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Ultrashort Pulse Lossless Propagation Through a
Degenerate Three-Level Medium in Nonlinear Optical
Waveguides and Semiconductor Microcavities

Gabriela Slavcheva, John M. Arnold, and Richard W. ZiolkowBkilow, IEEE

Abstract—The authors develop and apply a novel group-theo- phenomena. Under the assumption of slow variation of all vari-
retical approach for studying the coherent dynamics of ultrashort  ables in space and time [slowly varying envelope approximation
pulsc_a propagation_ in nonlinear optical waveguides a_nd passi_ve (SVEA)] and rotating wave approximation (RWA), the set of
semiconductor microresonators. The resonant nonlinearity is equations describing SIT is completely integrable in one dimen-
modeled by a degenerate three-level system of saturable absorbers. . .
in order to allow for a two-dimensional medium polarization. sion and thelsollton solutions corresponq toi_thepulses [3]. IF
The resulting Maxwell-pseudospin equations are solved in the has been pointed out [4] that the SIT-soliton in one-dimensional
time domain using the finite-difference time-domain method. (1-D) resonant medium is exponentially localized and stable.
Conditions of onset of the self-induced transparency (SIT) The original Maxwell-Bloch equations (without the restrictions
regime of propagation are investigated. Numerical evidence of of the SVEA and RWA) represent considerable interest since
multidimensional solitons localized both in space and in time .o hr6vide a model of the resonant coherent interactions on
is given for the planar optical waveguides. Pattern formation ltrashort ti | Th wtical i tioati f the full
and cavity SIT-soliton formation are demonstrated for a passive ulirashort ume scales. e gnay Ical Inves .Iga lon o el
semiconductor microcavity filled with saturable absorbers. set of Maxwell-Bloch equations, however, is rather complex

and no exact solutions have yet been found even in one dimen-
i < . . sion. If the restrictions of SVEA are removed and the require-
ight bullets, Maxwell-Bloch system, multidimensional solitons, -~ . L
resonant nonlinearities, self-induced transparency, semiconductor ment of unidirectional propag_auon 1S 'mpo_sed' th_e SO'Ca_'lled re-
microcavities, Spa’[iotempora| dynamics_ duced Maxwell-Bloch equat|0ns are ObtaJned, first derived by
Eilbeck et al. [5]. It has been shown [6], [7] that the reduced
set of Maxwell-Bloch equations in one dimension is an inte-
. INTRODUCTION grable system and consequently has soliton solutions. However,

ONTEMPORARY integrated optoelectronics and da@s has been pointed outin [8], the requirement of one-way wave
C acomm applications pose severe requirements on i@pagation leads to a limitation of the resonant atoms’ concen-
stability of the shape of the propagating pulses as their tempdfation. The assumption of one-way wave propagation neglects
width is constantly decreased. As a consequence, the shoP@gk scattering and, therefore, is applicable only at a relatively
the pulse is, the greater is the range of spectral componel@ dipole density, i.e., for resonant media composed of gases,
that it contains, and the greater is the tendency for the pulsemgtal vapors, or impurity doped glasses. Moreover, realistic sit-
spread out during propagation. Therefore, dispersion prese#®ions require consideration of damping caused by dephasing
a limit to either the shortness of the pulse or to the propagatiBfPcesses and population relaxation, which in turn leads to ad-
distance without significant distortions in optical systems. Aitional terms in the Maxwell-Bloch system. This represents
solution to this fundamental limitation might be sought eithednother complication for analytical methods. The basic limita-
in engineering photonic structures, which would allow contrdions and oversimplifications of the analytical approaches can
of the pulse shape, or by introducing active resonant nonlind¥ overcome by employing various numerical techniques. In
media and exp]oiting the self-induced transparency effedty.s respect, the efﬁciency of the finite-difference time-domain
in it, exploring and identifying lossless (soliton) regimes ofFDTD) method, applied to the problem of ultrashort pulse in-
propagation. It is more likely, however, that a combination dgraction with a two-level atomic system in one dimension, has
both approaches would provide a general solution in the futuReen demonstrated in [9].

Since the pioneering work of McCall and Hahn [1], [2], it The solution of the Maxwell-Bloch SyStem and the related
has been well known that the resonant coherent interactiondsfestion of integrability become much more complicated in the
pulses shorter than the characteristic relaxation times of t@re realistic multidimensional case. In this paper, we shall
medium gives rise to the effect of self-induced transparenbﬁ interested in the novel, little investigated, class of multidi-
(SIT) that results in solitary electromagnetic wave propagatidfensional solitons, localized both in space and time, obtainable

by two-dimensional (2-D) and three-dimensional (3-D) self-in-
duced transparency phenomena which we shall call SIT-light

Manuscript received December 20, 2002; revised June 23, 2003. This wdillets, in agreement with the terminology adopted for multidi-
was supported by the EPSRC under Grant PHOTON. mensional spatial solitons [10], [11].

Th_e authors are wit_h the Department of Ele_ctronics and Electrical Engi- Onthe other hand, photonic structures, and in particular semi-
neering, Optoelectronics Research Group, University of Glasgow, Glasgow . Dl . . .

G12 8LT, U.K. (e-mail: gaby@elec.gla.ac.uk). conductor microcavities containing resonant media, provide a
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allows for the existence of highly nonlinear modes of propagt&roduced in [15] for treatment of the resonant coherent inter-
tion. For example, the interplay between Bragg reflections thadtions of ultrashort light pulses with discrete-multilevel sys-
block the light propagation in photonic bandgaps, and the dems. This formalism is based on the group-theoretical treatment
namical modifications of these reflections by coherent nonlineapplied to intense-field electrodynamics. It has been demon-
light-matter interactions, results in a unique type of nonlinegtrated that the dynamics of the multilevel laser-atom interacting
modes, localized both in space and time, called cavity SlT-SOé;iystem at or near resonance exhibits the Gell-Mann SU(N) sym-
tons. Cavity spatial solitons in semiconductor microresonatqfﬁgtry_ Exploiting the group-symmetry properties of the inter-
(light bullets) have been predicted in [12]. They have beengtion Hamiltonian, we have originally derived a self-consis-
subject of .intensive investi_gations by a number of theoreticgint set of coupled curl Maxwell-pseudospin equations in two
a.nd experimental groups in the past decade (for a recent $Patial dimensions and time for the nonlinear resonant medium
view of the present state, see [13] and the references thereip)qeled by an ensemble of degenerate three-level quantum ab-

in_ view of the possibility of rez_ilizing individually addressam%orbers. We consider a V-type degenerate three-level system of
pixel arrays based on SIT-cavity pattern formation effects. Trl; sonant dipoles for which, as we have shown in [14], the dipole
latter can be exploited for optical storage of information a ’ '

. . S : . oment operators along the propagation direction and trans-
parallel optical processing utilizing the spatial solitons as fag P g propag

L " S . . verse to it are orthogonal. We have justified the degenerate three-
mobile information carriers in a new type of information pro;

cessing devices. However, for the sake of simplicity, these trig\-/el system as a minimum requirement in order to describe po-

oretical and numerical studies of the optical light bullets bas aglzan_on "?duc?d by the elecyromagnetlc wave in two (_)rthog-
on the Maxwell-Bloch system have always been limited to tI?é‘al directions in the we_wegmde plane. The pseudospm. equa-
slowly varying amplitudes of the electric field and polarizatiorfO"'S &€ phenomenologically extended to include relaxation ef-
or on the mean field approximation [12]. Here, we shall appfﬁCtS by mtroducmg nongnlform degay ’Flmes corresponding to
the novel formalism for description of the resonant coherent il various dipole transitions occurring in a three-level system.
teractions of an optical wave with a discrete multilevel systerd/e shall be interested in the TM mode of the 2-D optical wave
which has been previously developed and details of which haa parallel mirror waveguide since this mode couples all three
been published elsewhere [14]. levels of the system and therefore is irreducible to the 1-D case
In order to investigate the multidimensional spatiotemporéeated in [9]. Maxwell pseudospin equations for the TM wave
localization phenomenon, we need to consider at least a 2-D réerived in [14] read
onant medium. Generally, increasing the number of the spatial

dimensions of the pulse propagation problem implies a corre- OH, - _ 109E, + 10k,

sponding increase in the number of the energy levels of the mul- ot p Oy p 0z

tilevel quantum system coupled to the electric field by dipole in- oFE, 10H, 10P, )
teraction. We have previously shown [14] that, as a minimum re- ot e 0z e Ot

quirement, itis sufficient to consider a degenerate three-level en- OE.  10H, 10P,

semble of atoms in which two of the allowed electric dipole tran- ot e Oy e Ot

sitions are excited by each of the two components of the E-field Py = —pN,S1; P.= —pN,S; (2)
in the waveguide plane. This allows for an adequate modeling S ™

of the interaction of an ultrashort laser pulse (one-photon exci- 5 =M 7S -a(S-Sg) 3)

tation) with the medium in two spatial dimensions within the

adopted generalized pseudospin formalism [15]. In what fokhere S is an eight-dimensional real coherence vector de-
lows, we shall consider the most general case of a damped seribing the time evolution of the quantum system. The
semble of dipole oscillators chosen as representative of a horimroduction of a real coherence (pseudospin) Bloch vector
geneously broadened degenerate three-level quantum systepepfesents a generalization of the well known real-vector
polarized atoms which is at or near resonance with the pulsergpresentation of the density matrix formalism for a two-level
2-D-wave radiation. This physical system could represent, feystem. The real pseudospin vector components are related to

example, an ensemble of atomic dipoles enclosed in a small p¢ie elements of the density matrix by the following:
tion of a microcavity. However, the model potentially could rep-

resent an adequate description of the heavy-hole exciton transi- Si = pra+ fpo1;  So = oz + pao @)
tion in a quantum well within the two-band formulation for the . R o .

semiconductors. The multisubband structure of such excitons °2 = £13 + /315 84 = —i(p12 = p21) ®)
is a motivation for applying the present model to the semicon- S5 = —i(p23 — p32); Se¢ = —i(p13 — p31) (6)

ductor quantum-well systems at the center of the Brillouin zone.

In this paper, we shall be aiming to give numerical evidence
for the existence of 2-D SIT-soliton solutions in planar optical
waveguides and semiconductor microcavities. The physical meaning of the real coherence vector compo-

nents is as follows$; andS, represent, respectively, the disper-

sive or in-phase and the absorptive or in-quadrature polarization

components associated with the dipole transitien 2, S; and

S5 are the polarization components associated with the dipole
We employ the formalism developed in [14]. Our considetransition2 — 3, S; and Sg are the polarization components

ations are based on the generalized pseudospin formalismaasociated with the dipole transitidn— 3, and the last two

o PO
Sz = —(p11 — p22); Ss = —E(P11+022—2P33)- (")

Il. THEORETICAL BACKGROUND AND NUMERICAL
IMPLEMENTATION
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componentsS; and Sg are the population terms representing [ e
the fractional population difference in a three-level system. . eyat
The matrixM™ is 8 x 8 and antisymmetric with only nine ©
. . . . E,(i+1, E(i+1, S, (i+1, E(i+1,
independent nonvanishing components, given by 1._1,2)‘ Sty |2 | i)
H,(i+172, Hi+12, PEGi+12, [Hi+1/2,
0 0 0 —wo —£2 0 0 0 d‘-vz) E,(i+1/2,)) dmz) j+1) @43}2)
00 0 Q 0 Q 0 0
0O 0 0 0 Qy —wp 0 0 S, (ij-1) |BG2) 1S, ) E0i+12) |5, (ij+1) | B+32) |8, (ij+2)
MIM_ [wo =22 0 0 0 0 -20, 0 o @;;ig;xz, E172)) @iﬁg& o L y
@€, 0 0 —Qy 0 0 0 0 E,(i-1, E(i-1, S, (i1, B/t
—, _ _ - i1, j+ j )
0 —Qw 0 0 0 Q. —V/30. M) sty |2 (1) | #82)
0 0 022, O Q, 0 0 f“f‘:)’?’
0 0 0 0 0 V32. 0 0 .
(8)
We have defined Rabi frequencies of oscillations alongithe o
andz directions according to Fig. 1. Discretization of the Maxwell-pseudospin system using finite
differences on a 2-D Yee grid with polarization variablgs assigned to the
Q = © empty nodes.
y = ﬁ Y
§© Transmission B.C.
Q. ==F, 9) S
z h z z z ~
z=1 1 ij z=1 \ [ 1 - Top
wherep = eqy is the dipole coupling constant apglis a mea- Perfectly "\ DBR
sure of the separation between the charges in the dipole. We Reflecting B.C. v
have denoted the density of the resonant dipolesvpyn 2) = N . { ' / VN ]
y p ¥ ¥ / i
and in (3) introduced the diagonal matrixof the nonuniform . / {
relaxation rates of the eight components of the coherence vectol g, P
S toward its equilibrium stat8g i
1 1 1 "\ Bottom
oc=diag| —, —,...,— ] . 10 7 e
g<T17T27 7T8> ( ) _/ DBR
z=0 i z= i | _
Due to dephasing, only the last two population components of v=e '\{\d Y y=0_~ g Y
Sk are nonvanishing, name8xg = +1 andSgg = +(1/v/3) Transmission B.C.

in agreement with the normalization of the density matrix CONkig. 2. planar parallel mirror optical waveguide geometry (left), a
ponents. The equilibrium population terms define the initiaemiconductor microcavity (right), and electromagnetic field configuration of

; ; _ TM mode considered. Lowér = 0) and upperz = L) interfaces are
populatlon pl’OfIle of the degenerate three-level system. \Iwgfectly transmitting, while the side walls are perfectly reflecting. Initially,

shall assume that-) corresponds to a system which is initiall)}t)he optical wave enters in the air buffer (free-space region) and afterwards
in its ground state and+) to the system with population propagates in the absorbing medium and exits through another free-space
inversion created by some pumping process, i.e., initially in tfiggion; cavity is filled with absorbing medium in the case of semiconductor
excited (doubly degenerate) upper state. Thus, we can molagfoca\my'

both absorbing and gain resonant media.

The full-wave vector Maxwell's equations coupled to th&€onsideration. Initially, we apply the plane polarized TEM (or
time evolution equations of the degenerate three-level quantdffo) mode with amplitudet, carrier frequency, tuned at
system are discretized using finite differences on a speciall}e resonance of the degenerate three-level system, modulated
constructed modified Yee grid (Fig. 1) and solved numerical?/ an arbitrary envelope. We conjecture a hyperbolic-secant
in the time domain using FDTD method [16]. This, in turn{f.s.) envelope in two dimensions, as this is the stable solution
allows a very general treatment which accounts for the nogavelope in 1-D self-induced transparency [1], [2]. Therefore,
linearity, dispersion, absorption/amplification, saturation, arf@r any time moment, the initial pulse is given by
resonant effects without invoking any standard approximations
(such as SVEA and RWA). We shall be interested in planar E,(z=0,y,t) = Eq sech(10T") sin(wot)
optical waveguide and semiconductor microcavity geometries E.(2=0,y,t) =0 (12)

(Fig. 2). The initial value problem considered is a Goursat-type

one and, therefore, is well posed if the whole time history a¥herel’ = [t —(T,,/2)]/(T,,/2) andT, is the pulse duration. In
the initial electric field is given along some characteristic (e.¢fhe more general TM case, we excite a TM guided mode (e.g.,
the beginning of the medium = 0) (see [17]). We start to 7'M;) modulated byh.s envelope

propagate a source pulse through the medium and monitor the Ty

spatiotemporal dynamics across the structure. We selected thg,(z=0,y,t) = Eyc; cos (7) sech(10T") sin(wot)

guided modes of a parallel mirror waveguide as the most nat- Ty _

ural choice of the source field for the planar geometries under:(2=0,y,t) = — Eoc; sin (7) sech(101) sin(wot) (12)
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with coefficients given by os
e 2 0.6
23 - (E) s 2:
d 20

= ; = 13 x
“ woepn? P woeen2 (13) {OZ
whered is the separation between the mirrors ani the re- -04
fractive index of the medium between the mirrors, which in ‘2:
the case of a microcavity varies with the axial distance from '

the lower interface as the wave propagates through the multi-
layer system. Throughout the computations, we have imposed

absorbing (perfectly transmitting) boundary conditions at the 1
interfacesz = 0 andz = L based on the Engquist—-Majda 08 ‘ "
one-way wave equation, derived in [14] and perfectly reflecting 06 ’ | |
(perfectly conducting) boundary conditions on the side walls of 0.4 ‘ ) |
the waveguide, i.e.Fi., = E. = 0. To ensure stability of o2 ‘ }
the numerical algorithm, the time step is chosen according to "’_027 ] l (
the Courant stability criterion in two dimensions. The system _0:4,
(1)—(3) [with (8)—(10)] is solved by the FDTD time stepping al- o8/ | | \ ;
gorithm with a predictor-corrector iterative scheme at each time 08l | ; f k | \ j
i i ‘ ! J
step (see [14, Appendix]). -1 Bw p W
2 [um
[ll. SIMULATION RESULTS (b)

A. Planar Parallel-Mirror Optical Waveguides Filled With
Absorbing Medium

We have thoroughly investigated the SIT phenomenon in two 04
spatial dimensions in order to identify regimes of stable solitary o2
. L - £,

wave propagation. As a validation study of the model, initially 7

we have demonstrated soliton-like behavior of the plane-po-
larized TEM mode of a planar parallel mirror optical wave-
guide containing a resonantly absorbing medium (left part of

Fig. 2). In particular, we show that if the initial pulse area of the »

pulse injected in the resonant absorbing mediym.. = 2, ° B %0 B e 1’ W
the 2-D pulse continues to propagate undistorted, as predicted ()

by the pulse area theorem [1], [2] for 1-D self-induced trans- 1

parency solitons. We excitelg, = 100 fs pulse from the lower 08

boundary, whose maximum field amplitude is chosen according 08

to the pulse area theorem, namely for a h.s.-modutgalilse
[14]

2mh
fo o (14) /) A
@ arctan (sinh(u))|_, |/ \ / ‘
We assume the following values of the parameters in our sim- K \\// \ §
ulations: excitation wavelength = 1.5 um, corresponding to 75 100 125 150

z[um]

a frequencyf, = 2.0 x 10** s7!, coupling coefficienty =

. . (d)
1.0 x 1072 cm, number of resonant dipoles per unit volumle:. s <onb he sol (@, (&) and di ) ©
— 1024 m-3 ; : : _ _ ig. 3. Comparison between the soliton case (a), (b) and dispersion case (c),
No = 107 m™, apg uniform rglaxatlon tlmeT,l =1y = (d). (a) Longitudinal cross-section plot of the normalized compotgnof a
.. Ty = 1.0 x 10 s > T, in order to satisfy the SIT 2r pulse. (b) Corresponding population inversi®nversus distance along the

criterion and to avoid virtual pulse distortions due to nonungtructure at the time = 150, 250,350,500 fs; initial population profileS7.
form decay rates. With this choice of parameters, the mgximt% 'ngflse:t'gybg;‘gd[?gis ;Jlgée a%sggpe%&fﬂﬁg'p(gr))jgito?]f it::\'fe'r‘soig;‘a"zed
pulse amplitude i, = 4.2186 x 10° Vm~". The following versus distance at the simulation times of (a), (b).

space and time steps are assumed in the simulatibpas=

30 nm, Ay = 300 nm, At = 9.989 x 10~2 fs. In Fig. 3, we

plot the time evolution of the stable soliton solution for thg the increasing asymmetry of the pulse in the latter case, as the
field component along with the corresponding population tergulse continues to propagate through the absorbing medium.
S; as compared with the dispersion case obtained for initiat the same time, the three-level system is only partially in-
pulse ared .. = 0.9, yielding maximum field amplitude verted and the population term does not exhibit full Rabi flop-

Ey = 1.18957 x 10° Vm~!. The comparison clearly showsping, as in the soliton case. The energy absorbed by stimu-
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0.5/

e, £

IEE S, S,S,
(=]

50 55 65 70

60
z [pm]

Fig. 4. Longitudinal cross section of the modulus of the electric field pulse and
the meaningful real coherence vector componéntsS,, andS~ representing

the dispersive (in-phase) part of the induced medium polarization, the absorptive
(in-quadrature) polarization component, and the Rabi flop of the population =, 0.2
difference in the degenerate three-level system, respectively, for the soliton case
of Fig. 3(a).

lated absorption during the initial fraction of the pulse gradu-
ally decreases, while at the same time the energy returned back
to the electromagnetic field by stimulated emission increases, s 1o 15 20 25 30 35 40 45
thus driving the pulse out of its initial equilibrium symmetric 2 [pm]

shape. This process persists until the leading edge of the pulse is (b)

fully absorbed and the trailing edge is emitted through the lower
boundary. By contrast, in the soliton case (a), the pulse main-
tains its fully symmetric shape, thus propagating without losses
through the absorbing medium. We demonstrate numerically
the equivalence of the plane-polarized TEM mode propagation
with the 1-D TE-soliton propagation considered in [9]. The real
coherence vector components which have physical meaning in
this case are plotted in Fig. 4 along with the electric field ex-
citation for the soliton case [Fig. 3(a)]. Furthermore, we show
that the TM guided mode of the planar parallel-mirror wave-
guide which couples all three levels of the quantum system and,
therefore, is irreducible to the 1-D case, exhibits soliton-like be-
havior, if the pulse amplitude satisfies a generalized pulse area
theorem, which we have restated for the mutidimensional pulse
propagation [14]. We show that if the initial pulse area below the
field modulus is chosen as an even multiplerothe solution
obtained is stable and propagates without distortions in the ab-

sorbing medium. We launch a source field given by (12) and (13) o2 ) \

corresponding to the TMguided mode of the waveguide. The 04 / {

maximum pulse amplitude is calculated according to the gener- 06 / l; / /

alized pulse area theorem, givifly = 1.123x 107 Vm~'. Spa- _0s8 ) \ ) \ )

tial steps along the propagation axiare chosem\z = 1.5 nm, - - 2 NN
andAy = 119.5 nm in the transverse direction, implying a time ° s l0 1S o pe %0 %% 40w
stepAt = 5 x 1073 fs. The separation between the mirrors is (d)

taken as! = 9.92 um and the refractive index is assumed t@ig. 5. (a) 3-D plot of the time evolution of the optical field of tH&\,
ben = 1. In Fig. 5, the time evolution of &z (in the sense pulse modulus at the simulation times= 90, 125,155 fs. (b) Longitudinal
of the generalized pulse area theorem) Tpdilse is plotted at cross section of (a) at the same simulation times. (c) 3-D-plot of the population

. . . . L . .inversion term.S; time evolution corresponding to (a). (d) Longitudinal
three simulation times during the propagation in the absorbiggss_section plot of (c).
medium together with the corresponding population inversion
dynamics. The soliton-like behavior is clearly discerned fromespect to the propagation axis. The longitudinal Rabi flopping
Fig. 5(a) and (b), showing unchanged pulse shape as the pudggotted in Fig. 5(d) showing the same behavior of excitation to
travels through the absorbing medium, whose boundaries arethre upper doubly degenerate level and de-excitation back to the
dicated by the initial population profil&; . The population in- ground state caused by the pulse passage. Moreover, the char-
version [Fig. 5(c)] performs two Rabi flops across the transveraeteristic cubic polynomial features are also present as in the
dimension of the optical waveguide due to the symmetry wiftrevious case (compare with Fig. 4 and [9]).
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Fig. 6. 3-D-plot of the refractive index variation across the structure; cavity is
filled with absorbing medium.

B. Semiconductor Microcavities Filled With
Absorbing Medium

We have investigated numerically conditions of onset of
SIT-cavity soliton formation in a semiconductor microcavity
driven by a coherent ultrashort pulse, applied at the lower
boundary (Fig. 2, right). In order to test the influence of the
cavity length on the patterns, we have designed a number of
2-D semiconductor microcavity geometries at an operating

wavelengthA = 1.3 um. The first microcavity geometry ®)
considered is composed oba /2 cavity filled with absorbing
medium ;g = —1; Ssg = —1/\/§ initial population dif- Popuiaion decance profle S, 141313

ference is assumed) embedded between 31.5 pairs GaAs/AlAs
guarter-lambda layers [bottom distributed Bragg reflector .
(DBR)] and 24 pairs AJ.5;Ga 5As/Aly sGa 2As top DBR 0a—
stacks preceded by an intermediate layey &a) s As/GaAs.

The refractive index profile as a function of the in-plane
coordinates corresponding to the above structure is plotted in
Fig. 6. Initially, an ultrashort plane-wave (TEM) pul$g = 10

fs is excited from the lower interface (Fig. 2 right-hand side,
or Fig. 6(z = 0)), at the atomic resonance carrier frequency,
modulated by a hyperbolic secant as a trial pulse. The choice

of the envelope is assumed consistent with the waveguide ' ; r i
soliton solutions. The maximum pulse amplitude is calculated ©

according to the pulse area theorem, leading to a value of

Ey = 3.89144 x 10'° Vm~!. The relaxation times are kept Poguiaton difronco profle 5,3 14136-13 4]

uniform and equal to 100 ps throughout the simulations in order
to satisfy the SIT criterion and to avoid any distortions that
may occur due to the different time scales of the decoherence
processes. The dipole density and the dipole coupling constant
are chosen in agreement with the previous section, respectively,
asN, = 10%* m—3 andp = 1.0 x 10722 cm. The width of the
microcavity between the side mirrors is chosen the same as in
the waveguide case, namely= 9.92 um. In what follows, we
shall show that the pulse area requirement is not a necessary
condition in order to obtain SIT cavity patterns. Similar to
the self-induced transparency in resonantly absorbing Bragg
reflectors (RABR) the initial pulse may have an arbitrary
pulse area [18]-[21]. Even relatively weak pulse amplitudes

08

{06

2 fum]

(d)

would lead to SIT intracavity patterns after suﬁiciently |oni;g. 7. (a) 3-D-plots of the modulus of the electric field in the vicinity of

. . . . . . -the microcavity. (b) Top view of the modulus of the electric field. (c) 3-D-plot
simulation times. We shall be interested in the intracavi the population inversion quasi-stationary pattern induced in the cavity. (d)

pattern formation dynamics. In Figs. 7 and 8, examples of tiepulation inversion roll patterns (top view).
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Fig. 8. (a) 3-D-plots of theZ, electric field component in the vicinity of the
microcavity. (b) Top view of theE, electric field component distribution. (c)
3-D-plot of the E. component. (d) Top view of the spatial pattern of e

field component.
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Fig. 9. Longitudinal cross section of the refractive index profile at a distance
6 pm from the left interface.

quasi-stationary periodic patterns found are plotted. Localized
electric field modulus (or, equivalently electric field intensity)
roll patterns are observed within the cavity (see top line of
Fig. 7), giving rise to a specific number of full Rabi flops of
the population from the ground state with initial population
profile S; = —1 to the upper degenerate level with population
profile S; = +1, returning the population back to the ground
state. Note that the number of full Rabi flops performed within
the cavity is exactly equal to the number of the half-wave-
lengths across the cavity length (nine in this case, since the
cavity length has been chosdnh = (9A)/(2n). Although

the amplitude of the field intensity is changed with time, the
number of the maxima within the cavity corresponds to the
number of the Rabi flops in the level population occupancy,
thus forming a population inversion grating. The electric field
pattern and the population roll pattern exhibit the features of
quasi-stationary standing wave (quiescent) SIT-soliton. The
population Rabi flopping inside the cavity gradually builds
up with time starting from only a partially inverted system to
ultimately a completely inverted system (or very close to it), as
shown in Fig. 7(c) and (d). The combined effect of the multiple
reflections from the Bragg mirrors and the cavity length of the
Fabry—Pérot resonator (chosen as a multiple of the dielectric
half-wavelength) enhances the coupling between the driving
electromagnetic field and the three-level absorbing medium,
thus resulting in electric field localization (standing wave) and
at the same time causing Rabi flops of the population inversion
at the antinodes of the quasi-stationary standing wave. In fact,
this situation is reminiscent of the continuous wave formation
of a standing wave profile along the cavity. However, the
continuous wave amplitude is not sufficient to invert locally the
system. This can be achieved by an ultrashort pulse excitation
with sufficiently high intensity. At the same time, roll patterns
and more complicated ones are observed forAeand I,

field component, as can been from Fig. 8(a)—(d).

In order to test out the hypothesis of the existence of a unique
type of SIT nonlinear mode inside the cavity, we have performed
simulations on a number of different designs and driving pulse
durations. In particular, we have designed a structure operating
atA = 1.3 um shown in Fig. 9.

The semiconductor microresonator consists of two Bragg
mirrors, GaAs/AlAs (31.5 pairs), and AlGaoAs/
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Fig. 11. (a) Top view of the&Z, field component in the vicinity of the cavity.
(b) Top view of theE . field component showing a complex pattern.

excitation with duration7,, = 100 fs, which results in a
maximum field amplitude of5y = 4.8643 x 10° Vm™!, if the
pulse area relationship is assumed to be still valid. In Fig. 10,
the electric field modulus and the population inversion profile
in the cavity are plotted. The roll patterns are evident both for
the E-field and for the population inversion [Fig. 10(d)]. The
number of half-wavelengths over the cavity length and the
guasi-complete Rabi flops of the population is ten, i.e., exactly
equal to the number of dielectric half-wavelengths contained
within the cavity lengthL. = (10\)/(2n) in agreement with
the design parameter. This represents another confirmation of
the positioning and the number of the maxima of the population
grating induced by the cavity field. The respective E-field
component patterns are shown in Fig. 11(a) and (b).

To summarize our simulation results for the semiconductor
microcavities, we have demonstrated numerically on the basis
of the Maxwell-pseudospin [(1)—(3) with (8)—(10)] the existence
of a new type of a multidimensional spatiotemporally localized
standing-wave “light bullet.” The SIT-cavity quasi-soliton is a
product of the interplay between the resonant nonlinearity of the
atomic medium and the Bragg reflections in the Fabry—Pérot mi-
croresonator. Intuitively, we expect that the pulse area theorem

Fig. 10. (a) 3-D-plots of the E-field modulus. (b) Top view of (a) showing theloes not apply for a multilayer (nonuniform) medium, since

roll patterns formed. (c) 3-D-plot of the corresponding population inverSion
in the cavity. (d) Top views of (c) showing the roll patterns formed.

the pulse area is split between the forward and backward (re-
flected) propagating waves and is no longer conserved. How-

Al sGay2As (24 pairs), respectively, for the bottom andbver, even driving the cavity from outside the microresonator,
top DBR, and a((5\)/n) cavity. We apply a driving pulse applying sufficiently high initial pulse intensities (calculated on
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