CHAPTER - 4

A STUDY OF NONLINEAR SURFACE WAVES
AND GUIDED WAVES IN PLANAR
OPTICAL WAVEGUIDE




4.1 Introduction :

In the recent past considerable interest has been
developed in the optics of layered media with nonlinear
dielectric properties. Many interface phenomena' are found
to be associated with reflection and refraction of a strong
plane wave from the surface of a nonlinear medium having
intensity-dependent refractive index. In the presence of
negative nonlinearity, it has been shown that longitudinally
inhomogeneous travelling waves (LITW) can be excited such
that the intensity and angle of propagation would vary
perpendicular to the interface. Similarly nonlinear surface
waves (NSW) can be excited® at the interface if the
nonlinear medium has a lower refractive index with positive -
optical Kerr coefficient. Kaplan® has obtained conditions
for the excitation of all the possible types of waves in a
medium having negative nonlinearity. The above mentioned two
types of waves give rise to a number of nonlinear interface
phenomena like bistable reflectivity and  hysteresis,
nonlinear self-deflection of refracted rays and self-induced
transparancy of nonlinear interface.

The salient feature® of the nonlinear surface wave
is that its dispersion relation contains the square of the
electric field as a parameter apart from the frequency and
the wave vector. Further, such waves can be directly excited
by bounded light beam which is incident on the interface.
Tomlinson” has obtained an exact solution of Maxwell's

equations which describe the propagation of s-polarised
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{i.e. TE) nonlinear surface waves. He has shown that an
interface between two dielectric ‘media (with the lower
refractive index material having a positive nonlinearity)
can support a two-dimensional optical surface wave which
propagates along the interface with a constant shape and
intensity.

Apart from these studies the propagation phenomena
of nonlinear film-guided waves (NGW)} have been investigated
by considering multilayer dielectric structures*™
Dispersion relations and power flow expressions for such
modes have been obtained. Holland's theoretical
investigations® have shown that in a symmetric structure
there exist nonlinear gquided waves with symmetric field
profiles. In addition there exist asymmetric guided waves
which are closely related to the surface waves supported at
an interface.

In view of their unique features and potential
applications in all the integrated optical devices, the
investigation of surface waves and nonlinear guided waves
has attracted considerable interest. In the present work we
have first revisited Tomlinson's analysis® with a view to
get aquainted with the method of analysing the surface wave
propagation alohq a nonlinear interface. In order to examine
the intensity effect on the guided waves we have next
investigated the nonlinear propagation of TE waves in both

the high- and low-refractive index guiding layers.



82

4.2 Rovisiting Tomlinson's Amlysiqz of Surface Wave at a

Nonlinear Interface C(Present Work) s

We consider an interface coincidimg with x-y-plane
and separating linear and nonlinear dielectric media which
are on negative and positive z-sides respectively (Fig.4.1).
Tﬁe dielectric constant of the nonlinear medium is assumed
to be

elx,y,z) -”a; + Ae ¢ e;{E(x,y,z)t’ seee. (4.1)
where e = dielectric constant of linear madium

4e = zero-field refractive index difference between
the two media and
i,c& = noanlinear coefficient.

We assume that the interface supports a
two-dimensional optical surface wave which propagates along
x-axis independent of y-co-ordinate. The existance of
surface wave demands that Ae < 0 and~¢av> 0 i.e. the lower
refractive index material (i.e. nonlinear medium) has a

positive optical Kerr coefficient. The electric field of

such a wave is supposed to be described by the scalar wave

aequation

o .2 L
c
We guess the following solutions of this equation for the

two media under consideration.

E(x,y,z{ws‘iaoegp(ik*x) exp(ki‘z) , z2 <0 ... (4.3)

B(x,y,z) = E,.exp(ik x) sech [kn(z-zo)] : 2 20 eo. (4.4)
The functional forms for the solutions have been

chosen 8o as to consider the propagation of the surface wave
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along the interface with a constant shape and amplitude.
With these expressions we solve the wave equation viz.
Eq.(4.2) for the field parameters related to the beam shape
and associated critical powers.

4.2.1 Field Paramesters :

Linear Medium Cz < 0)

Differentiating Eq.(4.3) twice with respect to x and 2

saeparately we can obtain

3:5'3 -xEB £:§ « - k* §
ok,, » 4 ozz £ Y

8o that
VB (kI -kI)E
. -4 x
Putting this in Eq.(4.2) we get the condition
2 2 2 .
(- kx + k" +.k° ) E= 0 e (4.5)
where k° is defined as
ko - d%"/ﬂb /e ..., (4.5a)
This condition is satisfied only when
2 2 2
k " ku -k e (4.6)

8 o

Nonlinear Medium Cxz > 0) 3

Differentiating Eq.(4.4) twice with respect to x

and z we obtain the following expressions.

z 5
2E f - - k: E
I%
%E _ _ E. exp (ik %) k_sech [..] tanh {..}
oz 20 % 22 .t .t
&E 2 2
= k”[B’Oexp(..)aech {..1 ]{1-zaech (..1}
This is simplified further gginq Eq.(4.4)
2 " 2k* g~
OE . 2 g - 2z 'E‘z
P 2z B2

(<]



Hence we obtain

2k: E
VE=-k*K+ k2 E- —2_|E}|® cers (4.72)
b g 2z Ez
o
Now
2
e(x,y,z)-g; E=
C
3 wz
-[e-Ae+ez|E| --—:-8
c -
2 2 o e |E[*
c e fm o (29 (o2 ]u ALk [ <)’
e g2 e ° o2 e
= k*E - ’k’g+..:£.5 E|*E (4.7b)
o ¥ %o 3 | e

where we have used Egs.{4.1) & (4.5a) with 4« ¢ 0 and the
definition of v, as given below.
ceees (4.7¢)

Physically sin"vo represents the total internatl
teflect}on as measured from the interface in the 1limit of
zero intensity.

Futting the three Eqgs.(4.7) in Eq.(4.2) and saimplifying we

cet
2 x* -
2 2 2 2 .2 22 2 2 2
- 2+ k2 + k2 wcko)E+[ = +eoko]|s|z-o

This will hold good provided the following two oconditions

are gatisfied.

2 z 2 2 o
kzz - kx - k° {1 - wo ) ......;,,‘(_4.'.9a)

kz = -TI-ET_z 20 kz v;z ...... {(4.9b)
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The above assumed solutions (Eqs. 4.3 & 4.4)
should satisfy the boundary conditioﬁs that E and OE / &2
must be continuous at the interface z = 0 . For the
continuity of E at z = 0 we get

E = an sech ( kz! z ) ceess (4.10)

10 [

Differentiating Eqs.(4.3) and (4.4) with respect to 2z and
equating the values at z = 0.

E“ kﬂ - an ltzz eoch(-kn zo) tanh(-kn zo)

where we have used the trigonometric relations
sech(-68) = sach(8) and tanh(-68) = -tanh(@)
Simplifying the above expression further we obtain

k, sinh(k,_ 2 )
.E z 2 ° ¢ s s 0 @ ("11)

1o 20 k., cosh®(k 2 )
2z “o

Eqs.(4.6), (4.9a & b), (4.10) and (4.11) are the five
conditions which relate six parameters namely k, -k .+ k_
» k_+, w, 2 and 2z  imvolved in the field distribution
function. All these parameters can be expressed in terms of
a single independent parameter. This is chosen as a quantity
D defined by

« E; =2ae|j (1+D) ... . (4.12)
Using this definition Eqgs.{(4.6) and (4.9) are rewritten as

explained below.

Subtracting Eg.(4.9a) from Eq.(4.6) and using Eq.{(4.9b) we

obtain

2 z 2 2 20
kzzgkowc[ 2!“|-1]
From Eq.(4.12) we deduce
& E*
2 2o

= 1 + D
s'l
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Using this in the above equation we get

k’z'ko wo'm 't’ s e 0 8 80 (‘013)
Again subtracting Eq.(4.9a) from (4.6) and using Eq.(4.13)
we obtain .

lt.zz = k° v, YT ¥ D verese (4.14)

Similarly using Eq.{(4.13) in Eq.(4.6) we get

k, = k_ v #w;’ T S (4.15)

Further dividing Eg.(4.16) by Bq.{(4.11) we deduce

k‘ +b
tanh [kz z] = 5= ceeee. (4.15a)
® ° 2z 1‘! + D
80 that sech {..] -l
YT + D

where we have utilised the conditions given by Eqs.(4.13)
and (4.14).
Putting this in Eq.(t.lo), squaring and multiplying by e we

get
« B =2 |Aa] ciien. (4.16)
F 4 10

From Eq.(4.10) we can deduce

k. 2z = cosh™*(X)
2z “o

xn[x+ x’-l]

i.e. z = F———— ceece- (4.17)
2z

with X«=E / E
20

10

Wow from Egqs.(4.12) and (4.16) we have

Hence Eq.(4.17) is rewritten as

z = ln[ + +-m.] LR B Y (‘-18)

° k v vy1I + 0D

o (=]
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This parameter gives the position of the peak
intensity of the surface wave. It has a maximum wvalue of
06.663/( k v ) which is obtainable at D = 2.277. In order
that the surface wave should exist, the three parameters

kag kzz and kx must be real. This means from Eg.{(4.13), the

condition D > 0 should be satisfied. As a result Eq.(4.12)
fmplies that the field-induced refractive index change
le,E> ) at z_ should be at least twice the zero-field index
difference |Ae]|. This minimum value of {EEE:o) is equal to
the value of (‘Eg:a) given by Eq.(4.16). The latter equation
means that, in the presence of the surface wave with
critical power P, the field-induced index-change at the
interface is always exactly twice the =zero-field index
difference, independent of the value of D.

4.2.2 Critical Power of the Surface ¥ave :

Correction of Tomlinson's Expression :

The critical power carried in the surface wave per
wnit distance along y-direction is given by

o
P=k s |B|®adz coees (4019)

-

The integral in this equation should be solved for
the three regions.
i) linear medium (z=-oto 0 )
ii) nonlinear medium ( z = 0 to z, )
i1i) nonlinear medium ( z = 2_ to o )
Accordingly we write

P=P +P *Poun e (4.20)
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-]
with P =k s |E|*dz = ..... (4.20a)
| 9 » -
z 2
P =k s ° |E|® d2 cevo. (4.20Db)
NLX x °
© 2
Poer = K, z.r |E|* az eee.. (4.20c)

(<]
The integrals are evaluated as explained below :
We first divide Eq.(4.16) by (4.13) and then Eq.(4.12)
by (4.14) and deduce the following ratios :

2
Bio _ 2 Jae] 1

..... (4.204)
L €, k.Y D
E; ™
zo 2 lAa
- vir¥vrvr ..., (4.20e)
kzz ezkowe
Using Eq.{(4.3) in Eq.{(4.20a) we write
_ o _
2
P =k, _i |E,, exp(ik x) exp(k 2z)|" d=z
-k E Tl oxp (2k z) |
»n 40 Py p 4 -
k E*
= » 10
— 2k
42
k |se|
B2 crr——— (‘-213.)
ko v, e, D

Here we have used Egs.(4.13) and (4.16). We employ Eq.(4.4)
to evaluate the other integrals.

exp(ik x) sech [ k (2 - 2 ) 11* dz

NLX

20
Pe = %, 50 IE,,

2 % 2
- kx Exo : [ sech [ kzn(z - zo) ] ] dz

By change of variable X = 2z - z we get

[~

2

- z

E'm_.I kx Ezo fz [ sach ( kzz X)) ] dx
o
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Hence

PNL! = kv D ceses (4.21Db)

Similarly
[+ o]

: 2
P = K, ;‘ |E,, exp(ik x) sech [ k_(z - 2)) 1| dz

20
2
[

, © 2
= k E__f [ sech [ k_(z - 2z ) 1] ] dz
x 2z [~]

-x, (2)

= —-—r—-—k" 2la<] vT+D (4.21¢)
vy — Y+ e . C

L
2 o' ¢

In getting Egs.{(4.21b) and (4.21c) we have utilised
Eq.{(4.20e).

Substituting Eqs.(4.21) in Eq.(4.20) we get

P =k i}f:'[ 1 +m+m]

2 o'c 2vb :
2
e vy J—
° €. ° 20

where Eq.(4.15) for k is utilised.

We henceforth use the notation P for the total
critical power in the surface due to the reason given in
Sec.(4.2.3) to be followed.

Critical Power of Self Trapped Wave :

We have made use of 'sech' distribution function
in deriving Eg.(4.22) because this function satisfies

Maxwell's equations in the nonlinear medium. It is obvious
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that it would still be a solution if the location of the
interface is shifted to 2z = -» . In that case the nonlinear
medium would extend from 2z = + mto 2= - w . In such a
medium we will have to consider a freely propagating
self-trapped wave. We now obtain expression for the critical
power of the self-trapped wave.

For this purpose we use Eq.(4.4). Thus

o
- - ‘2
P, ™k i‘m |E,, expl(ik x) sech [ k (z - 2) ]| dz

e o]
2 2
=k E, {w sech [ k_(z - 2)) 1 | dz
The integral is solved again by changing the wvariable
as X = z - 2_ . Hence we obtain

P =k [ -:;3 ] [ tanh (k_ X) ]

-0

> 20
= 2 kx X
2z
By using Egs.{(4.7c), (4.15) and (4.20e) the above result can

be rewritten as
2, ¥, /3 \/
PST = 2 ——1;:—— v, +D YT +D eee. (4.23)

Comparison of Total Critical Power (P;) with FPower (P‘T) of

Self=~Trapped Wave :

Dividing Eq.{4.22) by Eq.(4.23) we get
[ l s+ /TFD ]

P

e . 2vD
!sr 2T +D
1
i.e. p = YL ¥D+ D) P__ L. (4.20)
e 4 YBYTFD

On the other hand the division of Tomlinson's Eq.{(17)

by (4.23) gives us



( /1 imﬁ*m’pﬂ | oo, (4.25)
2
Comparison of Peak-Field Amplitudes for the

P =

Surface ¥Wave and Self~Trapped Wave :

From Sec.(4.2.2) we list the following expressions

again.
k, B, Bfe 1 [ 70
Pu® - puux-kn(—f:;][,r—-—m ]
2
P = %, [ )
Hence

E* E* ‘
P= k_ [2]? + k“[ 14) + 1 ] ] ...(4.26)
iz 2zz{ YT ¥ D

From Eqgs.(4.204) and (4.20e) we can easily deduce
E* E*
D

140 = 20

Koz K2z T¥D
Hence Eq.(4.26) becomes

2
p «g 20| 30+ 2TTD
e x k 24T ¥D

2z
Consequently the amplitude of the surface wave is

written as
172

‘zktu Pc
A‘v - X cee. (4.27)
x [ 3+ 24T FD ]
29T + D

Similarly from Eq.{(4.23) we obtain amplitude for the

self-trapped wave.

ek P 12
- 2 2m =T ,
A { 1 y } ..... (4.28)

=T
x

Comparing Eq.(4.27) and (4.28) for Pa - P‘T we have

A2
A= 3/ + 241+ D AL, e (4.29)
T TP
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Behaviour of Field Parameters as Furkctions of D 3

We have plotted the various parameters of the
field distribution as functions of D in PFig.(4.2). Also
field amplitude as a function of z for several values of D
kas been illustrated in Fig.(4.3). For this purpose the
above given expressions for the field parameters are
rewritten as given below :

We have chosen the set v& = 1.5 and Ae = - 0.06.
By definition k_ = fE:;z;— = -3§-. As a result
Egs.(4.13)-(4.15) and Eq.(4.18) take the following forms.

k,_X=3ny 7D
k, = 3n w YT +D

K A =31 714D 4" eee.(4.30)
» [-]

2 . In(vYT¥D+ M)
A 3n v, Y1 +D

The graphs of these can be seen in Fig.(4.2). For

and

D<1, k, =k +-80 we have also included in this figure a
plot of 10’(kx - ko)k in order to show the degree to which
the velocity of the wave reduces on account of the
interaction with the nonlinear medium.

Further Eq.(4.22) is utilised to study the
variation of & P_versus D. This graph is also included in
Fig.(4.2).

In order to plot the graphs given in Fig.(4.3) we
have used the reformed expressions given below :

For z < O

|E(x,y,2)| = E _ exp(k z)



Using Eqs.(4.13) and (4.16) we simplify the above expression
as
2
&"* |E(z)| = vZTAe] exp [:m v, (2] ... @3
For 2 > 0
[E(x,y,2)| = E,_sech [ k (2 - z) ]
Using Egs.{(4.12) and {(4.14) we write

«;”* |B(2)| = ¥Z[Ae[{T + D7 sech y

) b4
Using sech y = 2e , the expression finally
) 4
e + 1
becomes
1/2 Y
‘E(Z’l = 2 f?'ﬁ'll D, ——2———-‘-——' ..-.(4.32)

where y = 3n y_vT ¥+ D ( % - ;~ ]

4.2.3 Results and Discussion :

When we compare Eq.(4.22) with Eq.(17) of
Tomlinson, it is seen that the first term contribution
should actually be one half of that reported by Tomlinson.
In other words, Tomlinson® has :i-tnrudmd the critical power
CPL) in the linear medium two times its actual valuve.
Consequently his Eq.C(17) is in error and the correct total
critical power should be given by Eq.(4.22) of the present
work. That is why we adopt the notation P for the corrected
total critical power to distinguish it from Tomlinson's
erroneous P value given by his Eq.(17).

Comparing the bracketted expression with the
R.H.S. of Eq.(4}21c) we note that, it represents the
critical power in the surface wave between z, and + o .

Hence we have
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P eve. (4.33)

=T 2 anzx R
This is in agreement with Tomlinson's oconclusion that the
critical power in the self-trapped wave is twice the
critical power in the surface wave between z = zoand Z = $m.

Comparison of Pc with Psr :

The critical powers P and P . are compared by
rumerical calculations presented in Table (4.1). It is seen
that the corrected power P_ is larger than P for the same
peak-field amplitude because the decay constant k  in the
linear medium is always smaller than the decay constant k_,
in the nonlinear medium (as seen by comparing Bqs.(4.13) and
(4.14)). However this is true only for the lower values of
L in the range 10" to 1 and not for all D values upto 10"
as concluded by Tomlinson. In fact for D 2 10 the powers
under consideration are practically the same. This ocan be
noted by comparing the numerical values of P,/ Pov and
P/P__ given in Table (4.1).

If we consider the case in which Ae > 0 and @« >0

and follow the above given treatment the following

expressions are obtained for the decay constants.

and k, =k y WMFT ceeee (4.30)
Since k__ > k:’ for all D values in the range 107"

to 10", it is obvious that P_ would be lower than P__ . This

means the surface wave will not be supported by the

interface.
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Comparison of Asv with A:'r H

By varying the value of D in the range 10™® to 10°®
at a regular step of 10, we have numerically estimated
values of the multiplying factor of Eq.(4.29). It is found
to be less than unity for 0 < D < 1, while greater than
unity for D > 1. This means A, <A, for D > 1, whereas
A, > A for D < 1. However Tomlinson has concluded that
the surface wave has a smaller peak-field amplitude for all
D values. This conclusion need to be modified in the 1light
of above discussion. Thus the surface wave has a total
stored energy smaller than that for the freely propagating
wave only if D > 1.

Behaviour of Field Parameters 3

From the Figs.(4.2) and (4.3) the following
features are noted :

1) The threshold for the existance of the surface wave
is given by D = 0 gso that k = 2z = 0. This means the
surface wave travels with uniform amplitude (2|ae| / )
throughout the linear medium. However it decreases
monotonically into the nonlinear medium.

As D increases the field distribution is moré and
more sharply peaked in the nonlinear medium i.e. the wave
bacomes more and more intense at the peak. However the field
amplitude at the interface always remains equal to
(2|ae| / ea)’/z. Further with the increase in D the peak

saifts into the nonlinear medium and reaches a maximum

distance for D = 2.277. For larger D values the peak shifts
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back towards the interface.

2> At D = 0 the critical power in the surface wave
becomes infinite as the wave extends to -  in the linear
medium. This extent decreases in proportion to D™** as D
value is increased above the threshold. Simultaneously the
power of the wave decreases upto a minimum value at D ~ 1
beyond which it increases again. This increase for low D
values is approximately proportional to D%, while it
approaches (4e_ w: D/ i;) for very large D values.

4.3 Nonlinear Propagation of TE Waves in a Planar Optical

Wavegulide with high=index Guidi layer :(Present Workd)
g g ng

In this section we consider the effect of
intensity-dependent refractive index on the propagation of
TZ modes of electromagnetic wave in a three-layer planar
optical waveguide with a geometry” as shown in Fig.(1.5).

We make use of Egs.(1.35) and (1.36) of Chapter 1
and assume that the effective refractive index of the
guiding layer is given as :

n m"nL +n
where n = field-independent refractive index.
n = Intensity-dependent part of refractive index.
Usually we take n_ = n’ <CE* >
with n! = nonlinear coefficient ~ 10™*(esu) or 107"(m*/v?)
Hence
n =n_ +n! <E>
By squaring both sides

'z .. _2 ' 2
n, >n_ + 2 nn. < B" >
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By definition e = n®* so that above expression can be written

where the small term containing n is neglected.
as

e(x) = e + e; < E® >

with e; = ZnLn;
Using this in Eq.(1.36) for the guiding layer we get
' 2

e(x) > e e + ce < E° D
Assuming E = E_ e'“* we can estimate

CE' > = L g2

2 'y
a(x) = e e + L ae E* .e..(4.35)

L 2 L 2
4.3.1 Intensity Effect on Field variation :

Substituting this in Eq.(1.35) we obtain
8 8 s <
+ —IE 4 PE QE =0  ..... {4.36)
x> 82 y % Y
2 1 .2, 2 2
where P = k e Q= ;-k e and k Wy e

The wave equation is written in a more compact form by
adopting the change of variable
g = %(x’ + 2%)

2 & o

8o that = + - = =
oax az o8
Hence Eq.(4.36) becomes
a* E, .
par + P Ey + Q Ey =0 ... (4.37)

This is a nonlinear equation whose solution can be obtained

by employing the integration method due to Dufing.

3E
If asy = R , Eq.(4.37) becomes
IR s
38 = -[ PEy(s) + QEy(B) ]

Now
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[ PE (8) + QE®(8) ]
b4 b 4

OR . OR 88 . _
3Ey s oEy R
i.e. RO = - [ PE (s) + QE*(s) ] @&E
1'% y ¥y
Integrating

R* = - (PE* + % E*) + ¢
Y ¥
By initial condition Ey = 0 at 8 = 0 so that ¢ = 0

Consequently the above equation takes the form
Ik
as

with T = Q/2

22
)

Y = i (PE* + T E*
Y b 4

This differential equation is solved by separating the

variables

YP+TE> -
27F P+ T E2 +F

This solution is valid under the condition that P > 0

= ig + ¢’

which holds good in the present study. By the same initial
condition we have ¢' = 0. As a result the solution takes the
form

P+ TE - F
Y
P +T E: + vF

= Re exp (i 2vP s)

= cos (2v/F 8)

Upon rationalising and simplifying we can finally obtain

Yeos (27F &)
E =2 /20 | _Ycos (288} | . (4.38)
Y L) [ (1 - cos (2vF s)

For simplicity, the variation of Ey can be studied

either with respect to x or z co-ordinate. In the present
work we assume z = 0 so that s = x/7v2.
- 1r2 _ _2nm
® =k € =
and g = ﬂ-—-l-- k @' = -;2;’3- /M n;



99

Hence we obtain

2n
2vP 8 = ¥2 n_ d with d = = X

and m = /n’_ 7 nz'

Hence Eq.{(4.38) is rewritten as

n cos(¥Z n_ d)
E = 2v7 /—% / = ce..(4.39)
Y n, 1 - cos(¥Z n d)

4.3.2 Results and Discussion :

Eq.{(4.39) has been used to examine the field
variation in the x-direction. Fig.(4.4). For the numerical
calculations we have chosen n_= 2.29, n; = 107 (m*/v®)
and varied 4 in the range 0.01 to 0.5. The nature of .the
graph shows that the field profile is sharply confined
across the nonlinear layer, this indicates that under the
intensity effect the guiding layer exhibits the
self-focusing of the propagating wave.

4.4 Nonlinear Propagation of TE Waves in a Planar Optical

Waveguide with low-index Guiding layer : C(Present Workd

Holland® has investigated the optical wave-guiding
properties of a three-layered asymmetric structure. In his
numerical calculations it has been shown that iIn such a
structure guided waves exist with symmetric field profiles.
These are considered as the nonlinear analog of conventional
guided modes. For such a nonlinear propagation he has
established a scalar wave equation. Although he has not
given the solution of this equation, he has reported the
intensity profiles of the symmetric guided waves for three

different N values. In the present work we intend to solve
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this nonlinear equation by Dufing's method as explained in
the earlier Sec.(4.3).

With slight changes in notations, we write the

equation as:
°E .
—_— 4 [- +§a'-n‘]s =0 ... (4.40)
ox’ L y 1'%
where E = Electric field along y-direction.
€ = field free dielectric oconstant of the guiding
laver.
a = nonlinear coefficient.
N = mode index.
In writing the above equation we have taken the x-axis
normal to the guiding layer while z-axis is parallel to it.
If P = kz(eL - N?) = k*e and Q = -}k’a

The above equation can be re-written as :

d‘Ey .
dxz =PEy"QEy R (‘0‘1)

The first R.H.S. term is positive because P < 0

for the low-index guiding layer.
dE PE - OE®
Put s = —X sothat—%é;*—*- A———

Separating the variables and integrating, as we

have done in the previous section, we obtain
dE

2 ‘1/2
ss—a-i-¥—=[PEy—TEy}
where T = Q/2

Integrating again we get

;%- [ - % In ] = X

In solving the above integrals the constants of
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integration are found to be zero. A further simplification

leads to the expression for the eladtric field
E = 2uexpl-®xy (4.42)
y 1 + exp(-2vF x)

with u = /—%— = 2 f/(‘n -N*) / a

4.4.1 Results and Discussion 3

Eq.(4.42) is employed to examine the field
variation as a function of propagation distance across the
guiding layer for different group index values. For this
purpose the following data of various constants have been
chosen, e = 2.24 , X = 0.5 um, thickness of quiding
layer = 1 pm , o« = 10", N = 1.5035 , 1.5170 , and 1.5434.
It is to be noted that we have substituted only |P| values
iz Eq.(4.42) because the condition P < 0 is already taken
care of in Eq.(4.41). The results are presented graphically
in Fig.(4.5). The nature of field plots is the same as that
for intensity plots of Holland given in his Fig.(5). From
Fig.(4.5) we find that

1> For a given mode index the field profile has a peak
value at the location of axis of the guiding layer.

11> With the increase in mode index value the peak
becomes more and more sharper with a simultaneous decrease in
tae extent of field profile across the layer. Physically it
m2ans the guided wave (hence the energy) is more and more

tightly confined across the guiding medium.
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4.5 Summary and Conclusions :

In the beginning of this chapter we have revisited
Tomlinson's method of analysing surface wave at a nonlinear
interface. Expressions for various field parameters im both
linear and nonlinear media are obtained. In deriving the
expression for critical power of the surface wave, however,
we have noted a small correction in Tomlinson's expression.
The critical power of the surface wave in the linear medium
should be actually one half of that reported by Tomlinson.
This has led to a corrected expression for total critical
power. Numerical calculations have been carried out and
critical powers for the surface wave and self-trapped wave
have been compared. A similar comparison has been done for
the peak-field amplitudes of these waves. The behaviour of
different field parameters in the two media has been
discussed at the end.

Next we have examined the nonlinear propagation of
TE waves in a three-layer planar optical waveguide. The
expression for effective dielectric constant of the guiding
layer (having higher refractive index than that for
substrate) is established and the same is employed in the
scalar wave equation. The resulting nonlinear equation |is
solved by Dufing’'s method. The behaviour of electric field
across the guiding layer 1is graphically presented and
discussed.

At the end of this chapter we have studied the

nonlinear propagation of TE waves in a planar waveguide with
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low-index guiding laver. Holland's nonlinear equation for

tais problem has been solved by Dufing's method and the

field variation across the guiding medium has been examined
by presenting the results graphically.

Conclusions 3

From our study reported in this chapter the
following observations are noted :

1) Tomlinson's expression for total critical power of
the surface wave is found to be erroneous in that the
critical power in the linear medium is reported to be two
times its actual value. This expression has been corrected
ia the present work.

Numerical estimates based upon the corrected
expression indicate that the total power in the surface wave
is larger than that of self-trapped wave only for lower
values of parameter D in the range 10™" to 1, while for D 2
1) the two powers under consideration are practically the
same. Further the peak-field amplitude for the surface wave
has a smaller value than that for self-trapped wave only for
D > 1 and not for all D values as concluded by Tomlinson.
This means the surface wave has a smaller total stored
energy only if D > 1.

2> In the study of nonlinear propagation of TE waves
through a planar waveguide having high-index guiding layer,
it is noted that the field profile is sharply confined
across the guiding layer which favours for the self-focusing

of the wave on account of intensity effect.
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3> In examining the nonlinear propagation of TE waves
in a planar waveguide with low-index guiding layer, we have
found that the nature of field profile is the same as that
for intensity plots reported by Holland. With the increase
in mode-index the profile exhibits more and more sharper
peak close to the axis of the guiding layer. Physically it
implies that the energy of the guided wave is more and more

tightly confined across the guiding layer.
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Table 4.1 Comparison of Critical Powers and Peak-field

Amplitudes for Surface and Self-Trapped Waves.

, ?ultiply%nq
D | s . P/P actor o
e ®T =T Eq.(4.29)
0.001 8.417547 16.31929' 0.723674
0.01 3.037344 5.524937 0.758042
0.1 1.404534 2.158312 0.852134
i 1.030330 1.207106 1.015051
10 1.000567 1.024404 1.102314
100 1.000006 1.002493 1.116368
1000 1.000000 1.000249 1.117866
Note : P P ——> Praesent work
c BT
P/P}s,r —> Tomlinson's equation
Multiplying ——> Present work

factor of Eg.{4.30)

Fig. 4.1 Interface between Nonlinear and Linear Dielectrics.

Az

Nonlinear
medium
[.(X,Y:Z}]

Linear
medium
(eo )

- v vee wm e e e



Field Parameters >

|E(z)| —>

1
p

&

/

Fig., 4.2 : Field parameters of the surface wave as functions

of D.
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Fig, 4.3 : Field amplitude of the surface wave as a fuxtion

of zZ/h.
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tig. 4.4 : Intensity effect on field variation for TE guided

wave.
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Fig. 4.8 : Field profiles of the nonlinear guided TE wave.
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