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We investigate the temporal and spectral properties of subpicosecond pulses transmitted on the heavy-hole
exciton transition through a multiple-quantum-well Bragg structure, exhibiting a one-dimensional photonic
band gap. At low light intensities, a temporal propagation beating is observed. This beating is strongly depen-
dent on the optical dephasing timeT2 which is dominated by the radiative interwell coupling. In an interme-
diate intensity regime, the Pauli-blocking nonlinearity leads to gradual suppression of the photonic band gap
and vanishing of the linear propagation beating. For highly nonlinear excitation, we find signatures of self-
induced transmission due to Rabi flopping and adiabatic following of the carrier density. Numerical simulations
using the semiconductor Maxwell-Bloch equations are in excellent agreement with the experimental data up to
intensities for which higher many-particle correlations become more important and self-phase modulation
occurs in the sample substrate.
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I. INTRODUCTION

The propagation of short laser pulses in layered structures
with periodic modulation of the complex susceptibility has
attracted wide attention both from a scientific and engineer-
ing point of view. The primary goal of research in this area is
to modify and control the linear and nonlinear light-matter
interaction by tailoring materials and geometric parameters
as well as the initial pulse conditions. The most commonly
used structure is the dielectric grating made from alternating
nonresonant layers. Here, a one-dimensional photonic band
gap is formed at the central Bragg wavelength, i.e., twice the
optical interlayer distance.1 Prominent realizations are fiber
Bragg gratings2,3 and integrated Bragg waveguides,4,5 in
which the interplay of the grating dispersion near the photo-
nic band gap with the Kerr-type nonlinearity allows efficient
pulse shaping and the propagation of soliton-like pulses. A
special class of these Bragg grating solitons are gap solitons
that have been predicted for pulses with spectra completely
within the band gap.6,7 Self-induced transparencysSITd
and other forms of soliton solutions were also proposed
for resonantly absorbing Bragg gratings, consisting of peri-
odic layers of resonant two-level systems embedded in
a homogeneous dielectric medium8,9 or dielectric grating
structure.10,11

In this paper, we elucidate the question whether gap soli-
tons are feasible in periodic arrangements of quantum wells
sQWsd with an effective interwell spacing equal to half the

wavelength of the QW exciton transition. In these multiple
quantum wellsMQWd Bragg structures, the collective re-
sponse of the radiatively coupled QWs results in an en-
hanced radiative decay of the coherent optical
polarization.12,13 The decay time of this superradiant re-
sponse inversely scales with the QW numberN. The reflec-
tion from MQW Bragg structures is characterized by a
Lorentzian line which grows in peak reflectivity and line-
width with increasingN.14 In the limit of largeN, the reflec-
tivity reaches unity and a square profile characteristic for the
reflection of a photonic band gap is formed.15 Time-resolved
reflection experiments and microscopic calculations have
shown enhanced emission along with accelerated decay of
the coherent optical polarization.16 At higher excitation in-
tensities, the radiative coupling gradually disappeared, which
was attributed to excitation-induced dephasing due to carrier-
carrier interaction in the individual QWs. Picosecond partial
suppression and full recovery of the photonic band gap as-
sociated with MQW Bragg structures was demonstrated
recently.17

From the resonant propagation of low-intensity pulses
through MQWs witharbitrary interwell spacing, it is known
that those structures may introduce distortions on the trans-
mitted pulse envelope similar to the temporal polariton beat-
ing observed in bulk semiconductors.18–20 These distortions
were found to depend on the total thickness of the structure
and the dephasing timeT2. Especially when exciting the
structure with an intense pump pulse before the arrival of the
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propagating probe pulse—hence, generating an incoherent
electron-hole density—the beating could effectively be sup-
pressed. However, the situation is different if the transition
from the linear to the nonlinear excitation regime is investi-
gated by an intensity increase of the propagating pulse itself
when excitation-induced correlations occur among coher-
ently excited excitons.21

In this work, we present a comprehensive analysis of
subpicosecond pulse propagation on the lowest heavy-hole
exciton transition in a MQW photonic crystal. Our work per-
mits detailed and—with respect to the previously studied re-
flection geometry—complementary insight into the coherent
linear and nonlinear optical response of Bragg-periodic and
detuned MQWs. Time- and spectrally resolved measure-
ments are directly compared with theoretical results based on
a semiconductor Maxwell-Bloch theory. For linear excita-
tion, we demonstrate a pronounced propagation beating in
time. The influence of the radiative interwell coupling and
the correspondingly reduced dephasing timeT2 on the pulse
propagation characteristics is investigated directly by detun-
ing the structure from the Bragg condition. We show gradual
damping of the temporal propagation beating for increasing
pulse intensities, for which the relevant Pauli-blocking non-
linearity leads to suppression of the radiative interwell cou-
pling. For highly nonlinear excitation, we find signatures of
self-induced transmission due to Rabi flopping and adiabatic
following of the carrier density and the occurrence of pulse
compression which is predominantly due to self-phase
modulationsSPMd in the sample substrate.

II. THEORETICAL MODEL

Our system consists ofN equally spaced QWs with sepa-
ration d which are embedded in a dielectric barrier material
with refractive indexnb=Îe (compare Fig. 1). Starting from
an input intensityI0~ uE0u2, the transmitted and reflected in-
tensitiesI t/r ~ uEt/ru2 are to be determined. Considering lin-
early polarized light, Maxwell’s wave equation for the elec-
tric field E reads
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Here, cn is the wave function of thenth QW, dc,v is the
transition dipole moment,A=a0

2 is the QW area in terms of
the exciton Bohr radiusa0, and pk

n=kâc,k
n† âv,k

n l is the wave-
number-dependent polarization. Because of the small width
of the QWs(typically less than 10 nm) in comparison to the
large wavelength of the propagating wave in the MQW
structure(more than 200 nm), the square of the wave func-
tions can be approximated as a delta function:12 ucnszdu2
=dsz−znd, wherezn are the QW positions. However, in the
numerical calculation, the well width enters as an effective
length in the discretization for the finite-difference time-
domainsFDTDd algorithm.22 The material quantities such as
the carrier densities and the Coulomb potential are still
strictly two dimensional. The Hamiltonian of the semicon-
ductor system can be written as23

Ĥ = o
l,k

«l,kâl,k
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with the carrier creation and annihilation operatorsâl,k
†

and âl,k, the energy eigenvalues«l,k, and the transition di-
pole momentsdl,l8. In the two-band approximation, the
treatment is restricted to one valence bandv and one con-
duction bandc, i.e., l ,l8=c,v. We apply the Coulomb ma-
trix elementVq=e2/ s2ea0Aqd. The equations of motion are
derived in Hartree-Fock approximation for the Coulomb in-
teraction:
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where f k
e/h,n represents the electron and hole distribution

functions in thenth QW,"vk are the single-particle energies,

Ṽn is the generalized Rabi frequency, andg0 accounts for
higher-order many-particle correlations and scattering. The
coupled system of the semiconductor Bloch Eqs.(4) and(5)
together with Maxwell’s wave Eq.(1) are solved directly in
time and space using a combined Runge-Kutta and FDTD
method.22 In contrast to previous solutions,16 this approach
allows the treatment of arbitrarily extended samples.

Figure 2(a) shows the linear transmission

FIG. 1. Schematic picture of the model configuration.
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calculated forN=1, 60, and 200sIn,GadAs/GaAs QWs with
Bragg periodnbd=0.5 lex, wherelex is the wavelength of
the exciton transition. Here, thesIn,GadAs/GaAs QWs are
modeled with an effective well width of 8.5 nm, a dipole
matrix elementdc,v=4.2 eÅ, a refractive index of the barrier
nb=3.56, a gap energy"vg=1.52 eV, and a phenomenologi-
cal damping of"g0=0.55 meV. The transmission spectra are
dominated by a Lorentzian-shaped extinction line for small
QW numbersN. For increasing numbers, this line succes-
sively broadens, shifts to higher energies, and grows in peak
extinction. Thus, ansIn,GadAs/GaAs MQW Bragg structure
with N=60 exhibits a minimum transmission at the exciton
resonance ofT=2.2%, i.e., an extinction −lnsTd=3.8 with a
linear full width at half maximumsFWHMd of 7.7 meV. For
QW numbers on the order ofN=100 and above, the trans-
mission spectrum saturates into a square profile characteristic
for a photonic band gap.

The shape and width of the extinction line exhibited by a
MQW structure critically depends on the exact fulfillment of
the Bragg condition as can be seen in Fig. 2(b). Even slight
detuning fromnbd=0.5 lex to 0.475lex leads to a drastic
narrowing of the transmission spectrum. The detuning be-
havior in combination with the enhanced broadening of the
extinction line for an increasing QW numberN is a clear
manifestation of the collective superradiant response of ra-
diatively coupled QWs and indicates the accelerated decay of
the coherent optical polarization. It should be noted that the
extinction is mainly of reflective origin for the Bragg-
periodic QW arrangement, whereas it is of absorptive nature
for the detuned structure.

III. SAMPLE AND EXPERIMENTAL TECHNIQUE

A suitable sample structure for investigating pulse propa-
gation phenomena in Bragg-resonant MQWs can be realized
in the material systemsIn,GadAs/GaAs. The structure
should comprise a sufficiently large number of QWsN to
provide a long propagation distance and a strong radiative
coupling effect while retaining a high sample quality and the
required linear transmission. We have epitaxially grownN
=60 sIn,GadAs/GaAs QWs with 8.5 nm well width and a
low indium content of about 4% on a 450-mm-thick GaAs
wafer. At T=9 K, the heavy-hole(hh) 1s exciton line is situ-
ated at lex=830 nm, which is sufficiently far below the
GaAs absorption edge(compare Fig. 3). Due to the low re-
fractive index change between the In0.04Ga0.96 As QWs and
the GaAs barrier material, the reflection caused by the peri-
odic modulation of the real part of the background suscepti-
bility can be neglected. We have additionally coated the front
surface of the MQW structure with an antireflection layer.
The sample was prepared with a monotonically decreasing
barrier thickness from the growth center to the edge of the
wafer. Thus, different sample positions correspond to differ-
ent interwell distances, which allowed us an exact adjust-
ment of the Bragg condition and of any defined detuning in
the range from nbd=0.505lex to 0.470lex. With lex
=830 nm andnbsGaAsd<3.65, Bragg resonance is achieved
for d<113.7 nm.

Figures 3(a) and 3(b) show the linear extinction −lnsTd
and reflectionR= Ir / I0 of theN=60 MQW structure DBR17
at T=9 K in Bragg resonance and for the detuned structure
with nbd=0.479lex. Clearly observable is the strong broad-
ening of the hh 1s exciton line due to the radiative interwell
coupling. The higher exciton and continuum transitions ap-
pear as well. For the Bragg-periodic case, the measured ex-
tinction at the hh 1s exciton amounts to −lnsTd=3.7, i.e., a

FIG. 2. (a) Linear transmission spectra calculated for
Bragg-periodicsIn,GadAs/GaAs MQWs withN=1 (short-dashed
line), 60 (solid line), and 200 (long-dashed line). (b) Linear
transmission spectra calculated forN=60 sIn,GadAs/GaAs QWs
with nbd=0.5 lex (solid line) and nbd=0.475lex (short-dashed
line).

FIG. 3. (a) Linear extinction spectra and(b) linear reflection
spectra of the antireflection-coatedN=60 sIn,GadAs/GaAs MQW
structure at T=9 K for nbd=0.5 lex (solid line) and nbd
=0.479lex (short-dashed line). Marked are heavy-hole(hh), light-
hole (lh), and continuum transitions.
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transmission ofT=2.5% with a linear FWHM of 7.3 meV,
which is in accordance with our theoretical model. The pre-
dominantly reflective character of the radiatively broadened
extinction line becomes obvious when the reflection curves
in Fig. 3(b) are compared. Whereas the peak extinction is
nearly unchanged for the detuned structure, the peak reflec-
tion is reduced, indicating larger absorptive contributions.
Superradiant behavior also occurs at the higher transitions
and finally at the continuum states when the interwell dis-
tance is gradually reduced.24

Figure 4 illustrates the experimental setup that is based on
a cross-correlation technique. We used 100 fs pulses tunable
around 830 nm from a Ti:sapphire oscillator with a repetition
rate of 76 MHz. The configuration involves splitting of the
linearly polarized laser output into two portions: One part
s33%d enters a variable delay line, while the second part
s67%d passes through a pulse shaper to tailor 560 fs pulses
with sech2 envelope spectrally matched to the hh 1s exciton
line. The shaped pulses are focused with af =25 mm micro-
scope objective(Ealing, numerical aperture NA=0.15) onto
the MQW sample that is kept atT=9 K in a cold-finger
cryostat. While the transmitted spectra are directly recorded,
the pulses are time resolved by cross correlation with the
temporally delayed 100 fs pulses in a 300-mm-thick
b-barium-borate crystal cut for type I phase matching. The
intensity cross-correlation signal is detected in a photomulti-
plier tube and may be written as

Icstd ~ E
−`

`

I tstdIdst − tddt, s7d

whereI tstd andIdstd are the temporal profiles of the transmit-
ted and delayed pulses, andt is the pulse delay. We em-
ployed a fast-scan sampling technique and averaged over
many scans for low-noise pulse acquisition(compare Ref.
25). This technique involves a stabilized shaker system that
periodically modulates the pulse delay at a frequency of
60 Hz. A stepper motor is used to produce discrete delay
shifts for the time-base calibration.

IV. RESULTS AND DISCUSSION

The results of our pulse propagation experiments and nu-
merical treatment are discussed separately for the linear and

nonlinear excitation regimes. First, we describe the propaga-
tion of low-intensity pulses through the MQW Bragg struc-
ture, the influence of the radiative interwell coupling, and the
dependence on the laser detuning from the exciton reso-
nance. In a subsequent section, we investigate the transition
from linear to nonlinear pulse propagation and the transmis-
sion of high-intensity pulses.

A. Linear regime

Figure 5 illustrates experimental results of the linear
propagation of 560 fs pulses resonantly tuned to the hh 1s
exciton for Bragg-periodic interwell spacing. The normalized
cross-correlation traces of the input(short-dashed lines) and
transmitted pulses(solid lines) are plotted for comparison in
Fig. 5(a). Note that the input pulse was measured propagat-
ing besides the MQW sample with the same experimental
configuration and under comparable conditions. For illustra-
tion purposes, we subtracted the time delay imposed by the
sample. Clearly observable is a pulse splitting into two dis-
tinct pulse components separated by approximately 770 fs.
The full dip in between appears about 410 fs after the lead-
ing pulse peak. Due to the steep edges of the dip, both com-
ponents exhibit considerable reshaping and narrowing with
respect to the input pulse envelope. The corresponding nor-
malized spectra are shown in Fig. 5(b). Here, the pronounced
dip in the spectrum transmitted through the sample is caused
by the enhanced reflection from the Bragg-coupled QWs and
minor absorption contributions.

The linear pulse splitting in the time domain can be ex-
plained by interference effects.26,27 The excitonic resonance
is vastly broadened due to superradiant coupling inside the
Bragg structure. Cutting out this photonic band gap from the

FIG. 4. Experimental setup using high-repetition 100 fs pulses
tunable around 830 nm. The shaped and propagated pulses are spec-
trally recorded and time resolved by cross correlation in a fast-scan
sampling scheme. PS: pulse shaper, BBO:b-barium-borate crystal,
PMT: photomultiplier tube.

FIG. 5. Propagation of a low-intensity 560 fs input pulse(short-
dashed lines) resonant to the hh 1s exciton through the Bragg-
periodic MQW structure (solid lines). (a) Normalized cross-
correlation traces and(b) transmitted spectra.
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input pulse spectrum leaves two spectral wings propagating
freely in the dispersive structure. These two spectral compo-
nents transform into a propagation beating in time with phase
shifts of 180 degrees between the temporal pulse compo-
nents. Qualitatively, the effect is similar to the polariton
propagation beating known from bulk semiconductors.20,21

However, we find the temporal pulse envelope, especially the
amplitude ratio of the two pulse components, to be signifi-
cantly different from the propagation beating exhibited by
MQW structures with comparable length but with an arbi-
trary interwell spacing.19 In those structures no photonic
band gap is formed because of the lack of superradiant cou-
pling between the individual QWs.

Parameters that critically determine the observed propa-
gation beating are the pulse lengthtp, the optical dephasing
time T2, and the propagation distanceNd. A greater number
of Bragg-periodic QWsN will result in a wider photonic
band gap, exhibiting a smaller dephasing timeT2. A shorter
pulse lengthtp means a larger spectral width of the pulse. If
tp is short with respect toT2/2 [the optical dephasing time
T2 is defined with respect to the spectral half width at half
maximum(HWHM), whereas the pulse lengthtp is defined
with respect to the spectral FWHM], a significant amount of
spectral components will be transmitted on both sides of the
photonic band gap. The interference of these spectral wings
during propagation through the dispersive structure will lead
to a pronounced temporal beating with several beat periods.
On the other side, iftp is long with respect toT2/2, almost
the entire pulse spectrum will overlap with the photonic band
gap. The transmitted pulse will be damped exponentially, and
split-off pulse components will be merely weakly pro-
nounced.

The influence of the optical dephasing timeT2 on the
pulse propagation characteristics can be studied directly us-

ing the wedged design of our MQW sample. Detuning the
structure from the Bragg condition weakens the radiative in-
terwell coupling, so that the fast superradiant response of the
optical polarization is suppressed, the photonic band gap
shrinks, and nonradiative contributions become dominant. In
effect, theT2 time can be tuned from approximately 400 fs
for the N=60 MQW structure with Bragg period(compare
Ref. 14) to a few picoseconds duration for the decoupled
QWs. An upper limit ofT2<10 ps for the corresponding
sIn,GadAs/GaAs single QWs has been determined from the
radiative dephasing rate measured on a series of Bragg struc-
tures with different numbers of QWsN (compare Ref. 14)
and the nonradiative contributions deduced from the decay
of the subradiant modes observed in degenerate four-wave
mixing (DFWM) spectroscopy.24,28

Figures 6(a) and 6(b) show experimental results of the
low-intensity propagation of 560 fs pulses resonant to the
hh 1s exciton for increasing detuning from the Bragg condi-
tion. The temporal cross-correlation traces are plotted in the
left column, whereas the right column illustrates the trans-
mitted spectra behind the sample. The lowest curves charac-
terize the input pulse as a reference. All curves have been
normalized for comparison. For Bragg-periodic arrangement
nbd=0.5 lex (upper curves in Fig. 6), we find the pulse split-
ting in time with two pulse components separated by a full
coherent dip. In consequence of the enhanced radiative
dephasing, the overall pulse envelope declines rapidly after
the leading pulse peak so that only one beat period emerges
from the coupled QWs. In a phase-sensitive XFROG29 ex-
periment comparable to Ref. 30, we could also verify the
expected phase shift of about 180 degrees between the two
pulse components. The observed spectral dip is caused by the
asymmetrically broadened reflection from the superradiant

FIG. 6. (a),(b) Propagation of low-intensity 560 fs pulses resonant to the hh 1s exciton through the MQW structure for Bragg-periodic
and detuned interwell spacing.(a) Normalized cross-correlation traces and(b) transmitted spectra.(c),(d) Numerical simulations based on the
semiconductor Maxwell-Bloch equations.(c) Normalized transmitted intensitiesuEstdu2 and (d) uEsDldu2. In experiment and theory, the
lowest curves represent the input pulses.
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mode. Basically the wings of the input spectrum matched to
the resonance are transmitted through the structure. For the
gradual reduction of the interwell distance tonbd=0.49lex
(going from top to bottom in Fig. 6), the measured cross-
correlation traces demonstrate considerably altered pulse
shapes. Due to the increasedT2 time, the later pulse compo-
nent successively grows in intensity at the expense of the
earlier and becomes dominant already for a slight detuning to
nbd=0.497lex. At nbd<0.494lex and even more clearly at
nbd=0.49lex, two full beat periods are visible with the three
pulse peaks delayed by about 790 and 1290 fs with respect to
one another. We did not observe any further change of the
pulse envelope for interwell distances belownbd=0.49lex.
As the influence of radiative coupling can almost be ne-
glected in this case, the characteristics are qualitatively simi-
lar to the pulse distortions found by Kimet al.19 for subpi-
cosecond pulses transmitted through MQW samples with an
arbitrary interwell spacing but with comparable length. The
opposite detuning from the Bragg condition tonbd.0.5 lex
showed an analogous propagation behavior with the same
strong dependence on the superradiant coupling.

The measured spectra plotted in Fig. 6(b) are character-
ized by an extinction line that is continuously narrowing with
decreasing interwell distance. The transmitted wings of the
input spectrum grow in intensity and change their amplitude
ratios due to the asymmetric breakdown of the reflection pro-
file starting from the blue edge.24 The considerably smaller
width of the extinction line atnbd=0.49lex indicates the
suppression of the enhanced radiative polarization decay,
which results in an increased dephasing timeT2 and substan-
tial nonradiative contributions.

Results of our numerical simulation are depicted in Figs.
6(c) and 6(d) both temporally and spectrally for a detuning
from the Bragg condition tonbd=0.49lex. The employed
semiconductor Maxwell-Bloch theory is capable of describ-
ing the observed propagation beating and the dependence on
the radiative interwell coupling in excellent agreement with
our experimental data. We find the change in the amplitude
ratios of the temporal pulse components as well as the de-
velopment of a second beat period. The calculated delays of
the three pulse peaks with respect to one another amount to
780 and 1000 fs, which corresponds to the experimentally
determined values. The extinction line, which dominates the
spectra, drastically narrows with the detuning tonbd
=0.49lex. Simultaneously, the transmitted spectral wings
exhibit an asymmetric growth in intensity that is qualita-
tively similar to the spectral behavior shown in Fig. 6(b).
Our theoretical investigation demonstrates the strong influ-
ence of superradiant coupling on the characteristics of sub-
picosecond pulses propagating resonantly through MQW
Bragg structures. Especially, it has been possible to study the
impact of a gradually varied dephasing timeT2 in a model
system with defined pulse lengthtp and nearly constant
propagation distance.

To obtain better insight into the spectral dependencies, we
performed linear pulse propagation experiments through the
Bragg-periodic MQW structure for different laser detuning
around the hh 1s exciton resonanceDl=l−lex. The tempo-
ral and spectral results are shown in Figs. 7(a) and 7(b). As a
reference, the lowest curves illustrate the shaped 560 fs input

pulse situated atl=830 nm, i.e., exactly tuned tolex at T
=9 K. In this case, the spectrum transmitted through the
sample is split into two well separated components which
exhibit the temporal beating phenomenon with full pulse
splitting (see the fifth row from the bottom up in Fig. 7
corresponding toDl=0 nm). Slight detuning of the exciting
laser spectrum with respect to the exciton line fromDl
=0 nm toDl= ±1 nm leads to a reduced modulation depth
in time connected with a severe reshaping of the overall en-
velope approaching the shape of an individual pulse. In the
spectral domain, we observe the enhanced transmission of
the respective off-resonant components. Interestingly, an op-
posite detuning around the exciton line causes the earlier or,
conversely, the later pulse component to grow in intensity,
which can be ascribed to the different dispersion around the
resonance. For larger spectral detuning toDl= ±2 nm, the
temporal modulation is completely suppressed and the corre-
sponding input spectra are restored. However, the transmitted
pulses are considerably chirped. This chirp is much more
pronounced and accompanied by an additional pulse delay
for the spectral detuning to the higher transitions. Our nu-
merical simulations reproduce the suppression of the tempo-
ral beating phenomenon for off-resonant excitation in good
agreement with the experimental observations(not shown
here). A qualitatively similar dependence on the laser detun-
ing is found for the two beat periods emerging from the
MQW structure with an interwell spacing deviating from the
Bragg condition.

B. Nonlinear regime

In this section, we discuss the transition from linear to
nonlinear pulse propagation in MQW Bragg structures.

FIG. 7. Propagation of low-intensity 560 fs pulses through the
Bragg-periodic MQW structure for different laser detuning around
the hh 1s exciton resonance.(a) Normalized cross-correlation traces
and (b) transmitted spectra. The lowest curves represent the input
pulse tuned to resonance.
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Within this transition, we describe the damping of the tem-
poral propagation beating and the suppression of the radia-
tive interwell coupling due to the Pauli-blocking nonlinear-
ity. We show signatures of self-induced transmission due to
Rabi flopping and adiabatic following of the carrier density.

Figures 8(a) and 8(b) illustrate normalized cross-
correlation traces and transmitted spectra measured in Bragg
resonance for various excitation intensitiesI. Again, the low-
est curves represent the 560 fs input pulse matched to the
hh 1s exciton line. The high-frequency modulations in the
spectra are caused by the discrete step structure of the re-
flecting pulse-shaper mask and interferences in the charge-
coupled device(CCD) camera of the spectrometer. The lin-
ear pulse splitting can be observed up to excitation intensities
on the order of MW/cm2. At I =0.6 MW/cm2, only the ped-
estal of the incident laser spectrum is transmitted through the
sample. The less pronounced extinction line as compared to
the previously shown linear spectra is due to the reduced
spectral resolution in this measurement series. Increasing the
input intensity from 0.6 to 12 MW/cm2, the curves plotted in
Fig. 8(a) exhibit the nonlinear suppression of the temporal
propagation beating. The later pulse component successively
fades away while the coherent dip within the pulse envelope
gradually shifts to later times. Simultaneously, the pulse
spectra are more and more governed by a spike growing
from the red side of the extinction line[going from bottom to
top in Fig. 8(b)]. At an intensity of 28 MW/cm2, the input
pulse is roughly restored in time and spectrum. The total
nonlinear transmission has risen up to 33.2% from a
linear value of 9.7%. Upon further increase of the intensity
to 66 MW/cm2, the transmitted pulse drastically shortens to
about 300 fs FWHM. Connected with this nonlinear

pulse compression of almost 50% is a significant distortion
of the pulse shape developing modulations on both sides of
the temporal peak. The corresponding spectral profile
reveals a wide asymmetric broadening in reference to the
input spectrum. For the MQW structure detuned from
Bragg resonance, we find a qualitatively similar nonlinear
behavior with successive damping of the temporal beating
phenomenon, pulse restoration, and nonlinear pulse com-
pression.

Results of our numerical simulation are depicted in Figs.
8(c) and 8(d) both temporally and spectrally for increasing
pulse areaQ=sdc,v /"de−`

` Estddt. Here, the temporal integral
over the field envelope was chosen as a suitable quantity to
measure the pulse strength. For direct comparison of experi-
mental and theoretical curves, note that the intensity goes as
pulse area squared:I ~Q2. The semiconductor Maxwell-
Bloch theory in Hartree-Fock approximation for the Cou-
lomb interaction reproduces the observed pulse splitting and
its gradual suppression for increasing pulse area up toQ
=1.0 p in agreement with the experimental data. Even the
asymmetric spectral behavior with the growing red wing of
the transmitted input spectrum is found in the simulation. For
pulse areas beyondQ=1.0 p, the temporal beating phenom-
enon has completely vanished. However, the envelopes of
the propagated pulses plotted in Fig. 8(c) exhibit consider-
able pulse reshaping: The pulse peak shifts to later times
while the initial pulse component declines in intensity. At
Q=2.0 p, the input pulse is compressed from 650 to about
450 fs duration. The associated spectrum reveals a slight red-
shift and marginal asymmetric broadening.

Comparing experimental and calculated curves in Fig. 8,
we find excellent agreement in the propagation behavior of

FIG. 8. (a),(b) Propagation of 560 fs pulses resonant to the hh 1s exciton through the Bragg-periodic MQW structure for increasing
intensities.(a) Normalized corss-correlation traces and(b) transmitted spectra.(c),(d) Numerical simulations based on the semiconductor
Maxwell-Bloch equations for increasing pulse areaQ~ÎI. (c) Normalized transmitted intensitiesuEstdu2 and(d) uEsDldu2. In experiment and
theory, the lowest curves represent the input pulses.
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the pulses withI =28 MW/cm2 andQ=1.5 p, 12 MW/cm2

and 1.0p, and 3.9 MW/cm2 and 0.5p. With 2.3 and 3.1,
the ratios of these intensities roughly correspond to the
squared area ratios that amount to 2.25 and 4, respectively.
Assuming an intensity of 12 MW/cm2 for a 1 p pulse with
tp=560 fs, we can give an estimation for the transition di-
pole moment dc,v: Since the measured intensityI
= 1

2
Îe0/m0E0

2 and the pulse areaQ<sdc,v /"dE0tp, the dipole
moment amounts todc,v<3.9 eÅ. This value is in full accor-
dance with the dipole momentdc,v=4.2 eÅ used for the
simulations and literature values for GaAs ranging from
dc,v<3 to 6 eÅ.31

The transition from the resonant linear to nonlinear pulse
propagation can be explained by the Pauli-blocking nonlin-
earity. For an input pulse with areaQø1.0 p, the reflection
from the effective photonic band gap together with the ab-
sorptive contributions cause a splitting of the transmitted
spectrum into two portions. The corresponding Fourier trans-
forms yield a beating phenomenon in time. Initially, the tem-
poral duration of the pulse is longer than the response time of
the MQW Bragg structure. Therefore, the pulse-induced tem-
poral dynamics are quasistationary and the population fol-
lows the pulse envelope adiabatically. Due to the Pauli-
blocking nonlinearity, further interband transitions are
prevented. Thus, for an increasing pulse area towardsQ
=1.0 p, the dip in the transmitted spectrum is filled up and
the temporal beating phenomenon gradually vanishes. As
Pauli blocking leads to a decoupling of the QW polarization
from the propagating light field[the light interaction term

+iṼns1− fk
e,n− fk

h,nd in Eq. (4) is reduced for increasing carrier
densitiesfk

e/h,n], the effective interwell coupling decreases,
starting at the first QW. In consequence, the photonic band
gap is suppressed but quickly recovers after the pulse transit
because of radiative decay of the population inversion.17

Thus, for pulse areasQ.1.0 p, the pulse transmitted
through the structure will have a temporal shape and spec-
trum more similar to the input characteristics. The devia-
tions, such as time delay and shortening with respect to the
incident pulse, can be explained as follows: During the
propagation there is a temporally delayed interchange of en-
ergy between the pulse and the excitonic system, i.e., exci-
tation and reemission(decay and reestablishment of the band
gap). This interchange causes the temporal pulse delay. As
the breakdown and recovery of the band gap appears instan-
taneously with a higher-order nonlinearity, temporal steepen-
ing and shortening of the transmitted pulse is observed. Of
course, many-body interaction in the semiconductor system
will cause deviations from this idealized description. Despite
the similarity of input and transmitted pulses, pure solitons
such as SIT solitons(known from the dynamics of two-level
systems) or gap solitons are not expected in such a semicon-
ductor system. Nevertheless, Rabi flopping of the carrier
density, coherent nonlinear long-distance propagation, and a
high degree of this so-called self-induced transmission have
been predicted32,33 and shown recently for bulk
semiconductors.25,34

To highlight the difference between the dynamics of two-
level systems and the MQW photonic crystal, Fig. 9 illus-
trates the band-gap dynamics and carrier-density Rabi flop-

ping in the semiconductor material. The densities
s1/Adok fk

e/hstd in the final QW of the Bragg-periodic
MQW structure are plotted with respect to the corresponding
input and transmitted field envelopes. For an input pulse
area ofQ=2.0 p [Fig. 9(a)], the carrier density follows the
input pulse instantaneously, similar to a single Rabi cycle,
which here, however, is due to breakdown and recovery of
the photonic band gap.17 For an area ofQ=10 p [Fig. 9(b)],
we observe on top of the band-gap dynamics five distinct
Rabi oscillations of the carrier density. Clearly visible are
several modulations of the transmitted pulse envelope that
reach their maxima shortly after the peak densities, i.e.,
shortly after the onset of the coherent nonlinear reemission
from the final QW. Multiple pulse breakup, which is well
known from coherent nonlinear pulse propagation in
optically thick bulk semiconductors,25,34 does not develop
during propagation throughN=60 QWs. However, the re-
sults are in good agreement with pump-probe experiments
performed on MQWs with arbitrary interwell spacing(com-
pare Ref. 35).

The experimental and theoretical results of the highly
nonlinear propagation through the Bragg-resonant
MQW structure are plotted in Fig. 10 with respect to the
560 fs input pulse profiles. Pulse reshaping and compression
due to a single Rabi cycle and adiabatic following of the
carrier density atQ=2.0 p can clearly be seen in Fig. 10(c).
The corresponding spectrum equals the input spectrum in
shape apart from a slight redshift and asymmetric broadening
towards the blue edge[compare Fig. 10(d)]. The much
stronger pulse compression, the temporal modulations, and
above all the wide spectral broadening found in the experi-
ment for the highest pulse intensity ofI =66 MW/cm2

[Figs. 10(a) and 10(b)] could not be reproduced by our
theoretical approach. We explain this deviation by the
contribution of many-particle correlations beyond Hartree-

FIG. 9. Carrier densities in the 60th QW(thick solid lines)
and normalized field envelopes of the resonant 650 fs input
(thin dashed lines) and transmitted pulses(thin solid lines) calcu-
lated for the Bragg-periodic MQW structure.(a) Q=2.0 p and (b)
Q=10 p.
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Fock levels and the additional contribution of near-resonant
SPM in the GaAs substrate material.36 Tuning the laser
wavelength around the QW exciton transition as well as
experiments performed on bulk GaAs showed similar non-
linear effects, thus giving proof for the strong influence of
SPM.

The results presented in this section provide evidence for
self-induced transmission due to Rabi oscillations on the
hh 1s exciton resonance and adiabatic following of the car-
rier density. In agreement with earlier investigations, this
finding demonstrates that even for excitation intensities in
the range of tens of MW/cm2, substantial coherence between
the exciting laser field and the excitonic polarization within
the individual QWs is maintained over several hundred fem-
toseconds. However, superradiant interwell coupling plays a
minor role in this nonlinear excitation regime, so that the
propagation through the MQW Bragg structure becomes
qualitatively similar to the propagation through a MQW
structure with arbitrary interwell spacing or even a thin film
of bulk semiconductor material.

V. CONCLUSIONS

We have presented an experimental and theoretical
study of subpicosecond pulse propagation on the lowest

heavy-hole exciton transition in an extended MQW Bragg
structure, exhibiting a one-dimensional photonic band gap.
In the linear regime, a pronounced temporal propagation
beating emerges from the interference of spectral
components transmitted on both sides of the radiatively
broadened exciton resonance. This propagation beating is
highly sensitive to the radiative interwell coupling, which
clearly demonstrates the influence of the optical dephasing
time T2 on the coherent propagation of low-intensity
pulses. The transition from linear to nonlinear excitation
manifests itself in a gradual damping of the temporal beating
phenomenon. In this regime, the Pauli-blocking nonlinearity
leads to a decoupling of the QW polarization from the
propagating light field so that the radiative interwell coupling
is suppressed and the photonic band gap breaks down.
Gap solitons cannot be expected in such a MQW photonic
crystal. For highly nonlinear excitation, the reshaped input
pulses are transmitted through the structure, and we find sig-
natures of self-induced transmission due to Rabi flopping
and adiabatic following of the carrier density. Numerical
simulations using the semiconductor Maxwell-Bloch equa-
tions in Hartree-Fock approximation for the Coulomb inter-
action are in excellent agreement with the experimental data
up to intensities for which higher many-particle correlations
become more important and SPM occurs in the sample sub-
strate.
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