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Origin of Resonant Raman Excitation Profiles Red-Shifted from Optical Absorption Profiles

J. M. Friedman, D. L. Rousseau, and V. E. Bondybey
Bell Labovatories, Murvay Hill, New Jevsey 07974
(Received 14 September 1976)

We observe that the Raman excitation profile in matrix-isolated Br, is significantly
red-shifted from the absorption maximum and show that a straightforward relationship
between the two can in general not be expected. A simple theory considering only the
resonant contributions describes our data reasonably well. In addition, we discuss the
effect on our results of interference between the B and 1rliu states.

Considerable attention is currently being given
to the determination of the basic mechanism of
resonance Raman scattering.!’? Concurrently it
is being used as a tool for interpreting complex
absorption spectra. Typically® comparisons are
made between the absorption spectrum and the
spectrum of the intensity of a given Raman mode
versus the excitation frequency used to excite the
scattering (excitation profile); and in some cases
the agreement between the two spectra is good.®'*
On the other hand, such a comparison made in
some complex systems®™? reveals that the peak of
the excitation profile is red-shifted from the ab-
sorption maximum, a result that does not fit
readily into the existing theoretical framework.
These include studies of I, charge-transfer com-
plexes®'® and tetrocyanoethylene charge-transfer
complexes.” While in neither case could a quan-
titative explanation be offered, proposals were
made that the effect resulted from either interfer-
ence between nearby and higher-lying states® or
frequency-dependent damping factors’ resulting
in a reduction in lifetime of the higher-energy
vibronic states. A study of a simple system
whose spectroscopy is well understood is there-
fore desirable.

In the present work we have studied the excita-
tion profile of Br, isolated in an argon matrix at
5-10°K, whose potential functions, energy levels,
and spectroscopic term values are quite well
known. Both the B (*II;+,) and the X (*Z,+,) state
potential functions are known to be negligibly per-
turbed by the solid medium, except for a ~480-
cm™! differential shift to lower energies.? We ob-
serve that the excitation profile of the Raman fun-
damental at ~315 ¢cm™! is red-shifted significant-
ly from the absorption maximum; and we present
a simple model, based on the consideration of
Franck-Condon factors and density of states,
which is consistent with our data. In addition, we
discuss interference effects which also influence
the excitation profile. We conclude that in gener-
al the peak of the excitation profile need not coin-
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cide with the absorption maximum.

Raman scattering data were obtained on conven-
tional instrumentation. Argon ion, krypton ion,
and dye (rhodamine 110 and rhodamine 6G) lasers
were used as excitation sources. Power levels
were kept at about 5 mW to avoid sample damage.
Samples were prepared by slowly depositing a
mixture of argon:Br,:CS, (500:1:1) on a polished
aluminum cold finger held at 5-10°K. The CS,
was added to serve as an internal standard to
which we could compare the Br, intensities. Be-
cause the lowest-lying absorption of CS, is in the
ultraviolet, it shows no resonance effects (other
than the v* dependence) for the region we studied.

The resonance Raman spectrum of Br, in an ar-
gon matrix®!° consists of a fundamental at ~315
em™!, and, as in the gas-phase spectra of halo-
gens,?'!! a long progression of overtones. In high-
resolution spectra, the isotopic splittings may be
readily resolved.!® To obtain the excitation pro-
file we used a spectral slit width of ~4 ¢m™! pass-
ing all three isotopic components while still per-
mitting resolution of the polymer bands occurring
at lower frequency (290-305 cm™?!), The excita-
tion profile data were obtained by dividing the
peak height of the Raman line by the peak height
of the CS, reference line at 657 cm™!.

The excitation profile of the Br, fundamental is
presented in Fig. 1 and compared with the absorp-
tion profile obtained on the same sample. As in
the gas phase, the absorption consists of two
overlapping continua with maxima near 20 300
and 24000 cm™!. These are due to transitions to
the B (*Il;+,) and ', states, respectively. Clear-
ly the Raman excitation function bears no obvious
relationship to the absorption spectrum. At the
low-energy side the Raman re-emission intensity
is relatively constant and shows no appreciable
enhancement when the laser is tuned through the
discrete B (3l +,) levels.'® As the excitation fre-
quency approaches the strong B-state absorption
continuum, the Raman intensity begins to increase
rapidly, but it peaks near 18900 cm™ !, far to the
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FIG. 1. Excitation profile of the fundamental vibra-
tional mode of Br, isolated in a rare-gas matrix. The
points are the intensity data of the Raman mode ob-
tained in several experiments. The dashed line is a
curve drawn through the data points to guide the eye.
The dotted curve is the absorption spectrum; and the
solid curve is a calculated excitation profile. The zero
of the calculated spectrum was taken as the value of
the Raman scattering away from resonance.

red end of the absorption maximum. It then drops
sharply and near the B (*Il,+,) absorption peak it
has an intensity similar to the off-resonance val-
ue.

To understand the relationship between absorp-
tion and scattering data it is necessary to con-
sider the origin of both the absorption and the Ra-
man cross sections. With neglect of terms aris-
ing from the coupling between intermediate states
through radiative and nonradiative continua, the
Raman intensity may be derived from standard
second-order perturbation theory:
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Since we are dealing solely with resonance proc-
esses we have neglected the antiresonance terms
in this expression. The matrix elements V;; and
Vi correspond to (FlplI) and (I1plG), respective-
ly, for a Raman transition from ground state G to
final state F' via intermediate state I with width
2I';. The energy of this transition /- G is wg;
and w; is the laser frequency.

If we assume that there is no coupling between
states by the laser light field, then we may re-
place the square of the sum in Eq. (1) by the sum
of the squares. By doing this we are assuming
that only the resonant state at frequency w; con-
tributes to the Raman intensity. We are thereby
neglecting possible interference effects and any
off-resonance contribution to the Raman scatter-

ing. By then replacing the sum by an integral
over the density of states we obtain for the Raman
intensity
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For p(w;) slowly varying relative to a given reso-
nance at w; we then obtain

T @)™ Ve2Vig?p(wy). (3)

Using the Fermi golden rule we may similarly
write the absorption coefficient A as

A=1"Ve2p(wy). (4)

In comparing Eqgs. (3) and (4) the Raman intensity
may now be rewritten as

[T, LAV, . (5)

We may separate out the vibrational part of the
wave functions in the matrix element in Eq. (5) by
applying the Born-Oppenheimer approximation.
The resulting electronic matrix element M (£) is
expected to be a weakly varying function of inter-
nuclear separation £, so that it may be expanded
in a rapidly converging series. Substitution of the
zeroth-order term of this expansion into Eq. (5)
gives

I« WLF%EAWW. (6)

M(%,) is the electronic matrix element evaluated
at the equilibrium internuclear separation and the
states | f) and | i) now correspond to vibrational
wave functions of the ground and excited electron-
ic states, respectively.

By comparing Eq. (4) and (5) [or (6)], the differ-
ences between the behavior of the Raman scatter-
ing and the absorption may be readily seen. The
peak of the absorption is determined by the pro-
duct of the matrix element times the density of
states. It should be noted that for Br, gas, under
the assumption that the electronic moment is con-
stant, the matrix element V;; connecting v =0 of
the X state to the levels of the B state has a max-
imum near 19100 em™*'; but the absorption con-
tinues to increase beyond this maximum in the
region where the matrix element is decreasing.
This difference results from the rapidly increas-
ing density of states in this region in spite of the
diminished value of the matrix element. However
for the Raman scattering as may be seen in Eqgs.
(5) and (6), the absorption is multiplied by an ad-
ditional squared matrix element between the B
state levels and v =1 of the X state. This matrix

1611



VoLUME 37, NUMBER 24

PHYSICAL REVIEW

LETTERS 13 DECEMBER 1976

element, which is more strongly peaked in the
red than that of v =0, effectively “overrides” the
rapidly increasing density of states in this region
below the dissociation limit, thereby causing the
Raman excitation profile to reach a maximum to-
wards the red end of the absorption maximum.

The solid line in Fig. 1 is a plot of the excita-
tion profile for the fundamental Raman mode of
matrix-isolated Br,, calculated with use of Eq.
(6). Its height was adjusted to correspond to the
experimental data. We have assumed that both
T'; and the electronic matrix element are con-
stant. For the absorption coefficient in this re-
gion we used the expression of Seery and Britton'?
evaluated at 0°K, taking into account the 480-cm™!
differential shift of the X and B potential surfaces
for the matrix-isolated sample compared to the
gas.? We have neglected the contribution from the
1,, state which does not absorb in this region.
Values for the Franck-Condon factors were taken
from the data of Coxon'® but the energies were al-
so corrected by the 480-cm™?! ghift.

In view of the approximations made in deriving
Eq. (6) we feel that the agreement between the ex-
perimental intensity of the excitation profile for
the fundamental mode and the calculation present-
ed in Fig. 1 is remarkably good. It is somewhat
disturbing, however, that the excitation profile
of the overtones cannot be as readily interpreted
with this model. Experimentally, as the excita-
tion frequency is moved from the red to the blue
the overtones first become observable near 18 000
cm™! and rise in intensity until ~19500 cm™?,
where they reach a constant value. In contrast,
the intensity profile calculated for them with use
of Eq. (6) predicts an oscillatory behavior due to
the variation of the overlap factors.

In view of the overtone results, the approxima-
tions made in deriving Eq. (6) should be considered
in more detail. We have assumed that the damp-
ing factor I'y is constant, and that the scattering
is dominated by the resonant process. This lat-
ter approximation is only rigorously valid for a
system in which the linewidths in the intermedi-
ate state are smaller than the spacing between
the levels, such as the discrete strong absorption
region of simple gases. Finally, we have neglect-
ed any possible contributions to the intensity from
the 'II,, repulsive state.

The damping factor I'; for Br, in the matrix is
certainly varying with the vibrational level of the
excited state and must influence our data. How-
ever, it should not give the characteristic behav-
ior we observe because in the region of 19000
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cm™! where the Raman intensity starts to decrease
the excited-state vibrational spacing is well below
the Debye frequency (~ 75 cm™! for solid argon).
Vibrational relaxation occurs through single-pho-
non processes. I'; therefore varies only mildly
as a function of energy and cannot account for the
abrupt change in Raman intensity that we observe.

By replacing the square of the sum by the sum
of the squares in Eq. (1), we are making the as-
sumption that only the resonant part of the excit-
ed state contributes to the Raman intensity. This
neglects off-resonant contributions from the B
state to the scattering intensity as well as any
contributions from the 'II,, state. Inclusion of
these contributions might smooth out the intensity
variation predicted by Eq. (6) for the overtones
and make it more consistent with our data, but it
could also wash out the sharply peaked profile
calculated for the fundamental using the present
approximations. However, consideration of the
MI,, state contribution may lead to phase cancella-
tion and reduction in the scattered intensity in
certain regions. Indeed some calculations of Ra-
man vibrational intensity distributions recently
completed'* on Br, gas in the region of continuum
absorption above the convergence limit show sub-
stantial interference effects between the B and
I,, states for the fundamental mode. Such ef-
fects could contribute to a red shift in the absorp-
tion profile. However, the importance of such ef-
fects on the data that we observe may not be quan-
titatively assessed until a more complete calcula-
tion, which is currently in progress, is complet-
ed.

Raman excitation profiles are commonly used
as a means of studying electronic properties.
Yet in a system as simple as Br, isolated in an
argon lattice, the excitation profile bears no
clearcut relationship to the absorption spectrum.
We show that a simple model considering only the
resonant contribution describes the data for the
fundamental vibrational transition reasonably
well. Also interference effects between several
electronic states may result in Raman intensity
profiles whose appearance differs substantially
from the absorption spectrum. In view of this,
much old data in gases, liquids, solutions, and
solids should be re-examined. In general, when
a high density of close-lying vibronic states are
superimposed or when several close-lying elec-
tronic states may contribute to the Raman inten-
sity, detailed numerical analysis must be made
to determine the relationship between the absorp-
tion and the Raman scattering data. Lacking such
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analysis, one must exercise the utmost care in
attempting to draw conclusions about electronic
structure from Raman excitation profile data.

We thank A. Nitzan for numerous enlightening
discussions.
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The effect of collective interactions between an intense ion beam and a background plas-
ma is found to increase the plasma return current above that necessary for current neu-
tralization, which eventually contributes to defocusing of the beam.

Proposals for replacing high-powered lasers or
electron beams in inertial confinement schemes
for controlled fusion by intense proton beams!*?
(~10 MeV) and high-energy (102 GeV) heavy iong®*
have appeared recently. A critical problem in
these proposals is the propagation of the beam
from the injector to the target (~ 10 m distance)
in an ambient low-density plasma produced by the
previous explosions. In this Letter, we examine
the process of current neutralization by the plas-
ma during injection and, in particular, the effect
of collective electrostatic interactions on the de-
velopment of the plasma current, The signifi-
cance of the magnetic kink mode on such propaga-
tion has been examined in an earlier calculation.®

It is well known that when a high-powered rela-
tivistic electron beam is injected into a plasma,

a return current is induced within the beam cross
section if the beam radius a exceeds ¢/w,, where
w, is the electron plasma frequency.® This cur-
rent neutralizes the self-magnetic field of the
beam, but it decays after a time 7,~m0a?/c? the
magnetic diffusion time, where o is the plasma
conductivity.” Plasma currents are also induced
when an intense ion beam is injected into a plas-

ma but we show below that, in this case, collec-
tive interaction between the beam ions and the
background plasma leads to a frictional force
which accelerates the plasma electrons. Because
of the large momentum of the ion beam, this ef-
fect could lead to a return plasma current which
actually exceeds the beam current. The resulting
reversed magnetic field associated with the net
current leads to beam defocusing, The magnitude
of this effect is computed below.

Let a well-collimated beam of ions mass m,,
charge Z ,e, density n,, and radius a be injected
with velocity w, into a plasma of electron densi-
ty n,, temperature 7, with ion charge Ze. We
shall assume that Zn,>Z,n, and beam tempera-
ture T, <m,w,. The quasilinear equation® for
the average electron distribution is

——<f> Ezav<f>—av< :—v(f>> +C, (1
where

4“ f drf " o.n <4 >V"2 J
E A= prrry dr r"d, Y,
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