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Abstract: We discover and theoretically explore self-induced trans-
parency quadratic solitons (SIT-QS) supported by the media with quadratic
optical nonlinearities, doped with resonant impurities. The fundamental
frequency of input pulses is assumed to be close to the impurity resonance.
We envision an ensemble of inhomogeneously broadened semiconductor
guantum dots (QD) in the strong confinement regime grown on a substrate
with a quadratic nonlinearity to be a promising candidate for the laboratory
realization of SIT-QS. We aso examine the influence of inhomogeneous
broadening as well as wave number and group-velocity mismatches on the
salient properties of the introduced solitons.
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1. Introduction

The solitons have been at the heart of nonlinear physicsfor more than three decades. The reason
being they emerge as ultimate survivors of virtually any wave evolution scenario in conservative
nonlinear systems of unprecedented physical diversity, from hydrodynamic [1, 2] and plasma
waves[2] to pulsesin optical fibers[3] and matter wavesin Bose-Einstein condensates[3,4]. In
the optical context in particular, the interest in the quadratic solitons (QS), which are coupled
self-trapped entities in the media with quadratic nonlinearities, has been recently reinvigorated
thanks to the advances in fabrication of phase matching structures, see Ref. [5] for areview.

Although the history behind QS can be traced back to 1967 when Ostrovskii discovered self-
induced phase changes in nonlinearly coupled fundamental wave (FW) and second harmonic
(SH) in a noncentrosymmetric crystal [6, 7], the QS were not experimentally observed for a
while. As soon as high-damage optical materials with long enough interaction lengths became
available, however, spatial QS were observed in the bulk x(? media [8] and in planar (%
waveguides [9].

On the other hand, most common quadratic materials have very low group-velocity disper-
sion (GVD) and fairly large group-velocity mismatch (GVM). Thus, extremely long samples
and/or short pulses are required to explore the quadratic soliton regime [5]. These obstacles
hampered temporal QS generation until the application of an ingenious technique for tailor-
ing GVD and GVM culminated in the experimental observation of their key signatures [10].
Yet, in the pioneering experiment [10] the nonlinear crystal was too short and pulses too long
to unequivocally observe a dispersion-free propagation regime over severa dispersion lengths.
Thus, the existence of aternative routes to temporal QS formation—not relying on balancing
%@ nonlinearities with the GVD—is a highly relevant question, which, to our knowledge, has
not yet been adequately addressed. We note, however, that in the three-wave interaction situa-
tionin x@-media, neutrally stable QS were discovered [11] which do not rely on the GVD for
their existence, but require three waves with different carrier frequencies to mix.

In this paper, we present anew type of QS, self-induced transparency quadratic solitons (SIT-
QS), formed in resonant ¥(? media. The SIT-QS generation does not at al require any bulk
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medium GV D, thereby circumventing the major obstacle for temporal (2 soliton generation.
The proposed SIT-QS have a hybrid nature: the mutual self-trapping of FW and SH is achieved
by the joint action of both resonant nonlinearity, induced by exciting one-exciton transitions
in QDs, and the quadratic nonlinearity of the bulk medium. Specifically, we assume that an
input FW pulse is nearly resonant with one-exciton transitions in QDs, grown and randomly
spread over a substrate exhibiting a quadratic nonlinear optical response. As the FW pulse
enters the medium, it coherently excites the QD ensemble and— provided the pulse has a right
area—it can open a “transparency window” in the medium leading to the fundamental soliton
formation via the SIT phenomenon [12]. At the same time, the SH s generated via the (2
nonlinearity, provided a characteristic resonant absorption length is of the same order as a
typical length associated with the bulk ¥ (2 nonlinearity. The SH pulseis“dragged” by the FW
into the transparency window forming a mutually self-trapped SIT-QS pair. We stress that our
results reveal a hitherto unbeknown extension of quantum optical SIT solitons to the realm of
quadratic solitonsin x(? media.

Next, we emphasize that the SIT-QS formation demands neither large GVD nor extremely
high input pulse intensity—and hence ultrashort duration—which sets them apart from the con-
ventional temporal QS in quadratic media. Further, the discovered SIT-QS are fundamentally
different from the previously reported small-amplitude quasisolitons supported by resonant
media with quadratic nonlinearities [13]. First, while the latter exist for large wave number
mismatch, the SIT-QS require rather accurate phase matching which can be realized in quasi-
phase-matched structures. More importantly, though, the QS of Ref. [13] are supported by
media with collective plasmonic resonances which, being far from saturation, can be modeled
by the classical anharmonic oscillator model. In contrast in the SIT-QS case, the FW interaction
with an ensemble of individual QD resonances involves a swift time evolution of the QD level
populations which can only be adequately described quantum mechanically.

2. Quantitative analysisand physical model

We now present our quantitative model. We begin by examining short pulse propagation in a
%@ medium, randomly doped with QDs. The dopants can be modeled as two-level systems.
The fundamental pulse carrier frequency o is assumed to be very close to the resonance fre-
guency ay of a one-exciton transition in a QD; bi-exciton transitions in the QD ensemble are
forbidden by restricting ourselves to the case of circularly polarized FW and SH pulses [14].
Thus, only is the FW resonantly coupled with the exciton transition, while the SH is only
coupled with the FW viathe (@ nonlinearity. Provided the cubic nonlinear effects are negligi-
ble[15], the lowly varying field envelopes &1 and &> of the fundamental and second harmonic
pulses, respectively, obey the coupled wave equations

. . (2)x
o 19 iNdeg? 0% Xeft . . inke
(5% ) = e <7~ e ¥
02,2
o 19 0226t o iake
9, 10N e : 2
(az+vgz at) %= e ° @

Here vg1(Vg2) isagroup velocity of the fundamental (second harmonic) pulse, xéf)f isan effec-
tive second-order susceptibility of the bulk medium, Ak = 2k; — ky is awave number mismatch
factor, N is a density of dopants, deg is a dipole matrix element of the ground-to-excited state
QD transition —the states are appropriately labeled by the indices g and e—and ¢ is a quantum
dipole envelope function describing the temporal evolution of the QD dipole moment. Further,
the quantum dipole moment ¢ and inversion w envelope functions obey the Bloch equations
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which can be written in the circular polarization basisas[12, 16]
0:0 = —(yL +1A)o —iQ1w, 3)

O:W = —7 (W—Weq) — 5(Q}0 — Q107). (4

Here we introduced the Rabi frequencies, Q1 » = 2deyé12/h of the FW and SH as well as the
transverse (dipol€) and longitudinal (energy) relaxation rates as y, and v, respectively.

Hereafter, it will prove convenient to transform to the reference frame moving with the funda-
mental pulse by changing variablesviz., 7 =t —2z/vg and { = z Inthe dimensionless variables,
Z={/La, T =1/7 and Q1 2 = Q1 57y, the coupled wave equations take the form

8@1 . ILA O 0. (6Z+00)
87 =1<o> TNLQ]_QZGI 5 (5)
and d La 0 ikl
o St A 0 \§ _ IKila =2 —i(8Z+g)
(az‘L Lw 8T> Q2= o e ' ©)

Here 7, isacharacteristic duration of the input FW pulse, 6 = AKL isthe dimensionless wave
number mismatch, ¢g is a constant relative phase of the effective susceptibility and the dipole
matrix element, and s;. = +1(—1) for v > 0(< 0) specifies the sign of the group-velocity mis-
match (GVM), v = vazl — vall. Further, we introduced three key physical length scales to this
problem: the linear absorption length La, the walk-off length Ly, associated with the group ve-
locity mismatch (GVM) of the fundamental and second-harmonic pulses, and the characteristic
nonlinear length Ly, in the ¥ @ medium defined as

1 T
La = —; Lw = —; LnL
o [v

. k102|deg‘fp

B Rw?|yett| ' @)

where o = N|deg|?@? /v/27thbky e9c? is alinear absorption coefficient, and b isaspectral width
of inhomogeneous broadening.

Next, the average over a distribution of dimensionless frequency detunings from one-exciton
resonancesin QDs, A = (® — ax) T, is defined as

<o>= / dAg(A)o(d). )

In this work, we assume the inhomogeneous broadening distribution to be a generic Gaussian
function in the form

I T 5 ©)
g  \2nbr, P 20272 )

Inthe coherent transient regime we explore, the pulses must be short enough: 7, < min(T,, T)),
where T) =yt and T) = )/H*1 are the transverse and longitudinal relaxation times. Thus, the
Bloch Egs. (3) and (4) reduceto

oo =—IiAc —iQW, (10)

orw=—15(Qr0 - Qi0%). (11)

In our numerical simulations, we consider In(Ga)As QDs grown on a GaAs substrate as a
prototype for our system. GaAs is known to have a sizable second-order nonlinearity, Xé?)f ~
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Fig. 1. Top row: intensity profiles of the FW and SH soliton pair. The parameters are
b= 10’MHz, § =0, and Ly = . Bottom row: same as the top row except there is no
inhomogeneous broadening.

2 x 1071° m/V [17]. Moreover, high efficiency SHG was experimentally demonstrated in the
medium thanks to efficient quasi-phase matching in orientation-patterned GaAs samples [18,
19]. We take N ~ 10?* m~3, the dipole moment matrix element to be deg =~ 5 x 10~2° Cm, all
magnitudes consistent with recent simulations [20, 21] and experimental work [21,22].

Further, we work with the input 2z-pulses in the picosecond range, say, 7p ~ 1 ps which
is also consistent with the previous experimental and numerical work on SIT on bound [21]
and free [23] exciton resonances. As the characteristic relaxation times for typica QDs are
T, ~ 2T ~ 100ps at room temperature-and are several times longer if the sample is cooled
down to cryogenic temperatures [24]—the pulses are well within the coherent transient regime.
The inhomogeneous broadening width depends on the ensembl e preparation; atypical estimate
runs as b ~ 10’ MHz [20]. Using the above numerical values, we estimate Ly ~ 1.5 mm and
Lne =~ 0.8 mm, implying that La ~ Ly which is favorable for the SIT-QS pair formation.
Taking into account that v istypically in the range 0.1-1 ps/mm for most x(? crystals [25], we
estimate Lyy to fall in the range from 1 mmto 1 cm.

3. Numerical ssimulations

A qualitative analysis-borne out by subsequent numerical simulations—reveals that the SIT-QS
formation and stability crucially depend on the magnitudes of the four factors: inhomogeneous
broadening width, wave number mismatch, temporal walk-off length, and the area of the inci-
dent fundamental pulse. In our numerical simulationsusing Egs. (5) and (6) aswell asEgs. (8)—
(11), we consider a 2r-Gaussian input FW pulse entering the medium; we assume there is no
power inthe SH at Z = 0. To illustrate the SIT-QS formation in the presence of inhomogeneous
broadening, we exhibit in Fig. 1 the evolution of the FW and SH pulse intensities as functions
of the propagation distance Z. For simplicity, we assume perfect phase matching and no tem-
poral walk-off. It is seen in the figure that a stable SIT-QS pair emerges over two characteristic
propagation distances for an inhomogeneously broadened sample with b = 10’MHz (top row
of Fig. 1). We stress that we have numerically propagated the solitons over several dozens of
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Fig. 2. Top row: intensity profiles of the FW and SH soliton pair. The parameters are b =
10’MHz, § = 3, and Ly = . Bottom row: same as above except b = 0.
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Fig. 3. Intensity profile of the SH wavefor (&) 6 =2, (b) 6 =3,(c) 6 =5and (d) § = 7.
The other parameters are b = 10’MHz and Lyy = .

characteristic absorption lengths and found no trace of instability. For comparison, the SIT-QS
pair formation is also displayed for an ideal homogeneously broadened sample in the bottom
row of Fig. 1. We observe that as the resonant light-QD interaction efficiency decreases due to
the inhomogeneous broadening—which is always present for realistic QD samples-the second-
harmonic soliton pulse develops atail at the trailing edge.

Next, we examine the role of inhomogeneous broadening in the SIT-QS formation with a
finite phase mismatch. In Fig. 2 we compare the SIT-QS pair formation in the presence of the
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Fig. 4. Intensity profiles of the FW and SH soliton components. The parameters are b =
10’MHz, § = 1, and Ly = 1mm.
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Fig. 5. Intensity profiles of the FW and SH soliton pair for secant hyperbolic (top row)
and Gaussian (bottom row) input 2z fundamental pulses. The other parameters are b =
10’MHz, § = 0 and Ly = co.

wave number mismatch, 6 = 3 in homogeneously and inhomogeneously broadened samples.
It is seenin the figure that in a perfectly clean sample even a moderate phase mismatch causes
breathing of the FW and splitting of the SH pul ses, respectively. In contrast, the inhomogeneous
broadening inhibits the instability and promotes stable SIT-QS pair generation albeit with the
SH component developing atail at the trailing edge.

The tail, however, grows rather slowly (adiabatically) on propagation, implying that the SH
component can be interpreted as a quasi-stable soliton even in the moderate phase mismatch
situation. As the phase mismatch increases, though, the inhomogeneous broadening can no
longer prevent the SH component break-up into two small-amplitude pulses. This situation is
clearly illustrated in Fig. 3 wherethe SH component intensity profileisdisplayed for four values
of the dimensionless wave number mismatch. Thus, we conclude that while the inhomogeneous
broadening plays a stabilizing role, the lack of the perfect phase matching can result in the
internal dynamics of the SIT-QS leading to their eventual disintegration.

Further, we study the temporal walk-off influence on the SIT-QS dynamics. In Fig. 4 we plot
the SIT-QS pair formation for the case of an inhomogeneously broadened sample with amodest
wave number mismatch, 6 = 1 and with the walk-off length of 1 mm. Asis seen in the figure,
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astable SIT-QS pair is generated, although the peak amplitude of the SH component decreases
on the soliton propagation as the overlap between the FW and SH is reduced due to walk-off.
Thus the SIT-QS formation is possible even in the presence of a rather substantial temporal
walk-off.

Next, we performed anumber of numerical simulationswith the input FWs of varioustempo-
ral profiles, including Gaussian and secant hyperbolic. The latter corresponds to a fundamental
SIT soliton in the FW component. Our simulations indicate that salient features of the SIT-QS
formation are largely insensitive to the initial temporal profile of the fundamental pulse. Toil-
lustrate this point, we present in Fig. 5 a comparison of the SIT-QS evolution for the 27-secant
hyperbolic (top row) and Gaussian (bottom row) input pulses for the perfectly phase-matched
situation with zero GV M, for simplicity. One can see in the figure that although the efficiency
of SHG with secant hyperbolic pulsesisreduced, the key qualitative features of the SIT-QS pair
persist. In physical terms, the different SHG efficiency is explained by the fact that powers of
the input 2 Gaussian and secant hyperbolic pulses are quite different, of course.

On the other hand, the SIT-QS evolution scenario strongly depends on the input FW area,
o = [T Qqdrt. In fact, we discovered that no SIT-QS formation is possible whenever the
magnitude of <7 is below z. For any input FW pulse with the area, = < &/ < 27, though,
the area magnitude goes through several oscillatory cycles, asymptotically attaining the value
of 2r; the same holds true for pulses with the area greater than 2. The oscillatory transient
dynamics of the area distinguishes the SIT-QS case from the pure SIT case in which the area
monotonously approaches 2z [12].

4. Conclusion

In conclusion, we have discovered and numerically explored a new type of solitons, self-
induced transparency quadratic solitons supported by noncentrosymmetric nonlinear media,
doped with resonant impurities. We have shown that the SIT-QS evolution and stability does
not depend on the shape of the input FW, but are strongly influenced by the interplay of inho-
mogeneous broadening and phase mismatch in the system. Whereas the former is a stabilizing
factor, the latter causes the instability that can result in the QS disintegration. To experimen-
tally realize the envisioned SIT-QS, we recommend that relatively long—afew centimeter long,
say—quasi-phase-matched samples be used. We have also demonstrated that the GVM does
not substantially affect the SIT-QS formation as long as the samples are sufficiently short. To
mitigate-to the point of eliminating—the GVM effects in long samples, one can use tilted input
pulses, following the technique of Ref. [10]. Finally, we note that although we considered only
quadratic bulk nonlinearities in the manuscript [15], the third-order nonlinearities can become
important for femtosecond input pulses and/or sufficiently large phase mismatch. The resulting
competition between (- and y(3)-effects, similar to those discussed in Ref. [26], can lead to
new interesting soliton regimes in the system. We plan to address this issue in the new context
of SIT-QSsin aforthcoming publication.
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