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It is shown that, in ay® nonlinear photonic crystal, the third-harmonic conversion efficiency can be
enhanced by about three orders of magnitude via the formation of self-organized localized states inside the
gaps as compared with that in a bulk medium of the same length with a perfect phase-matching condition.
These localized states contain both the fundamental and third-harmonic frequencies located in different gaps.
Their existence is a result of both the Kerr effect and the large energy transfer between fundamental and
third-harmonic waves.
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Recently, great interest has been devoted to nonlinear Consider a one-dimensionélD) NPC with N unit cells.
photonic crystalYNPC9 [1]. The combination of photonic One layer in each unit cell is linear, with the refractive index
crystals and nonlinear optics has opened up a new area @f and widthl,. The other layer is nonlinear, with the weak-
research for both science and application. For example, in field refractive indexn, and a third-order nonlinear suscep-
x® NPC, it has been shown that the efficiency of secondtibility y®. The width of the nonlinear layer . A pump
harmonic (SH) generation can be enhanced by use of thQNave EF of frequency w is incident normally upon the

zi(;nlélt:rr:dezusog\éaiIﬁ:gietymcicfri]?r!d ::ccj)cnegii%ﬂ?rnheat atlhesobliand sample along the axis. When the phase-matching condition
g good P g ' dgap 1S good, a TH wavéE, can be generated via thé” nonlin-

tons and two-color gap solitons with fundamental and S itV W \ the fund tal and the TH
frequencies located in different gaps have been foungdn earity. VWe represent the lundamental an e waves

NPCs[3-7]. For y® NPCs, two different nonlinear effects by Er(z,t)=Er(z)e”“'+c.c. and Ey(z,t)=E4(2€®“'+c.c.,
have been studied: Kerr nonlinearity and third-harmonicvhere E (z,0)=E (2 +E_(2) (a=F,H) and E,(2)
(TH) generation. For TH generation, Martemyanev al. =A§(z)e‘-”'kaz. HereE; andE, denote the forward and back-
have recently studied the enhancement of TH conversion efward propagating components, respectively. From the
ficiency by making use of the field localization of the band-nponlinear polarization P(z,t)=x®E(z,1)3, where E(z,1)
edge state or the defect stdi@]. Markowicz et al. have —E(2.0+Eu(2,0) we have Pr(zt)= G 3(|E2
experimentally demonstrated the enhancement by making RS , F&t—X F
use of phase matching provided by the periodicity of photo-+ 2/ En|?)Ere '+ 3EPE e +c.c]  and Pr(z.)=x®
_nic cr)_/stals[9]+ For Kerr nonrl]inearity,bby ghgnr?ingbthe Iigrr:t X[3(2|EF|2+|EH|2)EHe—3iwt+Ege—3iwt+clc_]_ Substituting E,,
intensity at a frequency in the pass band, it has been sho > ; = _ 20 2F 2\ = 2
that the band-edge frequency can be dynamically tih6H “hd 5‘1 into V Els(wa)/c ](ﬁZE.“/J[) @Tr/c)
When the frequency is in the gap, the self-organized localX (#°/ )P, and making the slowly-varying-amplitude ap-
ized state(SOLS), which is usually associate with gap soli- Proximation, we obtain
ton, can be formed11-19. However all the SOLS found dAE 5 _
previously iny'® NPCs are derived from the pure Kerr effect —L = tip AL tiyeAE ALETA (13
by ignoring the influence of the third-harmonic waves gen- dz
erated due to¢® nonlinearity. This is valid only when the as
phase-matching condition does not hold. QP _ L At i aSATiAKz

In this work, we show that the interplay between two = ElAR £ A € ’ (1b)
different y'® effects in a NPC can give rise to interesting
phenomena with potential applications. Specifically, we Conyvhere

sider the situation in which the phase-matching condition ¥ = 67wy ¥/n(w)c,
holds due to the periodicity of the photonic crystals and the

nonlinear interaction between the TH waves generated, and Yo = eﬁwx(@/n(gw)c,

the fundamental waves via Kerr effect cannot be ignored. We

find that, through the formation of a coupled localized state ke = ye(|Ef + 2 + 2/E, + E5)D),

(CLS) with the fundamental and the TH frequencies located
in different gaps coupled, the TH conversion efficiency can _ + =2 T —
be enhanced significantly, e.g., by about three orders of mag- Ky = 3(2[E + EF + [Ef + EG9),

nitude, as compared with that in a bulk medium of the samend Ak=k,—3k: produces phase mismatch in the case of
length with a perfect phase-matching condition. weak fields. Notice that the second terms in the right-hand

@
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side of Eqs(1a and(1b) are responsible for the TH conver-
sion; whereas the first terms induce the self-phase and crosdez=
phase modulations. Letting;=A>'e*“ we re-write Eq.

(2) in the following form:

dA;_;/ . +* A+ +iAk’
. tiyens A €Ak, (3a)
d +/ o
A; = gAY eTAKE, (3b)
where
=R
and
Ak’ = (kH - 3k|:) + (KH - 3K|:) . (4)
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exp xI

[5§+Ak’
28

+ 532_ Ak ex;{li@lgiﬂexdii(kH + kp)lsils

.%—AWI>

with 85=\/(AK')2+4yeyy| <2 Note that it is through rela-
tion (5), which couples the forward and backward propagat-
ing waves. For the linear layer, we talg&®’=0 andM=1.
From the products of these matric@s; 1T, "7, we ob-
tain the amplitudes of the fundamental and TH waveg at
=0 as Ef(0)=(T1T44~To4Tan)/ (TosTso~T22T49)EF(0) and
En(0)=(ToTa1=T21Ta2) [ (T24T 42— T22T44) E(0), respectively,
aTd atz=L as EE(L)_:TllEE(O)j-leE;(O)+T_14E;(0) and
E[,(L)=T3,Ef(0) + T3,EF(0) + T34E(0), respectively.

AK’ in Eq. (4) produces phase mismatch in the case of strong The above equations are solved numerically by using an

fields. To solve Eq(3) we divide each nonlinear layer in\d

sublayers and assume values®f «y, andx;, to be constant
and equal to their mean values in each sublqg&:19. In

iterative procedur¢l18,19. We emphasize that all the solu-
tions presented in this work are stable. In fact, if a solution is
not stable in time, i.e., the solution is not a fixed attractor, the

reached. Solving Eq3) in each sublayer and using the con-
tinuity of both E and the derivative oE at the interface of

two sublayers, we finally obtain the following relation:

Er(ls;) Er(lsi-0)
Er(ls)) siy| Erllsi-0)

, , 5
En(ls) En(lsi-o) (52
Endls) Eq(lsi-2)

(1+apty (L-apty (L+ayt, (1-aytp
izt (1-ap)tyy (T+apty (1-apyt, (1+ayt,
2| (L+ap)ty (L-apty (L+anty, (L-ayty, |
(1-apty (L+apty (1-agty, (L+ayty
(5b)
wherel; is the width of the sublayer in the s-layer, a¢
=n"Y(w)/n)(w) anday=n"Y(3w) /N (3w), with ns)
the refractive index of the sublayer,

- {%+Aweﬂ(j%—Awl)
s _ _i%-AK
11 256 2 S|

5 — AK' F{_%+AW
+ exp £l
28

+ ’YFK{ : 55 +AK’ )
t,= expl ti——Ig;
12 53 |: I{ 2 S|

Is,i) ] exf+i(ke + xp)ls;],

oo 500,
5= exp xI |
63 2 S|
S+ AK
_ex;<1| K > Is,i):|exdii(kH+KH)IS’i],

result. For calculations, we use a 1D model NPC with
=18 unit cells, withn,=1, n3(\)=8.340 96+0.145 4QA2
-0.239 79)+3.239 24(\?/36.525-1) [20], where X\
=2mc/ w is the wavelength in vacuurtin units of um), I
=0.112um, andl,=0.10 um. As we will see below, such
choices ofny, n,, |4, andl, can give a near phase matching
for TH conversion when the fundamental wavelengthis
chosen near the high-wavelength band edge of the first gap.
It should be pointed out that the other choicesgfn,, |4,

and |, will give results similar to those presented in this
work, provided that the values &f andl, are adjusted so
that they give a near phase matching for TH conversion
when the fundamental wavelengiy is chosen near the
high-wavelength band edge of the first gap and the corre-
sponding TH wavelengthy is located near that of another
gap. Thus, the general features obtained in this work should
not be limited to the specific model parameters we have cho-
sen above. As for third-order susceptibility, we choose a di-
mensionlesg®=-10* for calculations. Therefore, the cor-
responding fields appearing in our calculations are also
dimensionless. The conversions@f=-10* and the fields
used in our calculations to those in a realistic situation will
be discussed at the end of the work.

The transmission spectrum of the linear model sample is
shown in Fig. 1a) and the corresponding effective index of
refractionngs; is shown in Fig. 1b) by a solid line, where the
dotted line is for n,(\). The wavelength at the high-
wavelength band edge of the first gaphnis=901.6 nm and
that of the third gap i5\3=298.95 nm. From Fig. (b) we
note that, for the fundamental wavelengthchosen neak,
the TH conversion has a good phase-matching condition. As
is known, thex'® nonlinearity can induce the shift of the
band edge or the formation of gap solitons for the fundamen-
tal waves[10-19 via the first term on the r.h.s. of E(la).
Thus, in order to take advantage of their localized fields to
enhance the TH conversion, which is represented by the sec-
ond term on the r.h.s. of Eqlb) or the r.h.s. term of Eq.
(3b), we should choosag slightly smaller than\, for the

026610-2



LARGE ENHANCEMENT OF THIRD-HARMONIC..

PHYSICAL REVIEW E 71, 026610(2005

10° ; ; 0.003
(a)
& 10° . 0.002
2
=
[2]
% -10
= 10 1 0.001 | [
10‘15 1 I Il I Il Il (a) %
260 360 460 560 660 760 860 960 ;1 0 1
T T T T (b) 5
3.6 [ ] =
x 0.03
V]
o
R
[
= 0.02}
O
g
B
[ony
0.01 -
1.2 L L ! L ! s
260 360 460 560 660 760 860 960 0
A {nm) 0

FIG. 1. (a) Transmission spectrum of the linear samp®. Ef-
fective refractive-index dispersion of the linear sam(gielid curve FIG. 2. Third-harmonic conversion efficiencidg(L)/1, (solid
and the weak-field refractive-index dispersion of the nonlinear layefines) and I4(0)/1, (dotted lines, versus the incident amplitude
(dotted curvée |EZ(0)|, wherel (L) =|E},(L)[?, 14(0)=|E;(0)|2, andlo=|EL(0)[% (3)
. ® . . Curves 1 and 1for fundamental wavelengtk==901 nm; curves 2
negativex™. In Fig. 2 we show some typical results of out- _,4 7 for \r=900.5 nm.(b) Curves 1 and 7 for Ar=898 nm;

put TH intensities! (L) =|E[(L)[* and 14(0)=|E;(0)|* for  cyrves 2 and 2for Ar=896 nm.

various A\e. When \g is very near\;, the x® nonlinearity

induces the shift of the band edge. The maximum TH con-

version in Fig. 2a) occurs at about the input amplitude that match condition; i.e.JAk’|~0 in Eq. (4). Note also that the

shifts the band edge t0-. As A is moved away fromy, the  energy-transfer efficiency shown in FigaBis about 43% at

maximum TH conversion efficiency is increased. This OCCUI$yoint A’, which is about three orders of magnitude larger

for two reasons. First, as: moved away from, the band- than that in a bulk medium of the same length, iles,(1,

edge state becomes more localized and thus the fundamengra\ )N=3.816um, with a perfect phase-match condition. In
2 — 9. y - .

field inside the sample increases. Second, both the increa . et (2
of the localized fieldnonlinear effegt and the move ohg ]Q:?g. 3(c) we show the correspondinti(L)=[E(L)]* and

(\p) (linear effecy give rise to a decrease in the phase mis-'F_(O)_:|E_F(0)|2 for Ap=891 nm. We note that the intensity
match conditionfAK’| in Eq. (4). When is further moved distributions for\g at pointsA andB are bpth localized with
into the gap, the formation of gap soliton fog occurs. This ~ Single envelope. The state at poliis derived from the gap
leads to the bistability of the fundamental field inside thesoliton found previously when there is no TH conversion
sample. The bistable output for the TH wave is shown in Fig[11-18. The transmission behavior of this case is shown in
2(b). Compared with Fig. @), Fig. 2b) shows clearly the the inset of Fig. &), where there exists only one single-
enhancement of TH conversion via the formation of gap solienvelope localized state at poi6t[11], which has perfect
tons for\. It should be pointed out that although in Fig.  transmission at the same value|Bf(0)| as that of poinB.
2(b) (A\e=898 nm and 896 ninis now inside the first gap, In the presence of TH conversion, the transmissio d
the TH waves(\y=299.3 nm for curves 1 and’land slightly smaller than unity due to a small amount of energy
298.7 nm for curves 2 and’Rare still close to the high- transfer from fundamental waves to TH waves, as shown in
wavelength band edge of the third gap. the corresponding poinB’ in Fig. 3(b). In addition toB,
When \g is further moved into the gap and the corre- there exists another stable localized state at pdnéndD’
sponding\y, is now pushed into the third gap, the tristability at the samdEZ(0)|, which has a much larger TH intensity.
behavior occurs. Figured&® and 3b) show the two typical The pointsA andA’ emerging fromD andD’ represent the
results of Iy(L) and 14(0) for Ag=892.5nm (Ny  same branch of stable localized state, but with wave func-
=297.5 nm and Ar=891 nm (Ay=297 nnj, respectively. tions symmetric to the center of the sample. Sikgds now
We note that there exists an optimal wavelengthAat located inside the third gap, the intensity distribution Xer
~892.5 nm where the sum of(L)/l5 andl,(0)/1, reaches is also localized. Thus, the new statefadnd A’ represents
a maximum. This corresponds to the situation in which thea coupled localized stat€LS) containing both fundamental
induced localized state gives rise to a nearly perfect phasend TH frequencies located in different gaps.
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FIG. 3. Third-harmonic conversion efficiencidg(L)/Iq (solid
lines) and 14(0)/1y (dotted line$, versus the incident amplitude
|EZ(0)] for A\p=892.5 nm(a) andA\r=891 nm(b). (c) Transmission
Ie(L)/1, (solid line) and reflectionl(0)/1, (dotted ling versus
[E1(0)] for =891 nm. Iy(L)=|EL(L)]% 14(0)=|EL(0)%, Ig(L)
=|EE(L)[2 1:(0)=|EF(0)|2, and Iy=|E£(0)[>. The inset shows the
transmissionl(L)/1y of the beam with\r=891 nm without the
third-harmonic conversion.

In Fig. 4, we show the CLS ofr and\, for the pointA’
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FIG. 4. Intensity distributions normalized by, for A
=892.5 nm(dotted curve and\;=297.5 nm(solid curve at point
A’ of Fig. 3a).

energy exchange is negligible. The formation of this CLS is
a result of both Kerr effect and large energy exchange be-
tweenAg and\y. The Kerr effect is represented by the first
terms on the r.h.s. of Eqéla) and(1b). These terms change
only the phases ok and Ay through both self-phase and
cross-phase modulations. However, the second terms on the
r.h.s. of Egs(1a and(1b) induce also the energy exchanges
between\r and\,. Such energy exchange i® NPCs was
first addressed in Ref. 21. It should be mentioned that the
formation mechanism of this CLS is different from the two-
color gap soliton found iry®® NPCs[3-7]. In x? NPCs, the
formation of two-color gap soliton arises from the terms that
are equivalent to the second terms on the r.h.s. of Bg.
and(1b), and there exists no genuine Kerr effect. In the case
of a very large phase mismatch, the& nonlinearity can be
reduced to the Kerr-equivalent limit through cascaditg
effects[3—7]. However, in this case, there exists almost no
energy conversion from the fundamental to the SH waves.
The presence of the Kerr effect in the first terms on the r.h.s.
of Egs.(1a) and(1b) is crucial to obtain the CLS shown in
this work. In fact, we cannot obtain this CLS if the first terms
in Egs.(1a and(1b) are dropped. We also mention that the
CLS presented in this work is also different from the multi-
frequency gap solitotMFGS) found in Ref.[19]. The dif-
ference is that the formation of a MFGS is due to synergic
spatial modulations of dielectric constant arising from inten-
sity distributions at different frequencies. That is, a MFGS is

in Fig. 3(a), where maximum TH conversion occurs. Figure due solely to the Kerr effect and there exists no energy ex-

4 shows clearly two localized distributions fag and A\,

change between any two frequency components.

both symmetric to the center of the sample. Their magnitudes Finally, we give an estimate of the source power required
are Comparab|e’ indicating signiﬁcant energy exchange bdo observe the phenomena shown in this work. If the units of
tween\r and Ay occurring in this new state. Its existence field are chosen as statvolt/cid?=-10" taken in our cal-
greatly enhances the TH conversion. This is in contrast witifulation corresponds tg/®=-10"*esu, and the value of

the state at point8 andB’. Although their intensity distri-
butions are also localized for boty and A\, the intensity
for Ny is only about 3% of that fohg. It should be men-
tioned that, similar to the gap soliton at pof@tin the inset
of Fig. 3(c), the shape and size of the CLS at pokitis also

|Ef(0)|=1-7 in Figs. 2 and 3 then gives|EL(0)|
=1-7 statvolt/cm, which corresponds to a laser powet of
=(1/2)ceo|EfL(0)|>~180-8820 W/crh Thus, for a more re-

alistic numbery®=-10"° esu, the value ofE;(0)|=1-7
corresponds to a laser powerlat 18—882 MW/cm, which

insensitive to the sample thickness. This can be understodd attainable in practice.

as the fields outside the core regions of the CLS for bgth

In conclusion, we demonstrate that the TH conversion ef-

and )\, are exponentially small and their contribution to the ficiency can be enhanced by about three orders of magnitude
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through the formation of a coupled localized statei® large energy transfer between fundamental and TH waves
NPCs as compared with that in a bulk medium of the samehrough y® nonlinearity.

length with a perfect phase-matching condition. This local- )

ized state couples the fundamental and TH waves located in This work was supported by Hong Kong RGC Grant No.
different gaps. Its existence is a result of both Kerr effect and05804.
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