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Excitonic-state trapping and quasiadiabatic population transfer in a two-band semiconductor
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By solution of the semiconductor Bloch equations in the presence of a frequency-modulated optical pulse,
clear exciton trapping and quasiadiabatic population transfer in a two-band semiconductor is predicted.
[S0163-182699)00647-3

Driven by the pursuit to understand the differences andelectron-hole(e-h) pairs (excitons and free e-h pairs. The
similarities between the semiconductor and atomic systemsther well known trapping phenomenon in atomic systems is
resonantly excited by laser pulses, the coherent nonlinedghe coherent population trapping effect, which has been
dynamics of direct-gap semiconductors has been vigorouslwidely usedinter alia in adiabatic population transfer, elec-
investigated over the years. Moreover, with the ongoing adtromagnetically induced transparency, and velocity selective
vancement of short-pulse laser technigues and excelleooling. As pointed out recently by using adiabatic popula-
semiconductors samples, classes of coherent dynamic phten transfer between heavy- and light-hole baftdsmimic
nomena have been discovered recently including, for exa three-level atof the exact analog to the coherent-
ample, coherent exciton conttdl and self-induced trans- population-trapped stat@ark statg used in atomic physics
mission® Running in parallel have been discoveries inis not possible in semiconductors.
atomic optics such as population trapping using frequency For our theoretical approach we assume the validity of the
modulated fields. A realization of such state trapping and itgotating-wave approximation and thus neglect the possibility
periodic redistribution in a two-level atorfTLA) was pre- of carrier-wave Rabi flopping.We further assume a two-
dicted in Ref. 4. In the past year, in combination with otherband QW where each e-h state within a certain band-
well-known concepts such as adiabatic rapid passage, multstructure with a wave numbds, contributes to the total op-
photon resonances, and Landau-Zener transitions, trappirigal polarizationP=2A"13,d.,Py, with d., the transition
was experimentally demonstrated in a TEAFor two-band  dipole matrix element. The SBE for the polarization func-
semiconductors, however, trapping is scarcely expected dl{ﬂ)ns are(h=1) (Ref. 10 Py=—iAP—iQ,(fi+fl—1)
to Coulomb many-body complications and the valence/, p | '~ \yhereA, is the renormalized energy dispersion
co_nductlon band-_contlnua of_ fre_e-carrlers. S_urprlsmgly Ntor a parabolic two-band semiconductor afg is the gen-
this vyorl_< we .pred|ct clgar excitonic-state trapp(ﬁﬁﬂ .and eralized Rabi frequency, whiliqf’ M are the carrier distribu-
quasiadiabatic population transféRAPT) using multicol- tion functions of the electrons and holes. The Coulomb in-

ored excitation schemes. teraction is treated here in a quasi-static approximation

For high-intensity ultrashort optical pulses, it is well es- . i 0 i : :
tablished that Rabi oscillations of the population between(SIngle plasmon-pole” Similarly, the carrier density can be

two states can be seen in the temporal evolution of a TLA. calcul_alted from - the e'Iectron(or hole pqre)/lslat'loT N
However, in the case of a sinusoidal frequency-modulated™2A " Zkfk, where f, is calculated fromfi"=iPi(Qy
excitation, square-wave oscillations of the population——iPkQ’k'ﬂLfE’hlcorr. In addition to the terms that result from
periodic state trapping—as well as more complicated andhe time-dependent Hartree-Fock approximation, the carrier-
phase-dependent structures may appear. In semiconductoesyrier (CC) and carrier-phonor(CP) collisions drive the
the two-levelmodel (as a first approximation to a two-band nonequilibrium distribution functions towards quasiequilib-
description is considered inappropriate because Coulombrium Fermi functions and yield optical dephasing. The CC
many-body interactions result in a renormalized Rabi energygollisions (Coulomb correlation termsare calculated from
and bandedge, and excitation-induced dephadiig). Nev- the e-h Boltzmann equations including also a correlation
ertheless, self-induced transmission and multiple Rabi flopfield, nondiagonal dephasing, and polarization scat-
ping on a semiconductor free exciton resonance have bedaring**~*3 The influence of CP interactions occurs over
recently reported in bufkand quantum wellsQW’s);® these  much longer time scales than those studied in this work and
measurements were successfully explained within the framesan be safely neglected.

work of the semiconductor Bloch equations. Naturally the We assume input optical pulses of the forB(r,t)
question arises: Can one achieve population trapping dynam= E(t)e 'l@ot*koz+ ¢l 1 ¢ ¢ polarized in the plane of the
ics in semiconductors using frequency-modulated oiQW, with all material parameters corresponding close to
suitably-chirped broadband optical pulses? By employingln,Ga,.,As/GaAs QW's(Ref. 14 and wy= w, (1S exciton

for example, a frequency-dependent 150-fs full width at halfresonance In,Ga,,As/GaAs QW'’s are advantageous since
maximum (FWHM) irradiance sech pulse excited at the 1 with compressive strain one can increase the splitting of the
exciton peak, we predictyes one can achieve EST and heavy- and light-hole exciton and thus neglect the light-hole
QAPT in a semiconductor, too. We present trapping dynamstates, therefore validating the two-band model. In analogy
ics in semiconductors akin to trapping in atomic systéms.with the atomic systems we modulate the input field by the
We discuss in detail conditions to achieve EST and QAPTphase factok(t) =M sin(2t), with M and ) the index and
even when a broadband pulse excites both Coulomb-bounfdequency of modulation. For a TLA the resonant part of the
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FIG. 1. Irradiance spectra for a frequency-modulated and un-
modulated 150 fs optical pulse. Energy is in units of the exciton
binding frequency.

interaction Hamiltonian vanishesM is chosen such that the
bessel functiordo(M)=0 and one is left with the nonreso- 1 2 (3 Pulse-induced carrier densitjn units of inverse
nant rapidly oscillating term§.The solid-state community gonr radius squaradas a function of time. The chain line corre-
may recall that a somewhat similar criterion has been derivedponds toM =14.9 but with a frequency modulation 61/2. (b)
to realize dynamic localization in infinite lattices driven by a The polarization density corresponding to the dashed case in Fig.
harmonic time-dependent electric fieff:® 2(a) at several snapshots.

In the TLA it is further known that the two bare levels
cross at the timeg,=n=w/2Q) (n= intege). The crossing of tral width of the pulse increases. In contrast, without any
energy levels occurs quite naturally in the instantaneousnodulation the spectrum of the excitation pulse is signifi-
frame of the modulated field. The population distribution atcantly narrower and peaked at the central frequency as
the crossings can be understood semiquantitatively by inteshown in Fig. 4b) (solid line; see later Although such a
grating numerically the time-dependent Salinmer equa- modulation is difficult to obtain experimentally, one only
tion or by employing Landau-Zener thedhyFor semicon-  requires about one approximate oscillation to obtain the ap-
ductor the situation is much more complex, whereby thepropriate energy level crossings. Indeed one can also achieve
optical field provides coupling between two bands, and &rapping phenomena using suitably chosen linear clitjss
modulated near-resonant field leads to coupling of highecussed beloyv Further, recent developments of free-electron
spectral components of the field to largerstates in the lasers as well as terahertz solid-state emitters may be utilized
band, and the field components below the resonance provida materials to achieve the desired frequency modulation in a
a nonresonant coupling to the excitonic transition. Moreoversuitably chosen nonlinear materfal.
the Coulomb interaction yields exciton and plasma induced For an optical pulse that has roughly an afedegral of
many-body effects. These conditions prohibit us from havingts Rabi frequency over timeof 67 (~1 GW/cnt), Fig.
a simple set of criteria for trapping. Thus we propose here 2(a) shows the excitation-induced density for the QW opti-
novel spectral distribution for the field, which has its centralcally excited at the 4 exciton resonance usin@) an un-
frequency detuned far below the excitonic resonance, and, byiodulated input puls¢the solid curve depicts the carrier-
strategic sweeping of the instantaneous carrier frequency, dytensity showing the familiar Rabi floppifitf of the density
namical population trapping can be realized. As in the TLA(complete inversion is not possible due to Coulomb pro-
case we do not necessarily have to choldst® be strictly a  cessel; and (ii) a frequency-modulation of the input pulse
zero of the Bessel function. for two different values of the index of modulatidvi: (the

For the modulation frequency we choae=8 meV un-  dashed and dotted curves are markedly different from the
less stated otherwise. As mentioned above, forueodu- unmodulated case and display strong EST and ultrafast
latedfield, E(t), we employ a 150-fs pulse excited at the 1 QAPT). The values ofMl were chosen in accord with the
exciton peak. In Fig. 1, we depict the spectral irradiance obriginal work in atoms, while the pulse area was chosen to
the unmodulated and frequency-modulated fields. Withbe large enough to drive the population into trapping—it is
modulation, a much larger bandwidth can be obtained with also close to values employed experiment&lpuring the
series of larger peaks extending far below the exciton resatime interval from about -160 to 160 fs, the population re-
nance; the injected pulse profile is sufficiently broad tomains trapped in the exciton level, eventually jumping out in
couple many different excitation modes. One recognizes thahe wake of the exciton-continuum guasi-adiabatic crossing.
the dominant spectral components are well below the ban&or the case of)/2 andM = 14.9(chain curve, the trapping
edge. By increasing the index of modulatiod ), the spec- efficiency is much less as expected and QAPT does not oc-
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cur, since the crossing occurs just once and the on-resonance  t=-1501fs t=0.0 t=1501fs
field components are not sufficient to create the trappinglike

feature; however, even in a regime where the pulse irradi-
ance is negligible there is some evidence for small density ]

changes at around 360 fs. In all cases, there are signatures of 4/3 C\'\h
phase interference due to coherent carrier evolution along g T T
different interfering pathways and EID. We would like to
point out that to obtain such good Rabi flopping one must
include EID at a microscopic level that includes both nondi-
agonal dephasing and polarization scattefihthese contri-

butions from CC scattering reduce the interband optical line- /® electron NS
widths of the highek states and thus limit the higher-energy

ntinuum tions in comparison to th r hasin
€0 uum oceupations in comparison to the pure dephasing FIG. 3. Schematic of the energy level crossing that results from

essentially a relaxation-time approximatiotreatment? : \ .
( y PP j modulation of the field, where A-D” represent the various cross-

PhyS|caIIy., th'.s is important since the Igadlng edge of themgs. The arrows depict the evolution of the populatiange black
pulse, which is detuned below the exciton resonance, pre;

pares the system for the excitation of real population. A statgo@'
and energy-independent dephasing time would result in errde the weak coupling of the« c transition on the leading
neous large dephasing of the initially virtual excitation andedge of the pulse. The modulation of the dressed energy
therefore suppress the QAPT and EST. Polarization scattelevels results from transforming into a frame corresponding
ing is also known to result in a transfer of oscillator strengthto the instantaneous field frequency, and are giver®as
from the continuum to the excitdii. =—[Ai—A}], =,=0 and 3,=—[A;+MQ cosQt)], for

To highlight the difference between the Rabi flopping andthe electrons in the conduction bang ( excitonic stateX),
trapping we depict in Fig. ®) the polarization density and electrons in the valence band ( respectively. One can
(wave-packet |P(r,t)|2 with r=r.—r, at various temporal of course depict the diagram in reverse for the holes. Here,
snapshot$? During the period -260 to 100 fs the population A} (AZ) denote the detuning of the central laser field fre-
becomes strongly trapped in the exciton state indicated in thguency from the excitoni¢continuum energy levels. The
figure by a high probability of finding the electron and hole coupling of the field to ther—x andv« c transitions trans-
at the same relative position. However at the later time oforms these crossings intavoided crossingsinitially the
280 fs, after the density increases rapiflye mention that system will be off resonance and far from any crossing; as
this increase is almost steplike in the absence of dephasinghe modulation changes, the population is swept though reso-
the excitonic probabilitydecreasessubstantially and the nance and it evolves quasi-adiabatically into the excitonic
wave packet speads out significantly, demonstrating that thstate where it displays the trapping feature. The system fur-
population is no longer trapped. This drammatic spreading other encounters two closely spaced crossings, resulting in an
the wave packet arises due to the modulation and the resulénhanced step-like transfer of population into the continuum.
ing crossing of carriers into the continuum. The above pic-The arrows in Fig. 3 indicate one possible temporal path
ture sheds much more light on the trapping scenario than, faihigh probability along which the electrons may evolvﬂﬁ
example,f5" or k, which do not clearly distinguish between is fixed for simplicity. The detuning termd2-Al is the dif-
Coulomb-bound excitons and free carriers in the continuumference between the continuum energy levels and frequency
The spatial polarization dynamics at=0 may in fact be of the the & exciton peak. One should keep in mind how-
probed experimentally using conventional four-wave mixingever that the above model is grossly simplified and many-
techniques. We observe here a method to control, coherentlpody effects, included in our numerical results, will compli-
the excitonic wave packet by tailoring the conditions of thecate things substantially; however our quantitative
energy level crossing. To probe the entire spatial dynamicgheoretical study is in fairly good agreement with the above
one would need to, e.g., couple a THz field with the opticallevel crossing model.
field; this would involve a significantly more complex analy-  The essential difference in the trapping criterion between
sis. We also mention that to direcly detect density changeshe atomic case and semiconductor case lies in the frequency
experimentally pulse-propagation studies are very difficulicontent of the exciting field. In the atomic case the trapping-
and one should, for example ,use the technique reported réike phenomenon with nearly complete inversion results
cently in Ref. 6. This allows for the detection of density from correlated sideband excitatioof the aton?® The fre-
changes via simple differential transmission changes of guency components of the modulated field excite the atom
probe pulse. symmetrically about the atomic resonance, resulting in trap-

The aforesaid phenomena beg a more physically intuitivgping. In the semiconductor, a symmetric frequency content
explanation: Adding a frequency-modulation to the excita-of the excitation does not lead to the desired trapping due to
tion field is equivalent to modulating the energy separatiorits nonsymmetric coupling to the band structure of the semi-
between the ground and exciton/continuum states. In Fig. donductor; effectively the high-frequency components of the
we show, schematically, the various crossings of energy levmodulated pulse selectively excite the continuum of states
els that lead to quasiadiabatic transfer of population at thesesulting in large carrier generation, thus washing out the
crossings. The crossings B=D” transform into anti- trapping. We circumvent this problem by employing a modu-
crossinggsolid lineg due to the coupling with the effective lated pulse with its predominant frequency content away
Rabi field. In contrast the crossing a®\" is unaffected due from the band edge.
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1 : ' —120 meV+act with a. being =0.5 meV/fs.Ey(t) is the
. ;g:“;’h‘;,p (a) same as before. The chirped-pulse spectrum along with the
05 [~ neg. chip === unchirped spectrum is displayed in Figb#t The pulse-
A induced density with positiva. is shown by the dashed line
which, although does not show signs of trapping, does show
400 fast oscillations in the density as well as a rapid increase in
the density near the crossing time. For the negative
strong excitonic trapping is again achieved and seems to
15 , maintain its trapped state since no further crossing takes
place. This is again clear from the simplified zero-order
energy-level picture with appropriate crossing of theek-
(b) citon state, ground crystal state, and continuum states. The
] slope and sign of the chirpag) gives us a handle to selec-
gle=——— e tively suppress or enhance the excitonic transition. The trap-
200 ping and population transfer are highlighted in Fig&c)4
4(d) which show the wave-packets at the times -8Qsfslid
curve), 100 fs(dashed curve and 280 fs(dotted curve for
both the negative and positive chirp pulse excitation. Popu-
lation transfer is not expected for the negative-chirp case as
the zero-order energy level never cross.

In conclusion, we predict the possibility of exciton trap-
ping and quasiadiabatic population transfer in a two-band
semiconductor using frequency-modulated optical pulses. It
is clear that the trapping feature arises out of an interplay of
the dominant excitonic resonance and the excitation by a

FIG. 4. (a) Pulse-induced carrier density as a function (. sufficiently strong, broadband oﬁ-resonant pujswr_[h a
Corresponding input pulse spectra faJ. (c) The polarization den- weak yet broad spgctral content to excite the contmuum.of
sity for the positive chirp corresponding to the dashed casaiat ~ States. The population redistribution results from the crossing
several snapshotsee text (d) As in (c) but for negative chirp. of energy levels. Besides being an intriguing theoretical

study, our results are timely with recent advances in

Next, we employ linear-chirped input pulses to discern iffrequency-modulated spectroscopy technigues and the obser-
some of the same qualitative trapping featu(BST and vation of multiple Rabi flopping on free exciton transitions.
QAPT) can also be obtained using suitably chosen chirp pa- This work was supported by the National Science Foun-
rameters. To best immitate the frequency-modulated spedation Grant No. DMR9705403 and by the Office of Naval
trum, we choose a frequency chirp of the form— w, Research.
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