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Excitonic-state trapping and quasiadiabatic population transfer in a two-band semiconductor

S. Hughes,* W. Harshawardhan,† and D. S. Citrin
Department of Physics, Washington State University, Pullman, Washington 99164-2814

~Received 10 March 1999!

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.
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Driven by the pursuit to understand the differences a
similarities between the semiconductor and atomic syst
resonantly excited by laser pulses, the coherent nonlin
dynamics of direct-gap semiconductors has been vigoro
investigated over the years. Moreover, with the ongoing
vancement of short-pulse laser techniques and exce
semiconductors samples, classes of coherent dynamic
nomena have been discovered recently including, for
ample, coherent exciton control1,2 and self-induced trans
mission.3 Running in parallel have been discoveries
atomic optics such as population trapping using freque
modulated fields. A realization of such state trapping and
periodic redistribution in a two-level atom~TLA ! was pre-
dicted in Ref. 4. In the past year, in combination with oth
well-known concepts such as adiabatic rapid passage, m
photon resonances, and Landau-Zener transitions, trap
was experimentally demonstrated in a TLA5. For two-band
semiconductors, however, trapping is scarcely expected
to Coulomb many-body complications and the valen
conduction band-continua of free-carriers. Surprisingly
this work we predict clear excitonic-state trapping~EST! and
quasiadiabatic population transfer~QAPT! using multicol-
ored excitation schemes.

For high-intensity ultrashort optical pulses, it is well e
tablished that Rabi oscillations of the population betwe
two states can be seen in the temporal evolution of a TL7

However, in the case of a sinusoidal frequency-modula
excitation, square-wave oscillations of the population
periodic state trapping—as well as more complicated
phase-dependent structures may appear. In semicondu
the two-levelmodel ~as a first approximation to a two-ban
description! is considered inappropriate because Coulo
many-body interactions result in a renormalized Rabi ene
and bandedge, and excitation-induced dephasing~EID!. Nev-
ertheless, self-induced transmission and multiple Rabi fl
ping on a semiconductor free exciton resonance have b
recently reported in bulk3 and quantum wells~QW’s!;6 these
measurements were successfully explained within the fra
work of the semiconductor Bloch equations. Naturally t
question arises: Can one achieve population trapping dyn
ics in semiconductors using frequency-modulated
suitably-chirped broadband optical pulses? By employi
for example, a frequency-dependent 150-fs full width at h
maximum~FWHM! irradiance sech pulse excited at thes
exciton peak, we predict,yes, one can achieve EST an
QAPT in a semiconductor, too. We present trapping dyna
ics in semiconductors akin to trapping in atomic system4

We discuss in detail conditions to achieve EST and QA
even when a broadband pulse excites both Coulomb-bo
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electron-hole~e-h! pairs ~excitons! and free e-h pairs. The
other well known trapping phenomenon in atomic system
the coherent population trapping effect, which has be
widely usedinter alia in adiabatic population transfer, elec
tromagnetically induced transparency, and velocity selec
cooling. As pointed out recently by using adiabatic popu
tion transfer between heavy- and light-hole bands~to mimic
a three-level atom!,8 the exact analog to the coheren
population-trapped state~dark state! used in atomic physics
is not possible in semiconductors.

For our theoretical approach we assume the validity of
rotating-wave approximation and thus neglect the possib
of carrier-wave Rabi flopping.9 We further assume a two
band QW where each e-h state within a certain ba
structure with a wave numberk, contributes to the total op
tical polarizationP52A21(kdcvPk , with dcv the transition
dipole matrix element. The SBE for the polarization fun
tions are ~\51! ~Ref. 10! Ṗk52 iDkPk2 iVk( f k

e1 f k
h21)

1 Ṗkucorr, whereDk is the renormalized energy dispersio
for a parabolic two-band semiconductor andVk is the gen-
eralized Rabi frequency, whilef k

e/h are the carrier distribu-
tion functions of the electrons and holes. The Coulomb
teraction is treated here in a quasi-static approximat
~single plasmon-pole!.10 Similarly, the carrier density can b
calculated from the electron~or hole! population N

52A21(k f k , where f k is calculated from ḟ k
e/h5 iPk

!Vk

2 iPkVk
!1 ḟ k

e/hucorr. In addition to the terms that result from
the time-dependent Hartree-Fock approximation, the carr
carrier ~CC! and carrier-phonon~CP! collisions drive the
nonequilibrium distribution functions towards quasiequili
rium Fermi functions and yield optical dephasing. The C
collisions ~Coulomb correlation terms! are calculated from
the e-h Boltzmann equations including also a correlat
field, nondiagonal dephasing, and polarization sc
tering.11–13 The influence of CP interactions occurs ov
much longer time scales than those studied in this work
can be safely neglected.

We assume input optical pulses of the formE(r ,t)
5E(t)e2 i [v0t1k0z1f(t)]1c.c., polarized in the plane of th
QW, with all material parameters corresponding close
InxGa1-xAs/GaAs QW’s~Ref. 14! and v05vx (1s exciton
resonance!. InxGa1-xAs/GaAs QW’s are advantageous sin
with compressive strain one can increase the splitting of
heavy- and light-hole exciton and thus neglect the light-h
states, therefore validating the two-band model. In anal
with the atomic systems we modulate the input field by
phase factorf(t)5M sin(Vt), with M andV the index and
frequency of modulation. For a TLA the resonant part of t
15 523 ©1999 The American Physical Society
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interaction Hamiltonian vanishes ifM is chosen such that th
bessel functionJ0(M )50 and one is left with the nonreso
nant rapidly oscillating terms.4 The solid-state community
may recall that a somewhat similar criterion has been deri
to realize dynamic localization in infinite lattices driven by
harmonic time-dependent electric field.15,16

In the TLA it is further known that the two bare leve
cross at the timestn5np/2V (n5 integer!. The crossing of
energy levels occurs quite naturally in the instantane
frame of the modulated field. The population distribution
the crossings can be understood semiquantitatively by i
grating numerically the time-dependent Schro¨dinger equa-
tion or by employing Landau-Zener theory.4 For semicon-
ductor the situation is much more complex, whereby
optical field provides coupling between two bands, and
modulated near-resonant field leads to coupling of hig
spectral components of the field to largerk states in the
band, and the field components below the resonance pro
a nonresonant coupling to the excitonic transition. Moreov
the Coulomb interaction yields exciton and plasma indu
many-body effects. These conditions prohibit us from hav
a simple set of criteria for trapping. Thus we propose her
novel spectral distribution for the field, which has its cent
frequency detuned far below the excitonic resonance, and
strategic sweeping of the instantaneous carrier frequency
namical population trapping can be realized. As in the T
case we do not necessarily have to chooseM to be strictly a
zero of the Bessel function.

For the modulation frequency we chooseV58 meV un-
less stated otherwise. As mentioned above, for theunmodu-
latedfield, E(t), we employ a 150-fs pulse excited at the 1s
exciton peak. In Fig. 1, we depict the spectral irradiance
the unmodulated and frequency-modulated fields. W
modulation, a much larger bandwidth can be obtained wit
series of larger peaks extending far below the exciton re
nance; the injected pulse profile is sufficiently broad
couple many different excitation modes. One recognizes
the dominant spectral components are well below the b
edge. By increasing the index of modulation (M ), the spec-

FIG. 1. Irradiance spectra for a frequency-modulated and
modulated 150 fs optical pulse. Energy is in units of the exci
binding frequency.
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tral width of the pulse increases. In contrast, without a
modulation the spectrum of the excitation pulse is sign
cantly narrower and peaked at the central frequency
shown in Fig. 4~b! ~solid line; see later!. Although such a
modulation is difficult to obtain experimentally, one on
requires about one approximate oscillation to obtain the
propriate energy level crossings. Indeed one can also ach
trapping phenomena using suitably chosen linear chirps~dis-
cussed below!. Further, recent developments of free-electr
lasers as well as terahertz solid-state emitters may be util
in materials to achieve the desired frequency modulation
suitably chosen nonlinear material.17

For an optical pulse that has roughly an area~integral of
its Rabi frequency over time! of 6p (;1 GW/cm2), Fig.
2~a! shows the excitation-induced density for the QW op
cally excited at the 1s exciton resonance using~i! an un-
modulated input pulse@the solid curve depicts the carrie
density showing the familiar Rabi flopping7,18 of the density
~complete inversion is not possible due to Coulomb p
cesses!#; and ~ii ! a frequency-modulation of the input puls
for two different values of the index of modulationM: ~the
dashed and dotted curves are markedly different from
unmodulated case and display strong EST and ultra
QAPT!. The values ofM were chosen in accord with th
original work in atoms, while the pulse area was chosen
be large enough to drive the population into trapping–it
also close to values employed experimentally.6 During the
time interval from about -160 to 160 fs, the population r
mains trapped in the exciton level, eventually jumping out
the wake of the exciton-continuum quasi-adiabatic cross
For the case ofV/2 andM514.9~chain curve!, the trapping
efficiency is much less as expected and QAPT does not

-
n

FIG. 2. ~a! Pulse-induced carrier density~in units of inverse
Bohr radius squared! as a function of time. The chain line corre
sponds toM514.9 but with a frequency modulation ofV/2. ~b!
The polarization density corresponding to the dashed case in
2~a! at several snapshots.
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cur, since the crossing occurs just once and the on-reson
field components are not sufficient to create the trapping
feature; however, even in a regime where the pulse irra
ance is negligible there is some evidence for small den
changes at around 360 fs. In all cases, there are signatur
phase interference due to coherent carrier evolution al
different interfering pathways and EID. We would like
point out that to obtain such good Rabi flopping one m
include EID at a microscopic level that includes both non
agonal dephasing and polarization scattering;11 these contri-
butions from CC scattering reduce the interband optical li
widths of the higherk states and thus limit the higher-energ
continuum occupations in comparison to the pure depha
~essentially a relaxation-time approximation! treatment.12

Physically, this is important since the leading edge of
pulse, which is detuned below the exciton resonance,
pares the system for the excitation of real population. A s
and energy-independent dephasing time would result in e
neous large dephasing of the initially virtual excitation a
therefore suppress the QAPT and EST. Polarization sca
ing is also known to result in a transfer of oscillator streng
from the continuum to the exciton.13

To highlight the difference between the Rabi flopping a
trapping we depict in Fig. 2~b! the polarization density
~wave-packet!, uP(r ,t)u2 with r5re2rh at various tempora
snapshots.19 During the period -260 to 100 fs the populatio
becomes strongly trapped in the exciton state indicated in
figure by a high probability of finding the electron and ho
at the same relative position. However at the later time
280 fs, after the density increases rapidly~we mention that
this increase is almost steplike in the absence of dephas!,
the excitonic probabilitydecreasessubstantially and the
wave packet speads out significantly, demonstrating that
population is no longer trapped. This drammatic spreadin
the wave packet arises due to the modulation and the re
ing crossing of carriers into the continuum. The above p
ture sheds much more light on the trapping scenario than
example,f k

e,h or k, which do not clearly distinguish betwee
Coulomb-bound excitons and free carriers in the continuu
The spatial polarization dynamics atr50 may in fact be
probed experimentally using conventional four-wave mixi
techniques. We observe here a method to control, cohere
the excitonic wave packet by tailoring the conditions of t
energy level crossing. To probe the entire spatial dynam
one would need to, e.g., couple a THz field with the opti
field; this would involve a significantly more complex anal
sis. We also mention that to direcly detect density chang
experimentally pulse-propagation studies are very diffic
and one should, for example ,use the technique reported
cently in Ref. 6. This allows for the detection of dens
changes via simple differential transmission changes o
probe pulse.

The aforesaid phenomena beg a more physically intui
explanation: Adding a frequency-modulation to the exci
tion field is equivalent to modulating the energy separat
between the ground and exciton/continuum states. In Fi
we show, schematically, the various crossings of energy
els that lead to quasiadiabatic transfer of population at th
crossings. The crossings ‘‘B–D ’’ transform into anti-
crossings~solid lines! due to the coupling with the effectiv
Rabi field. In contrast the crossing at ‘‘A’’ is unaffected due
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to the weak coupling of thev↔c transition on the leading
edge of the pulse. The modulation of the dressed ene
levels results from transforming into a frame correspond
to the instantaneous field frequency, and are given asSc
52@Dk

22Dx
1#, Sx50 and Sv52@Dx

11MV cos(Vt)#, for
the electrons in the conduction band (c), excitonic state (x),
and electrons in the valence band (v), respectively. One can
of course depict the diagram in reverse for the holes. H
Dx

1 (Dk
2) denote the detuning of the central laser field fr

quency from the excitonic~continuum! energy levels. The
coupling of the field to thev↔x andv↔c transitions trans-
forms these crossings intoavoided crossings. Initially the
system will be off resonance and far from any crossing;
the modulation changes, the population is swept though re
nance and it evolves quasi-adiabatically into the excito
state where it displays the trapping feature. The system
ther encounters two closely spaced crossings, resulting i
enhanced step-like transfer of population into the continuu
The arrows in Fig. 3 indicate one possible temporal p
~high probability! along which the electrons may evolve (Dk

2

is fixed for simplicity!. The detuning termDk
2-Dx

1 is the dif-
ference between the continuum energy levels and freque
of the the 1s exciton peak. One should keep in mind how
ever that the above model is grossly simplified and ma
body effects, included in our numerical results, will comp
cate things substantially; however our quantitati
theoretical study is in fairly good agreement with the abo
level crossing model.

The essential difference in the trapping criterion betwe
the atomic case and semiconductor case lies in the frequ
content of the exciting field. In the atomic case the trappin
like phenomenon with nearly complete inversion resu
from correlated sideband excitationof the atom.20 The fre-
quency components of the modulated field excite the a
symmetrically about the atomic resonance, resulting in tr
ping. In the semiconductor, a symmetric frequency cont
of the excitation does not lead to the desired trapping du
its nonsymmetric coupling to the band structure of the se
conductor; effectively the high-frequency components of
modulated pulse selectively excite the continuum of sta
resulting in large carrier generation, thus washing out
trapping. We circumvent this problem by employing a mod
lated pulse with its predominant frequency content aw
from the band edge.

FIG. 3. Schematic of the energy level crossing that results fr
modulation of the field, where ‘‘A–D ’’ represent the various cross
ings. The arrows depict the evolution of the population~large black
dots!.
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Next, we employ linear-chirped input pulses to discern
some of the same qualitative trapping features~EST and
QAPT! can also be obtained using suitably chosen chirp
rameters. To best immitate the frequency-modulated s
trum, we choose a frequency chirp of the form:v→vx

FIG. 4. ~a! Pulse-induced carrier density as a function of.~b!
Corresponding input pulse spectra for~a!. ~c! The polarization den-
sity for the positive chirp corresponding to the dashed case in~a! at
several snapshots~see text!. ~d! As in ~c! but for negative chirp.
r

if

a-
ec-

2120 meV1act with ac being 60.5 meV/fs.E0(t) is the
same as before. The chirped-pulse spectrum along with
unchirped spectrum is displayed in Fig. 4~b!. The pulse-
induced density with positiveac is shown by the dashed lin
which, although does not show signs of trapping, does sh
fast oscillations in the density as well as a rapid increase
the density near the crossing time. For the negativeac ,
strong excitonic trapping is again achieved and seems
maintain its trapped state since no further crossing ta
place. This is again clear from the simplified zero-ord
energy-level picture with appropriate crossing of the 1s ex-
citon state, ground crystal state, and continuum states.
slope and sign of the chirp (ac) gives us a handle to selec
tively suppress or enhance the excitonic transition. The tr
ping and population transfer are highlighted in Figs. 4~c!–
4~d! which show the wave-packets at the times -80 fs~solid
curve!, 100 fs~dashed curve!, and 280 fs~dotted curve! for
both the negative and positive chirp pulse excitation. Po
lation transfer is not expected for the negative-chirp case
the zero-order energy level never cross.

In conclusion, we predict the possibility of exciton tra
ping and quasiadiabatic population transfer in a two-ba
semiconductor using frequency-modulated optical pulses
is clear that the trapping feature arises out of an interplay
the dominant excitonic resonance and the excitation b
sufficiently strong, broadband off-resonant pulse, with a
weak yet broad spectral content to excite the continuum
states. The population redistribution results from the cross
of energy levels. Besides being an intriguing theoreti
study, our results are timely with recent advances
frequency-modulated spectroscopy techniques and the ob
vation of multiple Rabi flopping on free exciton transition

This work was supported by the National Science Fo
dation Grant No. DMR9705403 and by the Office of Nav
Research.
*Present address: Department of Physics, University of Sur
Guilford, Surrey, GU2 5XH, United Kingdom. Electronic ad
dress: steve.hughes@surrey.ac.uk

†Present address: Department of Physics, Illinois State Univers
Normal, IL 61790-4560.
1A. P. Heberlyet al., Phys. Rev. Lett.77, 2598~1995!.
2D. S. Citrin, Phys. Rev. Lett.77, 4596~1995!.
3H. Giessenet al., Phys. Rev. Lett.81, 4260~1998!.
4G. S. Agarwal and W. Harshawardhan, Phys. Rev. A50, 4465

~1994!.
5M. W. Noel et al., Phys. Rev. A58, 2265~1998!.
6A. Schülzgenet al., Phys. Rev. Lett.82, 2346~1999!.
7See, for example, L. Allen and J. H. Eberly,Optical Resonance

and Two-Level Atoms~Wiley, New York, 1995!.
8R. Binder and M. Lindberg, Phys. Rev. Lett.81, 1477~1998!.
ey,
-

ity,

9S. Hughes, Phys. Rev. Lett.81, 3363~1998!.
10M. Lindberg and S.W. Koch, Phys. Rev. B38, 3342~1988!.
11A. Knorr et al., Chem. Phys.210, 27 ~1996!.
12S. Hugheset al., J. Opt. Soc. Am. B49, 754 ~1997!.
13T. Rappenet al., Phys. Rev. B49, 10 774~1994!.
14Reduced mass,m50.035 me ; 1s excitonic binding energy,E1s

'12 meV; and Bohr radius~2D!, a0575 Å .
15D. H. Dunlap and V. M. Kenkre, Phys. Rev. B34, 3625~1986!.
16M. Holthaus, Phys. Rev. Lett.69, 351 ~1992!.
17G. von Plessen~private communication!.
18I.I. Rabi, Phys. Rev.51, 652 ~1937!.
19W. Harshawardhan and G. S. Agarwal, Phys. Rev. A55, 2165

~1997!.
20P.K. Lam and C.M. Savage, Phys. Rev. A50, 3500~1994!.


