LATTICE DYNAMICS

Based on a model proposed by Ganesan and Srini-
vasan regarding expressions for the elements of
the lattice vibration secular determinant of the
fluorite structure, '® Chung et al.'” have reached
the following expression for w;:

w§=(4/M)K=(4/M)(011+ as+233) s (1)

where M is the mass of the Mg atom, K is the ef-
fective force constant of the F,, mode, and a, and
(a3, B3) are force constants associated with the
pairs Mg-X and Mg-Mg, respectively. These con-
stants are related to the elastic constants C,;, Cy,,
C,, of the material as follows'®'!":

@gCy=2(a; + 2B+ 03 +3.256 €2/ V) ,
@y C1a=2(28, = 2 — @y — @y ~ By — B3 — 5. 395¢2/V) ,
(2)

2
aoc44=2<0!1+0!z+,32+ﬁa-1. 527 e—;—

_ (=B,+5.038¢3/V)?
ay+ag+20 ’

where the subscripts 1, 2, 3, on the force constants
a, B, v indicate Mg-X, X-X, and Mg-Mg neighbors,
respectively. a, is the lattice constant, e, is the
charge of the Mg atom and V= a}/4 is the volume

of the primitive cell. Furthermore, the frequencies
wr, wy of the F,, mode are given by’
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wh=(2/m+1/M)(4a, - 1ed/V),

wi=2/m+1/M)4a,+ £ 1el/V),
where m is the mass of the X atom. Thus, knowl-
edge of wy and w; from IR measurements and the
LST relation can provide information on the values
of @, and e, from Eq. (3).

Chung et al. followed the above procedure in the
case of X=Si'® and X=Ge!" with the assumption
that the short-range second-nearest-neighbor inter-
actions are nonzero and central. It then follows
that ap=B83=0 and B,= —y,. With this assumption
and the values of a,, e, obtained from Eq. (3), one
can derive numerical values for the remaining con-
stants B,, Bs, a3 from Eq. (2), provided the elastic
constants are known. A value for w; can then be
reached from Eq. (1).

In the case of X =Si Whitten et al. '® obtained w,
=258 cm™!, using their experimental values for the
elastic constants at 300 °K, which is in excellent
agreement with the present results.

For X=Ge, Chung et al.'” obtained w;= 262 cm™
using their experimental values for the elastic con-
stants at 150°K. This value (262 cm™!) compares
favorably with our value of w,;=260 cm™ at 77°K
within less than 1% difference. A second model
considered by Chung et al.'" based on the assump-
tion that the short-range forces between Mg atoms
are zero led to w,;=170 cm™, which is by far less
than the present value.

We conclude from the above two cases that the
proposed point-charge model and the subsequent
approximations'®~!® are fairly correct, at least in
the limit of =0 and for X=Si, Ge. Later we shall
see that these results for q#0 can also provide a
reasonable interpretation for the present second-
order spectra.

Davis ef al.'® proceeded to apply the previous
point-charge model to Mg,Sn assuming the Sn atoms
to be independently (a) nonpolarizable (rigid model)
and (b) polarizable (shell model). The values ob-
tained for w, were 211 and 206 cm™, respectively.
Since the over-all fitting of their optical dispersion
curves to those recently obtained from neutron
scattering by Kearney et al.?® was rather poor, the
latter group of workers attempted an improvement
to the models of Davis et al. by considering a
rigid-ion model, as well as nine (only Sn polariz-
able) and ten (both Sn and Mg polarizable) param-
eter versions of the shell model. A least-squares
fit to the neutron scattering data with the the ten-
parameter shell model gave the best over-all agree-
ment. All three models gave the value of 222 cm™
for w; in agreement with the neutron and Raman
scattering data.

As far as Mg,Pb is concerned, we are not aware
of any theoretical or experimental source of infor-
mation on its lattice dynamical properties, force

(3)
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FIG. 2. Extended spectra of Mg,Si, Mg,Ge, and Mg,Sn
at 300 °K, using the 4880-4 excitation frequency at vary-
ing powers as indicated. When no interference filter is
used, a weak laser line appears to overlap with the Stokes
component of Mg,Sn at ~ 225 cm™1,

constants, elastic constants, etc. Thus comparison
of the presently established value w,;=214 cm™ at
300 °K is not as yet possible.

V. SECOND-ORDER RAMAN SPECTRA

In Fig. 2 the complete spectra for X=Si, Ge, Sn
are shown taken at 300 °K with the 4880-A argon
laser line, instrumental slit width 4.7 cm™, scan-
ning speed 10 cm™/min, and 10-sec time constant.
Basically similar spectra appear in Ref. 14 without
any assignments for the indicated structure. In
spite of the use of a narrow-band interference fil-
ter, there is still some leakage of the 4965- and
5020-A laser lines which are responsible for the
two peaks at ~360 and 561 cm“, respectively.

Interestingly, in Mg,Si the q ~0 LO phonon fre-
quency w; overlaps with the 4965-A laser line, thus
prohibiting the direct observation of the LO band
at ~ 348 cm™ as established through Raman reso-
nance measurements.? Its overtone 2L01(I") at
~696 cm™ is clearly exhibited, broad and prominent
on the top of an even broader second-order struc-
ture.?® Furthermore, the weak peak at 560 cm™!
may correspond to the overtone scattering 2LA(X)
according to the dispersion curves of Ref. 18 (in
addition to the 5020-A line leak). The broad band
at ~430 cm™ and the three weaker ones at ~ 500,
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595, and 670 cm™ are attributed to the overtone
scattering 2TO,(L), and 2LO,(L), 2TO,(X), and
2L0,(Z), respectively, based on the same refer-
ence. The above assignment involving overtones
(without excluding combinations) is only a tentative
one, inasmuch as there is so far no experimental
confirmation of the complete dispersion curves of
Ref. 18. No overtone 2TO,(I') = 2LO,(T') at ~ 517
cm™ was observed. Instead, a strong line at 521
cm™ appeared irregularly, depending on where on
the sample surface was the laser focused. From
anti-Stokes and temperature measurements and
also from observed structure inthe region 900-1050
cm™, we were able to conclude that this line was
due to regular first-order Raman scattering by
some kind of Si local inclusions. %22 At 77°K the
258.5-, 348-, and 696-cm™ lines shifted and
sharpened; furthermore, there was a dramaticres-
onance -induced increase in their intensities.®
Otherwise, the broad second-order bands remained
practically unchanged.

The room-temperature spectrum of Mg,Ge and
Mg,Sn shown in Fig. 2 does not appear as interest-
ing as that of Mg,Si. In Mg,Ge there is some activ-
ity around 550 cm™, which according to Ref. 17
may be due to the overtone scattering 2LO(X) and
2L0,(K) (545 and 550 cm™, respectively).

In Mg,Sn, the second-order activity around 450
and 490 cm™ may very well be attributed to over-
tone scattering from the zone-edge phonons X;.
and L,., respectively, using Kearney’s notation
and data.?® The same characteristic behavior as
in Mg,Si was also exhibited by both X=Ge, Sn when
the temperature was lowered to 77 °K.

Finally, no second-order structure was observed
at 300 or 77 °K for X=Pb, even with the highest
laser power used, which, however, was rather low
(230 mW) due to the sample surface limitations
under intense laser heating.

VI. RESONANT RAMAN SCATTERING BY THE
Fo,-TYPE PHONON

The first theoretical treatment of resonant Raman
scattering by optical modes in liquids and solids
was given by Ovander et al. %'2* and by Loudon. %
In the recent years intense experimental effort has
been put in this direction. A number of materials
has been examined under resonance conditions,
such as wurtzite- and zinc-blende-type semicon-
ductors. 2=3* In all these cases the resonance was
observed either at the fundamental absorption
edge®~3% or at the E, energy gap, *'~3* and the pho-
nons involved were IR active and usually LO type.
Birman and Ganguly®® suggested that exciton inter-
mediate states can be responsible for the observed
resonance by LO and TO phonons. Furthermore,
Burstein et al. %37 attributed the LO resonance to
an exciton-phonon coupling through the Frohlich in-
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teraction, with exciton states as intermediate
states; they also suggested that the TO resonance
was due to processes involving continuum electron-
hole pairs as intermediate states.

We were able to observe a frequency-dependent
scattering intensity in the present materials Mg,X
by the F,,-type phonons.

Considering the fact that this mode is IR inactive
and therefore no Frohlich-interaction-type coupling
can enter, and also that no intense excitonic activity
is exhibited by these materials, 38 the present type
of resonance cannot be approached in the same way
as in the case of the TO-LO IR-active phonons.

Pinczuk and Burstein®® have shown that in cubic
materials the resonant Raman tensor due to the
deformation potential of the optical phonon (j) can
be written within certain approximations as

‘R{zlm w% ; X(w1) = x(wy) QEG_ du (4)

W — Wy du;

where x(w,) and x(w,) are the values of the complex
electric susceptibility tensor at the incident and
scattered frequencies w, and w,, respectively, u;
is the optical phonon displacement, E; is the direct
energygap, and dE; /du, is the deformation potential
associated with the optical phonon (j). The above
expression represents contributions to the Raman
scattering tensor for TO and LO phonons, arising
from the phonon deformation potential only, and
includes only fwo-band scattering processes. There
are five more terms in the complete expression of
the Raman tensor, as originally derived by Loudon
through a third-order perturbation theory, * but the
one above exhibits the strongest enhancement under
conditions of resonance. Far from resonance,
these nonresonating terms should be taken into con-
sideration as well. Finally, in deriving Eq. (4) it
has been assumed that the interband momentum
matrix elements and the intraband matrix elements
of the electron-phonon interaction are constant for
the two bands under consideration, and that q-de-
pendent terms can be neglected, i.e., Eq. (4) cor-
responds to the limit - 0.

It has by now very well been established'®* that
the present materials exhibit strong absorption
activity in the range between 2 and 3 eV (the follow -
ing discussion does not apply to Mg;Pb since no ex-
perimental work on its optical properties appears
to exist). According to Vazquez et al., *! the leading
peak in the reflectivity spectra in the above range
is considered as a possible E, transition (Ag=~ A,
or Ly.~ L, in the usual zinc-blende notation). Sec-
ondary peaks in the same region can also be con-
sidered as due to E, transitions (Z,~ Z,) or K,~ K,
transitions. The energy values of these transitions
are not precisely known; for instance, in Mg,Si the
E, transition can occur between 2. 51 and 2. 75 eV,
depending on the origin of the experimental data
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FIG. 3. Intensity pattern of the Stokes line of Mg,Si
at 77°K. Solid line stands for the results of Eq. (5) with
the values of €(w) as taken from Ref. 10. The present
experimental points at 300 and 77 °K are independently
fitted to the 2. 60-eV point of the theoretical curve.
Laser power 28 mW.

(Table I of Ref. 41). Complete curves with the
frequency dependence of the optical and dielectric
properties of the three materials at 77 °K in the
above range have been published by Scouler. !° His
results have been used in the following calculations
in connection with the present resonant Raman scat-
tering.

Assuming that Eq. (4) is also applicable for the
present transitions, and taking dE;/du, as practi-
cally constant over the region of these transitions
in the Brillouin zone, one finds that the frequency-
normalized Raman intensity can be expressed as

I(wp) e ‘R{Z Iz o [€y(wy) = E1(‘-02)]2 +[ea(wy) - €z(wz)]2 ’
(5)
where €,(w) and €,(w) are the frequency-dependent
real and imaginary parts, respectively, of the
dielectric constant €(w)=1+4mx(w). Equation (5)
gives the intensity of the Stokes (anti-Stokes) as the
frequency w, is adjusted to wg(w,). Using Scouler’s
data for €;(w) and €,(w), we were able to plot the
intensity pattern of the Stokes line I(wg) for X = Si,

Ge, Sn, as shown in Figs. 3-5 in the region of res-
onance.

Although the position of the main resonance peaks
is well established, the relative height of the peaks
is ambiguous since it is very sensitive even to
small changes of the constants ¢,(w) and €,(w). Both
the experimental errors in the work of Ref. 10 as
well as the subsequent Kramers-Kronig (KK) anal-
ysis may very easily introduce such small changes,
which in turn affect the present intensity curves
rather drastically. This situation is shown in Fig.
3 by dashed lines for two equally acceptable sets
of values of €,(w) and € ,(w) strictly in the region
of resonance. By two equally acceptable sets of
values we mean two independently taken sets of
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values of €,(w), €,(w) fromthe curves of Ref. 10, both
consistent with the degree of accuracy of the results
of that reference. In other words, an exact inten-
sity pattern based on Eq. (5) is possible only when
€,(w) and €,(w) are known with maximum accuracy.
The experimental data were taken using 28 mW
of the following excitation lines: 2. 41, 2.47, 2.50,
2.54, 2,60, 2.66, and 2.71 eV. The observed peak
intensities for the Stokes components were cor-
rected for grating efficiency, constant luminosity,
photomultiplier sensitivity, the wilaw, and finally
for the frequency-dependent absorption, using Lou-
don’s formula for backward scattering, ® i.e.,

Teorrectea= (0!1 + 0‘2) Iopservea »

where a; = 47w;k; is the absorption constant at the
frequency w; (in cm™) and «; is the extinction co-
efficient at w;. Scouler’s data were used for

K;. ' The intensity arbitrary units used in Figs.
3-5 are not related.

In Mg,Si the resonance is established at 2. 68 eV
(£0.01 eV), in agreement with the previously made
comment. As shown in Fig. 3, the application of
Eq. (5) results in two peaks, at~2.60 and ~ 2,68
eV, with the major one attributed to the E (Az—~ A,)
transition. * The experimental data at 77 and
300 °K were taken with the incident beam polarized
in the plane of incidence. The corrected experi-
mental intensity units at the two temperatures were
independently normalized to fit the theoretical value
at 2.60 eV. The observed intensity increased by
a factor of 4 (2) when T was decreased from 300 to
77°K at the exciting frequency 2. 66 eV (2. 41 eV),
i.e., close to (far from) the resonance frequency.*

In Fig. 4 the theoretical resonance peak for
Mg,Ge appears shifted by ~ 0.1 eV toward lower
energies, relative to the observed peak which again
was attributed to the E; (A;=~ A,) transition. ! 1t is
interesting that the room-temperature data fall

50

Mg, Ge o 300° K
E(A=A) 4 770
40} { ‘
THEORY r\
%o} i

¢

20

STOKES CORRECTED INTENSITY
(ARBITRARY UNITS)

2.4 25 26 2.7 z8
EXCITATION FREQUENCY w,(eV)

FIG. 4. Resonance intensity pattern for Mg,Ge. The
77 and 300 °K experimental points taken with 28 mW of
laser power are independently normalized to maximum
intensity 40 (arbitrary units).
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FIG. 5. Resonance intensity pattern of Mg,Sn at 77 °K.
Fitting at 2. 60 eV. Laser power 28 mW.

closer to the theoretical curve which presumably
corresponds to 77 °K. The normalization was made
at the maximum intensity 40 (arbitrary units).
Apart from the position difference of the two
curves, which probably has to do with the approxi-
mations involved, the general shape and width of
the two resonance curves seem to agree.

In the case of Mg,Sn we have again two peaks,
shown in Fig. 5, which according to Ref. 43 may
be due to the K,~K, and E, (Z,~ Z,) transitions.
With the fitting made at 2. 60 eV we notice that the
experimental maxima (minima) are lower (higher)
than the theoretical ones. In seems reasonable to
assume that such a discrepancy could be accounted
for by considering the nonresonant terms which, as
already discussed, were not included in Eq. (4).
Such nonresonant contributions to the Raman tensor
might very well interfere destructively (construc-
tively) with the theoretical maxima (minima) of
Fig. 5. At 300°K the resonance pattern remained
basically unchanged apart from an over-all decrease
in intensity.

No extinction coefficient data appear to exist for
Mg,Pb. Thus, the experimental data could not be
corrected for absorption. It appeared as if there
was a small (less than a factor of 2) resonance in-
crease between 2. 60 and 2. 71 eV. A tentatively
proposed transition of E,(Z,~ Z,) responsible for
this resonance is based on recent theoretical re-
sults on the electronic band structure of Mg,Pb
published by Van Dyke and Herman.® According
to Van Dyke, * ¢,(w) exhibits a very sharp peak in
the region 2. 40-2.70 eV. This makes the applica-
tion of Eq. (5) very difficult and rather unreliable
in the above region, according to the discussion
following Eq. (5) of this section.

VII. SUMMARY AND DISCUSSION

First- and second-order Raman scattering mea-
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surements have been carried out for the four ma-
terials in the family Mg,X (X=Si, Ge, Sn, Pb). At
300 °K the strength of the normal nonresonant scat-
tering increases in the sequence X=Pb, Sn, Ge,

Si with estimated peak intesities related as
1:2:4:5. This is only an approximate figure as
the surface conditions and surface orientation were
not necessarily identical for the four materials.

The present normally Raman-active (IR-inactive)
F,, modes exhibit intense resonance enhancement
due to interband electronic transitions in the region
2.40-2.71 eV. Since the samples used in these
experiments were unoriented, no investigation of
polarization selection rules under conditions of
resonance was attempted nor are we in position to
assign any polarizations to the phonons which were
responsible for the resonance. Such an assignment
is straightforward in the case of polar modes, be-
cause of the LO-TO splittings. The ratio of Stokes
to anti-Stokes intensities near resonance is ex-
pected to be different from its normal value of
e"i/®T  according to the usual thermal population
arguments, At 77 °K the bands become sharper
and more intense and the resonance is further en-
hanced (especially in Mg,Si where the peak becomes
exceptionally strong).

A two-band model is presently used to describe
the general features of resonance by the F, -type
phonons. 3 This model considers only the TO-
and LO-phonon deformation potential contributions
to the Raman tensor in the limit g~ 0 and ignores
nonresonant terms. It applies to cubic materials
and direct electronic transitions.

The agreement between the proposed model and
our data must be considered satisfactory, especial-
ly if one takes into account the approximations in-
volved in Eq. (4) and the arguments presented ear-
lier regarding the numerical values of €(w).

It is essential that the present materials offer
themselves as a simple system for the study and
deeper understanding of the basic principles under-
lying resonance in Raman scattering by nonpolar
vibrational modes. Resonance-induced scattering
by the normally Raman-inactive LO-type modes
is another exciting aspect of the experimental pos-
sibilities of these materials. This is being inde-
pendently investigated.
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