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We analize the stability of the nonlinear nonequilibrium
thermodynamic steady state of a double component plasma
generated by continuous laser light illumination in
direct—-gap polar semiconductors. It is shown that in the
extremely degenerate regime there occcurs a transition to a
non—-metallic nonequilibrium dissipative structure. In the
intermediate degenerate regime there is a coexistence of
the non-metallic nonequilibrium phase with a metallic one.
Above a certain temperature, for each concentration, the
carrier system is almost purely metallic. The
non-conducting phase is produced as a result of collective
plus nonl i near dissipative effects in the
far-from-equilibrium system.

Formation in semiconductors of a
uniform steady-state double-component
plasma of electrons and holes Ccarriers)
in the lattice background is possible
through continuous laser illumination.
The laser 1intensity should be high
enough to produce a concentration of
photoinjected carriers such that the
system is on the metallic side of Mott
transition Ctypically 10 cem® and
higher). This nonequilibrium open system
has quite interesting characteristics,
like the presence in {its excitation
spectrum of two branches of acoustic

plasmons. Further, we recall that
open systems in sufficiently
far-from-equilibrium conditions, where

they are governed by nonlinear kinetic
laws, may become unstable against the
format}on of order on the macroscopic
level. ™ The system we are
considering belongs to this class and
thus it requires stability analysis. We
test the uniform solution against the
formation of a nonhomogeneocus structure.
We resort to normal mode analysis, i.e.
the study of the eigenvalue spectrum of
the linearized equations of motion
resulting after the imposition of 2
small deviation on the steady state.

Since we are locking for a new
stationary solution we must try for the
existence of a null eigenvalue of the
linearized equations, i.e. Zero
oscillation frequency and infinite
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lifetime. The equations of evolution for

the variables that describe the
macroscoplc state of the system are
obtain from the nonlinear quantum

transport theory that is derived from
the nonequilibrium statistical operator
method CNSOM'™, and Zubarev’'s approach
is used. (see also Ref. 7

Consider an intrinsic polar
semiconductor illuminated by continucus
laser light. After a transient time
there follows a uniform steady state
characterized by a quasitemperature @;
and a concentration n of carriers. '
Next we add to the basic set of
NSOM-variables the set of those composed
by the nondiagonal elements of the
single quasi-particle density matrix,
namely

nS > = Treet ¢ o ctd c1ad
%o} R+3 R €

nh = Tr<h h**pECL)) s C1bd
’Le] -k-8 -K

where CCC*D and hCh*) are anihilation
Cereation) operators of electrons and

holes in plane-wave states, and pECt) is

Zubarev’s NSO. The NSOM-equations of
evolution for these quantities,
linearizeﬁ around the homogenecus steady
state n*" = 0, are
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vco>=4ne’/e°vcf. with & the background

static dielectric constant and V the
volume of the system; Eo is the energy

gap;

nCGD = ¥Cn
4
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is, in units of the electron charge, the
Q-wavenumber component of the carrier

h thy ek
charge density; Af'(m=f'()—f° g
> > 4 - -
kG k+a k k

beingFermi -Dirac distribution functions,
since, as noted, the carriers are in

internal equilibrium. Further,
coefficients B contain dissipative
effects assoclated to laser light

absorption, radiative recombination, and

carrier—-phonon interaction. The latter

produces relaxation effects much smaller

than those of recowbinat%ﬁn and is
= B =

nﬁglected.W)hThen’ B® B®* and

B = B°® = B" are glven by

B::h)=AL 8 HE ~hw d+A CeX+E 362, cad
ka k R E e f

where AL and An are coefficients

depending on the matrix elements of the
interaction of the carriers with the

laser and recombination radiation
fields, and & = rKk "'/amx . with
ni’ = m:‘+m;’. Coulomb interaction has

been treated in the Random Phase
Approximation CRPAD.

Putting both equations (2) equal
to zero, the case of null eigenvalue, we

solve them and adding both quantities

n::h) and summing over R, we find the
ka

secular equation

n® ««® =0 . 5
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where
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and Im &C® = 0. Here £(® is the static
and wave-vector dependent dielectric
function of the system, obtained in RPA
and including relaxation effects
contained in coefficients B that couple
electrons and holes. This expression
goes over Lindhart dielectric function
for a system of two Lypa& of free
carriers when putting B = 0.

Eq. (8> tells us that one soclution
is n<c® = 0, 1.e. the one corresponding
to the homogenecus state. A solution
nc® = 0, i.e. correspondil ng to
formation of spatial ordering, follows
for Pide)) = 0. Lengthy but
straightforward calculations shows that
in the classical limit and small Q,

Do =~ 1+Q;HCﬂ.nD/Q2 . |

where QDH is Debye-Hickel screening

2 2
wavenumber , QDH = 8re nf3m ¢ , and thus
X ©

Eq. (8) has no zerc. On the extremely
degenerate regime C(very low temperatures
and high concentration) and small Q we
find

scég/eo ~ cpCﬁ.n)+Q:(ﬁ,n)Q§CB,n)/Qz. o
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Hence, cp and Qo are finite
positive numbers and consequently there
is no zeroc of &€& in this limit and so
is the case in any intermediate regime.

Consequently the photoexcited intrinsic
semiconductor shows a uniform electronic
steady state stable against any
nonuniform spatial fluctuation.

However, we are in conditions to
put into evidence another kind of
transition between homogeneocus steady
states. According to Egq. <10bd Qo is

dependent on the nonequilibrium state of
the system and in the extremely
degenerate regime, when f{* becomes a
delta function centered on the Fermi
momentum, Qo is null. Therefore, the

static dielectric function, for Q going
to zero, is finite (equal to ap) and the

carrier system is no longer metallic,
the metallic property characterized by
an infinite dielectric constant at
Q = 0.

On leaving the extremely
degenerate regime, Q° becomes nonnull.

In Fig. 1 we show the Q-dependent
dielectric function of Eq. &) Cfulk
lined for carrier quasitemperatures T

of 2K and 10K. For comparison we have
drawn (dashed line) Lindhart dielectric
function for the double free carrier
system, i.e. B = 0 in Eq. (8). We have
used parameter shschar a::at,er istic of GaAs
and n = 10 cm , obtained by
illumination with laser light of photon
energy hﬂL = 2.4 eV and power intensity

IL ~ 4 Wat,t,/cmz.
For Qo = 0 the Coulomb potential

is not screened and then electrons and
holes interact through the bare Coulomb
interaction. The resulting nonmetallic
carrier system should resemble a
nonequilibrium phase with electrons ard
holes bounded in a nonconducting
polarizable state. The screening length
becomes finite in the degenerate regime
and tends toc the Debye-Hluckel wvalue in

0.2 03 04 0.5
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Fig. 1: The dielectric function of Eq.
(q2>] Cfull lines) and Lindhart’s
dielectric function for the two

component free carrier system (dashed
lines).

the classical limit [(Cf. Eq. (8)], when
the carriers would then be in a near
complete metallic state. Inspection of
the curves in Fig. 1 tells us that in
fact with increasing carrier
quasi-temperature £(Q) tends to coincide
with Lindhart’s cLC Q. This suggests

that between the nonmetallic state at
the extremely degenerate regime and the
classical regime the carrier system is
in a nonequilibrium thermodynamic phase
with coexistence of carriers in both
metallic and nonmetallic states. Using a
simple model of two independent fluids
for both states, we can obtain an
estimative of the fraction of carriers
in the condensate (the polarizable state
of bognded electrons and holes);
A = n-/n (n being the density of
carriers in the condensate) given by

£ CQ-eCQ

L

We show this value (obtained for
Q=1 em® as a function of the carrier
quasitemperature, for n = 10" em™, in
Fig. a. The resulting curve can be
approximated ” by the expression
A =~ expi{-T /l'c(n)]. where we find
T =~ 3.8 K. Thus, for values of T* of

c
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Fig. 2: Fraction of carriers in the
nonmetallic polarizable state as a
function of carrier quasitemperature.
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the order and larger than this Tc the

system is in an almost completely
metallic state.

In the isotropic model we used the

polarizable Cnonmetallied structure
seems to correspond to two
interpenetrated infinite wavelength

Wigner-like lattices clamped together.
It is conjecturable that introducing,
say, a tight binding approximation for
the hole states the condensed
dissipative structure would resemble a
fluid of Frenkel excitons. In summary,
at a given carrier quasitemperature with

increasing laser power , and thus
increasing concentration of
photeinjected carriers, as known
excitons are formed at low
concentration, followed by their

ionization on approaching the point of
occurrence of Mottt transition. Next,
according to our results, the carriers

fluid partially condense in a
polarizable nonconducting state and
partially remains in an itinerant

conducting state. Except in the highly
degenerate regime the carriers are in
large proportion forming the metallic
fluid. [(Cf. Fig. 21
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