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Nonlinear Surface Waves on the Interface of
Two Non-Kerr-Like Nonlinear Media

Jian-Guo Ma,Senior Member, IEEEand Zhizhang CherSenior Member, IEEE

Abstract—In recent years, there has been growing interest practical applications of nonlinear planar structures to an
in studying nonlinear guided-wave propagation as they present pptical device design demand that non-Kerr-like nonlinear
potential, yet not fully-explored, applications for high-speed op- - gyryctyres be studied in details. Some investigations have
tical slgnal processing and transmission. In t_hls paper, analytical been done along this line; however, so far, most of them are
solutions for nonlinear surface waves on the interface of two non- ’ =ED 2 G .
linear non-Kerr-like media are derived. The dispersion relations concentrated on wave propagation in a linear medium bounded
and their relations to the transmission power and initial field by nonlinear claddings or in a nonlinear medium bounded by
distributions are calculated. Several observations are made on the |inear claddings. Little work has been carried out on the wave
behaviors of the surface waves and their potential applications. propagation between two nonlinear media except the work

Index Terms—Dispersion, non-Kerr-like media, nonlinear me- presented by Snyder in [4]. Even in [4], Snydsral. did not
dia, surface waves, transmission power. solve the nonlinear equation directly or analytically. Rather,
they inverted the solution of a linear waveguide to discuss
nonlinear surface waves.

] ] ) ) To the authors’ knowledge, no exact analytical and closed-
ONLINEAR guided waves in optical waveguides havg, m, sojutions for the nonlinear surface waves on the interface
recently received growing attention owing to their pog¢ o non-Kerr-like nonlinear media have been reported

tential appligations to optipal signal pr'ocessing for high-spe@dl,s tar. In this paper, an attempt is made to directly solve

communications and optical computing. In the past sevegls problem. The analytical solutions are found and the

years, much research has been concentrated on nonlinganesion relations versus different parameters are calculated.
surface waves propagating along the interface between lin@yme ther interesting results regarding field distributions and
and nonlinear planar structures. The reason for selecting {he,smission power are also obtained.

planar structures is that the planar structure is one of therhis naper is organized in the following manner. In Section
simplest guided-wave structures and is easy for fabricatiq. the analytical solutions are derived. In Section Il results
A large body of literature has been devoted to dealing witlhg giscussions based on the analytical solutions for some

the nonlinear problems (see [1]-{11]). cases are presented. Finally, in Section IV, conclusions are
Among the possible nonlinear modes in a planar structugg,wn.

self-guided modes are of particular interest to researchers
and engineers, mainly because they have now been observed
experimentally (see [4]). This leads to a possible way to an
all-optical technology in which light can guide and manipulate
light itself. For the Kerr-like nonlinear media (where the The structure considered is shown in Fig. 1. It is infinite in
refractive index of the media is proportional to the squafothy- and z-directions. The fields are assumed to be inde-
of electric-field intensity), extensive studies have been carrigg@ndent of these two coordinates. Two semi-infinite nonlinear
out in the past few years [1], [2]. media are located in the regian> 0 andx < 0, respectively.
Although nonlinear optical effects at the boundary betwedre interface plane is at = 0. The nonlinearities of the two
two media have already been investigated for a numb@&edia are represented by the dependence of the permittivities
of possible geometries with Kerr-like nonlinearity [6]-[9],0n the field intensities in the following form:
wave propagation in non-Kerr-like nonlinear media have not s .

A . . o 9, =11 Q)
been studied in a systematical way. In a practical situation,
many materials exhibit a refractive index which varies witlyhere¢,; is the linear part of the dielectric constant of the
the electric-field intensity raised to a power other than twiiedia ands; represents the nonlinearity, which can be any
[4]-[11]. That is, a practical medium may not be an exagfrbitrary real number. Whefi; = 2, the medium becomes
Kerr-like medium. The actual dependence of the refractitRe Kerr-like mediumi = | or Il, denoting medium | and I,
index on the optical field is intimately related to the physicakspectively.q; is the nonlinear coefficient. I is positive,
process which gives rise to the nonlinearities. In consequenggs medium becomes a focusing nonlinear medium where the

field has its highest intensity at one location and the maximum
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A X The above equations can be rewritten, respectively, for each
medium:
for medium | (z > 0):

i) = 4/ o | Uit = )],
when the medium is a focusing medium (7)

Nonfinear | E(z) = A//sinh?® [%/ﬂ(m - 37)} ;

o | when the medium is a defocusing medium (8)
Monlimear 11 | . )
| i and for medium lli{(z < 0):

Fig. 1. The discussed structure. E, (a:) _ A”/ COShQ/‘S” {%k” (a: _ 370”)} 7
when the medium is a focusing medium (9)
[1]-[11]. The detailed definitions for these two media can be 2 assy [
found in [3]. Ey(z) = Ay/sinh™™! [gkn(a? - 3701!)}
Suppose that the wave is propagating along the direction
of the z-axis in the form ofe/(“t—%2) Assume that the only
nonzero component of electrical fields is the&eomponent

when the medium is a defocusing medium. (10)

Here
Ey(z) = B(z)c™%. ) 12468 (k) 1/8
_Jzrtarm 2 _ 32 _ 12,
From Maxwell's equations, one can then obtain the magneticzfl' o {ocl 2 <ko> } ’ ki =67 = kgen (11)
field components s
1 244, </€|| )2 L2 /32 k2 (12)
Ay = T o9 A1 ’ = — K €1
H,(x)= 1 9B, = _LaEZJ' 3) ! a2 k. i Eril
Jop 9z Jwp Oz

Note that above equations represent TE modes Now that the electric fields are obtained as noted above,
The wave equations for each medium can be written ng magnetic-field components can be found from (3). For

[3]-[6] instance, forH_, one can have the following:
for medium I:
FE; | o 5 2
dz? + [k (eri + 0| Ei(x)]°) = B7|Ei(z) = 0. (4) Ha(s) = 1 dE(z)
zl - - 5
The analytical solution of (4) for each medium, as shown JC;“ dr 5
in Fig. 1, can be found in a way similar to that described in = —jw—ulﬁ tanh |:§Ikl($0l - x)} E\(x),

[10], [11]. If the medium is a focusing media L _ )
when the medium is a focusing medium (13)

Jwp  dr

b= — L@ el =

 cosh?? [:I:%«/ﬁ? — k2epi(xo; — a:)] '

If the medium is a defocusing medium

1 o
= _jw—ukl ctanh |:§II€| (.’L’0| bt .’L'):| .EI|(.’L')7

when the medium is a defocusing medium (14)

[ 2 [(8) - eul] ™

Ei(z) = o] 2 ko . () and for medium I

Here, zo; is a constant to be determined by the initial field 1 S
distributions. It gives the locations af where the field = Tku tanh |:5/€||($—$0||):| Ey(z),
amplitudes reach maximum in each medium. If the initial field JOH

distributions are established in such a way thgt = 0 for when the medium is a focusing medium ~ (15)

both media, the maximum fields will occur at the interface, H.(z) = _;dE" (=)

forming a desired self-focusing surface wave. On the other Jwp dx

hand, if a defocusing medium is desired; should not be set _ ik Ct%nh[@k (z—g )} En(z)
to zero. Note here that, andzo, are not independent from jop T 2™ R It

each other as will be shown later. when the medium is a defocusing medium. (16)
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At the interfacer = 0, boundary conditions require that,

and H, ~ %L}
result, the following conditions must be satisfied:
Ey(z =0) = Ey(z =0)

H,(x=0)=H,(z=0).

Application of the above boundary conditions leads to the fol-
lowing dispersion equations for four combinations of different

media:
Case |: when both media are focusing media

If| tanh |:%I€|.’L'0|:|

= k|| tanh [%k||$0|l:|
A

(Cosh [%«/[32 - kge,,.a:m])wé'

Ay
(COSh [% \/m$0|l])2/5u ’

Case II: when both media are defocusing media

If| ctanh |:%I€|.’L'0|:|

= If” ctanh [%k” .’L'0||:|
A

(sinh [2 /B2 = K2enzo]) ™"

AII

(Sinh [% vV f% — kgﬁruxou] )2/6” '

Case lll: when medium | is defocusing while medium II

is focusing
k) ctanh |:%/€|$0|:|

= k||tanh [%k||$0|l:|
A

(sinh [2 /A% = Renzo])™"

AII

(Cosh [% mxou])mu ’

Case IV: when medium | is focusing while medium Il is

defocusing
6
If| tanh |:§II€|.’L'0|:|

= If” ctanh [%k” .’L'0||:|
A

(Cosh [%\//32 — kgeﬂa:m])wé'

AII

(Sinh [% vV f% — kgﬁruxou] )2/6” '

rewritten in a simplified form as follows:
Case I

251 N+A L/on
— 2 )
{COSh2 [%kO\/N——i-Awou]}
VN tanh [%kox/ﬁxoi

(19)
Case ll:

248 N L/
2 o
{ sinh? [ % k,vNo] }
(20)

246y N4A L/
_ 2 a
{ sinh? [%komxou] }
VN ctanh [%ko \/Nazoi

(21)

Case lllI:

246 N L/
LAY
(22) { Sinh2 [%k‘o \/N.Im] }

2461 N+A 1/8u
_ 2 a
{COSh2 [%kO\/N——i—Awou]}
VN ctanh [%kox/ﬁxoi

(23)
Case |V:

248 N /8
2
{COSh2 [%kox/ﬁxm]}
(24)

246 N4A L/
_ 2 a
{ sinh? [%ko\/mxou] }
8
VN tanh Bko\/ﬁm}

=+ N + Actanh {%kovN + Aa:on}
(25) where
i

[&1]

A%
(26) N= <k_> e

A =€ — € > 0.

=+ N + Atanh |:6—2”/€0\/N + Aa:oll}.

=vN+ Actanh[%kO\/N + Aa:()”}

=+ N + Atanh |:6—2”/€0\/N + Aa:on}.

The above dispersion relations for focusing, defocusing, or
—o be continuous across the interface. As fnixed focusing and defocusing media can, respectively, be

(27)

(28)

(29)

(30)

(31

(32)

(33)

(34)

(35)
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Now the feasibility of Case IV will be examined. Rewriting 80 . : . .
(34), one has
Ctanh[%kO\/N + Azon] N -1 (36) 70 - /
tanh [ %k, v No|] “VN+a T

60

Since the left-side of (36) is always larger than one, (34) has g ¢rad/,m)
no rational solutions. Therefore, there exist no surface waves
in Case IV. Note that the assumption Af> 0 is without the sor o1 ]
loss of generality. '

For the remaining three cases, the dispersion relations of the 40 | y
surface waves are then determined by (27)—(32). From these
equations, one can see that given the operating frequency and
the material parametetsy;, o2, and 3 are not independent
of each other. In each case, there are two different dispersion

30 B

equations. Therefore, only one &, zg2, andg is free and to 20 |- 1
be determined by other conditions, such as initial conditions.
Once it is set, the other two quantities are determined. ol T e ]
For Case |, further simplification of (28) reads @
6l /’//// Il L 1 |
tanh [ b} ko\/N + A.’EO”] _ N <1 (37) 00 5 4 o A 0
tanh [%kox/ﬁxm] N+A~ oo ()"
which leads to Fig. 2. The dispersion curves for different; /a; under the conditions
6 6 € = 3, A = 0.5, g1 = xzgy = 0, and6| = (5||.
5 koVN + Axon < S koVNaor,
or Furthermore, if6, = &, it becomes
A
Suzon N N=5—7: (41)
<y <1 38 S _ g
bz ~ VN+A T (38) @
or The dispersion relation becomes independent, @&, ).
Suppose thaty < «y. Then
Sizor > Syzon. (39) A
B=koy|n+ o (42)

That is, in Case | (where both media are focusing media), for a -1

surface wave to propagate, initial conditiong and medium _ _ _ _ _
parameterss; must satisfy (39). The dispersion relation becomes linear with frequerigy

Its slope, the phase velocity of the surface wave, becomes
a constant, which is only dependent on material parameters
e, Enns 0 /cy. AS @ result, signals propagating through the
To obtain the insight into the propagation characteristiggterface of the two nonlinear media will not suffer any
associated with the surface waves, numerical calculations ha¥&ortion and the media become distortionless media.
been performed using the analytical solutions solved abovefig. 2 shows the propagation constghtersus frequency
This brings about interesting phenomena which is new aggth various o, /oy in the case. Note that the propagation is
important for an actual design. The general dispersions aiﬂ@ependent of the value of and §, as long as they are
field distributions are quite complicated. Therefore, in thequal. Figs. 3 and 4 show the related field distributions. As
following, only special cases are considered for simplicity. seen, the fields concentrate mainly in the neighborhood of the
interface, forming the surface waves. In addition, &g«
A .zo = 0andé = ¢ becomes smaller @rbecomes larger, the field concentration is

From (14) and (16), it can be seen that for a defocusi,i,@tensifi_eq. _C_onsequently, nonlir_1ear med@a pr_acticglly need not
medium, the constant,; can not be zero (otherwiséf, will be semi-infinite. The region Whlch contains I|tt|_e field energy
have infinite values at = 0). That is, the maximum electric- €an be removed without affecting the propagation properties.
field points could not be on the interface of the two defocusing Fi9- 5 shows the propagation constghversusc /c for
media. However, for focusing mediag = 0 andxzg, = 0 are variousk,. It indicates that for a giverk,, if «, /o is large
possible. Take Case | as an examplezdf = o, = 0, the €nough,3 becomes almost independent @f/cy.
dispersion relations, (27) and (28), reduce to

Ill. NUMERICAL RESULTS AND DISCUSSIONS

B.A =0 (& =€)

1/5 1/5
{2 +4 E} I _ {2 +o N+ A} "_ (40) If A =0(ey = ), (32) has no real solutions. For Case I,
2 o 2 a where medium | is defocusing and medium Il is focusing, the
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Fig. 3. The electric-field distribution fofy = é; = 6 = 1.5 and various Fig. 5. The propagation constam versusay /oy for various k,. Here

Q”/al Hereq = 3 A - O 5 rol = ol = 0 k 0 4 le_]' €] = 3, A = 05, Trol = ro| = 0, and(ﬂ = (5||.
100 , : : : For Case | (both media are focusing), one has
i M N & 248 N i
o L - 2 q _ 2 oy
cosh? (%kox/ﬁxm) cosh? (%kox/ﬁxo.)
80 - “ 1 (43)
Rewriting it gives
m:l"a()(dlzg_ 1 [M]ﬁ ) ) %_%
60 [ _ 2&'41.]\7?_W = |cosh k‘ \/_.’L'0|
[2+<5|| ] Em
2ay)
50 - or
2 1
L 4 ko, = ———=——arcosh

- b \/Nafm
30 B

N|: 20y, :|6||—5| |:2+5|:| ' (44)
20 L i 244 20y
10 | 1 Fig. 6 shows the dispersion curves Qf = ¢, o = 0.8,

6 =2, &, = 86,. It is seen that for each,, there exists two
0 ” . 5 different values of3. Thus, two possible modes can propagate

with the same frequency but different phase velocity. There
also exists a maximum frequency beyond which surface waves

Fig. 4. The electric-field distribution foty = &y = 6. Heree = 3, cannot propagate in the structure.
A = 0.5, xol = xon = 0, anda”/m = 1.01.

% (pn)

C. Transmission Power for Case | (Both

Media Being Focusing Media)
surface waves do not exist. However, (28) and (30) have rea
solutions (i.e., surface waves can exist for Cases | and ). |
fact, whené,zo = é,zon, the two equation are automatically ,
satisfied. The dispersion relations are then solely determlneg i all/éu ? oo 2+Té|N )

« P=
by (27) and (29), with,zg = éyxoy. In the following, Case @ alll/éu /0 cosh? [%ko\/ﬁ(m _ x)]
| is computed.

|From the field solution (5), one can compute the transmis-
sfon power for Case | as follows:
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30 T T T T T
25 |- -
| v.
108
1 alyp 20F | 1
(P in W) :
|
= 15 . ‘: -
_ w0l ]
_ s .
0 1
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ko(pem) !
Fig. 6. Dispersion curves fef = ). Herezg = 0_8'a|1|/bll/a,|1/’~‘| =12, Filg/.éﬁ. 'll';?lnsmission power versus, for ¢, = ¢,. Here zg; = 0.8,
o = (5||/(5‘|, 6 = 2. a o =12,6 = (5||/(5|76| = 2.
246 =
1] I . . . .
s N do (45) cases, the situations are different. For a given frequency there

cosh? [%kox/ﬁ(azou —i-a:)] may exist two related propagation constapts or modes.
They propagate with different phase velocities. However, not

Fig. 7 shows the transmission powcﬁ/é”Pversusko. Unlike all of the frequencies can form the modes and propagate in
in the linear media, the transmission power is now relatd@e structure. There is a critical frequency for given material
strongly to the frequency. For a given exciting frequency, theP@rameters. Below it, two modes can exist in the structure;
are two possible transmission powers corresponding to the t@@Pve it. they cannot propagate. In addition, transmission
modes as indicated before. power, propagation constant, and frequency are dependent

By comparing Fig. 6 with Fig. 7, one can find that fretPon each other. These results are useful for designing a
guency, transmission power, and propagation constant in prssible new optical devices based on the nonlinear waveguide
nonlinear structures are related to each other. If one of th&tucture.
is given, the other two are determined. For example, if the
frequency is given, the propagation. constant and transmis_sion REFERENCES
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