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Strong first-order Raman scattering of the normally forbidden odd-parity phonons is
observed in Cu,O excited by a tunable dye laser in resonance with the intrinsic dipole-
forbidden 1S yellow exciton. The resonance enhancement and the polarization behavior
of these Raman lines are explained by including the electric quadrupole term of the ex-
citon-photon interaction in the calculation of the Raman cross section.

The n =1 exciton of the yellow series in Cu,O
is electric-dipole forbidden and therefore it gives
rise to interesting phonon-assisted electric-di-
pole absorption and luminescence spectra in
which the odd-parity phonons participate.! ® Fur-
thermore, the forbidden character of this exciton
has been related to the strong enhancement of the
220-cm ! two-phonon Raman line which occurs
for laser frequencies at least 110 em ™ above the
1S position. We report here the appearance and
strong resonant enhancement of the first order
Raman lines of all the odd-parity phonons in Cu,O
when the laser frequency is within 5 cm ™ of the
1S exciton frequency. We shall show that the ap-
pearance of these odd-parity phonons, which are
Raman-forbidden by the usual selection rules in
a crystal with inversion symmetry, is explained
by the electric quadrupole nature of the direct
optical transition to the 1S exciton.

A hole from the upper valence band of I',* sym-
metry and an electron from the lowest conduc-
tion band of I';* symmetry combine to form the
1S exciton with overall symmetry I',,*. As a
consequence, the electric-quadrupole-moment
operator, which transforms as I'},* ® T',.;* in the
point group O,, can cause direct optical transi-
tions to this exciton state. The polarization char-
acteristics appropriate to the electric quadrupole
operator with I',,* symmetry have been seen in
absorption by Gross et al.® and by Nikitine, Grun,
and Certier.® We have also verified this polar-
ization behavior in the direct luminescence at
4°K.

Our experiments were performed on a 1-mm-
thick crystal, supplied to us by R. A. Forman,
which was cut from a large single-crystal boule
grown by Brower and Parker” using a floating-
zone technique. This same crystal was previous-
ly used in our studies of Raman scattering and
luminescence? and of resonant enhancement of
several Raman features at the blue and violet ex-
citon series.® The data in the present experi-

ment were obtained using a backscattering geom-
etry from the (110) face with incident and scat-
tered polarizations either [001] or [110]. The
crystal was mounted in a helium exchange-gas
cell in a liquid-helium “Cryo-tip” Dewar.® The
laser source was a Spectra-Physics model 370
cw dye laser pumped with a Coherent Radiation
Ar” laser operating at 1.5 W all lines. Using a
microscope slide as an etalon, the dye-laser out-
put was limited to two or three adjacent longi-
tudinal modes with a total width of about 0.06
cm™, The output, filtered by a 3-m Spex “Min-
imate” to reduce the fluorescence background
from the dye, was constantly monitored during
the experiment with a Coherent Optics model

470 piezo-scanned spherical Fabry-Perot with
0.25 cm™? free spectral range. The laser fre-
quency in each case was set with the Spex 1401
double spectrometer and is reliable to +0.3 cm™,
corresponding to the resettability of the spec-
trometer. Before and after each spectral scan
the laser frequency was checked with a spectrom-
eter resolution of 0.5 cm ™,

The resonant activation of odd-parity phonons
in Raman scattering is demonstrated in Fig. 1.
The trace in 1(a) shows a typical spectrum with
the laser 10 cm ™ away from resonance with the
1S exciton; the only distinct Raman feature is
the second-order line at 218 cm™, In 1(b), with
the laser on resonance with the exciton, new Ra-
man features appear at 86, 109, and 153 cm ™,
These new features correspond, respectively, to
Raman scattering from phonons of symmetry
I,,”, '), , and I');°. We also have observed res-
onance enhancement of the I',” mode at 350 cm ™
and the TO and LO components of another I' "~
mode at 640 and 660 cm ™. Thus we observe the
activation of all the odd-parity phonons in Cu,O
when the laser is on resonance with the 1S yel-
low exciton. One also expects resonant enhance-
ment in the Raman cross section when the fre-
quency of the scattered photon coincides with the
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FIG. 1. Raman spectra of Cu,O at 4°K with 12 mW in-
cident laser power. Incident polarization, [001]; scat-
tered polarization, [001] +[110]. Instrumental resolu-
tion, 2 em™!. (a) Laser frequency 10 cm~! above the
18 yellow exciton frequency. (b) Laser in resonance
with the 1S yellow exciton. The features labeled L are
phonon-assisted luminescence as discussed in the text
and in Ref. 2.

1S exciton (out resonance). In agreement with
this prediction, we have observed strong activa-
tion of the I';,” mode when the laser frequency
is 109 cm ™ above the 1S frequency.

The three features labeled “L” in Fig. 1(b)
arise from excitons which have been partially
thermalized by collisions with phonons, acquir-
ing a kinetic energy ~k T before decaying by pho-
non-assisted luminescence.? In principle, the
luminescence features should move from the
high-frequency side to the low-frequency side of
the Raman lines as the laser frequency is in-
creased above the frequency of the 1S exciton.

In practice, however, the scattering process is
only observable over a range of laser frequen-
cies small compared to 27 (as we discuss below),

0, wl3rrle’, w)le’, w l3s le)elHegl0)
[w; = (we+wy) +i0, Jlw, = w,+iT,]

M=

b

109-cm™! I';,” Raman line and its 218-cm"™! second-or-
der feature. The smooth curves through the data points
are included for visibility. The frequency of the 1S ex-
citon, 16396+ 0.5 cm", was measured in direct lumi-
nescence.

and no change in the relative positions of the Ra-
man and luminescence features was actually ob-
served.

We studied the frequency dependence of the res-
onant enhancement for the 109-cm™ mode in
more detail and the results are shown in Fig.
2.1° Note the unusual strength of the enhance-
ment and the narrow half-width of approximate-
ly 1.5 cm™ . This is only slightly broader than
the 0.75-cm™ width which we have measured for
the 1S direct luminescence. Also shown in Fig.

2 is the behavior of the second-order “Raman-
allowed” feature at 218 cm™, We observe no en-
hancement of this feature at the 1S exciton fre-
quency, in agreement with Yu et al.? We also
found no resonance enhancement for the 515-
cm™ I',.,* “Raman-active” mode.

In the usual perturbation-theory approach,!* a
typical matrix element for the Raman-scattering
amplitude is given by

(1)

where w; and w, are the laser and phonon frequencies, and ¢ and e’ are intermediate electronic states
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with frequencies w, and w,. and widths I', and
T',., respectively. 3y, denotes the exciton-lat-
tice interaction; 3Cp;, the exciton-radiation-field
interaction, is given by

3z =€+ DA, expli(k- F - w,t)]
=~ €. DA, exp(— iw 1)1 +iReFmoes], (2)

where € is the polarization of the electric field
with amplitude A; and wave vector k.

The usual Raman selection rules'*'? are ob-
tained by taking only the zeroth-order (dipole)
approximation in Eq. (2) for both operators gz
in Eq. (1). In this case ¥ transforms like the
dipole moment P or the vector T (odd under in-
version) and therefore 3C;;, which has the sym-
metry of the irreducible representation of the
phonon produced, must transform like the dyadic
TT with even parity in order that the overall ma-
trix element M be a scalar. This is equivalent
to the classical statement that a phonon is Ra-
man active in first order only if its irreducible
representation occurs in the reduction of the
representation of the polarizability tensor.!

The second term in the expansion for the radia-
tion field gives rise to electric quadrupole (E2)
and magnetic dipole (1) transitions. The cor-
responding operators have even parity. Thus if
in Eq. (1) one of the operators 3Cg; corresponds
to an E2 or M1 transition and the other to the
usual electric dipole (E1) operator, then the op-
erator 3¢;; must transform like the triadic F7¥F
and have odd parity in contrast to the usual Ra-
man selection rule. Near the 1S yellow exciton
in Cu,0O, the appropriate term linear in k is the
E2 transition of I',,;* symmetry.®"® Using this
form for one of the ¥;; matrix elements and the
usual dipole (T,,”) form for the other (off-reso-
nant) factor implies that now the “allowed” pho-
nons must have a zone-center symmetry of

th=rzs+ ><I-‘15-
=Ty &I, &I, 8T, . (3)

This mechanism, therefore, explains the ob-
served activation and resonant enhancement of
all the odd-parity phonon modes in Cu,0. In ad-
dition, it explains the experimental observation
of no enhancement for either the usual Raman-
active I',;* phonon or the usual Raman-allowed
second-order feature at 218 cm™. We note that
retention of only the zeroth-order term in the
expansion of ¥C;, has usually been justified by
the fact that the second term in Eq. (2) is gener-
ally smaller by a factor of ka=~10"2 for optical

transitions. (In our case a is the exciton radius.)
However, as demonstrated above, this may be
compensated by the smallness of the denominator
very near resonance, where w; — w,+:¢I',~iI,.
This is especially true if the exciton state is long
lived.

From the suggested form for the Raman matrix
elements, one may obtain the polarization prop-
erties of the scattered light.!® The scattering ten-
sor is in general a third-rank tensor depending
on the incident polarization € and propagation
vector k and the scattered polarization €. For
backscattering from a (110) surface, kil [T10],
the I'},” mode is predicted"® to have nonzero am-
plitude only for €11[001] and €’1i[110]. Experi-
mentally we observe for €1][001] a scattered po-
larization ratio for the 109-cm™ line of

é’lf110]/e’1[oo1]=~ 6,

and for €1[110] the total scattered intensity is
less than & of that obtained with €1|[001]. Sur-
face roughness and finite collection-angle effects
probably account for the scattered light appear-
ing weakly in polarizations not expected theoreti-
cally. A detailed study of the enhancement and
polarization properties of all the odd-parity pho-
non Raman lines is in progress and will be pre-
sented in a subsequent publication.

Finally, we note that recent observations of
resonant enhancement of several Raman lines
near the dipole-allowed blue and violet excitons
in Cu,O have been reported by Porto and Wil-
liams,® by Yu, Shen, and Petroff,'® and by the
authors.? These observations indicate large en-
hancement for the polar I',,” phonons and may
be explained by the mechanism proposed by Mar-
tin.'4''® This mechanism, which assumes the us-
ual dipole coupling for both exciton-photon ma-
trix elements, achieves symmetry breaking
through higher-order terms in the expansion of
the Frohlich exciton-phonon coupling and is
therefore important only for the LO components
of the infrared-active polar phonons, and for la-
ser frequencies near resonance with dipole-al-
lowed excitons.

In conclusion, we have observed strong reso-
nance Raman scattering involving all odd-parity
phonons near an intrinsic forbidden free-exciton
state in Cu,0 and have shown the apparent selec-
tion-rule violation to be a consequence of the
electric quadrupole nature of the exciton-radia-
tion interaction near the 1S yellow exciton,
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We present evidence that in granular metals the observed temperature dependence of
the low-field conductivity, exp(—b/T %) with @ =%, can be ascribed to a relationship sE,
=const between s, the separation of neighboring metal grains, and E,, the electrostatic
energy required to create a positive-negative charged pair of grains, This relationship
results from simple considerations of the structure of granular metals. The predictions
of the theory, for both the high- and the low-field electrical conductivity, are in excel-
lent accord with experimental results in granular Ni-SiO, films,

The low-field electrical conductivity o, of
many disordered materials has a temperature
dependence that can be expressed in the form
o,~exp(-b/T%). The value @ =1, found in many
of the amorphous semiconductors and semicon-
ducting glasses, has been predicted by Mott! us-
ing a model of hopping conductivity between local-
ized states. There are, however, disordered
materials such as granular metals,2™* and some
disordered semiconductors,® which exhibit an
@ = 3 behavior for which no definitive theory has
been proposed. In this Letter we present evi-
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dence that in granular metals, consisting of fine
metallic particles dispersed in a dielectric ma-
trix, the o =% behavior can be explained by a
structural effect. Furthermore, the theory we
propose predicts the temperature and electric
field dependences of conductivity in the high-field
regime and relates the high- and low-field be-
haviors through a single structural parameter.
We present measurements of the temperature
and field dependences of the resistivities in gran-
ular Ni-SiO, films and find excellent agreement
with the predictions of the theory.



