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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 The experimental investigations into the interband and in-
traband dynamics in biased semiconductor superlattices
There has been considerable interest in recent years in tHBSSL's) have been accompanied by considerable theoretical
excitation of semiconductors via ultrashort optical pufsés.  activity.>*=3* One of the first theoretical treatments of intra-
The optical excitation of a semiconductor creates both atpand dynamics in a BSSL employed the semiconductor
interband polarization and an intraband polarization. ScatteBloch equations (SBE's) in the Hartree-Fock (HF)
ing processes tend to destroy the coherence, leading to approximatio* with phenomenological interbandT )
temporal decay of both polarizations. Typical time scales forand intraband T,s) decoherence times. A later calculation
decoherence in semiconductors are in the range of a fely Axt et al, which employed dynamics controlled trunca-
hundred femtoseconds to a few picoseconds. With the enotion theory(DCT),?® showed that the use of the HF approxi-
mous progress in ultrashort experimental techniques in remation in the SBE’s leads to incorrect intraband dynamics
cent years, a wide variety of phenomena related to relaxatioaxcept in the so-called coherent limit, wherg, e,
and transport dynamics has been investigated, both experi2T;.4. This was later verified experimentally by Bolivar
mentally and theoretically, in bulk semiconductors as well a®t al,* where they also observed that the BSSL that they
in lower-dimensional semiconductors. The most commonlywere studying was far from the coherent limit, with, e,
used experimental techniques for these studies have beea3T;,x -
four-wave-mixing(FWM) experiments and the detection of  Later calculation?® also employed the SBE’s but with
coherently emitted terahertZHz) radiation(THz emission the inclusion of carrier-phonon scattering in the Markov ap-
spectroscopy These methods respectively provide direct in-proximation. The inclusion of an explicit decoherence
formation on interband and intraband polarization dynamicsmechanism alleviates some of the problems associated with
One dynamic process that has been the subject of extethe HF approximation. In fact, if one assumes that decoher-
sive experimental and theoretical work in recent years ience is only due to carrier-phonon scattering, then if this
Bloch oscillations(BO's). In 1928, Bloch* demonstrated interaction is treated exactly, the results using the SB&'s
that in the absence of interband tunneling and scattering prd3CT theory will be exact for any choice of basis states.
cesses, an electron in a periodic potential subject to an exte®nly when approximations are made in the treatment of the
nal static electric fieldF, oscillates at a frequencwg interaction will the choice of method or basis affect the re-
=edFR,/#, undergoing the so-called Bloch oscillations. Cor- sults. Unfortunately, the coupled carrier-phonon system is
respondingly, the energy spectrum was shown to consist cfufficiently complex so that one must always make consid-
the so-called Wannier-Stdrkladder (WSL) with energies erable approximationssuch as the Markov approximation
E,=Ey+nedR,. For many years the very existence of BO's to make it computationally tractable. Therefore the choice of
and the WSL was a point of controversy. A dramatic advancéasis and metho@SBE or DCT, for examplewill have an
in the potential to observe BO’s and the WSL came with theeffect on the results. This issue was treated convincingly by
invention of the semiconductor superlatticgl). The main  Hader et al,?® who calculated the BSSL dynamics in the
advantage of the SL is the large lattice constant, which leadgresence of electron-phonon scattering in the Markov ap-
to (mini)bandwidths much smaller than those of the underlyproximation using the SBE'’s with two different bases: the
ing crystal lattice. This results in a smaller BO period for ausual single-particle Bloch-state basis and the single-particle
given electric field. Thus for modest electric fields, the car-Wannier-Stark basis. The authors found that even at moder-
riers can execute a number of BO’s before the coherence @te static field strengths{(15 kV/cm), the results for intra-
destroyed by scattering. To date, the existence of the WShand decoherence times depended rather strongly on the ba-
(Refs. 16 and 17as well as BO'YRefs. 18—28in superlat- sis used. This is because the Markov approximafion
tices has been confirmed by a number of experiments. BO'sffectively involves the assumption that the particles remain
have been detected by monitoring the interbandn one of the states in the chosen basis during the scattering

polarization'®?® intraband polarizatioA* and terahertz process. It is thus clear that the closer the basis states are to

radiation??%* the true eigenstates of the particles, the more accurate the
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results will be. Thus, as pointed out by Had¢rl,?® for the  tion. The net result is that rather than findinG 4
BSSL, the Wannier-Stark basis will yield more accurate re-=Tine /2, We find Tina=Tinter IN qualitative agreement
sults than the Bloch-state basis when a static field is presentith experiment®
Extrapolating this result, one is led to the conclusion that the The paper is organized as follows. In Sec. Il we introduce
use of a basis consisting of tlecitonicstates of the BSSL the model and the equations of motion of the coupled
should yield more accurate results still. This is the approaci§Xciton-phonon system, and give an outline of the numerical
that we take here, where we employ DCT theory with animplementation. In Sec. ll, we present the numerical results
excitonic basis to calculate the intraband response to secon@r the interband polarization, the intraband polarization, and
order in the optical field in the presence of carrier-LO-the THz signal. A summary is given in Sec. IV.
phonon scattering.

An excitonic basis has been employed by a number of Il. THE MODEL AND THEORETICAL APPROACH

authors in treating coherent dynamics in BSSL's. Lachaine We investiaate the dvnamics of a semiconductor superlat-
et al?® employed the excitonic basis to investigate the intra- 9 y P

o ; : : tice in an applied dc electric field, photoexcited by an ul-
band polarization of a SL in combined dc and ac fields. The ashort (-100 fs) optical pulse. We employ the quasi-

excitonic basis has also been employed recently to stud . .
bloy y osonic formalism of Hawton and NelsBnthat has

FWM (Ref. 30 and dynamic localizatictiin a BSSL. In all Breviously been successfully applied to the calculation of
f th works, exciton-phonon interactions were negl . ) .
of these works, exciton-phonon interactions were neglecte gterband and intraband dynamics of BSS1Ps%234 Using

and phenomenological decoherence times for the interbar! L . . . .
and intraband polarizations were employed. Zhangl3’ an excitonic basis, a set of dynamic equations for interband

calculated the effects of acoustic phonons and disorder ofind intraband correlation functions to second order in the
the THz emission from small number of coupled semicon-2rtical field is derived including exciton-LO-phonon interac-
ductor quantum wells using the exciton representation. How{/ons. We begin with a presentation of the Hamiltonian, fol-

ever, so far no detailed theoretical study of the dynamics o'fOWecj 'by a derivation .Of the dynamical equations and the
phonon-induced interband and intraband decoherence in a{H‘me”Cﬁ' implementation.
optically excited BSSL has been given. o

One major motivation of this work is to obtain a better A. The Hamiltonian
understanding of the origins of interband and intraband de- Working in an excitonic basi® the physical system can
coherence. As mentioned above, Bolivaral3® recently  pe described by the following Hamiltonian:
found experimentally that for the BSSL studi€B e = 3
Tintra - This would appear to be in contradiction to a simple H(t)=Ho+Hop+Hpn+Hing . (1)
picture wherein(as we shall later showone would expect In this expression
the decoherence times to obey the coherent expression, ’
Tinter=2Tintra - IN order to understand the source of this
strong deviation from the coherent limit, we consider the Ho=2>, EXB, (B, « 2
exciton dynamics in the presence of decoherence. K

The destruction of coherence can be caused by various the Hamiltonian for noninteracting superlattice excitams
scattering mechanisms such as carrier-carrier scattering, dihe presence of a dc electric fieldyFwhereB,, x (B, ) is
order scattering, and carrier-phonon scattering. When thghe creation (annihilation operator for an exciton with
bandwidth is larger than the phonon energy, the dominangenter-of-mass$c.m) wave vecto, internal quantum num-
mechanisms at low temperatures and low carrier density anger »,, and e”erg)E;KL- To simplify the calculations, we as-

scattering from disorder and from longitudinal opti¢aD)  syme a parabolic dispersion for the c.m. dependence of the
phonons. In this paper we will neglect the effects of disordelpxciton energy:

and consider the decoherence arising from the interaction of

excitons with LO phonons. We derive a closed set of equa- K o h2K?2 thﬁ
tions of motion describing the interband and intraband cor- E,=E,+ oM + M. )
relation functions to second order in the optical field, using z |

the Markov approximation. Employing this model, we studywhereM, is the c.m. excitonic effective mass in thelirec-
the decoherence mechanisms for the interband and intrabatidn and M is the c.m. excitonic effective mass parallel to
polarizations, with particular emphasis on intraband dynamthe layers. The term

ics. We find that while interband coherence is essentially

completely destroyed when an exciton is scattered via a pho- Hop= —VEqp(t) - Pinter 4

non, the intraband coherence is only reduced by a relativelys the interaction Hamiltonian between the optical field

small amount. This difference arises from the different de‘Eop(t) and the excitons, whe¢is the volume of the system

pendence of the two polarizations on the center-of-masgngp. s the interband polarization operator defined by
wave vectorK. When the excitons are scattered fronKa

=0 state to aK #0 state via phonons, the interband polar- 1

ization is completely destroyed. In contrast, the intraband Pinter=y; > [M,B, +M%B, . 5
coherence is only modestly affected, since the scattired a

#0 excitons can continue to oscillate and emit THz radia-Here,
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Mu:MoAJ dz®7, ((2,2,0) (6) W(r)= ;) o Ak, (12

:f\ttef]rzzﬁtgrotl)iagic:rlgilr?xrgi;;?;iﬁ?ﬂg}gﬂgigetgeregu"a(m q wherea, | is the annihilation operator for an electron in the
d  isthe gnvelo e function of the SL exciton ei ensiate i statey, k(r) in band\ with wave vectork. After the trans-
mK P 9 Mformation from electron and hole operators to exciton

the presence of the dc electric field with quantum number%peratorg,8 the exciton-phonon interaction finally adopts the
(m,K). We consider excitation via ultrashort Gaussian optl-form

cal pulses with central frequeney, and durationr,. Hence
the optical field is given by

Hine= 2 Qu,u' K. 0)Bj kB kby

_ —(t/r)2a—iwgt
Eopr=Age V™ e e+ c.c.. 7) K.app

In writing the full Hamiltonian, we have assumed that the +Q*(u,u K q)B;,K—qBM’,Kb; (13

exciton density is low enough that we can neglect exciton-

exciton interactions, and in what follows we will similarly with

neglect phase spacing filling and treat the excitons as bosons.

Both assumptions are rigorously valid to second order in the

optical field° Qlup' K, )= ng [(@ﬁ‘fﬂ) off
The term

’,K

MK+q

— (el TN o gl (14)

Hon= 2 fiwgby by (8)
d where K is the c.m. wave vector of the excitok, is the
describes the free-phonon dynamics, whete, is the en-  relative electron-hole wave vectop/K are the expansion
ergy of the LO phonon with wave vecteoy;, and b+ andb,  coefficients of the exciton envelope functiofis, « in the
denote the creation and annihilation operators for thls phofree electron-hole basis, amg=m,/M =m./(m.+m;) and
non. For simplicity, we consider a single dispersionless bulken=m,/M denote the relative electron and hole masses, re-
LO-phonon mode only so thab,=w o. Previous investi- spectively. The first and second terms in E§3) simply
gations have shown that the scattenng rates are sufficientigorrespond, respectively, to phonon absorption and emission
well reproduced if the phonon spectrum is assumed to by excitons.

bulklike 3° In order to proceed with the calculations, we must deter-
The coupling between carriers and phonons is describethine the superlattice excitonic states in the presence of the
by the Hamiltonian dc electric field. This is accomplished by using the two-well

excitonic method of Dignam and Si&To determine which

4 excitonic states to include in basis, we note first that although
ch:f drr(r)Ve(nw(r), © only excitons with zero center-of-mass momentum will be
] optically excited, phonons will scatter those excitons into
whereW™ (r) andW(r) are the field operators and states withK #0. Thus we must includ& #0 states in our
basis. Second, if the exciting laser pulse has an energy spec-
ch(f)=2 [ggbe€'™" +gkbg e 7] (100  trum centered below the energy of the=0 1s excitonic

WSL state, it has been showiri*that predominantly §-like
excitons are optically created and that the excitonic states
with excited in-plane motion can be neglected. Thus in this
paper we will only consider the scattering taking place be-
tween Is excitons with differentk and along-axis internal
quantum numbers. Although phonons can scatter optically

plrl]ng, etc). V\I/:e.bﬁ'icysts ontl_y the hl_ntﬁr_ac?f:nn W'ﬂl optical oated excitons into states with higher in-plane quantum
phonons via Frolich interaction, which 1S the most Impor ,, yperg (3,3s, ...), we findthat the matrix elements and

tant type of carrier-phonon interaction for ultrafast dynamlcs energy conservat|on are such that these events are expected

for the structure and dc field considered here. In this Case, iy contribute little over the first few picoseconds. Thus we
neglect these states with higher in-plane motion.

is the potential induced by the lattice. The explicit form of
the coupling functiong, depends on the particular phonon
branch (acoustic, optical, ett.as well as on the coupling
mechanism considere(eformation potential, polar cou-

2
Z_ﬁwLo e ( 1 1)7 (11)

W ogtle «

€ & B. Equations of motion

whereq=|q|, €. and e are the high-frequency and static  We wish to now calculate the interband and intraband
limits of the relative dielectric constant, respectively, agd dynamics of the system excited by the optical pulse. The
is the vacuum dielectric constant. We expand the secondnterband polarization is given by the expectation value of
guantization field operators in terms of the wave functionsEg. (5) while the spatially uniform part of the intraband po-
for conduction- and valence-band electrons as larization is given by
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1 . tion for the phonon-assisted operators on the right-hand side
Pintra=¢; EK GL(B, kB, (15  of Egs.(19) and(20) to second order are
v,

whereG,,, is the intraband dipole matrix element between . d(B,’' _gbg) R
two excitonic stateg®, ) and |®, ), and is given ap- i dt =(E, +ﬁwq)<BM'rqbq>+2 (Nq
proximately by° ~

Gy (® o~ e(Te—Ty)|®,0). (16) +1Q* (1’1" 0B, o) (D)

Note that due to the requirement of momentum conservation, d(B* (B, «_¢be)
the interband polarization only depends(d@, o) and not on mKZp K=q7q
(B,.k) for K#0. On the other hand, the intraband polariza- dt

tion depends on contributions fro(lB;’KB,,,@ for all K. _K-g_ k +

This crucial difference is the main source of difference be- —(E#, E#+ﬁwq)<BM'KBM K~aPg)
tween the interband and intraband decoherence, as we shall

show. +2 (gt 1Q* (.1 K, a)(B} kB, k),
The equations of motion for the expectation values of u

these interband and intraband correlation functions to second (22)

order in the optical field ar8

where we have introduced the factorizatiof," gbgb, )

d(B d(B /R . , - "
(B0 :E%BM_EON,Mﬁmmm =(B,/(Ng+1) and (B} B, kbeb:)=(B] B, )(Ng
dt ’ dt +1). As we finally assuma,=0, this factorization is exact.
17 By applying the Markov approximatiof?, we solve these
N equations to obtain
HBukBrk) _ ek _pypt B VLE (B
dt _( v ,u)< K V,K) Opt'[ M< V,0> 0 q
dE" B (Bu' —abg)=—im2 S(E,—E '~fiwg)(ng
. K=, N
_Mv<B;,O>]+|ﬁMd—t|scattv R
+1)Q* (w1 ,00)(B, o), (23)
(18)
where the exciton-phonon scattering terms yield the follow- g+ g, b.)=—i S(EX,—EXT9-2 n
ing contributions to the equations of motion: (BL.kBu' k—aPa) Tr% ( © @q)(Nq
. d(B,0) : +1)Q* (', K,q) (B (B,
it df[L |scatt: Z, Qu,pm a_qu)<Bﬂ',7qbq> Q7 (ko ,Q)< mK=H 'K>,
e (29
+Q*(M,M’,q,Q)<BM’,qb;), (199 and similar expressions for other phonon-assisted operators.
. Here ny=(b, b,) denotes the phonon occupation number.
d<B,u,KBv,K> _E , When performing the Markov approximation, the phonon-
dt |scar= , Qv.p ,K=0,0) assisted operators are factorized into a slowly varying part
Qp and a rapid-oscillating part. This approximation implies that
(BB ' _ b.)\— K, the carriers stay in their state for the duration of a scattering
< K g K @~ Qi v event. Thus this factorization is only good if the basis states
><<B+, B, Kbq>+Q*(v,,u',K are approximately eigenstates of the carrier Hamiltonian. As
poKraTh we use an excitonic basis we expect this to be a good ap-
+q,q)<B;,KBﬂgK+qb§) proximation. To make the calculation as simple as possible,

) N in what follows we assume the temperature and carrier den-
—Q* (u,p 'K'quM’,Kquv,KbD- sities are low, and so we takg,=0 (phonon absorption is
negligible.
(20 By inserting the explicit form of the various contributions
Here, new variables, the so-called phonon-assisted operatorsfo Egs.(19) and (20) we can finally write down
have been introduced. These variables describe correlations
between excitons and phonons. The equations of motion for  d(B, ¢

o . 0 —q ’
the phonon-assisted operators involve expectation values dfﬁT|scatt— —im E SO, —E, —ho)Qu,p
four operators, and therefore an infinite hierarchy of equa- RIS
tions arises. Neglecting the terms which describe phonon- —q,q)Q*(M',M",O,quM”,o) (25)

assisted optical transitions and neglecting phonon coherence
((bgby)=(bg by) 3qq',(by b1)=0), the equations of mo- and
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> (B —E\ "~ hwgQ(r.n K-q,0)Q* (11" K,Q)(B] B, k)

g

d<B;,KBv,K>
hT|scatt —im

g

+ 3 SEL- f,q—ﬁwqm(u’.u”,K—q,q>Q*(u,an,q><B;~,KBV,K>]

+iw[ 2 NEEf—hw)Qu.n KaQ* (nu' K+a.a)(B, By ko)

g

+ 3 SE - Eﬁ—ﬁwq>Q<u,n”,K,q>Q*<w’,K+q.q><B;~,K+qBMaK+q>]. (26)
quu

The only terms in Eq(25) and in the first and second sums K _K—q , )
in Eq. (26) that will contribute significantly are the resonant Fintra(K)Eﬂ'E! 8(E, —E, "~hog)|Q(v,n ,K=0a.,q)|

terms. Therefore, we only include the terms wh;ef'e: min Gur

Eq. (25), #" = v in the first sum, ang’ = in the second +5(El*§—EKfq—ﬁwq)IQ(,u,,u/,K—q,Q)F-

sum in Eq.(26). Thus Eqs(25) and(26) can be simplified to a (30
_ d(B ,0> . C. Numerical implementation
|ﬁd—¥|scatt: _lrinter<B,u,O> (27) P

Using Egs.(5), (17), and (27), we can easily obtain the
LO-phonon-induced interband polarization. However, even
and employing the Markov approximation, it is very computa-
tionally time consuming to keep track of the innumerable
scattering processes in order to obtain the intraband polariza-
d<B;'KBV,K> . . tion according to Egs(15), (18), and(28). There have been
thscatt:_lrintra(K)<Bﬂ,KBv,K> a number of calculatioR$?"?8 that use Monte Carlo and
related techniques within the Boltzmann or SBE formalisms
to enable the inclusion of all of the relevant scattering events

. K+q K
timw 2 ‘5(E -E and density matrix elements. However, in essentially all ex-

Qi " periments measuring THz emission due to BO's, the signal is
. ' % " only detectable over times on the order of a few picoseconds
hogQu,p K.q)Q™ (v,1 K and so we are not interested in the long-time response. Thus,
. - : . -
+q,9)/(B " i S oK) to simplify the intraband calculation, we limit the number of

scattering events undergone by a given exciton. As we shall
demonstrate, this approximation is valid over times long

K+q . o .
+ 2 o(E ~Ej enough to determine an initial decoherence time.
au We now turn to the approximations used in the calculation
" , of the evolution of the intraband polarization. Since #e
~fwg) Q(u,p' K, a)Q* (v, K P

=0 excitons are initially optically excited, we need to con-
sider the contributions from excitons witki=0. We also
+q, Q)<B v B,u Kot (28 need to consider the contributions frafw 0 excitons that
have been scattered via phonons frés=0. So the total
intraband polarization can be separated into two parts as
Here we have introduced the interband scattering rate defined

as |ntra E G,u,V<B OBV0>+2 GMV v (31)

, _ with
1—‘interETrE, |Q(M,M ,_q,CI)|25(E2—EM/q—fqu)
q.u
29 /=2 (B, kByx). (32
K#0
and the intraband scattering rate defined as The equations of motion for the two parts are
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120 proximation is valid for times on the order of the decoher-
ence time that we are interested in. We still need to deter-
100 mine T, a(K#0). In order to simplify the calculations, we
S neglect theK dependence of;,;,. We have found that
E 80 IMintra(K#0) is much smaller thai',;,(0). Here we make
> T the agsumption tharint,a(K¢O)=Fim,a(0), which yviII
5 60 thus give ar;,, that is always less than the trlig,,,, i.e.,
& our calculation will return a lower bound on ], . With
40 this approximation, we can perform the sum o¥ein Eq.
(32). This assumption greatly simplifies the calculations and,

20 as we will show later, has little influence on the THz results.
F, (kViem) The resulting equation of motion f@, , then reads

FIG. 1. The exciton energy levelselative to the band gap of dS
bulk GaAs as a function of the dc electric field, for the 50/15  jz .~ ] - =[E%- EO iTintra(0)1S,, ,+im E 5(E ,
superlattice discussed in the text. The number below each curve t

. - . TS
gives the quantum number for the excitonic state. The solid

circles on each curve have diameters that are proportional to the _El,f—ﬁw—K)Q(M,M,,K,—K)Q*(V,M”,O,— K)
optical oscillator strength of the given state. The vertical dashed line

indicates the field at which the dynamical calculations are per- 4 0 K

formed. Also indicated on the plot are the central frequengyof X<BM',OB;¢",O>+ 2 5(Eﬂ”_ EM_’MLK)

the exciting laser pulse and the enefgy, o of a LO phonon. wop K
X Q' K, =K)Q* (,1,0,~K)
d<B OBV 0>

+
dt _[ES_EO |F|ntra(o)]<B OBV O> X<BM”,OBM’,0>] . (35)
* +
+Eopr [ML(Bu0 —~M.(B, 0], (33 Once we obtain the intraband polarization given by 84),
and forK #0 we can calculate the THz signal by taking the second deriva-
tive of the intraband polarization.
d<B KBV K> .
— o BB iTina(K)X(B,, kB, )
IIl. NUMERICAL RESULTS AND DISCUSSION

+ia 2 5(E —EX—fw_y) We consider the .heavy—hole excitons in a
GaAs/Ga Al As superlattice structure with a 50 A well

v width and a 15 A barrier width. The material parameters
XQ(u,p K, —K)Q* (v,1",0,—K) employed are the same as those given in Ref. 40. Using these
parameters and calculations of tlzedependent excitonic
+ 0k dispersiorf* we useM,=0.444 andM;=0.201 for the c.m.
X(B + B,” o+ O(E —E . ! z . H .
{ 0 # o Z ( 5 ® effective masses. The resulting electron-hole miniband for

o this structure has a width of 75 meV, which is significantly

—fo_)Q(u,u K,—K) larger than the LO phonon energy of 36 meV in GaAs. At
low temperatures and in the low-density regime, exciton-
* "6 + , acoustic-phonon interactions take place over times on the
XQ (i O KB Burohh 34 e of a few hundred picoseconds, so in a good quality
superlattice, the LO phonon interaction will be the most im-
The optically created excitons witk =0 are scattered t& portant process for the loss of coherence. The calculations
#0 states with smaller internal numbétown the WS lad- are performed using 21 basis states and we use GaAs param-
den via the emission of the phonons. Under the conditioneterse.,,=10.92, e,=12.9, andhw, o=36 meV.
that phonon absorption is negligible the chance that the ex- The 1s exciton energy levels as a function of the dc elec-
citons are scattered back to their original states is energetiric field are shown in Fig. 1, as calculated using the method
cally almost impossible. Thus in E(B3) it is seen that only  of Dignam and Sip&° The energy levels are labeled by the
the scattering-out contributions due to emission of opticaindex v which corresponds to the free particle WSL index
phonons are taken into account. For & 0 part, it should  when the field is relatively high. More exactly, the expecta-
be noted that in the scattering-in contributithe last two tion value of the electron-hole separation is given approxi-
sums in Eqg.(34)] we have only considered contributions mately byvd in the high-field limit. We denote the states by
from excitons withK=0; that is, we neglect the multiple- |v) for simplicity. We can see that the excitonic energy levels
scattering processes, wherein excitons are scattered out differ substantially from those of the single-particle Stark
K=0 into K'#0 and subsequently int&"#0. This ap- ladder levels, which would appear as a set of straight lines
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with energy separations efF,d, all converging to a point at 20 -'(a) L
Fo=0. Because the effect of the electron-hole Coulomb in- -

teraction on the energy is different for the different states—
i.e., the exciton binding energies for states with different
are different—the separatiof, . 1(Fo) —E, (Fg), between
adjacent energy levels is net~y,d, but is dependent om.

We represent the oscillator strength of a given energy level at
a given electric-field strength in Fig. 1 by a solid circle with

a diameter that is proportional to the oscillator strength.

Now, we wish to consider a situation where the phonon-
induced decoherence is large. Thus, in the following, we take
the field to be~y=31 kV/cm. As can be seen from Fig. 1, in
this case, the separation between excitonic WSL states is
approximately equal té w, o/2. Thus, the dominant phonon-
induced transitions will bgv) to |v—2). At this field
strength, the|—1) and |—2) states have large oscillator
strengths. Thus, to create an initial Bloch-oscillating state
that is roughly an equal superposition of these two states, we
center the optical pulse at an enettyy,=Egen >+ 71 meV
(see Fig. 1, and take the spectral full width at half maximum
(FWHM) to be 15.5 meMtemporal FWHM of 118 fs With
this excitation energy, theslexciton population density cre-
ated will be much larger than that of the unbound electron-
hole pairs as discussed earlier.

Turning first to the calculation of the interband dynamics,
we see from Eq(27) that the interband polarization under-
goes a simple exponential decay with a time constant given I
by Tinter= 1T inter - Using the above parameters, we find that 0.0 T ———
the interband decoherence timeTige,= 2.5 ps. 0 1 2 3 4 5 &6

We now turn to the results for the intraband polarization. t(ps)

To aid in the d.'SCUSS|On of th? re_sults,_we _present in Fig. 2 FIG. 2. Temporal evolution of the intraband polarization for four
the cal<_:u|at_ed |ntraband polarization with qn‘fermg levels Ofdifferent casesi(a) without exciton-phonon interactior(b) with
approximation. In Fig. @), we present the intraband polar- .ontibutions only fromk =0 excitons,(c) with contributions from

ization neglecting the exciton-phonon interaction altogetheryoth k =0 andK 0 excitons, but no decay term &+ 0, and(d)
As can be seen, the polarization oscillates without decay ahe full result using Eq(35).

the Bloch frequency given by=w_;—®_,. The dc con-
tribution to the polarization is due to the dipole moment of
the excitonic states, which is given roughly byd. Figure  decaying, the dc component of the intraband polarization ac-
2(b) shows the case where we add in the exciton-phonotually increases with time. This is due to the scattering of the
interaction but only take into account the contributions ofexcitons to states with largér| and hence larger permanent
excitons withK =0. We find that both the dc and oscillating intraband dipole. This reaches a roughly constant value even-
components of the intraband polarization decay rapidly taually, because we have only allowed for single-scattering
zero with a time constant of ILf,,,(0)=Tine/2. Thus, we  events. In a real system, of course, the long-time dependence
see that when thK # 0 excitons are neglected, the system isof this dc component will depend on the boundaries of the
in the so-called coherent limit. This is to be expected becaussuperlattice. As we are only interested in the short-time re-
in this case we only have a scattering-out term. Thus, thgponse(less than a few picosecondsve shall not discuss
equations of motion for the intraband polarization to secondhis issue further in this paper. The second feature of note is
order are identical to what one would obtain by simply em-that there appears to be a beating phenomenon occurring.
ploying the factorizatiodB, B, «)=(B, «)(B, k). There- ~ This is due to the fact that the excitons are scattered into the
fore, the deviation from the coherent limit is directly related | —3) and |—4) states and the energy separation between
to the continuing coherence found in scattered excitons as wihiese states is slightly different from that between the opti-
will now show. cally populated —1) and|—2) states. Thus th& =0 and

In Figs. 2c) and 2d) we consider the contributions of K= 0 contributions tdP;;, oscillate at slightly different fre-
excitons withK #0 to P;, - First, in Fig. Zc), we exclude quencies, leading to beating. Finally, the intraband polariza-
the decay term for th& # 0 excitons by settind i ;a(0) tion in Fig. 2c) decays much more slowly than in Figib2.
=0 in Eq. (35). As expected, the intraband polarization This is the key result, and is due to the contributions of the
changes dramatically. There are three main differences in thi€ #0 excitons. In fact, at times larger than about 5 ps, the
polarization in comparison to Fig.(l). First, rather than entire signal is essentially due to the# 0 excitons. This is

Intraband Polarization (arb. units)
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— 1.0 butions of excitons withK=0, the decoherence time is

-*2 : found to be 1.25 ps, which is half of the interband polariza-
205 tion decoherence time, as expected. When we consider the
s 0.0 contributions of excitons witk # 0 but exclude the decay of

s { the K # 0 excitons, the THz signal oscillation amplitudes are
5 0.5 ' ¥ greatly increased and the decoherence time is 2.2 ps. Finally,
" LE ; with the full calculation, there is only a slightly more rapid
=10t . decay in the THz signal, yielding a decoherence time of 2.1

ps. This time is much larger than the coherent limit value of
1.25 ps. We therefore see that the persistence of the intraband
coherence after phonon scattering is the source of the strong
deviation of the intraband and interband decoherence times
from the coherent limit as experimentally observed.

From the results in Fig. (®), we see that over the short
times of interest, the scattering of th€+0 excitons has
almost no effect on the decoherence. As discussed earlier, the
full calculation provides a lower bound for the decay time, as
it overestimates the decay of the contribution from e
00 05 10 15 # 0 excitons. On the other hand, the calculation that neglects

t (ps) the scattering of th&#0 excitons altogether provides an
upper bound for the decay time. Since these times differ by

FIG. 3. Temporal evolution of the THz sign&h) long-time and  only 0.1 ps, this justifies our neglect of multiple-scattering
(b) short-time behavior. The solid line corresponds to the case withayents.

out exciton-phonon interaction, the dash-dotted line corresponds to

the case with contributions only fro=0 excitons, the dotted line

corresponds to the case with contributions from bigth 0 and K IV. CONCLUSIONS
#0 excitons, but no decay term &+ 0, and the dashed line cor-
responds to the full result using E@5). For clarity, the solid line
is omitted from(a).

THz signal (arb. units)

In this paper, using an excitonic basis, we have presented
a detailed analysis of the decoherence of the intraband polar-
ization and THz emission due to the interaction of excitons
with LO phonons in an optically excited BSSL. We have
shown that the difference between the decoherence times of
not yet a fully realistic situation, because we have not in-interband and intraband polarizations lies in the fact that the
cluded the decay of thi #0 excitonic contribution to the former is determined by the dynamics of the excitons with
polarization. In Fig. &) we add in the decay of thK+#0 K =0, while the latter is determined by the dynamics of ex-
excitons and use the full dynamic equation, B2p). As can  citons both withK =0 and K#0. We emphasize that the
be seen, this results in the decay of both the dc and oscillatontributions of excitons withik # 0 greatly prolong the co-
ing components of the intraband polarization. At laterherence of the intraband dynamics. As a result, the THz
times, the polarization decays at the same rate as in fy). 2 emission decoherence time is almost equal to the interband
because we have made the approximation gt .(K decoherence time, in qualitative agreement with experimen-
#0)=T"intra(0). tal results. We have described the origin of this effect using

We now turn from the intraband polarization to the calcu-the example of exciton-LO-phonon scattering. However the
lated THz signal, as this is the more experimentally accessame basic mechanism will also apply to other types of scat-
sible quantity. For clarity, in Fig. @), we ignore the plot for tering such as exciton-acoustic-phonon scattering and
the case without the exciton-phonon interaction, which oscilexciton-exciton scattering, for example. It will not apply to
lates without decay at the Bloch frequency given by pure dephasing due to inhomogeneities in the system, but
=w_;—w_,. We note that in the case where we have usedvill apply to some degree to any decoherence phenomenon
the full dynamics equation, the THz signal decays to zero awhere the center-of-mass wave vector is changed by a scat-
long times. As discussed above, the time for this decay is itering event.
fact a lower bound for the decoherence time, as we have The experiments modeled in this work were for excitation
overestimated the decay time for the~ 0 excitons, and we conditions for which predominantlyslexcitons were opti-
have not included the contributions of excitons that havecally excited. However, if one excites the superlattice with a
undergone a second scattering event. For times longer thdaser pulse that has a central frequency centered above the
about 1.5 ps, the effects of the quantum beating discusseghergy of then=0 1s excitonic level, then continuum states
above become very evident, which makes it very difficult towill also contribute significantly to the intraband
determine a decay time for the signal over long times. Thuspolarization®>**In a recent publicatiof? we calculated the
we estimate the decoherence times by fitting the signal to atraband polarization due to bouadd continuurmexcitonic
damped sinusoid over the first 1.5 ps, before beating is imstates in the absence of carrier-phonon scattering. As future
portant. The THz signal over this time range is plotted in Fig.work, we plan to extend these calculations to include the
3(b). In the case where we only take into account the contrieffects of optical phonons on the continuum intraband dy-
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