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Dynamics of exciton formation for near band-gap excitations

K. Siantidis, V. M. Axt, and T. Kuhn
Institut für Festkörpertheorie, Westfa¨lische Wilhelms Universita¨t Münster, Wilhelm-Klemm-Strasse 10, D-48149 Mu¨nster, Germany

~Received 19 April 2001; revised manuscript received 5 July 2001; published 13 December 2001!

We present a microscopic density matrix description of the formation of excitons after optical excitation of
a semiconductor. Three types of dynamical processes taking place after the optical excitation are analyzed:~a!
decoherence,~b! incoherent redistributions of occupations among excitonic states or among unbound electron-
hole pairs, and~c! formation of excitons. The competition of different scattering mechanisms under varying
excitation energies in the vicinity of the band gap is studied for a two band GaAs quantum-wire model. The
respective influences of piezoelectric and deformation potential coupling to acoustic phonons, Fro¨hlich cou-
pling to optical phonons, interface roughness, and radiative decay are compared. A comprehensive picture of
the formation process is obtained by following the time evolution of the 1s exciton population in dependence
of the center of mass momentum. For the times studied here~up to 50 ps! we find no significant impact of
radiative decay. All other scattering mechanisms have noticeable influences on the dynamics. Piezoelectric
coupling is particularly important for the decoherence above the band gap, while emission of longitudinal
optical phonons turns out to be the most efficient process for exciton formation as soon as it is energetically
allowed. Exciting at the threshold for the emission of longitudinal optical phonons we find an exciton forma-
tion time of '4 ps at a temperture of 80 K, which increases dramatically when the excitation energy is
lowered towards the band edge. The relative importance of the competing mechanisms varies significantly for
the different aspects of the dynamics~decoherence, redistribution, formation! and it also depends crucially on
the excitation energy. The effects of the different scattering mechanisms are in general not additive.

DOI: 10.1103/PhysRevB.65.035303 PACS number~s!: 78.67.Lt, 71.35.Gg, 42.65.Sf
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I. INTRODUCTION

It has been widely noticed that after optical excitation
semiconductors above the band gap the relaxation of co
lated electron hole pairs and in particular the formation
excitons may have a significant impact on ma
experiments.1–15 Thus, e.g., the rise time of the exciton
luminescence after ultrafast excitation at high energies in
band exhibits an oscillatory behavior that has been show
reflect changes in the efficiency of exciton formation.6,16Fur-
ther evidence for the importance of exciton formation h
been found by measuring the spatial expansion rate in t
and space resolved pump and probe experiments. Here
near band-gap excitation anovershootof the rates is ob-
served, which has been interpreted as an indication for
formation of excitons with high kinetic energies of the
center-of-mass~c.m.! motion.11,17

Recently, experimental studies of the exciton format
and relaxation dynamics have also been performed
quantum-wire systems.13 From measurements of the time
resolved photoluminescence from a GaAs/AlAs quantu
wire array an exciton formation time of'30 ps has been
extracted.13 The investigations in Ref. 13 also suggest th
exciton-acoustic-phonon scattering is enhanced in an one
mensional system, while exciton-carrier scattering is s
pressed.

Calculations related to exciton formation are mostly ba
on a three particle picture where electrons, holes, and e
tons are treated as distinct types of particles.4,14,16,18–24In the
simplest case one deals with phenomenological rate e
tions for the corresponding total particle densities.4 More re-
fined implementations of this idea make use of a set
coupled semiclassical Boltzmann equations for thek-space
0163-1829/2001/65~3!/035303~15!/$20.00 65 0353
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occupations of electrons, holes, and excitons.14,16,18–24How-
ever, the case of near band-gap excitations considered in
present paper requires a more advanced modeling for se
reasons.~i! Electron-hole pairs with energies slightly abov
the band gap are not well represented by plane waves, w
is usually assumed in the three particle picture; instead,
ticeable Coulomb induced correlations between electr
and holes have to be expected.~ii ! Since any exciton density
necessarily contributes to the electron and the hole den
there is no strict distinction between the three particle typ
although this problem occurs quite generally, it is less sev
for excitations far above the band gap, because electron
hole densities related to an exciton are restricted to ak-space
region up to a few reciprocal Bohr radii and thus there is
noticeable overlap with high energetic particles.~iii ! Within
the Boltzmann description the laser induced generation
the carriers is accounted for by a corresponding rate. H
ever, closer inspection of the generation process reveals
the laser field is primarily coupled to interband coherenc
Thus, in a first step only coherent electron-hole amplitud
are excited. For spatially homogeneous excitations the res
ing coherent electron-hole pairs have no center of mass
tion. Only after a second step involving scattering eve
with finite momentum transfer incoherent pair occupatio
with finite c.m. motion are obtained. Consequently, a mic
scopic description of the optical generation has to acco
for coherences in addition to the occupation densities kno
from the Boltzmann theory.~iv! For excitations several lon
gitudinal optical LO phonon energies above the band g
and low excitation densities polar-optical scattering is u
ally assumed to dominate the exciton formation process16,25

while near the band gap there is a variety of competing s
©2001 The American Physical Society03-1
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tering processes which have to be taken into account sim
taneously.

There have been a few recent studies of the conver
dynamics from coherent excitations into incoherent occu
tions including the corresponding build-up of c.m. kine
energy using quantum well models.17,26,27These studies hav
all concentrated on excitations in resonance with the 1s ex-
citon accounting exclusively for occupations on the 1s pa-
rabola. Here, we extend these investigations by conside
all pair states in the vicinity of the band edge. Thus in ad
tion to the 1s parabola we account for higher excited bou
excitons as well as for pairs in scattering states. This ex
sion is, of course, indispensable for studies of the redistr
tion and exciton formation dynamics subsequent to laser
citations above the band gap. But also for resonant excita
at the 1s exciton it gives new insights, because we are a
to analyze the dynamics of dissociation processes, whic
the inverse process to exciton formation. Some authors sp
of exciton formationwhen they refer to the conversion from
coherent into incoherent pairs subsequent to a selective
citation in resonance with the 1s exciton,27 although in this
case the pairs are generated in states on the 1s parabola from
the start instead of being formed from quasifree electron-h
pairs. We shall follow here the more commonly used conv
tion and denote asexciton formationprocesses where an in
tially unbound electron-hole pair or a pair in a highly excit
state is converted into a density on the 1s parabola.

In the present paper we introduce a theoretical framew
that describes the dynamics of exciton formation for n
band-gap excitation and low excitation densities taking i
account the coherent generation process and the Cou
correlation of electron-hole pairs. Coherent and incoher
electron-hole pairs are treated on the same microscopic l
allowing for a consistent modeling of their combined dyna
ics which is needed to describe the conversion of cohe
excitations into incoherent pair occupations. We account
scattering with longitudinal acoustical~LA ! phonons via the
deformation potential~DP! and piezoelectric~PE! coupling
to LA and to transverse acoustical~TA! phonons, interactions
with LO phonons via the Fro¨hlich coupling, scattering due to
interface roughness~IR! as well as for radiative decay~RD!.

Our goal is to study in detail the dynamics of excito
formation starting with the coherent generation followed
the conversion into incoherent densities and the subseq
incoherent relaxation dynamics. The competition betwe
different scattering mechanisms is analyzed for varying c
tral frequencies of the laser pulse in the vicinity of the ba
gap.

The paper is organized as follows. In Sec. II we give
brief outline of the theory, introducing the relevant dynam
cal variables and their equations of motion. Furthermore
described how the various scattering mechansisms are in
porated into the theory. In Sec. III the numerical results
presented and discussed and finally in Sec. IV we draw c
clusions from our results.

II. MICROSCOPIC THEORY

We use a microscopical density matrix description o
two-band quantum wire with a parabolic band structu
03530
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Within a microscopic formulation the relevant quasipartic
are electrons and holes described by Fermi operators
phonons represented by Bose operators. Starting from
respective standard Hamiltonians we account for the inte
tions between these quasiparticles namely the Coulomb
teractions between charged carriers28–30 and the phonon-
carrier interactions31–33as well as the interaction of electron
and holes with a stochastic interface roughne
potential.34–36The system is driven by an external laser fie
which is treated classically and in addition the system
coupled to a quantized light field in order to model the
diative decay.27,37–40 With exception of the classical lase
field all of the above interactions lead to an infinite hierarc
of corresponding higher order density matrices. Thus,
Coulomb interaction results in a hierarchy of electronic de
sity matrices,28,32,41–44the phonon coupling gives rise to
hierarchy of phonon assisted density matrices,32,45–47while
the quantized light field is a source for a hierarchy of pho
assisted density matrices.27,39,40,48 Finally, the interface
roughness builds up a hierarchy of correlation functions
the stochastic potential.35,36In order to truncate the electroni
hierarchy we use the dynamics controlled truncation~DCT!
scheme.28 While DCT was originally formulated for a pure
electronic system28 it has been shown that this concept c
be extended to a system also interacting with phonons.41,47

However, the full DCT treatment including phonons wou
require the evaluation of high-dimensional generating fu
tions for phonon assisted density matrices and is not prac
for a system with a macroscopic number of relevant phon
modes. Therefore, in Ref. 41 a reduced treatment of the p
non branch of the hierarchy has been developed that ca
combined with the DCT truncation of the electronic branc
This scheme involves a correlation expansion for phon
asssisted variables in combination with theMarkov approxi-
mation. In the present paper we adopt this strategy for
phonon interaction and apply analogous procedures to
other scattering mechanisms. In the following sections
discuss the resulting selection of dynamical variables
their respective equations of motion and for each scatte
mechanism our specific implementation is explained.

A. Dynamical variables

We are interested in the low density regime where it
sufficient to keep only contributions up to second order
the laser field. For low excitation densities there are t
types of electronic variables that are revelant for the disc
sion of exciton formation:26,41 the interband transition ampli
tude

Y2
1
ª^Ŷ2

1&ª^d1c2&, ~1!

and the correlated part of the electron-hole pair density

N̄1
2

4
3
ª^Ŷ1

2†Ŷ4
3&2Y1

2* Y4
3 , ~2!

where cj (dj ) are Fermi operators annihilating electro
~holes! in Wannier states located at sitesr j with spin s j . It
should be noted that it is not necessary to consider the d
sities^c1

†c2& and^d1
†d2& of electrons and holes as dynamic
3-2
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DYNAMICS OF EXCITON FORMATION FOR NEAR . . . PHYSICAL REVIEW B 65 035303
variables in their own right, because these quantities can
eliminated in favor ofY and N̄ by using identities that are
exact within a second order treatment.41,47,49 Furthermore,
due to the use of the Markov approximation also all assis
variables are eliminated and thus do not show up explici
as dynamical variables in the equations of motion ofY and
N̄. Their influence is approximately taken into account v
corresponding self-energies. The pair amplitudeY contains
the information about coherent electron-hole pairs that
either bound~excitons! or in scattering states. Since the i
terband polarization is directly related to the interband tr
sition amplitudeY, the latter determines coherently emitte
optical signals such as linear transmission, four-wave mix
or pump and probe signals.N̄ describes incoherent occup
tions of bound and unbound electron-hole pair states as
as intraband coherences. The latter are, e.g., the dri
sources for the THz emission.50,51 The pair occupations, in
contrast, are direct sources for secondary emission suc
luminescence signals.16,27,39,40While standard luminescenc
monitors pair occupations with nearly vanishing (K'0) c.m.
momentum,16 it has been demonstrated that it is possible
measure the exciton occupation density as a function oK
over a broadK region by using LO phonon-assisted phot
luminescence. Corresponding measurements have been
formed in bulk Cu2O ~Refs. 52,53! as well as in ZnSe quan
tum wells.25,54

B. Equations of motion

We performed all calculations in the electron-hole p
basis. The transformation between the real space repres
tions Y and N̄ of the relevant dynamical variables and the
counterpartsy and n̄ in pair reprensentation is given by

Y2
15(

x
C12

x yx , ~3!

N̄1
2

4
35(

x̄x

C21
x̄* C34

x n̄x̄x , ~4!

whereCx is the wave function of an electron-hole pair in th
statex corresponding either to a bound exciton state or to
electron-hole scattering state. In this paper we trea
quantum-wire model with infinitely high barriers and co
centrate exclusively on the lowest sublevel. Thus we d
effectively with an one dimensional problem where the m
tion of the electron-hole pairs is restricted to a motion alo
the wire axis. It is well known that for a quasi-one
dimensional system it is important to account for the fin
extension in the confined directions. Thus we have con
ered a cylindrical wire of finite width. In this case the mul
index x5(K,n) stands for the center of mass momentumK
and the quantum numbern of the relative motion of the pairs
and thus the pair wave-functionC12

x reads

C12
x
ªC12

K,n
ª

eiKR12

AL
wn~r 12!uh~r 1'!ue~r 2'!. ~5!
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Here, L is a normalization length,R12 and r 12 are, respec-
tively, the c.m. and the relative real space coordinates in w
direction, whiler 2' and r 1' are the coordinates of the elec
tron and the hole perpendicular to the wire.wn(r 12) is the
wave function for the relative motion of the pair in staten
and ue/h(r') are the confinement functions for electron
holes corresponding to the lowest wire sublevel.

Applying the DCT scheme combined with the Marko
approximation for the scattering processes as discus
above we obtain the following equations of motion:

i\] tyx5\vxyx2EM x1(
x8

\VYx
x8yx8 ,1 i\] tyxuRD,

~6!

i\] tn̄x̄x5\~vx2v x̄!n̄x̄x2(
x̄

@yx̄
* ~\VYx

x8yx8!

2yx~\VYx
x̄yx8!* #1 (

x̄8x8
\VN x̄

x̄8
x
x8~ n̄x̄8x81yx̄8

* yx8!

1 i\] tn̄x̄xuRD, ~7!

where\vx is the energy for an interband transition to th
pair statex, M x is the dipol-matrix element in the pair rep
resentation, andE is the external laser field.] tyxuRD and
] tn̄x̄xuRD account for the radiative decay which is the on
scattering process that does not conserve the total numb
electron-hole pairs. All other scattering processes enter
self-energy matrices\V of the form

\VYx
x85(

x̄

Gxx̄x̄x8 , ~8!

\VNx̄x
x̄8x85d x̄x̄8(

x̃

Gxx̃x̃x82dxx8(
x̃

G x̄x̃x̃x̄8
* 1Gx8xx̄x̄8

*

2G x̄8x̄xx8 , ~9!

where each scattering mechanism adds a specific cont
tion to Gxx8x̄x̄8 . ] tyxuRD and ] tn̄x̄xuRD are detailed below as
well as the coupling matricesGxx8x̄x̄8 for each scattering
mechanism. It should be noted that the Markov approxim
tion depends crucially on the basis and therefore a choic
needed that is well adapted to the physics under consi
ation. In the Appendix we discuss in detail the physical i
plications of the Markov approximation in particular wit
respect to a proper description of exciton formation p
cesses and explain why the electron-hole pair basis is a
able choice in our case.

Equation ~6! describes the generation of cohere
electron-hole pairs and their decay. Note thatyx is the coher-
ent amplitude which is related to the corresponding pair d
sity Ncoh

x by Ncoh
x 5uyxu2 and thus the total coherent pair de

sity Ncoh is given by

Ncoh5(
x

uyxu2. ~10!
3-3
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The first term in Eq.~6! represents the free oscillation of th
interband transition with frequencyvx that is driven by the
external laser field in the second term. The third term
responsible for the dephasing due to phonons and inter
roughness while the last term accounts for the radiative
cay. The off-diagonal elements ofn̄xx̄ describe coherence
between different pair states while the diagonal eleme
stand for the incoherent pair occupations. Thus the total
coherent pair densityNincoh is given by

Nincoh5(
x

n̄xx . ~11!

By choosingy and n̄ as dynamical variables a natural sep
ration between coherent and incoherent densities with
overlap is achieved, such that the total pair densityNtot is
simply the sum of the two components

Ntot5Ncoh1Nincoh. ~12!

As in they equation, the first term on the right hand side
Eq. ~7! is responsible for a free oscillation. The second te
acts as a source forn̄x̄x and describes the transformation
coherent excitations into incoherent pair densities. The th
term results from the interaction with phonons and interfa
roughness. Due to the form~9! of the self-energy matrice

\VN it is easy to see that(x\VNx
x̄8

x
x850. Therefore, this

term does not change the total number of incoherent p
Nincoh as expected for interactions that provide only co
plings either within the conduction or within the valen
band. Consequently,\VN leads to a redistribution of the pa
densities. Furthermore, from Eqs.~6! and ~7! it follows im-
mediately that the total number of pairsNtot is only changed
either by the laser field coupling, which drives the pair ge
eration, or by radiative decay. Of course, this reflects the
that the laser induced generation and the radiative decay
the only processes in our model that provide for interba
couplings. However, it also follows from this considerati
that the second term on the right-hand side of Eq.~7! is
indeed a source for incoherent densities that equals the
of the corresponding coherent densities induced by the in
band scatterings proportional to\VY , in accordance with
our interpretation that this term represents the conversio
coherent excitations into incoherent occupations. It should
noted that although in this paper we present numerical res
for an effectively one dimensional system the form of E
~6!–~12! applies also for higher dimensional systems such
quantum wells or bulk materials.

C. Phonon scattering

We account for carrier-phonon interactions with acou
cal and optical phonons. In both cases the phonon modes
be identified with the modes of a three dimensional sys
assuming that the wire and the barrier material do not di
significantly in their lattice and dielectric properties. For
band gap that is of the order of optical frequencies pho
scattering can be considered as a pure intraband pro
Thus, application of the Markov approximation yields co
03530
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tributions to the self-energies\VY and \VN that are gov-
erned by corresponding coupling matricesGxx8x̄x̄8 @see Eqs.
~8! and ~9!#. The contributionGxx8x̄x̄8

ph resulting from the
carrier-phonon interaction has been derived in Ref. 41
has the following form:

Gxx8x̄x̄8
ph

5(
m

2 ip

\
@Gxx8

m G x̄8x̄
m* nmd~v x̄82v x̄1vm!

1Gx8x
m* G x̄x̄8

m
~nm11!d~v x̄82v x̄2vm!#, ~13!

whereGxx8
m are matrix elements in the electron-hole pair b

sis describing the coupling to the phonon modem with fre-
quencyvm andnm is the corresponding thermal occupatio
nm51/@exp(\vm /kBT)21#. A phonon modem is character-
ized by specifying the corresponding three-dimensio
wave vectorq and the phonon branchj which can be either
acoustic or optical. Therefore, the sum in~13! involves a
summation over the branches as well as overq.

By projecting the standard three dimensional phon
coupling32,33,46 onto the lowest wire sublevel and denotin
the Fourier transform ofwn(r 12) by wn(k) one obtains ex-
plicitely for the phonon coupling in the pair basis

Gxx8
m

ªGnn8
j ,q

~K,K8!ª
dqi ,K82K

2pAL
f ~q'!E

2`

`

dk wn* ~k!

3@gm
e wn8~k2mhqi!2gm

h wn8~k1meqi!#. ~14!

Here, qi and q' are, respectively, the phonon wave-vect
components in the wire direction and perpendicular to it a
me/hªme/h /(me1mh) are the fractions of the electron/ho
massesme/h with respect to the total massme1mh . The
massesme/h refer to the motion in wire direction.gm

e/h is the
coupling of an electron/hole to the phonon modem of the
three-dimensional system. The form factorf (q') stems from
the projection onto the lowest subband of the wire and
defined as

f ~q'!ª(
r'

uh~r'!ue~r'!eiq'r'. ~15!

The representation~14! is valid for the interaction with both
acoustical and optical phonons as well as for differe
carrier-phonon coupling mechanisms, which are dist
guished only by differentq dependencies of the function
gm

e/h that may be specified for each of the mechanisms
cussed in this paper as follows.

1. Acoustic phonon scattering

Acoustical phonons are coupled to the carriers via
deformation potential as well as via the piezoelectric co
pling. While the deformation potential exclusively couples
LA phonons, the piezoelectric scattering with both LA a
TA phonons is appreciable; usually the piezoelectric scat
ing with TA phonons is significantly stronger than with L
phonons due to the smaller sound velocity.55 Accounting to-
3-4
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gether for piezoelectric and deformation potential inter
tions the couplinggAC

e/h to acoustic phonons can be repr
sented as33,55

gAC, j ,q
e/h 5A \

2% v j~q!
~q Dj

e/h1 iM j~ q̂!!, ~16!

where qªAqi
21q'

2 is the modulus ofq and q̂ is the unit
vector in the direction ofq. v j (q) represents the dispersio
for the acoustical phonons,% is the density of the semicon
ductor, D j

e/h stands for the deformation potential consta
for electrons or holes, andM j provides for the piezoelectric
coupling. The branch indexj runs over the longitudinal and
the two transverse modes and the constantsD j

e/h are nonva-
nishing only for the LA mode. As only phonons near t
center of the Brillouin zone are efficiently coupled to t
electron-hole pairs it is justified to assume a linear dispers
v j (q)5v jq, wherev j is the sound velocity in the materia
that, depending on the mode, has to be identified with ei
the velocity of longitudinal or shear waves. It should
noted that although it is the square module ofgAC,q

e/h that
finally enters the dynamics via Eq.~13!, there is no mixing
between deformation potential and piezoelectric scatter
because the former gives a real and the latter provides f
purely imaginary contribution to Eq.~16!. As discussed in
Refs. 33,55, the piezoelectric coupling would in princip
introduce an anisotropy that is, however, usually ignor
Instead, an effective isotropic model is considered that m
be obtained by averaging over the angles. More specific
because it is the square ofM (q̂) that introduces the anisot
ropy in Eq. ~13! an angle average over this quantity
needed. For a crystal with zinc-blende structure the ave
ing yields55

1

4pE0

2p

dwE
0

p

du sin~u!M j
2~ q̂!5Aj S 2 e e14

«s«0
D 2

, ~17!

where e14 is the piezoelectric coeficient,«0 stands for the
vacuum susceptibility,e denotes the elementary charge,«s is
the static dielectric constant, andAj are mode dependen
geometrical factors that can be found, e.g., in Ref. 55.

2. Optical phonon scattering

We treat LO phonons as dispersionless quasiparticles
a constant frequencyvLO . LO phonons interact with the
carriers dominantly via the polar-optical Fro¨hlich coupling
which has the well known form

gLO,q
e/h 5gLO,q5 i4pA e2\

2 a vLO

1

q
, ~18!

with

a215
vLO

2

«0 ~4p!2 S 1

«`
2

1

«s
D ,

where«` is the high frequency dielectric constant.
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D. Interface roughness scattering

As mentioned above also the dynamical impact of int
face roughness may be represented as an open hierarc
correlation functions of the stochastic potential. This a
proach has been worked out in Refs. 35,56,57. In comb
tion with the Markov approximation the following contribu
tion to the coupling matricesGxx8x̄x̄8 in Eqs. ~8! and ~9! is
obtained:

Gxx8x̄x̄8
IR

5
2 ip

\
^Vxx8Vx̄x̄8&d~v x̄2v x̄8!, ~19!

where^Vxx8Vx̄x̄8& is the disorder potential correlation func
tion in pair representation.35,56,57The casex̄5 x̄8 has to be
excluded because this would correspond to a self-scatte
In this paper we assume a deltalike correlation for the spa
fluctuations of the potential. This assumption yields for t
correlation function in pair representation

^Vxx8Vx̄x̄8&5
\

2p
s IRsxx8x̄x̄8 , ~20!

wheres IR is a parameter that determines the strength of
interface induced scattering and

sxx8x̄x̄8ªd~K82K1K̄82K̄ !snn8n̄ n̄8~K82K ! ~21!

accounts for the overlap of the pair states involved with

snn8n̄ n̄8~Q!5me
2Fnn8~meQ!F n̄ n̄8~2meQ!

1mh
2Fnn8~2mhQ!F n̄ n̄8~mhQ!

1memh@Fnn8~meQ!F n̄ n̄8~mhQ!

1Fnn8~2mhQ!F n̄ n̄8~2meQ!#, ~22!

and

Fnn̄~mQ!5
1

2pE2`

`

dk wn* ~k!wn̄~k1mQ!. ~23!

It should be noted that in the above treatment in addit
to the quantum mechanical averaging an ensemble avera
with respect to different realizations of the interface roug
ness is implied. Here we are interested in the average e
of interface roughness on the dynamics of pair relaxatio
The averaging aspect is also important for discussions of
secondary emission, especially in view of the non-se
averaging character of specle spectroscopy. A further co
quence of the double averaging is that it is now possible
discuss different degrees of coherence, because after
forming the quantum mechanical average on a single rea
tion there is in general a certain phase coherence with
excitation present that will be reduced in ensemble avera
results. This reduction of phase coherence is reflected b
corresponding contribution to the incoherent pair densityN̄,
which is easily separated from other contributions that re
from inelastic scattering processes. This separation
3-5
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achieved by making the following decomposition~here we
suppress the obvious indices!:

~24!

where ^•••&Q denotes the quantum mechanical and^•••&E
the ensemble average. Throughout this paper we will stic
the convention that an average^•••& without further speci-
fication refers to the double average with respect to quan
mechanics and to the disorder ensemble. Obviously, our d
nition of N̄ implies that we have extracted those coheren
from the total pair density that survive both averaging p
cedures. A separate treatment of elastic and inelastic co
butions according to the decomposition~24! has been pre-
sented in Refs. 36, 58. However, this distinction is n
important for our present discussion and will not be pursu
here any further.

E. Radiative decay

To include radiative decay of electron-hole pairs we p
ceed along the lines as described in Refs. 27,39. In short
decouple the hierarchy of photon assisted density matr
by invoking the correlation expansion and then eliminate
assisted density matrices by means of the Markov appr
mation in complete analogy to the treatment of the phon
interaction. In this way the following additional contribu
tions on the right-hand side of Eqs.~6! and~7! are obtained:

i\] tyxuRD52 i(
x8

DRD
xx8x8yx8 , ~25!

i\] tn̄x̄xuRD52 i(
x8

@DRD
xx8x̄n̄x8x̄1DRD

x8x̄xn̄x8x#, ~26!

DRD
xx8x̄

ª(
q

Dq
xDq

x8* d~\v x̄2Eq!, ~27!

whereq andEq are, respectively, the momentum and ene
of the photon andDq

x is the carrier photon coupling matri
element in pair representation. Equation~25! is responsible
for the radiative polarization decay while Eq.~26! accounts
for the decay of incoherent pair occupations.

III. NUMERICAL RESULTS

We applied our theory to a GaAs quantum-wire with
cylindrical cross section of 100 nm2. We have used the stan
dard literature values for the material parameters that
listed in Table I. The valence band structure has been m
03530
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eled using the axial approximation of the Luttinger Ham
tonian such that the heavy hole masses in wire direction
perpendicular to it are connected to the Luttinger parame
by mhhiªmh5m0 /(g122g2) andmhh'5m0 /(g11g2), re-
spectively, wherem0 is the free electron mass. The pair wa
functionswn(k) required for the evaluation of all scatterin
matrix elements have been determined by a direct diago
ization of the corresponding eigenvalue problem ink space.
The convergence of the results with respect to thek space
discretization has been carefully tested. All calculations p
sented here have been performed for a temperature oT
580 K. The temperature dependence of our results will
discussed elsewhere.59 We have analyzed the dynamics
coherent and incoherent electron-hole pairs after excita
of the system with a Gaussian shaped laser pulse of 25
duration corresponding to the full width at half maximum
the intensity. We have taken the pulse maximum as the z
of the time axis. Four different scenarios are considered
responding to excitations with central frequencies~a! in reso-
nance with the 1s exciton, ~b! at the band edge,~c! just
below the threshold for transitions to the 1s parabola due to
LO phonon emission,~d! slightly above the LO threshold
The pulse spectra for these scenarios are plotted toge
with the linear absorption spectrum in Fig. 1. The 1s exciton
is clearly visible in the linear spectrum while the 2s exciton
and higherbound states merge with the band gap. Also p
ted is a schematic view of the processes that redistribute
electron-hole pairs after their coherent excitation with va
ishing c.m. motion. The scheme illustrates typical pathwa
for an electron-hole pair scattered by one of the mechani
discussed in this paper.

A. Loss of coherence

The excitation with a coherent laser field leads, in a fi
step, to coherent electron-hole pairs that are described in
formalism by the coherent pair amplitudesyx . As a result of
the scattering processes that set in already during the gen
tion of the pairs, a decay of the coherent amplitudes is in

TABLE I. Material parameters taken from Ref. 16 except f
g1 , g2 , vS , ande14 which are taken from Ref. 64 andM0 from
Ref. 27.m0 is the free electron mass ande the elementary charge

band-gap energyEgap 1519 meV
effective electron massme 0.063 m0

Luttinger parameterg1 6.85
Luttinger parameterg2 2.1
LO phonon energy\vLO 36.4 meV
static dielectric constantes 12.9
high frequency dielectric constante` 10.92
densityr 5.37 g/cm3

logitudinal sound velocityvL 5330 m/s
shear sound velocityvS 3343.60 m/s
deformation potential for electronsDe 7000 meV
deformation potential for holesDh 23500 meV
piezoelectric constante14 0.16 C/m2

dipole matrix elementM0 4 e Å
3-6
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FIG. 1. Left: pulse spectra~dashed line! for
the four excitation scenarios discussed in the t
in comparison with the calculated linear absor
tion spectrum~solid line! of our quantum wire.
The central frequencies correspond to energ
relative to the band edge:218, 0, 10, 20 meV.
Right: schematic view of typical pathways o
electron-hole pairs scattered by one of the mec
nisms discussed.
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ated. The corresponding decay of the coherent pair occ
tion densityNcoh defined in Eq.~10! is a direct measure fo
this loss of coherence. Note, that the decay of the ma
scopic polarization

P5(
x

Mx* wx~r 50!yx ~28!

after short pulse excitation will usually take place on
shorter time scale because superimposed to the decohe
induced by scattering is the dephasing due to destruc
interference of the pair oscillatorsyx . In order to analyze the
influences of the various scattering mechanisms on the d
herence we have determinedNcoh from a numerical solution
of Eq. ~6!. Figures 2~a!–2~d! correspond to our four excita
tion scenarios and show for each central frequency separ
the contributions of different mechanisms to the decay.
order to facilitate the comparison between the curves w

FIG. 2. Time-evolution ofNcoh for excitation energies relative to
the band edge:~a! 218, ~b! 0, ~c! 10, ~d! 20 meV~see Fig. 1!. Each
curve accounts exclusively for a single scattering mechanism:
deformation potential scattering, PE: piezoelectric coupling, L
Fröhlich coupling, IR: interface roughness scattering withs IR

50.02 meV/ps, RD: radiative decay.
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respect to their decay properties we have scaled the resu
densities such that the respective maxima have appr
mately the same heights.

We find a competition of a variety of comparable cont
butions from different scattering mechanisms. The relat
weights of these contributions change significantly w
changing excitation conditions. The dependencies reveal
the influence of Coulomb correlations in the vicinity of th
band edge is not exausted by the well known modificatio
of the absorption spectrum~occurrence of the exciton line
Coulomb enhancement!, but all scattering mechanisms a
strongly affected. Particularly striking is the impact on po
interactions such as the piezoelectric coupling or the Fr¨h-
lich interaction, which are significantly reduced when eith
the initial or the final state is on the 1s parabola. This may be
easily understood by an intuitive argument, because the
citon is a neutral entity and being a bound state it ha
spatially localized wavefunction and therefore contributio
from the scattering of an electron and scattering of a h
lead to partial cancelations for polar interactions.60 As a con-
sequence the loss of coherence due to piezoelectric scatt
is negligible for resonant excitation of the 1s exciton @see
Fig. 2~a!#, but it becomes the dominante dephasing mec
nism just above the band egde@see Figs. 2~b!–2~d!#. As a
general trend piezoelectric scattering decreases with incr
ing excitation energy for above band edge excitation beca
the piezoelectric coupling is particularly strong for tran
tions involving small momentum transfers@see Eq.~16!# and
at the band edge there is an increased density of states
small momenta.

The general reduction of polar interactions involving e
citons has also an important effect on the Fro¨hlich coupling.
Of course, the small contribution of the LO phonon scatt
ing to the dephasing of the 1s exciton @see Fig. 2~a!# is due
to the fact that only absorption processes are energetic
allowed in this case. The correlation induced reduction of
Fröhlich coupling manifests itself in rather long decay tim
of the order of several pico seconds@see Fig. 2~d!# just above
the threshold for the emission of LO phonons, where
final states of the scattering are on the 1s parabola. By cal-
culating the phonon emission rates for a wider energy ra
we have verified that decay times of the order of;150 fs,

P:
:
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K. SIANTIDIS, V. M. AXT, AND T. KUHN PHYSICAL REVIEW B 65 035303
which are usually associated with the emission of L
phonons, are indeed obtained above the threshold for tra
tions within the pair continuum.49 Thus, LO phonon emis-
sion dominates only above this second threshold, w
reaching the low energetic threshold raises the LO contr
tion to the dephasing merely to a level comparable with ot
competing mechanisms. Note that if performing the Mark
approximation in thek-space basis only this second thresho
for LO scattering within the continuum is obtained~see the
Appendix! while the low-energetic threshold for LO phono
induced transitions towards the 1s parabola is absent. Obvi
ously, the k-space version of the Markov approximatio
misses important aspects of the relaxation dynamics nea
band edge.

While polar interactions are reduced due to Coulo
renormalizations almost the reverse tendencies are obta
for deformation potential scattering. For resonant excitat
@part ~a! of Fig. 2# the loss of coherence is clearly dominat
by the deformation potential interaction such that all oth
mechanisms can be regarded as small corrections. This
ation changes when the central frequency is tuned above
band edge, where the contribution from deformation pot
tial coupling decreases. The strength of the deformation
tential scattering on the 1s parabola is explained by favor
able excitonic form factors in Eq.~14!. Here, contributions
from the scattering of electrons or holes exhibit much wea
compensations than for polar interactions.

Radiative decay turns out to be the only interacti
mechanisms which is negligible on the time scale of Fig
for all scenarios studied. While this process is more imp
tant in quantum wells27,38 for wires it evolves on a differen
time scale. In accordance with previous investigations37 we
find intrinsic radiative decay times for the coherent pair o
cupations that depend on the pair state but are in any
larger than;150 ps. This effect has been attributed in Re
13,37 to a reduced spatial excitonic coherence in one dim
sional systems.

Figure 3~a! compares the time evolution ofNcoh for our
four excitation scenarios when all scattering mechanisms
cept for interface roughness are taken into account. The
of coherence is fastest when the central frequency is tune
the band edge. Thus, the increase in efficiency of the pie

FIG. 3. Time evolution ofNcoh: ~a! calculations for different
excitation energies\v including all mechanisms except for inte
face roughness,~b! calculations including all mechanisms for a
excitation 20 meV above the band-gap with varying interfa
roughness strengths IR .
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electric coupling compared to the resonant excitation at
1s exciton overcompensates the corresponding reductio
the deformation potential scattering. A further increase of
central frequency above the band gap leads to a slow
down of the decoherence. Changing the central freque
from 10 to 20 meV above the band gap~see Fig. 1! leads to
a loss of efficiency of the acoustic phonon scattering p
cesses which even overcompensates the onset of the LO
non emission.

As an interesting side aspect of our numerical analysis
the time evolution ofNcoh we have found that the results o
calculations where only the diagonal elements of the sca

ing matrices\VY x
x8 in Eq. ~6! are taken into account are no

significantly different from the full calculations where als
the off-diagonal elements are kept. In order to simplify t
numerics we have made use of this diagonal dominance
accounted only for the diagonal elements in the rest of
analysis.

Finally, part~b! of Fig. 3 illustrates the impact of interfac
roughness on the loss of coherence for an excitation ab
the LO threshold. The efficiency of interface roughness sc
tering is decisively determined by the parameters IR in Eq.
~20! which depends on the quality of the individual samp
Figure 3~b! shows the expected decrease of the decay tim
with increasings IR . TheNcoh transients resulting only from
interface roughness corresponding to a value ofs IR
50.02 meV/ps have been included in the Figs. 2~b!–2~d!.
Because interface roughness is an elastic scattering proc
is only effective above the band edge~see Fig. 1!. From the
Figs. 2~b!–2~d! it can also be seen that the contribution
interface roughness to the decay increases with increa
excitation energy and fors IR50.02 meV/ps it has a magni
tude roughly comparable with the effect of the deformati
potential. This value ofs IR has been chosen for the subs
quent investigations of the influence of interface roughn
on the formation of excitons.

B. Conversion into incoherent pair occupations

The loss of coherence is accompanied by a build up
incoherent pair occupations. The most direct measure
quantifying the formation of excitons is the total numb
N1sª(Kn̄(1s,K)(1s,K) of pairs occupying states on the 1s pa-
rabola. It is therefore a natural decomposition to split t
total number of pairs into three parts according to

Ntot5Ncoh1N1s1Nex, ~29!

whereNexª(K(nÞ1sn̄(n,K)(n,K) measures the total incohe
ent occupation of excited pair states, i.e., all states not on
1s parabola. In order to obtain the relevant information
the incoherent densities we have solved in addition to Eq.~6!
for the amplitudesyx also Eq.~7! for the incoherent densitie
using the same excitation conditions as discussed in the
vious section. Here, we have concentrated on the dynam
of the occupation densities~diagonal elementsn̄xx); the ef-
fect of intraband coherences~off-diagonal elementsn̄x̄x with
x̄Þx) will not be analyzed in this paper.

e
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DYNAMICS OF EXCITON FORMATION FOR NEAR . . . PHYSICAL REVIEW B 65 035303
Figure 4 shows the ratios ofNcoh ~dashed!, N1s ~thick
solid! andNex ~thin solid! with respect to the total pair den
sity Ntot for our four excitation scenarios. In this calculatio
all scattering mechanisms are included using a value ofs IR
50.02 meV/ps for the strength of the interface roughne
The curves correspond to calculations where the radia
decay has been neglected. We have also performed cal
tions including the radiative decay shown as diamonds
Fig. 4. As can be seen from the figure there is no noticea
effect on our results on the time scale studied here. We h
therefore neglected the radiative decay in the rest of our s
ies.

At the pulse maximum~at time t50 ps) the coheren
density comprises almost the total pair density. The con
sion from coherent excitations towards incoherent occu
tions starts already during the optical generation and is c
pleted after a few picoseconds in all cases. The m
remarkable finding is, however, that the relevant time sc
for the formation of excitons changes by orders of magnitu
depending on the excitation conditions. The individual
sults for our four scenarios are as follows.

For resonant excitation@Fig. 4~a!# about 90% of the pairs
are in states on the 1s parabola at the end of the conversio
process. The various scattering mechanisms lead to a pa
dissociation of excitons into unbound electron-hole pa
such that after 50 ps the ocupation of the 1s parabola has
dropped to 80% ofNtot while the remaining 20% occup
excited pair states.

The situation is very different when the central frequen
coincides with the band edge@see Fig. 4~b!#. After the inital
conversion of coherent excitations there are more than 9
of the pairs in excited states. Following the conversion o
a very small increase ofN1s and a corresponding decrease

FIG. 4. Pair occupations normalized toNtot for excitation ener-
gies relative to the band edge:~a! 218, ~b! 0, ~c! 10, ~d! 20 meV.
The curves are calculated without radiative decay. Diamonds
calculated including radiative decay.
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Nex takes place on the time scale of 50 ps. This means
exciton formation is a very slow process for excitations
the band edge. Nevertheless, a population on the 1s parabola
of about 5% ofNtot is built up already on a very short tim
scale and results from absorption of the low energy tail of
pulse spectrum at the 1s exciton ~see Fig. 1!. Thus, these
pairs are generated from the start as excitons and are
formed from excited pairs in a scattering event.

A further increase of the excitation energy towards
meV above the band gap again alters the formation dynam
as can be seen from Fig. 4~c!. Now there is only very little
tail absorption at the 1s exciton and consequently almost a
pairs are in excited states after the coherences have
converted into incoherent densities. However, the exci
formation has become noticeably faster than directly at
band edge such that after 50 ps an exciton population
more than 10% of the total density has built up, resulti
mostly from exciton formation and not from tail absorptio

Finally, Fig. 4~d! displays results for an excitation abov
the threshold for LO phonon emission. Although crossing
LO threshold has only little effect on the decoherence~see
Fig. 2!, it has a dramatic impact on the exciton formatio
dynamics. LO phonon emission turns out to be a very e
cient exciton formation process. Already in the time regim
where coherent densities are still present a noticable occ
tion of exciton states has been built-up although tail abso
tion can be neglected under these excitation conditions.
maximum of the excited state population is limited by t
rapid formation of excitons and never rises noticeably ab
60% of Ntot . After about 7 ps the exciton population eve
surpasses the population of exited states and eventually
rates. After 50 ps more than 60% of the pairs occupy sta
on the 1s parabola.

At this point we would like to recall that for a given
temperature there is a unique thermal pair distribution.
view of the fact that all calculations have been performed
the same temperature ofT580 K it is therefore interesting
to note that there are obviously large differences in the d
tributions found after 50 ps for the four scenarios. Con
quently, it has to be concluded that on this time scale
dynamics is still far from being relaxed to a thermal equili
rium. Calculations on a longer time scale up to times co
parable with the radiative decay times indicate that the th
malization is not completed before the pair occupations s
to decay in interband relaxation processes.49

C. Time-resolved exciton c.m. distribution

Following the time evolution of the total numberN1s of
excitons on the 1s parabola gives a global estimate for th
efficiency of exciton formation. However, most measu
ments are not sensitive to this quantity. Instead, typical
servables usually scan only small portions of the 1s pa-
rabola. The best known example is the conventio
excitonic luminescence which is determined by exciton d
sities in a small region nearK50. But, as mentioned earlier
there are more refined experimental techniques that are
to deliver a direct picture of theK distribution on the 1s
parabola.25,52–54It is therefore important to know in whichK

re
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K. SIANTIDIS, V. M. AXT, AND T. KUHN PHYSICAL REVIEW B 65 035303
regions the excitons are formed and how the resultingK
distribution evolves in time. To this end we have analyzed
Fig. 5 theK-space distribution of incoherent 1s excitons nor-
malized toNtot . The normalization means that theK integral
over this quantity equalsN1s /Ntot . As in the previous section
we have accounted for all scattering mechanisms and
parts ~a!–~d! of Fig. 5 refer to our four different excitation
scenarios.

Even with a coarse view on Fig. 5 it becomes clear t
the resultingK-space distributions on the 1s parabola dra-
matically change with changing excitation conditions. T
different distributions reflect the competition between diffe
ent physical processes and their changing relative imp
tances. Each scattering mechanism is distinguished b
characteristic transfer of energy and momentum correspo
ing to specific pathways in the diagram of Fig. 1. Thus
noticeable contribution from one of the scattering mec
nisms leads to a correspondingfingerprint in the resulting
pair distribution. An analysis of the distributions for our fo
scenarios therefore yields a clear picture of the relev
physical processes for the respective excitation conditio
For our four cases we find the following individual results

An excitation in resonance with the 1s exciton@part~a! of
Fig. 5# generates an incoherent exciton population which
concentrated in a smallK space region nearK50 for all
times. A closer inspection of the figure reveals that within
first few picoseconds after the excitation the maximum is
a finite value ofK and then moves towardsK50. This is the
expected behavior because a conversion without momen
transfer is forbidden by energy and momentum conservat
Consequently, the conversion process necessarily gene
in a first step incoherent exciton populations with a fin
c.m. kinetic energy. A subsequent scattering event, wh

FIG. 5. Time evolution of theK-space distribution of incoheren
1s excitons normalized toNtot in units of the bulk Bohr radiusaB

for excitation energies relative to the band edge:~a! 218, ~b! 0, ~c!
10, ~d! 20 meV.
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takes extra time, is needed to obtain an incoherent popula
at K50. With increasing time the population nearK50 de-
creases and broadens due to redistributions on the 1s pa-
rabola~exciton heating!.17,26,27and due to dissociation. Th
latter process was not discussed in previous studies.17,26,27It
reduces the exciton population by about 20% within 50 ps
already noted in Fig. 4~a!.

Tuning the laser frequency to the band edge two disti
maxima show up in the exciton distribution@part ~b! of Fig.
5#. A broad structure around kinetic energies close to
exciton binding energy and a narrow peak nearK50. The
broad structure is due to formation processes where elect
hole pairs are scattered from the band edge almost hori
tally in the scheme of Fig. 1 towards the 1s parabola. Such
transitions can only result from scattering either with acco
tic phonons or with interface roughness. While the bro
structure in Fig. 5 takes of the order of 10 ps to rise the p
aroundK50 is built-up almost instantaneously. This pe
results from absorption of the low energy tails of the pu
spectrum directly at the 1s exciton and is therefore not con
nected to exciton formation. In order to separate the in
ences of tail absorption and exciton formation we have p
formed a calculation where the amplitudey1s was set to zero
by hand. As this amplitude is directly responsible for t
absorption at the 1s exciton setting it to zero means that th
1s absorption has been switched off in this calculation. A
indeed, without 1s absorption there is no peak nearK50 in
the incoherent 1s K space distribution as can be seen fro
Fig. 6~a!. Instead, a population with smallK builds up slowly
reflecting the relaxation of excitons formed initially wit
higher kinetic energies. It is interesting to note that for la
excitation at the band-gap the pulse spectrum of our 25
pulse has already droped significantly at the 1s resonance
~see Fig. 1!. But obvioulsy this effect is overcompensated
the large oscillator strength of the 1s exciton still leading to
a considerable 1s population resulting from 1s absorption.

Figure 5~c! displays results for an increased excitati
energy which is still below the LO threshold. The distrib
tion exhibits two components. A contribution nearK50 and
a rather flat and broad population initially centered at a
netic energy corresponding to the energy difference betw

FIG. 6. Time evolution of theK-space distribution of incoheren
1s excitons normalized toNtot in units of aB neglectingy1s , i.e.,
without 1s absorption, for excitation energies relative to the ba
edge:~a! 0, ~b! 10 meV.
3-10
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DYNAMICS OF EXCITON FORMATION FOR NEAR . . . PHYSICAL REVIEW B 65 035303
the center of the excitation and the 1s exciton energy. Al-
though the overlap of the pulse spectrum with the exci
line has further dropped the steep onset of theK50 compo-
nent is still due to tail absorption as demonstrated in F
6~b! where the result of a corresponding calculation witho
1s absortion is shown. The energetic position of the bro
component suggests that for early times most pairs are s
tered into states with energies close to the position of th
optical generation. Again exciton formation proceeds mos
via horizontal transitions to the 1s parabola. With progress
ing time the center of the broad distribution shifts towar
lower energies reflecting, on the one hand, the relaxa
towards lower energies within the continuum before the
citon formation takes place and, on the other hand, the re
ation on the 1s parabola that follows the formation. Th
relaxation on the 1s parabola provides for a continuous flo
towards states nearK50. However, the rise of the popula
tion nearK50 is significantly faster than in Fig. 5~b!. Due to
the scattering within the continuum a certain portion of pa
that have been generated below the LO threshold will n
be lifted above the threshold. Thus LO phonon emission
comes a feasible process for these pairs leading to an inc
ing exciton formation rate. Excitons formed in this way mu
necessarily have c.m. momenta nearK50. It will be dem-
onstrated below that LO phonon emission enabled b
broadening of the distribution due to acoustic phonon s
tering is the main reason for the increased exciton forma
efficiency found for this excitation condition.

When the excitation energy is further increased above
LO threshold, almost all of the excitons occupy states w
small K values@see Fig. 5~d!#. A high energetic componen
tent at the position of the optical generation is not resolv
compared with the bulk of the population nearK50. Obvi-
oulsly, this distribution mainly reflects the high efficiency
the LO phonon emission process for the exciton formati
Energy conservation relevant for this process forces the
citons to be formed nearK50 because the excitation is lo
cated only slightly above the LO threshold. It is interesting
note that the initial width of theK-space distribution in Fig.
5~d! may be changed by changing the spectral width of
excitation as can be understood from the following arg
ment. For excitation above the LO threshold, at early tim
excitons are formed due to LO emission by a convers
from coherent densitiesuynu2 of continuum states. TheK
space position of the formed exciton is fixed by energy c
servation and corresponds to an energy strictly\vLO below
the energy of the initial staten. Thus the width of the result
ing K space distribution reflects the width of the portion
the pulse spectrum that lies above the LO threshold. In c
trast, for resonant excitation@see Fig. 5~a!# the width is de-
termined by a different mechanism which is essentially in
pendent of the pulse spectrum. Here, only a single cohe
amplitude, namelyy1s , has apreciable values. The corr
sponding coherent densityuy1su2 is converted mainly by de
formation potential scattering with LA phonons@see Fig.
2~a!# and redistributed over the states on the 1s parabola.
Consequently, the width of the resulting distribution is det
mined by the effectiveK space range of the deformatio
potential coupling which is limited primarily by the exciton
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and the confinement form factors in Eq.~14!. Thus in general
different widths inK space have to be expected for excitati
at the 1s exciton or above the LO threshold. For our speci
parameters the latter turns out to be broader.

D. Impact of various interactions on the exciton formation
dynamics

In order to analyze the relative importance of the vario
interactions we have performed calculations where exc
sively a single mechanism has been included. The results
plotted in Fig. 7. Apart from the dramatic dependence of
exciton formation efficiency, which was already noted in F
4, the most striking feature of Fig. 7 is that the exciton pop
lation obtained by accounting simultaneously for all mech
nisms is typically very different from the sum of the contr
butions resulting from calculations for each individu
mechanism. This nonadditivity indicates interesting com
nation effects between different scattering mechanis
which are characteristic for each of our four excitation s
narios.

For resonant excitation of the 1s exciton @Fig. 7~a!# all
mechanisms would predict a monotonous rise ofN1s /Ntot
when they were the only process present. Nevertheless
combined action of these processes yields a nonmonoto
curve with a maximum at about 5 ps due to a fast initial r
produced by deformation potential scattering followed by
slower reduction of the exciton population as a conseque
of dissociation processes which are induced by the abs
tion of LO phonons. This interpretation is confirmed by
calculation where LO phonon scattering has been selecti

FIG. 7. Normalized 1s exciton density for different excitation
energies relative to the band edge:~a! 218, ~b! 0, ~c! 10, ~d! 20
meV. The curves account for different scattering mechanis
circles: all mechanisms are included, DP: deformation poten
scattering, PE: piezoelectric coupling, LO: Fro¨hlich coupling, IR:
interface roughness scattering withs IR50.02 meV/ps, diamonds
all mechanisms except for Fro¨hlich coupling are included.
3-11
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switched off @diamonds in Fig. 7#. The resulting curve is
almost indistinguishable from the calculation for deform
tion potential scattering alone, thus demonstrating that
reduction in the full calculation is indeed due to LO phon
absorption.

Figure 7~b! shows the results for excitation at the ba
edge. Here,N1s /Ntot exhibits an almost steplike onset fo
lowed by a much flatter continuous rise at later times. T
calculations for different mechanisms reveal that the st
onset is produced by deformation potential scattering w
LA phonons. As discussed earlier under these excitation c
ditions direct excitonic absorption is still appreciable resu
ing in the peak structure nearK50 in Fig. 5~b!. Therefore,
we attribute the rapid initial rise to this process. Scattering
acoustic phonons either by deformation potential or pie
electric coupling leads only to a small additional increase
the exciton population after this initial step. Interactions w
acoustic phonons favor scattering events accompanied
small momentum transfers. However, exciton formation
acoustic phonon scattering necessarily requires a siz
transfer of momentum due to energy conservation in conn
tion with the linear dependence of the phonon energy on
phonon momentum. Therefore, these mechanisms are r
inefficient in forming excitons although piezoelectric scatt
ing dominates the decoherence at the band edge@see Fig.
2~b!#. We thus conclude that the exciton formation from u
bound pairs at the band-edge is mainly due to interf
roughness.

Figure 7~c! refers to a pulse energy just below the L
threshold. Even for this rather large spectral separation of
excitation from the 1s exciton line there is still a noticeabl
steplike onset in the contribution from the deformation co
pling which is related to tail absorption@see Fig. 6~b!#. How-
ever, the most interesting aspect of the figure is the str
nonadditivity of the various contributions from individua
scattering mechanisms. The exciton population obtained
accounting simultaneously for all mechanisms is much lar
than the sum of the individual contributions. We attribute t
effect to LO phonon emission enabled by the broadening
the distribution due to other processes. LO phonon emis
alone gives a rather small contribution to the exciton po
lation because most of the pairs are generated by the
below the LO threshold. Exciton formation by one of th
other processes is rather unlikely, too, because of the l
energy and momentum transfer needed in order to reach
1s parabola. But combining these processes results in a
siderably increased formation of excitons by first lifting t
pairs above the threshold and then emitting a LO phonon
order to verify this interpretation we have plotted in Fig. 7~c!
a curve where all mechanisms except for LO phonon sca
ing have been accounted for@diamonds in Fig. 7~c!#. This
curve demonstrates that the dramatic increase of the for
tion efficiency found in the full calculation is indeed th
result of the emission of LO phonons enabled by the bro
ening of the pair distribution due to acoustic phonon abso
tion.

Finally, plotted in Fig. 7~d! are the exciton occupation
that build up after excitation above the LO threshold. As
clearly seen in the figure, LO phonon scattering domina
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by far the formation process over all other contributions.
fitting an exponential rise proportional to@12exp(2t/t)# we
have extracted a value oft'4 ps which may be identified
with an exciton formation time. Corresponding fits for exc
tations below the LO threshold@parts~b! and ~c! of Fig. 7#
yield values of the order oft'230 ps @part ~b!# and t
'150 ps@part ~c!#, respectively.61 In these cases the func
tional form of the curves is not strictly exponential; neve
theless the extracted numbers reflect roughly the duratio
the rises and confirm that the formation takes place o
much longer time scale than for excitations above the
threshold which is also obvious from the figures.

E. Excitonic luminescence

It has been noted above that allK components of the 1s
exciton distribution are in principle accessible in suitab
designed experiments.25,52–54However, standard photolumi
nescence measurments are only sensitive to the densities
K50. In order to make the connection between our the
and standard measurments more explicit we have determ
the emitted excitonic photoluminescence intensity. To t
end we have applied the theory presented in Ref. 27
calculated the photon-assisted polarizations^Ŷ(bq

†2^bq
†&)&

(bq
† are creation operators for photons with wave vectorq)

from which the luminescence signal can be deriv
immediately.39,27 It has been verified in Ref. 27 that it i
usually sufficient to determine the photon-assisted polar
tions in Markov approximation. Therefore, we have also a
plied this approximation in our present calculation.

Figure 8 displays the resulting angle averaged excito
photoluminescence signals for our four excitation scenar
Our main prediction is that in the low excitation regime t
rise time of the photoluminescence of a quantum wire sho
dramatically depend on the excitation frequency reflect
the changes in the exciton formation efficiency.

FIG. 8. Calculated photoluminescence signal emitted due to
radiative decay of 1s exciton states. The signal is integrated over
emission angles. The calculations correspond to different excita
energies\v relative to the band edge. The curve for resonant
citation at the 1s exciton at218 meV has been scaled by a fact
of 0.1.
3-12
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IV. CONCLUSIONS

We have presented a microscopic theory allowing fo
consistent treatment of the combined dynamics of cohe
and incoherent electron-hole pairs for excitations below
above the band-gap. We have applied our theory to a G
quantum-wire model. The relative importance of a great
riety of scattering mechanisms relevant at low excitat
densities has been analyzed for varying excitation conditi
and in different dynamical regimes. The range of the inv
tigated regimes covers the dynamics of coherently exc
pairs as well as their conversion into incoherent occupati
and eventually a regime of incoherent redistributions wh
includes the formation of incoherent populations on thes
parabola. Our studies reveal that the decoherence in th
cinity of the band edge at a temperature of 80 K is domina
by acoustic phonon scattering. Compared with deforma
potential scattering all other mechanisms are negligible
excitations in resonance with the 1s exciton. Above the
band-gap piezoelectric coupling gives the fastest contr
tion to the conversion from coherent into incoherent pa
but deformation potential scattering is also of compara
magnitude. Crossing the threshold for transitions towards
1s parabola by LO phonon emission does not significan
accelerate the decoherence. Nevertheless, LO phonon e
sion turns out to be the most efficient process for form
excitons whenever it is energetically allowed. For excitatio
at the LO threshold we find an exciton formation time of t
order of 4 ps. Tuning the laser frequency towards lower
ergies but still above the band gap the exciton format
process slows down significantly. This dramatic depende
on the excitation energy is also reflected in the correspond
photoluminescence signals.

The most important general insight implied by our pres
analysis is, however, that the dynamics of pairs in the vic
ity of the semiconductor band edge is not dominated b
single scattering process. Instead, there is a competitio
many processes of similar magnitudes. In particular, sca
ing by TA and LA phonons via different coupling mech
nisms is as important as LO phonon scattering or interf
roughness. The absolute values of the relative weights of
mechnanisms depend crucially on the excitation conditio
But it seems to be a general characteristic of a physical s
ation with many competing processes of comparable ma
tudes that the combined effect of all contributions is qua
tatively and in some cases even qualitatively different fr
the sum of the effects provoked by each of the mechani
individually.
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APPENDIX: ON THE CHOICE OF THE BASIS

In principle, any quantum mechanical problem may
formulated in any basis without affecting predictions for o
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servables. But whenever use is made of a Markov appr
mation the result will in general depend on the basis beca
by specifying the initial and the final states of a possib
scattering process one determines the relevant quasipar
of the system. In particular, the Markov approximation e
forces a strict conservation of quasiparticle energies for e
scattering event. Thus, as a consequence of performing
Markov approximation in the pair basis the arguments of
energy conserving delta functions in all our scattering ma
ces connect pair energies@see Eqs.~13!,~19!,~27!#. In con-
trast,k-space versions of the Markov approximation enfor
the energy conservation with respect to single parti
energies.32,39,62 These different formulations of the energ
conservation indeed lead to significantly different predictio
as may be seen by comparing the energetics of the emis
of a LO phonon in both approaches. By considering ene
conservation in the pair basis the LO phonon emission
comes possible for pair energies higher than one LO pho
energy above the energy of the 1s exciton. The correspond
ing threshold enforced by the conservation of single part
energies is found at pair energies which are at least one
phonon energy above the band edge. In view of this ba
dependence care should be taken to find a basis that is
ticularly adapted to the situation studied. In order to addr
clearly the aspects most relevant for the choice of the bas
our case, we will discuss briefly the physical implications f
the formation of excitons that result from the steps involv
in the Markov approximation. To this end we take the int
action with LO phonons as an example and start our anal
from a quantum kinetic formulation of the dynamics ink
space before the Markov approximation has been perform
For simplicity we will concentrate here on the coherent tra
sition amplitudes, similar considerations apply to the inc
herent densities. Within a quantum kinetic description
interaction with LO phonons provides for a source term17,32

QY
LO[(

q
@Yk1q,k

(2) 2Yk2q,k
(1) 2Yk,k2q

(2) 1Yk,k1q
(1) # ~A1!

in the equation of motion for the interband transition dens
Yk[^d2kck& in k-space representation. This source mak
the coupling to the phonon assisted transition density ma
ces

Yk,k1q
(1)

ª

i

\
gLO,q^d2kck1qbq

†&, ~A2!

Yk1q,k
(2)

ª

i

\
gLO,q^d2(k1q)ckbq& ~A3!

explicit (bq and bq
† are Boson operators for a LO phono

with momentumq). For low excitation densities the equatio
of motion for Y(6) reads17

] tYk8,k
(6)

5
1

i\
@~«k

e1«2k8
h

7\vLO! Yk8,k
(6)

1Ỹk8,k
(6)

#

7
ugLO,k82ku2

\2 S nLO1
1

2
7

1

2D ~Yk82Yk!. ~A4!
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Here,nLO is the thermal LO phonon occupation number,«k
e/h

are single particle energies for electrons and holes andỸk8,k
(6)

is defined as

Ỹk8,k
(6)

ª2(
q

VqYk81q,k1q
(6) , ~A5!

whereVq is the Coulomb potential. It is important to no
that although quantum kinetics is approximate, because
has been made of the correlation expansion, the trunca
procedure does not introduce a basis dependence of th
sults, in contrast to the Markov approximation. Performi
the Markov approximation involves two steps:~i! one has to
formally invert the Eq.~A4! and insert the result in Eq.~A1!
leading to a memory kernel that couples the transition a
plitudesY to their values at all earlier times,~ii ! the essential
time dependence ofY has to be determined up to a slow
varying factor which is then taken out of the memory in
gral. The evaluation of the remaining integral finally yiel
the energy conserving delta functions.

The second step determines the initial states of the s
tering. In k-space representation it is usually assum
that the functionsȲkªexp@i(«k

e1«2k8
h )t/\#Yk are slowly

varying thus implying that before the scattering the pairs
essentially made-up of free particles. As a result of ident
ing the factor exp@i(«k

e1«2k8
h )t/\# with the essential time de

pendence the energies«k
e1«2k8

h show up as arguments of th
energy conserving delta functions after the evaluation of
time integral over the memory kernel. In contrast, when
Markov approximation is performed in the pair represen
tion one identifiesȳxªexp(ivxt)yx with the slowly varying
part ofyx . Here, the factor exp(ivx t) is responsible for find-
ing \vx , i.e., the energies of correlated pairs, as energie
the initial states in the delta functions, thus accounting
Coulomb induced correlations of the pairs before the sca
ing takes place. It should be noted that the possibility t
electron-hole pairs may in fact be uncorrelated is also
cluded as a limiting case in the treatment in the pair basis
this case\vx simply reduces to«k

e1«2k8
h . But the reverse

is, of course, not possible, because there is no way to ob
correlated pair energies as a limiting case of free part
energies.
.
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The final states of the scattering are the eigenstates o
homogeneous part of Eqs.~A4!.63 But, in order to obtain a
numerically feasible procedure it is common practice to ke
only those contributions to the homogeneous parts of the
~A4! that are diagonal in the basis used. In thek-space basis

this amounts to dropping the Coulomb induced termsỸk8,k
(6)

thus fixing also the final states to be plane waves. Howe
these Coulomb terms are of high importance for the phys
of exciton formation or dissociation. They account for t
fact that when a phonon hits a carrier that is tied within a p
it is not possible that the phonon energy is completely c
verted into kinetic energy of the carrier. Instead, a cert
amount of energy is needed to work against the Coulo
forces represented by the potential in Eq.~A5!. For near
band-gap excitation this effect makes a great difference
all scattering processes discussed in this paper, especiall
those interactions that typically transfer an energy tha
small compared with the exciton binding energy. In contr
to thek-space version, the Markov approximation perform
in the pair basis accounts for these Coulomb terms, beca
in pair representation the complete homogeneous part of
~A4! including Ỹk8,k

(6) is diagonal. ThusỸk8,k
(6) is taken into

account when the formal inversion is performed in the p
basis and the energies occuring in the delta functions of b
the initial and the final states are the energies of correla
pairs. These considerations strongly suggest that the pair
resentation is the basis of choice when exciton formation
studied in Markov approximation.

A further advantage of the pair representation in this c
text is that there is a clear distinction between carriers bo
within an exciton and carriers in scattering states. In so
sense the electron and hole densities occuring in phenom
logical three particle models can be identified within o
approach with the corresponding particles in scattering st
without introducing any overlap with particles bound in e
citons. However, this does not imply a microscopical just
cation of these models, because from the electron and
densities alone it is not possible to reconstruct the pair d
sities needed to account for Coulomb correlations during
scattering process. Therefore, a closed set of equations b
on the densities of electrons, holes, and excitons is not
tainable from our microscopic equations without neglect
Coulomb correlations.
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