Raman scattering induced by strongly nonequilibrium phonons
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It is shown that a distribution of short-wave acoustic phonons with a small frequency spread leads
to a distinctive renormalization of the spectrum of Raman scattering by long-wave optical phonons
and to the appearance of a new branch of elementary excitations.

It can be regarded as experimentally proved, with a
great degree of reliability, that it is possible to produce
distributions of short-wave acoustic phonons with a
small frequency spread Aw about a certain central fre-
quency w,.'!+?! The presence of such a distribution leads
to a renormalization of the spectrum of the long-wave
(k= 0) optical phonons, which can decay into two short-
wave acoustic phonons (with opposite momenta ¢ and
-q).

We call attention in this paper to the fact that the
restructuring of the spectrum due to the quasimono-
chromatic distributionof the acoustic phonons (Aw is
comparable with the width T’ of the spontaneous decay
of an optical phonon with 2 =0) differs qualitatively from
the renormalization in the usual case of a broad distri-
bution Aw>T,. For a narrow distribution, a situation is
possible wherein the presence of acoustic phonons does
not stimulate decay, but to the contrary, hinders it. In
addition, in the case of narrow distributions there ap-
pears a new branch of long-wave excitations of the
phonon system, Such a picture, which contradicts the
usual concepts, is possible because the usual represen-
tations are based on the kinetic equations for the occupa-
tion numbers; yet such equations do not hold in our
case, since the quantum-mechanical widths are of the
order of the statistical widths. 13!

To find the spectrum, we used a non-equilibrium
diagram technique. ¥ We calculated the retarded
Green’s function G(¢) for optical phonons with #=0. The
polarization operator G(¢) of this Green’s function can
be obtained from the simplest diagram (see the figure),
in which the Green’s functions D of the acoustic phonons
are assumed to be specified. The functions D have the
same form as the thermodynamic-equilibrium functions,
but the plank distribution is replaced by a narrow dis-
tribution N, centered about w,. It is assumed that w,
=8,/2, where Q, is the frequency of the optical phonon
with k= 0; obviously, the renormalization of the spec-
trum will be the largest in this case. In addition, it is
precisely such distributions that arise in the experimen-
tal situation’!*5:6! when the acoustic phonons are param-
etrically excited. "

It should be emphasized that the discarding of the
more complicated diagrams is not ensured in this case
by the weakness of the anharmonicity, i.e., by the
parameter I')/Q, << 1. The point is that the presence of
the scale Aw in N, causes the parameter I' )/, in the
terms containing N, to be replaced by the parameter I'y/
Aw, which generally speaking is not small. However,
such terms always contain as a factor another charac-
teristic parameters, the number of acoustic phonons
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per unit cell, which is of the order of N,(Aw/8,), where
N, is the occupation number of the central mode. There-
fore, if we assume that N, «<,/Aw, then the discarding
of the more complicated diagrams P becomes

justified.

If we choose for N, a Lorentz distribution, then the
Fourier transforms P(Q) and G() can be calculated in
explicit form. It is also possible to determine the
spectrum accurately in this case. The function G(Q) has
two poles, @, and Q,, the positions of which depend on
the concentration of the acoustic phonons. The critical
concentration is the one corresponding to the occupation
numbers
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We introduce £=N,/N*,. Then at £ <1 we have

ReQd, =Rel, =0,
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As N,—~0, one of the poles @, ~ Q,+iI',/2, and the
other @, —~Q,+iAw. Then Res G(R,)—1 and Res G(R,)
— 0. It is clear therefore that one of the poles is
genetically connected with the usual pole of the optical
phonon, while the other pole describes new elementary
excitations with frequency £, and lifetime (2Aw)™. This
time is large only for narrow acoustic-phonon distribu-
tions, and therefore such excitations cannot be observed
in the usual situations when Aw=§,.

When N, increases, the poles £, and &, approach each
other; they merge at N, =N¥,. Starting with this value
of N,, the genesis of the poles becomes meaningless. At
N> N*, the elementary excitations of both types become
mixed, and two types of excitations with identical damp-
ing Aw +—§-I‘0 but with slightly different frequencies are
produced; the frequency difference increases with in-
creasing N,.
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It can be shown that the law governing the decay of the
specified initial excitation of the optical mode with =0
is determined by the low-frequency part of G(¢)?, i.e.,
by the displacement of the poles from the point Q,. It is
seen from (2) and (3) that if Aw>T' /2, then the rate of
the exponential decay of both types of excitations exceeds
the rate of the spontaneous decay, i.e., the decay is in-
duced, just as in the classical case Aw>T,. On the
other hand, if Aw<T'y/2, then both types of excitations
decay at a rate smaller than the spontaneous rate, i.e.,
destimulation of the decay takes place. In both cases,
the decay is oscillatory at N, <N%,

In stationary parametric generation of acoustic pho-
nons by light, depending on the excitation conditions, the
width Aw is determined by the width ', or by the spec-
tral width Ay of the exciting light. >3 Typical values are
§,~1000 cm™!, T',~1 cm™, and Ap~0.1-1 cm™. The
occupation numbers of the produced acoustic phonons N
depend on the excitation power; N~10-3—10 in different
experiments, {1+5:6!

In connection with the possible destimulation of the
decay, it is curious to note that in the experiments's!
where the largest values of N were reached, they ob-
served not an increase in the decay rate in comparison
with the spontaneous decay, but to the contrary, a

slowing down. Unfortunately, there are no data on Ay
for this case.

The presence of new elementary excitations can
affect the line shape of the Raman scattering of light by
optical phonons, which is determined by Im G(v - v'),
where v and v’ are the frequencies of the incident and
scattered light. With increasing pumping of the acoustic
phonons, the line should first broaden or narrow down
{depending on the relation between Aw and I'/2), and
should split into two at a critical pumping corresponding
to N¥,.
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