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Influence of excitonic effects on dynamic localization in semiconductor superlattices
in combined dc and ac electric fields
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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 terafieizz 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 Q=edF, /% 1)

Since the semiconductor superlatti¢c®l) was first pro- andJy(x) is thenth-order Bessel function of the first kind.
posed by Esaki and Tsu in 19¥@lectronic and optical ef- This phenomenon is called dynamic localizafi¢gbL) and
fects in superlattices have been fields of continued intereshas been shown to be related to the collapse of the quasien-
both because of the implications for interesting device appli€'dy miniband'® This collapse has been verified experimen-
cations and for the insight into the basic principles of solid-t@lly for atoms in an optical lattic€. In transport measure-
state physics. Due to the large lattice constant and small'€Nts Wwith photon-assisted tunneling in a Si-doped
energy-band bandwidth of this artificial structure, many ef_sem|conductor superlattice, the appearance of absolute nega-

fects not seen in bulk materials have been experimentallgVe conductance has been attributed to dynamic

- alization®
observed and many new phenomena have been predict . .
theoretically y P P In the presence of a dc fiel&, as well as a high-

— . . frequency ac fieldF;sin(wt), it is found that whenedF,
One of the most fascinating phenomena in the physics oi nfiwo—i.e., the ac field is tuned to ann‘photon reso-

semiconducto_r superlatticg sis the exper_imental re_alization YHance” with the Wannier-Stark ladder—dynamic localization
the long-predicted Wannier-Stark localizatfoand its dy- appears iff J,(Q/w)=0.%12 Within the nearest-neighbor
namic counterpart, namely, Bloch oscnlgudlBD's_).:* Bloch ight-binding (NNTB) approximation, the quasienergies of
oscillations occur when a dc along-axis electric fiélglis e Floquet states for the superlattice electrons in both dc and
applied to an electron in a periodic potentiperiodd). The ¢ electric fields can be analytically obtained®as

electron is then spatially localized by the dc field in a region

L=A/2eF, and oscillates at a frequencyg=edFy/#, e(k)=(—1)"J,(Q/w)E(K), 2)
where A is the bandwidth. The BO’s will be observed as

long aswgT=1, wherer is the relaxation rate. Correspond- where the zero-field band dispersion is given by the NNTB
ingly, in a one-band model, the electronic stationary states oéxpressiorE(k) = — (A/2)coskd). We can see that f)/ w is

this system have energi€s,=Ey+nedF, , whereEg is the  a zero ofJ,(x), then the quasienergy-quasimomentum dis-
energy of a particular reference state amds an integer. persion disappears and band collapse occurs. The pure ac
Because of the equal-energy separation, they form the saituation is thus seen to be the special case in whiel®.

called Wannier-Stark laddefWSL). BO’s are simply the To date, most of the experiments in which the Wannier-
time evolution of a wave packet constructed from a linearStark ladder and Bloch oscillations have been identified were
combination of WSL states. performed in optically excited undoped semiconductor

With the development of free-electron lasers that can bauperlattice$?~2° In these experiments, electron-hole pair
continuously tuned in the teraheifZHz) range, the dynam- wave packets are excited in the SL via an ultrashort optical
ics of charged particles in semiconductor superlattices ipulse. This creates well-defined wave packets. However, due
time-dependent external electric fields has been a subject o6 the electron-hole Coulomb interaction, the wave packets
intense research. In the noninteracting or single-particle picare excitonic wave packets and not simply electron wave
ture, the evolution of electrons driven by a pure sinusoidal apackets. Consequently, one must treat the excitonic effects
field, F,sin(wt), has been studied in great defaif Within ~ on the dynamic localization when both a dc and an ac elec-
the tight-binding approximation, it is found that an initially tric field are applied in this system. This is the aim of this
localized particle will return periodically to its initial state paper.
with the period of the ac field if the ratiQ/w is chosen such There are a number of approaches for treating the dynam-
that Jo(Q2/w) =0, where ics of electrons and holes near the semiconductor band edge
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in photoexcited semiconductor superlattices. A very succes8SSL’s subject to combined dc and ac electric fields. We find
ful and widespread approach employs the semiconductdhat for moderate to high values of the dc electric fiElgd
Bloch equations(SBE’s).?° They have the advantage that the signature of dynamic localization is found both in the
when used in the Hartree-Fo@KF) approximation, they are, collapse of the quasienergy band and in the appearance of a
in principle, nonperturbative in the optical field. Within a local minimum in the TITHz signal, in agreement with the
one-dimensional tight-binding model, using the SBE's,above-mentioned SBE results. We also find a new purely
Meier et al?! have calculated the time-integrated square oféXcitonic effect in these situations: the time constant for the
the terahertz signal generated by a photoexcited semicondug€cay of the THz intensity signal displays a pronounced
tor superlattice in an applied ac electric fidfdsin(wt) and ~ MiniMum when the condition f_or DL is reached. _For small dc
predicted that the dynamic localization should be observablglectric fields, however, we find that the quasienergy band
in the presence of the Coulomb interactions, the signature ¢ienerally does not collapse and the TITHz signal does not
the dynamic localization being a dip in the time-integrated'®ach a minimum whefi)/w is a root of first-order Bessel
THz (TITHz) signal whenJo(Q/w)=0. Later, again using function, thereby derr_lonstrgtmg that dynamic localization
the SBE’s, Yaret al2 theoretically modeled the TITHz sig- Can been destroyed via excitonic effects. .
nal in both dc and ac electric fields and found that dynamic_ 1€ paper is organized as follows. In Sec. Il, we introduce
localization still appears in the presence of the Coulomb infh€ model and present the theory employed to calculate the
teractions. Recently, based on SBE’s, Liu and Zhwave  duasienergy spectrum and the mtraba_nd dynamics of the sys-
investigated the degenerate four-wave-mixiFWM) sig- tem: In Sec. Ill, we pres_ent_the numerical results gnd anglyze
nals in such a system. Their calculations indicate that whe#{'€ influence of the excitonic effect on the dynamic localiza-
dc-ac—induced dynamic localization occurs, the time-_t'on-_ Se_c. IV presents a summary of our results and their
integrated DFWM signal is a maximum. implications.

It has been pointed out by many auth&ts?® however,
that the SBE’s within the HF approximation neglect the cru- Il. THEORY
cial electron—holt_a correlatipns Withir.‘ an gxciton w hen carr.ied In this section, we present the theoretical approach that
out beyof‘d Fh_e first ord_er in the °pt'c?" field. Th's correlgtlonwe use to calculate the quasienergy spectrum and the dy-
p_Iays a _S|gn|f|cant rple in the calculation of various nonlinear amic evolution of the intraband polarization.
signals in bulk semiconductors, quantum wells, and superlat- In the second quantized form, the Hamiltonian of the su-

tllces. Trfns corlrel?tlonhlslmismg l:l{ecausfe thetsr(]a equ|at|(|)nt§ € Berlattice excitons in the presence of dc, ac, and optical elec-
ploy a free-electron-hole basis to perform the calculationy: fici4s is given by

Therefore, when the HF factoring is performed, the correla-
tions between the electron and hole inside the exciton are not H(t)=Ho+Hac(t) +Hop(t). (3)
treated correctly, resulting finally in errors even to the second )
order in the optical field. In particular, it has been shé{vn In this expression,
that the SBE'’s incorrectly predict the temporal decay of ex-
citonic effects in the intraband polarization arising from Ho=> E,B'B, (4)
electron-hole pairs excited by an ultrashort optical pulse in a v
SL. Thus, the question arises as to whether the SBE predi
tion of DL of excitonic wave packets is correct.

To avoid the problems encountered by the SBE’s, on
may either use the dynamics controlled truncati@CT)
theon?’ or employ an excitonic basis to treat the dynamics

¥ the single-exciton Hamiltonian for superlattice excitons in
éhe presence of a dc electric field, WhereBI (B,) is the
creation(annihilatior) operator for an exciton in théc elec-
tric field with internal quantum number and energyE, .

When using an excitonic basis, the intraexcitonic correla-The term

tions are automatically incorporated into any theory. In this H, ()= —VE,(t)-P, (5)
paper, we examine the nature of DL of the carriers when the ac ac intra

dynamics are treated using an excitonic basis. is the interaction Hamiltonian between the ac fi&g(t),

The excitonic basis has been employed in a number ofind the excitons, where,,;,, is theintraband polarization
paper$®—°to investigate the intraband dynamics of coupleddefined by
double quantum wells and biased semiconductor SL's
(BSSL's) to second order, and to calculate the third-order
DFWM signals for a single quantum well in a magnetic field.
Lachaineet al3® have employed the excitonic basis to inves- ] ) ] ) ) ]
tigate the intraband polarization in combined dc and ac fieldd" this expression(3,,, is the intraband dipole matrix ele-
in cases where the dc field was much larger than the ac fieldent between two excitonic statég”) and |¢*), and is
However, it has never been used, to our knowledge, to exdiven by
amine the dynamics of a BSSL in combined dc and ac fields o
where the ac field amplitude is large enough to yield DL. G, =(y’|—ere=rn)[¥*). @)

In this paper, we wish to investigate the effect of theFinally, the last term irH(t) is
electron-hole interaction on the dynamics of electrons and
holes photoexcited by ultrashort-(LO0O fs) optical pulses in Hop(t)=—=VEqu(1) - Pinters (8)

1
Pinra=y 2 GuuBlB.- ©)
v
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which is the interaction Hamiltonian between the opticaleigenstates to numerically calculate the quasienergy spec-
field Eqp(t) and the excitons, wher,, is theinterband  trum. For a numerical calculation of the quasienergies, it is
polarization defined by convenient to introduce the time evolution operatbft),

that satisfies the equation

1 T *
Pinter=y; 2 [M,B]+M}B,]. (9) p ,
v ihEU(t)zH (HU(b), (14
The interband dipole matrix element of theith excitonic
state is given by with the initial conditionU (0)= 1. Within the framework of
the Floquet formalisnic we obtain
M, =MoVAR: | 62 (220, 10 [U(T)—e T]]4(0)) =0, (19

whereM, is the bulk interband dipole matrix elemertjs ~ Wheree is the quasienergy arids(0)) is the initial state of
the transverse areay’ is the vth SL exciton eigenstate in the Floquet state. Thus, the quasienergies and Floquet states
presence of the dc electric field, al, is the number of €an be determined directly by numerically integrating Eqg.

superlattice sites. (14) over one period and diagonalizitg(T) in the basis of
We consider excitation via ultrashort Gaussian optical€Xcltonic eigenstates. _ _ _
pulses with central frequenay, and durationr, . Hence, the We now turn to the calculation of the intraband polariza-
optical field is given by tion created by the optical pulse. Using the full Hamiltonian
(3), the equations of motion for the expectation values of the
Eopt= Aoe—(t/rp)ze—iwct+ c.C. (11)  interband and intraband correlation functions to the second
order in the optical field ar8
In writing the full Hamiltonian, we have assumed that the ‘
exciton density is low enough so that we can neglect the i d(B,) —_|e (BT)+E (t)-M*
exciton-exciton interactions, and, in what follows, we will dt " Tointer) Y OP v

similarly neglect phase-space filling and treat the excitons as
bosons’ Both assumptions are rigorously valid to second
order in the optical field.
In order to proceed with the calculations, we must deter-
mine the superlattice excitonic states in the presence of the d(BLB» i
dc electric field. This is accomplished by using the two-well i7 “dt =( v~ Eu— T
excitonic method of Dignam and Sip&To determine which
excitonic states to include in the basis, we note first that only

+Eac<t>~§ Gp.(BJ). (16)

h t *
><B/_LBV>+ Eopt(t)'[M,u<Bv>

ya%

+ T
excitons with zero center-of-mass momentum will be opti- _Mv<Bu>]+Eac(t)‘§ [Gﬁu<BﬁBv>
cally excited. Second, if the exciting laser pulse has an en-
ergy spectrum centered below the=0 WSL state, it has —G,,ﬁ(BLBB)], (17

been showff that predominantly &-like excitons are cre-
ated and the excitonic states with excited in-plane motio
can be neglected. Thus, in this work we will only con-
sider the E-like excitonic states with zero center-of-mass
momentum.

The first way in which we examine the phenomenon of
dynamic localization in the photoexcited superlattices is b ) ) . NG

or the experiments of interest, the emitted radiation is at

determining the quasienergy spectra of the excitons in th . ) ) . . .
presence of the ac electric field. The SL is excited by an .HZ frequencies. Thantensityof the emitted THz signal is

r¥vhere Tainter IS the interband dephasing time, afid, is
defined such that ,, =T, (excitonic population decay time
if u=v andT,,=Toinya If u# v, WhereTyin, is the in-
traband dephasing time.
Once Eqgs(16) and (17) are solved, we obtain the intra-
and polarization given by the expectation value of &).

ultrashort ¢~ 100 fs) optical pulse. Then, once the pulse hagd!Ven by
passed, the Hamiltonian is given simply by 42 2
' I t)yoe{ | —P; t , (18
H (t)=H0+HaC(t). (12) TH2 < de2 |ntra( )1 >T
We take the ac field to be given by where the angular brackets indicate a time average over
70 times of the order of the BO period. The TITHz signal is
E.o(t)=F;sin(wt)= Esin(wt), (13) sjmply obtained from the time-integral dfy,(t) over all
time.
wherefiw is chosen to be equal to the WSL spacing for the
ll. RESULTS

given dc field, i.e.w=wg. Thus, the Hamiltoniarh-l'(t) is

periodic with periodT =27/w. _ ~In order to demonstrate the effects of the electron-hole
We can make use of the periodicity of the exciton Hamil-correlation (i.e., excitonic effectson the DL in a biased

tonianH'(t), and the calculated excitonic energy levels andsemiconductor superlattice, we consider a GaAgiBl As
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FIG. 1. The exciton energy levelselative to the band gap of
bulk GaAg as a function of the dc electric fiel, for the 45/45
superlattice discussed in the text. The numbers beside each curve
gives the quantum number for the excitonic state.

superlattice structure with a 45 A well width and a 45 A
barrier width. The parameters used in the calculation are
given in Ref. 32. The calculations are performed using 25
basis states as we find that there is no change in the calcu-
lated dynamic results with an increase in the basis size be-
yond this. The ability to truncate the basis in this way is due
to the fact that the only excitonic WSL states that will be
optically excited ar2e those for which the electron-hole over-
Iap 1S appreCIabIé. The resulting Comblned eIeCtron-hole single-particle (noninteracting picture, (b) the excitonic system
miniband has a W.ldt.h of =10 mFT'V' This superlattice Was  with Fo=10 kV/cm, and (c) the excitonic system withFg
chosen because it is well described by a nearest-neighbarz \//cm.

tight-binding Hamiltonian, and hence should exhibit DL

when a sinusoidal field is applied. The calculations are perelectron-hole approximation, where a total band collapse can
formed for dc fields ofF,=3 kV/cm andF,=10 kV/cm, be seen at DL points, i.e., wheré;(Q/w)=0 (Q/w

fa?

RO\

¥
Y

FIG. 2. The quasienergy as a function ofQ)/w for (a) the

for which w=wg is 4.1x10”s ! and 1.3%108s !,  =0,3.8317,7.0156 ..). Forfuture reference, we defir@,
respectively. to denote the first DL pointf),=3.831%w.
We begin by plotting in Fig. 1 the gl excitonic WSL Figures 2b) and Zc), respectively, show the quasienergy

energies as a function of dc electric fiek, using the bands as a function of)/w for dc electric fields ofF
method of Dignam and Sip&.The energy levels are labeled =10 kV/cm andF,=3 kV/cm. We note that in both cases,
by the indexv that corresponds to the free-particle WSL because of the influence of excitonic effects, no total band
index n when the field is relatively high. More exactly, the collapse occurs. However, for a field Bf=10 kV/cm, the
expectation value of the electron-hole separation is given agsignature of band collapse is clearly seen whena(Q,. For
proximately byvd in the high-field limit. We can see that the the low dc field of Fo=3 kV/cm, however, the excitonic
excitonic energy levels differ substantially from those of theeffect so strongly modifies the noninteracting quasienergy
single-particle Stark ladder levels, which would appear as g&pectrum that there is no discernible signature of band col-
set of straight lines with energy separationseff,d, all lapse for any values of)/w. Thus, it appears that the
converging to a point aF,=0. Because the effect of the electron-hole interaction has effectively destroyed DL for a
electron-hole Coulomb interaction on the energy is differenidc field of 3 kV/cm. We find, more generally, that DL is
for the different states—i.e., the exciton binding energies fodestroyed at any field strengths where the excitonic effect
states with different » are different—the separation has strongly disturbed the WSL spacings and intraband di-
E,.1(F)—E,(F) between adjacent energy levels is notpole matrix elements. Typically, this occurs for fields for
eFod, but is dependent om. In addition, in contrast to the which the excitonic binding energy for the=0 state is
noninteracting picture, the intraband dipole matrix elementsarger than the WSL ladder spacing. Since the binding energy
G, .+, andG, ,_, (not shown are not equal and depend on is typically of the order of 8 meV, DL will only be observed
v. These effects have already been discussed in d8tail.whenedF,=8 meV. This suggests that DL may not be ob-
Given that the excitonic WSL energies differ considerablyserved in pure ac fields. However, whEp=0 the unbound
from the free-electron-hole WSL, we expect that in manyexcitons play a much larger role and may dominate the dy-
cases, DL will be altered considerably by excitonic effects, innamics. Thus, to treat such a system accurately, it would be
contrast to the results of SBE calculations. necessary to include the unbound excitonic states, which
We begin our examination of excitonic effects on DL by have not been included in our basis.
plotting in Fig. 2 the quasienergy spectrum of the system. The quasienergy bands cannot be directly observed ex-
Figure 2a) shows the quasienergy band in the noninteractingperimentally. For the experimental signature of DL, we turn
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FIG. 3. The time-integrated carrier-generated THz signal as a
function of Q/w for (a) F3=10 kV/cm and(b) F;=3 kV/cm for
three different central laser frequencies. The laser frequency in all
cases is given bw.=E, /%, where the index for each curve is \ \
given beside the curve. 0 2 4 6 8 10 12 14

t (ps)

_.
=
R

to the THZ signal generated by the photoexcited O§C|Ilat|ng FIG. 4. The time evolution of the carrier-generated THz inten-
excn_onlc wave packets. We .take the temporal full width halfsity signali,(t) on a log scale for differen®/w: () Q/w=3,
maximum(FWHM) of the optical pulse to be 118 (s_pectral () Qw=35, (0) Q/w=3.8317, (d) Qw=4.1, and(e Qe
FWHM of 15.5 meVj. The laser central frequency is chosen —4 5. The dashed lines in ar(d) indicate the exponential decay
in all cases such thatw.<E,. With this restriction, the associated with the two different time constants.
photoexcited % exciton population is considerably larger
than the population of unbound electron-hole p&ir§he 1 ps to remove the rapid oscillations; this time-averaged
TITHz signal (normalized to the excited excitonic popula- quantity is thus the THmtensity We find that when we are
tion) is plotted in Fig. 3 as a function db/w for four dif-  sufficiently far from the condition for DLFigs. 4a) and
ferent central laser frequencies.. In the calculations, we 4(e)], the THz intensity dies out exponentially with a single
employ an interband dephasing time of 0.52 ps and intrabantime constantr; that is much greater than tliwtensitydecay
dephasing time 1.04 ps, in agreement with experimieand  rate of 2T, that one would naturally expect. However,
neglect the population decayl{=«). The results for dc whenQ/w is close the value for DILFigs. 4b)—4(d)], the
fields of Fo=10 kV/cm andFy=3 kV/cm are shown in THz intensity is seen to decay with two very different time
Figs. 3a and 3b), respectively. We first note that there is constants, such that the intensity is given approximately by
qualitatively little dependence on the central laser frequencyl(t)=1,e Y1+1,e V"2, where |,<I, and 7,>7;. Most
We generally find this to be the case as long7as.— Eo| is  importantly, the initial decay constant, is much smaller
small enough such that the photoexcited states still have #han what we obtained when we were far from the condition
strong excitonic character. As we expect from the quasienfor DL [Figs. 4a) and 4e)]. To quantify the dependence of
ergy spectra, the TITHz signal reaches a minimum when the THz intensity signal decay time on the ac field strength,
=), for the Fy=10 kV/cm case for all three different exci- we plot in Fig. 5 the decay constant as a function of}/ w.
tation conditions, while no such minimum appears in theAs noted above, whef is far from Q) ,, the decay time is
Fo=3 kV/cm case. This demonstrates first that excitonic DLmuch longer than the expected dephasing tim& gf;,4/2,
can be observed for large dc electric fields. Second, it verifiea/hile at the DL point the decay time is approximately equal
the quasienergy results: dynamic localization can been dee (but slightly larger thanT,;,a/2. Thus, by measuring the
stroyed for any dc electric field for which the excitonic ef- time constantr;, one should see a clear signature of DL.
fects strongly perturb the WSL. The source of the very long decay time when we are
The excitonic effects do more than suppress DL, howeverfar from the DL condition is entirely excitonic in nature. An
They also qualitatively modify the temporal behavior of theac field cannot “drive,” the amplitude of the BO of nonin-
THz signal even in those cases where DL is observed. Teeracting particles because the probability of making an up
demonstrate this, we plot in Fig. 4 the time evolution of thetransition i—n+1) in the WSL is equal to that of making
square of the carrier-generated THz radiation field Fgr  a down transitionif—n—1). However, as was first pointed
=10 kV/cm for various values oft nearQ),. To aid in the  out by Lachaineet al2° by producing unequal WSL spacings
analysis, we averaged the THz signals over a time interval aind intraband dipole matrix elements, excitonic effects de-
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a0l ] are near the condition for DL, the ac field is ineffective in
driving the BO amplitude or in changing the average intra-
251 1 band polarization of the carriers.
20k i The physics behind the inability of the ac field to drive the
o BO when we are at the condition for DL is most easily ex-
& 15F T plained by examining the electron dynamics in a rectangular-
“ ol i wave ac field in the absence of dephasing. Consider a peri-
05 odic, rectangular field of the form
2intra
28 3!2 376 4!0 4?4 E(t)= By Ost<T, (19)
Qlo _E2 T1§t<T1+T2,

FIG. 5. The initial decay constant, for the THz intensity as a
function of Q/w. Also shown in the plotthin line) is the expected
intensity decay time oT;,,2/2 for undriven(freely-decaying BO.

where E(t) is periodic with periodT and T=T,+T,. De-
pending on the values fdf; andE,, this may be a pure ac
field or a field with ac and dc components. As has been
pointed out by a number of authdt$® for noninteracting
stroy this up-down symmetry. Thus, an ac electric field isParticles, DL will occur if an integer number; of BO oc-
able to drive the amplitude axcitonicBloch oscillations. ~ curs during the time &t<T,; and an integer number; of
This driving of the oscillation amplitude is what is respon- BO occurs during the second half of the peridd<t<T,
sible for the very longr; when we are far from the condition +T2. This requires thatE;=n;2n#/(edT;) and E;
for DL. In addition, as long as the carriers continue to oscil-=N2277%/(edT;). Under these conditions, the wave packet
late, the ac field can do work on the excitofpositive or ~ clearly returns to its initial state after one period and hence
negative work depending on the relative phasgchanging DL is achieved. Now, because the wave packet is periodic in
the average separation of the electrons and holes irzthetime, it is clear that there can be no net work done on the
direction. This effect is analogous to the Shapiro effect in€lectrons during the period of the rectangular field, i.e., there
Josephson junctionS. This manifests itself as a steady in- can be no Shapiro effect. In fact, because the field only
crease in the intraband polarization with time. changes at times when the electron is in the same state, for
The two effects of the driving of the oscillation amplitude the most part the field effectively acts as if it is a pure dc
and the driving of the time-averaged electron-hole separatiofield. Now, if we consider excitonic dynamics in such a field,
are found to be intimately connected; you can only drive thet is easily seen that if we choose fielg andE, such that
time-averaged separation while the oscillation amplitude perthe exciton wave packet is essentially back in its initial state
sists. This is best seen by examining the expectation value dfefore the field changes sign at tim@s and T, then the
the intraband polarization. In Fig. 6, we plot the intrabandexcitons will act as if they are effectively in a dc electric
polarization forQ =0, (DL) and Q/w=23.0 (far from DL). field. If this is the case, then there will be no driving of the
As can be seen, wheft/w=3.0, the oscillations P, BO, because BO cannot be “driven” by a dc electric field.
persist for times much greater tha@intra! and the average Thus, there will be no Shapiro effect and the BO amplitude
value of P, increases rapidly and steadily out beyond awill not be driven.
time of 14 ps. In clear contrast to thiS, whéh= QO! the Because the excitonic BO contains several oscillation fre-
oscillations die out at a time that is only slightly larger thandquencies, it will, in general, be impossible eaactlysatisfy
T2intraa while the average value (Ffintra increases apprecia_ the Cond|t|0n.s requwed.tO.C.h.ange f|e|d S|gn Only When the
bly only for t<1.5T .. and after that “saturates” to an Wave packet is back to its initial state. However, because the
approximately constant value. Thus, it appears that when wiequencies are not very different, the condition can nearly
be met. Thus, there is only a relatively weak Shapiro effect

(slow rise in the average polarization in Fig. @&d the BO

25 i . . :
' A only persists for times slightly larger thafy,, ., (See Fig.
— 20 5). For clarity, the physical argument presented here is for
= 15t the case of a rectangular wave. However, the physics behind
_2 10 the argument is essentially the same for the sinusoidal field
g T used in the calculations. In either case, the general physical
e 05 P picture is thatan applied ac field will not drive BO when the
g w=3.8317 , ; ) o
a® 00 i field amplitude is such that the conditions for DL are met
0.5 -
1 1 1 L 1 1 IV. CONCLUSIONS
0 2 6 8 10 12 14
t (ps) In this paper, we used an excitonic basis to investigate the

dynamics of optically excited semiconductor superlattices in

FIG. 6. The intraband polarization as a function of time for combined dc and ac electric fields. We found that signatures

Q/w=3.0 (bold line and Q=1 (thin line) for a dc field ofF,

=10 kV/cm.

of DL are evident in the TITHz signal and in the decay times
of the THz radiation as long as the dc electric field is not too
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small. However, in low dc electric fields, where the excitonicmentally achieved>’ Thus, experiments measuring the
binding energies are comparable or larger than the WSL ertime-integrated and time-resolved THz emission from SL's
ergy spacings, the excitonic effects effectively destroy dy-are feasible and would provide a clear demonstration of DL
namic localization. and its destruction via excitonic effects at low dc electric
Finally, we discuss the feasibility of the experiments pro-fields. Furthermore, they would provide direct evidence of
posed in this paper. All the experimental elements discusseithe driving of BO via ac fields when one is far from the
in this paper are readily available: the production of 100-fscondition for DL.
optical pulses are routine, as are the methods for time-
resolved measurements of THz electric fiéfdssing photo-
conducting antennas. The most difficult aspect of these ex-
periments is likely to be the generation of high-intensity THz  This work was supported in part by PREA and by the
fields. However, using a free-electron laser, the ac frequerNatural Sciences and Engineering Research Council of
cies and field strengths discussed in this work can be experCanada.
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