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Influence of excitonic effects on dynamic localization in semiconductor superlattices
in combined dc and ac electric fields

Aizhen Zhang,* Lijun Yang, and M. M. Dignam
Department of Physics, Queen’s University, Kingston, Ontario, Canada K7L 3N6

~Received 18 December 2002; published 23 May 2003!

We investigate the influence of excitonic effects on dynamic localization in an optically excited semicon-
ductor superlattice in combined dc and ac electric fields. We use an excitonic basis to calculate both the
quasienergy spectrum and the intraband dynamics of the system. We find that for moderate to high dc electric
fields, where the Wannier-Stark ladder is only weakly disturbed by excitonic effects, the signature of dynamic
localization is found in the quasienergy spectrum, the time-integrated terahertz~THz! signal, and in the decay
rate of the carrier-generated THz intensity signal. However, in contrast to what is predicted by the models
employing the semiconductor Bloch equations, we find that for low dc electric fields, the dynamic localization
can be almost completely destroyed via excitonic effects.
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I. INTRODUCTION

Since the semiconductor superlattice~SL! was first pro-
posed by Esaki and Tsu in 1970,1 electronic and optical ef-
fects in superlattices have been fields of continued inter
both because of the implications for interesting device ap
cations and for the insight into the basic principles of sol
state physics. Due to the large lattice constant and sm
energy-band bandwidth of this artificial structure, many
fects not seen in bulk materials have been experiment
observed and many new phenomena have been pred
theoretically.

One of the most fascinating phenomena in the physic
semiconductor superlattices is the experimental realizatio
the long-predicted Wannier-Stark localization2 and its dy-
namic counterpart, namely, Bloch oscillations~BO’s!.3 Bloch
oscillations occur when a dc along-axis electric fieldF0 is
applied to an electron in a periodic potential~periodd). The
electron is then spatially localized by the dc field in a reg
L5D/2eF0 and oscillates at a frequencyvB5edF0 /\,
where D is the bandwidth. The BO’s will be observed a
long asvBt>1, wheret is the relaxation rate. Correspond
ingly, in a one-band model, the electronic stationary state
this system have energiesEn5E01nedF0 , whereE0 is the
energy of a particular reference state andn is an integer.
Because of the equal-energy separation, they form the
called Wannier-Stark ladder~WSL!. BO’s are simply the
time evolution of a wave packet constructed from a line
combination of WSL states.

With the development of free-electron lasers that can
continuously tuned in the terahertz~THz! range, the dynam-
ics of charged particles in semiconductor superlattices
time-dependent external electric fields has been a subje
intense research. In the noninteracting or single-particle
ture, the evolution of electrons driven by a pure sinusoida
field, F1sin(vt), has been studied in great detail.4–8 Within
the tight-binding approximation, it is found that an initial
localized particle will return periodically to its initial stat
with the period of the ac field if the ratioV/v is chosen such
that J0(V/v)50, where
0163-1829/2003/67~20!/205318~7!/$20.00 67 2053
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andJn(x) is thenth-order Bessel function of the first kind
This phenomenon is called dynamic localization9 ~DL! and
has been shown to be related to the collapse of the quas
ergy miniband.10 This collapse has been verified experime
tally for atoms in an optical lattice.11 In transport measure
ments with photon-assisted tunneling in a Si-dop
semiconductor superlattice, the appearance of absolute n
tive conductance has been attributed to dynam
localization.5

In the presence of a dc fieldF0 as well as a high-
frequency ac fieldF1sin(vt), it is found that whenedF0
5n\v—i.e., the ac field is tuned to an ‘‘n-photon reso-
nance’’ with the Wannier-Stark ladder—dynamic localizati
appears iff Jn(V/v)50.4,12 Within the nearest-neighbo
tight-binding ~NNTB! approximation, the quasienergies
the Floquet states for the superlattice electrons in both dc
ac electric fields can be analytically obtained as13

«~k!5~21!nJn~V/v!E~k!, ~2!

where the zero-field band dispersion is given by the NN
expressionE(k)52(D/2)cos(kd). We can see that ifV/v is
a zero ofJn(x), then the quasienergy-quasimomentum d
persion disappears and band collapse occurs. The pur
situation is thus seen to be the special case in whichn50.

To date, most of the experiments in which the Wanni
Stark ladder and Bloch oscillations have been identified w
performed in optically excited undoped semiconduc
superlattices.14–19 In these experiments, electron-hole pa
wave packets are excited in the SL via an ultrashort opt
pulse. This creates well-defined wave packets. However,
to the electron-hole Coulomb interaction, the wave pack
are excitonic wave packets and not simply electron wa
packets. Consequently, one must treat the excitonic eff
on the dynamic localization when both a dc and an ac e
tric field are applied in this system. This is the aim of th
paper.

There are a number of approaches for treating the dyn
ics of electrons and holes near the semiconductor band e
©2003 The American Physical Society18-1
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in photoexcited semiconductor superlattices. A very succ
ful and widespread approach employs the semicondu
Bloch equations~SBE’s!.20 They have the advantage th
when used in the Hartree-Fock~HF! approximation, they are
in principle, nonperturbative in the optical field. Within
one-dimensional tight-binding model, using the SBE
Meier et al.21 have calculated the time-integrated square
the terahertz signal generated by a photoexcited semicon
tor superlattice in an applied ac electric fieldF1sin(vt) and
predicted that the dynamic localization should be observa
in the presence of the Coulomb interactions, the signatur
the dynamic localization being a dip in the time-integrat
THz ~TITHz! signal whenJ0(V/v)50. Later, again using
the SBE’s, Yanet al.22 theoretically modeled the TITHz sig
nal in both dc and ac electric fields and found that dynam
localization still appears in the presence of the Coulomb
teractions. Recently, based on SBE’s, Liu and Zhu23 have
investigated the degenerate four-wave-mixing~DFWM! sig-
nals in such a system. Their calculations indicate that w
dc-ac–induced dynamic localization occurs, the tim
integrated DFWM signal is a maximum.

It has been pointed out by many authors,24–26 however,
that the SBE’s within the HF approximation neglect the c
cial electron-hole correlations within an exciton when carr
out beyond the first order in the optical field. This correlati
plays a significant role in the calculation of various nonline
signals in bulk semiconductors, quantum wells, and supe
tices. This correlation is missing because these equations
ploy a free-electron-hole basis to perform the calculati
Therefore, when the HF factoring is performed, the corre
tions between the electron and hole inside the exciton are
treated correctly, resulting finally in errors even to the seco
order in the optical field. In particular, it has been show27

that the SBE’s incorrectly predict the temporal decay of
citonic effects in the intraband polarization arising fro
electron-hole pairs excited by an ultrashort optical pulse
SL. Thus, the question arises as to whether the SBE pre
tion of DL of excitonic wave packets is correct.

To avoid the problems encountered by the SBE’s, o
may either use the dynamics controlled truncation~DCT!
theory27 or employ an excitonic basis to treat the dynami
When using an excitonic basis, the intraexcitonic corre
tions are automatically incorporated into any theory. In t
paper, we examine the nature of DL of the carriers when
dynamics are treated using an excitonic basis.

The excitonic basis has been employed in a numbe
papers28–30 to investigate the intraband dynamics of coupl
double quantum wells and biased semiconductor S
~BSSL’s! to second order, and to calculate the third-ord
DFWM signals for a single quantum well in a magnetic fie
Lachaineet al.30 have employed the excitonic basis to inve
tigate the intraband polarization in combined dc and ac fie
in cases where the dc field was much larger than the ac fi
However, it has never been used, to our knowledge, to
amine the dynamics of a BSSL in combined dc and ac fie
where the ac field amplitude is large enough to yield DL

In this paper, we wish to investigate the effect of t
electron-hole interaction on the dynamics of electrons
holes photoexcited by ultrashort (;100 fs) optical pulses in
20531
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BSSL’s subject to combined dc and ac electric fields. We fi
that for moderate to high values of the dc electric fieldF0 ,
the signature of dynamic localization is found both in t
collapse of the quasienergy band and in the appearance
local minimum in the TITHz signal, in agreement with th
above-mentioned SBE results. We also find a new pur
excitonic effect in these situations: the time constant for
decay of the THz intensity signal displays a pronounc
minimum when the condition for DL is reached. For small
electric fields, however, we find that the quasienergy ba
generally does not collapse and the TITHz signal does
reach a minimum whenV/v is a root of first-order Besse
function, thereby demonstrating that dynamic localizati
can been destroyed via excitonic effects.

The paper is organized as follows. In Sec. II, we introdu
the model and present the theory employed to calculate
quasienergy spectrum and the intraband dynamics of the
tem. In Sec. III, we present the numerical results and ana
the influence of the excitonic effect on the dynamic localiz
tion. Sec. IV presents a summary of our results and th
implications.

II. THEORY

In this section, we present the theoretical approach
we use to calculate the quasienergy spectrum and the
namic evolution of the intraband polarization.

In the second quantized form, the Hamiltonian of the s
perlattice excitons in the presence of dc, ac, and optical e
tric fields is given by

H~ t !5H01Hac~ t !1Hop~ t !. ~3!

In this expression,

H05(
n

EnBn
†Bn ~4!

is the single-exciton Hamiltonian for superlattice excitons
the presence of a dc electric fieldF0, whereBn

† (Bn) is the
creation~annihilation! operator for an exciton in thedc elec-
tric field with internal quantum numbern and energyEn .
The term

Hac~ t ![2VEac~ t !•Pintra ~5!

is the interaction Hamiltonian between the ac fieldEac(t),
and the excitons, wherePintra is the intraband polarization
defined by

Pintra5
1

V (
nm

GnmBn
†Bm . ~6!

In this expression,Gnm is the intraband dipole matrix ele-
ment between two excitonic statesucn& and ucm&, and is
given by

Gnm5^cnu2e~re2rh!ucm&. ~7!

Finally, the last term inH(t) is

Hop~ t ![2VEop~ t !•Pinter , ~8!
8-2
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INFLUENCE OF EXCITONIC EFFECTS ON DYNAMIC . . . PHYSICAL REVIEW B 67, 205318 ~2003!
which is the interaction Hamiltonian between the optic
field Eop(t) and the excitons, wherePinter is the interband
polarization defined by

Pinter5
1

V (
n

@M nBn
†1M n* Bn#. ~9!

The interband dipole matrix element of thenth excitonic
state is given by

M v5M0AANzE dzcn* ~z,z,0!, ~10!

whereM0 is the bulk interband dipole matrix element,A is
the transverse area,cn is the nth SL exciton eigenstate in
presence of the dc electric field, andNz is the number of
superlattice sites.

We consider excitation via ultrashort Gaussian opti
pulses with central frequencyvc and durationtp . Hence, the
optical field is given by

Eopt5A0e2(t/tp)2
e2 ivct1c.c. ~11!

In writing the full Hamiltonian, we have assumed that t
exciton density is low enough so that we can neglect
exciton-exciton interactions, and, in what follows, we w
similarly neglect phase-space filling and treat the exciton
bosons.31 Both assumptions are rigorously valid to seco
order in the optical field.

In order to proceed with the calculations, we must de
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.32 To determine which
excitonic states to include in the basis, we note first that o
excitons with zero center-of-mass momentum will be op
cally excited. Second, if the exciting laser pulse has an
ergy spectrum centered below then50 WSL state, it has
been shown28 that predominantly 1s-like excitons are cre-
ated and the excitonic states with excited in-plane mot
can be neglected. Thus, in this work we will only co
sider the 1s-like excitonic states with zero center-of-ma
momentum.

The first way in which we examine the phenomenon
dynamic localization in the photoexcited superlattices is
determining the quasienergy spectra of the excitons in
presence of the ac electric field. The SL is excited by
ultrashort (;100 fs) optical pulse. Then, once the pulse h
passed, the Hamiltonian is given simply by

H8~ t !5H01Hac~ t !. ~12!

We take the ac field to be given by

Eac~ t !5F1sin~vt !5
\V

ed
sin~vt !, ~13!

where\v is chosen to be equal to the WSL spacing for t
given dc field, i.e.,v5vB . Thus, the HamiltonianH8(t) is
periodic with periodT52p/v.

We can make use of the periodicity of the exciton Ham
tonianH8(t), and the calculated excitonic energy levels a
20531
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eigenstates to numerically calculate the quasienergy s
trum. For a numerical calculation of the quasienergies, i
convenient to introduce the time evolution operatorU(t),
that satisfies the equation

i\
]

]t
U~ t !5H8~ t !U~ t !, ~14!

with the initial conditionU(0)51. Within the framework of
the Floquet formalism,33 we obtain

@U~T!2e2 i«T#uc~0!&50, ~15!

where« is the quasienergy anduc(0)& is the initial state of
the Floquet state. Thus, the quasienergies and Floquet s
can be determined directly by numerically integrating E
~14! over one period and diagonalizingU(T) in the basis of
excitonic eigenstates.

We now turn to the calculation of the intraband polariz
tion created by the optical pulse. Using the full Hamiltoni
~3!, the equations of motion for the expectation values of
interband and intraband correlation functions to the sec
order in the optical field are30

i\
d^Bn

†&
dt

52S En1
i\

T2inter
D ^Bn

†&1Eopt~ t !•M n*

1Eac~ t !•(
b

Gbn^Bb
†&, ~16!

i\
d^Bm

† Bn&
dt

5S En2Em2
i\

Tmn
D ^Bm

† Bn&1Eopt~ t !•@Mm* ^Bn&

2M n^Bm
† &#1Eac~ t !•(

b
@Gbm^Bb

†Bn&

2Gnb^Bm
† Bb&#, ~17!

where T2inter is the interband dephasing time, andTmn is
defined such thatTmn5T1 ~excitonic population decay time!
if m5n and Tmn5T2intra if mÞn, whereT2intra is the in-
traband dephasing time.

Once Eqs.~16! and ~17! are solved, we obtain the intra
band polarization given by the expectation value of Eq.~6!.
For the experiments of interest, the emitted radiation is
THz frequencies. Theintensityof the emitted THz signal is
given by

I THz~ t !}K F d2

dt2
Pintra~ t !G 2L

T

, ~18!

where the angular brackets indicate a time average o
times of the order of the BO period. The TITHz signal
simply obtained from the time-integral ofI THz(t) over all
time.

III. RESULTS

In order to demonstrate the effects of the electron-h
correlation ~i.e., excitonic effects! on the DL in a biased
semiconductor superlattice, we consider a GaAs/Ga0.7Al0.3As
8-3
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AIZHEN ZHANG, LIJUN YANG, AND M. M. DIGNAM PHYSICAL REVIEW B 67, 205318 ~2003!
superlattice structure with a 45 Å well width and a 45
barrier width. The parameters used in the calculation
given in Ref. 32. The calculations are performed using
basis states as we find that there is no change in the ca
lated dynamic results with an increase in the basis size
yond this. The ability to truncate the basis in this way is d
to the fact that the only excitonic WSL states that will
optically excited are those for which the electron-hole ov
lap is appreciable.32 The resulting combined electron-ho
miniband has a width ofD.10 meV. This superlattice wa
chosen because it is well described by a nearest-neig
tight-binding Hamiltonian, and hence should exhibit D
when a sinusoidal field is applied. The calculations are p
formed for dc fields ofFo53 kV/cm andFo510 kV/cm,
for which v5vB is 4.131012 s21 and 1.3731013 s21,
respectively.

We begin by plotting in Fig. 1 the 1s excitonic WSL
energies as a function of dc electric fieldF0, using the
method of Dignam and Sipe.32 The energy levels are labele
by the indexn that corresponds to the free-particle WS
index n when the field is relatively high. More exactly, th
expectation value of the electron-hole separation is given
proximately bynd in the high-field limit. We can see that th
excitonic energy levels differ substantially from those of t
single-particle Stark ladder levels, which would appear a
set of straight lines with energy separations ofeFod, all
converging to a point atF050. Because the effect of th
electron-hole Coulomb interaction on the energy is differ
for the different states—i.e., the exciton binding energies
states with different n are different—the separatio
En11(F)2En(F) between adjacent energy levels is n
eF0d, but is dependent onn. In addition, in contrast to the
noninteracting picture, the intraband dipole matrix eleme
Gn,n1m andGn,n2m ~not shown! are not equal and depend o
n. These effects have already been discussed in deta30

Given that the excitonic WSL energies differ considera
from the free-electron-hole WSL, we expect that in ma
cases, DL will be altered considerably by excitonic effects
contrast to the results of SBE calculations.

We begin our examination of excitonic effects on DL b
plotting in Fig. 2 the quasienergy spectrum of the syste
Figure 2~a! shows the quasienergy band in the noninteract

FIG. 1. The exciton energy levels~relative to the band gap o
bulk GaAs! as a function of the dc electric fieldF0 for the 45/45
superlattice discussed in the text. The numbers beside each c
gives the quantum numbern for the excitonic state.
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electron-hole approximation, where a total band collapse
be seen at DL points, i.e., whereJ1(V/v)50 (V/v
50,3.8317,7.0156, . . . ). Forfuture reference, we defineVo
to denote the first DL point:Vo[3.8317v.

Figures 2~b! and 2~c!, respectively, show the quasienerg
bands as a function ofV/v for dc electric fields ofF0
510 kV/cm andF053 kV/cm. We note that in both case
because of the influence of excitonic effects, no total ba
collapse occurs. However, for a field ofF0510 kV/cm, the
signature of band collapse is clearly seen whenV5Vo . For
the low dc field ofF053 kV/cm, however, the excitonic
effect so strongly modifies the noninteracting quasiene
spectrum that there is no discernible signature of band
lapse for any values ofV/v. Thus, it appears that th
electron-hole interaction has effectively destroyed DL fo
dc field of 3 kV/cm. We find, more generally, that DL i
destroyed at any field strengths where the excitonic ef
has strongly disturbed the WSL spacings and intraband
pole matrix elements. Typically, this occurs for fields f
which the excitonic binding energy for then50 state is
larger than the WSL ladder spacing. Since the binding ene
is typically of the order of 8 meV, DL will only be observe
whenedFo*8 meV. This suggests that DL may not be o
served in pure ac fields. However, whenFo50 the unbound
excitons play a much larger role and may dominate the
namics. Thus, to treat such a system accurately, it would
necessary to include the unbound excitonic states, wh
have not been included in our basis.

The quasienergy bands cannot be directly observed
perimentally. For the experimental signature of DL, we tu

rve

FIG. 2. The quasienergy« as a function ofV/v for ~a! the
single-particle ~noninteracting! picture, ~b! the excitonic system
with F0510 kV/cm, and ~c! the excitonic system withF0

53 kV/cm.
8-4
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to the THz signal generated by the photoexcited oscillat
excitonic wave packets. We take the temporal full width h
maximum~FWHM! of the optical pulse to be 118 fs~spectral
FWHM of 15.5 meV!. The laser central frequency is chos
in all cases such that\vc<E0. With this restriction, the
photoexcited 1s exciton population is considerably large
than the population of unbound electron-hole pairs.28 The
TITHz signal ~normalized to the excited excitonic popul
tion! is plotted in Fig. 3 as a function ofV/v for four dif-
ferent central laser frequenciesvc . In the calculations, we
employ an interband dephasing time of 0.52 ps and intrab
dephasing time 1.04 ps, in agreement with experiment,34 and
neglect the population decay (T15`). The results for dc
fields of F0510 kV/cm and F053 kV/cm are shown in
Figs. 3~a! and 3~b!, respectively. We first note that there
qualitatively little dependence on the central laser frequen
We generally find this to be the case as long asu\vc2E0u is
small enough such that the photoexcited states still hav
strong excitonic character. As we expect from the quas
ergy spectra, the TITHz signal reaches a minimum whenV
5Vo for theF0510 kV/cm case for all three different exc
tation conditions, while no such minimum appears in t
F053 kV/cm case. This demonstrates first that excitonic
can be observed for large dc electric fields. Second, it ver
the quasienergy results: dynamic localization can been
stroyed for any dc electric field for which the excitonic e
fects strongly perturb the WSL.

The excitonic effects do more than suppress DL, howe
They also qualitatively modify the temporal behavior of t
THz signal even in those cases where DL is observed.
demonstrate this, we plot in Fig. 4 the time evolution of t
square of the carrier-generated THz radiation field forF0
510 kV/cm for various values ofV nearVo . To aid in the
analysis, we averaged the THz signals over a time interva

FIG. 3. The time-integrated carrier-generated THz signal a
function of V/v for ~a! F0510 kV/cm and~b! F053 kV/cm for
three different central laser frequencies. The laser frequency in
cases is given byvc5En /\, where the indexn for each curve is
given beside the curve.
20531
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1 ps to remove the rapid oscillations; this time-averag
quantity is thus the THzintensity. We find that when we are
sufficiently far from the condition for DL@Figs. 4~a! and
4~e!#, the THz intensity dies out exponentially with a sing
time constantt1 that is much greater than theintensitydecay
rate of 1

2 T2intra that one would naturally expect. Howeve
when V/v is close the value for DL@Figs. 4~b!–4~d!#, the
THz intensity is seen to decay with two very different tim
constants, such that the intensity is given approximately
I (t)5I 1e2t/t11I 2e2t/t2, where I 2!I 1 and t2@t1. Most
importantly, the initial decay constantt1 is much smaller
than what we obtained when we were far from the condit
for DL @Figs. 4~a! and 4~e!#. To quantify the dependence o
the THz intensity signal decay time on the ac field streng
we plot in Fig. 5 the decay constantt1 as a function ofV/v.
As noted above, whenV is far from Vo , the decay time is
much longer than the expected dephasing time ofT2intra/2,
while at the DL point the decay time is approximately equ
to ~but slightly larger than! T2intra/2. Thus, by measuring the
time constantt1, one should see a clear signature of DL.

The source of the very long decay timet1 when we are
far from the DL condition is entirely excitonic in nature. A
ac field cannot ‘‘drive,’’ the amplitude of the BO of nonin
teracting particles because the probability of making an
transition (n→n11) in the WSL is equal to that of making
a down transition (n→n21). However, as was first pointe
out by Lachaineet al.30 by producing unequal WSL spacing
and intraband dipole matrix elements, excitonic effects

a

all

FIG. 4. The time evolution of the carrier-generated THz inte
sity signal I THz(t) on a log scale for differentV/v: ~a! V/v53,
~b! V/v53.5, ~c! V/v53.8317, ~d! V/v54.1, and ~e! V/v
54.5. The dashed lines in and~c! indicate the exponential deca
associated with the two different time constants.
8-5
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stroy this up-down symmetry. Thus, an ac electric field
able to drive the amplitude ofexcitonicBloch oscillations.
This driving of the oscillation amplitude is what is respo
sible for the very longt1 when we are far from the conditio
for DL. In addition, as long as the carriers continue to os
late, the ac field can do work on the excitons~positive or
negative work depending on the relative phase! by changing
the average separation of the electrons and holes in tz
direction. This effect is analogous to the Shapiro effect
Josephson junctions.35 This manifests itself as a steady in
crease in the intraband polarization with time.

The two effects of the driving of the oscillation amplitud
and the driving of the time-averaged electron-hole separa
are found to be intimately connected; you can only drive
time-averaged separation while the oscillation amplitude p
sists. This is best seen by examining the expectation valu
the intraband polarization. In Fig. 6, we plot the intraba
polarization forV5Vo ~DL! andV/v53.0 ~far from DL!.
As can be seen, whenV/v53.0, the oscillations inPintra
persist for times much greater thanT2intra , and the average
value of Pintra increases rapidly and steadily out beyond
time of 14 ps. In clear contrast to this, whenV5Vo , the
oscillations die out at a time that is only slightly larger th
T2intra , while the average value ofPintra increases apprecia
bly only for t&1.5T2intra and after that ‘‘saturates’’ to an
approximately constant value. Thus, it appears that when

FIG. 5. The initial decay constantt1 for the THz intensity as a
function ofV/v. Also shown in the plot~thin line! is the expected
intensity decay time ofTintra/2 for undriven~freely-decaying! BO.

FIG. 6. The intraband polarization as a function of time f
V/v53.0 ~bold line! and V5Vo ~thin line! for a dc field ofF0

510 kV/cm.
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are near the condition for DL, the ac field is ineffective
driving the BO amplitude or in changing the average int
band polarization of the carriers.

The physics behind the inability of the ac field to drive t
BO when we are at the condition for DL is most easily e
plained by examining the electron dynamics in a rectangu
wave ac field in the absence of dephasing. Consider a p
odic, rectangular field of the form

E~ t !5H E1 0<t,T1

2E2 T1<t,T11T2 ,
~19!

whereE(t) is periodic with periodT and T[T11T2. De-
pending on the values forE1 andE2, this may be a pure ac
field or a field with ac and dc components. As has be
pointed out by a number of authors,6,36 for noninteracting
particles, DL will occur if an integer numbern1 of BO oc-
curs during the time 0<t,T1 and an integer numbern2 of
BO occurs during the second half of the period,T1<t,T1
1T2. This requires thatE15n12p\/(edT1) and E2
5n22p\/(edT2). Under these conditions, the wave pack
clearly returns to its initial state after one period and hen
DL is achieved. Now, because the wave packet is periodi
time, it is clear that there can be no net work done on
electrons during the period of the rectangular field, i.e., th
can be no Shapiro effect. In fact, because the field o
changes at times when the electron is in the same state
the most part the field effectively acts as if it is a pure
field. Now, if we consider excitonic dynamics in such a fie
it is easily seen that if we choose fieldsE1 andE2 such that
the exciton wave packet is essentially back in its initial st
before the field changes sign at timesT1 and T, then the
excitons will act as if they are effectively in a dc electr
field. If this is the case, then there will be no driving of th
BO, because BO cannot be ‘‘driven’’ by a dc electric fiel
Thus, there will be no Shapiro effect and the BO amplitu
will not be driven.

Because the excitonic BO contains several oscillation
quencies, it will, in general, be impossible toexactlysatisfy
the conditions required to change field sign only when
wave packet is back to its initial state. However, because
frequencies are not very different, the condition can nea
be met. Thus, there is only a relatively weak Shapiro eff
~slow rise in the average polarization in Fig. 6! and the BO
only persists for times slightly larger thanT2intra ~see Fig.
5!. For clarity, the physical argument presented here is
the case of a rectangular wave. However, the physics be
the argument is essentially the same for the sinusoidal fi
used in the calculations. In either case, the general phys
picture is thatan applied ac field will not drive BO when th
field amplitude is such that the conditions for DL are met.

IV. CONCLUSIONS

In this paper, we used an excitonic basis to investigate
dynamics of optically excited semiconductor superlattices
combined dc and ac electric fields. We found that signatu
of DL are evident in the TITHz signal and in the decay tim
of the THz radiation as long as the dc electric field is not t
8-6
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INFLUENCE OF EXCITONIC EFFECTS ON DYNAMIC . . . PHYSICAL REVIEW B 67, 205318 ~2003!
small. However, in low dc electric fields, where the exciton
binding energies are comparable or larger than the WSL
ergy spacings, the excitonic effects effectively destroy
namic localization.

Finally, we discuss the feasibility of the experiments p
posed in this paper. All the experimental elements discus
in this paper are readily available: the production of 100
optical pulses are routine, as are the methods for tim
resolved measurements of THz electric fields38 using photo-
conducting antennas. The most difficult aspect of these
periments is likely to be the generation of high-intensity T
fields. However, using a free-electron laser, the ac frequ
cies and field strengths discussed in this work can be exp

*Permanent address: Department of Physics and Institute of T
retical Physics, Shanxi University, Taiyuan 030006, People’s
public of China.
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