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Abstract We investigate the nonlinear localized structures of optical pulses propagating in a one-dimensional photonic
crystal with a quadratic nonlinearity. Using a method of multiple scales we show that the nonlinear evolution of a wave
packet, formed by the superposition of short-wavelength excitations, and long-wavelength mean fields, generated by the
self-interaction of the wave packet, are governed by a set of coupled high-dimensional nonlinear envelope equations, which
can be reduced to Davey—Stewartson equations and thus support dromionlike high-dimensional nonlinear excitations in

the system.
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1 Introduction

In recent years, considerable progress has been made
on the study of electromagnetic wave propagation in pho-
tonic crystals (PCs). Since the periodic variation of refrac-
tive index of PCs can be controlled and even engineered,
such systems have many important applications in the de-
sign of new optical materials and optical-device.l'] PCs
have also opened a new chapter of nonlinear optics. Be-
cause of their remarkable capacities of localizing and guid-
ing electromagnetic waves, together with local field en-
hancement and dispersion tunability, PCs provide a con-
ceptually new architecture for nonlinear optical materials
with enhanced nonlinearities, extended phase matching
abilities, artificial anisotropy, etc.>?! In particular, PCs
support nonlinear localized structures called optical soli-
tons, which form due to the balance between dispersion
(or diffraction) and nonlinearity, near photonic band edge
and even within a band gap. However, most studies up to
now have been concentrated on one-dimensional (1D) op-
tical solitons in PCs with cubic (i.e. x(*) nonlinearity.?’!
Although there appeared a lot of work for second har-
monic generation and three-wave interactions in PCs with
quadratic (i.e. X(Q)) nonlinearity,*) to the best of our
knowledge, up to now there is no report on possible high-
dimensional nonlinear localized excitations in such sys-
tems.

In the present work, we investigate the nonlinear lo-
calized structures of optical pulses propagating in a 1D
photonic crystal with a quadratic nonlinearity. Different
from most of the previous studies, in our approach we
allow a transverse variation of the envelopes of the op-
tical pulses and hence the evolution of these envelopes
is (3+1)-dimensional. Using a method of multiple-scales
we obtain scalar and vector coupled envelope equations,
which can be reduced to Davey—Stewartson (DS) equa-
tions and hence dromionlike (2+1)-dimensional nonlinear
localized excitations are shown to be possible. The paper
is arranged as follows. In Sec. 2 we derive a set of non-

linear scalar envelope equations. An extension to a vector
case is given in Appendix. In Sec. 3 we discuss the reduc-
tion of these equations to the DS equations and present
dromionlike solutions. The last section is a summary of
our results.

2 Asymptotic Expansion and Derivation of

Scalar Envelope Equations

In nonmagnetic materials, and in the absence of
sources, Maxwell equations yield the vector nonlinear
wave equation for the electric field E as

1 62 P

o (E+ 60) =0, (1)
where € and ¢ are the permittivity and speed of light in
vacuum, respectively. The polarization of the material,
P, can be expressed in terms of the electric field by the
expansion

V?E -V (V- E)

1
—P=\V%E+xP«EE+\® «EEE+---, (2
€0

where y(™ = y(® (r,t) is the n-th order susceptibility
of the material and asterisk denotes an n-dimensional
convolution integral. For simplicity we neglect material
dispersion!! and thus the above expression reads

P
67(? = Xﬁ)Ek + X](‘i)lEkEl + Xﬁ)lmEkElEm +-
i=1,2,3.

The system we are going to study is a 1D PC whose di-
electric function is a constant in transverse (z and y) di-
rections but a periodic function along z direction. Thus
we have x(V)(z +d) = x((2), where d is lattice constant.
The system has been sketched in Fig. 1. Although not
independent from the nonlinear wave equation (1), it is
useful to use the divergence law

V- <E+£) ~0. 3)

We note that, as a consequence of Eq. (3), V- E # 0. The
term V - E is a small perturbation and its contribution
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to the nonlinear wave equation (1) is usually neglected
(the so-called transverse wave approximation). However,
its presence is crucial in the following derivation as we are
going to see.

Fig. 1 The schematic illustration of a one-dimensional
(1D) PC whose dielectric function is a constant in trans-
verse (z and y) directions but a periodic function along
z direction. Here, A and B denote two different kinds of
material and d is lattice constant.

We are interested in the weak nonlinear excitations
of the system. We introduce the asymptotic expansion
E=37, SEY) = e EW 4+ 2E® 4 SE®) 4 ... where
€ is a small parameter characterizing the relative ampli-
tude of the electric field. To obtain a divergence-free ex-
pansion, E2 ) are considered as the functions of the multi-
scale variables v/ = e/r and t; = €/t (j =0,1,2,...). We
assume the susceptibility has a periodic variation only on
fast spatial scale, i.e., ) (z) = x1)(z). The vector P
can be also expanded in powers of ¢.

Using the above expansion and collecting the terms
with equal powers of €, equation (1) can be reduced into
(j=1to4)

VO E) —Vo(Vo - E(J)) _ iizE(J)
c? otg
1 o2 ) )
_ — 51 Z BG — pp@ 4
C2X (ZO)atg ( )

The explicit expressions of M @) can be obtained analyt-
ically but their explicit expressions are omitted here.

We consider first the propagation of an optical pulse
in a uniaxial 4 mm materials (for example BaTiOg). This
particular choice of symmetry class guarantees that only
few components of the nonlinear susceptibility tensors
play an active role in the vector wave Eq. (1).1 For conve-
nience we take (z,y, z) axes as the crystallographic z, x,y
axes. The non-zero components are then given by

X =X £ XY,

ZE@ 1)

w2 Je(zo)pre ™ @mto fcc. = 2i [ch)m 04

2 .,2 2 —

xS X, = (2) 1)

X2 X, = x2 Y, =

Xzaz nyz @

X XZZCE °

For x| there are 21 nonzero elements, among which
eleven are independent. We assume that input electric
field of the system is polarized along one of the principal
axes of crystal. The field propagating along the z axis and
polarized along z axis, i.e. B = (Eg(gl), 0,0) (see Fig. 1).
The x component of Eq. ( ) at leading order (j = 1) reads

0? a 1 0? 0? 1y _

8ng c2 ot3 (20 )&3& =0. (¥
We assume that input field is a wavepacket, i.e. we take
Eg(ol) = Apm(z0) e 1“mto 4 c.c., where A is an envelope
function of slow variables v/ and t; (7 =1,2,...), which
is yet to be determined, and c.c. denotes complex conju-
gate. Substituting this solution into Eq. (5) we get

82

Qaizg(ﬁm(zO) = w?ne(ZO)(bm(ZO) ’
where €(z9) = 1+ xgclx)(zo). Equation (6) is an eigenvalue
problem of Sturm—Liouville type. Its solutions constitute
a complete set of eigenfunctions, called the Bloch states.
The eigenfunctions satisfy the following orthonormalized
relation:

L
<77”L’|6(Zo)|m>=/0 dzo00p (20)€(20)pm(20) = Omrm , (7)

where L = nd is the length over which the function ¢,,

must be periodic, with d being the period of the PC.
Since the dielectric function e(zp) is periodic,

Floquet—Bloch theorem applies. Thus one has

Gm(20) = dnkl(20) = Tni(20) e, (8)
where I',, 1(20) is a periodic function of periodicity d, i.e.
Ty k(z0) = I'p k(20 + d). The subscripts n and k are the
band index and crystal momentum, respectively.
At the second order (j = 2), the x component of
Eq. (4) gives
0? @ 1 0?

1
5 1w

(6)

—C

the

— — Ry ¢
03" 2 e(zo)atg @
_ A 0fm | 2. 0A ot
B [ 921 920 1wme(zo)at Om ] ©
- 402 X2 (20)A%¢7, e 7 2emto 4 cc. (9)

In order to solve this equation, we use the completeness
of the linear eigenfunctions. We make the expansion

B = BEO 4 3B e

+ZE(22

where E(Q*O), E®@D E22) are new envelope functions of
Substituting the expansion into Eq. (9),

—2wmto 4 cc. (10)

slow variables.
we find

0A

o, (11a)

+ win€(20)Om— ] e iwmto Lcc,
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ZE B (w2 — 4w Je(z0)gre 7120 4 c.c. = 4w X P, (20) 92, A2

where Q = —icd/dz.

We analyze Eq. (11a) with two steps. In the first step
we project it onto the eigenvector ¢,,. The left-hand side
of Eq. (11a) then vanishes and the following condition for
envelope function A is thus found

A 0A 0A
c(m|Q|m>8f21 +wm=— =0,

oty

where (m|Q|m) = fOL dz0¢*, Q¢ and the orthonormal-
ized relation (7) has been used. We see that the envelope
A propagates with the (group) velocity

(12)

dwy, c A

cg = ——— = —{(m|Qm) .
In the second step we project Eq. (11a) onto the space
spanned by the remaining eigenfunction vectors {¢;} (I #

m). Then we have

0A
E&Y = 95, Aumd (13)
where the coupling coefficient A; ,, is defined as
2ic (I|Qm)
App="2 01010 14
b d w?—w? (14)
Similarly from Eq. (11b) we also get Eg(fz’m = ATY,,
with
o A (U (z0)lm, m)
t,m w? —dw?, ’
L
(el ) = [ 067 (o).
0
Thus we obtain
0A -
(2) — - —iwmt
E® =, + Z azlAl,mdqsl(zo)e wmto
+ Z A2 ' ni(z0) 7120t fcc. (15)
1#2m
Following a similar procedure, we find E(2 - = 0,

E&Y = A1, BESY = Vi,ddA/dx1, and E(2 2 =
AQFfm, where
v = 4wy <Z‘X£/2x)z(20)|m,m>
b —dw?, ’
ic<l|77(20) Im)
Vijm = T )
P = —(Un(z0)x % (20) Im, m)

with n(29) = €(z0)/€(20) and &(z9) = 1 + x(l)(zo). Note
that for normal uniaxial crystal 1(zg) # 1. Thus we get

Ef) =, + Z AQFam¢l(zo) e 12wmto L cc. (16a)
l#2m
0A :
E(2) — (I)z v md —iwmto
P + zl: 9, b di1(z0) €
+ ) A, du(z0) e T2 e (16b)
l

e 12ombo L ¢, (11b)
The dc electric fields ®; (i = 1,2,3) in Egs. (15) and (16)
at this order are still undetermined functions. These dc

fields are generated by self-excitation of the wavepacket
and play an important role, as shown below.

At third-order approximation (j = 3), a solvability
condition of Eq. (4) gives rise to

i 0A ey 0A n 82A+/<; 82A+H 0%A
K
Y0z oty | a2 T Ttay2 T oe?
+ re®p A+ Kr|APA =0, (17)
where { = 21 — ¢4ty, and
K1 = g<m|§2|m>, (18a)
2w.
Ro = 0727”, (18b)
i ~
o = = S V01 (180
kg = (m|m), (18d)
2
cs
ks = (m|m) — = + — ZAI md(m|Q1),
© i#m (18e)
ke = —3 (m|x {2y (20)|m) , (18f)
2
r =202 3 T momd 2 ol
1#2m
+ 3{m, mIx e (20) m,m) | (18¢)
It is easy to show the relations k1 /K2 = ¢4 = Owy, /Ok and
265/ ko = 0wy, [Ok? = Oc,/Ok.

Note that the divergence law (3) for dc terms at order
J = 3 yields the explicit relation among ®,, ®,, ¢, and A.
Substituting this relation into the z-component of Eq. (4)
for dc terms at the fourth order (j = 4), we obtain

0?d 9P, 0?d 9%d
A i A i A —1 Y
192 T 8y1 S thge T o
62
= A=A + == |A)? 1
with
1 (L
A= Z/ n(z0)d 20, (20a)
0
C2 L
)\ =1- ﬁ E(ZO)dZO, (20b)
A __E< |M‘ ) (20c)
STV e ) M ¢
202

For getting a close system we need an additional equation,
which can be obtained from the y-component of Eq. (4)
for dc terms at the fourth order. It reads
0*®, 0%® 0*® 0%
A 2y A Y+ (M —1 2
a2 Thge T - Dare s
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0 +su=0 23b

=X gy, A (21) ’ (23b)
1991 where 2/ = /1/a1(z — ¢4t), ¥ = y, t' = (Bi/aa)t.

Equations (17), (19), and (21) describe the nonlinear evo-
lution of the envelopes A, ®,, and ®,. Similar equations
have been obtained by Ablowitz et al. in different optical
systems.[”]

The above results can be generalized to a vector case,
that is, when the input electric field at the leading-order
is within 2y plane, ie. EM = (E;,(vl), Eg(,l), 0). A de-
tailed derivation for vector envelope equations has been
presented in Appendix.

3 Davey-Stewartson Equations and
(2+1)-Dimensional Localized Solutions
We now discuss the solutions of the nonlinear envelope
equations obtained in the last section. For simplicity we
assume A, ®,, and @, are only dependent on &, y;, and
to. Taking @, = 0Ay/IE, from Egs. (17) and (19) we get

P2A, PA 0,
0418752 - Ty% = a287§|A‘ 5 (228,)
0A 9%A 9%A
92 4522 1 5,90 4 BlAPRA
ot + b e + B2 o + B3| A|
0Ag
— B AT = 22
B4 9€ 0 (22b)
with a1 = =X, ag = =\, B1 = Ks5/ka, P2 = Ka/Ka,
(3 = k7 /K and By = —Kg/ka.

Defining 0A¢/0¢ = —[B1/(®a1fs)]s and A =
[461/(e2a234)]Y/%u, equations (22a) and (22b) can be
rewritten as

9%s B 0%s 9?

When «; and f; satisfy the conditions «;32/61 = 1 and
20105/ (a2f1) = 1, equation (23b) takes the form

Ou  Pu OPu

1%+@+w+2|u|2u+su=0.
Equations (23a) and (24) are standard DS-I equations,
which are completely integrable and can be solved exactly
by inverse scattering method.[®! One of the remarkable
properties of the DS-I equations is that they allow a local-
ized envelope solution decaying exponentially in all spatial
directions.!® The key for the fact that equations (22a) and
(22b) can be simplified into the DS-I equations depends
on the fact that both «; and 3; are positive.

A single dromion solution of the DS-T Egs. (23a) and

(23b) sl

(24)

G 02
U=z s:4ﬁlnF, (25a)
F =1+ exp(m +n7) +exp(nz +13)
+yexp(m + 07 +n2 +13), (25b)

G = pexp(m +12) (25¢)
with gy = (kp+ik) 2"+ (Q+1Q0)t, 1o = (L41ls) 2" +(we+
iwi)t’7 Qr = _2krkia Wy = —2lrli, QZ—H.UZ = k?ﬂ-l%—k?—l?,
p = lplexp(ipp), |o| = 2¢/2k, (v = 1), 2" = (' +2) V2,
and y” = (y' —2')/V/2. The constants ki, k;, I, i, |pl, ¢,
and ~y are real integration constants. If we choose k[, > 0
we obtain v = exp(2¢,) with ¢, > 0.

2y _
922 y? +482,2(|U\ )=0, (23a) By taking k. = V2u, ki = V2a, I, = V2, 1; = V2p
. Ou 0%u alﬁg 0%u alﬂg 2 ()\/.L 2 0)7 Qz = 2(:“2 - 0,2), Wi = 2()‘2 _pZ)’ QT' = —4&[1,
Lop + 9.2 3, 0y> oz254| [“u and w, = —4\p we obtain
2 exp(ih)
= 2
mcosh f; + ncosh f3’ (26a)
~A(m2 +n?)(p? + A?) —8u?  Bmn[(p® + A?) cosh fi cosh fo — (u? — A?) sinh fy sinh f;] (26D)
~ (mcosh f; + ncosh fy)2 (m cosh f1 + ncosh f3)2 ’
where m = (u/[A(y = D))V?, n = (/M = 1)])*/?, and
h=v2az" +V2py" + 2% + 2* —a® — pP)t' + ¢, (27a)
fi=V2uz" — V2N — 4(ap — M)t (27b)
fo = V2u2" +V2y" — Alap + M)t + ¢ . (27¢)

Obviously, the expression of v in Eq. (26a) denotes a localized envelope function decaying exponentially in all spatial
directions, called dromion.®°! The mean-field component s consists of two interacting plane solitons with each plane
soliton decaying in its travelling direction. These features are shown in Fig. 2.

In the case of the dromion excitation, the explicit expression in the leading-order approximation for the  component

of optical pulse takes the following form:

cos ®

Om(z) cos(wpt)

B, =44 45
¢ as 34 mcosh fi + ncosh fo

with
a—

b= (a+py—+ Jar

pz+ [2(u2+)\2—a2—p2)

B a—p
a1 1/ Q1

Cg — W |t+ @p.
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The results show that the electric field F is a high-dimensional localized function in space.

15 -
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Fig. 2 (a) The modulus of short-wavelength input field component u in the case of a dromion excitation. The parameters
are chosen as p = 1.0, A = 1.0,a = 1.0,p = 1.0, p, = 0, ¢, = 1.0 at t = 0. (b) The long wavelength mean-field component
s in the case of a dromion excitation. The parameters are the same as in (a).

4 Conclusion

We have investigated the nonlinear dynamics of a mul-
tidimensional quasi-monochromatic optical pulse in a 1D
photonic crystal with quadratic nonlinearity. By employ-
ing a method of multiple-scales and allowing a variation
in the transverse directions for the electromagnetic field,
we have derived the nonlinear envelope equations with
scalar and vector forms for biaxial and uniaxial crystals,
describing the interaction between the wavepacket of short
waves and long wavelength mean fields generated by the
self-interaction of the short waves. We have shown that
these envelope equations can be reduced to well-known
DS-I equations and hence dromionlike (2+1)-dimensional
nonlinear localized excitations are possible. Such high-
dimensional nonlinear localized excitations, although pre-
dicted in water waves,[”) plasma physics,'% and Bose—
Einstein condensates,!!] have never been reported in pho-
tonic crystals up to now. Because of their robust na-
ture, the high-dimensional localized excitations in nonlin-
ear photonic crystals have potential applications in optical
information processing and engineering.

Appendix: Vector Envelope Equations

In this appendix we give a detailed derivation of non-
linear envelope equations for the case in which the in-
put electric field has nonzero components along both the
transverse principal axes of the material, i.e., EW =
(Eél)7 El(,l), 0). The derivation follows closely the method
developed for the scalar case presented in Sec. 2. For con-
creteness, we consider a (uniaxial) hexagonal 6m2 crystal
and we take (z,y,z) axes to coincide with the crystallo-
graphic axes.

Note that the y(V-tensor of 6m2 symmetry class has
three nonzero elements (diagonal elements), among which

two are independent: chlx) = Xély) and Xé?. The x?-
tensor of 6m2 symmetry class is

The x®)-tensor of 6m2 symmetry class has 21 nonzero
elements, among which 10 are independent

B3 6 3 (3) (3)
Xzdze = nyyy - wayy + X:pyyw + Xa:ywy ’
(3)

(3) (3) (3) (3)

— - (3)
eryy - nyzz? Xzyy:v - Xyz:vy? Xzyzy

Components containing z indices are omitted here since
they have no active role in the following calculation.

The electric field is expanded as in Sec. 2. Although
the calculation here is more involved, the perturbation ex-
pansion and the analysis proceed almost exactly as in the
scalar case. So in what follows, we are only concentrated
on the differences between the two cases.

At the leading-order approximation (j = 1), since
X?(,Z)(zo) = X(zlz) (20), eigenvalue equations of z-component
and y-component are identical. That means we can con-
veniently reserve one set of eigenfunctions to expand the
space polarized in either direction. We still choose the
eigenfunctions satisfying Eq. (6) as in Sec. 2.

At the second-order approximation (j = 2), we obtain
(a=uzy)
0A,

E(271) —
821

a,l

A md, (A3)
where A, is undetermined envelope function (4, =
E,E}’”), Ay, is defined by Eq. (14). The other envelope
functions read

E&?Y = A, AN, (Ada)
B = (43— A, (Adb)
0A, 0A
peb = (e PN\ g A4
z (axl + ayl ) l7 bl ( C)
E®? =90, (A4d)

where

(U2, (z0)m, m)
w? — w2,

x _ 2
lym — 8wm
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9 (l\xg(fy)y (z0)|m, m) A At the third-order approximation (j = 3), we find the
—8wn, — 4w2, ’ (A5a) evolution of the transverse components of the optical field.
By defining ®,, = E&Q’O) we obtain
l (2) « 9
AV = 4w31< |ny2y(20)|ma m) (A5D)
M wi — 4w?,
’ |
. A Yk 0A, e (82A 0%As )_H{ (82A 0% As )-f—:‘i 0%A, kO,
Yoz ot T\ 062 T dayoa, \0a2  dar0ay Pagz T
+ kAol Aa|? + kg AL (AZ — A%) + ko244 Aa|® + AL AZ] + K10Au|Aal? = 0, (A6)
with verse coordinate. As in the scalar case, the evolution of
k1= = (m|Qm) (ATa) the fields ®, and ®,, is captured at O(e*), which reads
¢ 9*®, 0*® 9*® 9*®
QWi Y o o A o P At
ke = u)2 ) (A7b) ! da? + da2 T A2 0&2 + )8a18d1
Ci 82 82 82
_ 1 — [—Ma } A , A8
K3 = zl:Vz,md<m|Q|l>, (ATc) 3 902 Me* Garga, Ma) + 152 M (A8)
ith
kg = (m|m), (Ard) ™ g
21 A= */ U(ZO)dZO, (A9a)
s = (mlm) — % 4+ 2L S Ay d(m|Ol), (ATe) L Jo
l#m 02 L
2 2 )\2 =1— L792 6(2’0)(12’07 (A9b)
= =5 (mlx (2, (z0) lm) (ATH) ‘
Xyyy\ 20
2w72n )\3 = 7<m| — m> ) (A9C>
K7 = _CT Z Al m<m m|nyy(ZO)|l> (A7g) L E(ZO)
- M= =2 B o), (A%)
2w2 4 = L T2 m nyy Zo)|m
== N A (2) ATh
kg 2 Z l,m<m7m|nyy(ZO)|l>7 (A7 ) M, = ATAT +A*Ay7 (A9e)
1#2m Y z
w = |Aa” = |4y (A9f)
rg = —5- (m,m|( (20) + XDy (20) ‘
9 5 mey 0 Xzyyz 20 We observe that, the vector equations contain more cou-
+X:(r?:’y)zy(zo))|m7m>7 (ATi) pling terms, especially the direct coupling between the
two optical fields and the coupling of either optical fields
Kio = 37<m m\xmm|m m), (A7j) to the dc field in the other transverse coordinate. Again,
we note that, the vector envelope (A6) and (A8) are only
Os = Aw(by + A4y P, (ATK) valid for materials belonging to 6m2 symmetry class. The
O, =A4,9, - 4,9, (AT])  materials with other symmetry classes will result in simi-

where o denotes either x or y, and & is the other trans-

lar vector equations.
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