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Linear and nonlinear pulse propagation in a multiple-quantum-well photonic crystal
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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 ting 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 wavelength of the QW exciton transition. In these multiple

The propagation of short laser pulses in layered structureduantum well(MQW) Bragg structures, the collective re-
with periodic modulation of the complex susceptibility has SPonse of the radiatively coupled QWs results in an en-
attracted wide attention both from a scientific and engineerfanced - r‘i‘g'lgt've decay of the coherent optical
ing point of view. The primary goal of research in this area isPelarization-=™ The decay time of this superradiant re-

to modify and control the linear and nonlinear light-matter SPONSe inversely scales with the QW numberThe reflec-

interaction by tailoring materials and geometric parameter%on from MQW Bragg structures is characterized by a

N . orentzian line which grows in peak reflectivity and line-
as well as the initial pulse conditions. The most commonlyWidth with increasing\l.l% In the Iirr;it of largeN tr)lle reflec-

used structure is the dielectric gratmg mgde from aItematmgi ity reaches unity and a square profile characteristic for the
nonresonant layers. Here, a one-dimensional photonic bal flection of a photonic band gap is form#&dTime-resolved

gap is formed at the central Bragg wavelength, i.e., twice theafiection experiments and microscopic calculations have
optical interlayer distanckProminent realizations are fiber shown enhanced emission along with accelerated decay of
Bragg gra_tmgé3 and integrated Bragg _wavegmd&,ln the coherent optical polarizatidf.At higher excitation in-
which the interplay of the grating dispersion near the phototensities, the radiative coupling gradually disappeared, which
nic band gap with the Kerr-type nonlinearity allows efficient was attributed to excitation-induced dephasing due to carrier-
pulse shaping and the propagation of soliton-like pulses. Asarrier interaction in the individual QWs. Picosecond partial
special class of these Bragg grating solitons are gap solitonsuppression and full recovery of the photonic band gap as-
that have been predicted for pulses with spectra completelyociated with MQW Bragg structures was demonstrated
within the band gaf.” Self-induced transparencySIT)  recently!”
and other forms of soliton solutions were also proposed From the resonant propagation of low-intensity pulses
for resonantly absorbing Bragg gratings, consisting of perithrough MQWs witharbitrary interwell spacing, it is known
odic layers of resonant two-level systems embedded ithat those structures may introduce distortions on the trans-
a homogeneous dielectric meditifhor dielectric grating mitted pulse envelope similar to the temporal polariton beat-
structuret®1? ing observed in bulk semiconductdfs2° These distortions

In this paper, we elucidate the question whether gap soliwere found to depend on the total thickness of the structure
tons are feasible in periodic arrangements of quantum welland the dephasing tim&,. Especially when exciting the
(QWs) with an effective interwell spacing equal to half the structure with an intense pump pulse before the arrival of the
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Radiatively Coupled 2d
Quantun Wells Payn(d) = 2 Poyel (@)= 2 = 2 pilun(@2. - (2)
N n n k
I';. L-J LA I, Here, i, is the wave function of theth QW, d., is the
<I— ~ M n, transition dipole momentA=a3 is the QW area in terms of
r — the exciton Bohr radiusy, and py=(aJ}a),) is the wave-
d=73, number-dependent polarization. Because of the small width
of the QWs(typically less than 10 ninin comparison to the
large wavelength of the propagating wave in the MQW
structure(more than 200 nim the square of the wave func-
= _ tions can be approximated as a delta funciibny,(z)[?
p, | Optical Interband =58(z~z,), wherez, are the QW positions. However, in the
— numerical calculation, the well width enters as an effective
S R length in the discretization for the finite-difference time-
o S domain(FDTD) algorithm?? The material quantities such as
FIG. 1. Schematic picture of the model configuration. the carrier densities and the Coulomb potential are still

propagating probe pulse—hence, generating an incohereffrictly two dimensional. 'The Hamiltonian of the semicon-
electron-hole density—the beating could effectively be supductor system can be writtends

pressed. However, the situation is different if the transition
from the linear to the nonlinear excitation regime is investi- H=> endl B - E > dyal A
gated by an intensity increase of the propagating pulse itself Ak R
when excitation-induced correlations occur among coher-

NEN K

ently excited excitond! +% > an}t,k+qa)t’,k'—qé)\’,k’a)\,k (3)
In this work, we present a comprehensive analysis of AN

subpicosecond pulse propagation on the lowest heavy-hole KK’

exciton transition in a MQW photonic crystal. Our work per- 4#0

mits detailed and—with respect to the previously studied re-

flection geometry—complementary insight into the coherentwith the carrier creation and annihilation operatds,
linear and nonlinear optical response of Bragg-periodic anénd a, , the energy eigenvalues, ,, and the transition di-
detuned MQWs. Time- and spectrally resolved measurepole momentsd, ,,. In the two-band approximation, the
ments are directly compared with theoretical results based offeatment is restricted to one valence bandnd one con-
a semiconductor Maxwell-Bloch theory. For linear excita-duction bandc, i.e.,\,\’=c,v. We apply the Coulomb ma-
tion, we demonstrate a pronounced propagation beating iftix elementV,=€?/(2eayAq). The equations of motion are
time. The influence of the radiative interwell COUpling and derived in Hartree-Fock approximation for the Coulomb in-
the correspondingly reduced dephasing tilaen the pulse  teraction:

propagation characteristics is investigated directly by detun-

ing the structure from the Bragg condition. We show gradual - V.

damping of the temporal propagation beating for increasing dpp = =i +iQ" (1 - 5" ") —ipp> —I(1 - fEh,

pulse intensities, for which the relevant Pauli-blocking non- g=0

linearity leads to suppression of the radiative interwell cou- vV

pling. For highly nonlinear excitation, we find signatures of ST RATUES bR HUDY fﬁﬁq— YoPk (4)
self-induced transmission due to Rabi flopping and adiabatic a#0

following of the carrier density and the occurrence of pulse
compression which is predominantly due to self-phasénd
modulation(SPM) in the sample substrate. v
eh,n _ Aan=n, ~=n Vg=n* | _ e/h,n
Il. THEORETICAL MODEL ahic = 2Im<Q” Pic* pkE#O h pk+q> 2yofic™" (5
q
Our system consists & equally spaced QWs with sepa-
rationd which are embedded in a dielectric barrier materialwhere fZ™" represents the electron and hole distribution
with refractive indexn,= e (compare Fig. 1 Starting from  functions in thenth QW, 7wy are the single-particle energies,

an input intensityl o< |Eq[?, the transmitted and reflected in- {n s the generalized Rabi frequency, apg accounts for
tensities|y, <|Ey[* are to be determined. Considering lin- higher-order many-particle correlations and scattering. The
egrly polarized light, Maxwell's wave equation for the elec- coupled system of the semiconductor Bloch Egg.and(5)
tric field E reads together with Maxwell's wave Eq.l) are solved directly in
, 1 1 time and space using a combined Runge-Kutta and FDTD
(9z - _2@2)'5: _f?tzpdyn (1) method?? In contrast to previous solutiod8 this approach
c €c o
allows the treatment of arbitrarily extended samples.

with the nonlinear macroscopic quantum well polarizatfon Figure 2a) shows the linear transmission
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FIG. 3. (a) Linear extinction spectra an() linear reflection
spectra of the antireflection-coatét=60 (In, GaAs/GaAs MQW
structure at T=9 K for nyd=0.5A¢ (solid line and nyd
=0.479\ (short-dashed line Marked are heavy-holéhh), light-
hole (Ih), and continuum transitions.

FIG. 2. (a) Linear transmission spectra calculated for
Bragg-periodic(In,GaAs/GaAs MQWs withN=1 (short-dashed
line), 60 (solid line, and 200 (long-dashed ling (b) Linear
transmission spectra calculated fd=60 (In,GaAs/GaAs QWSs
with nyd=0.5N\¢y (solid line) and n,d=0.475\,, (short-dashed

line).
Ill. SAMPLE AND EXPERIMENTAL TECHNIQUE
I |E? A suitable sample structure for investigating pulse propa-
T=-t= =t 6 . . '
- lo - IE,|2 ) gation phenomena in Bragg-resonant MQWs can be realized

in the material system(In,GaAs/GaAs. The structure

calculated foN=1, 60, and 20QIn, Ga)As/GaAs QWSs with  should comprise a sufficiently large number of QWsto
Bragg periodn,d=0.5\.,, Where\,, is the wavelength of provide a long propagation distance and a strong radiative
the exciton transition. Here, thgn, GaAs/GaAs QWs are coupling effect while retaining a high sample quality and the
modeled with an effective well width of 8.5 nm, a dipole required linear transmission. We have epitaxially grobn
matrix elemend, ,=4.2 eA, a refractive index of the barrier =60 (In,GaAs/GaAs QWs with 8.5 nm well width and a
n,=3.56, a gap energywy=1.52 eV, and a phenomenologi- low indium content of about 4% on a 450m-thick GaAs
cal damping ofz,=0.55 meV. The transmission spectra arewafer. At T=9 K, the heavy-holg¢hh) 1s exciton line is situ-
dominated by a Lorentzian-shaped extinction line for smallated at\,=830 nm, which is sufficiently far below the
QW numbersN. For increasing numbers, this line succes-GaAs absorption edg@ompare Fig. 3 Due to the low re-
sively broadens, shifts to higher energies, and grows in peafactive index change between the, jiGa, o5 As QWSs and
extinction. Thus, ariln, GaAs/GaAs MQW Bragg structure the GaAs barrier material, the reflection caused by the peri-
with N=60 exhibits a minimum transmission at the excitonodic modulation of the real part of the background suscepti-
resonance of=2.2%, i.e., an extinction —(7)=3.8 with a  bility can be neglected. We have additionally coated the front
linear full width at half maximun{FWHM) of 7.7 meV. For  surface of the MQW structure with an antireflection layer.
QW numbers on the order di=100 and above, the trans- The sample was prepared with a monotonically decreasing
mission spectrum saturates into a square profile characteristi@rrier thickness from the growth center to the edge of the
for a photonic band gap. wafer. Thus, different sample positions correspond to differ-

The shape and width of the extinction line exhibited by aent interwell distances, which allowed us an exact adjust-
MQW structure critically depends on the exact fulfilment of ment of the Bragg condition and of any defined detuning in
the Bragg condition as can be seen in Figh)2Even slight the range fromn,d=0.505\¢, t0 0.470A.,. With Mg,
detuning fromn,d=0.5X\,, to 0.475\,, leads to a drastic =830 nm anch,(GaAs ~3.65, Bragg resonance is achieved
narrowing of the transmission spectrum. The detuning befor d=113.7 nm.
havior in combination with the enhanced broadening of the Figures 8a) and 3b) show the linear extinction —(f)
extinction line for an increasing QW numbet is a clear and reflectioriR=I,/1, of the N=60 MQW structure DBR17
manifestation of the collective superradiant response of raat T=9 K in Bragg resonance and for the detuned structure
diatively coupled QWs and indicates the accelerated decay ofith n,d=0.479\,,. Clearly observable is the strong broad-
the coherent optical polarization. It should be noted that thening of the hh & exciton line due to the radiative interwell
extinction is mainly of reflective origin for the Bragg- coupling. The higher exciton and continuum transitions ap-
periodic QW arrangement, whereas it is of absorptive naturgear as well. For the Bragg-periodic case, the measured ex-
for the detuned structure. tinction at the hh & exciton amounts to -I¥)=3.7, i.e., a
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FIG. 4. Experimental setup using high-repetition 100 fs pulses
tunable around 830 nm. The shaped and propagated pulses are spec- . 10
trally recorded and time resolved by cross correlation in a fast-scan s
sampling scheme. PS: pulse shaper, BBduarium-borate crystal, E, 0.8
PMT: photomultiplier tube. § 06
& 04
transmission of7=2.5% with a linear FWHM of 7.3 meV, E 02
which is in accordance with our theoretical model. The pre- e
dominantly reflective character of the radiatively broadened Z 00 ’ . -
extinction line becomes obvious when the reflection curves 822 826 830 834 838
in Fig. 3b) are compared. Whereas the peak extinction is Wavelength (nm)

nearly unchanged for the detuned structure, the peak reflec-
tion is reduced, indicating larger absorptive contributions. FIG. 5. Propagation of a low-intensity 560 fs input pu{skort-
Superradiant behavior also occurs at the higher transition@ashed linesresonant to the hhslexciton through the Bragg-
and finally at the continuum states when the interwell dis-Periodic MQW structure(solid lines. (a) Normalized cross-
tance is gradually reducéd. correlation traces an¢b) transmitted spectra.

Figure 4 illustrates the experimental setup that is based on
a cross-correlation technique. We used 100 fs pulses tunabi®nlinear excitation regimes. First, we describe the propaga-
around 830 nm from a Ti:sapphire oscillator with a repetitiontion of low-intensity pulses through the MQW Bragg struc-
rate of 76 MHz. The configuration involves splitting of the ture, the influence of the radiative interwell coupling, and the
linearly polarized laser output into two portions: One partdependence on the laser detuning from the exciton reso-
(33%) enters a variable delay line, while the second partnance. In a subsequent section, we investigate the transition
(67%) passes through a pulse shaper to tailor 560 fs pulsefsom linear to nonlinear pulse propagation and the transmis-
with seci envelope spectrally matched to the hhekciton ~ Sion of high-intensity pulses.
line. The shaped pulses are focused withF25 mm micro-
scope objectivgéEaling, numerical aperture NA=0.16nto
the MQW sample that is kept at=9 K in a cold-finger
cryostat. While the transmitted spectra are directly recorded, Figure 5 illustrates experimental results of the linear
the pulses are time resolved by cross correlation with thgropagation of 560 fs pulses resonantly tuned to the sih 1
temporally delayed 100 fs pulses in a 30f-thick exciton for Bragg-periodic interwell spacing. The normalized
B-barium-borate crystal cut for type | phase matching. Thecross-correlation traces of the inpshort-dashed lingsand
intensity cross-correlation signal is detected in a photomultitransmitted pulsegsolid lineg are plotted for comparison in

A. Linear regime

plier tube and may be written as Fig. 5a). Note that the input pulse was measured propagat-
- ing besides the MQW sample with the same experimental

| L0l 4(t - Ddt, 7 qonfiguration and under comparable conditions. For illustra-

o7) = f_w (Ole(t=7) @ tion purposes, we subtracted the time delay imposed by the

] ~ sample. Clearly observable is a pulse splitting into two dis-
wherel(t) andl 4(t) are the temporal profiles of the transmit- tjnct pulse components separated by approximately 770 fs.
ted and delayed pulses, andis the pulse delay. We em- The full dip in between appears about 410 fs after the lead-
ployed a fast-scan sampling technique and averaged ov@dg pulse peak. Due to the steep edges of the dip, both com-
many scans for low-noise pulse acquisitiompare Ref. ponents exhibit considerable reshaping and narrowing with
25) This teChnique involves a stabilized shaker SyStem thatespect to the input pu|se enve|ope_ The Corresponding nor-
periodically modulates the pulse delay at a frequency ofnalized spectra are shown in Figb% Here, the pronounced
60 Hz. A stepper motor is used to produce discrete delagip in the spectrum transmitted through the sample is caused

shifts for the time-base calibration. by the enhanced reflection from the Bragg-coupled QWs and
minor absorption contributions.
IV RESULTS AND DISCUSSION The linear pulse splitting in the time domain can be ex-

plained by interference effect&?’ The excitonic resonance
The results of our pulse propagation experiments and nus vastly broadened due to superradiant coupling inside the
merical treatment are discussed separately for the linear ari8fagg structure. Cutting out this photonic band gap from the
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FIG. 6. (a),(b) Propagation of low-intensity 560 fs pulses resonant to theshéxtiton through the MQW structure for Bragg-periodic
and detuned interwell spacin@) Normalized cross-correlation traces ghgltransmitted spectrgc),(d) Numerical simulations based on the
semiconductor Maxwell-Bloch equationg) Normalized transmitted intensitigg&(t)|? and (d) |E(AN)|%. In experiment and theory, the
lowest curves represent the input pulses.

input pulse spectrum leaves two spectral wings propagatining the wedged design of our MQW sample. Detuning the
freely in the dispersive structure. These two spectral compastructure from the Bragg condition weakens the radiative in-
nents transform into a propagation beating in time with phaseerwell coupling, so that the fast superradiant response of the
shifts of 180 degrees between the temporal pulse compptical polarization is suppressed, the photonic band gap
nents. Qualitatively, the effect is similar to the polariton shrinks, and nonradiative contributions become dominant. In
propagation beating known from bulk semiconduct8®.  effect, theT, time can be tuned from approximately 400 fs
However, we find the temporal pulse envelope, especially thgy, the N=60 MQW structure with Bragg periottompare
amplitude ratio of the two pulse components, to be signifiges. 14 to a few picoseconds duration for the decoupled
cantly different fror_n the propagation beating exhibited byQWs. An upper limit of T,~10 ps for the corresponding
MQW structures with %omparable length but with an arbi- |, G4 As/GaAs single QWs has been determined from the
trary interwell spacind? In those structures no photonic radiative dephasing rate measured on a series of Bragg struc-

band gap is formed because of the lack of superradiant COU s with different numbers. of QWM (compare Ref. 1%

pling between the individual QWs. o e
Parameters that critically determine the observed propa@nd the nonradiative contributions deduced from the decay

gation beating are the pulse length the optical dephasing of_ t_he subradiant modes obsezrz\a/ed in degenerate four-wave
time T,, and the propagation distandl. A greater number Mixing (DFWM) spectroscopy’ _
of Bragg-periodic QWsN will result in a wider photonic Figures @a) and Gb) show experimental results of the
band gap, exhibiting a smaller dephasing tilye A shorter ~ low-intensity propagation of 560 fs pulses resonant to the
pulse lengthr, means a larger spectral width of the pulse. If hh 1s exciton for increasing detuning from the Bragg condi-
7, is short with respect td@,/2 [the optical dephasing time tion. The temporal cross-correlation traces are plotted in the
T, is defined with respect to the spectral half width at halfleft column, whereas the right column illustrates the trans-
maximum(HWHM), whereas the pulse lengty is defined  mitted spectra behind the sample. The lowest curves charac-
with respect to the spectral FWHMa significant amount of terize the input pulse as a reference. All curves have been
spectral components will be transmitted on both sides of th@ormalized for comparison. For Bragg-periodic arrangement
photonic band gap. The interference of these spectral wings,d=0.5 X, (upper curves in Fig. 6 we find the pulse split-
during propagation through the dispersive structure will leading in time with two pulse components separated by a full
to a pronounced temporal beating with several beat periodsoherent dip. In consequence of the enhanced radiative
On the other side, if, is long with respect td,/2, almost  dephasing, the overall pulse envelope declines rapidly after
the entire pulse spectrum will overlap with the photonic bandhe leading pulse peak so that only one beat period emerges
gap. The transmitted pulse will be damped exponentially, anffom the coupled QWs. In a phase-sensitive XFR®Ex-
split-off pulse components will be merely weakly pro- periment comparable to Ref. 30, we could also verify the
nounced. expected phase shift of about 180 degrees between the two
The influence of the optical dephasing tiriie on the  pulse components. The observed spectral dip is caused by the
pulse propagation characteristics can be studied directly usssymmetrically broadened reflection from the superradiant
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mode. Basically the wings of the input spectrum matched to A-A  (nm)
the resonance are transmitted through the structure. For the N '(a'): F T (b)' 8
gradual reduction of the interwell distance rigd=0.49\ o _/L i ]
(going from top to bottom in Fig. 6 the measured cross- 7L 1 .20k 15
correlation traces demonstrate considerably altered pulse . [ ] [ ]
shapes. Due to the increaségtime, the later pulse compo- 2 GZ_/h 10 L/ \ 26
nent successively grows in intensity at the expense of the g 1 7t /‘ 1 =
earlier and becomes dominant already for a slight detuning to = _/\/L X 1 8
N,d=0.497\,. At nyd=~0.494\., and even more clearly at § 5t 1-05F 15 8
n,d=0.49\,, two full beat periods are visible with the three § [ / \ " ] [ A ’ \ ] i
pulse peaks delayed by about 790 and 1290 fs with respect to £ af ] +-0f ]4 &
one another. We did not observe any further change of the 5 k ] &
pulse envelope for interwell distances beloyd=0.49 \,,. 2 sf 1+05E J \ 15 “
As the influence of radiative coupling can almost be ne- ol ] [ ] g
glected in this case, the characteristics are qualitatively simi- g [ ] [ 1 Z
lar to the pulse distortions found by Kiwt all® for subpi- 5 °f 14190 12
cosecond pulses transmitted through MQW samples with an Z -/\ [ J\\_
arbitrary interwell spacing but with comparable length. The 1f {+20 | 11
opposite detuning from the Bragg conditionrigd > 0.5 \ ¢ [ / \ ] [ A ]
showed an analogous propagation behavior with the same o, \— mput [— —To
strong dependence on the superradiant coupling. 0 1 2 3 4 824 827 830 833 836
The measured spectra plotted in Figb)are character- Time (ps) Wavelength (nm)

ized by an extinction line that is continuously narrowing with
decreasing interwell distance. The transmitted wings of the FIG. 7. Propagation of low-intensity 560 fs pulses through the
input spectrum grow in intensity and change their amplitudeBragg-periodic MQW structure for different laser detuning around
ratios due to the asymmetric breakdown of the reflection prothe hh & exciton resonanc¢a) Normalized cross-correlation traces
file starting from the blue edgé.The considerably smaller and(b) transmitted spectra. The lowest curves represent the input
width of the extinction line an,d=0.49)\,, indicates the Pulse tuned to resonance.
suppression of the enhanced radiative polarization deca
which results in an increased dephasing tilg@nd substan- g k| this case, the spectrum transmitted through the
tial nonradiative contributions. _ _ ___sample is split into two well separated components which
Results of our numerical simulation are depicted in Figs gxpihit the temporal beating phenomenon with full pulse
6(c) and &d) both temporally and spectrally for a detuning gpjitting (see the fifth row from the bottom up in Fig. 7
from the Bragg condition ta,d=0.49\e,. The employed  corresponding taAA=0 nm). Slight detuning of the exciting
semiconductor Maxwell-Bloch theory is capable of describ-laser spectrum with respect to the exciton line fradm
ing the observed propagation beating and the dependence e® nm toAN=+1 nm leads to a reduced modulation depth
the radiative interwell coupling in excellent agreement within time connected with a severe reshaping of the overall en-
our experimental data. We find the change in the amplitud&elope approaching the shape of an individual pulse. In the
ratios of the temporal pulse components as well as the depectral domain, we observe the enhanced transmission of
velopment of a second beat period. The calculated delays afie respective off-resonant components. Interestingly, an op-
the three pulse peaks with respect to one another amount fspsite detuning around the exciton line causes the earlier or,
780 and 1000 fs, which corresponds to the experimentallgonversely, the later pulse component to grow in intensity,
determined values. The extinction line, which dominates thevhich can be ascribed to the different dispersion around the
spectra, drastically narrows with the detuning tgd  resonance. For larger spectral detuningAto=+2 nm, the
=0.49\¢, Simultaneously, the transmitted spectral wingstemporal modulation is completely suppressed and the corre-
exhibit an asymmetric growth in intensity that is qualita- sponding input spectra are restored. However, the transmitted
tively similar to the spectral behavior shown in Fighf  pulses are considerably chirped. This chirp is much more
Our theoretical investigation demonstrates the strong influpronounced and accompanied by an additional pulse delay
ence of superradiant coupling on the characteristics of sulfor the spectral detuning to the higher transitions. Our nu-
picosecond pulses propagating resonantly through MQWnerical simulations reproduce the suppression of the tempo-
Bragg structures. Especially, it has been possible to study theil beating phenomenon for off-resonant excitation in good
impact of a gradually varied dephasing tifigin a model agreement with the experimental observatignet shown
system with defined pulse length, and nearly constant here. A qualitatively similar dependence on the laser detun-
propagation distance. ing is found for the two beat periods emerging from the
To obtain better insight into the spectral dependencies, wIQW structure with an interwell spacing deviating from the
performed linear pulse propagation experiments through thBragg condition.
Bragg-periodic MQW structure for different laser detuning _ )
around the hh 4 exciton resonancA\ =\ -\, The tempo- B. Nonlinear regime
ral and spectral results are shown in Fig®) and {b). As a In this section, we discuss the transition from linear to
reference, the lowest curves illustrate the shaped 560 fs inpufonlinear pulse propagation in MQW Bragg structures.

¥Ju|se situated ak=830 nm, i.e., exactly tuned th,, at T
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FIG. 8. (a),(h) Propagation of 560 fs pulses resonant to the &ilexciton through the Bragg-periodic MQW structure for increasing
intensities.(a) Normalized corss-correlation traces aftl transmitted spectrgc),(d) Numerical simulations based on the semiconductor
Maxwell-Bloch equations for increasing pulse af@a \1. () Normalized transmitted intensitiéS(t)|* and(d) |E(AN)|. In experiment and
theory, the lowest curves represent the input pulses.

Within this transition, we describe the damping of the tem-pulse compression of almost 50% is a significant distortion
poral propagation beating and the suppression of the radiaf the pulse shape developing modulations on both sides of
tive interwell coupling due to the Pauli-blocking nonlinear- the temporal peak. The corresponding spectral profile
ity. We show signatures of self-induced transmission due toeveals a wide asymmetric broadening in reference to the
Rabi flopping and adiabatic following of the carrier density. input spectrum. For the MQW structure detuned from
Figures 8a) and 8§b) illustrate normalized cross- Bragg resonance, we find a qualitatively similar nonlinear
correlation traces and transmitted spectra measured in Bradmghavior with successive damping of the temporal beating
resonance for various excitation intensitiedgain, the low-  phenomenon, pulse restoration, and nonlinear pulse com-
est curves represent the 560 fs input pulse matched to thgression.
hh 1s exciton line. The high-frequency modulations in the Results of our numerical simulation are depicted in Figs.
spectra are caused by the discrete step structure of the r8«) and §d) both temporally and spectrally for increasing
flecting pulse-shaper mask and interferences in the chargeulse are®=(d.,/#)[”, E(t)dt. Here, the temporal integral
coupled devicg CCD) camera of the spectrometer. The lin- over the field envelope was chosen as a suitable quantity to
ear pulse splitting can be observed up to excitation intensitiemeasure the pulse strength. For direct comparison of experi-
on the order of MW/crh At I=0.6 MW/cn¥, only the ped- mental and theoretical curves, note that the intensity goes as
estal of the incident laser spectrum is transmitted through thpulse area squared:x®2. The semiconductor Maxwell-
sample. The less pronounced extinction line as compared loch theory in Hartree-Fock approximation for the Cou-
the previously shown linear spectra is due to the reducetbmb interaction reproduces the observed pulse splitting and
spectral resolution in this measurement series. Increasing thies gradual suppression for increasing pulse area uf to
input intensity from 0.6 to 12 MW/cRthe curves plotted in  =1.0 77 in agreement with the experimental data. Even the
Fig. 8@) exhibit the nonlinear suppression of the temporalasymmetric spectral behavior with the growing red wing of
propagation beating. The later pulse component successivetiie transmitted input spectrum is found in the simulation. For
fades away while the coherent dip within the pulse envelopgulse areas beyor@=1.0 =, the temporal beating phenom-
gradually shifts to later times. Simultaneously, the pulseenon has completely vanished. However, the envelopes of
spectra are more and more governed by a spike growinthe propagated pulses plotted in Figc)8exhibit consider-
from the red side of the extinction lijgoing from bottom to  able pulse reshaping: The pulse peak shifts to later times
top in Fig. §b)]. At an intensity of 28 MW/crf, the input  while the initial pulse component declines in intensity. At
pulse is roughly restored in time and spectrum. The tota®=2.0 7, the input pulse is compressed from 650 to about
nonlinear transmission has risen up to 33.2% from &50 fs duration. The associated spectrum reveals a slight red-
linear value of 9.7%. Upon further increase of the intensityshift and marginal asymmetric broadening.
to 66 MW/cnt, the transmitted pulse drastically shortens to  Comparing experimental and calculated curves in Fig. 8,
about 300fs FWHM. Connected with this nonlinear we find excellent agreement in the propagation behavior of
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the pulses with =28 MW/cn? and®=1.5 7, 12 MW/cn? o.ot0f

and 1.07, and 3.9 MW/cm and 0.57. With 2.3 and 3.1,

the ratios of these intensities roughly correspond to the 0.008¢

squared area ratios that amount to 2.25 and 4, respectively. 0.006} =

Assuming an intensity of 12 MW/cfrfor a 1 7 pulse with ™ 0.004] =21

7,=560 fs, we can give an estimation for the transition di- Gl 2

pole _moment d,: Since the measured intensity 2 00 =

:%\s‘”eo/,uoEg and the pulse are@~(d.,/%)Eq7,, the dipole Z 0.000 =

moment amounts td, ,~ 3.9 eA. This value is in full accor- B 0.020} %

dance with the dipole momerd,,=4.2 eA used for the 8 o6l °

simulations and literature values for GaAs ranging from 5 :

d.,~3 to 6 eA3! O ooz £
The transition from the resonant linear to nonlinear pulse 0.008} zo

propagation can be explained by the Pauli-blocking nonlin- 0.004}

earity. For an input pulse with aréa=< 1.0 7, the reflection

from the effective photonic band gap together with the ab- 0.000

sorptive contributions cause a splitting of the transmitted 00 05 10 15 20 25 30 35

spectrum into two portions. The corresponding Fourier trans- Time (ps)

forms yield a beating phenomenon in time. Initially, the tem-

poral duration of the pulse is longer than the response time of FIG. 9. Carrier densities in the 60th QWhick solid lineg

the MQW Bragg structure. Therefore, the pulse-induced tem@nd normalized field envelopes of the resonant 650 fs input
poral dynamics are quasistationary and the population fol(thin dashed lingsand t_rar_\smltted pulseghin solid lineg calcu-
lows the pulse envelope adiabatically. Due to the Paulilated for the Bragg-periodic MQW structur@) ©=2.0 7 and(b)

blocking nonlinearity, further interband transitions are =1
prevented. Thus, for an increasing pulse area tow&®ds ping in the semiconductor material. The densities
=1.0m, the dip in the transmitted spectrum is filled up and(1,/a)s, fé"(t) in the final QW of the Bragg-periodic
the temporal beating phenomenon gradually vanishes. Agow structure are plotted with respect to the corresponding
Pauli blocking leads to a decoupling of the QW polarizationjnnyt and transmitted field envelopes. For an input pulse
fro~m the propagating light fieldthe light interaction term 504 of®=2.0 7 [Fig. 9a)], the carrier density follows the
+Q"(1-f"- ") in Eq. (4) is reduced for increasing carrier input pulse instantaneously, similar to a single Rabi cycle,
densitiesfﬁ’h'”], the effective interwell coupling decreases, which here, however, is due to breakdown and recovery of
starting at the first QW. In consequence, the photonic banthe photonic band gajd.For an area o®=10 = [Fig. 9b)],
gap is suppressed but quickly recovers after the pulse transite observe on top of the band-gap dynamics five distinct
because of radiative decay of the population inverdion. Rabi oscillations of the carrier density. Clearly visible are
Thus, for pulse area®>1.07, the pulse transmitted several modulations of the transmitted pulse envelope that
through the structure will have a temporal shape and spegeach their maxima shortly after the peak densities, i.e.,
trum more similar to the input characteristics. The devia-shortly after the onset of the coherent nonlinear reemission
tions, such as time delay and shortening with respect to thom the final QW. Multiple pulse breakup, which is well
incident pulse, can be explained as follows: During theknown from coherent nonlinear pulse propagation in
propagation there is a temporally delayed interchange of ereptically thick bulk semiconductor8;** does not develop
ergy between the pulse and the excitonic system, i.e., excduring propagation throughil=60 QWs. However, the re-
tation and reemissiofdecay and reestablishment of the bandsults are in good agreement with pump-probe experiments
gap. This interchange causes the temporal pulse delay. Aperformed on MQWs with arbitrary interwell spacingpm-
the breakdown and recovery of the band gap appears instapare Ref. 3h
taneously with a higher-order nonlinearity, temporal steepen- The experimental and theoretical results of the highly
ing and shortening of the transmitted pulse is observed. Ofionlinear propagation through the Bragg-resonant
course, many-body interaction in the semiconductor systedlQW structure are plotted in Fig. 10 with respect to the
will cause deviations from this idealized description. Despite560 fs input pulse profiles. Pulse reshaping and compression
the similarity of input and transmitted pulses, pure solitonsdue to a single Rabi cycle and adiabatic following of the
such as SIT solitoné&known from the dynamics of two-level carrier density a®=2.0 7 can clearly be seen in Fig. (d).
systemgor gap solitons are not expected in such a semiconThe corresponding spectrum equals the input spectrum in
ductor system. Nevertheless, Rabi flopping of the carrieshape apart from a slight redshift and asymmetric broadening
density, coherent nonlinear long-distance propagation, and tawards the blue edgécompare Fig. 1@l)]. The much
high degree of this so-called self-induced transmission havstronger pulse compression, the temporal modulations, and
been predicted®® and shown recently for bulk above all the wide spectral broadening found in the experi-
semiconductor$>34 ment for the highest pulse intensity d&=66 MW/cn?

To highlight the difference between the dynamics of two-[Figs. 1Qa) and 1@b)] could not be reproduced by our
level systems and the MQW photonic crystal, Fig. 9 illus-theoretical approach. We explain this deviation by the
trates the band-gap dynamics and carrier-density Rabi flogzontribution of many-particle correlations beyond Hartree-

.
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by
=3

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
3 y broadened exciton resonance. This propagation beating is
highly sensitive to the radiative interwell coupling, which
clearly demonstrates the influence of the optical dephasing
time T, 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.
FIG. 10. High-intensity propagation of 560 fs input pulses Gap solitons cannot be expected in such a MQW photonic
(short-dashed lingsresonant to the hhslexciton through the crystal. For highly nonlinear excitation, the reshaped input
Bragg-periodic MQW structurésolid lines. (a) Normalized cross-  pulses are transmitted through the structure, and we find sig-
correlation traces angb) transmitted spectrgc) Normalized calcu-  natures of self-induced transmission due to Rabi flopping
lated intensitie$E(t)|* and (d) [E(AN)[. and adiabatic following of the carrier density. Numerical

Fock levels and the additional contribution of near-resonangimulations using the semiconductor Maxwell-Bloch equa-
SPM in the GaAs substrate materd&lTuning the laser tions in Hartree-Fock approximation for the Coulomb inter-
wavelength around the QW exciton transition as well asaction are in excellent agreement with the experimental data
experiments performed on bulk GaAs showed similar nonup to intensities for which higher many-particle correlations
linear effects, thus giving proof for the strong influence ofbecome more important and SPM occurs in the sample sub-
SPM. strate.
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/ cfnsubstantial coherence between  The authors would like to thank H.-U. Habermeier and F.
the exciting laser field and the excitonic polarization within Schartner for the fabrication of the pulse-shaper masks. Fi-
the individual QWs is maintained over several hundred femnancial support for the Berlin group came especially from
toseconds. However, superradiant interwell coupling plays ¢he Deutsche Forschungsgemeinschaft through the Sonder-
minor role in this nonlinear excitation regime, so that theforschungsbereich “Wachstumskorrelierte Eigenschaften nie-
propagation through the MQW Bragg structure becomeslerdimensionaler Halbleiterstrukturen.” S. W. K. thanks for
qualitatively similar to the propagation through a MQW financial support through the DFG photonic crystal program
structure with arbitrary interwell spacing or even a thin film and the Humboldt Foundation and the Max Planck Society
of bulk semiconductor material. for support through the Max Planck Research Prize. The
Tucson group thanks NSFAMOP and EPDYJ and JSOP
(AFOSR and ARQ. H. G. thanks the DFG for support
We have presented an experimental and theoreticdhrough their program SPP 1113 and the BMBF “Photonic
study of subpicosecond pulse propagation on the lowedsErystal” program.
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