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Frequency generation within the forbidden band gap: All optical Rabi-like splitting
in photonic crystals and microcavities
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Based on three-dimensional time domain numerical simulations of the nonlinear dispersive Maxwell equa-
tions, we find evidence of all optical splitting of defect states in a photonic band gap structure. The result is
analogous to the well known Rabi splitting and optical nutation in atomic two-level systems, and can be used
for controlled in-gap generation of optical frequencies. Photon-echo-like behavior and third harmonic genera-
tion are also investigated.
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Photonic crystalgPC’s) and nanostructured dielectric pe- frequency generation in PC’s and microcavities, where the
riodic media can exhibit photonic band ga®3BG’s), i.e.,  nonlinear optical susceptibility can play the role of an exter-
frequency regions where no states are available to propagaal electric field applied to a two-level system. The splitting
tion of electromagneti¢EM) radiation[1,2]. This property s apparent when considering the spectra of the generated
of PC’s was originally singled out and suggested Dyihirq harmonic, as well. We also point out remarkable analo-

ggei'gggvgﬁg bf;/)r‘]oirrpnpgg;/il?ghttlrc])?:al?;fail(t:iigg%/ of photonic yies with other processes from ultrafast spectroscopy,
y e namely, optical nutation and photon echo.

PC structures, spatially extending for only a few wave- The starti int of vsis is thad initi .
lengths, afford a dramatic redistribution of EM states. In do- € starting point ot our analysis IS tia® Initio numeri-
cal solution of nonlinear three-dimension@D) Maxwell

ing so, while providing the grounds for a new generation of . . ) . . ; .
highly integrated optical circuits, they also encompass quations in the time domain. Since the coupling of cavity to
radiation modes through finit® factors is at the basis of

wealth of fundamental EM phenomena in modern physics. . .
Stemming from the seminal work by Purcgi], the inhibi- relaxation phenomena, such an approach is mandatory. The

tion of emission processes in the absence of available starg§ometry we conside_r .h_ere is the simplest 3!3 high—indgx—
for EM radiation is the foundation, among other things, ofcontrast structure gxhlbltlng a PBG: the photom.c crystal wire
highly efficient solid-state lasef8]. In analogy to the linear (PCW) [15,16. While the analysis can be applied/extended

case, inhibition has been considered to hold for nonlineaf® @1y microcavity or PC in isotropic nonlinear media, the

emission or amplification processes such as frequency do&_hosen configuration enables the simple control of cavity

bling or parametric generation in the photonic band pdp parameters, ;uch as !‘feF‘”?e and resonant fre_quency. The
Conversely, it is well understood that a nonlinear refrac-PCW 3D device is periodic in one dimension, with a single

tive response at high fluencies can alter the photonic banlq(_afeCt In its rep_ez_’:\ted _ceII W'th high index qont_re(see
structure[6,7], leading to various intriguing phenomefra- ig. 1), thus providing high EM field concentration in a few
cently reviewed if8,9]). Some preliminary experimental in- micrometers length. . . .
vestigations to this extent have been repofts@l11. In ad- We integrated the nonlinear Maxwell equations cast in the
dition, high Q factors in resonators can significantly lower form
the power threshold in nonlinear processes, and favor further
achievements in microcavitig42,13.

In this article we demonstrate that photonic band gaps are VXE=-podH, V XH=edE+aP,
not actually “forbidden,” i.e., at variance with what is ex-
pected on linear grounds, nonlinear optical processes can ef-
ficiently generate frequencies well within these energy inter-
vals. This work, originating from investigations on photonic
crystal spectroscopy by ultrafast optical nonlinearity, relates
also to the recent achievements in transient material spectros-
copy (see, e.g.[14]). We predict hereby the existence of an
optical phenomenon resembling Rabi oscillations, i.e., the
interaction-driven splitting of a resonant level. Such effect in

an optical PBG could enable all optical control of in-gap 10 l'lwljvéiinghlis 1:1; L7
%

Transmitted spectru
f=4
h

FIG. 1. Transmitted spectrum of the photonic crystal wire with a
*Electronic address: c.conti@ele.uniroma3.it defect cavity, as sketched in the inset, for two different number of
URL: http://optow.ele.uniroma3.it/opto_2002.shtml holes on each side.
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wheref(P) describes the nonlinear response of the material.
f(P)=1 corresponds to a linear single-pole Lorentz disper-
sion relation with resonantangulaj frequency wg, loss
coefficient y,, and static dielectric permittivityes. f(P)
=[1+(P/Pg)?]7%?2, with P?=P-P, retrieves a simple Kerr re- 0 LA
sponse for smalP [17], whereas for largeP it accounts for
higher-order nonlinear ternis.g., x'® and saturation Com-
pared to alternative formulations in nonlinear finite differ- FIG. 2. Output spectrum for various input powers and a PCW
ence time domaigFDTD) codes[18], the simple nonlinear with N=4. The inset is an enlargement around the defect resonance.
oscillator above is an appropriate model for ultraféstt not
reduced to instantaneouslectronic nonlinearitie§19], and ~ Wwith excitation as in Fig. @), displaying the frequency shift
enables us to include the relevant physics while neglectingf the lobes versus injected power. The cubicerr-like)
Raman and carrier injection processes. nonlinearity mediates the generation of frequencies within
To draw attention to a specific material of current technothe “forbidden” PBG.
logical interest, we adopted parameters which fit the linear In order to provide a theoretical framework to the analysis
dispersion relation of AGa,_,As (refractive indesn=3.5 at above, we applied the time domain coupled mode theory
A=1.55um) in the frequency region of interef20]. Note,  [24,25. The evolution equations for the defect mode can be
however, that similar values apply to other semiconductor§ast in terms of a normalized amplitudeas

0.5

Spectrum (arb.units)

Wavelength (um)

with comparable refractive index and nonlinear response, da a 2 .

such as silicorf21]. The details of the algorithm, based on — =—iwga+iwmygla’a-— + [/ —s.e’, (2)

the approach developed for linear media[#2] and on an dt T Te

FDTD schem¢18] will be reported elsewhere. with 7 the overall decay constant including radiation, mate-

The defect in the PCW is placed in the middle of therja|, and coupling losses, and, the decay constant owing
device(Fig. 1, inse}. The width and wavelength position of ony to the coupling with the feeding waveguidal? is the
the resonance depend on the overall number of holes, whickhergy stored in the defect mode at timd;,=|s,|2, with s,
affect both theQ factor Q, due to radiation losses and te e amplitude of the feeding guided mode of frequeacy
factor responsible for the coupled waveguidgs[15]. The s the real-valued three-dimensional overlap integral between
latter (with transverse dimensionsh=270 nm and | the vectorial defect mode profile and the distribution of the
=450 nm; see Fig. )1support only the lowest-order TE-like (3 responsenonlinear terms containing derivatives af
guided mode in the spectral region under consideration; ongng higher order nonlinearities are neglegtdcbadedand
of them can feed the PCW cavity. _ external Qfactors areQ=wy7/2 and Qu=wy7./2, respec-

The PCW transmission spectrum can be determinegyely.
through time domain analysis, so that both the dispersion and 1q inquire into the origin of the generated sidebands, we
the finiteness of the structutencluding coupling and radia- performed a perturbative analysis with respect to the station-
tion losseg are taken into account. A broadband pulse isary solutiona=agexp(-iet), given by(s, can be taken real
launched and travels via the input waveguide into the PCW;,51ued without loss of generality, ank= ©—wo)
then the signal spectrum at the output guide is acquired and 5
analyzed. The resulting transmission is graphed in Fig. 1 for . . 2 d _
two )IQCW'S with differr—?nt numberdl of hglespon each gside 1480 + i woglag|“ap - 7 * \/;eS+ =0. )

(see inset but designed to exhibit nearly the same resonant , i
frequencywy, for the defect stat¢a=450 nm,d=0.75, for ~ Writing a=(ag+ay)exp(-iwt), at the lowest order im, we
both N=3 and 4. A photonic band gap with an inner defect find

state is apparent in both curves.

The responses in Fig. 1 were obtained at low input peak
power(P;,=1 nW). To investigate the PCW nonlinear opera-
tion, we considered a quasi-cw excitation and higRet
Since particular care is necessary to avoid steep gradients in
the input wave form, we numerically mimicked a quasi-cw
wave form with a smooth transition from zero to the peak
P;»- Such input(an “mnm” pulsg has a narrow bandwidth, 25 50 75 100 05 1.0 15 20 25 3.0 3.5
introduces no spurious artifacts, and provides quasi-cw P (W) <E2y>(10l7 Vé/m?)
pulses[23].

Figure 2 shows the output signal spectrum for three dif- FiG. 3. (Left) Frequency shift of the generated sidelobe inside
ferent excitations and a PCW wit=4. The input wave- the PBG(see Fig. 2 vs input power: staré§N=4) and diamonds
length corresponds to the defect stédee Fig. 1. At high  (N=3) are computed points, lines are derived from the theoretical
fluencies the formation of sidebands is clearly visible aroundnodel; (right) generated frequency shift versus average squared
the resonance and well inside the PBG. Their positions varglectric field in the cavity.
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1
. a; . .
a =iAa; - 71 +iwog(2lagl’a; + agay). (4)
0
Equation (4) can be rewritten in terms ofv=|a?, )
p=aZ, E=a, obtaining =
&
o
d_VV__V_V+i (E * E*) §,
a7 JwolEP™ — P . = 0
o
=]
d 1 £
—p:<iA’——>p+2igonW, (5 E !
dt T ﬁ

[}

with T=7/2 the energy decay rate of the cavity mode. Equa-

tions (5) are formally identical to those describing an atomic -1
two-level system in the presence of an electric fifld], 1234567
which in our case corresponds to the squared amplifide Time (ps)

=aZ, whose modulus is denoted hereafter &y=|E|=|ag|?
(we use the symbdt to stress the correspondence with the
resonant atom density matrix equations, whErgypically
denotes the applied electric figld-or the atomic systenwy ) )
is the difference between the diagonal elements of the derflence of the generated frequency shift proportionatgp
sity matrix, p the off-diagonal element, and\’=2A  Ed.(3) needs be solved fat,. ForA=0 (as in the numerigs
+4gwoE, the detuning from resonance. In the PC, the lattefEd. (3) leads to
also includes the shift due to the Kerr effect. WB+u-w=0 (6)

By reducing the temporal dynamics of our microresonant
(PC) system to a well-known model, we have established avith normalized energy u=wy9&, and power w
relevant connection with the theory of laser-matter interac=_2wog7°P;,/ 7. Solid lines in Fig. 8a) are obtained after Eq.
tions. For a cavity with an infinite lifetime, e.g., in the ab- (6) and exhibit the correct trend. By varying the number of
sence of relaxatiogl/T— 0, corresponding to an infinitely holes, because of the highly localized nature of the defect
large Q facton, the model(5) predicts a splitting of the two- modes, only thgcoupling factor Q. is affected, while the
level system(defect modg resonance into two levels, their (radiation los$ factor Q, remains nearly the same in both
separation being proportional to the magnitude of the electri®CW's. The different frequency shifts attained fo+3 and
field (to the energy stored in the cawitiE| in the laser-field 4 can therefore be explained by referring to variation®in
interaction (in the PCW. The new PCW levels arew,  higher in the four-hole PCW because of a more isolated cav-
=wotu, with Rabi-like splitting u=(A"/2)2-g?w3€2. At ity. Roughly, for large&, it is u=w' from Eq. (6), corre-
exact matching between pump and resonant mode frequen&ponding tofo (Pi,/Qo)** and linking higherQ, to smaller
(A=0), it is u=13wy|g|&,. Figure 3b) shows the frequency shifts. _ o _
shift versus the average electric fielg) squared(propor- ~ The asymmetric peak in Fig. 2 can be explained by recall-
tional to the stored energg,) in a low-symmetry point in- ing that if a highQ cavity is excited out of resonance, the
side the defect cavity. A linear dependence is visible, with ndransient signal spectrum contains input and resonance fre-
significant difference between the cadés3 and 4. In fact, duencies, the latter decaying with the cavity lifetirf5].
the modes have frequencies close to the PBG center, hen¥éhen including the Kerr effect, such beating is present even
they rapidly decay along the waveguide and ghepefficient ~ for resonant pumpingA=0, as in the present cgsén fact,
(which provides the slopds nearly the same.

FIG. 4. Electric fieldE, in the cavity for various input powers
(N=4).

From a physical point of view, the new states correspond 3 | paiaw | B 0.03
to the defect mode oscillating at two new frequencies, thus 3 ! ER 002
strongly resempling a tvvo—lev.ell gtomic systéh9]. In some § _g 0.1
sense the nonlinear susceptibility “dresses” the defect state =- =05
by creating additional levels, which can be probed by small & PelOOW] - 5 142 144 146 148
signals superimposed to the pump beam, as will be reported & g /
elsewhere. This Rabi-like feature of a PC microcavity points g . @

ihili : P 1234567 1.42 1.44 1.46 1.48

out the possibility of all optical tunable emission at frequen- Time (ps) Wavelength (um)

cies inside a photonic band gap. In Fig. 3 the frequency shift
is plotted vs two different quantities, the input power and the  FiG. 5. Temporal response with 0.5 ps input pulses in the case
average squared electric field, which is proportional to then=4. (Left top) low power and(left bottom) high power excita-
energy stored in the cavity. To determine a functional relations; (right) corresponding output spect¢tick and thin lines for
tionship between the latter, hence the explicit power depenaigh and low powers, respectivgly
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is much longer than the input, with durations of the order of
the cavity lifetime. Conversely, at high powers the output full
FIG. 6. (Color onling Fraction of transmitted power, for two width at half maximum is drastically narrowed. The trans-
different input peal power§L0 W dark region, 100 W bright region  mitted pulse at high power contains a small and shorter por-
for 200 fs input pules. The input wavelength corresponds to thgjon of the input compared to the quasilinear case, with a
defect statg1447 nm). distorted asymmetric shape and a faster decay. This can be
) , understood through the creation of additional complex poles
the mode frequency is redshifted because of the power dgihe transient modgshat widen the system passhand and
pendent refractive index and, during the initial transient,e mit faster responses. The appearance of an additional, de-
most of the input energy transfers to the shifted mege |ayed, and widened satellite pulse can be intuitively de-
~ . Then, through four-wave mixingyo+w is generated as - gcribed as the all optical counterpart of the so-called photon
well, albeit wnh a lower amplitude of its corresponding peak-echo[29]. While at first glance such an effect could suggest
Such a result is found here for both the reduced model Eqypjications in signal regenerators, the drastic reduction of
(2), not shown, and the whole set of nonlinear Maxwell {yansmission due to the resonance shift tends to hamper such

equationg(1). _ S _a use and calls for further investigations, which will be
In perfect analogy with the theory of Rabi oscillations, if reported elsewhere.

relaxation phenomeng.g., a finite lifetimg are included in The high-power dynamics discussed in Figs. 46 can be

the model, they are expected to damp out in tib@. This  gymmarized as follows: for a cw excitation the system settles
is straightforward from both Eq(5) with 1/T>0 and the 5 5 cw output state after sufficiently long times, eventually
numerical results, if simulations are carried out for m“Chshowing some oscillations due to complex poles, or meta-
longer than the energy decay time of the cavity mode. TQaple states. For long pulses, in proximity of their peak, the
enlighten this process while limiting computation times, Wegystem response resembles the cw behavior. For short pulses,
designed the PCW cavity for a lifetime of the order of 1 ps.ine cavity is not able to follow very fast excitations, and the
Figure 4 displays the temporal evolution of the electric f'_eldresponse exhibits satellite pulses following the input (zee

at a low-symmetry point in the cavity and for a steplike g ).

excitation, revealing the progressively damped all-optical “|; g noteworthy that, due to the resonant nature of this

Rabi-like oscillations corresponding to tloptical nutation system, even the generated third harmonic exhibits side
[26,27. Strikingly, a classic phenomenon in laser-matter i”'peaks which, however, lie outside the photonic band gap. In
teraction clearly has an all optical counterpart in nonlinear,:ig_ 7 the output spectra obtained for quasi-cw and pulsed
optical microcavities or PC's. Since the generated frequencyycitations show the appearance of replicated split frequen-
has the lifetime of the cavity mod&vhenA=0), for highQ  ies due to various four-wave mixing interactions.

factors the(Rabi-like) frequency splitting could be observed In conclusion, using aab initio approach and including
with pulses of durations typically employed in nonlinear op-yree spatial dimensions and time, we have shown that in

tics. We repeated the simulations using 0.5 ps input Gaussigflgh-Q-factor microcavities, here realized by a defect in pho-
pulses, at high peak powers the in-gap frequency generatiqgpic crystal wires of cubic semiconductors, all optical Rabi-
was visible in the output signal spectrum, as shown in Fig. Sjie splitting, optical nutation, and photon-echo-like behav-
There is a strong analogy with transient nonlinear spectro§ys can be observed. Such effects could be exploited in the
copy when considering the excitation of resonant systtmgeneration of all optically tuned frequencies well inside a
and metastable states with transient times much shorter th%otonic band gap.
the lifetime [28].

The cavity response to shorter pulses is remarketde We acknowledge support from INFM “Initiative Parallel
Fig. 6 whereN=23). At low powers the system behaves as aComputing,” the Tronchetti Provera Foundation, and the Ital-
Lorentzian filter, and because of the hi@hthe output pulse ian Electronic and Electrical Engineering Associatigvkl).
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