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Slowing light in x¥® photonic crystals
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A study of parametric nonlinear frequency down-conversion in photonic crystals reveals that under suitable
conditions the probe field can be slowed down to approximately 11 m/s. The effect arises as a result of the
simultaneous availability of global phase-matching conditions, field localization, and gain experienced by the
probe beam. Together, these effects conspire to yield tunneling velocities previously reported only for coher-
ently resonant interactions, i.e., electromagnetic induced transparency, in Bose-Einstein condensates, hot
atomic gases, and doped crystals.
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Recent experiments have shown the reduction of the dAl &
group velocity of light pulses to 17 m/s in a Bose condensate ﬁf'”W:i < |>2( ) rih A%AD* | (18
=%, - D=(+,—

of ultracold sodium atomgl], 90 m/s in a hot rubidium gas
[2], and 45 m/s in a Pr-doped,%iO; crystal[3]. The effect
is often referred to as light trapping, and it involves a reso- dA®

. . - (- e _ @ (k1) A(K) A%
nant interaction between a control and a signal beam, tuned 2, P, =iz > Lo D AA, ™, (1b)
such that quantum coherence is established between an ex-~ (kh)=(+.=)
cited state and two nearly degenerate ground sfdte§].
The signal beam experiences an effective dispersion such dAd)

=

_ ; - : . (+h 2w @ (k1) AU A(D
that its group velocity becomes a minimum in a region of P2’ g7 ' > L /A Ay s (10
transparency [electromagnetically induced transparency =t (kh=(+.7)
(EIT)].
In this article we show that light may also be slowed dAd)
C 9l o (kD A A
down to velocities of only a few meters per second as a result P2 g7 'C > Lin A A, (1d)
I=+,— '

of a parametric down-conversion process in a one- (kh=(+=)

dimensional(1D) photonic crystalPC). Rather than relying

on quantum mechanical interactions between atomic Ievglﬁ,here DEEJ'):(‘I’J%I@M‘I’,(B) for j=1,2 and k,I=+,—,
resonant with the incident light, the phenomenon we describe, 1) —(@DdRAPPDO*) TED (M@ Wp0)
occurs as a result of the geometrical confinement of light («.n) K I—w _f_‘r] ® I7 X (Zw'”% th | ® ]‘;’ Id
within a structure of finite length followed by the onset of "7 MK, =t e solutions for t_e(ﬁ ectng;ﬂ elds
nonlinear gain. This process therefore begins purely as aﬁan(_)be ((ei<)pressed as(t;‘ollowsEja,—A]-w (2)®5,'(2)
interferometric phenomenon that manifests itself initially T Ajw (2P}, '(2), whereA;” are the complex amplitudes
with the creation of classical Fabry+elike transmission of the electric field. Equationd) can be derived from a first
resonancegsee inset(b) of Fig. 1. Then we allow two order multiple scale expansion performed on the nonlinear

quasimonochromatic beam@r pulses whose frequency Hglmholtz equgtio_nsﬁG,?]. The reader interes}ggi in the de-
bandwidth is much narrower than the resonance bandyyidtht@ils of the derivation can consult R¢6]. {®j,’} are the

a weak fundamental frequend§F), and a much more in- left-to-right (LTR, +) and right-to-left (RTL, —) linear
tense second harmonisH) field, to enter a? PC. Finally, modes, whlch can k_)e calculated mdependently'usmg the
we take advantage of the enhancement of quadratic interagt@ndard linear matrix-transfer technique, assuming a zero
tions due to the simultaneous availability of high field local- "onlinear coupling coefficient and an electric field of unitary
ization and robust, exact phase-matching conditjéhs] to amplitude incident from either the IefLTR) or the right

just a few meters per second. the momentum operatop;,=—i(c/jw)d/dz, calculated

To illustrate the dynamics just described, we write theover the LTR and RTL modes using the standard metric
coupled mode equations that govern the interaction of twdf|g)=(1/L) [5*(2)g(2)dz. d?)(2) is a spatially depen-
linearly polarized, quasimonochromatic waves, one tuned alent, quadratic coupling function, ari&‘(}‘;j?n) are overlap
the FFw, and the other tuned at the SH frequeney, 1 a  integrals.
1D finite structurd6,7]: As a first example, we consider a 1D PC whose details are

given in the caption of Fig. 1. Layer thicknesses and materi-
als can be chosen such that the FF field is tuned to the first
*Electronic address: giuseppe.daguanno@uniromal.it transmission resonance near the first order band gap, and the
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FIG. 1. RFF+:|AE;)(O)|2_/|A_E;)(O)|2 (dashed ling and Tee  ning at about 170 MW/ch The reason for this decline is
=|AG(L)1Z71AL(0)|? (solid line) vs SH input intensity. The ar-  that as phase shift has occurred in both reflected and trans-
row indicates the SH input intensity that leads to the inversion ofmitted fields[see inseta) of Fig. 1], leading to a reversal of
the process.(a) Phase of the FF field upon reflectionp, energy flow in favor of the SH field.
=arqA5;)(O)/A§>:)(O)] (dashed ling and upon transmission, The sort of dynamics just described, which includes a
=ard A, )(L)/A,”(0)] (solid line) vs SH input intensity(b) Linear  phase shift accompanied by the inversion of gain, is typical
transmittance vs ”Orm"’;l'zedl rrequleGywO, “’0:277‘3/}‘%' ;‘0 of bulk x(? materials under exact phase-matching conditions
—Ilﬂn‘lt'for?structufr%g tota fe'?gt :17'11’8n1§8mposef of59 " 9], In our case, however, the unique combination of strong
alternating layers of 9 mg)o aim(=1) an nm ot aqua- - ¢ooqpack, field localization, robust phase-matching condi-
drat'.c dielectric material *=120 pm/V) whose indexes of re- tions, and gain produces the extreme circumstances that
fraction at the FFX=155um) and SH frequency are, respec- manifest themselves in the remarkable resonancelike behav-
: Ij]or shown in Fig. 1, which ultimately do not allow the SH to
of the FF transmission resonancedis»~10® GHz, which corre- becom.e depleted. The rqflectlon gnd th?fgggqsvmt'r‘:‘ri'gnqegf the
sponds to a lifetime of approximately 5 ps. FF  field reach their maxima If ; _

~0.1 MW/cn?) at the point of inversion of nonlinear gain

(inv) i i .

SH field is tuned to the second transmission resonance ne€N!sh’=170 MW/cnt. In Fig. 2 we show typical local
the second order band gap, as shown in irisgof Fig. 1. Ization properties of the FF field inside the photonic band
Tuning in this fashion causes the SH field to be globally92P (PBG structure. The figure suggests that the FF field
phase matched with the FF field,5], leading to enhanced shape remains the same, an indication that no shifts of the
second harmonic generati¢S8HG) '[5,6]. resonances occur, and that the original phase-matching con-

We numerically integrated Eq&2) using a shooting pro- ditions end_ure. In Fig. @) we show the reerctiorR_FF and
cedure[8]. When both the input FF and SH fields are th_e tra(r;)smlssmﬂ'F,:, for t_he same structure of Fig. 1, but
present, the efficiency of the interaction depends on the reldvith d*~=30 pm/V. In Fig. 3b) we present results for a
tive phase differencés between the input fields. In particu- structure S|m_|lar to that of Fig.(8), but instead of air we use
lar, the FF transmitted and reflected components undergo &hmaterial withn, =1.5. ) ) )
amplification process that is enhanced b= 3m/4+mar, Seyeral points can now be ma_lde with the aid of the fig-
while deamplification takes place id=m/d4+mm (m ures. (i) A comparison between Figs. 1 antaBshows that
=0,1,2...). We choose the condition of maximum amplifica-the threshold SH input intensity necessary to invert the pro-
tion for the FF field,5¢=3/4, take the SH input intensity eSS scales ak§)~(1/d®)2. This scaling law has been
ls in the range 2—500 MWi/cfnandlge=0.1 W/cn?. Our  tested and holds for other values o). (ii) Comparing
calculations show that the SH field always remains undeFigs. 3a) and 3b) reveals that {)? is also affected by the
pleted to levels less than 0.1%. In Fig. 1 we show the reflecindex contras@én=ny—n_: from 2.7 GW/cnd in Fig. 3(a)
tion Rer, the transmissiom ¢, and the phases of the FF where sn=2.5 to | {"=5.9 GW/cnf when én=2 in Fig.
field vs the SH input intensity. The figure shows that the FF3(b). Clearly, the index contrast determines initial resonance
field displays a resonancelike dynamics by first increasindpandwidth, and therefore it changes the efficiency of the pro-
sharply by several orders of magnitude as a function of inputess.(iii) Figs. 1 and 3 show that the dynamics we have
SH intensity, followed by an equally sharp decrease begindescribed is general, i.e., independent of any particular

046613-2



SLOWING LIGHT IN x» PHOTONIC CRYSTALS PHYSICAL REVIEW EB8, 046613 (2003

10° - Tt - : T T 10° T T T T
= 1§ =2.7GWiem? A .
< I I 410° «
= | _ ,\ 3
= 2 =
% i@ % 10* I \ —10* 5
S g =
S 1 by s %:
8o i “110° &
g y £ / \ <
= 10-2 . . . - L g " _‘—_‘_/ \ »
4 o 1 2 3 4 5 6 7 8 g 10 ~ e &
g 10 e : : : . s s ~— 107 =
g IgY = 5.9GWiem? —* B 7 —_—— E
St 4 ] -7 =
g 0 10" L 1 1 ] 10 =
= 102k 0 100 200 300 400 500
=}
=
2 10° — = ] L z(MW/em?)
5 ~ Ry o . . .
-4 102 ) ) FIG. 4. Tunneling time(dashed ling and tunneling velocity
0 1 3 4 5 6 7 8 (solid line) of the FF transmitted field vs the SH input intensity for
Lg(GW/em?) the structure described in Fig. 1.

FIG. 3. (8) Rer (dashed lingand Tee (solid ling) vs SH input  sion T of the barrier and the amplitud&™™" of the inci-
intensity. The structure is the same as that of Fig. 1, but dith dent FF field in the following way: S,(z=L")-2

=30 pm/V. (b) R (dashed lingand T (solid line) vs SH input I(SOC/2)|E(inpUt)|2T|:|: (for simplicity we assume that the

'mer.ls'ty' The structure 'S.S'm'lar_to that @), exce.pt .that the barrier is surrounded by airThe final expression for the
low-index layers have an index, =1.5. The arrows indicate the

SH input intensity that leads to the inversion of the process. energy velocity is V,eg=TeL/7,), where 7,
=2[5U,(2)dZ/(goc|EIMPY?) is the tunneling time. One
choice of material or nonlinear coefficient. The specific ma-may also define a groufor tunneling velocity associated
terials one chooses determine a particmg‘ﬂ) but leave un-  with the delay of the transmitted pulse &4, ,=L/7,,
altered the shape of the curves in Figs. 1 and 3. In realvhich leads to the expressiof, ¢=TggV,, 4. This expres-
structures, absorption and/or scattering losses may also inflsion has been derived with no particular restrictions on the
ence the magnitude of) but will not negate the effect. A FF beam as it traverses the barrier, and was derived and
detailed discussion of materials suitable for an experimentafiscussed at length for linear systems in Ret). It has been
verification is beyond the scope of this article. Suffice it to®XPerimentally verified in a coaxial photonic crys{di3].
say here that structures made of air/semiconductor materiafd€re We just point out that placing the requirement that en-
may be obtained by etching GaAs waveguifig]. Struc- ergy velocity shOl_JI_d remain subluminaV/( e=<c) leads di-
tures similar to the one described in Fig(bg ie., 'ectly to the conditioV, o<c/Tee. In the caseTge<1 (as,
Al,Os(n~1.5)/GaAsi~3.5), have also been fabricated ' €xample, when the input field is tuned in the gap of the
and tested for SHG under global phase-matching conditionpc) superluminal tunneling velocities are readily accessible
[5] in the undepleted pump regime. ﬁ1,14], while in the cas@ 1, as in the present situation,

) . L . extremely slow tunneling velocities are obtained.
As outlined in Refs[11,17], the tunneling time of a quasi- The expression fot(2) in the case of two linearly po-

monochromatic pulse that traverses a finite barrier is directly, o4 monochromatic plane waves at FF and SH frequency
proportional to the electromagnetic energy density storegheracting in a quadratic material with no magnetization is
within the structure. Figure 2 thus suggests that the tunnelin 5]

velocity of the FF pulse may be modulated by controlling the
SH intensity: the pulse slows down for intensities below _ 2 2, 2 2
| sy~ 170 MW/cn?, and it speeds up above this value. The Uu(2)=(eo4)[Rele,)[E,| "+ (¢ w)[dE, /dZ

approach followed in Ref.11] for linear interactions can be +2d?|Ey,||E,|*cod @2, 20,)],

generalized to the nonlinear case. We write the expression

for the energy velocity/, g of a plane, quasimonochromatic, ) ) ) )

FF wave of carrier frequency that traverses a barrier of Wheree,, is the relative dielectric constant, awf,, are the
length L: V, e=[S,(z=L")-2]{U,(2)), where S,(z phases of the fields. From the above expression, we obtain

=L") is the time-averaged Poynting vector calculated at théhe tunneling time 16]:
exit surfacez=L", Z is the unit vector along the propagation

L
direction of the transmitted field, and(z) is the time- T(Ff [Re(e,,)|E,|*+(c* w?)|dE, /dZ?
averaged electromagnetic energy densif,(z)) 0
=(1/L)[5U,(2)dz denotes the spatial average of the energy +2d?|E,,||E,|?cod ¢2,— 2¢,,)]dz
density over the barrier length. Using appropriate boundary
conditions, it is straightforward to verify that the quantity / (20|E<input)|z)_
S,(z=L")-Z can be expressed as a function of the transmis- ¢
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7, is plotted in Fig. 4 as a function of SH input intensity for ~ We have also performed calculations using the geometry
the structure described in Fig. 1. In the linear regirhg,( described in Fig. 1 and pulses only a few tenths of picosec-
—0), we have 7,~5ps, which corresponds td/,, onds induration. For amplification factors that do not exceed
~¢/210, consistent with the lifetime associated with thelC?, these pulses continue to resolve the resonances well and
bandwidth of the transmission resonarisee inset(b) of  tunnel the structure approximately undistorted and delayed
Fig. 1]. Increasing the input SH intensity causes a dramatigust as predicted by the tunneling time. Higher gain factors
increase ofr,, due to the amplification of the FF field: the SH cause picosecond pulses to become compressed in time, dis-
provides approximately six orders of magnitude of gain totorted, and ultimately break up. Broader virtual resonances
the FF, which proves crucial to the tunneling velocity of thethat may be resolved with shorter pulses may be created at
FF beam. the expense of increased tunneling velocities. In fact, Fig. 4

When gain inversion occurs §~170 MW/cnf) the tun-  gyggests that an intensity bf.~ 160 MW/cn? would create
neling velocity isV, g=(L/7,)~11m/s and7,~630nS. 4 vjrtual resonance approximately 1 GHz wide, resolvable
Consistent with the picture of equivalence of lifetime and,yith puises only a few nanoseconds in duration, and yielding
resonance pandW|dth, thg amplification process thus Causes,ay nneling velocity tunable down to approximately 1000
dynamic, virtual narrowing of the resonance bandmdthmls.

by an amount proportional to the net gain, from 5 ps ; ;
In summary, we have studied a method to achieve and
(~10° GHz) to 630 ng~10 MHz). Therefore, the presence control light confinement using a parametric down-

of a SH field inside the structure creates a virtual state for th%onversion process in a 1D PC. We conclude that extremely

FF field which consists of a resonance bandwidth of on_Iy Emall light velocities may more generally be associated, and
few megahertz, resolvable with pulses at least a few micro-

X . ; may be more easily accessible, with any type of resonance
secon.d.s n durat|0n._We note'that ML structure of Fig. 3 phenomenon, with either classical or quantum origins.
the minimum tunneling velocity o¥,, ;=11 m/s is reached

for | gy=2.7 GW/cnt, while for the structure of Fig.(®) the This research was supported in part by the U.S. Army and
same tunneling velocity is reached fiay~5.9 GW/cn?. in part by the OPEN Esprit project ANLM.
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