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Near an isolated electronic resonance at w, the enhancement profile of the Raman intensity displays an
“in” resonance for w; = w,, and an “out” resonance for o, = w; — ®w, = w,, where w,, w;, and w, are the
scattered phonon, laser, and phonon frequencies, respectively. We demonstrate, with laser frequencies near

the 1S yellow exciton in Cu,0, that the shape of the Raman cross section versus frequency for the

[

in”

resonance reflects the lifetime broadening of the exciton state. However, the shape of the “out” resonance is
fit only by including both the electronic-state damping and the phonon damping.

The frequency dependence of the Raman cross
section near an isolated electronic state displays
in general two resonances.!'? The first occurs
when the incoming (laser) frequency is near reso-
nance with the electronic state, the “in” reso-
nance. The second arises when the Raman-shifted
photon is near resonance with the electronic state,
the “out” rescnance. It has been shown that if the
damping 7, of this electronic state is much less
than the phonon frequency w,, then the Raman
cross section for the in resonance case accurately
reflects the absorption line shape of the electronic
state.® This behavior has been demonstrated for
the case of the 1S yellow exciton in Cu,0 using
quadrupole-dipole Raman scattering.? The case of
the out resonance is quite similar and may be
treated in a nearly analogous way. However, care-
ful consideration shows that the resonance width of
the Raman cross section should reflect the phonon
lifetime as well as the electronic-state lifetime.!
In this paper we confirm this conclusion by com-
paring the in resonance and out resonance widths
of Raman enhancements near the zero-phonon line
of the 1S yellow exciton in Cu,0. We find that the

difference in widths corresponds well with the pho-
non damping as obtained from a high-resolution
(Fabry-Perot) determination of the intrinsic width
of the first-order Raman line.

Single-phonon Raman scattering at optical fre-
quencies is described well in terms of the golden
rule in which three zeroth-order systems—the
radiation field, the electrons (or excitons), and
the nuclei—interact via the electron-radiation
field interaction H, . and the electron-phonon (or
electron-nuclear) interaction H, .y. The zeroth-
order states of the matter system are described,
for this adiabatic approximation, in terms of
product wave functions of the electronic or exciton-
ic states and the phonon (vibrational) states. The
typical matter state at zero temperature consists
of an electronic state of energy Zw§ with a phonon
of frequency w, present and shall be written
|i, w) ; without the phonon it shall be written
| i,0). The overall matrix element describing
single-phonon Stokes Raman scattering is then
described in terms of third-order perturbation
theory in which the most strongly resonant of six
possible contributing terms is!

K= Z<g, wolHe -R l] 3 wo><j > wolHe-Nli,0> (l ,olHe -Rt g,o)/(w3 +w0— wL +i Yj )(w? - wL +7: YI)' (1)
ied

where | g) is the ground electronic state, |i) and
|7} are the intermediate electronic states, and w,
is the incident laser frequency. For describing
the resonance behavior of the Raman eross sec-
tion, the matrix elements are generally taken to
be frequency independent and the frequency de-
pendence is given solely by the resonant denomi-
nators. In order to describe situations very near
resonance, the phenomenological damping terms
7: and ¥; are introduced to describe the finite

lifetime of the intermediate states. Since the
scattered photon frequency in Stokes scattering is
ws =wy, - W, the denominator on the left is often
rewritten

(wj + W, — Wy, +i'yj)_1 = (“ﬁ - Ws +i71 )L )
This rearrangement of terms motivates the use of
the phrase out resonance for the case when «§ - w;
oyl
=Y.
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The damping terms ¥; and ¥; have usually re-
ceived little direct attention since the effects of
finite linewidth are often masked by multiple reso-
nances or overlapping electronic states., However,
it is in the convenient rearrangement of Eq. (2)
to show explicitly the scattered photon resonance
that particular care must be exercised with the
damping terms. The damping parameter ¥; des-
cribes the complete damping of the full matter
state | j, w,) which therefore includes both the
damping of the electronic state ¥* and of the pho-
non or vibrational state v,, and thus ¥; =Y +7,.

In order to illustrate these effects for the case
of an isolated exciton state in Cu,0, we rewrite

Eq. (1). In a region where a single electronic state

" of energy 7w dominates the spectrum the double
sum over ¢ and j collapses to two terms with a
single sum. Thus

~ 1 M,
(wg-—wp+87; T wi—we+iy;

1 I p—_t 3

+ T <
W —wo iy, T wi-wy 47

K

where the summations are over all other allowed
intermediate electronic states |4) and |j), which
are assumed to be well off resonance, and the M;
and M; are frequency-independent matrix ele-
ments. The first term describes the resonance
with the state of energy Zw] in the incoming chan-
nel (in resonance) and the second term describes
the resonance with state of energy Zw{ in the out-
going channel (out resonance).

In Cu,O the 1S “yellow” (1S-Y) exciton at 16 399
em™! lies almost 1000 cm™ below the next intrin-
sic electronic state the 20 “yellow” exciton. The
width of the 1S exciton is less than 0.2 em™ at
low temperatures,* and thus Raman scattering
from the 109-cm™ optical phonon affords an ex-
cellent situation for observing both in and out
resonance enhancement profiles. Previous work
has shown the existence of both in and out reso-
nances and has displayed the unusual polarization
asymmetries which characterize the quadrupole-
dipole allowed Raman scattering which occurs
near this exciton state.>® However, the shape of
the enhancements have not been studied with high-
resolution scanning techniques.
which occurs near this exciton state.”"® However,
the shape of the enhancements have not been stud-
ied with high-resolution scanning techniques.

The experiment was performed on an unoriented
0.8-mm-thick single crystal (see Ref. T) of Cu,O
which was mounted in a helium-exchange-gas cell
attached to a Janis liquid-helium Dewar. The data
were obtained in a back-scattering geometry using
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FIG.1. (a) Resonance Raman enhancement profile for

the in resonance case. Solid curve is the fit using an

exciton damping parameter Y= 0.085 cm™l. (b) Enhance-

ment profile for the ouf resonance. Solid curve uses the
same exciton damping as for (a) but includes a phonon
damping Y= 0.11 cm™! as described in the text.

a CRL 490 dye laser with a 0.5-mm etalon for fre-
quency control. For data acquisition the dye laser
was stepped in frequency increments of approxi-
mately 0.1 em™, by rotating the intracavity eta-
lon, while synchronously stepping the Spex 1401
monochromator in identical increments. Spectro-
meter slit width was 5 cm™ . The laser output,
which consisted typically of three distinct cavity
modes with a total separation of 0.05 cm™, was
continuously monitored with a Spectra Physics
model 470 spectrum analyzer. Laser power vari-
ations were automatically compensated by a
counting interval normalization system.® High-
resolution absorption data was also obtained on
the same sample by measuring laser transmis-
sion through the sample at normal incidence.

The observed frequency dependence of the cross
section for Raman scattering near the 1S-Y ex-
citon in Cu,O is shown in Fig. 1. Figure 1(a)
shows the behavior for the incoming photon reso-
nance and Fig. 1(b) the behavior for the scattered
photon resonance. The data have been displayed
on a logarithmic scale to permit examination of
the wings of the spectra. The solid curves are
fits of the spectra to a simple Lorentzian function
multiplied by an absorption correction. The fit-
ting function is

F@)=B@)[A/@-7,)+7?]. )

B(v) is the absorption correction which for the



18 WIDTH OF RESONANCE RAMAN ENHANCEMENT PROFILES... 2909

in resonance, Fig. 1(a), is given by

B(v) =%%_§;—9 [1 - exp (:a_(?)f_)] . (5)

cos?

6 is the angle of beam propagation in the crystal
measured from the surface normal, ¢ is the cry-
stal thickness, and the absorption constant a(V)
is directly obtained from our laser absorption
data on the same sample. The solid curve in
Fig. 1(a) is the fit obtained using the absorption-
modified Lorentzian of Eqs. (4) and (5) and yields
an exciton width (full width at half-maximum) of
2y=0.17cm™'.

For the out resonance case, Fig. 1(b), the ab-
sorption correction B(V) as a slightly different
form since absorption at the incident photon fre-
quencies is negligible and the significant correc-
tion occurs for the scattered photon whose fre-
quency is uncertain by an amount ¥,, the phonon
damping. Thus the absorption correction is suit-
ably averaged with a Lorentzian weighting factor
of width v,:

oL o (o)
(6)

where V=V, — 7, and again a(;) is the measured
absorption near the 1S-Y exciton. The solid curve
of Fig. 1(b) is the fit to the out resonance data
using Eq. (4) with a damping parameter of 27
=0.41 em™! and a phonon width of 27,=0.24 cm™*
in Eq. (6).

In addition to the slightly different correction
for absorption discussed above, the out resonance
fit includes a constant background intensity of
9.1X1073,, where I, is the peak Raman intensity.
This background signal was directly measured
with the laser 10 cm™! off resonance and arises
from phonon-assisted absorption via the I';, op-
tical phonon (¥, =85 cm™*) followed by exciton re-
laxation and zero phonon luminescence at the 1S-Y
exciton line.>'® Because of the weak absorption to
this dipole-forbidden exciton, the maximum ab-

sorption correction is a factor of 2.6 which occurs .

at the peak of the in resonance curve where the ab-
sorption was measured as @ =26 cm™!. The cor-
rection is negligible more than two half-widths
from the peak. Both sets of data show some ex-
cess width near the peak but it is particularly ap-
parent in the narrowest data, Fig. 1(a). We inter-
pret this deviation from Lorentzian behavior as
arising from inhomogeneous broadening probably
related to strains and impurities in the crystal.!®
A Gaussian contribution of width ~ 0.2 em™ will
account for these points near the peak but does
not change the fit in the wings. For clarity, this

500

250

500r

INTENSITY

250r

*" -0Serm

FREQUENCY (cm)

FIG. 2. (a) Instrumental resolution of the Fabry-Perot
plus dye laser obtained by scanning the laser line. (b) Ob-

served width of 109 cm™' Raman line. Numerical decon-

volution gives a phonon damping of ¥,= 0.12 em™L

Gaussian contribution was not included in the fits
of Fig. 1.

To verify that the increased width for the out
resonance data is consistent with the phonon-
damping contribution, we directly measured the
width of the 109-cm™ Raman line when the laser
was tuned to the peak of the resonance. The narrow
Raman linewidth required the use of interfero-
metric techniques. A Tropel model 360 scanning
Fabry-Perot was placed in the collection optics
just in front of the double spectrometer. With the
spectrometer set to isolate the 109-cm™ Raman
line, the Fabry-Perot was repetitively scanned
with data collection into a Canberra model 8100
multichannel analyzer. The results of a scan of
the dye laser line and the Raman line are shown in
Figs. 2(a) and 2(b). Numerically deconvoluting the
instrumental linewidth from the observed Raman
linewidth yields a true Raman width of 0.22 cm™,

The estimated uncertainty in the fit to the Fabry-
Perot data is +0.02 em™! and for the resonance
Raman profiles of Fig. 1 the uncertainty is +0.01
cm™! for each curve. Thus the phonon width of
0.22 +£0.02 cm™! obtained by the direct Fabry-Perot
determination is consistent with the phonon width
of 0.24 +0,02 cm™! obtained by fitting separately
the in and out resonance Raman enhancement pro-
files. From these results we conclude that the
damping parameter appropriate for an out reso-
nance must include both the electronic state damp-
ing and the phonon damping in complete agreement
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with the theoretical description.

Although for the particular case of Cu,O both the
electronic and phonon widths are unusually narrow,
in many situations of interest the phonon widths lie
in the range of 1-10 cm™ . In some of these cases,
the inclusion of the phonon damping in the terms
describing the out resonance may be crucial for an
adequate description of resonance Raman scatter-

ing enhancement profiles.
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