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Intraband versus interband decoherence times in biased semiconductor superlattices
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We develop a theoretical method of calculating the dynamics of excitons in biased semiconductor superlat-
tices, including exciton-LO-phonon interactions. We use this method to determine phonon-induced excitonic
decoherence in the interband and intraband polarizations. We find that the intraband decoherence time is much
longer than one would expect from a simple extrapolation from the interband decoherence time. The longer
decoherence time is shown to be due to the persistence of intraband coherence after exciton-phonon scattering
events. The results are found to be in qualitative agreement with recent experiments.
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I. INTRODUCTION

There has been considerable interest in recent years in
excitation of semiconductors via ultrashort optical pulses.1–13

The optical excitation of a semiconductor creates both
interband polarization and an intraband polarization. Sca
ing processes tend to destroy the coherence, leading
temporal decay of both polarizations. Typical time scales
decoherence in semiconductors are in the range of a
hundred femtoseconds to a few picoseconds. With the e
mous progress in ultrashort experimental techniques in
cent years, a wide variety of phenomena related to relaxa
and transport dynamics has been investigated, both ex
mentally and theoretically, in bulk semiconductors as well
in lower-dimensional semiconductors. The most commo
used experimental techniques for these studies have
four-wave-mixing~FWM! experiments and the detection
coherently emitted terahertz~THz! radiation~THz emission
spectroscopy!. These methods respectively provide direct
formation on interband and intraband polarization dynam

One dynamic process that has been the subject of ex
sive experimental and theoretical work in recent years
Bloch oscillations~BO’s!. In 1928, Bloch14 demonstrated
that in the absence of interband tunneling and scattering
cesses, an electron in a periodic potential subject to an e
nal static electric fieldF0 oscillates at a frequencyvB
5edF0 /\, undergoing the so-called Bloch oscillations. Co
respondingly, the energy spectrum was shown to consis
the so-called Wannier-Stark15 ladder ~WSL! with energies
En5E01nedF0 . For many years the very existence of BO
and the WSL was a point of controversy. A dramatic adva
in the potential to observe BO’s and the WSL came with
invention of the semiconductor superlattice~SL!. The main
advantage of the SL is the large lattice constant, which le
to ~mini!bandwidths much smaller than those of the unde
ing crystal lattice. This results in a smaller BO period for
given electric field. Thus for modest electric fields, the c
riers can execute a number of BO’s before the coherenc
destroyed by scattering. To date, the existence of the W
~Refs. 16 and 17! as well as BO’s~Refs. 18–23! in superlat-
tices has been confirmed by a number of experiments. B
have been detected by monitoring the interba
polarization,19,20 intraband polarization,21 and terahertz
radiation.22,23
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The experimental investigations into the interband and
traband dynamics in biased semiconductor superlatt
~BSSL’s! have been accompanied by considerable theore
activity.24–34 One of the first theoretical treatments of intr
band dynamics in a BSSL employed the semiconduc
Bloch equations ~SBE’s! in the Hartree-Fock ~HF!
approximation24 with phenomenological interband (Tinter)
and intraband (Tintra) decoherence times. A later calculatio
by Axt et al., which employed dynamics controlled trunc
tion theory~DCT!,26 showed that the use of the HF approx
mation in the SBE’s leads to incorrect intraband dynam
except in the so-called coherent limit, whereTinter
52Tintra . This was later verified experimentally by Boliva
et al.,35 where they also observed that the BSSL that th
were studying was far from the coherent limit, withTinter
. 2

3 Tintra .
Later calculations25,28 also employed the SBE’s but with

the inclusion of carrier-phonon scattering in the Markov a
proximation. The inclusion of an explicit decoheren
mechanism alleviates some of the problems associated
the HF approximation. In fact, if one assumes that decoh
ence is only due to carrier-phonon scattering, then if t
interaction is treated exactly, the results using the SBE’s~or
DCT theory! will be exact for any choice of basis state
Only when approximations are made in the treatment of
interaction will the choice of method or basis affect the
sults. Unfortunately, the coupled carrier-phonon system
sufficiently complex so that one must always make cons
erable approximations~such as the Markov approximation!
to make it computationally tractable. Therefore the choice
basis and method~SBE or DCT, for example! will have an
effect on the results. This issue was treated convincingly
Hader et al.,28 who calculated the BSSL dynamics in th
presence of electron-phonon scattering in the Markov
proximation using the SBE’s with two different bases: t
usual single-particle Bloch-state basis and the single-par
Wannier-Stark basis. The authors found that even at mo
ate static field strengths (;15 kV/cm), the results for intra-
band decoherence times depended rather strongly on the
sis used. This is because the Markov approximatio36

effectively involves the assumption that the particles rem
in one of the states in the chosen basis during the scatte
process. It is thus clear that the closer the basis states a
the true eigenstates of the particles, the more accurate
©2004 The American Physical Society14-1
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results will be. Thus, as pointed out by Haderet al.,28 for the
BSSL, the Wannier-Stark basis will yield more accurate
sults than the Bloch-state basis when a static field is pres
Extrapolating this result, one is led to the conclusion that
use of a basis consisting of theexcitonicstates of the BSSL
should yield more accurate results still. This is the appro
that we take here, where we employ DCT theory with
excitonic basis to calculate the intraband response to se
order in the optical field in the presence of carrier-L
phonon scattering.

An excitonic basis has been employed by a number
authors in treating coherent dynamics in BSSL’s. Lacha
et al.29 employed the excitonic basis to investigate the int
band polarization of a SL in combined dc and ac fields. T
excitonic basis has also been employed recently to st
FWM ~Ref. 30! and dynamic localization31 in a BSSL. In all
of these works, exciton-phonon interactions were neglec
and phenomenological decoherence times for the interb
and intraband polarizations were employed. Zhanget al.37

calculated the effects of acoustic phonons and disorde
the THz emission from small number of coupled semico
ductor quantum wells using the exciton representation. H
ever, so far no detailed theoretical study of the dynamics
phonon-induced interband and intraband decoherence i
optically excited BSSL has been given.

One major motivation of this work is to obtain a bett
understanding of the origins of interband and intraband
coherence. As mentioned above, Bolivaret al.35 recently
found experimentally that for the BSSL studied,Tinter.

2
3

Tintra . This would appear to be in contradiction to a simp
picture wherein~as we shall later show! one would expect
the decoherence times to obey the coherent expres
Tinter52Tintra . In order to understand the source of th
strong deviation from the coherent limit, we consider t
exciton dynamics in the presence of decoherence.

The destruction of coherence can be caused by var
scattering mechanisms such as carrier-carrier scattering,
order scattering, and carrier-phonon scattering. When
bandwidth is larger than the phonon energy, the domin
mechanisms at low temperatures and low carrier density
scattering from disorder and from longitudinal optical~LO!
phonons. In this paper we will neglect the effects of disor
and consider the decoherence arising from the interactio
excitons with LO phonons. We derive a closed set of eq
tions of motion describing the interband and intraband c
relation functions to second order in the optical field, us
the Markov approximation. Employing this model, we stu
the decoherence mechanisms for the interband and intra
polarizations, with particular emphasis on intraband dyna
ics. We find that while interband coherence is essenti
completely destroyed when an exciton is scattered via a p
non, the intraband coherence is only reduced by a relativ
small amount. This difference arises from the different d
pendence of the two polarizations on the center-of-m
wave vectorK . When the excitons are scattered from aK
50 state to aKÞ0 state via phonons, the interband pola
ization is completely destroyed. In contrast, the intraba
coherence is only modestly affected, since the scattereK
Þ0 excitons can continue to oscillate and emit THz rad
12531
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tion. The net result is that rather than findingTintra
5Tinter/2, we find Tintra.Tinter in qualitative agreemen
with experiment.35

The paper is organized as follows. In Sec. II we introdu
the model and the equations of motion of the coup
exciton-phonon system, and give an outline of the numer
implementation. In Sec. III, we present the numerical resu
for the interband polarization, the intraband polarization, a
the THz signal. A summary is given in Sec. IV.

II. THE MODEL AND THEORETICAL APPROACH

We investigate the dynamics of a semiconductor super
tice in an applied dc electric field, photoexcited by an
trashort (;100 fs) optical pulse. We employ the quas
bosonic formalism of Hawton and Nelson38 that has
previously been successfully applied to the calculation
interband and intraband dynamics of BSSL’s.29–32,34 Using
an excitonic basis, a set of dynamic equations for interb
and intraband correlation functions to second order in
optical field is derived including exciton-LO-phonon intera
tions. We begin with a presentation of the Hamiltonian, f
lowed by a derivation of the dynamical equations and
numerical implementation.

A. The Hamiltonian

Working in an excitonic basis,30 the physical system can
be described by the following Hamiltonian:

H~ t !5H01Hop1Hph1Hint . ~1!

In this expression,

H05(
m,K

Em
KBm,K

1 Bm,K ~2!

is the Hamiltonian for noninteracting superlattice excitonsin
the presence of a dc electric field F0, whereBm,K

1 (Bm,K) is
the creation ~annihilation! operator for an exciton with
center-of-mass~c.m.! wave vectorK , internal quantum num-
ber m, and energyEm

K . To simplify the calculations, we as
sume a parabolic dispersion for the c.m. dependence of
exciton energy:

Em
K.Em

0 1
\2Kz

2

2Mz
1

\2K i
2

2M i
, ~3!

whereMz is the c.m. excitonic effective mass in thez direc-
tion andM i is the c.m. excitonic effective mass parallel
the layers. The term

Hop52VEop~ t !•Pinter ~4!

is the interaction Hamiltonian between the optical fie
Eop(t) and the excitons, whereV is the volume of the system
andPinter is the interband polarization operator defined b

Pinter5
1

V (
m

@MmBm,0
1 1Mm* Bm,0#. ~5!

Here,
4-2
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Mm5MoAE dzFm,0* ~z,z,0! ~6!

is the interband dipole matrix element, whereMo is the bulk
interband dipole matrix element,A is the transverse area, an
Fm,K is the envelope function of the SL exciton eigenstate
the presence of the dc electric field with quantum numb
(m,K ). We consider excitation via ultrashort Gaussian op
cal pulses with central frequencyvc and durationtp . Hence
the optical field is given by

Eopt5A0e2(t/tp)2
e2 ivct1c.c.. ~7!

In writing the full Hamiltonian, we have assumed that t
exciton density is low enough that we can neglect excit
exciton interactions, and in what follows we will similarl
neglect phase spacing filling and treat the excitons as bos
Both assumptions are rigorously valid to second order in
optical field.30

The term

Hph5(
q

\vqbq
1bq ~8!

describes the free-phonon dynamics, where\vq is the en-
ergy of the LO phonon with wave vectorq, andbq

1 andbq
denote the creation and annihilation operators for this p
non. For simplicity, we consider a single dispersionless b
LO-phonon mode only so thatvq5vLO . Previous investi-
gations have shown that the scattering rates are sufficie
well reproduced if the phonon spectrum is assumed to
bulklike.39

The coupling between carriers and phonons is descr
by the Hamiltonian

Hcp5E drC1~r !Vcp~r !C~r !, ~9!

whereC1(r ) andC(r ) are the field operators and

Vcp~r !5(
q

@gqbqe
iq"r1gq* bq

1e2 iq"r# ~10!

is the potential induced by the lattice. The explicit form
the coupling functiongq depends on the particular phono
branch ~acoustic, optical, etc.! as well as on the coupling
mechanism considered~deformation potential, polar cou
pling, etc.!. We discuss only the interaction with optic
phonons via Fro¨hlich interaction, which is the most impor
tant type of carrier-phonon interaction for ultrafast dynam
for the structure and dc field considered here. In this cas

gq
25

\vLO

2V

e2

e0q2 S 1

e`
2

1

es
D , ~11!

whereq5uqu, e` and es are the high-frequency and stat
limits of the relative dielectric constant, respectively, ande0
is the vacuum dielectric constant. We expand the seco
quantization field operators in terms of the wave functio
for conduction- and valence-band electrons as
12531
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C~r !5 (
l5(c,v),k

al,kcl,k~r !, ~12!

whereal,k is the annihilation operator for an electron in th
statecl,k(r ) in bandl with wave vectork. After the trans-
formation from electron and hole operators to excit
operators,38 the exciton-phonon interaction finally adopts th
form

Hint5 (
K ,q,m,m8

Q~m,m8,K ,q!Bm,K1q
1 Bm8,Kbq

1Q* ~m,m8,K ,q!Bm,K2q
1 Bm8,Kbq

1 ~13!

with

Q~m,m8,K ,q!5gq(
k

@~wk1ahq
m,K1q!* wk

m8,K

2~wk
m,K1q!* wk1aeq

m8,K #, ~14!

where K is the c.m. wave vector of the exciton,k is the
relative electron-hole wave vector,wk

m,K are the expansion
coefficients of the exciton envelope functionsFm,K in the
free electron-hole basis, andae[me /M5me /(me1mh) and
ah[mh /M denote the relative electron and hole masses,
spectively. The first and second terms in Eq.~13! simply
correspond, respectively, to phonon absorption and emis
by excitons.

In order to proceed with the calculations, we must det
mine the superlattice excitonic states in the presence of
dc electric field. This is accomplished by using the two-w
excitonic method of Dignam and Sipe.40 To determine which
excitonic states to include in basis, we note first that althou
only excitons with zero center-of-mass momentum will
optically excited, phonons will scatter those excitons in
states withKÞ0. Thus we must includeKÞ0 states in our
basis. Second, if the exciting laser pulse has an energy s
trum centered below the energy of then50 1s excitonic
WSL state, it has been shown33,34 that predominantly 1s-like
excitons are optically created and that the excitonic sta
with excited in-plane motion can be neglected. Thus in t
paper we will only consider the scattering taking place b
tween 1s excitons with differentK and along-axis interna
quantum numbers. Although phonons can scatter optic
created excitons into states with higher in-plane quant
numbers (2s,3s, . . . ), we findthat the matrix elements an
energy conservation are such that these events are exp
to contribute little over the first few picoseconds. Thus w
neglect these states with higher in-plane motion.

B. Equations of motion

We wish to now calculate the interband and intraba
dynamics of the system excited by the optical pulse. T
interband polarization is given by the expectation value
Eq. ~5! while the spatially uniform part of the intraband po
larization is given by
4-3
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Pintra5
1

V (
m,n,K

Gmn^Bm,K
1 Bn,K&, ~15!

whereGmn is the intraband dipole matrix element betwe
two excitonic statesuFm,K& and uFn,K&, and is given ap-
proximately by30

Gmn5^Fm,0u2e~re2rh!uFn,0&. ~16!

Note that due to the requirement of momentum conservat
the interband polarization only depends on^Bm,0& and not on
^Bm,K& for KÞ0. On the other hand, the intraband polariz
tion depends on contributions from̂Bm,K

1 Bn,K& for all K .
This crucial difference is the main source of difference b
tween the interband and intraband decoherence, as we
show.

The equations of motion for the expectation values
these interband and intraband correlation functions to sec
order in the optical field are30

i\
d^Bm,0&

dt
5Em

0 ^Bm,0&2Eopt•Mm1 i\
d^Bm,0&

dt
uscatt

~17!

i\
d^Bm,K

1 Bn,K&
dt

5~En
K2Em

K !^Bm,K
1 Bn,K&1Eopt•@Mm* ^Bn,0&

2M n^Bm,0
1 &#1 i\

d^Bm,K
1 Bn,K&
dt

uscatt,

~18!

where the exciton-phonon scattering terms yield the follo
ing contributions to the equations of motion:

i\
d^Bm,0&

dt
uscatt5 (

q,m8
Q~m,m8,2q,q!^Bm8,2qbq&

1Q* ~m,m8,q,q!^Bm8,qbq
1&, ~19!

i\
d^Bm,K

1 Bn,K&
dt

uscatt5 (
q,m8

Q~n,m8,K2q,q!

3^Bm,K
1 Bm8,K2qbq&2Q~m,m8,K ,q!

3^Bm8,K1q

1
Bn,Kbq&1Q* ~n,m8,K

1q,q!^Bm,K
1 Bm8,K1qbq

1&

2Q* ~m,m8,K ,q!^Bm8,K2q

1
Bn,Kbq

1&.

~20!

Here, new variables, the so-called phonon-assisted opera
have been introduced. These variables describe correla
between excitons and phonons. The equations of motion
the phonon-assisted operators involve expectation value
four operators, and therefore an infinite hierarchy of eq
tions arises. Neglecting the terms which describe phon
assisted optical transitions and neglecting phonon coher
(^bq

1bq8&5^bq
1bq&dq,q8,^bq

1b
q8
1

&50), the equations of mo
12531
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tion for the phonon-assisted operators on the right-hand
of Eqs.~19! and ~20! to second order are

i\
d^Bm8,2qbq&

dt
5~E

m8
2q

1\vq!^Bm8,2qbq&1(
m9

~nq

11!Q* ~m8,m9,0,q!^Bm9,0&, ~21!

i\
d^Bm,K

1 Bm8,K2qbq&
dt

5~E
m8
K2q

2Em
K1\vq!^Bm,K

1 Bm8,K2qbq&

1(
m9

~nq11!Q* ~m8,m9,K ,q!^Bm,K
1 Bm9,K&,

~22!

where we have introduced the factorizations^Bm9,0bqbq
1&

5^Bm9,0&(nq11) and ^Bm,K
1 Bm9,Kbqbq

1&5^Bm,K
1 Bm9,K&(nq

11). As we finally assumenq50, this factorization is exact
By applying the Markov approximation,36 we solve these
equations to obtain

^Bm8,2qbq&52 ip(
m9

d~E
m9
0

2E
m8
2q

2\vq!~nq

11!Q* ~m8,m9,0,q!^Bm9,0&, ~23!

^Bm,K
1 Bm8,K2qbq&52 ip(

m9
d~E

m9
K

2E
m8
K2q

2\vq!~nq

11!Q* ~m8,m9,K ,q!^Bm,K
1 Bm9,K&,

~24!

and similar expressions for other phonon-assisted opera
Here nq5^bq

1bq& denotes the phonon occupation numb
When performing the Markov approximation, the phono
assisted operators are factorized into a slowly varying p
and a rapid-oscillating part. This approximation implies th
the carriers stay in their state for the duration of a scatter
event. Thus this factorization is only good if the basis sta
are approximately eigenstates of the carrier Hamiltonian.
we use an excitonic basis we expect this to be a good
proximation. To make the calculation as simple as possi
in what follows we assume the temperature and carrier d
sities are low, and so we takenq50 ~phonon absorption is
negligible!.

By inserting the explicit form of the various contribution
into Eqs.~19! and ~20! we can finally write down

i\
d^Bm,0&

dt
uscatt52 ip (

q,m8,m9
d~E

m9
0

2E
m8
2q

2\vq!Q~m,m8,

2q,q!Q* ~m8,m9,0,q!^Bm9,0& ~25!

and
4-4
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i\
d^Bm,K

1 Bn,K&
dt

uscatt52 ipH (
q,m8,m9

d~E
m9
K

2E
m8
K2q

2\vq!Q~n,m8,K2q,q!Q* ~m8,m9,K ,q!^Bm,K
1 Bm9,K&

1 (
q,m8,m9

d~E
m9
K

2E
m8
K2q

2\vq!Q~m8,m9,K2q,q!Q* ~m,m8,K ,q!^Bm9,K

1
Bn,K&J

1 ipH (
q,m8,m9

d~E
m9
K1q

2En
K2\vq!Q~m,m8,K ,q!Q* ~n,m9,K1q,q!^Bm8,K1q

1
Bm9,K1q&

1 (
q,m8,m9

d~E
m9
K1q

2Em
K2\vq!Q~m,m9,K ,q!Q* ~n,m8,K1q,q!^Bm9,K1q

1
Bm8,K1q&J . ~26!
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The only terms in Eq.~25! and in the first and second sum
in Eq. ~26! that will contribute significantly are the resona
terms. Therefore, we only include the terms wherem95m in
Eq. ~25!, m95n in the first sum, andm95m in the second
sum in Eq.~26!. Thus Eqs.~25! and~26! can be simplified to

i\
d^Bm,0&

dt
uscatt52 iG inter^Bm,0& ~27!

and

i\
d^Bm,K

1 Bn,K&
dt

uscatt52 iG intra~K !^Bm,K
1 Bn,K&

1 ipH (
q,m8,m9

d~E
m9
K1q

2En
K

2\vq!Q~m,m8,K ,q!Q* ~n,m9,K

1q,q!^Bm8,K1q

1
Bm9,K1q&

1 (
q,m8,m9

d~E
m9
K1q

2Em
K

2\vq!Q~m,m9,K ,q!Q* ~n,m8,K

1q,q!^Bm9,K1q

1
Bm8,K1q&J . ~28!

Here we have introduced the interband scattering rate defi
as

G inter[p (
q,m8

uQ~m,m8,2q,q!u2d~Em
0 2E

m8
2q

2\vq!

~29!

and the intraband scattering rate defined as
12531
ed

G intra~K ![p (
q,m8

d~En
K2E

m8
K2q

2\vq!uQ~n,m8,K2q,q!u2

1d~Em
K2E

m8
K2q

2\vq!uQ~m,m8,K2q,q!u2.

~30!

C. Numerical implementation

Using Eqs.~5!, ~17!, and ~27!, we can easily obtain the
LO-phonon-induced interband polarization. However, ev
employing the Markov approximation, it is very comput
tionally time consuming to keep track of the innumerab
scattering processes in order to obtain the intraband pola
tion according to Eqs.~15!, ~18!, and~28!. There have been
a number of calculations25,27,28 that use Monte Carlo and
related techniques within the Boltzmann or SBE formalis
to enable the inclusion of all of the relevant scattering eve
and density matrix elements. However, in essentially all
periments measuring THz emission due to BO’s, the signa
only detectable over times on the order of a few picoseco
and so we are not interested in the long-time response. T
to simplify the intraband calculation, we limit the number
scattering events undergone by a given exciton. As we s
demonstrate, this approximation is valid over times lo
enough to determine an initial decoherence time.

We now turn to the approximations used in the calculat
of the evolution of the intraband polarization. Since theK
50 excitons are initially optically excited, we need to co
sider the contributions from excitons withK50. We also
need to consider the contributions fromKÞ0 excitons that
have been scattered via phonons fromK50. So the total
intraband polarization can be separated into two parts as

Pintra5
1

V (
m,n

Gmn^Bm,0
1 Bn,0&1(

m,n
GmnSm,n , ~31!

with

Sm,n[ (
KÞ0

^Bm,K
1 Bn,K&. ~32!

The equations of motion for the two parts are
4-5
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i\
d^Bm,0

1 Bn,0&
dt

5@En
02Em

0 2 iG intra~0!#^Bm,0
1 Bn,0&

1Eopt•@Mm* ^Bn,0&2M n^Bm,0
1 &#, ~33!

and forKÞ0

i\
d^Bm,K

1 Bn,K&
dt

5@En
K2Em

K2 iG intra~K !#^Bm,K
1 Bn,K&

1 ipH (
m8,m9

d~E
m9
0

2En
K2\v2K !

3Q~m,m8,K ,ÀK !Q* ~n,m9,0,2K !

3^Bm8,0

1
Bm9,0&1 (

m8,m9
d~E

m9
0

2Em
K

2\v2K !Q~m,m9,K ,2K !

3Q* ~n,m8,0,2K !^Bm9,0

1
Bm8,0&J . ~34!

The optically created excitons withK50 are scattered toK
Þ0 states with smaller internal number~down the WS lad-
der! via the emission of the phonons. Under the condit
that phonon absorption is negligible the chance that the
citons are scattered back to their original states is energ
cally almost impossible. Thus in Eq.~33! it is seen that only
the scattering-out contributions due to emission of opti
phonons are taken into account. For theKÞ0 part, it should
be noted that in the scattering-in contribution@the last two
sums in Eq.~34!# we have only considered contribution
from excitons withK50; that is, we neglect the multiple
scattering processes, wherein excitons are scattered o
K50 into K 8Þ0 and subsequently intoK 9Þ0. This ap-

FIG. 1. The exciton energy levels~relative to the band gap o
bulk GaAs! as a function of the dc electric fieldF0 for the 50/15
superlattice discussed in the text. The number below each c
gives the quantum numbern for the excitonic state. The solid
circles on each curve have diameters that are proportional to
optical oscillator strength of the given state. The vertical dashed
indicates the field at which the dynamical calculations are p
formed. Also indicated on the plot are the central frequencyvc of
the exciting laser pulse and the energy\vLO of a LO phonon.
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proximation is valid for times on the order of the decohe
ence time that we are interested in. We still need to de
mineG intra(KÞ0). In order to simplify the calculations, we
neglect theK dependence ofG intra . We have found that
G intra(KÞ0) is much smaller thanG intra(0). Here we make
the assumption thatG intra(KÞ0)5G intra(0), which will
thus give aTintra that is always less than the trueTintra , i.e.,
our calculation will return a lower bound on Tintra . With
this approximation, we can perform the sum overK in Eq.
~32!. This assumption greatly simplifies the calculations a
as we will show later, has little influence on the THz resu
The resulting equation of motion forSm,n then reads

i\
dSm,n

dt
5@En

02Em
0 2 iG intra~0!#Sm,n1 ipH (

m8,m9,K

d~E
m9
0

2En
K2\v2K !Q~m,m8,K ,ÀK !Q* ~n,m9,0,2K !

3^Bm8,0

1
Bm9,0&1 (

m8,m9,K

d~E
m9
0

2Em
K2\v2K !

3Q~m,m9,K ,2K !Q* ~n,m8,0,2K !

3^Bm9,0

1
Bm8,0&J . ~35!

Once we obtain the intraband polarization given by Eq.~31!,
we can calculate the THz signal by taking the second der
tive of the intraband polarization.

III. NUMERICAL RESULTS AND DISCUSSION

We consider the heavy-hole excitons in
GaAs/Ga0.7Al0.3As superlattice structure with a 50 Å we
width and a 15 Å barrier width. The material paramete
employed are the same as those given in Ref. 40. Using t
parameters and calculations of thez-dependent excitonic
dispersion,41 we useMz50.444 andM i50.201 for the c.m.
effective masses. The resulting electron-hole miniband
this structure has a width of 75 meV, which is significan
larger than the LO phonon energy of 36 meV in GaAs.
low temperatures and in the low-density regime, excito
acoustic-phonon interactions take place over times on
order of a few hundred picoseconds, so in a good qua
superlattice, the LO phonon interaction will be the most i
portant process for the loss of coherence. The calculat
are performed using 21 basis states and we use GaAs pa
eterse`510.92,es512.9, and\vLO536 meV.

The 1s exciton energy levels as a function of the dc ele
tric field are shown in Fig. 1, as calculated using the meth
of Dignam and Sipe.40 The energy levels are labeled by th
index n which corresponds to the free particle WSL indexn
when the field is relatively high. More exactly, the expec
tion value of the electron-hole separation is given appro
mately bynd in the high-field limit. We denote the states b
un& for simplicity. We can see that the excitonic energy lev
differ substantially from those of the single-particle Sta
ladder levels, which would appear as a set of straight li
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with energy separations ofeFod, all converging to a point a
F050. Because the effect of the electron-hole Coulomb
teraction on the energy is different for the different states
i.e., the exciton binding energies for states with differenn
are different—the separation,En11(F0)2En(F0), between
adjacent energy levels is noteF0d, but is dependent onn.
We represent the oscillator strength of a given energy leve
a given electric-field strength in Fig. 1 by a solid circle wi
a diameter that is proportional to the oscillator strength.

Now, we wish to consider a situation where the phono
induced decoherence is large. Thus, in the following, we t
the field to beF0531 kV/cm. As can be seen from Fig. 1, i
this case, the separation between excitonic WSL state
approximately equal to\vLO/2. Thus, the dominant phonon
induced transitions will beun& to un22&. At this field
strength, theu21& and u22& states have large oscillato
strengths. Thus, to create an initial Bloch-oscillating st
that is roughly an equal superposition of these two states
center the optical pulse at an energy\vc5Egap

GaAs171 meV
~see Fig. 1!, and take the spectral full width at half maximu
~FWHM! to be 15.5 meV~temporal FWHM of 118 fs!. With
this excitation energy, the 1s exciton population density cre
ated will be much larger than that of the unbound electr
hole pairs as discussed earlier.

Turning first to the calculation of the interband dynamic
we see from Eq.~27! that the interband polarization unde
goes a simple exponential decay with a time constant gi
by Tinter51/G inter . Using the above parameters, we find th
the interband decoherence time isTinter52.5 ps.

We now turn to the results for the intraband polarizatio
To aid in the discussion of the results, we present in Fig
the calculated intraband polarization with differing levels
approximation. In Fig. 2~a!, we present the intraband pola
ization neglecting the exciton-phonon interaction altogeth
As can be seen, the polarization oscillates without deca
the Bloch frequency given byv5v212v22. The dc con-
tribution to the polarization is due to the dipole moment
the excitonic states, which is given roughly byend. Figure
2~b! shows the case where we add in the exciton-pho
interaction but only take into account the contributions
excitons withK50. We find that both the dc and oscillatin
components of the intraband polarization decay rapidly
zero with a time constant of 1/G intra(0)5Tinter/2. Thus, we
see that when theKÞ0 excitons are neglected, the system
in the so-called coherent limit. This is to be expected beca
in this case we only have a scattering-out term. Thus,
equations of motion for the intraband polarization to seco
order are identical to what one would obtain by simply e
ploying the factorization̂Bm,K

1 Bn,K&5^Bm,K
1 &^Bn,K&. There-

fore, the deviation from the coherent limit is directly relat
to the continuing coherence found in scattered excitons as
will now show.

In Figs. 2~c! and 2~d! we consider the contributions o
excitons withKÞ0 to Pintra . First, in Fig. 2~c!, we exclude
the decay term for theKÞ0 excitons by settingG intra(0)
50 in Eq. ~35!. As expected, the intraband polarizatio
changes dramatically. There are three main differences in
polarization in comparison to Fig. 2~b!. First, rather than
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decaying, the dc component of the intraband polarization
tually increases with time. This is due to the scattering of
excitons to states with largerunu and hence larger permane
intraband dipole. This reaches a roughly constant value ev
tually, because we have only allowed for single-scatter
events. In a real system, of course, the long-time depende
of this dc component will depend on the boundaries of
superlattice. As we are only interested in the short-time
sponse~less than a few picoseconds!, we shall not discuss
this issue further in this paper. The second feature of not
that there appears to be a beating phenomenon occur
This is due to the fact that the excitons are scattered into
u23& and u24& states and the energy separation betwe
these states is slightly different from that between the o
cally populatedu21& and u22& states. Thus theK50 and
KÞ0 contributions toPintra oscillate at slightly different fre-
quencies, leading to beating. Finally, the intraband polari
tion in Fig. 2~c! decays much more slowly than in Fig. 2~b!.
This is the key result, and is due to the contributions of
KÞ0 excitons. In fact, at times larger than about 5 ps,
entire signal is essentially due to theKÞ0 excitons. This is

FIG. 2. Temporal evolution of the intraband polarization for fo
different cases:~a! without exciton-phonon interaction,~b! with
contributions only fromK50 excitons,~c! with contributions from
both K50 andKÞ0 excitons, but no decay term ofKÞ0, and~d!
the full result using Eq.~35!.
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not yet a fully realistic situation, because we have not
cluded the decay of theKÞ0 excitonic contribution to the
polarization. In Fig. 2~d! we add in the decay of theKÞ0
excitons and use the full dynamic equation, Eq.~35!. As can
be seen, this results in the decay of both the dc and osc
ing components of the intraband polarization. At la
times, the polarization decays at the same rate as in Fig. 2~b!,
because we have made the approximation thatG intra(K
Þ0)5G intra(0).

We now turn from the intraband polarization to the calc
lated THz signal, as this is the more experimentally acc
sible quantity. For clarity, in Fig. 3~a!, we ignore the plot for
the case without the exciton-phonon interaction, which os
lates without decay at the Bloch frequency given byv
5v212v22. We note that in the case where we have us
the full dynamics equation, the THz signal decays to zero
long times. As discussed above, the time for this decay i
fact a lower bound for the decoherence time, as we h
overestimated the decay time for theKÞ0 excitons, and we
have not included the contributions of excitons that ha
undergone a second scattering event. For times longer
about 1.5 ps, the effects of the quantum beating discus
above become very evident, which makes it very difficult
determine a decay time for the signal over long times. Th
we estimate the decoherence times by fitting the signal
damped sinusoid over the first 1.5 ps, before beating is
portant. The THz signal over this time range is plotted in F
3~b!. In the case where we only take into account the con

FIG. 3. Temporal evolution of the THz signal:~a! long-time and
~b! short-time behavior. The solid line corresponds to the case w
out exciton-phonon interaction, the dash-dotted line correspond
the case with contributions only fromK50 excitons, the dotted line
corresponds to the case with contributions from bothK50 andK
Þ0 excitons, but no decay term ofKÞ0, and the dashed line cor
responds to the full result using Eq.~35!. For clarity, the solid line
is omitted from~a!.
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butions of excitons withK50, the decoherence time i
found to be 1.25 ps, which is half of the interband polariz
tion decoherence time, as expected. When we consider
contributions of excitons withKÞ0 but exclude the decay o
the KÞ0 excitons, the THz signal oscillation amplitudes a
greatly increased and the decoherence time is 2.2 ps. Fin
with the full calculation, there is only a slightly more rap
decay in the THz signal, yielding a decoherence time of
ps. This time is much larger than the coherent limit value
1.25 ps. We therefore see that the persistence of the intra
coherence after phonon scattering is the source of the st
deviation of the intraband and interband decoherence ti
from the coherent limit as experimentally observed.

From the results in Fig. 3~b!, we see that over the sho
times of interest, the scattering of theKÞ0 excitons has
almost no effect on the decoherence. As discussed earlier
full calculation provides a lower bound for the decay time,
it overestimates the decay of the contribution from theK
Þ0 excitons. On the other hand, the calculation that negle
the scattering of theKÞ0 excitons altogether provides a
upper bound for the decay time. Since these times differ
only 0.1 ps, this justifies our neglect of multiple-scatteri
events.

IV. CONCLUSIONS

In this paper, using an excitonic basis, we have presen
a detailed analysis of the decoherence of the intraband po
ization and THz emission due to the interaction of excito
with LO phonons in an optically excited BSSL. We hav
shown that the difference between the decoherence time
interband and intraband polarizations lies in the fact that
former is determined by the dynamics of the excitons w
K50, while the latter is determined by the dynamics of e
citons both withK50 and KÞ0. We emphasize that the
contributions of excitons withKÞ0 greatly prolong the co-
herence of the intraband dynamics. As a result, the T
emission decoherence time is almost equal to the interb
decoherence time, in qualitative agreement with experim
tal results. We have described the origin of this effect us
the example of exciton-LO-phonon scattering. However
same basic mechanism will also apply to other types of s
tering such as exciton-acoustic-phonon scattering
exciton-exciton scattering, for example. It will not apply
pure dephasing due to inhomogeneities in the system,
will apply to some degree to any decoherence phenome
where the center-of-mass wave vector is changed by a s
tering event.

The experiments modeled in this work were for excitati
conditions for which predominantly 1s excitons were opti-
cally excited. However, if one excites the superlattice with
laser pulse that has a central frequency centered above
energy of then50 1s excitonic level, then continuum state
will also contribute significantly to the intraban
polarization.33,34 In a recent publication,34 we calculated the
intraband polarization due to boundand continuumexcitonic
states in the absence of carrier-phonon scattering. As fu
work, we plan to extend these calculations to include
effects of optical phonons on the continuum intraband

-
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namics. As the general formalism required to include
continuum states remains largely unchanged from the
malism presented in this work, we expect that the intrab
decoherence times for continuum excitation will also
longer than one would expect from a simple extrapolation
the interband decoherence times. However, the size of
difference will depend on the details and quantitative res
require a full calculation.
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