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We analyze the spectra of electronic elementary
excitations in a double component plasma of photoinjected
electrons and holes in semiconductors under continuous
laser illumination. We show that 1in the resulting
nonequilibrium steady state four types of elementary
excitations of the photoinjected carrier system can be
identified. Two are the expected single quasi-particle
excitations and the higher frequency plasma wave, and two
novel ones at low frequencies labelled as acoustic plasma
waves that are well defined under particular conditions.
These acoustic branches are interpreted as corresponding to
the collective motion of each type of carriers interacting
through the screened part of Coulomb interaction.

The study of elementary this paper is to consider such
excitations in solids has a long situation, namely the elementary
history, with a detailed study of the electron excitations in a  highly
correlated electron motion - a classic photoexcited plasma in semiconductors.
in the literature on the subject - due We show that there are three branches of
to Pines and co-workers. As part of collective elementary excitations,
their analysis, these authors have namely, the optical plasma wave with
considered a two-component plasma C(two frequency 1 , and two acoustic branches
types of different carriers in the pt

positive background) and argumented on
the possible existence of two branches
of collective oscillations, labelled
optical C(the wusual high energyd and
acoustical (a new low energy) plasma
waves., The first one is an oscillation
out of phase of the charzges 2 wiit,};
frequency th (wp&“') 2

= otz
(dispersion neglected), where o and

pls
wptz are the plasma frequencies of each

type of carrier. In the acoustic mode
the particles would oscillate in phase
with frequency w, SQ, where Q is the

modulus of the wave-vector of the motion

and S is the velocity v‘(wp/ﬁ wptll

with v, being a suitable velocity of the
light This

particles.

question was
considered somewhat idealized in the
sense cf not being feasible in actual

systems in equilibrium, and seemingly
forgotten. However, such situation can
be realized in nonequilibrium conditions
in open semiconducters under intense
c.w. laser 1illumination. The aim of
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to be identified with the collective
movement of each of the light
Celectronsd and heavy C(holes) particles
interacting through a screened Coulomb
interaction. These excitations are well
defined and accompanied by a band of
quasi -particle excitations for not too
low values of wave-vector Q, merging and
disappearing in the latter for Q going
to zero.

We consider the model of a
semiconductor with inverted parabolic
bands illuminated with continuous laser
light of frequency o and power In..‘

producing electron-hole pairs CcarriersDd
on the metallic side of Mott transition
(such metallic phase is attained when
the carrier concentration is higher Lhalxg
a _slov(vgr limit wvalue, typically 10
cm D, To deal with this
far-from-equilibrium system we resort to
the nonequilibrium statistical oper at,og,
method (NSOMD> in Zubarev's approach.
We have applied this formalism to the
study of ultrafast optical and transport
properties of polar semi conductors,
where a brief review of the method is
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given. 4.3 To the collective

excitations of this system we calculate
the Raman spectira resulting from
scattering of the laser light by the
carrier fluctuations. The differential
Raman scattering cross section is
proportional to the imaginary part of
the inverse of the dynamic dielectric
function £C(Q,w). As known, scattering by
the different elementary excitations
glves rise to bands in the Raman
spectrum. The calculation is done in the
usual way using Maxwell equations and
obtaining the polarization charge
generated by a charge density probe of

wave-vector ' frequency w, and
amplitude -er o For that purpcse we
introduce in the basic set of

NSOM-macrovariables

n® > = TrecY ¢ p L33 ctad
P +d &
h +
n_ Ctd = Tr<h h +Pe Ctd> » C1bd
>
ka - -k-3
i.e. non-di agonal elements of the
single-particle density matrices of
electrons and of holes respectively;
pec t> is Zubarev’'s NSO. The Fourlier

amplitude of the total charge density is
(in units of the electron charged

nCQ, 2= [(n® Ct> + n" ¢t @
- > >
k ka ka

Further, to complete the nonequilibrium

thermodynamic description of the
carriers’ system we include the
quasi-temperature gL, and
quasi-chemical potentials, p.( td and
yhc £y, “4? They are obtained from the
NSOM-transport equati ons™® for the
carriers’ energy and density, given by

Eqs. (15 and (27) in reference 7. Under
continuous laser illumination after a
transient period follows a steady state
characterized by a constant
quasi-temperature 8 ', which assuming a
good thermal contact nearly equals that
of the reservoir, and a constant
photoinjected concentrat.ion of carriers,
n, depending on I

Next( we obtai n the NSOM-equations
of motion for the macrovariables of
Eq. (13>, which are given by

. 1 _e®
x n_. L) = m r VCQJ [f f..] +
ka k+d K

1 . e,
+ m(( € —s_.)n +

k+d K ka

+

2veer® —%Oncd®> +
- & -
k+a k

1

1 e —SB

+ E B*_.n
ka

n® (&)
b d
Q

xy T
L2
b3 4

- -
Q Q
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and a similar one for holes, where
c'c ho = hzkz/Zm R f‘.m’ are

z oth) .l:
Fermi-Dirac distribution functions with
o -1
energy &£ , quasi-temperature 37, and
quasi ~chemical potentials p.(h)-,
v = 4.rzez/Vo:°Qz N where £, is the
background static dielectric constant

and V the vo}‘ume of the system; the
quantities B are
ka

o (hy alhy

=A 6(; +E —M )*A e JYE )f ,
kn P M k

B
4>

where AL and A' are connected with the

matrix elements of the interaction of

carriers with the laser and the

recombination radi atlzon fields

respectively, and c = h'k /am with m
I:

being the exciton mass.

In Eqs. (3) the first term is the
one coupling with the probe charge
density, the second term is related to
the change in kinetic energy in the
process of polarization, the third term
is due to Coulomb interaction among the
carriers treated in the random phase
approxdmation CRPAY, and the last two
terms are assocliated to relaxation
effects involving mainly recombination
processes. The contribution of the first
term in Eq. (4> becomes negligible in
the final calculation and the second
leads to a coupling of the density
fluctuations of electrons and holes,
besides the coupling generated by the
Coulomb potential. We are looking for
the linear response of the system. The
nonlinear contribution to Egs. (30 have
been neglected, and sO too are
relaxation terms due to carrier-phonon
interaction that are negligible compared
to those resulting from recombination
effects.

Solving the coupled system of Egs.
(3 to obtain ncd,t> and using the
relation £ '3, w-1 = ned. O o e

obtain for the dielectric function

ccd.w)/com-vcopg MCR,Q; D R, 8w
k

4->)
where
MR, & wd=tcr? -2
k+a k
—crﬁ - )1tm~1caﬂ+5““>1 -
l:+ I: ka ka
—ters —roce” -eM> 4
k+a ; :~a :
h ®
4. - -
SO >c;: JED) CBad

gﬂl ¥ kfn k
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We use the dielectric function of
Eq. (8 to calculate the electronic
Raman scattering cross section

d%o/dadn ~ [1-0 P91 1 27%8, w
&p)

where hw is the energy transfer and %)
the momentum transfer in the scattering
event. The bands in the Raman spectra
characterize the electronic elementary
excitations. Numerical calculations
are per for med using parameters
characteristic of GaAs, low temperatures

ot o« kT _ 4 'O allow the approximate

use of step functions for Fermi-Dirac
distributions) and several va.luesmof ny
-Figure 1 shows the case n = 10 cm
Cobtained with w = 2.4 eV and IL = 4.5

wsem® for Q = 10% 100; and 50 cm™l.

Other Raman spectra for larger values of
n shows a similar shape, with the two
lower peaks centered at nearly 0.12 and
0.25 Qv,_ . For GaAs with Q = 10% and n =

10** em™®, we find Qv,, > 2.9 em™, and
for n = 10'* cm™®, Qv,, = 13.5 em ™t
Figure 2 displays the real pal;t o_f“ the
dielec(iric_‘t‘unction for Q = 10 em  and
Q =10"cm . In these and all the other
cases we analyzed the spectra |is
composed of four bands, of which the two
lowest 1in frequency are peaked at
frequencies that vary linearly with Q as
shown by Figure 3. The position of the
peaks is almost in coincidence with the
frequencies that make null the real part
of the dielectric function, and are
identified as corresponding to
scattering by what may be termed
acoustic plasmons. The two other bands
are one at npt (scattering by optical

plasmons) in a high frequency region not
shown in Fig. 3, and another in the
region 0.6 ¢ w/er. < 1. Inspection of

figures 1 and 2 tells us that with
decreasing values of Q the latter
becomes predominant and the two acoustic
branches disappear, leaving a Raman
spectra with the typical form of that of
a single component plasma. This suggests
to consider this fourth band as due to
scattering by single quasi-particles.
The straight lines in figure 3 fit
the values obtained from the calculated
Raman spectra (dotsd, and writting W=

S‘Q and w. .= Szo. the numerical values
for the acoustic-plasmon group

velocities are very near the values
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Figure 1: Raman scattering cross
section. Full line (x 10 0: Q = 1x10
cm,; Dashed line (x8<0d; Q = 100
em';  Dash-dotted line (x1.6:d07):
Q = 8 cm . The photoin jected

concentration is 14 o' cm". The

smearing out of all lines is visible as
well as the disappearance of the low

frequency ones with decreasing
wavenumber .
given by
s,=tm 3m > %v_ ;5 =Cmm My,
1 % h Feo 2 @ x Fe
(€:>]

where Vee is the Fermi velocity of the

electron. These expressions can be
rewritten in the form S§ = A w and
1 Fr ple

Sz = Ar-r“pth' wher e Ar'r is Fermi-Thomas

screening length and upt.‘h) the plasma

frequencies of the individual systems of
electrons and of holes. This result is
also analitically obtained from the
expression for the unperturbed plasmon
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Fig. 2: Real part ‘of _Q!.he dielectric
fux_\lction. Cad = 10" em ; (b Q = 100
cm ; n = 1xd0 cm Two of the three
zeros disappear when going from Cad) to
(b). Curve (b) strongly resembles that
of a single component plasma.
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Figure 3: The acoustic plasmons
dispersion relations. Dots are the

positions of the peak values in the
Raman spectrum; they roughly agree with
the position of the first two zeros of
the real part of the dielectric
function.

frequency® « = Cn/mVC®Q® If in this
expression m is taken alternately as
the electron and the hole mass and V is
Laléen as the Covz.llomb zscr_‘gened potential

[ge)) = 4dne /c°CQ +A"_) N which is

approximately 4ne® A:T/ao in the 1limit

of small Q (The frequency of the optical
plasmon, th. follows from m = m and

v taken as the bare Coul omb
interactiond. This leads to Lthe
interpretation of the acoustic plasma
waves as resulting from the collective
motion of each kind of carriers
interacting through the screened part of
Coulomb interaction.

As already mentioned Pines and
co-workers suggested some time ago
the existence of an acoustic plasma
mode. Later on in the case of carriers

in different vall eys“m and, mor e
recently, in a study of an 1ideal
degene{- ate two-component electron-hole
liquid this question was reinforced.

Two differences can be pointed out for
the case of the photeinjected carriers
in nonequilibrium semiconductors with
regard to the results of these authors.

First, we find two instead of one
acoustic branch, with group velocities
satisfying the inequality
S, < v < 8 < v_. This is a situation
=] Fh 1 Fe
analogous to t.hat.“z, suggested by
Overhauser and Appel in connection
with a superconducting two-component
Fermi liquid. Second, in the works of
references 1, 10, and 11 the unique
plasma mode s characterized as the
oscillation of the heavy particles

interacting through a potential screened
by the 1light particles, while in our
case each kind of carriers oscillate
while interacting through a potential

screened by the whole carrier system.
Further, lasger illumination and
recombination effects play a crucial

role in our analysis, in the first place
to create the stationary populations of
electrons and holes and next to
influence and couple the charge
densities of both types of carriers,
reflected in coefficients B in Egs. (3).

Our calculation 1is based on the
random phase approxi mation in
conjunction with the NSOM in order to
describe the far—-from-equilibrium state
of the system. Thus, our calculation
does not contain possible effects of
self-energy corrections and broadening
due to carrier-carrier scattering that
may lead to a smearing ocut of the lines.
It should also be remarked that the
first acoustic branch, that at @, 00 has

a weak Raman-line intensity compared
with the other lines. Further, as
already noticed, both low frequency
Raman lines disappear in the

quasi-particle continuum Raman line for
small values of Q. (The low-energy side
of the latter covers the former). The
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results shown in the figures correspond
to the case of a highly degenerate state
of carriers. For carriers
quasi ~temperatures of a sizeable
fraction of the Fermi temperature all
lines are broadened and the acoustic
plasmon lines di sappear in the
low-energy tail of the quasi-particle
line. Thus, they are well defined
excltations only in the highly
degenerate regime of carriers, and for
not too small values of the wavenumber.
In summary, we have shown that in
the nonequilibrium steady state of a
double component photoinjected plasma in
semi conductors the electronic elementary
excltation spectra is composed of the
contributions from single quasi-particle
excltations and three branches of

ACOUSTIC-PLASMON BRANCHES IN PHOTOEXCITED SEMICONDUCTORS

collective motion, namely, the optical
plasma wave associated to the relative
motion of the electron-hole pairs, and
two acoustic plasma waves associated
with the collective motion of each of
the electron and hole subsystems. These
excitations should produce effects on
the optical and transport C(electrical
and thermald properties of the system,
and therefore to {its functioning in
electronic devices.
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