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Propagation-Induced Escape from Adiabatic Following in a Semiconductor
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Breakup of a below-resonance femtosecond pulse is observed in a room-temperature GaAs/AlGaAs
multiple-quantum-well waveguide using cross-correlation techniques. The breakup is due to neither
self-induced transparency nor temporal solitons. Instead, calculations based on the coupled semiconduc-
tor Maxwell-Bloch equations show that coherent self-phase-modulation during propagation drives the
system out of the initial adiabatic following regime into excitation density oscillations and eventually
pulse-shape modulations.

PACS numbers: 78.47.+p, 42.50.Hz, 42.50.Md

Coherent pulse propagation, including self-induced
transparency and pulse breakup, has been studied exten-
sively in passive atomic media [1-3]. However, such
coherent processes have only recently been considered for
semiconductors where the phase relaxation times are very

rapid [4,5]. Here we report the first experimental and
theoretical investigations showing coherent pulse breakup
in a semiconductor waveguide for photon energies below
the lowest (ls) exciton resonance. In this spectral region
the optical Stark eA'ect [6] should produce an ultrafast
change in the nonlinear refractive index with a response
time limited only by the polarization dephasing time.
This suggests that optical solitons may be formed in con-
junction with the group-velocity dispersion of the semi-
conductor waveguide system. However, for the fem-
tosecond experiments reported here the input pulses are
shorter than the polarization dephasing so that the
coherent nature of the light-semiconductor interaction
becomes of paramount importance. Coherent propaga-
tion is then shown to drive the system out of the initial
adiabatic following regime which leads to pulse breakup
and prevents soliton formation.

The experiments have been performed with an am-
plified (1 kHz repetition rate) hybridly mode-locked dye
laser. The center wavelength is k =870 nm and the pulse
duration is tz = 100 fs full width at half maximum
(FWHM) before entering the optics used for coupling
into the waveguide. The time-bandwidth product hvt~
=0.2 is indicative of transform-limited pulses with asym-
metric temporal shape that has been verified using stan-
dard cross-correlation techniques [7]. The waveguide is

inserted into one arm of the cross-correlator. The 1.2-
pm-thick 100-A GaAs/A1GaAs multiple-quantum-well
guiding region is sandwiched between A1GaAs layers for
vertical confinement with ridges in the top layer for hor-
izontal confinement supporting a single transverse guided
mode. The light is polarized in the growth direction
which simplifies the problem by allowing only the light-
hole excitonic transition.

Figures 1(a) and 1(b) show the experimentally mea-
sured cross-correlations of the transmitted pulses for both
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Fig. l. (a), (b) The measured cross-correlations of transmit-
ted high-intensity and low-intensity femtosecond pulses, respec-
tively. (c),(d) The corresponding calculated cross-correlation
pulses with areas of 2z and 7.5n. The time delay zero point is

defined by the peak signal without waveguide.

low and high intensity, respectively. These results were
obtained using a 0.37-mm-long waveguide, and peak in-

tensities of 8.5 GW/cm [Fig. 1(b)] and 0.8 GW/cm
[Fig. 1(a)]. The 4.5-ps delay observed upon transmission
is the result of group-velocity delay. In comparison to the
input pulse the transmitted low-intensity pulse in Fig.
1(a) has a 300 fs FWHM, but does not otherwise show

any significant distortion. This temporal spread com-
pared to a 100-fs input pulse can be attributed to linear
dispersion mainly in the waveguide coupling optics which
stretches the pulse to a 200 fs FWHM even without the
waveguide, and the spread inherent in the cross-
correlation process using a reference pulse of finite dura-
tion. In contrast, pulse breakup is clearly seen in Fig.
1(b) for the high-intensity pulse. The main peak of the
transmitted pulse still has approximately a 300 fs
FWHM, but now a secondary peak appears on the trail-
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Figures 1(c) and 1(d), corresponding to the experimen-
tal results in Figs. 1(a) and 1(b), show the calculated
cross-correlations of the transmitted pulses obtained
by numerically integrating the coupled semiconductor
Maxwell-Bloch equations (1)-(4). Good agreement be-
tween theory and experiment is obtained, with pulse
breakup clearly evident for the 7.5tr pulse in Fig. 1(d).

To obtain physical insight into what is responsible for
the observed pulse breakup we have performed an exten-
sive series of diagnostic tests involving the calculated ex-
citation density N =2+~iitx(0)

~
ni and the pulse shape at

different locations ( within the waveguide. In Fig. 2(a)
at z =g =0 pm the excitation density N is seen to closely
follow the input intensity with no oscillations. This is

consistent with the adiabatic following hypothesis [12],
though a residual density remains after the pulse due to
the finite polarization dephasing time. Thus the pulse
breakup cannot be simply ascribed to off'-resonance Rabi
oscillations in the excitation density as found in self-
induced transparency: The eff'ective Rabi frequency can
only decrease with propagation distance since the field

amplitude is decaying excluding the possibility of Rabi
oscillations downstream. We also note that, in compar-
ison to the work of Grischkowsky, Courtens, and Arm-

strong in Rb vapor [3], the propagating pulse profile does
not show significant pulse steepening. However, the cal-
culations of Figs. 2(a) and 2(b) show that oscillations in

the excitation density precede the pulse breakup, and we

therefore trace the source of the pulse breakup to the ex-
citation density oscillations. To make this clearer, if we

neglect the effects of group-velocity dispersion in Eq. (1),
then combining Eqs. (1)-(4) yields the exact result

N~ )E( „)( =- ""'"' ~N (6)

So temporal oscillations in N are converted to temporal
oscillations in the pulse intensity profile ~E(g, ti) ~

through propagation, )E(g+dg, tI) )

—~E(g, tI)) ee 8N/
arl.

P (g, rt) = — [1 —2n (g, rt')]E(g, ri')e ""
2h ~-"

The coherent nature of the interaction is implicit in the
fact that the polarization depends on the prior temporal
history of the electric field. Inserting Eq. (7) into Eq. (3)
we see that the excitation density nx is driven by interfer-
ence in terms of the form E(g, )Ert(g, rt'), between the
field at (retarded) time tI and earlier times ti'. The dom-
inant contributions to these terms come from times obey-
ing g

—q'& r. For tz»r, on the other hand, the ex-
ponent exp[ —(rt —tl')/z] becomes strongly damped, the
polarization then adiabatically follows the field (time his-
tory erased), and the interference terms vanish. Note
that this is in perfect accord with our experimental and
numerical results for long pulses (tz =5 ps»r =200 fs)
for which pulse breakup was absent. If in the coherent
case (tq « r ) the propagating field is sufficiently frequen-
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FIG. 3. (a) Calculated frequency chirp dp/dri (solid line) at
(=120 pm. The pulse intensity {dashed line) is plotted for
reference. (b) Temporal profiles of the carrier density N at
(=120 pm resulting from solving the semiconductor Blocb
equations with the exact numerical phase solution p(q) (I, solid

line), a first-order fit p(rt) =peart (II, long dashed line), and a
second-order fit p(q) =p~rt+pqrt (III, short dashed line).

The oscillations in the excitation density which trigger
the pulse breakup are due to the coherent light-matter in-

teraction. To see this, one first formally integrates Eq.
(2) to obtain

- l/r)(q —g') dg. (7)

cy chirped by self-phase-modulation, the phase of the

electric field changes rapidly enough to escape from the
adiabatic following regime and produce interference
terms that drive oscillations in the excitation density
which in turn cause pulse breakup. To test this mecha-
nism for pulse breakup we have extracted the numerically
calculated field at ( =120 pm, which we write in terms of
its real amplitude 6 and phase p, E((=120
pm, tI) =B(ti)exp[if(rt)]. As seen in Fig. 3, while the
amplitude 8 (rt ) merely shows a small modulation
[dashed curve in Fig. 3(a)] the density N [solid curve in

Fig. 3(b)] is already oscillating, driven by the large fre-

quency chirp of the instantaneous light frequency,
Ato(ti) = —8&/Bti. We have also fitted the phase by the
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curve ttt(rl)=p~ri+pzri around rl=0, frequency chirping
being represented by the second term. Figure 3(b) shows

the solution of the semiconductor Bloch equations at
(=120 pm for the cases (I) exact numerical solution,
(II) p(rl) =p~rl, and (III) p(ri) =p~rl+pzrl . It is clear
that the approximate simulation including frequency
chirping (curve III) is in much better agreement with the
exact numerical solution, thus demonstrating that fre-
quency chirping due to self-phase-modulation indeed re-
sults in interference terms which drive the excitation den-

sity oscillations.
In a Bloch-vector representation one can describe the

light-semiconductor interaction at (=0 by adiabatic fol-

lowing, i.e., the rate of change of E (=1/100 fs) is slow

compared with the precession frequency (0 +At, )'i,
and the Bloch vector p follows the torque vector. But by
(=120 pm, t)tet/|)rl instantaneously reaches A~, /2. This
violates the adiabatic following criterion since 8E/t)tl
=i(rJ//r)rl)E, when r)&/r)ri is large [12]. In Bloch-vector
jargon the effective field moves too fast for p to follow;
with a component of the effective field perpendicular to p,

p is rotated giving oscillations in the carrier density N.
In conclusion, we have observed below-resonance,

coherent pulse breakup in a room-temperature semicon-
ductor waveguide for the first time. Simulations of the
semiconductor Maxwell-Bloch equations identify the
effect as propagation-induced escape from adiabatic fol-

lowing. This coherent effect, which is distinctly different
from self-induced transparency, a temporal soliton, or
self-steepening, should be ubiquitous under off-resonance
pulse propagation with a pulse duration less than the po-
larization dephasing time.
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