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Multiple Resonance Effects on Raman Scattering at the Yellow-Exciton Series of Cu,0
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We have observed sharp resonance enhancements in some two-phonon Raman modes of
Cu,0 around the n=2 to 6 peaks of the yellow-exciton series. We explain the results
quantitatively by a theory which allows for multiple resonances in the scattering process.

It is well known that the Raman tensor obtained
from the perturbation theory can be written as a
sum of terms of the form!'2

M[(wliwl)(wliwz"“(w,iu,n)}’l ()

where M stands for the product of matrix ele-
ments, w, is the incident photon energy, and
w,..., w, contain phonon energies and energies
of the intermediate states involved. n -1 is the
order of the Raman process. So far, most work
on resonance Raman scattering (RRS) has con-
sidered only cases where one of the energy terms
in the denominator of Eq. (1) vanishes.!™ Intu-
itively, one would expect the enhancement in the
Raman tensor to be even stronger when two or
more energy terms in Eq. (1) vanish simulta-
neously. We will refer to such cases as multiple
resonances. Multiple resonance effects (MRE)
have been proposed to explain RRS in a few ma-
terials,®® but most of these cases do not allow a
quantitative comparison between theory and ex-
periment because of the lack of complete RRS
spectra. For example, Martin and Varma® can
compare only the peak heights of the multi-LO
phonon modes in CdS with their “cascade” theory.
In this Letter, we report the first RRS at excited
states of an exciton, with » as large as 6, and
show how the experimental line shape can be
quantitatively explained by allowing for MRE in
the scattering process.

Before presenting our results on Cu,0, we give
first a summary of its physical properties.!® Be-
cause of inversion symmetry, all electronic and
vibrational states of Cu,0 have definite parity.!
The energy and symmetry of its zone-center pho-
nons have been established by a combination of
photoluminescence,'? infrared,'® and resonant Ra-
man studies'*''s: T,,” (88 ecm™), I,,” (110 cm ™),
I, ™W(TO, 149 cm™; LO, 153 cm™), I, (348
em™!, T,*(515 em™), and I'), @ (TO, 640 cm ;
LO, 660 cm ™). The yellow-exciton series of
Cu,0 shows up in the absorption spectrum [see
Fig. 1(a)] as a series of sharp, asymmetric

peaks obeying the Rydberg equation'®
W,o=17525-T86n"2 cmm™ (n=2,3,4,5). (2)

The 1s exciton (16399.5 cm ™) is electric-dipole
forbidden by selection rule.!!

Cu,0 has been unique in that its RRS results at
the 1s yellow exciton'* and the phonon-assisted
absorption edge'® are well understood and have
contributed substantially towards the identifica -
tion of the observed Raman modes. For exam-
ple, all the odd-parity zone-center phonons
showed strong resonance at the 1s exciton while
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FIG. 1. (a) Absorption spectrum of Cu,O measured at
~ 5°K. The dashed curve represents the background ab-
sorption due to phonon-assisted transitions. (b) Raman
cross-section of the I'y;”®(L0) +I';,” (770 cm™ ') mode of
Cu,0 obtained at ~ 10°K as a function of incident photon
energies. The solid curve is the theoretical curve [Eq.
(6)]. (c) Schematic diagram of the dominant resonant
Raman process at w; ~wg,. & stands for the ground
state; B, for an allowed exciton.
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two-phonon Raman modes (in which both phonons
are odd and one is the I';,” mode) showed en-
hancement at the absorption edge. In addition,
we have now observed strong and sharp reso-
nances in several two-phonon modes (involving at
least one LO phonon) at the 2p, 3p,..., 6p peaks
of the yellow exciton. Our RRS results on Cu,0
were obtained at ~10°K with a conventional Ra-
man spectrometer and a cw dye laser tunable be-
tween 16000 and 18100 cm ™!,

Figure 1(b) shows the variation of the Raman
cross section of the 770-cm ™ I';, "+ I';, “®(LO)
two-phonon mode for w, in the region of the yel-
low excitonic series. This was the only mode
which showed strong resonances in this region.
Figure 2(a) shows a typical Raman spectrum of
Cu,O when w, is near an exciton peak.

To explain these results we have calculated the
Raman cross section R by perturbation theory.
Among the many possible scattering processes,
the one shown in Fig. 1(c) appears to be dominant
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FIG. 2, Raman spectrum of Cu,O at two different in-
cident photon energies w; in the region of the yellow-
exciton series: (a) w;=17331 and (b) w;=17608 cm™!

since it gives the maximum number of resonances

(i.e., two) and the strongest exciton-phonon cou-

pling. The Raman cross section, assuming the phonons involved are dispersionless,'® can be approx-
imated by

(2)_,, (15 .
M., 80V 80,14V 13, no Mno, ¢
Rlw)x ¢ . .
() =, =)
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where M, V@2 and V@ denote the exciton-pho- |

ton, exciton-TI,,-phonon, and exciton-—l‘ls'("’)-pho—
non interactions, respectively, and the subscripts
represent the various electronic states shown in
Fig. 1(c). In Eq. (3) we have neglected the non-
resonant background contribution.

It has been shown that'®

(12)
My, 5oV o, 15 /(wg = w)

can be approximated by a constant and
lwg - w[2=[6(w,+q2/21 = )] /@), (4)

where 7, is the damping constant of the 1s exciton
with wave vector . Using these results, we can
reduce Eq. (3) to

Efn(x)MnO

R( —w,

, (5)

) )l

where x = w,; - w,+ w(I, @) and f,(x) comes from
the frequency dependence of qulno When w
varies over only a narrow region around w,,, the
dispersion of x'/%f(x)/¥x) can be neglected. Tak-
ing into account the damping 7, of the nth exciton
state and neglecting overlap of adjacent exciton
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peaks, we obtain for w,~w,,
Rw)=4,y,law), (6)

where @, (w),) is the absorption coefficient of the
nth exciton peak in the yellow series and A4, is
nearly independent of w,. Figure 1(a) shows the
absorption spectrum of our Cu,0 sample. It
agrees well with previous measurements.’®!” We
obtain &, (w;) by simply removing the background
absorption due to phonon-assisted transitions in
the same way as done by Nikitine, Grun, and
Sieskind.'® The dependence of A, on n can be cal-
culated using the hydrogenic wave functions and
assuming V@ to be given by the Fréhlich inter-
action.? v, is estimated from the experimental
linewidth of a,. R(w,) thus obtained is plotted as
the solid curve in Fig. 1(b) with only one normal -
ization constant. It is seen that agreement with
experiment is fairly good. Part of the discrep-
ancy in the fit is due to (1) uncertainty in remov-
ing the background absorption and (2) neglect of
overlap of neighboring exciton peaks for »n = 4.

On the basis of Fig. 1(c), it is possible to under-
stand the absence of resonance enhancement in
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the other two-phonon modes. It is known that LO
phonons couple strongly to excitons via the Froéh-
lich interaction and in Cu,O only I'},” couples the
yellow exciton strongly to the B (allowed) exci-
tons. Of the two possible LO phonons, I',,"® has
a much stronger dipole moment!*'!® and an ener-
gy more closely matching the separation of the
1s exciton from the higher exciton states than
does I',, ™. It should be pointed out that the
strong resonant interband coupling between the
1s and 2p exciton states via the I',; *(LO) phonon
can probably explain the large linewidth of the

2p exciton peaks.®

Although the I';,” + I';, “®(LO) mode was the only
one to show clear enhancement at the yellow-ex-
citon series, we found that two other two-phonon
modes 2T, “¥(LO) (308 cm ™) and I}, "(LO)+ I,
(264 cm ™), in addition to the I';,” + I',, “®(LO)
mode, showed strong enhancement when their
scattered photon frequencies w, were resonant
with the yellow-exciton series [see Fig. 2(b)).

[We did not study the 2T',, “®(LO) mode because
the required w, is outside the tuning range of

our dye laser.] The dependence of their Raman
cross sections on «w, is shown in Fig. 3(a). Again,
detailed considerations led us to conclude that
the dominant contributions to the strong enhance-
ments we observed come from MRE (in this case,
triple resonances).

As an example, we consider the 2T, " (LO)
mode since all the exciton-phonon matrix ele-
ments can be calculated in this case. For wg in
resonance with the 2p exciton, the dominant scat-
tering process is that shown in Fig. 3(b). Again
using perturbation theory, we obtain the Raman
cross section for w,~w,, as

R(w)) =0 for w, —w(I; ) = wy <0, (7a)

Rw)x|w, = w(D; ™) = wye ] 2a(w) /757, (Tb)

otherwise.

Similar expressions are obtained for w, in
resonance with the higher excitons. The theoret-
ical results are shown as solid curves in Fig.
3(a) where the peak heights have been normalized
to the experiment. Again there is good agree-
ment between theory and experiment. Note that
the resonance of w, —w(I;; ") with the n=3 exci-
ton states gave rise to the [w; = w(T'; @) = w,, ]2
term in Eq. (7b). The fact that Eqs. (7) can re-
produce the sharp drop in the experimental R(w),)
at w, - w(I; ™) - w,, =0 gives strong support to
our theory. The details of our theoretical calcu-
lations will appear in a later publication.
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FIG. 3. (a) Raman cross section of three two-phonon
modes of Cu,O measured at ~ 10°K as a function of the
scattered phonon energy. Closed circles, 21"15'“)(LO)
(308 cm™1); open circles, I'y,” +I';;"(LO) (264 cm™Y);
crosses, I'y,” +T';"@(LO) (770 em™!). The solid curve
is the theoretical curve. (b) Schematic representation
of the Raman process responsible for the observed en-
hancement in the 2I';;"(LO) mode at wg~ Woyg.

We also note that the 308-cm ™! mode has been
observed in photoluminescence'? and RRS of
Cu,0 in the region of the blue and indigo exci-
tons.?! However, these measurements were not
capable of determining whether this mode is a
2T,, Wora 2I';, + I,,” mode. Our result now
shows that the 308-cm ! Raman line is definitely
a 2T, "(LO) mode.

It should be pointed out that Egs. (6) and (7) can
also be obtained by considering the resonant Ra-
man process as a “cascade”® of hot lumines-
cences.’” For example, in Fig. 3(c) one can con-
sider the scattering process as due to optical ex-
citation of an exciton which then cascades down
to the 2p level with emission of two I';,"(LO)
phonons before returning to the ground state with
the emission of the scattered photon. But since
we have not observed luminescence from excited
states of the yellow exciton,?® we have consid-
ered these cases as examples of MRE in RRS
rather than hot luminescence. The distinction
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between RRS and hot luminescence has been re-
cently elucidated by Shen.?*

We are grateful to Professor D. Trivich and
Professor Y. Petroff for providing the Cu,O crys-
tals used in our experiment and to Professor L.
Falicov for many enlightening discussions. This
research was performed under asupices of the
U. S. Atomic Energy Commission.

*Present address: Thomas J. Watson Research Cen-
ter, P. O. Box 218, Yorktown Heights, N.Y. 10598.
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Pseudo-One-Dimensional Conductor—Plastically Deformed CdS+
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Extraordinary anisotropy (108 and unusual temperature dependence of the electrical
conductivity have been observed in plastically deformed CdS. These features are attribut-
ed to metallic-type conductivity along a pseudo-one-dimensional system consisting of ar-
rays of dislocations. The observed temperature dependence of the conductivity is consis-
tent with a Peierls-type metal-semiconductor transition at 125 K.

Extraordinary anisotropy and unusual tempera-
ture dependence of the electrical conductivity of
plastically deformed single crystals of CdS (hex-
agonal) are reported. The observed features are
attributed to metallic-type conductivity in a
pseudo-one-dimensional system consisting of ar-
rays of dislocations. This interpretation of the
experimental results is related to earlier work?
in which the general problem of electronic energy
states of dislocations in compound semiconduc-
tors was discussed in some detail.
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The experiments are carried out on single crys-
tals of CdS with a room-temperature (298 K) elec-
trical conductivity (in the dark) of ~107¢ (2 cm)™;
the concentration and type of impurities are not
known. Specimens in the shape of rectangular
parallelepipeds are prepared with approximate
dimensions 3x4 x5 mm? along directions desig-
nated respectively by x, y, and z. The longest
(2) and intermediate (y) directions are parallel,
respectively, to the [2130] and [0001] crystallo-
graphic directions. These specimens are de-



