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lt probably cannot be determined at this point
whether or not the extrapolation to KCl is valid,
or if in fact the RES wave function is somewhat
different for KCl.

A few years ago it was generally thought that de-
tection of ESR and ENDOR in the RES of the F
center would be impossible. Yet the experiments
have now been done, and interpretation of the
ENDOR has proven remarkably straightforward
and rather definitive. We trust that this work
will form a solid cornerstone for further theoreti-
cal work on the RES. In particular, we would

urge a refinement of the relaxation calculations,
and an extension of Ham's treatment to include
the ESRg factor and other magnetic effects.

Note added. —Following completion of this
manuscript, we succeeded in detecting ENDOR of
the RES in KBr for the first time. As expected,
the spectrum is not resolved, but a value of
(+hf) = 11.8+ 0.5 MHz for Br" can be extracted
from it. Again, assuming a pure ~2P) state, and

analyzing as above, we obtain q-0.48 in KBr and
A-3000 for Br.

We would like to acknowledge the constant en-
couragement and support given this work by C. D.
Jeffries. A number of conversations with W. B.
Fowler have been most helpful. Finally, we are

indebted to H. Engstrom and Miss L. Pang for
assistance with the computer calculations.

]Research supported in part by the U. S. Atomic Ener-
gy Commission, Report No. UCB-B4P20-155.

*Present address: Bell Telephone Laboratories,
Holmdel, N. J.

l Visiting fellow from Comitato Naziouale per 1'Ener-
gia Nucleare, Laboratori Nazionali de Frascati, Italy.

L. F. Mollenauer, S. Pan, and S. Yngvesson, Phys.
Rev. Lett. 29, 682 (1969}.

L. F. Mollenauer, S. Pan, and A. Winnacker, Phys.
Rev. Lett. 26, 1648 (1971}.

3L. F. Mollenauer and S. Pan, Phys. Rev. B (to be
published).

F. S. Ham, Phys. Rev. Lett. 28, 1048 (1972).
5W. B.Fowler, in Physics of Color Centers, edited

by W. B. Fowler (Academic, New York, 1968), p. 85.
6H. Seidel, Z. Phys, 165, 218 (1961); H. Seidel and

H. C. Wolf, in Ref. 5.
L. F. Mollenauer, A. Winnacker, and S. Pan, unpub-

lished.
J. K. Kubler and R. J, Friauf, Phys. Rev. 140,

A1742 {1965),or see Figs. 2-4, p. 57 in Ref, 5.
L. D. Bogan and D. B. Fitchen, Phys. Rev. B 1,

4122 (1970).
"W. B. Fowler, Phys. Hev. 125, A1725 (1964}.

H. Mahr, in Ref, 5, p. 270.

Resonance Raman Scattering in InSb near the E, Transition~

Peter Y. Yut and Y. R. Shen
Department of Pkysics, University of California, Berkeley, California 94720, and Inorganic Materials

Research Division, Lawrence Berkeley Laboratory, Berkeley, California 94720
(Received 1 May 1972)

Resonance Raman scattering in InSb near. the E& transition has been measured at low
temperatures for various different configurations with a tunable dye laser. The experi-
mental curves show a resonance peak at an incident photon energy appreciably higher
than the energy of the && peak in the reflectivity spectra, contrary to the predictions of
existing theories. Double resonance in the Raman tensor involving transitions in the band
continuum is proposed to explain the result.

Recently, considerable theoretical' and experi-
mental' ' interest has been focused on resonance
Raman scattering (RRS). However, most of the
experimental investigations have so far been car-
ried out with only a few discrete laser frequen-
cies. Since these discrete laser frequencies are
separated by 0.1 eV or more, it becomes diffi-
cult to obtain detailed information about RRS,
especially for resonances which have half-widths
smaller than 0.1 eV. This difficulty is overcome
with the availability of tunable dye lasers. ' Mea-

surements of RRS using a tunable dye laser have
already been reported in CdS near bound exciton
lines' and in Ge near the F., a,nd F., + 6, transi-
tions. ' This Letter is a preliminary report of a
detailed study of RRS by TO and LO phonons in
InSb near the E, transition carried out with a. cw
tunable dye laser. Our results indicate that in
InSb the E, hyperbolic exciton contributes neg-
ligibly to the RRS, but rather, it is transitions
involving the band continuum that are responsible
for the observed resonance enhancement in the

468



Vox,UMz 29, NUMszR 8

Raman scattering of the TO and I 0 phonons. This
is contrary to what Pinczuk and Burstein pro-
posed to explain their results on the surface-
field-induced Raman scattering in IQSb. '

The samples used in our measurements were
all 6 type with carrlex' concentx'atlons between
j.0'4 to 10" cm '. The sample surfaces were pre-
pared either by cleaving ([110]face) or by mech-
anical polishing followed by etching ([100]and
[111]surfaces). After surface preparation, the
sample (thickness & 0.5 mm) was placed on the
cold finger of an optical Dewar with a vacuum
better than 10 ' Torr. The opti. cal setup was typ-
ical of a Raman spectrometer using photon-count-
ing techniques. A cw dye laser (Spectra model
70) tunable from 1.98 to 2. 16 eV was used as the
exciting source. The integrated intensity of the
scattered light was nox malized against the inten-
sity of the 283-cm ' line of calcite measured un-
der similar conditions.

The following scattering configurations have been
studied: (a) Z(XX)Z, (b) Z(I'X)Z, (c) Z'(X'X')Z',
(d) Z'(I"X')Z', (e) X'(Y'Y')X', and (f) X'(Z'I")X',
where X, F,Z, and X', ~', Z' respectively denote
t e [1OO], [OIO], [OO1 j, and [111],[112],[»0] direc-
tions. These configurations have been chosen to
correspond to different physical situations. As-
suming that the wave vector q of the incident pho-
ton is negligible, one can show that in case (a)
Raman scattering by both the LO phonon (LOR)
and the TO phonons (TOR) is forbidden, but the
surface-electric-field-induced Raman scattering
by the LO phonon (SFR) is allowed. In case (b),
LOR is allowed while TOR and SFR are forbidden.
In cases (c) and (d), LOR is forbidden but TOR
and SFR are allowed. In case (e), all three pro-
cesses are allowed. Finally, in case (f), only
TOR is allowed. In all cases, the effect of sur-
face field on TOR has been assumed to be neg-
ligible. We fouQd ln oux' expel lmeQts that the
above selection rules were obeyed and that SFR
was negligible if the incident laser frequency ~,
was far away from the E, peak.

Figure 1 shows the measured scattering cross
section as a function of m, near the E, transition
for LOR in case (b), SFR in case (c), and TOR in
case (f). No correction due to dispersion in the
absorptloQ coefflclent of the sample was neces-
sary since it is negligible over the small energy
range of our measurement. We notice that the
shapes of the I OR and the TOR curves in Fig. 1
are similar, but are quite different from that of
the SFR curve, the latter being appreciably sharp-
er. Both the I.OR and the TOR have a maximum
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2 obtained from the experimental wavelength-
modulated reflectivity spectrum of InSb (2 =5 K) in
Bef. 7.

resonance enhancement of approximately a factor
of 4, while the SFR has a maximum enhancement
of more than 60. These suggest that the reso-
nance enhancement of the I OR and the TOR is
probably due to the same mechanism which is
different fx'om that of SFR. The TOR curves
measured in the other cases all have essentially
the same shape as the TOR curve in Fig. 1, in-
dicating that surface field has negligible effect on
TOR.

A comparison of the resonance enhancement of
SFR in case (a) (Fig. 1) and LOB+ SFR in case
(e) (Fig. 2) shows that in case (e), near the reso-
nance peak, Raman scattering by LO phonons is
predominantly due to SFR. Furthermore, abso-
lute intensity measurements in the two cases
show that there is constructive interference be-
tween the Raman tensor of LOR and SFR.

The most surprising feature of the x esonance
enhancement curves in Fig. & is that in all three
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FIG. 2. Cross section of the surface-field-induced
Baman scattering by LO phonons [case (e)] at 10'K
(crosses) and BB'K (circles).

where y(E, ) is the electronic susceptibility at ~,
under the influence of the surface electric field
E, , and & is the infrared macroscopic electric
field associated with the lattice vibration u. The
first term in Eg. (l) is due to electron-phonon in-

cases the peak occurs at incident photon energies
around 2.035 eV, whereas the E, peak in the re-
flectivity spectrum of InSb at O'K occurs at 1.983
eV. Similar results have been observed earlier
by others in Inhs, Ge, and Ge-Si alloys. '~' It is
now well established that excitonic effects play an
important role in the optica1, spectra of InSb at the

E, peak. ' If this were also true in RRS, existing
theories' would predict two peaks in the reso-
nance enhancement curve, one at 1.983 eV and
the other at 2.005 eV (corresponding to scattered
photon energy )tee, =1.983 eV). The two peaks may
overlap and appear as a single peak occurring be-
tween 1.983 and 2.005 eV." Our results there-
fore suggest that transitions involving band con-
tinuum are probably more important in the pres-
ent ease. Let us write the Raman tensor as'

By(E.),B}((E.) BE

tera, ction via the deformation potential, and the
second term is due to the Frohlich interaction. "
For TO phonons, BE/B& = 0. Our experimental
results suggest that B}((E,)/Bu ~ By(0)/Bu, and
that the Frohlich term in Eq. (l) is responsible
for SFR. With no surface field, the Frohlich
term is small since the intraband Frohlich inter-
action is zero. " But with a surface field, the in-
traband Frohlich interaction can be nonzero and,
in our case, SFR appears dominant over TOR
and LOR near the resonance peak.

It has been pointed out that within a two-band
model By/Bu ~ B}(/Btc, near resonance in the limit
of zero phonon frequency. 2 This two-band approx-
imation is valid in case of InSb at E, where the
spin-orbit splitting is large. ' We notice that By/
Bv, is related to the wavelength-modulated re-
flectance of the sample. Gn the other hand, the
Frohlich interaction term By(E,)/BE is related to
the electroeflectance of the sample (biased at E,).
From the electroeflectance" and wavelength-
modulated reflectance' of InSb, we can conclude
that the E, peak in By/& and By/BE should ap-
pear at the same energy, but By/BE should be
sharper than By/BM because of the Franz-Keldysh
effect."Thi. s explains qualitatively why the curve
of SFR is sharper than those of TOR and LOR in
Flg.

We have plotted in Fig. 1 the dispersion of iBy/
~, I~ which has the exciton-enhanced 8, peak at
1.996 eV. This peak is about 40 meV below the
peaks in the RRS curves in Fig. 1. We can there-
fore co~c~u~e t at thee, hyperbolic excitons do
not play an important role in RRS of InSb. This
is contrary to what Pinczuk and Burstein con-
cluded from their measurements on the tempera-
ture dependence of SFR.'

Cerdeira, Dreybodt, and Cardona' have shown
that when the spin-orbit splitting 4, at E, is small,
as in the cases of Ge and InAs, this shift of the
Raman resonance peak can be expla, ined, at least
ln part, by the over1applng resonant contribu-
tions from the E, and the E, +4, peaks. However,
they have also pointed out that in compounds with
large 4, such as GaSb and InSb, this overlapping
effect is negligible and the two-band approxima-
tion we mentioned above is valid. This is partic-
ularly true at low temperatures where the exci-
ton peaks become much sharper. The observed
shift of the Raman resonance in InSb must there-
fore arise from a different origin.

We have attempted to explain this difference of
-40 meV in InSb as due to the binding energy of
the E, hyperbolic exciton. However, Kane's mod-
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el'~ of hyperbolic excitons predicts a binding en-

ergy of only ll meV for the E, exciton of InSb.
To account for the remaining -30 meV, we pro-
pose the following explanation: The energy de-
nominator of the most dispersive term in the mi-
croscopic expression of the Raman tensor ob-
tained by Loudon" can be w'ritten as

[(o,(k+ q, ) —(u„(k) —(u, j
x [~&,(k+ q, ) —v„(k) —&u, ], (2)

or

[&u,(k) —(u„(k —q, ) —&,]
x [~,(k) w„(a -q, ) —~,], (2')

(k ~+ q, )' (k, —q, )'
+ — - - ---=40 (0 + - - -- - ———= GO

2p " 2p,
(3)

where kj and quare, respectively, the projec-
tions of k and q, onto the plane perpendicular to
the [111]axis, and p, j is the transverse reduced
mass of the valence and conduction bands along
[111]. It can be shown that Eq. (3) can be satis-
fied for ~, ~+ where ~ is given by

where q, and q, are the wave vectors of the inci-
dent and scattered photons, respectively, and

k&u, (k) and h&o„(k) are the energies of electronic
states with wave vector k in the conduction and
valence bands, respectively. Assume that p = Iq, )

=
I q, I, For a back-scattering geometry q, = -q, ,

the expressions (2) and (2') become equivalent.
So far, most theories on RRS have assumed that

q ~ 0 and predicted that resonances will occur
when one of the two terms in (2) or (2') becomes
zero. This implies that if ~, is the energy of the
E, peak, resonances will occur at e, =~, or ~,
=~,. We propose, however, that the strongest
resonance should occur when both terms in the
expressions (2) or (2') with qe0 vanish. We can
assume that the valence-band and conduction-
band masses in the [111]direction are essentially
infinite. Then, the condition for double reso-
nance in the Raman tensor can be written

in addition to the estimated binding energy of the
exciton, is in good agreement with the observed
shift of -40 meV. It should be noted that our mod-
el predicts only one resonance peak as opposed
to the two peaks predicted by existing theories, '
which assume q =0. The model also predicts
that the resonance peak should shift with scatter-
ing geometry. For the configurations we have
studied, the shift is too small to provide a valid
test of the model.

We have also studied the temperature depen-
dence of RRS in InSb between 10 and 83'K. We
found that the peaks in the resonant enhancement
curves shift together towards lower energies with
an increase in temperature. The scattering in-
tensities of TOR and LOR varied little between
10 and 83'K, while the corresponding change in
SFR was more appreciable. Figure 2 shows the
resonance enhancement of SFR measured at 10
and 83'K. The resonance peaks shift by 20+ 5
meV between 10 and 83'K as compared to 31 meV
for the E, peak in the ref lectivity spectra of InSb. '
The difference can probably be explained within
our model as due to a change in the transverse
mass p ~ with temperature. The strong temper-
ature dependence of SFR in InSb led Pinczuk and
Burstein' to conclude that the hyperbolic exciton
at E, is responsible for SFR. Since we have al-
ready shown that excitonic effects should not be
important for SFR in InSb, the observed decrease
in the peak scattering intensity with increase in
temperature must be caused by a decrease in the
surface field or in the matrix elements of the
Frohlich interaction. Further investigations with
the surface field carefully monitored are neces-
sary in order to clarify this problem.

It is our pleasure to acknowledge helpful dis-
cussions with Professor Y. Petroff, Professor
M. L. Cohen, and Professor E. Burstein, and
technical assistance from Dr. ¹ Amer. We are
also grateful to Dr. F. Cerdeira, Dr. %. Drey-
bodt, and Dr. M. Cardona for sending us a pre-
print of their work.

where ao, is the phonon frequency. Also, the den-
sity of states satisfying (3) has the form N(&u)
~ (&u —ru ) ' ' for e ~ a&„." The resonance en-
hancement should then occur at ~ instead of ~ .
Broadening is expected to remove the infinity
singularity at cv . Using the values ~+, = 22 meV,
I ~= (1/19.7) x(mass of free electron, "and I@~ I

=4.4x10' cm ', we obtain ~ —~~=33 meV. This,
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We report the observation of strong nonmonotonic behavior in the photoelnission quan-
tum yield of vapor-deposited, amorphous Te films and attribute it to emission from lo-
calized states about the bottom of the d conduction band. A theoretical model is proposed
which indicates that the observed yield behavior is due to a mobility edge associated with
a relatively high proportion of chain-end imperfections which give rise to well-defined
localized states in these ffilms.

The localized or extended nature of electron
states in amorphous semiconductors, especially
those which are located near the former band
edges of the crystal, is a controversial question.
Theoretical treatments' ' have shown that struc-
tural disorder can lead to a smearing out of the
sharp band edges with the appearance of an ex-
ponential "tail" of localized states which extend
above and below the band. States which lie deep
within the bands remain delocali. zed. A rather
sharp demarcation between the localized and ex-
tended states is indicated by electrical transport
studies, +' which define a mobility gap of approxi-
mately the same magnitude as the crystalline for-
bidden band gap. The localized states in the ex-
ponential tails are in general associated with ran-
dom disorder rather than with individual imper-
fections. ' It has been postulated, however, that
in some covalently bonded amorphous sernicon-
ductors, the short-range order i.s so well pre-
served that specific structural defects may re-
cur, e.g., nonbridging atoms, chain ends, etc„
which would have well-defined energy levels as-

sociated with them. 7 These would be expected to
give rise to peaks or nonmonotonic behavior in
the density of states near the band edge. ' How-
ever, there has been little direct optical or pho-
toemission evidence to support the various theo-
retical models in view of the apparent low density
of localized states in the forbidden band gap of
materials studied to date. '9 In this Letter, we
report the observation of strong nonmonotonic be-
havior in the photoemission quantum yield of va-
por-deposited, amorphous Te films, which is at-
tllbuted to eIMsslon from localized states situa-
ted below the bottom of the second (d-like) con-
duction band. Photoemission from these local-
ized states is directly observable in the energy
distribution curves (EDC's). A simple theoreti-
cal model i.s proposed in order to explain fea-
tures of the yield data„and indicates that the ob-
served yieM behavior is due to a concentration
of such states associated with a relatively high
proportion of chain-end imperfections in these
films.

Films of thickness of order of 1000 A were


