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more exact calculations of the Fermi-surface
properties in the EZS for those superconductors
for which bulk tunneling data are available, i.e. ,
gallium, tin, niobium, tantalum, rhenium, and
1ead.
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We present the first direct and conclusive evidence of bound exciton resonance in pho-
non Raman scattering from solids. The observed enhancement in the 1LO scattering
cross section at the I& bound exciton in CdS is a factor of - 30 for the sample with the

highest impurity content. In contrast to 1LO, the 2LO scattering cross section shows no

enhancement near bound excitons. An explanation of this behavior is suggested.

Various authors have invoked resonance with

excitons bound to impurities (bound excitons) in

a solid to explain their Raman scattering obser-
vations. ' ' However, their arguments have been
based on selection rules, "'effects of momentum

transfer, "or similar indirect evidence. By us-
ing a continuously tunable dye laser, we have ob-
tained the first direct cross-section measure-
ments which conclusively prove the importance
of bound-exciton intermediate states in Raman
scattering. We describe and discuss these re-
sults in this Letter.

Raman spectra were obtained by using a flash-
lamp-pumped, pulsed dye laser. ' Using the es-
culin dye dissolved in methanol, the dye laser
could be continuously tuned from -4600 to 4950
A with a resolution of -1 A. With peak power
-1 kW and repetition rate -10 pulses per sec
(average power -10 mW), a fairly good signal-
to-noise ratio was obtained for the 1LO and 2LO

Raman spectra. A double spectrometer and a
boxcar integrator were used for analyzing and de-
tecting the Raman spectra. High- optical- quality

platelets (-50—100 y, m thick) of CdS were used.

CdS was chosen because its luminescence' and
Raman spectra" are well known. All measure-
ments were performed at 6 K to avoid thermal
broadening. One of the problems encountered at
this temperature and high laser peak power was
the strong luminescence from CdS in the spec-
tral region of interest. This was alleviated by
making the laser spot at the sample relatively
large (&1 mm diam) and using the geometry
shown in Fig. 1(a). In spite of these, the spectra
for dye-laser wavelengths shorter than 4865 A

could not be obtained because of strong lumines-
cence.

We have studied three different samples. Sam-
ple 1, an I,-rich sample, had a large number
(-5x10" cm ') of impurities giving rise to strong
Ij and I, bound- exciton lumine scence ." Sample 2

had strong I, but weak I, luminescence whereas
sample 3 was "pure, " having intermediate strength
I, luminescence and no I, luminescence. Since
the exact impurity densities were unknown, the
strengths of I, and I, luminescence obtained with
the 4765-A line of the Ar' laser were used as a
rough indication of relative densities.
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FIG. 1. (a) Experimental geometry. (b) An experi-
mental trace of the 1LO and 2LO Raman scattering ob-
tained in the F(2fxr)Z geometry with dye laser at 4892

Spectrometer resolution ~ 2 ~.

An experimental trace of 1jLQ and 2LQ Raman
scattering for incident laser frequency close to
the I, bound exciton is shown in Fig. 1(b) for the

I,-rich sample (No. 1). Since the LO-phonon side-
bands of the I, bound exciton are very strong, '
the problem of distinguishing Raman scattering
from the 1LO sideband of I, luminescence (and
its acoustic wing)' is most acute in the case of
the I,-rich sample. Figure l(b) shows that Raman
intensities can be measured with fairly good ac-
curacy even in this unfavorable case.

Spectra similar to the one shown in Fig. 1(b)
were obtained for all the three samples at sever-
al wavelengths between 4925 and 4865 A. The in-
tensity of the 1I.Q Stokes line was normalized to
the incident laser intensity at each wavelength.
This normalized 1LO intensity for 1'(Xr)Z geom-
etry" is plotted in Fig. 2 as a function of the in-
cident photon (laser) energy. The position of the

Ij and I, luminescence peaks are indicated by ar-
rows on the figure. The data" in Fig. 2 clearly
show the large enhancement of the 1LQ scatter-
ing cross section when the incident photon energy
is close to the I, and the I, bound-exciton energy.
This provides direct and conclusive evidence that
resonance of the incident photon energy with the
bound excitons leads to a large increase in the
11,Q scattering cross section. This large en-
hancement is possible in spite of the small densi-
ties (-5x10" cm ') of bound excitons because
the bound excitons have large oscillator strengths
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FIG. 2. Normalized Stokes 1LO scattering intensity
as a function of the incident photon (dye-laser) energy
for the three samples discussed in the text. The ar«
rows indicate the positions of X& and I2 lines in lurnines-
cence. The intensity the I& (I&) energy is a combina-
tion of Baman scattering and the LO sideband of I& (I2)
luminescence. For samples 1 and 2, the I2 lumines-
cence was so strong that no data could be obtained for
A, & 4870 A. It was found that the ratio of intensities,
1LO/2LO, at 4925 ~ was the same for all three sam-
ples. Since the 2LO cross section was found to be in-
dependent of impurity content (see text), it can be de-
duced that the 1LO cross section was the same for all

0
three samples at 4925 A. We have therefore set the
normalized 1LO intensity to 1 for all three samples at
4925 A. E„ indicates the position of the free exciton.
The vertical bar indicates approximate error limits
for experimental points.

(-10) in CdS." The linewidth of 1LO scattering
was instrument limited, so that its predicted
broadening" near bound-exciton resonance could
not be verified experimentally.

From Fig. 2 we can also see that the enhance-
ment at the energy of I, decreases with the de-
crease in the I, impurity content (i.e., going from
sample 1 to sample 3). Also the 1LO scattering
cross section for the 4880-A line of the Ar' laser
is larger for sample 1 than sample 3. These ob-
servations provide additional evidence in favor
of bound exciton resonance. Note also that com-
parison of various curves in Fig. 2 shows that
the range of dominance of the I, bound-exciton
contribution over the background (presumably due
to the free exciton") is about +15 meV for the I,-
rich sample (No. 1) and even smaller for the oth-
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ers. Thus it seems unlikely that the influence of
the I, bound exciton will be significant for data
taken with the 4965-A line (=40 meV from the I,
bound exciton) of the Ar' laser, except at very
high impurity density.

The most surprising feature of the data is that
the 2LQ intensity does not show any resonance
enhancement in the vicinity of the I, or the I,
bound exciton. The 2LQ intensity increases
monotonically with increasing incident photon en-
ergy, roughly in agreement with the data obtained
previously using discrete Ar' laser lines. " %e
suggest the following as a possible explanation.
The matrix element M(q) for the exciton-LQ in-
teraction is zero for q = 0, increases with q until
it reaches a maximum near qa, -1, and then de-
creases slowly with further increase in q. Here
a, is the exciton radius (-30 A in Cds). A plot
of this matrix element is given in Fig. 1 of Ref.
14. From this it can be seen that the free-exci-
ton contribution to 1LQ scattering (q = 5x10'
cm ', qa, =0.15) is small. However, the free-
exciton contribution to the 2LQ scattering is
large because phonons with q-1/a, can partici
pate in 2LO scattering. Therefore, the bound-
exciton contribution may be significantly larger
than the free-exciton contribution for the 1LO
scattering but considerably smaller than the free-
exciton contribution for the 2LO scattering. A

deeper bound exciton may give observable in-
crease in the 2LO scattering for incident photon
energy close to the bound exciton.

In conclusion, we have presented direct and
conclusive evidence that bound excitons give a
large enhancement in the 1LQ scattering cross
section in CdS. The range of photon energy over
which the bound exciton dominates the cross sec-
tion depends on the concentration of the impurity
binding the exciton. We also find that the 2LO
scattering cross section shows no reasonant en-
hancement near bound excitons.
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