
Vox.UMa 33, NUMBxR 14 PHYSICAL RKVI K%~ LKTTKRS 30 SEpTEMBKR 1974

I, Emission Line in CdS as a Phonon Spectrometer

Jagdeep Shah, B. F. Leheny, and A. H. Dayem
I3ell TelePhone Laboratories, Holmdel, Pew Jersey 07733

(Received 6 August 1974)

We demonstrate the use of the I& luminescence feature in the near-bandgap luminescence
spectrum of CdS as a high-resolution phonon spectrometer by measurement of the phonon
distribution resulting from a photoexcited heat pulse generated in a gold film evaporated
on the crystal.

Analysis of the shapes of the luminescence
spectra due to impurity levels in solids provides
a means for deducing considerable information
about interactions of phonons with electrons and
impurity levels in the crystal. For systems in
which these interactions are well understood, the
luminescence spectra can be used to determine
presence and sPectxal distribution of nonequilib-
rium phonons. One such system is the I, lumi-
nescence feature' of the semiconductor CdS. jIn

this Letter we show that an analysis of the I, line
shape allows one to determine the distribution of
nonequilibrium acoustic phonons as a function of
phonon energy. While phonon distributions can al-
so be inferred from measurements of selective
phonon absorption by stress-split donor levels in
Ge' and by magnetic-field-split spin levels in
various paramagnetic systems, the unique prop-
erties of the I, emission line allow one to obtain
the phonon distribution function simply and di-
rectly. We demonstrate this by presenting the
experimentally determined distribution function
for phonons generated by photoexcitation of a
gold film evaporated on a CdS crystal.

A representative I, luminescence spectrum at
1.8'K is shown in Fig. 1(a). This relatively sharp
luminescence feature, first studied by Thomas
and Hopfield, ' originates in the recombination of
an exciton bound to a neutral acceptor impurity;
Henry, Nassau, and Shiever' have shown that the
responsible aeceptors are Na or Li impurities.
The I, feature ean be decomposed into three com-
ponents, (i) a no-phonon, sharp, central peak due
to the recombination of the bound exciton, (ii) a.

broad, low-energy wing ("Stokes" side) due to
the recombination with simultaneous enzission of
acoustic phonons, and (iii) and an anti-Stokes
wing, absent at 1.8'K, due to recombination with
simultaneous absoxPtion of acoustic phonons.
Hopfield' has analyzed these processes within the
framework of a theory that neglects multiphonon
interactions, but includes single-phonon interac-
tions to all orders. His calculations are in excel-
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FIG. 1. CdS at 1.8'K. (a) I~ luminescence feature.
The anti-Stokes wing is practically zero at this tem-
perature. The insert shows the sample configuration.
(b) The modulated spectrum at 80-nsec delay. The in-
sert shows a time-of-flight measurement. The spec-
trometer resolution is 0.25 meV. E =0 corresponds to
4888.5 A.

lent agreement with the experimental line shape
and show that at helium temperatures, where
only the first-order interactions are significant,
the intensity of Stokes and anti-Stokes wings at
energy +E with respect to the central peak is
proportional to [1+n(E)]M(E) and n(E)M(E), re-
spectively. Here F7(E) is the occupation number
of phonons with energy E and the factor M(E) de-
pends on the strength of coupling between the
bound excitons and the phonons. In equilibrium
n(E) is given by [exp(E/kT) —1] '. By taking the
ratio of anti-Stokes to Stokes signal the matrix
element factor M(E) can be eliminated and the oc-
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cupation number n(E) at every E can be deter-
mined directly. We thus have a phonon spectrom-
eter with energy resolution determined by the
linewidth of the central peak, which can be as
narrow as 0.05 meV, ' and a response time of ap-
proximately 1 nsec corresponding to the I, life-
time. ' We have tested this phonon spectrometer
by determining the spectral distribution function
of the phonons generated by photoexcited gold.

The sample configuration is shown in the inset
of Fig. 1(a). The sample was a 40-pm-thick sin-
gle-crystal platelet' of CdS, having two large
(- 5 mm x 2 mm) faces pa, rallel to the crystal c
axis. A 3000-A-thick gold film was evaporated
on one face. Two cavity-dumped Ar lasers,
producing -15-nsec-wide pulses at a 10-kHz rep-
etition rate, were used for these experiments.
The first laser, at 5145 A, was chopped by a
mechanical chopper at -400 Hz and was focused
(- 200 pm diam) on the gold film. The second
laser, at 4765 A, ' was focused (-100 p. mx1 mm)
on the opposite face of the crystal to excite the
I, luminescence. The crystal was immersed in
superfluid He at 1.8 K. Photoexcitation of the
gold film resulted in the modulation of the inten-
sity of the I, luminescence, which was measured
directly with a lock-in amplifier. A continuously
variable delay v was introduced between the two
lasers to obtain time-resolved measurements.
Thus a two-pen recorder simultaneously record-
ed the modulated signal (i.e., the output of the
lock-in amplifier) and the direct signal as a func-
tion of wave length or the delay time. Since the
modulated signal was small (typically &1%) the
direct signal was a measure of the luminescence
in the absence of the 5145-A laser.

Photoexcitation of the gold film is expected to
raise its temperature above the ambient by an
amount proportional to the fourth root of the ab-
sorbed power. The phonons generated in the gold
film propagate ballistically along the a axis of
CdS (=40 pm thick) and arrive at the opposite
face after delays of approximately 10, 22, and 23
nsec for the longitudinal, fast transverse, and
the slow transverse modes, respectively. Since
the pulsewidth is =15 nsec, the signals due to
different modes merge into each other and give
rise to a single peak for the ballistic phonons.
Multiple reflections at boundaries and other scat-
tering machanisms would give rise to a long tail
following the arrival of ballistic phonons. An ex-
perimental plot of the modulated signal versus
the time delay, shown in the inset of Fig. 1(b), is
in agreement with these ideas and leads to the

conclusion that the modulated signal at 30 nsec
is due to the arrival of the ballistic phonons and
not due to heating of CdS.

The spectrum of modulated intensity at 7 =30
nsec is shown in Fig. 1(b). The signal at the I,
peak is negative because the excess phonon den-
sity increa, ses phonon-assisted recombination
and reduces the intensity in the no-phonon peak.
The signal is relatively large because the change
in intensity at the peak is proportional to the to-
tal number of excess phonons. The signal in the
anti-Stokes wing is positive because of the in-
crease in these phonon-assisted transitions with
increase in phonon density. The signal is small-
er than at E = 0, because only phonons of energy
E contribute to the modulated signal at energy
+E. This simplified model for the changes pro-
duced by the excess phonons in the I, lumines-
cence spectrum leads one to expect that the mod-
ulation signal be symmetrical about E =0. The
lack of symmetry in the experimental data shown
in Fig. 1(b) indicates the presence of some com-
plicating factors on the Stokes side. One possi-
bility is a small shift in the energy of the I, peak. '
This would produce appreciable changes on the
Stokes side, but would leave the anti-Stokes side
approximately the same. Since the modulated
anti-Stokes intensity is proportional to the pho-
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FIG. 2. The ratio of modulated anti-Stokes intensity
to unmodulated Stokes intensity as a function of phonon
energy E. The points are experimental, the solid
curves are calculated from n = 1/[exp(E jkT) —1] for the
temperatures indicated on the curves. The curves are
arbitrarily displaced with respect to each other.
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non density we only need to use this feature to
determine the occupation number n(E) by taking
the ratio of the modulated anti-Stokes signal [Fig.
1(b)] to the unmodulated Stokes signal [Fig. 1(a)].
In taking this ratio, we have obtained the unmod-
ulated Stokes signal at small E by assuming that
the central peak is symmetric. The modulated
anti-Stokes signal is corrected by assuming that
the line shapes of the central peaks are the same
in the modulated and the unmodulated spectra.
The dashed curves in Fig. 1 are drawn according
to this procedure.

A plot of this ratio AI(+E)/I(- E) =n(E) versus
E is shown in Fig. 2 for three different excitation
levels. ' The figure also shows solid curves cal-
culated from n(E) =1/[exp(E/hT) —1] for three
different temperatures. We see that the agree-
ment between the calculated curves and the ex-
perimental points is excellent, and conclude that
the phonon distribution generated by photoexcita-
tion of the gold film can be well described by a
temperature. The temperature determined in
this way is proportional to the fourth root of the
incident power as expected for the temperature
variation of the Au film. These observations
demonstrate that the I, luminescence feature can
be used as a phonon spectrometer.

The I, phonon spectrometer is ideally suited
for measuring nonequilibrium phonon distribu-
tions. Examples include the phonon fluorescence
spectra of superconductors and their variation
with external perturbations such as magnetic
fields. It should also be possible to study quanti-
tatively the transmission of phonons at interfac-
es and the effect of selective absorption or scat-

tering of phonons by impurities in CdS. The Iy
phonon spectrometer thus opens up a wide range
of possibilities, some of which we are currently
exploring.

We thank J. J. Hopfield and J. M. Worlock for
useful discussions and E. Beebe, A. E. DiGiovan-
ni, and J. J. Wiegand for technical assistance.
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We have determined the interconfiguration mixing ratios (Sm+ /8m+~) of 1.4 and 4.1 for
Smp. 8gYp. ggS and SmAsp. gBSp. sp at 295 K from their x-ray photoemission spectra. These
ratios are observed to decrease reversibly by a factor of 2 at 110 K. The agreement of
these results with valences deduced from lattice-constant measurements is direct evi-
dence that configuration mixing is responsible for the anomalous temperature- and com-
position-dependence of the lattice constant.

A mixture of two configurations within the
ground-state eigenstate of SmS and its solid solu-
tions has recently been correlated with many

unique and unusual properties, including (1) the
dramatic pressure-induced semiconducting-to-
metal phase transformation in SmS' which is a
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