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The new experiments on the response of electrons in semiconductors
to femtosecond optical pulses call for developing adequate theoretical tools.
A promising approach has been found in using the non-equilibrium Green
functions approximately factorized on the basis of the so-called generalized

~ Kadanoff-Baym ansatz. The present work investigates the validity of such
approach on an example of a semiconductor with an alloy scattering, where
the coherent potential approximation allows to construct the non-equilibrium
Green functions directly, so that an explicit comparison with the ansatz
decoupling is possible. The ansatz for the electron distribution is in this case
justified as far as the quasiparticle picture for the individual electrons is
appropriate.

PACS numbers: 72.10.-d, 78.47.+p, 71.25.-s

1. Introduction

Very short time non-equilibrium dynamics of electrons produced by strong
external fields (optical pulses or high electric fields) in semiconductors take place
in the time span before the reduced set of “robust” quasiparticle variables begins
to emerge. In this regime, the time is so short that the picture of completed energy
conserving collision breaks down. The standard Boltzmann equation description of
the quasiparticle distribution disturbed by instantaneous collisions fails. A more
complete description is necessary, including eflects of quantum coherence, such as
an interference of external fields with the internal dynamics of the system. Dur-
ing such short time internal quantum kinetics becomes non-Markovian, and the
memory effects are important. This was demonstrated on a modulated decay of
transient four-wave mixing in an experiment on the exciton—-LO phonon scatter-

ing [1].
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~ The non-equilibrium Green functions (NGF) are an elaborate systematic ap-
proach to treat electrons driven out of equilibrium on arbitrary time scales. The
NGF equations of motion are not readily tractable, however, as the NGF have a
double time structure. An important progress was achieved by introducing sys-
tematic ansatzes serving to express double time quantities by means of single-time
structures like the non-equilibrium electron distribution. Well known is the gener-
alized Kadanoff-Baym Ansatz (GKBA), leading for short times to the generalized
master equation [2], and being fairly successfully applied. In this contribution, we
test this GKBA against a model soluble directly for the NGF. Such model of a
non-equilibrium transient, involving only alloy scattering, treated in the coherent
potential approximation (CPA) was introduced in [3, 4].

2. Notes about NGF

Following [3], the electrons will be non-interacting fermions and a static
random potential will be the only source of relaxation. For one sample configura-
tion, the electron dynamics is controlled by a random one-electron Hamiltonian,
and the evolution of the system is unitary with full preservation of the quantum
coherence as contained in the one-electron retarded and advanced propagators
(G°(¢,t),G3(t,t")). The one-electron density matrix evolves as

R(t) = h2G" (¢, t0)poG?(to, 1) (1)
from its initial condition py at the onset of the transient, ¢ = ¢5. The script letters

denote quantities related to one configuration. This is obtained from the equal
time limit of the particle GF,

G<(4, t') = ihGE(t, to)poG2(to, ). | )

Two key relations, apparent by inspection, hold in the unitary case. The
propagators obey the semigroup property

gr(t,t'y = ihGT (£, "G (", t") ift >t > (3)
and for the particle function we get
G<(t, ') = RUOG(L, 1) - G*(t, YR(Y). (4)

This factorization is just the GKBA which thus appears as exact in the unitary case.
We will be interested in the ensemble (configuration) averages, which evolve in a
non-unitary way and manifest relaxation. The factorization of GKBA (4) will not
be trivial then: the averages of the products depend on the correlations between
the factors. For the averaged quantities we will use italics, G* = (G*), G* =
(G?), G< = (G<). To obtain the equations for NGF, we configuration average
the equations for G"?, introduce the self-energies and get the Dyson equation for
matrices G, X

ih8,G — (H(t))1 —XG = 6(t — )1, (5)

where

Gr G< yr x<
G = Y= . '
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All multiplications involve a matrix multiplication, an operator multiplica-
tion, and a time integration. To get G<, we must convert the identities (6) into
closed equations of motion. To achieve this, we have to make a physical approxima-
tion by expressing X as an approximate functional of G. This is accomplished using
the Langreth rule [5]: approximations for equilibrium such as the CPA, may be
consistently transferred to the NGF by the correspondence G* — G, IF — X, etc.

3. The model

We select a two-band Ilamiltonian, in which the site diagonal random po-
tential acts only within the conduction band. The strong classical quasimonochro-
matic light wave field is coupled by a non-random dipole interaction, and treated in
the rotating wave approximation (RWA). Two simplifications, a sudden step-like
onset of the electromagnetic disturbance and a non-random initial condition (at
t = lg, all electrons are in valence band), make the model soluble using the CPA.
For ¢t > tp (at o sudden onset of strong field), unitary transformation (see [6])
brings the ITamiltonian to a time-independent form,

I =W +Dc+ W, +U(t), (7)
where W, describes the virtual crystal conduction band, W, means the valence
band shifted by the photon energy hw (greater than the gap), D. is the random
potential. Here U(t) = (¢/m)A(pev + pye) is the interband dipole coupling, which
acts as an effective band hybridization. A dynamical optical gap is created [7], and
both bands are mixed.

The static disorder acts as purely elastic scattering. This has the important
consequences. First, the propagators GT, G* are dccoupled from G<, and can be
determined beforehand. Second, the configuration average is local in time so that,
for times later than to, GM2(¢,t') = G3(t — t').

The particle double-time correlation function for ¢ > to,t’ > {y has then the
form

G<(t,t") =ihG™(t — to)poG?(to — t')
+//dt1dt2Gr(t—t1)2<(t1,tg)Ga(t2 -1). (8)

The coherent transient will decay with the time (the initial condition is forgotten),
the second term describes the gradual onset of an incoherent backflow. It provides
the particle number conservation. The equation was solved in [3, 4] using Fourier
transformation and calculating £<(z) (z is complex encrgy) by means of the usual

CPA (see [8]).
4. Testing the GKBA

Here, we can give just a glimpse into the ansatz testing. Its validity is uneven
in the Brillouin zone. In Fig. 1, we select a moderate situation and plot G< =
G<(ty,7 = t; — t3). Exact G< (full line) is compared with GEnsarz = RGP
(dashed). For 7 = 0, they trivially coincide. For 7 = 0.1 ps (“large time”) they come
close together. During the quasiparticle formation, however, 7 = 0.01 ps, there
emerges a substantial difTerence. Full test of its implications on integral quantities,
like the transient polarization, is in progress. The plots given correspond [4] to the
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Fig. 1. Numerical test of GKBA for L-projection of the particle Green function G-.
The thin curve — exact G<, the thick one — G< found from relation (4), upper figure
— 7 = 0.01 ps, lower one — 7 = 0.1 ps.

valence band like quasiparticle denoted by L, even more complex patterns appear
in the “upper” quasiparticle band.
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