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Bound optical phonons associated with the phonon-assisted 1t (4888k} transition in Cds have
been observed. These states arise from the bonding of an LO phonon to a neutral acceptor,
which provides an attractive interaction for the phonon. The interaction is with LO phonons
of small wave vector (near ~ =0). Both the I'& and I'g Lpphonons, which result from a split-
ting due to anisotropic short-range interatomic forces, are observed in the bound states. The
optical transitions described in this paper are similar to those described by Dean et al. , which
involved optical phonons bound to neutral donors in GaP. The observed bound states were
identified as 2$, 2P, and 3D states with measured binding energies of 26. 4, 21.6, and 11.6
cm ~, respectively.

I. INTRODUCTION

Phonon interactions with both free and bound

excitons as well as other types of optical transi-
tions in CdS have been reported by a number of
investigators' ' over a period of more than two
decades. Electron-phonon and exciton-phonon in-
teractions are, indeed, quite strong in highly
polar crystals, such as CdS, whose Frohliche po-
laron coupling constant is o, = 0. 7, where

In CdS, as in other polar materials, phonon in-
teractions with optical transitions are strongest
of all for the LO phonons. But, among the many

optical transitions observed in this material, it is
the I, transition which shows the strongest inter-
action with the LO phonon. The I, transition in
CdS has been identified as an exciton bound to a
neutral acceptor site, ' and it has been observed

to couple to both the I'& and I'5 LO phonons.
Optical transitions have been observed in a num-

ber of ionic crystals in which the energy sep-
arating the parent transition and its LO phonon
sideband is less than the LO phonon energy h&0

by approxitnately 10/c. In absorption spectra of
AgBr: I transitions associated with the bound ex-
citon occur at energy separations approximately
30% less than h~c. Several theories" ' have been
produced in terms of which these results can be
explained, bearing mostly upon the bound-phonon
quasiparticle model.

Toyozawa and Hermanson" have described a
quasiparticle consisting of the exciton-phonon
bound state. They have calculated binding ener-
gies and oscillator strengths for this new quasi-
particle which can account for phonon interactions
whose energies are less than that of the LO pho-
non, k&0. Recently Dean et al. ' have observed
LO phonons bound to neutral donors in both Raman-
scattered and luminescence spectra of GaP crys-
tals, which were doped with S, Te, Si, and Sn.
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They have interpreted their results as impurity
modes associated with dielectric effects of the
neutral donors, rather than as local modes associ-
ated with mass defects of the substituents.

In this paper we report bound optical phonons
associated with the I, (4888 A) transition in CdS.
Several bound-state transitions have been observed,
to which we have given the spectral assignments
2S, 2P, and 3D. These states arise from the bind-
ing of an LO phonon to the neutral acceptor, to
which an exciton is also bound, a configuration in
which an attractive interaction is provided for the
phonon. The interaction may be thought of as one
in which the Ij complex is coupled to LO phonons
of small wave vector (near Tc= 0). Both the I', and

15 LO phonon states, which result from a splitting
due to anisotropic short-range interatomic forces,
are observed in the bound-phonon transitions.

II. EXPERIMENTAL METHOD

The CdS crystals used in this investigation were
of the platelet type grown in an argon atmosphere.
Since S doping seems to enhance the I, transition
in CdS, crystals which were grown to a sulfur-
rich condition were used in the present experiments.
Such crystals are characterized by a strong green
photoluminescence and a strong Ij line. On the
other hand, crystals grown to a cadmium-rich
condition show a strong blue photoluminescence
and the If line is absent. Photoluminescence spec-
tra were used to study the phonon interaction with
the Ij transition. The crystalline photoluminescence
was excited by a 500-W high-pressure Hg lamp,
equipped with black-light filter, and was photo-
graphicaQy recorded using a high-resolution 2-m

Bausch and Lomb grating spectrometer. The
spectrometer produced a reciprocal dispersion of

0
2 A/mm in first order and a spectral resolution
of approximately 0.022 A over the spectral region
examined in the present experiments; i. e. , the
effective spectral slit width was - 1 &10 ' eV. The
samples were placed in the tip of a glass Dewar,
immersed in liquid He, and maintained at a tem-
perature of 1.2 'K. Magneto-optical measurements
on the specimens were made in a conventional
(iron-core) dc electromagnet, whose field strength
ranged up to 40000 G.

III. THEORETICAL BACKGROUND

Although it would appear that the local modes
reported in the present paper are similar to the
mass-defect modes described by Elliott and Daw-
ber, ' a closer examination reveals that the mass-
defect model does not apply and that the present
results can best be explained in terms of the di-
electric-mode model developed by Toyozawa and
Hermanson"' and later modified and applied to
bound-phonon donor states in GaP by Dean, Man-
chon, and Hopfield. ' In fact, as Dean et al. have
pointed out, the mass-defect local-mode theory
does not account for the GaP local modes, even
when large changes in the short-range spring con-
stant are introduced. A similar argument can be
advanced for the local modes observed in CdS.
A further justification of the dielectric-mode model
over that of the mass-defect mode can be seen
from the computed phonon density of states in CdS,
calculated according to a previously outlined pro-
cedure and given in Fig. 1. The energy region in
which the CdS local modes are observed is shown
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FIG. 1. Calculated phonon
density of states for vrurtzite CdS,
showing the positions of the I' f
and I'5 Lo phonon energies. Note
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phonon complex states are ob-
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TABLE I. Experimental and calculated binding energies E&, EJ, and E& of LO phonons localized at the I& neutral
acceptor site in CdS. (All units are jn cm .)

Ig
binding energy

15
LO phonon

I'1
LO phonon

2S binding energy
Expt Cale

2P binding energy
Expt Cale

3D binding energy
Expt Calc

1250 304.6 302. 2 26.4 19.5 20.9 15.1 r, :11.8
I', :l1.2

0.27

D binding energies and wave functions,

2 ~E' (Ess —Eis)&o
2 33 &„2a&p (Ess -Egs) —&p

k Pp(8)
s ( ) [(3/P )s+ k2]s.

I (Esl —Ess)(oo
3 s 2afp (Esp —Egs) —&dp

'

P~(8)
( ) [(3/P )2 ks] s

&o I I (Esp —Eis)"o
(6)

2a&o (Esa —Ess) —~o

k Ps(8)
D( ) [(4/3a)z+ k2] 4

where P, (8) are the Legendre polynomials. As
we shall see in the following section, binding ener-
gies calculated from the above formulas are in
satisfactory agreement with the experimental val-
ues which are deduced directly from the spectra.

IV. EXPERIMENTAL RESULTS

and is measured to be 1.9 cm . This splitting is
0. 5 cm ' less than that of the ~&-l, LO-LO free
lattice phonon which has been measured~ to be 2. 4
cm '. The splitting that one calculates from Eq.
(6) for the 2P state is 0. 6 cm less than that of the
free lattice phonon, which probably accounts for
the fact that this splitting was not resolved. One
would expect the bound-phonon splitting to approach
the free-phonon splitting for the higher excited
states, as is observed.

Several crystal specimens were placed in a mag-
netic field of 40000 0, in the orientation C ~H,
and their photoluminescence spectra were photo-
graphed. A densitometer trace of a typical spec-
trum near the Iq LO-phonon-assisted transition is
shown in Fig. 3. The magnetic field splitting of
the 2S and 3D states is readily resolved. Since
the Iq complex (exciton bound to a neutral acceptor)

within the validity of the effective-mass approxi-
mation, the expressions for the binding energies
of the bound-phonon states (given in Sec. III) show
that one would not expect to observe phonons bound
to neutral donors in CdS, since the binding energy
of the donor is less than the LO phonon energy.
The situation is reversed for neutral acceptors,
where 0. 155 eV is the smallest binding energy re-
ported for a neutral acceptor, as determined from
the convergence limit of donor-acceptor pair spec-
tra. " The LO phonon energy in CdS has been de-
termined by several investigators, ' and is approx-
imately 0.036 eV (306 cm '). Henry et al. '~ report
the acceptor binding energy for the I& line to be
0. 168+0.01 eV.

A densitometer trace of the observed emission
spectra near the I, LQ-phonon-assisted transition
at zero magnetic field is shown in Fig. 2. The
2S, 2I', and 30 states are all resolved. The cal-
culated and the observed binding energies are
given in Table I. As shown in Fig. 2, the I'&-15
LO-LO splitting is clearly resolved in the 3D state
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FIG. 4. {a) Photograph of the Cd8 emission spectrum
in zero magnetic field, showing the bound-phonon struc-
ture near the I& LO parent line. Ib) Photograph of the
same spectral region as in (a) but in a field of 40 000 G.
Note that the LO2& and LO~ bound-phonon peaks "re split
and clearly resolved. The middle spectrum represents
an intermediate field strength.
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splits into a doublet in this orientation, ' the 2$
and 3D peaks reflect the splitting of the neutral
acceptor to which the LO phonon is bound. The
splitting of the 2P state is not observed because
this peak is of such low intensity and is merged into
the wing of the much stronger 2$ peak.

Photoluminescence spectra of a specimen in the
same spectral region as described above are shown

tor beyond the n = 3 state were not considered, but
the inclusion of the higher excited states in the
calculation wouM doubtless increase the binding
energy. The calculated energies of the bound
states (through n = 2) are approximately 30% lower
than the observed values, as indicated in Table I.
This is comparable with the GaP results of Dean
et a/. ,

' in which they report approximately the
same difference between measured and calculated
values for the bound states of donors. The experi-
mental value which we observe for the binding en-
ergy of the 3D state is much larger than that cal-
culated from the above model. However, the ob-
served binding energy of the 3D state in CdS is
comparable to that reported for the tentatively as-
signed 3D state in GaP. Although many simplifying
assumptions are made in order to make the problem
mathematically tractable, the general features of
the dielectric-mode model, in which the LO phonon
is localized at the neutral acceptor, provide a
satisfactory explanation of the experimental results.
in the photograph of Fig. 4. Shown in Fig. 4(a) is
a spectrum at zero magnetic field, while Fig. 4(b)

shows the same spectrum in a field of 40000 G.
The I& LO line is highly overexposed, as is the
much more intense Ij line which is merged with
the acoustic phonon wing such that it appears un-
characteristically broad, but the magnetic splitting
of the bound states is easily observed.

V. CONCLUSIONS

In the above formulation of the model, contribu-
tions involving excited configurations of the accep-
tor beyond the n= 3 state were not considered, but
the inclusion of the higher excited states in the cal-
culation would doubtless increase the binding en-
ergy. The calculated energies of the bound states
(through n= 2) are approximately 30% lower than
the observed values, as indicated in Table I. This
is comparable with the GaP results of Dean et al. ,

'
in which they report approximately the same dif-
ference between measured and calculated values
for the bound states of donors. The expeximental
value which we observe for the binding energy of
the 3D state in much larger than that calculated
from the above model. However, the observed
binding energy of the 3D state in CdS is comparable
to that reported for the tentahvely assigned 3D
state in GaP. Although many simplifying assump-
tions are made in order to make the problem math-
ematically tractable, the general features of the
dielectric-mode model, in which the LO phonon is
localized at the neutral acceptor, provide a satis-
factory explanation of the experimental results.
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