


1. Introduction 

The diecovery of op t i ca l  b i e t a b i l i t y  i n  eemiconductore much ae 
GaAe and InSb 12/ with i t e  mul t ip l ic i ty  of applicatione t o  a l l -  
-optical  eignal proceeeing eyeteme f o r  op t i ca l  connnunicatione and 
op t i ce l  computing etimuleted a great deal of theore t i ca l  and experire 
mentaz a c t i v i t y  i n  the l e t e  few years (eee Nonlinear op t i ca l  
devicge such ae bietable ewitchee 11-21, logic  gatee 15-61, e tc . ,  
have been already demone$reted i n  a plane wave context. Planar opti-  
c a l  waveguide with t h e i r  inherent confinement of the l i g h t  i n  one 
dimengion of the order of wavelength of l i g h t  provides the optimum 
geometry of performing e f f i c i e n t  nonlinear in teract ion i n  general 
and nynlinear op t i ca l  eignal proceeeing i n  par t icular .  

The key concept i n  yhich a l l  nonlinear guided wave op t i ca l  devi- 
cee are baaed i e  tha t  the loca l  in tenei ty  of the guided wave controls 
the propagation wavevector, i.e., the f i e l d  p rof i l e  and propagation 
conetant can become powe~dependent when one o r  more of the layered 
media i e  characterized by an inteneity-dependent r e f rac t ive  index. 
Two categoriee of integrated a l l -opt ical  devicee can be ant ic ipated 
on the baeie of theee nonlinear op t i ca l  phenomena. 

The f i r s t  claee of op t i ca l  devicee a r e  thoee i n  which the non- 
l i n e a r  change i n  the  refract ive  index is emall i n  comparieon t o  the 
re f rac t ive  index difference between the guiding media. In t h i e  caee 
the dependence of the propagation wavevector on the power flow can 
be evaluated from the coupled mode theory 17-'/ and the guided wave 
f i e l d  d i s t r ibu t ion  (i.e., f i e l d  p rof i l e )  can be approximated by li- 
near guided modee. Devicee which have been propoeed and operate i n  
t h i e  regime include the nonlinear d i s t r ibu ted  couplere euch a s  gra- 
t inge and p r i m  110-111 and the nonlinear coherent coupler /12-13/. 

The second category of nonlinear op t i ca l  devices a r e  thoae i n  
which the opt ical ly  induced re f rac t ive  index-change i e  comparable 
r i t h  o r  larger than the index differenoee between the guiding media. 
In t h i e  cam. both propagation n v e v e c t o r  and f i e l d  d i s t r ibu t ion  a r e  
p o n r 4 e p n d e n t  and t h i s  dopendenoe can be evaluated from a more 
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For wavee guided by a e ingle  in t e r face  t h a t  a r e  characterized 

by Ey(z)  + 0 ae I z (  3 ao , 1.0.. the f i e l d s  decay exponential ly 
away from the  boundaryr the e o l u t i o m  of eqe. (2.12) and (2.13) a r e  
well-known 115-17,61/. 

2 '12 
where q5=(f5 -bSp, 91=( f3 i - k i \  and d L ) O  (eelf-focueing 

qonl inear i ty  1. 
Por TE-polarized wavee both the f i e l d  E y  and its der ivat ive  

dEy/dz i e  continuoue acroee the in t e r face  Z= C: between nonlinear 
end l i n e a r  media. Thie leads  d i r ec t ly  t o  the eigenvalue equation: 

ks = E L +  E$ (2.16) 

where E, i e  the eurface f i e l d .  We eee from eq. (2.16) t h a t  the 
f i e l d  amplitude i e  f ixed a t  the boundary because CS and 6' a re  cone- 

$ante and if the l i m i t  d, + 0 i e  takep i n  eq. (2.161, then E,++ , 
$.e., TE-polarized electromagnetic wave# do not  e x i e t  i n  the  l i n e a r  
l i m i t  f o r  a s ing le  in ter face .  

The guided wave power i n  a e t t e  per meter of wavefront is given 
i n  tern of the Poynting vector aer 

0 I 

For Kerr-law media t h i e  expreeeion can be evaluated ana ly t i ca l ly  1 
/18/ ~ 

where Po = ( & , / p v ) 4 2  ( Z.dc~o) - i .  

The ,0 -power formula (2.18) can be viewed as the nonlinear 

dieperelon equation w = c (K , P ) , i .e., the frequency (w ) wave 

number ( K  ) r e l a t ioneh ip  f o r  a given power level .  
It i e  poeeible t o  evaluate the  nonlinear guided wave attenua- 

t i o n  aoeff ic ient  approximately from the  ImaginaxY component of the 
d i e l e c t r i c  oonetant by aaeuming t h a t  the  f i e l d  d ie t r ibu t ion  obtained 
i n  the lomeleme caee rill e t i l l  be v a l i d  if the loee per wavelength 
i e  emall /60,62,63/ 

A new formallam t h a t  i e  capable of deal ing with a r b i t r a r y  l o c a l  

loeeleee  non l inea r i t i ee  have been developed by Lengbein, Lederar 
and Ponath /40/. Thie technique doee not require  ana ly t i ca l  f i e l d  
solut ions  t o  the  nonlinear rave equation i n  order  t o  evaluate  the 
f l u x  dependence of the  propagation wavevector. 

AS ie well  known the  form of the d i e l e c t r i c  funct ion i e  de- 
termined by the phyeical proceeeee which lead t o  the nonl inear i ty .  
The Kerz nonl inear i ty  which i e  quadra t ic  i n  the l o c a l  op t i ca l  f i e l d e  
tffL=d 1 1' a r i e e e  f r o m  e l ec t ron ic  non l inea r i t i ee ,  thermal e f f e c t e ,  

e t c .  The dependence of the  d i e l e c t r i c  function on the e l e c t r i c  
f i e l d  i e  not quadra t ic  i n  eamiconductor mater ia ls  where the nonli-  
n e a r i t i e e  a r e  due t o  absorption leeding t o  t h e  c r e a t i ~ n  of e x c i t o m ,  
plaemong, a t c .  In t h i e  caee the  optLcal nonl inear i ty  i p  of the  form 

~ ' ~ = & , . \ c  Ir , where i< p c 2  /644'7'. Furthermore, in r e a l i e t i c  ma- 
t e r i a l ~ ,  i t  is not  pes ib l e  to  optgcal ly  ahange the r e f r a c t i v e  index 
inde f in i t e ly  and ea tu ra t ion  e f f e c t  s e t e  in.  The valuep of the eatu- 
r a t ed  change AnSut of the  r e f r a c t i v s  index va r i ee  from 10-I t o  1 o - ~ .  
For nonlinear in t e r face  the maturation e f f e c t  i e  important becauee 
the in t e ree t ing  f lu -dependen t  eurface-guided wave pryper t iee  occur 
when the op t i ca l ly  induced change ;In the  r e f r a c t i v e  index AhMf i e  
comparable t o  o r  l a r g e r  thaq the rg f rac t ive  index di f ference  n,-h, 
which e x i e t e  a t  low powere between the suba t ra t e  ead the  cladding. 

We model the d i e l e c t r i c  function of the  nonlinear eelf-focu- 
s i n g  (d ,  > 0 ) cladding ae i n  l 4 l  *42 *60*68/t  

Note t h a t  f o r  both d i e l e c t r i c  teneore (2.19) and (2.20) the  
maximum change i n  the d i e l e c t r i c  function is E,,t , t h a t  i e ,  f o r  

)zl%cu , E + & + k s a t  . For amall f i e l d s  E+E,+&E; , i.e., 
the ueual Kerr-law medium caee. The d i e l e c t r i c  tensore (2.19). 
(2.20) end (2.21) can be wr i t t en  i n  the general  form am: 

The nonlinear rave equation f o r  the  r e a l  quanti ty ( i n  the ab- 
eence of loee  1 E (2 ) i e  r 



For su r f  ace-guided waves character ized by Ey (2) + 0 a s  I Z  I +  a 
t he  first i n t e g r a l  of eq. (2.23) can be wr i t t en  as:  

The cont inui ty  of Ey and dE7hZ across  the  nonlinear boundary 
Z = O  between the l i n e a r  subs t r a t e  and the nonlinear cladding l eads  
t o  the d ispers ion r e l a t i o n  

whore E, is the  su r face  f i e l d ,  f,,, is an averaged d i e l e c t r i c  

funct ion of the nonl inear  medium, M c = f  i f  a self-focused peak oc- 
cure i n  the  nonl inear  cladding and M, = 0 i f  there  is no f i e l d  ma- 

ximum i n  the  nonlinear medium. 
In our case of a self-focusing nonlinear cladding (dc 70) 

a self-focused f i e l d  maximum occur6 i n  t h a t  medium ( = f ) and the 

d ispers ion r e l a t i o n  (eigenvalue equation) (2.25) becomes: 

from which the  su r f  ace f i e l d  E, can be determined. For a Kerr-law 
nonl inear  cladding the  eigenvalue equation (2.28) reduoes t o  eq. 
(2.16). Prom eq. (2.28) we obta in  the important r e s u l t  t h a t  TE-pola- 
r i z e d  su r face  guided waves can be supported by a s ing le  nonlinear 
in t e r face  i f  and only i f  6, ,kc. 

The guided wave power flow p a r a l l e l  t o  the  in t e r face  is 

p= P5 + PC . where PC has the expression /40/r  

Here M,= 4 ( there  is a f i e l d  maximum i n  the nonlinear c ladding) ,  - 
qp, J Ey /d 2 and Ey is the  f i e l d  maximum evaluated from 

qc(Er) = 0 . Fina l ly  we obta in  the following expression f o r  the 
t o t a l  power flow p= PS + P, 

where Mc = 1. 
/ Here we have 

which correspond t o  the d i e l e c t r i c  tensors  (2.191, (2.20) and (2.21), 

r e spec t ive ly ;  U = d, L~ is obtained from the eigenvalue equation 
' (2.28) and is determined from y (C)  PO. 

For Kerr-law media we have '4 ( x )  = P.'- LC - X and the in- 
t e g r a l s  i n  (2.31) can be evaluated ana ly t i ca l ly r  

) when U = 4, E:= 2 ( & -  LC) is obtained from the  eigenvalue equation ' (2.16). 
In  the case of a sa turable  nonlinear cladding character ized by 

, the d i e l e c t r i c  functions (2.19) and (2 .20) there  i s  a maximum i n  the  

change A&, of the d i e l e c t r i c  constant  which can be induced op t i ca l -  
l y ,  i . e . , E + E , + f , ~ , t  f o r l a r g e f i e l d s  . Thus t h e e f -  

I f ec t ive  index f approaches its l imi t ing  value of (5, + &,,f ) 
1 arsymptotically with increas ing power. A necessary condit ion f o r  the  

existence of so lu t ion  of the eigenvalue (2.28) i n  the unknown E, 
is Es < bC + LSat  . Prom the condit ion t h a t  Q?(E7) =0 we thus obta in  
t h a t  p1 < 2 ,  + E -4 , therefore  the permitted k -region f o r  non- 
l i n e a r  su r f  ace-guided wave is &,'I2 p ( E ,  + \i/r, 

For a power-law cladding ( 2 ) we have : 

(2.36) 



and the power flow Ps . PC a re  given by eq. (2.30) and (2.31 ) 

with Po replaoed by Po,, = ( t./ro) 'I' ( Z K O  dcY ) - ?  
The numerical r e su l t6  f o r  TE-polarized eurface guided wavee a re  

shown i n  Fig. 1 f o r  Kerr-law claddings ( k- 52). powerlow claddings 
(r 42) and eaturable claddin-. 

Pig. 1. The dependence of the e f fec t ive  index on the power flow 
f o r  TE waves guided by the  interface-between a eelf-focu- 1 
eing cladding ( n~ -1.55 nu. -lo-' mL/w) and a l i n e a r  
subatra te  ( hs-1.56). The daehed and dotted l i n e e  corree- 
pond t o  the  die le92r  c func t iom (2.19) and (2.20). me- 
pectively ( a f t e r  9). ) 

The dependence of the power f l u x  ? on the e f fec t ive  index wee 

evaluated f o r  a nonlinear cladding oharacterizmd by Q,-1.55, Oa- 
10" m2/w ( l iqu id  c rye ta l  HBBA) a t  A -0.515rm (argon ion l ~ e e r )  

i n  contaot with a l i n e a r  eubetrate with n5-1.56. The values of the 

nonlinear coeff ic iente  dc,, were choeen t o  produce equal minimum va- 

lue. of the power f l u :  -4.7 x n / ~ .  +,=1.75 x I O - ~ ( ~ / Y ) ~  *5 

DCrp2.3 10-l4 ( 0 1 ~ - 5  169/). 
We eee from Pig. 1 that the minimup power required f o r  the ex- 

o i t a t i o n  of nonlinear TB-polarized eurface guided wavee increaaee 
r l t h  decreaeing 2-4 . 

2.3. S t a b i l i t y  to,propagation of nonlinear eingle-interface 
guided wavee 

The r e f l e c t i o n  of a plane wave from an in te r face  between a li- 
near  medium and a n o n l i n e s  medium was apparently etudied f i r e t  i n  
/70*17/. Pollowing t h i e  pioneering worke there  have been eeveral  
theore t ioa l  /53*54*71/ and experimental /72/ etudiee of the in terac-  
t i o n  of Gaueeian l i g h t  beams with a nonlinear in terface .  Numerioal 
techniquee have been u e d  by Akbmediev, Korneev and Kuzmenko /43/ 
t o  etudy the exc i t a t ion  of nonlinear eurface waves by Gauesian l i g h t  
be-. The queetion of s t a b i l i t y  t o  propagation of nonlinear eurface- 
-guided wavee is c r u c i a l  t o  the problem of the exoi ta t ion of theee 
wavee by ex te rna l  eourcee. It wae found i n  /43/ t h a t  both e t ab le  and 
uss tablo  nonlinear eurfeoe wavee can be exci ted  by Gaueaian l i g h t  
beam incident on the  nonlinear in te r face  a t  grazing angles. 

Coneider the nonlinear in te r face  between a l i n e a r  eubetra te  
with d i e l e c t r i c  conetant Es i n  the region I ( z < 0)  and a non- 
l i n e a r  Kerr-law cladding with d i e l e c t r i c  funotion L = Ec +4 I E l Z  
i n  the  region I1 ( Z > O ) .  The TE-polarizmd wave of frequency w pro- 
p a g a t e ~  along the  X axis  and the only nonvaniehing component of the 
e l e c t r i c  f i e l d  Ey i e  homogeneou i n  y d i rec t ion  ( z being the 
traneveree coordinate). The parabolic equation f o r  the elowly vary- 
ing amplitude A ( x , ~ )  =+l/L EY ( x t a  ) i e  then 

were RE) -0 f o r  2 < 0 and B(E)  -1 f o r  z> 0.. &'YP) = p2- *I: f o r  
z ( 0 and g L(t)= p2-b$ f o r  z> 0. Note t h a t  the u u a l  e ta t ionary eo- 
lu t ion  of eq. (2.38). i.e., A ( O , Z ~  = A,(rj can be obtained analyt i -  
ca l ly  (eee eqe. (2.14) and (2.15)). 

Equation (2.38) ham two in tegra l6  of motionr 

and f o r  a rb i t r a ry  eolutione of eq. (2.38) we thue have d'/dx -0 
and du/d x -0. Note t h a t  eq. (2.38) i e  a mixed-type l inear /nonl inear  
~ c h r 6 d i n ~ e r - l i k e  equation with coeff ic iente  which depend on the tram- 
veree coordinate Z . The abeence of t r ans la t iona l  eymetry  along 
the z axie  mane t h a t  we cannot use the elegant apparatum of tho 
inverse m a t t e r i n g  method /73*74/ t o  eolve ana ly t i ca l ly  the problem. 



To avoid numerical s t a b i l i t y  question we se l ec ted  f o r  the d i f -  
f erence approrimetion of eq. (2.38) the  Crark-Nicolson s76/. 

We have choosed the  g r i d  s i n e s  equal i n  magnitude u z  =0.4. 

The corremponding system of nonlinear equations was eolved by Newton- 
-Picard method (see /75/). We have found t h a t  two i t e r a t i o n e  f o r  the  
Newton-Picard method a r e  enough i n  practice.  Thie d i f ference  scheme 
makes it  possible t o  conserve the i n t e g r a l s  of motion (2.39) and 
(2.40) on the  gr id .  The conservation of the  t o t a l  power flow was 
always b e t t e r  than 9%. Por a Kerr-law nonlinear cladding and f o r  
P -1.5607 on the  negative eloped branch ( d I / d p ( ~ ) o f  the  nonlinear 
d ispers ion curve (see Pie. 1 ) the  nonlinear s t a t iona ry  wave is un- 
s t a b l e  on propagation. In t h i s  case the  nonl.inear surface-guided 
wave is e jec ted  i n t o  the l i n e a r  sube t ra t e  a@ the  r e s u l t  of the pro- 
pagation (see Pig. 2). 

Fig. 2. Evolution of nonlinear Pig. 3. The same ae  i n  Fig. 2, 
eurface  wave f i e l d  d i s t r i -  but f o r  j3 ~1.574.  

bution with propagation d i  tance. 
Here nc 4 .55 ,  n~ =10'9 m h /w, 

9 4 . 5 6  and the  i n i t i a l  f i e l d  
pa t t e rn  A&) correeponds t o  
k 11.5607. 

The evolut ion of the  nonlinear surface  wave f i e l d  d i e t r i b u t i o n  
wi th  propagation dis tanae  f o r  ~ 1 . 5 7 4  on,the - posi t ive ly  sloped 
branch of the  nonlinear diepe&ion curve tdL/dk 7 0 )  is shown in 

Pig. 3. Por t h i s  value of the propagation constant  the nonlinear 
s t a t iona ry  wave Adz) is s t a b l e  on propagation over a t  l e a a t  300 
wavelengths. To conclude t h i s  sec t ion  we point  out t h a t  f o r  the re-  
l a t e d  problem of self-focusing of plane waves i n  i n f i n i t e  medie 
Kolokolov /77/ has shorn t h a t  the so lu t ions  a r e  s t a b l e  f o r  di/,&'O. 
The numerical r e s u l t s  presented here f o r  TE-polarized waves guided 
by a nonlinear in t e r face  y i e l d  the same s t a b i l i t y  c r i t e r i o n ,  

2.4. Transverse magnetic polarized guided 
waves a t  a nonlinear in t e r face  

Surface polar i tons  a r e  electromagr~etic waves guided by a s ingle  
in t e r face  between two semi-infinite media, o r  by a s i n g l e  o r  multiple 
f i l m  bounded by two semi-infinite media (see /78s79/). In a l l  cases 
the electromagnetic f i e l d s  decay with Qis tance  from the boundary 
i n t o  the semi-infinite media i n  an exponential- l ike fashion,  r e s u l t -  
i ng  i n  f i e l d s  loca l i zed  near o r  a t  the  surface.  In the  case of tran- 
sverse  magnetic (TM) polar iza t ion the w g n e t i c  vector is or iented  
perpendicular t o  the plane of incidence, i.e., the plane defined by 
the d i r ec t ion  of propagation and the normal t o  the surface.  

Consider one of the simplest  case,  namely t h a t  of electromegne- 
t i c  waves guided by a s i n g l e  in t e r face  between two semi- inf in i te  li- 

near  media. The d i e l e c t r i c  constants are  P ,  and E s  where the sub- 
s c r i p t s  c and s r e f e r  t o  the cladding and the subs t r a t e .  In the 
l i n e a r  case only TM-polarized surface poler i tons  can be supported by 
a s ing le  in t e r face  and only i f  E ,  70 , E.,< 0 and &, < 1 . The 
e f fec t ive  index ,4= K/% , where K is the propagation wavevector 
and I ( ,=  w/c is given by (see 17'/): 

In the  following we consider the  e f f e c t s  of o p t i c a l  nonlineari-  
t i e s  on surface  and guided electromagnetic weves i n  which these non- 
l i n e a r i t i e s  a r e  not regarded a s  small and give r i b e  t o  new types of 
waves t h a t  i n  some cases have no counterpart  i n  the l i n e a r  op t i c s  of 
surface and guided waves. Note t h a t  the propagation of nonlinear TX- 

polarized surface  waves a t  a plesma boundary was apparently s tudied 
f i r s t  by Alanakyan /''/. Por the TX-polarization and Kerr-like msdia 
there  were two approximations f requent ly  used i n  the l i t e r a t u r e :  
a )  the un iax ia l  EXy ( ( ~ ~ 1 ' )  approximation, i n  which the  component of 
the d i e l e c t r i c  t e n s o r , p a r a l l e l  t o  the  su r face ,  2 . r  depends on 
the f i e l d  component, p a r a l l e l  t o  the surfece ,  /I9/  and b)  the un- 



i a x i a l  & E t ( ( & / L J  approximation, in which the  component of the  d i -  
e l e c t r i c  teneor,perpendicular t o  the  surface ,  E Z z  depend6 on the  

normal f i e l d  oomponent Et /a+/. 
The diepersion r e l a t i o n  of TM-polarized nonlinear eurfaoe pola- 

r l tone  guided by the in t e r face  between a l i n e a r  d i e l e c t r i c  and a 
nonlinear Kerr-law d i e l e c t r i c  medim i n  t h e  u n i a r i a l  E, 
approxima t ion  : 

Lxx = L x  + d ~ x  I E X / '  

Eds =Ez 

m e  etudied i n  d e t a i l  i n  /19/. In t h i e  approximation, and i n  the  caee 
g,>o , $,,>o dieperelon curves of TM-polarized nonlinear surface  
polari tone a t  a quartz-vacuum in te r face  w e n  p lo t t ed  /6Q/. ,&ct 
dispereion r e l a t i o n  of nonlinear TH-polarized wavee a t  the  boundary 
between two eemi-infinite nonlinear un iax ia l  media charuoteriqed by 
diagonal d i e l e c t r i c  tensore of the  type (2.42) ha6 been derived by 
Lomtev l2l /  and Yu /27/. The influence of omcillat iona $n the t ran-  

e i t i o n  l aye r  on TH-polarized nonlinear eurPace polar i top  e p c t r a  ha6 
been f i r a t  dieoueeed i n  ia2/ i n  the came of un iax ia l  E~~ (lE.lZjapp- 
r o x h t i o n  and eubeequently i n  ia3/ f o r  the  un iax ia l  &r ( / f z /7  ~ P P -  

roxilnation r 

Por TH- waves i n  Kerr-law media and i n  the  caae of un iax ia l  
Ex, [ I E ,  1 ' )  approximPtion, the d i f f e r e n t i a l  equation f o r  Ex (t) 

f i e l d  oomponent i m r  

whem 8 :  s,f;c , r e f e r e  t o  the  eubet ra te ,  f i lm  and oladding, ree- 

peotively. Thie equation hae ana ly t ioa l  eolut ione  /lg/. PO, example, 
i f  ~ C , L O  and 4 < O  we have 

If d, 70 and 4, > 0 then . e h  i e  replaced by sh .  Note t h a t ,  be- 
oauee the  eign of the  t e r n  proportional  t o  d & i n  eq. (2.44) i e  
now negative,  vemue poei t ive  f o r  the  TB polarized oaee, the  f i e l d  
d ie t r ibu t ione  d i f f e r  between TB and TM-polarized EXx ( /Eh  p) caeee. 

An a l t e r n a t i v e  approach i e  t o  el iminate E, Ir) and Ez (r) 
from Yerrell'm equatione and t o  obta in  a mingle equation f o r  the  
relnaining f i e l d  H y  (Z j .  In the un iax ia l  &=- ( / E ~ / ~ ]  approximation we 
have r 

Thie d i f f e r e n t i a l  equation i e  not exactly eolvable becauee of the  
&,: term i n  the  denominator. We note t h a t  f o r  mopt mater ia le  the 

quant i ty  A &  = ldxE21 i e  emaller  than 0.01 end in  eome exceptional 
cases,  e.g., InSb, i t  oan reach 0.1. The approximction &re i n  
the denominator of the  t h i r d  term i n  eq. (2.47) impliee only a emall 
e r r o r  i n  an already small  term. In t h i e  l i m i t  the eolutione f o r  f$(z) 
now have exactly the  eame form ae f o r  the exactly eolvable TE-caee 
with replaced by d $  = p4 ( c  " L ~ L  )-'%. Because of theee e i -  
m i l a r i t i e e  the  un iax ia l  E , ~  (IE, 1') approximation l e a h  t o  e imi la r  
power dependent behaviour f o r  both TB and TM-polarized guided wavee. 

TH-polarized electromagnetio wavee guided by e e ingle  in t e r faoe  
were inveet igated  i n  d e t a i l  i n  /63/. Both E x *  (/tK12) and C , , ( / E ~ I ~ )  
approximatione f o r  TM-waves were analyzed and the guided wave wave- 
vector  and the  a t tenuat ion ooe f f i c i en t  vereus guided wave power were 
evaluated f o r  a var ie ty  of mater ia l  conditione. The nonlinear quided 
wave a t tenuat ion coe f f io i en t  wee ca loula ted  approximately from the  
imaginary component6 of the d i e l e c t r i c  oonstante t s r  and Eci . 
lleeumlng emall loseee i t  can be eae i ly  shown t h a t  

whem and P R  a re  the  Imaginary and the  r e a l  pa r t  of the  ef fec-  
t i v e  index p /63/. Akbmediev /84/ hea given a theory of nonl inear  
eurface TM-wavee, but the analyeie  wae r e e t r i c t e d  t o  i eo t rop ic  non- 

l i n e a r  media i n  which the  two e l e c t r i c  f i e l d  componente have equal 
weight i n  the d i e l e o t r i c  oonetant. Boardman, Yaredudin, Stegema,  
hardoweki and Wright presented a numerical method f o r  eolving 
Maxwell equatione f o r  TM wavee a t  a nonl inear  in t e r face  whlch i e  
applicable t o  a r b i t r a r y  f o r m  of diepereive nonlineari ty.  They d id  
t h i s  by transforming the  i n f i n i t e  tranmveree plane i n t o  a f i n i t e  ln- 
t e r v a l  and making use of the aeymptotic boundary condit ions.  



In .the following we derive exact  dispereion rela ' t ion of TM po- 
l a r i z e d  guided waves a t  an in t e r face  between e i t h e r  a l i n e a r  d i e l ec t -  
r i c  o r  metal and a nonlinear Kerr-law d i e l e c t r i o  /39/. Thie dieper- 
eion r e l a t i o n  i e  a polynomial equation involving the boundary valuee 
of the e l e c t r i c  f i e l d  components, the  medium parametere and the qui- 
ded wave e f fec t ive  index p . Note t h a t  eurface electromagnetic waves 
guided by the boundary between a nonlinear d i e l e c t r i c  and a metal are  
of p a r t i c u l a r  i n t e r e s t  s ince  they oorreepond t o  the  only type of 
nonlinear s ingle- in ter face  wave t h a t  does not have a power threshold. 

A s  is well  known, TM-polarized wavee exh ib i t  two e l e c t r i c  f i e l d  
components, one p a r a l l e l  ( E x  1 t o  the wave vector  and one perpen- 

d icu ia r  ( E z )  t o  the surfaces.  To dgfine the  e f fec ta  of an in t ens i ty -  
-depgndent r e f r a c t i v e  irrdex, i t  is nqceeaary t o  f i r s t  examine the  
nonlinear polar iza t ion f i e l d .  The e l e c t r i c  f i e l d  vector  is 

~ ( < t  I = t [ E ,  lz);+ ~,(~)~]e~[i(p~~x-ut~+c.c..(2.49) 

r- 

wherg E,(E) and Ez (z )  e re  %? At gf phese wi th  one another,  i.e., 
( E,I2 = E~~ and I €,I2= - . The nvnzero components of the nonli-  

near polar iza t ion vector  a re  (~ tege rngd~dr  

Thus f o r  a Kerr-law medium the components of the d i e l e c t r i c  
tensor  e re  

E,, = 6, + 4,. I E ~ / ' +  d X r  / E , / ~  (2.52) 

where t h e  valuee of the  Kerr-type o p t i c a l  non l inea r i t i ee  dij  de- 
pend on the p a r t i c u l a r  nonlinear mechanism under consideration.  For 
e l ec t ron ic  non l inea r i t i e s  obtained from a power law expaneion of the 
polar iza t ion i n  terms of f i e l d  product8 we have d,, = d , ,  = 3ax,= - ~ m : c t o ~ ~ b & ,  whereas f o r  e l e c t r o s t r i c t i v e  non l inea r i t i e s  d,, = d,, = 

t d n Z  = dzx = c ~ , n i ~ , r  where h = 4, t n , ~  I , n, is the 
l i n e a r  p a r t  of the  r e f r a c t i v e  index and "21 i e  the intensity-depen- 
dent r e f r a c t i v e  index coeff io ient .  

S t a r t i n g  from the Maxwell equations f o r  TM polarized guided wa- 
ves the e l e c t r i c  f i e l d  components E x  ( r )  and &(z) obey 

The key point of our analys is  is tha t  f o r  guided TM waves, i .e . ,  
E+Oand d y d r + o a s  2 3 ? *  , eqa. (2.54) and (2.55) have a f i r s t  

i n t e g r a l  whioh can be wri t ten  a s  

where 

a s  was f i r e t  shown by Berkhoer and Zakharov /86/. 
The eolut ion of Maxwell equationa (2.54) and (2.55) i n  the semi- 

i n f i n i t e  l i n e a r  subs t r a t e  characterized by a d i e l e c t r i c  constant  &, 
( f o r  a d i e l e c t r i c  ES > 0 , f o r  a metal &S .r( 0 ) which occupies the 
lower-half space z 1 0  can be wr i t t en  as:  

r e  v 5  = - s 1 '  , = € x i o )  and @ > & s  f o r  a d i e l e c t r i c .  
Furthermore, i n  the  nonlinear medium eq. (2.54) can be rearranged as :  

which gives  

fiz = ~ P & z z  &EX, 
k o  (LEE -p2)  d E 

I where pz is the  P component of the  displacement veotor 6 . 
Equation (2.61 ) a l s o  holds i n  the  l i n e a r  medium with EZE replaced 
by Es . From standard electromagnetic theory D z  and E x  m e t  be 
continuoue across the  in t e r face  z = 0 . Now we define ED, = Ez (0) 
and the  value E k e  of the z component of the  d i e l e c t r i c  tensor  a t  
the in ter face  z = 0 which depends on the boundary f i e l d e r  



Prom the cont inui ty  of pz a t  the in t e r face  P = O  we obta in  
the following r e l a t i o n  between the boundary values of the f i e l d s :  

In  the l i m i t  of weak f i e l d s  eq. (2.63) reproduces the usual  r e l a t i o n  
between the boundary values of the f i e l d s .  Furthermore by w i n g  the  
f i r s t  i n t e g r a l  (2.57) we f i n a l l y  obta in  the  following eigenvelue equa- 
t i on  f o r  p "9': 

Note tha t  the pa r t i cu la r  case of an i so t rop ic  nonlinear clad- 
ding, i.e., E x = & r =  E c  , d x , - 4 i r = ~ ~ z = d 2 x  = & =  was s tudied i n  
d e t a i l  by A4hmediev /84/. In  t h i s  case the eigenvalue equation f o r  
p has a simpler f o m :  

2 
where & = E C  + d c  ( Ear - E o 4 )  i e  the  value of the d i e l e c t r i c  
conetant of the  nonlinear Kerr-law cladding a t  the in ter face  z =O. 

Given the mater ia l  parametere, equatione (2.63) and (2.64) a l -  
low the boundary valuee of the e l e c t r i c  f l e l d  component8 inaide the 
nonlinear medium to  be determined a s  a function of P ( a t  l e a s t  
numerically). Equatiom (2.54) and (2.55) can then be in t eg ra ted  
ueing the boundary values t o  give the f i e l d  d ie t r ibu t ion  i n  the  non- 
l i n e a r  medium. The f i e l d  d ie t r ibu t ion  i n  the l i n e a r  medium is elmple 
exponential (eee eq. (2.59)). Once the  f i e l d a  a n  obtained, the gui- I 

ded wave f l u x  can be ca lcula ted  by in t eg ra t ing  the t b - a v e r a g e d  
Poynting vector over the depth 2 . Pinal ly  we have P = P5 + * 
where 

2 2 
Erie €0,  

P s  = 
4p0 $5 &s 

A first eurvey of the  f i e l d  p a t t e m e  and the  permitted j3 - 
r e g i o m  can be obtained from the inepection of the  80-called "phaee 
t r a j e ~ t o r i e e * ~  of the  nonl inear  eurface reven (eee '40*w/). Let  ue 
ooneider varioue p a r t i c u l a r  cure f o r  an isotropic nonl inear  cladding 
with E x = & , = & ,  and d , , = d , ~ = d , , = o < , , = d ,  

a )  E c ) O  , dc )O and E ~ C O  . 
Pin. 4. Dependence of the dimemion- 

lean power flow PIP, of the  
s4 surface wave on the e f fec t ive  index p 
0 1  f o r  f o u r  d i f f e r e n t  oeees. Por the  m- 

dium with pas i t ive  d i e l e c t r i c  conetant 
W %  1 ( Ec o r  E ,  ) re chooee the  value E - 

41 -2.25. The values of the  d i e l e c t r i c  
conetant of the adjoining medium a re  
indicated above the  curves ( a f t e r  /W/). 

w 

The dependence of the d h n a i o n -  
-+ l e s e  power flow P/P, on the ef feot ive  

index f f o r  cL- 2.25 and eevera l  
valyem of tS i e  shorn  i n  Fig. 4a. It can be eeen t h a t  by increrreing 
the  e f fec t ive  index ~3 * t he  guided wave power increaeea up t o  moms 
l lmi t ing  value and then decreaeae t o  zero. Thie is r e l a t e d  t o  the 
f a c t  t h a t ,  i n  a medium with negative d i e l e c t r i c  conatant,  t he  power 
flow and the  wavevector have oppomite d i r e c t i o m  and i n  e o m  region 
of )3 valuea the  power flow i n  dacreaeing with increrreing e f feo t ive  
index /3 . We note t h a t  t h e  magnetic f i e l d  f o r  t h i e  eolut ion a t t a i m  
i t 8  maximum a t  the in t e r face  between two media. In this came the  
e f fec t ive  index f o r  the  nonlinear eurface wave l a  g r e a t e r  than the  
value )3f = 1 6, / t, / ( 1 &, 1 - Ec )-'-I 'I2 , correeponding t o  a TY-polarieed 
l i n e a r  eurface polari ton.  
b)  &,do dc  70 and &s ) 0 .  

Fig. 4b ehowa the dependence of the  dimensionleem power flow 
P/P, on the propagation conatant f o r  &s = 2.25 and s e v e r a l  va- 

l u e ~  of Ec . In the  preeent case the  eurface wave e x i ~ t  i n  a boun- 
ded range of va r i a t ion  of P and the  e f f e c t i v e  index ie g r a t e r  
than the value p c =  O&,IE, ( \ & I  - L S ) - ' J ' ' ~ .  ~ e t  ue note that ag 
i n  the came a )  there  i e  a maximum power which can be transmitted. 
C) E c < O  , d c  < O  a d  L S > O .  

For the preeent case Pig. 4c ehowa the  J3 dependence of the  
dimeneionleee power flow P/P, . We nee that f o r  f3 = Be the power 
flow i e  equal t o  zero and i n c n a n e a  the  i n f i n i t y  a8 j3 approaches 



hs - &:Iz . We remind t h a t  in the onme t h a t  ES > 1 TY-polarized 
l i n e a r  eurface polaritone do not exiet .  Am can nee from Pig. 4c, 
TM-polarized nonlinear surface polaritone o m  ex ie t  in the oase 

&S '/ / E , /  when the  power flow exceed8 eom threehold value ( the  
ourvee f o r  &, - -2.1 and E, -1.45). 
d ) C , ) O  , d , ( O  9 C , ( O .  
. P i g w  46 ehowa the j3 -dependence of the  dlmeluionlees power 
flow P/P, f o r  Z, = 2.25 end eeveral  valuee of & . T h w  f o r  nega- 1 
t i v e  nonl inear i ty ,  1.e.. the caeee c )  and d l ,  ae the power flow inc- 
reaeee, .the e f fec t ive  index p deoreaeee from the value f = e 
oorreeponding t o  the  TY-polarized l i n e a r  eurfaoe polar i tow.  

I 
I 

l i n e a r  opt ics  of eurface-guided 
waves /a/. 

e )  & P O ,  d,>0 , L S >  0 .  i 
In t h i e  0.88 the  "phwe- path diagram" and the f i e l d  pat tern  

show t h a t  the  magnetic f i e l d  a t t a i n a  i t 8  meximum i n  the  ee l f - foou ing  
nonlipear cladding ( d, > 0 ) and not a t  the in te r face  Z -0. Thie 
nonlipear wave can ba guided by the in te r face  between a eelf-focusing 
d i e l e o t r i c  cladding and a l i n e a r  d i e l e o t r i c  eubetra te ,  provided tha t  
the power threehold i e  exceeded and in t h i e  eeme is eimilar  t o  TE- 

polarized eurfaoa polaritone a t  a nonlinear in te r face  (eee /18*20*60/). 
Por the preeent o.ee Pig. 5 ehowa 

P/ PI the  p -dependen08 of the dimension- 

; In f i g .  6 we preeent the P - 
v v U P  dependenoe of the power flow P f o r  

Pia. 5. Dependence of the the nonlinear eelf-foousing d ie lec t -  I 

anergy f l u x  P / f o  of a r io-metal  in te r face  f o r  both e lec t -  
surface wave on the e f fec t ive  
re f rao t ive  index p in the c ~ e  ronic* d r x  3dra (Ourve 1 
when &,-2.25, k, -2.5 and + 7 0 e l e c t r o e t r i c t i v e ,  dxx =dxz (curve b)  
( a f t e r  / a / ) .  

I 
nonl inear i t iee .  Pig. 7 ehom the 1 

traneveree d ie t r ibu t ion  of the e l e c t r i o  f i e l d  component E, f o r  the  
e leotronic  nonl inear i tg  and f o r  eevaral  values of the propagation con- 
e t a n t  . Bote t h a t  f o r  both e lect ronic  and e l e c t r o s t r i c t i v e  a e l f -  
-fooueing non l inear i t i e s  there  i e  a meximum power which can be t r a m -  
mitted and the  e f fec t ive  index p is  grea te r  than the value p( cor- 
responding t o  a TY-polarized l i n e a r  surface wave. 

24.  

m. 

Pig. 6. Dependence of the power 
flow P on the e f fec t ive  

index f o ~  parame e r  value 
0 13.6bx 10 5 radXBf,&= Ex- & I -  
-2.405, ES=-2.5,dxr = dzz= 6 . 4 ~ 1 0 ' ~ ~  
m2V-2 and ( a )  &,,= 3 d X z  ; 
(b)dLI.= d ~ ~ .  

leee  power flow P/Yo  f o r  E, ~2.25  

"/ and E,= 2.5. This TY-polarized we- 
ve has no an analogue i n  the  

Pi?,. 7. E x  v e r s u  t ramverse  
coordinate -r f o r  the 

came ( a )  i n  Pig. 6 and ( a )  P=y, 
(b) f '13, ( c )  f a 25. 

3. 'h.aneverse E lec t r i c  Polarized Nonlinear Optical  
Wavee Guided by Thin Dielect r ic  Pilma 

3.1. Nonlinear guided wave propagation i n  three 
layer  s t ruc tu res  with Kerr-law media 

A guided wave is an electromagnetic f i e l d  tha t  is guided by 
media of high re f rac t ive  index. A d i e l e c t r i c  elab is the eimplest 
example of an op t i ca l  waveguide; i t  is actual ly  employed f o r  11 
guidance i n  integrated optice c i r c u i t s  (see, f o r  example /87-89$: 
A s l a b  waveguide is a th in  d i e l e c t r i c  fi lm of thickness d and ref-  
r ac t ive  index n4 surrounded by media of lower re f rac t ive  indices:  
the  substra te  with re f rac t ive  index h s  and the cladding with ref-  

ract ive  index hL . Por thin-film waveguides and TE waves (polarized 
along the  Y a x i s )  the only nonvanishing component of the e l e c t r i c  
f i e l d  is 

~ x ( ~ ) ~  t c e ? c p [ - ~ , ~ c ( r - J ) ]  , ~ 7 4 ,  
Y (3.3) 

where T~ = ( p 2 - ~ : ) 4 " ,  Pfi~+I-/2)%, ~ c = ( ~ l - ~ i i ) K  
From the continuity of Ey and d E y / d ~ a t  the in terface8 E =O 

and Z = d  we obtain the dispersion relation8 



Equation (3.4) can be rewri t ten  i n  the  form (constructive in- 
te r ference  condit ion):  

where 9 @ s f  : 'Gs /qc  end 2Pcf = T c / y F  . S o l u t i o n e o f  
eq. (3.5) can e x i s t  f o r  a d i ec re t e  number of valuee of and a r e  
l abe l l ed  T h  ( =0,1,2,...). Note a l eo  tha t  we have the  following 
re l a t ione  f o r  the f i e l d  amplitudee: 

It r e m i n e  t o  r e l e t e  the amplitude coe f f i c i en t  Ef of the e l ec t -  
romagnetic f i e l d  t o  the power ca r r i ed  by the mode. The guidpd wave 
power flow i e  obtained by in t eg ra t ing  the x component of the 
Poynting vector :  

412 Z 
P =  t k E r d ~  

h d 4 (n.%iq~,,~$):e the e f fec t ive  thickneee of the  th inf i lm 
waveguide. Therefore, from eq. (3.7) r e  can f i n d  the  f i e l d  w p l i t u d e  
E f  em a function of the power flow P and the  e f fec t ive  index $ . 

There e re  a l e0  traneveree magnetic (TH) polarized modem with 
the  magnetic f i e l d  polarized along t h e  Y -exla, i.e., H y  fO end 

wi th  E, f 0 and E, f 0 (see Thue TM-polarized waves exh ib i t  
two e l e o t r i c  f i e l d  oomponente. one p a r a l l e l  (Ex)  t o  the  wave vector  
and one perpendicular (E,) t o  the  eurface ( a  complioation f o r  non- 
l i n e a r  optica).  Mote tha t  the dieperaion r e l a t i o n  f o r  TM-mdee of a 
l i n e a r  ruymmetric waveguide l a  given by eq. (3.4), with T y r e p l a c e d  

by $ b / ~ 8  , where b = 5 ,  f ,  C . A guided wave vereion of the elowly 
var j ing  phaee aad amplitude approximetion hoe been developed f o r  
guided wavee and i e  known ae ooupled mode t h e ~ r y / ~ - ~ / .  Thie method 
is w e f u l  f o r  analyzing the generation of new wavee end f o r  in tenei ty-  
-dopendent refractive index phenomena. -If  the  o p t i c a l  non l inoa r i t i ee  
do not a l t e r  e ign i f i can t ly  the f i e l d  d ie t r ibu t ion  of the  guided wa- 
vee tha ooupled mode theory can be used t o  ca lcu la t e  the in tenei ty-  
-dependent wavevector o r  phaae e h i f t  /9/. In the  came that the  opt i -  
c a l l y  induced r e f r a c t i v e  Index change i a  oomparablo with o r  l a r g e r  
than tha index d i f f  erencee h f - H c , nf - h5 which e x i e t  a t  low- 
-powerr between the  d i e l e c t r i c  f i lm  and the  bounding media, both the  
f i e l d  p ro f i l ea  and propagation conatante a re  power-dependent; and ooup- 

l ed  mode t h a o r j  which i e  eeeen t i a l ly  a form of f i r e t - o r d e r  perturba- 

t i o n  theory l a  inadequate to obta in  even q u a l i t a t i v e  r eeu l t e .  In 
t h l e  caee an exaot theory muat be ueed. ?or Kerr-law media and TE 
eurface guided wave# the  nonlinear wave equat ion oan be eol red  ena- 
l y t i c a l l y .  

The Mymmetrlo d i e l e o t r i c  layered e t r w t u r e  we ooneider oon- 
a l a t e  of an  op t loa l ly  l i n e a r  medium r i t h  r e f r a c t i v e  index cl, ( tha 
euba t ra t e )  oocupylng the  half-epace Z < O  (region I ) ,  a d i e l e c t r i c  
forar of thlckneee d r i t h  r e f r a c t i v e  Index hf i n  region I1 
(0 ) and a nonlinear Kerr-law # e l f  -foc_using cladding deacri-  

bad by the d i e l e o t r i o  funct ion & = &, +d, / E / $ d , > ~ i n  the  region 
I11 (z>d)  . 

The Maxwellge equnticmne f o r  the  x -independent guidgd wave 
f i e l d a  are: 

The exaot aolutiona of eqa. (3.81, (3.9) and (3.10) f o r  d, > O  
(ee l f  -focusing o p t i c a l  non l inea r i t l ee )  and < "6 can be m i t t e n  ae: - 

= ( d c ) - X ~ e K ) ~ ~ o Y r ~ )  to (3.11 

The diaperaion r e l a t ione  a r e  obtained from match* tha tangen- 
t i a l  e l e c t r i o  and magnetic f i e l d .  a t  the in t e r face  /30*90/: 



Thie r e e u l t  i e  very e imi la r  t o  the  l i n e a r  case with the excep- 
t i o n  t h a t  (I, i e  replaced by (-vet). When 4 + 0 , then Zc+-@, v+ -F 
and we obta in  the  dispereion r e l a t i o n  of TE polarieed modee of the  
l i n e a r  asymmetric thin-fi lm waveguide (eee eq. (3.4)). 

For P > ~ F  the  exact  aolut ion of Maxwell'e equatione (3.8). 
(3.9) and (3.10) are1 

,$ir) = A;' B (neilr ) , 2 < 0 (3.17) I 

and t f (z) is  given .by eq. (3.13). 
Here T 6 = ( P 2 - h $ ) %  and 

- 9 i 6 = [ z ~ ~ - v ~ ) j $ , [ ~ ~ ~ ~ , g i ~  + 2 &L ( ~ , f ~ d ) ]  , (3.19) 
'If 

The di.spereion r e l a t i o n  obtained by ensuring the cont inui ty  of 
Ey and dEy/d2 acroee the  in t e r faces  Z -0 and Z = is 

where V is given by eq. (3.15). 
I 

The guided wave power per un i t  length  along the y - a x i s  i e  ob- 
tained i n  the  uaual way by in t eg ra t ing  the  Poynting vector  over the  

For br we have (see ly1 *92/) g 

P, = 4 Po p x2 Ct s (3.22) 
2 4 

p + ) + 'I4 - s i n ( ~ . y + d )  A (3.23) 

For b>h4 we obta in  

and PC is given by eq. (3.24). 
We coneider the  l i q u i d  c r y s t a l  Y8BA ( 4 -1.55, 

)12c = m2/w) 
a8 the nonlinear cladding medium depoeited on a g l a s s  waveguide 
( h f  -1.61, hs-1.52). The exietence of the nonlinear cladding af -  
f e c t e  the  cut-off conditione f o r  an a e y m e t r i c  f i lm  waveguide. Ae 
i e  well known, a l i n e a r  aegmmetric o p t i c a l  waveguide ( hc f h s )  can- 
not support  guided waves below a c r i t i c a l  thickneee d, (eee, e.g. 

/87,88/). 

Pig. 8. TEo guided wave power versue e f f e  t i v e  
index . Here hc = 1.55, Hzc =10-8 m2/w, 

ns-1.52, h t  -1.61, A -0.515y. 

In the  caae of an aeymmetric nonlinear op t i ca l  waveguide there 
is a power threshold f o r  TBo wave propagation f o r  f i l m  thickneeeee 

d<dcr (see Pig. 8 f o r  d / A  -0.1). Thie phenomenon can be uaed a8 e 
lower power 
threehold devi- 
ce, 1.8.. one -1 which begins t o  
t rammi t above 

lt 0 a c e r t a i n  mini- 

The dependence of the guided wave power on the e f fec t ive  index 
p i s  .horn i n p i g .  9 f o r  d - 2pm,  hc- h,= I . ~ ~ , H ~ = I o ' ~ ~ ~ / w ,  

h+ '1.57. The unique f ea tu ree  of the  TEo eolut ion are the exietence of 

wave propagation f o r p > n f  and of the l o c a l  maximwn i n  the guided wa- 

50. 

LO 

r a m  power. A lo- 
wer power thre- 
ehold device can - 
aleo  be achieved 

d / h = O . l  with a eaturab- 
l e  s e l f  -f ocue- 
ing  cladding 

20 

3 0 ~ L  1,56 1.57 5 8  1.59 1,60 1.61 1,62 1.63 P not value provided the sa tu ra t ion  too b2t large.  t h a t  i e  



Pig. 9. Guided wave power v reue e f fec t ive  index P . Here % =  h s  = 
-1.55, h z C  -10-9 mg/w, n4-1.57. d - 2 ~ m .  h -0.515pm 
( a f t e r  /93/ 1. 
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The evolution of the TEo and Tei f i e l d  d i s t r ibu t ion  wlth inc- 

reasing i e  ehown i n  Pig. 10. Thie i l l u e t r a t e e  one of the charac- 

t e r i e t i c  f ea tu res  of nonlinear guided waves,namely power dependent 
f i e l d  d i s t r ibu t ions .  A s  ehown i n  Fig. 10, me p increaeee, the TEo 

f i e l d  maximum gradually naru 
rowa and moves i n t o  the non- 
l i n e a r  eelf-focueing dlad- 
ding. With increaeing 
the TE f i e l d  maximum near- 
e e t  the nonlinear cladding 
e h i f t e  in to  t h a t  medium. 

ve power. For 
P 

TB, wave ehom 

. 
i n  Pig. 9,  the 
value of $ ne- . 
ver exceed8 nf 

. 
d / ~  -3.883 

and there  is an 
. 

absolute maxi- 
. 

mum i n  the qui- 
ded rave power. 
Moreover, the 

TEp . TB , branch t e r -  
minates a t  some 

. value of p r  h~ 

. (see Pig. 9). 

Fig. 10. 
Pie ld  d ie t r ibu t ions  aeeocia- 
ted with TEo and Te4 non- 
l i n e a r  guided wavee. The 
f i e l d  evolution with increae- 
ing  f3 i e  shown ( a f t e r  /14/). 

1,552 1,556 1.560 (,5W L5.568 1.572 LSm lp '$'& 1.m 

Pig. 1 1. Guided wave power versus e f fec t ive  index . 
Hem nc- "5 -  1.55, nL,= lo-' m2/w, h(m1.57, and 

X ~ 0 . 5 1 5 p  m. 

The va r i e t ion  i n  the guided wave power with propagation constant 
p ford/! 6 shown i n  Fig. 11 i l l u e t r a t e e  t h a t  the higher order 

TEm ( m 1 )  branchem a l l  terminates a t  eome values of P C n + .  For a 

self-focueing cladding there  is an absolute maximum i n  the power 
which can be propagated i n  any TEm ( rn b l  ) guided wave. Por a l l  f i b n  

thickneeee, the  lowest order TEo branch degenerate a t  high powers 
i n t o  a eelf-fo- 

( * cueed surface 

The l imi t ing  ac t ion  f o r  the caee of a eelf-focusing nonlinear 
cladding hae been demonetrated f o r  TE , wavee experimentally 

Z ~ O ' . P  

I 
7 210 .  

I 
200.  

I 
160. 

1 

I 120.  

! 
I 80. 
I 

In what follows we coneider a eymmetric thin-film waveguide 
which c o m i e t e  of a d i e l e c t r i c  t h i n  f i lm of thickneee d and refrac-  

t i v e  index hf bounded on both eidee by i d e n t i c a l  self-focusing Kerr- 
-law media ( bs = hc and d3=%'O). The d i e l e c t r i c  f i l m  f i l l e  the re- 
gion I1 ( - d / ~  g d/Z ) and the two nonlinear d i e l e o t r i c e  f i l l  the 

half  epacee I ( -d/Z ) and 111 ( Z > d/2 ), reepectively.  The Max- 
well  equet iom f o r  TB-polarized wavea are :  

wave guided by 
the nonlinear 
in te r face  bet- 
ween the f i lm 
and the clad* 
ding media. 
Clear ly ,  these 
nonlinear gui- 
ded wavee can 
be ueed f o r  
o p t i c a l  l i m i -  

I LO . TE. t e r e  i n  a vari-  
A!  0 

ety  of applica- 
GSL & l.5;~ 1,576 GO 15'8~ & 1.592 p- t ions. 



~- Alp - Ill '4 3=0 , z > 4 .  (3.29) - v  - K: (p4  tc ) E y  + e:dc (Ey- ) 
d zZ 

The exact eolutions of differential equatione (3.271, (3.28) and 

(3.29) In the case d C > o  (eelf-focwing optical nonlinearity) are: 

Tc { C L  [ K O $  (L-zS ) 1 I-', Z ' - d/2 (3.30) 

From the boundary conditione we are left with en equation for 
the unknown + : 

1 1 - g : t ~ ~ ~ x , ~ ( $ - z ~ ) j ) ~ ~ ~  [xo& ( z !  ++J-  

- 
where ti = (Ef/ec . 

Equation (3.33) hae g unique eolution Z4 mO for all /3> hf . The 
eolution (3.31) for which Zf  =O correeponde to the eylmnetric wave 
(S) of the symmetric three layer planar etructure. In thie came the 

F field dietribution ia symmetric to the center of the waveguiding 
thin film and Z , = - Z s  . The eigenvalue equatione for the eymmetric 

i branch pre I 

Lroqc (d l  +I=)] = - t 4 t ~  ( K , & $ )  , p > hf , (3.35) 

i 
1 where & = q f / T c  . 

Hote that if d c 4  0 , then LC++@ end eq. (3.34) reducee to 
the well-known diepereion relation for the eymnetric (even) modee 

of the eylranatrio dielectric waveguide: 

= % . (3.36) e f 
For the eymnetric eolution (S) the amplitudee of the electric 

field ineide the dielectric thin film are given by: 

Hext we obtain the dispersion relatione for the antieymmetric 

wave (AS) of the eymraetric thin-f ilm waveguide. For thie purpose we 
mite down the eecond eolution of Maxwell equation (3.28) inside 
the film layer: 

- B,, 5ik [ K O $ + ( Z - ' ~  ) ]  , P '"f 
E J(z) = 

02 SL [ K ~ { +  ( L - z ~ ) ]  , p >  O f  - 
(3.39) 

In thie caee the equatione for the unknown Z 6  have the form: 

for P< h4 grid 

(3.41 - F - ~ : c % ' [ k . i f ( $  +zf)]) S L ' [ I ~ ~  (i -z+)] = 0 .  
for ~ > V I C .  

It is easily verified that eqe. (3.40) and (3.41) have the eo- 
lution Z4 n 0. This eolution corresponds to the antisymmetric wave 
(AS) of the eymmetric layered structure. We notioe that eqe. (3.40) 
and (3.41 ) have also aolutione Z4 4 0, i.e., the asymmetric wave ( A )  

propagating in a nonlinear eymmetrio layered etruoture. The aeym- 
metric wave only exiete above a definite power threehold /23/. Prom 

the boundary conditione we get the following diepereion relatione for 
the antieymmstric wave (AS 1: 

(3.42) 

t~ [eOYc($ t4)J = - t l c t i i  ( ~ ~ p ~ 4 )  , B > Mf . 0.43) 

If d C 3  0 , then Zc-> + M and from eq. (3.42) we obtain the die- 
pereion relation for the antieymmetric (odd) modee of the linear sym- 

metric waveguide r 

d 
ctjS ( ~ ~ 1 ~ ~ )  ' - % .  

4f (3.44) 

The amplitudee B1 and b2 of the electric field ineide the li- 
near medium in the came of the antieymmetric eolution are given by 



In the oaee of the eymmetric wave (S) the t h e  avenged t o t a l  
guided wave power i n  watte per meter of wavefront i e  expreened ae  

f o r  y L h f  and 

f o r  f 'fif .where 

(3.49) 

Equation8 (3.47) and (3.48) give ua the dependenoe w .&,(p,P), 
i.e., the dispersion re la t ion  f o r  the nonlinear symmetric 
wave (S ). We remark tha t  f o r  p -0, eq. (3.47) givee j- r; - 0, i.e., 
the diepereion re la t ion  of TE-polarized eymmetric (even)modee of the 
eymet r ic  l inear  waveguide. It i e  aleo eaey t o  verify tha t  am d +  ao , 
eq. (3.48) yielde double the energy f lux  of the eurface wavee a t  a 
nonlinear interface (eee Section 2). 

In a eimilar manner, making uae of eqe. (3.45) and (3.46) we 
obtain the power flow i n  the nonlinear antieymmetrio eolution (AS): 

f o r  j3{ h4 and 

' s w ' - K o d ~  (3.51) 
P = ~ P , ~ ~ , ~ ~ - ~ ~ ) { ~ + ~ ( ~ + ~ ~ ) L S L . ( ~ O T ~ Z ) J  T f 

Here, too, it i e  eaeily eeen tha t  a t  P = 0, eq. (3.50) reduce8 to  
4- tr - 0, I.'., the diepereion re la t ion  f o r  antieymrpetric (odd) 

modes of the eymmetric l i n e a r  waveguide, while as  d+ o~ , eq. (3.51) 
givee double the power flow of the nonlinear eurface raree.  

For a material  eyetem with complete eymmetry, i.e., h c  = n, 
and I?,, =cl,,> 0 (aelf-focusing nonl inear i t iee)  one expecte tha t  

I a t  high powere eelf-foouaed f i e lda  can occur i n  one o r  both boundary 
media. The dependence of the dimenrrionleee f lux  P/P, on the pmpa- 
gation constant i e  ehown i n  Big. 12 f o r  a eymmetric layered etruc- 
ture with the parametere r h4 - 2.0, M, - h,- 1 . 5 , d / ~  -0.6 (eee /23/). 

Branoh S exhibi t  f i e l d  d ie t r ibu t iom 

/ eymmetric with reepect to  the f i lm 
center  (symmetric TEo branch). 

Normalized power flow P/P, vereua 
effeot ive index p f o r  a eywmtric 
layered etruoture. Here hr- 2.0, 
4- h,= 1.5, #A 0 0.6. The curve6 are 

mnrked ae follower S- f o r  eymmetric 
TEo branch, A - f o r  aeymmetric TEo 
branch, AS - f o r  eymmetric TE* branch, 

In th ie  caee w i t h  increaeing power flow a f i e l d  minFmum develops i n  
the center of the f i lm and two eymmetric f i e l d  nrexlmn move in to  the 
cladding and eubetrate media. Branch A only exiete  above a power 
threehold and the aeeociated f i e lde  a re  eelf-focused i n  e i t h e r  the 
cladding or  the eubetrate (aeymmetric TEo branch). For cumo A S  the 
f i e l d  die t r ibut ione re ta in  eylmnetq with reepect to the center  of 
the thin f i lm (eymwtrio TEI branch). Thie branch evolvee from the 
usual low power TE1 mode with f i e l d  extrema i n  the f i lm,  to  a high 
power TEi branoh with eymmetric f i e l d  maxima looalized in the two 
nonlinear bounding media. Curve B has a power threehold and i e  e i -  
m i l a r  t o  tha t  label led A since the f i e l d  die t r ibut ions  are  aeymet- 
r i c  with reepect to  the f i lm center (asymmetric TEI branch). 

In what fo l lo re  we w i l l  derive the e x m t  dieperelon r e l a t i o m  
f o r  TB polarized guided waves i n  a planar s t ructure  ooneieting of an 
opt ical ly  l i n e a r  d i e l e c t r i c  f i lm embedded i n  dieeimilar opt ioal ly  
nonlinear unbounded media. The three layer  waveguiding et ruoture  con- 
a ie te  of a nonlinear eubetrate characterized by the Kerr d i e l e c t r i c  



function E =tS +d' ( l 2  i n  the region I ( Z< 01, a th in  d i e l e c t r i c  
f  i lm of thioknees d with d i e l e c t r i o  oona t en t  6 f i n  region I1 

( o c  z d ) and a  n o n l i n e ~ r ~ c l a d d i n g  characterized by the Kerr d i -  
e l e o t r i c  function t =£,+.(c(E (2 i n  the region 111 ( z 7 d  ). The Max- 
well equations f o r  TE polarized waves propagating along the  x ax i s  
with e f fec t ive  index a r e  

Por the nonlinear substra te  medium the f i e l d  eolutions a r e  

f o r  d, > 0 (self-f  ocueing nonl inear i ty)  and 

f o r  d ,  r 0 (self-defocwing nonlinearity 1, where 9, = ( P 2 - ~ s ) %  . 
The f i e l d s  ins ide  the op t i ca l ly  l i n e a r  d i e l e c t r i c  f i lm are 

wri t ten as  

where Oc ;-<J , 9 ,  = ( E c  -F)' and the 21 signs r e f e r  t o  the caaes 
d,zO and J,cO , respectively.  

For the nonlinear cladding medium the nonlinear wave solut ions  
a re  

E:(=) =($)?, { C A  i ~ o q , ( ~ c - ~ ) ~  Ji, I >  J (3.59) 

f o r  4 7 0  and 

2 jh, f o r  , where (I, = ( p  -2,) 

The diapersion r e l a t i o w  a re  obtained from matching the  tangen- 
t i a l  e l e c t r i c  and magnetic f i e l d e  a t  the film-cladding interface  

( z = d )  ! 

*4 r,  (v3+iqJ + vc yL) , (3.61) 

($2 - a*' ~,''~.9.) 
h e r e  v, = t L  ( c o y ,  z,) vc = ~2 [ ~ ~ y ~  (J - z C ) ]  

and 21 sign8 

r e f e r  t o  self-focusing and self-defocueing nonl inear i t ies ,  respec- 
t ively .  This r e s u l t  is very s imi la r  t o  the l i n e a r  case with the ex- 

+i 
ception tha t  qs and f c  are  replaced by Jq 9, and JC,,"it, , rea- 
pectively. When ds* 0 , d, 9 0 , then zs- + @ , z,+ - m , v,-7 t 1 , 
9 -  + and from eq. (3.61) we get the diepersion re la t ion  f o r  

TE polarized modes of the l i n e a r  asymmetric waveguide (see eq. (3.4)). 
Por P > h +  the analyt ical  solut ion of Maxwell equation (3.54) is 

- - 
11 + f E; (z )  = E l i o )  {cii('0fiz) Yf ~ [ i ! ~ ( ~ ~ ~ , Z ~ ) l  rin(Kdyfz#I.(3.62) 

where o r i ~ d  , f,;#-4)%and the i l  s i g m  r e f e r  t o  the cases d , i ~  

and d,rO , respectively.  
Continuity of the magnetic f i e l d s  givee the dispersion re la-  

t ion  f o r  p > h +  ! 

The guided wave power per u n i t  length along the Y-axis is 

P= Psi Pf +PC , where 

f o r  B C  hr and 

f o r  ~3 >n.  (see / 9 3 4  



Since the conetants of in tegrat ions  z, and Z ,  i n  eqs. 
(3.561, (3.571, (3.59) and (3.60) a r e  re la ted  via  the boundary con- 
di t ione and a n  dependent on the power carr ied by the nonlinear gui- 
ded wave, then the propagation constant ~3 obtained by solving the 
dieperaion re la t ione (3.61) and (3.63) become6 power dependent. 

Next we ehow t h a t  a knowledge of the f i e l d  shape6 i e  not necee- 
eary,  however, i n  order t o  determine the diepereion re la t ions  of the 
problem /29*94*95/. The Maxwell equations (3.531, (3.54) and (3.55) 
in tegrate  t o  

because Ey(r) and AEyhi! a re  required t o  vanish as Z-73 i m 1 here 
cf i e  an in tegrat ion conetant. Suppoee tha t  the e l e c t r i c  f i e l d e  a t  

the boundariee =O and = A of the waveguiding f i lm are  E, 
and , reepectively. It i e  a lso  ueeful,  a t  th ie  etage t o  define 

v-2 and J ~ - ( ~ J ~ E , - J ~ E ~ ) I / ~ ,  the quent i t iee  x5 = =(p2-zS - i d 5  E, ) 
eo tha t  the gradient of the f i e l d  a t  z - 0 and z=d can be wri t ten 

Then by ueing eq. (3.71). the in tegrat ion constant C f  can be 
expreeeed ae 

After menu, manipulation, it can be ehom tha t  the e l e c t r i c  
f i e l d e  Ef and ~f a t  the boundariee of the waveguiding layer  are  
re la ted  t o  each o t h r  through the following equation f o r  a conic 
eection ( a  hyperbola o r  an e l l ipee ) :  

Depending on the  epecif ic  material  parameters of the three l ayer  pla- 
na r  e t ructure ,  f o r  a pa r t i cu la r  value of E: , there may ex ie t  two, 
one o r  no valuee of E: . It may be noted t h a t  f o r  a purely aynrmet- 
r i c  waveguide, i.e., I,  = 2s , d c  = ds , the conic eection reducee 
t o  e t ra igh t  l ine8  which are perpendicular t o  each other:  

- E )  - 2 (E:+E;)~ = 0 . (3.74) 

Thle impliee t h a t  there e x i e t  both eymmetric ( E, = fd ) and an t i -  
eymmetrio ( E, = - Ed ) wavee in the eynrmetric layered etructure.  
The t h i r d  option i e  the aey-tric wave f o r  which E,"# E$ : 

- 
Thie aeymmetric wave cannot ex ie t  i n  the l i n e a r  limit 
The four  e igenvalw equotiom f o r  nonlinear guided wavee ( P C Q  ) 

i n  the aeynnnetric layered e t ructure  are:  

f o r  even par i ty  eolution f o r  which f o  and have the eame eign 

( Eozo , , o r  EocO , Elto ) and 

f o r  odd par i ty  solutione f o r  which E, and Ed have oppoeite eigne 
( 5 7 0  , EA<O o r  5 i o  , .o ).where yI-(~r-r)X. 

For nonlinear eurface wavee ( f>nf ) the eigenvalue equatione 
a re  determined from eqe. (3.76) and (3.771, 1.0.. 

f o r  even par i ty  wave8 and 

f o r  odd pmrity wavee. 
Ilext we follow t h  elegant analyeie of Boardman and Egan /29/ 

t o  c d c u l a t e  the guided wave power flow r i t h o u t  knoring the op t i ca l  
f i e lda  in the outeide nonlinear media. The etmrting point of th 
analyeie i e  again the f i r e t  integrcrle (3.681, (3.69) and (3.70) of 

Y u r e l l  equationo. 



After d i f fe ren t i a t ion  with mepect  t o  Z eqs. (3.68) and 
(3.70) beoome: 

Taking i n t o  account eqs. (3.80) and (3.81) and w i n g  - 

- 
3 a f t e r  e o r  manipulation k can calcula te  the power flows P, and I 

i n  the nonlinear bounding media: 

In the l i n e a r  waveguiding f i lm we have 

so that by integrat ing with respect t o  the  depth var iable  z we ob- 
t a i n  the  following contribution t o  the t o t a l  power flow: 

Further,  by ueing eq. (3.711, the power flow i n  the l i n e a r  f i lm 
can be expreesed a s  

The t o t a l  power flow i n  the planar e t ructure  i e  p= e+r4 +PC , 
where ps and a r e  given by eqe. (3.84) and (3.851, respect i -  

vely,  and P4 is given by eq. (3.88). Since i e  expreeeible i n  
2 terme of E: and, through the eigenvalue equation, E, i e  a function 

of the  e f fec t ive  index j3 , then the .power flow P can be varied 
r i t h  J5 f o r  a par t ioular  value of the frequency w . 

As a spec i f i c  example coneider the case r)2s>0 and rgc'O, 
1.8.. both bounding media exhibi t  self-focueing nonlinearit lee.  This 
case contains by f a r  the r i ches t  s e t  of new phenomena lg3/. We eee 
from Pig. 13 t h a t  when nc = h3 but h2= # MZ5 , 1.8.. the op t i ca l  non- 

P 
l i n e a r i t l e e  a re  dieeimilar,  the nonli- 
near wave s o l u t i o ~  evolve i n t o  two un- 
connected branchem A and B. I f ,  fur ther-  

,.- . more hc f fis , the  curves s h i f t  and die- 
t o r t  with reepect t o  the power ax i s  but 
no new features  emerge. 

,575 

Pig. 13. 
TEo guided wave power vereus e f fec t ive  
index j3 f o r  d - 2rm9 h c -  % -  1.55, 
hf -1.57. hzc- 2x O- rn2/w,nS= 

2, 10 s m = m2/d (of  t e  r 199) 

The branch B i n  Pig. 13 ex ie te  only above a ce r ta in  power level .  The 
branch A which evolves from the l i n e a r  caee, exhibite f i e l d  local iea-  
t i o n  i n  the more nonlinear medium of the two (the cladding), 1.8.. 

degenerates a t  high powere in to  the correeponding eingle in terface  
surface wave. The eecond branch i n  Pig. 13 (branch B) e t a r t e  with a 
f i e l d  extremum i n  the medium with the amalleat nonlinearity (the sub- 

e t r a t r )  and terminatee with f i e l d  maxima i n  both nonlinear bounding 
media. Nonlinear guided waves i n  the lower branch A are  excited u n t i l  
the max imum i e  reached. A f u r t h e r  inareaee i n  guided wave power can 
only be achieved by switching t o  the upper branch B on which the  
f i e l d  d ie t r ibu t ion  and hence the attenuation are  d i f fe ren t  from those 
oorreeponding t o  lower branch A. Therefore, ewitching between the 
two branches ehould be accompanied by a change in the tranemltted 

in tensi ty .  A eubeequent decreaee i n  guided wave power on upper branch 
B leads  t o  ewitching back t o  the lower branah A a t  a much lower power 
than f o r  the ewitch-up. Therefore, a hyetereeie loop o r  b i a t a b i l i t y  
could oocur lg4/. 

In the caee of a Kerr-law waveguiding f i lm the f i e l d  solutione 
of Yorwell*s equatione are  expreesed in t e r n  of Jacobian e l l i p t i c  
functione/16 ,24,95-98/. 

In what follows we conaider an aeymet r i c  planar layered etruc- 
ture conelsting of an opt ical ly  l i n e a r  medium (the subetra te)  with 
d i e l e c t r i c  comtant  G S  i n  region 1 ( z  4 0 )  , a Kerr-law d i e l e c t r i c  

-5 

f i lm of thiokneee d deecribed by the d i e l e c t r i c  function E = E + + + \ E - I ~  
i n  region 11 ( 0 z c  4 ) and a l i n e a r  medium (the cladding) with 
d i e l e c t r i c  conetant t, i n  region 111 ( ~ ' d  ). The Maxuellte equa- 
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In order t o  f i n d  the magnitude of the power flow P f o r  each propa- 
gation conatant $ , we compute numerically, ueing eqe. (3.101) and 
(3.102). the dependence of on the modulue h.r of the Jacobian e l -  
l i p t i c  functione. For the meterla1 parametere used in /95/, i.e., 

hc C h * C  hs , a l l  the branchee TEm ( IW a 0 )  a re  induced by the ee l f -  
-fooueing nonlinearity eo tha t  nothing is propagating u n t i l  a cer- 
t a i n  power threehold i e  reached (see Fig. 14). Thie threehold beha- 

viour wee f i r s t  ehovm numerically i n  
lg6 *97/ f o r  higher order TBn ( h z, 1 ) 
branchee. 

Fig. 14. 
Honlinear power flow PIP, f o r  TEo,TEd 
and TE2 waven guided by a self-fooueing 
d i e l e c t r i c  f i lm vereue e f fec t ive  index 

p . The o w e 8  are label led by L d .  
Here E, -2.45, E+=2.3 and t;-1 ( a f t e r  
/95/) 

'1  , , , , The authors uaed a di f ferent  s e t  of ma- 
5 6  I59 1.61 155 p 

t e r i a l  parameters which allows a l i n e a r  
l L m i t  f o r  TEo branch.Since two d i f fe ren t  values of the propagation 
c o n e t a t s  can e x i s t  f o r  the eame power l e v e l  and power threshold6 
ex i s t ,  t h i s  nonlinear layered s t ruc tu re  is of potent ia l  i n t e r e s t  a s  ' 
a lower threshold device and eventually, a6 an op t i ca l  switch. 

3.2. Nonlinear thin-film guided wavee i n  
eaturable media 

In what follown we w i l l  inveetigate the  e f f e c t  of eaturat ion 
on the  power-dependent wavevector and f i e l d  die t r ibut ione of nonli- 
near thin-film guided waven. We coneider f i r s t  a d i e l a c t r i o  planar 
layered e t ruc tu re  coxmisting of a l ineor  nubatrate with d i e l e o t r i e  
oonetant E s  i n  region 1 ( z C 01, a l i n e a r  d i e l e o t r i c  f i lm of thick- 
near d and d i e l e c t r i o  conatant ET i n  region I1 ( 0  (7c-J ) and a 
nonlinear eelf-fooueing cladding i n  region I11 ( z74 ) oharacteri-  
zed by the d i e l e o t r i c  teneor (2.19) where the paremeter E,,t in  the 
maximum change in the d i e l e c t r i c  function, i.e., E-&, + E S , t  f o r  
l a rge  f i e l d  in tenni t iee .  

For TB-polarized waven we have = (0, E y ,  0 )  and E y  l a  a 
r e a l  quantity i n  the  abeenoe of lose. The Maxwell equatione arer  

The f i r s t  in tegral8  of eqe. (3.1061, (3.107) and (3.108) arer 

where Cf i e  the  in tegrat ion oopatant. 

Por TE-polarised wavee botb the  f i e l d e  Ey and t h e i r  derivative8 

a re  oontinuous acmee the in terfacee Z =  0 and Z - 4 .  Next 
we got the  following re la t ione  between the  in tegrat ion oonetant C f  

and the f i e l d a  E, and fj a t  the interfacee Z = 0 and z =d , ree- 
pootively t 

dk!E: = qy and taking i n t o  account t h a t  the in tegrat ion Since clz 
over the  f i lm can be wri t ten ae: 

(3.113) 

f i n a l l y  we obtain the dieperelon r e l a t i o n  f o r  the 4- wavee /40/8 

and 

I C N L  = zc + (3.115) 

We have & - 1 i f  a eelf-focueed peak ( r e a l  f i e l d  mnrimud 
occur8 i n  the nonlinear oladding medium, otherr iae  @ - 0 (v i r tua l  
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For two eelf-focueing eaturable bounding media ( h 2 , #  hzs)  
the e f fec t s  of sa tu ra t ion  on ths two eeparate (unconnected) TEo bran- 
chee i e  qu i t e  dramatic (eee /loo/). In t h i s  case the ewitching cha- 
r a c t e r i e t i c e  are  qu i t e  d i f f e r e n t  when sa tu ra t ion  is included i n  
both the subs t ra te  and the cladding. Thie should be important f o r  
applicetione of nonlinear guided wavee t o  a l l -op t i ca l  switching 
devices. 

We consider now a three  l a y e r  aeymmetric s t ruc tu re  coneieting 
of a l i n e a r  subs t ra te  with d i e l e c t r i c  constant E s  , a t h i n  d ie lec t -  
r i c  f i lm of thickness d with d i e l e c t r i c  conetant Ef and a nonli- 
near  self-defocueing (4, < 0) cladding characterized by one of the 
two t y p e  of ea tura ted nonl ineer i t iger  

We remark t h a t  both die1ectr'i'c"'tensors (3.126) and (3.127) a r e  
2 

Kerr-like, 1.e.. E + E c  - 141Ey f o r  gmall f i e l d  i n t e n e i t i e e  aqd re- 
vea l  a common saturable  l eve l  ( & c - t s , + )  . In the caee of a s e l f -  
-defocwing cladding the f i e l d  pa t t e rn  reveals  a v i r t u a l  f i e l d  maxi-  

mum i n  the  nonlinear cladding ( M c  - 01 and the diepereion r e l a t i o n  

where q , = ~ p ( u ) ] ~ ~  . u = / d c / ~ i  and 

corresponding t o  the d i e l e c t r i c  tensor (3.126 ) and (3.127 ) , reepec- 
t ive ly .  

The t o t a l  power flow is  P= Ps + p; + PC 7 where PS, p, and PC 
a r e  given by eqe. (3.117), (3.118). and (3.119). We have performed 
numerical ca lcula t ions  of the e f fec t ive  index ae funct ion of the 
t o t a l  power flow P f o r  severa l  dimeneionleee parametere E,-f . The 
numerical r eeu l t e  f o r  TB waves quided by a multiple quantum well  
(YQW) CaA1,As ,-, e t ruc tu re  are  shown i n  Pig. 16 f o r  both  d i e l e c t r i c  
functions (3.126) and (3.127). For Kerr-law ( E , , ,  =- rn eelf-defocu- 
s i n g  cladding with Hc'rf l ,  there  i e  a maximum i n  the power which can 
be tranamitted. Por a r e a l i e t i o  sa turable  nonlinear cladding. o p t i c a l  

l imi t ing  occure, provided tha t  n ,,f = 17, - ( LC - & s e  ) '/r i s  
large enough (eee Pig. 16 f o r  ZS4+ = 0.0676, i.e., OS4; 0.01 ). 

Effect ive  index P vereue power p 
f o r  a eelf-defocueing cladding. 

E, .O.OII$ ng - 3.390. h c -  3.385, kC--2x10' Hdre 
- - - - _ _ _  -- - _ _ _ _ _  m /W, h s -  3.380, d -1.07pm. /I m0.82p. 

Solid and deehed l i n e e  correepond to 
d i e l e c t r i c  teneore (2.19) and (2.20). 

We eee from Pig. 16 t h a t  fop a self-defocueing cladding medium the 

e f fec t ive  index decreaeep monotonically with guided wave power 
and f o r  hC>f l ,  cutoff occure a t  a f i n i t e  power. Thie phenomenon can 
be used f o r  upper thmshold op t i ca l  devicee i n  which the cutoff po- 
wer can be tuned. f o s  examp:le, by using a th in  f i lm of bulk CaAl,Ae,_, 
with var iable  r e f rac t ive  inCex h4 (*I /58/. 

3.3. S t a b i l i t y  t o  propggation of noplinear e l abqu ided  wavee 

The question of e t a b i l t t y  t o  propagation of varioue TBn nonli- 
near guided wave eolutione hae only recent lybeen studied by numerical 
techniquee /44*46-50/. Analytical s t a b i l i t y  analyeie i e  complicated 
by the f a c t  that the  ayetern under etudy is of Hamiltonian form (eee 
/44/). A, the eigenvaluee of the l inear ized eyetem a l l  l i e  on the 
imaginary axle the usual e t a b i l i t y  argument8 aeeociated with the dis-  
e ipa t ive  eyetern do not apply (unleee one de l ibe ra te ly  introducee 
loeeee i n t o  the eyetem). 

We t r e a t  f i r e t  the epec i f i c  caee of a TE-polarized guided wave 
i n  a eymmetric nonlinear planar waveguide coneieting of a l l n e a r  
guiding f i l m  with r e f rac t ive  index h +  bounded on both eidee by iden- 
t i c a l  self-focueing Kerr-law cladding and eubst ra te  layers ,  i.e., 

hc = h ,  and hz, = f i ~  s (see Pig. 178). The dependence of the po- 

wer flow P on the propagation conetant p l e  ehom i n  Pig. 17b 
f o r  a symmetric layered e t r u c t u n  with the following parameter81 
h, = hs-1 .5. h+ - 2, d / ~  - 0.4. In Fig. 18 we present the r eeu l t e  of 

the  evolution of the f i e l d  d i s t r i b u t i o n  with propagation dietance 
taking ae i n i t i a l  data  the e l e c t r i c  f i e l d  d ie t r ibu t ion  immediately 
before and a f t e r  the bi furcat ion point on the symmetric TEo branch ( S ) .  

A t  /3 -1.89 C PC the .eymnetric wave i e  s t a b l e  t o  propagation over 
a t  l e a e t  180 wavelengthe (see Pig. 18a) while a t  J? - 1.90 >PC the S- 



a) 6)  
Pis. 17. a )  Sketch of the planar waveguide geometry1 

b) Nonlinear diepereion c w e e  f o r  a a y m e t r i c  planar 
waveguide. Here hf-2.0, bc = hS -1.5, d/X -0.4. The curves a m  marked 
ae f o l l o m :  S - f o r  e mmetrio wave, A - f o r  eeymmetric wave. Beyond 
bifurcation o in t  P = k y l  .89 both branchee (I and A) u e  matab le  
(daehed line?. The doubly degene a t  A-wave becomes e table  on the 
poei t ively  eloped region ( a f t e r  7449 1. 

wave break8 mymetry a f t e r  only 18 wavelengths (eee Fig. 18b). In 
th ia  oaee the rave n ta r t e  t o  drive in to  e i t h e r  the eubetrate and 
cladding layere. Therefore the symmetric TBo branch (S) loeee e tabi-  

l i t y  on the poeitively eloped branch of the diepereion curve (eee 
Pig. 18b) a t  the bifurcation point ( c r i t i c a l  propagation oonetant 

I) = bc 1 .89) when the double degenerate aaynunetric wave A appears 
/44/* 

Xext we consider an asymmetric three l ayer  planar e t ructure  con- 
e l a t i n g  of a l i n e a r  eubetrate with d i e l e c t r i c  conetant E , =  n: i n  re- 

gion I ( z c 0 ). a th in  d i e l e c t r i c  f i lm of thickneee d with die lect -  

r i c  constant E 4 = ~ :  in region I1 ( O . < Z d d  ) and a nonlinear ee l f -  
-focueing cladding characterized by the diagonal d i e l e c t r i c  teneor 
(2.19) o r  (2.20) i n  region III ( z 7 d  ). The TB-polarized wave of f re -  
quency L., propagate8 along the X -axle and the e l e c t r i c  f i e l d  i e  homo- 
geneoue i n  the y di rec t ion  ( z being the traneveree coord:nate). 
The only nonvaniehing component of the e l e c t r i c  f i e l d  Ey (P, t ) i e  

given by eq. (2.11). Then i n  the ueual elowly varying envelope app- 
roximation we obtain the following equation f o r  the amplitude 

A ( u , z ) =  dC4/' Ey ( ~ ~ 2 )  

2 2 
Here @(z)-  0 f o r - s ( z  and O(?)I 1 f o r  ~ > ~ d  ; &?.?)= P_ - h \  

f o r z < O ,  ) i1(2)-p2-hZf f o r  0 .<z4 ,d ,  \d2(?)- p l h :  f o r  z > J  and 

{(IAI')  z L ~ ~ +  [ 1 - e#p ( -  e: 1 (3.132) 

- >-. 

correeponding t o  the d i e l e c t r i c  functione (2.19) end (2.201, reepec- 
t ively.  Xote tha t  f o r  a Kerr-law medium we have f (/A 1 2 )  = / A  / f  

The parabolic equation (3.131) i e  a complicated mixed type li- 
near/nonlinear Schrodinger-like equation. The -independent eolu- 
t ion of eq. (3.131 ), i.e., A ( 0 , ~ )  - A o ( ~ )  repreaenta e ta t ionary non- 
l i n e a r  guided wavee whoee effect ive  index f i e  subject  t o  a nonli- 
near diepereion re la t ion  p = k (P) , where P io the power flow. 
Equation (3.131 ) ham two integral8  of motion: 1 ( B )  given by eq. 
(2.39) and 

u) 6 )  

Pig. 18. Evolution of the f i e l d  die t r ibut ion with propa a t ion  die- 
tance f o r  the symmetric rave (S) Jus t  below a7 p 
and beyond b) p -1.90 bifurcation point 

Here we have I A +  

a ( 
,A,&)  = J # ( / A I ?  4 ( 1 4  1') (3.135) 

0 

2 

when f ( 1  A I  ) i e  given by eqe. (3.132) o r  (3.133). Por Kerr-law me- 
dia  we obtain 3 ( / AI' ) = 1 / A  14 and f o r  eaturable u d i a  9 (1 A 1') h8a 

the following expreeeiona 



corresponding t o  the d i e l e c t r i c  functions (2.19) and (2.20). respec- 
t ively .  Note tha t  f o r  a rb i t r a ry  so lu t ions  of eq. (3.131) we thue have 

dIhs- 0 and d tl/d,= 0. 
The s t a b i l i t y  of the s ta t ionary nonlinear thin-film guided wa- 

ves was invest igated numerioally. For the difference approximation 
of eq. (3.131) we w e d  the Crank-Nicolson scheme. The corresponding 
system of nonlinear equations was solved on the  euccesive s t eps  i n  

x by Newton method combined with a matrix t r id iagonal  inversion 
along Z . We have chosen the gr id  e i zes  equal i n  magnitude K&x = 

= K,AZ = 0.4. This difference scheme makes i t  possible t o  conserve 
the in teg ra l s  of motion l ( e )  and H()5) on the grid.  The conservation 
of the  t o t a l  power flow P(p) was always b e t t e r  than 99%. Umtable 
s t a t ionary  waves a re  defined as  waves whose f i e l d  d i s t r i b u t i o n  along 

the depth coordinate S changes with propagation distance x . Other- 

wise, the s t a t ionary  so lu t ion  is  cal led  s table .  

For a Kerr-law nonlinear cladding the  s ta t ionary wave is un- 
s t a b l e  on the negatively eloped region of the nonlinear dispersion 

curve ,4 = $ (P) and s t a r t s  t o  d r i f t  i n t o  the nonlinear medium. In  

t h i s  case the emission of a s ing le  s o l i t o n ,  i.e., a self-focused chan- 
ne l  (see Pig. 19) was found t o  be a route by which unstable nonlinear 

guided waves decay /47 *49*52/. 

In a case Of a nonlinear saturab- 
l e  cladding described by the  d ie lec t -  

r i c  tensor (2.19) with G.po.1256, the  
80 TEo nave on the negatively sloped 
7 0  branch of the  nonlinear dispersion cur- 

l 

ve (see Pig.15) is unstable/50/. Nume- 
6 0  

r i c e 1  Propagation over the f i r s t  400 
50 wavelength is shown i n  f i g .  20 f o r  

pm1.5685. 

Evolution of the TEo nonlinear guided 
wave f i e l d  d i s t r i b u t i o n  with pmpaga- 
t i o n  dis tance f o r  a Kerr-law cladding. 

-1.0 0.0 2.0 L.O 5.0 The i n i t i a l  f i e l d  pat tern  A,(t ) cor- 
z responds t o  pm1.56135. 

O,Z Fig. 20. 
V molu t ion  of the  TEo nonlinear guided 
40 wave f i e l d  d i s t r i b u t i o n  d t h  propaga- 

t ion  distanoe f o r  a sa turable  clad- 
ding described by the  d i e l e o t r i c  func- 
t ion  (2.19) with E,,~-0.1256. 
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I n  t h i s  case the  i n s t a b i l i t y  is weak, 
the f i e l d  remains confined t o  the wave- 

guiding f i lm and the f i e l d  m a r b u m  oe- 
c i l l a t e e  aperiodically back and f o r t h  
between the  f i lm boundaries. The evo- 

60 
l u t i o n  of the  TEo nonlinear guided 
wave f i e l d  d i s t r i b u t i o n  with propaga- 
t ion  dis tance f o r  the  case of a eatu- 
r ab le  cladding described by t h e  di-  
e l e c t r i c  tensor  (2.1 g )  with f,p0.1256 

-1.0 0.0 2.0 3.0 
is shown i n  Pig. 21 f o r  IS ~ 1 . 5 8  on 

the posi t ively  eloped branch of the  nonlinear diepereion curve 
p =  pi?). ?or thi. value of the e f fec t ive  index the nonlinear s t a -  

t ionary rave A, (z) is s t a b l e  t o  propagation (see Big .  21 ). Humeri- 

c a l  propagation of the e ta t ion. ry  wave ooafi- t h a t  the TEo nonli- 

o,o 
near guided wave i n  an m y m t r i a  

layered s t ruc tu re  i n  which self-focu- 
s i n g  occure i n  only one of the  two 
boundarp media i e  s t a b l e  on the  poei- 
t i v e l y   loped branch of th. nonlinear 

' diepermion curve /52/. 
In the  preeence of d i e s i p t i o n ,  

the  Krarwre-Wnig r e l a t i o n  d ic ta t ee  
t h a t  a t  l e a s t  l i n e a r  absorption muet 

accompsxly nonlinear ref ract ion.  The- 
refore ,  r e  muat include i n  eq. (3.131 ) 

an abeorptive tern:  

Pig. 21. Z (3.138) 

a s  pig. 20, but f o r  
8 -1.58. *em r(sj is the absorption profile.  



The e f f e c t s  of l i n e a r  abeorption on TEo nonlinear guided wavee 

i n  an aeymmetric waveguide wlth a Kerr-law cladding have been invee- 
t igated i n  15'/ by w i n g  the  beam propagation method /lo1 , 102/. It 
wee ehown tha t  i e  preferable t o  f ab r i ca te  nonlinear a s y m e t r i o  ap t i -  
c a l  waveguidee with lower absorption i n  the waveguiding film. It i e  
of i n t e r e e t  t o  mention tha t  the beam propagation method (incorpora- 
t i n g  a sp l i t - s t ep  f a e t  Pourier traneform) providee a unified t r e a t -  
ment of various guided and radia t ion f i e l d  problem subjected to  
paraxia l i ty  . 

4. Traneveree E lec t r i c  Polarized Nonlinear Surface 
Plaemon Polari tone 

4.1. Kerr-.law bounding media 

In the laet yeare coneiderable i n t e r e e t  hae been ra ieed i n  the 
theore t ioa l  /78*79/ and experimental /103*104/ etudy of surface pola- 
r i tone.  A s  is well  h o r n  the boundary between two l i n e a r  d i e l e c t r i c  
media cannot support a TE-polarieed surface polariton. However, i f  
one o r  both of the media exhibi t  an inteneity-dependent r e f rac t ive  
index, it ham been predicted ( see/l5* 18* "* 60/) t h a t  TE-polarized 
surface polari ton ehould e x i e t  a t  powers exceeding a threehold value. 

Additionally t o  the  well-inveetigated nonlinear guided wavee 
which can be eupported by a l i n e a r  d i e l e c t r i c  f i l m  surrounded by a t  
l e a e t  one medium (cladding o r  eubetra te)  with an intensity-dependent 
r e f rac t ive  index new waves have a leo been predicted f o r  metal f i l m  
bounded on one of both eidee by nonlinear media /105-108/. nonlinear 
TE-polarized wavee guided by very th in  metal f i lms eurrounded on both 
eidee by nonlinear media ex ie t  only f o r  power l eve le  above a threehold 
t h a t  depende on the mater ia l  parameters (eee /lo6/). Lederer end Y i -  
halacha /lo7/ demonetrated tha t  nonlinear TE-polarieed eurface plae- 
mon polari tone aleo ex ie t  i n  planar configuratione with e i t h e r  a non- 
l i n e a r  cladding o r  a nonlinear eubatrate. For t h i e  seymmetric layered 
e t r u c t w  tha nonlinear dieperaion curves exhibi t  a d e f i n i t e  power 
threehold and a l imi ted range f o r  the permitted propagation constants 
ae well. 

In what followe we w i l l  inveet igate  the cha rac te r i e t i ce  of non- 
l i n e a r  TB-polarized wavee guided by an aeymwtric three-layer confi- 
guration conaieting of a l i n e a r  eubatrate with d i e l e c t r i c  conetant 

es i n  region I ( z<0), a very th in  metal f i l n  r i t h  d i e l e c t r i c  cone- 
t a n t  E = - ( &+I L 0 i n  region I1 ( 4 4 ) and a nonlinear ee l f  - 
-focueing Kerr-law cladding i n  region 111 ( z z d  ). The f i e l d  d ie t -  
r ibut ion in the eubetra te ,  f i lm and cladding regione, respectively 
is given by a 

o~ z c d  

where $, = (p2-~,f'z , f f  = (b2+ l ~ + f  )y2 and T,L(p2-~c) f i .  
Here the eurface f i e l d  Eo in  given by 

6 

*s a r e e u l t  of the  continuity requirement. of ty and c ' ' y ~ j z  

a t  the i n t e r f  acee z r 0 and Z = =f the  e f fec t ive  index p 1s sub- 

j ec t  t o  a diepersion r e l a t i o n  
{ %,t~ [ K O %  (zc es  \ , 

(4.5) 

Thie dieperelon r e l a t i o n  has a eolution i f  and only i f  Ms > lzc 

and z, , d  , i.e., a f i e l d  omximum muet always be e i tua ted  within 

the  cladding region. The power per un i t  distance along the wavefront 
ca r r i ed  by the wave i e  given by 

(4.0) 

where Po = ( J d c  ' ( 'O ho) '"J 

The numerical calculationr, were performed with the  following para- 
metere 1 a,= 1.55, 1.1& - lom9 m2/w, f4- -10 and A - 0.515pm (argon 

ion l aee r ) .  
The dependence of the propagation constant P on the guided wave 

power P i e  shorn in Pig. 22 f o r  d i f fe ren t  r e f r a c t i v e  indicee of the 

eubetra te  (see /lo7/). A8 i n  the  eynnnstrical configuration atudied i n  



Pin. 22. 
Propagation constant p versus gui- 
d d wave power f o r  b-1.55, (~,p10-9 1 m / W ,  E+ '-10, A-0.515~111 and d - 

2 L 0.005pm. Solid curves: hs indicated 
a t  the curves and hz5-0. D hed cur- UI t ,,* 

", >I ver hs- ~ , - 1 . 5 5 . ~ ~ ~ ~ ~  -10-9 2 /~.  
- -  

n, a1.9 

/lo6/ we found a de f in i t e  power thre- 
shold where the nonlinear TE-polari- 
zed surface  plasman polari tone s t a r t .  
This threshold increaees with the 

r e f rac t ive  index of the subst ra te .  The dashed curve i n  Pig. 22 corres- 
ponds to  the symmetrical planar s t ruc tu re  with the following mate- 
r i a l  parametersr hs - h, -1.55, fizS = h2C= lo-' m2/w. We see from Fig. 

22 t h a t  i n  the case of an asymmetrical configuration with ~1,7 h, 

and n2,-0, two d i f f e r e n t  values of the propagetion constant corres- 
pond t o  the same value of the oontrol  paremeter P and an upper P - 
l i m i t  occurs addi t ional ly  t o  the  lower one which is determined by 

h ~ .  The upper p-limit is  due t o  the impossibi l i ty  of f i e l d  match- 
ing a t  the metal f i lm-die lect r ic  subs t ra te  in terface .  The f i e l d  
d i s t r i b u t i o n  f o r  p near its lower l i m i t  hS shows t h a t  the  e l ec t -  
r i c  f i e l d  penetrates deep i n t o  the subs t ra te  region and f o r  P app- 
roaohing the upper l i m i t  the f i e l d  energy is mainly concentrated 
within the nonlinear cladding which i e  favourable f o r  diminishing 
absorption lossee  i n  r e a l i s t i c  metal f i lms.  So, a poseible switch- 
ing between the upper and the lower branch of the dispers ion curve 
is accompanied by a t r a n s i t i o n  from a high transmission s t a t e  t o  a 
low one. 

I. 4.2. Bon-Kerr-like bounding media 

We consider en asymmetrical configuration consis t ing of a li- 
near  d i e l e c t r i c  subs t ra te  with d i e l e c t r i c  constant Es , a th in  me- 
t a l  f i lm of thickness d with d i e l e c t r i c  conetant € = - 1 Zf / <  0 
and a nonlinear self-focusing cladding characterized by one of the 
d i e l e c t r i c  tensore (2.191, (2.20) and (2.21). We use the formalism 
developed i n  /40/ t o  invest igate  the power dependence of the effec- 
t i v e  index f o r  both sa tu rab le  and power-law d i e l e c t r i c  tensors 
(non-Kerr-like media). 

The dispereion r e l a t i o n  of nonlinear TB-polarized surface  plaa- 
mon polari tone is given by 

a .  

*ere Ed is the e l e c t r i c  f i e l d  a t  the in te r face  z =d and 'P(o) 
i e  given by eqe. (2.32), (2.33) and (2.34). The dispereion re la t ion  

(4.9) haa so lu t ion  p , i f  and only i f  M 7 h c  and i n  t h i s  case 
a f i e l d  lnaximum (aelf-focuaed peak) m u s t  be s i t u a t e d  within ths ae l f -  
-focusing cladding medium. The t o t a l  power flow per u n i t  length  i e  

P= fs t Pf t PC where f', is given by eq. (3.122 ) and P S  and I; 

a re  given by eqe. (3.124) and (3.125), respectively.  
The numerical ca lcula t ione were performed with the following 

parameters : o c  r 1.55, MZc - lod9 m2/w ( l iqu id  c r y e t a l  =A), E4 =-lo, 
ns-1.6, d - I O - ~ ~ ~  and .\-0.515 r m. The j3-power plote f o r  the 

came of a eelf-focusing cladding characterized by the d i e l e c t r i c  Len- 
eora (2.191, (2.20) and (2.21 ) a r e  shown i n  Pig. 23. A s  i n  the sym- 
metr ica l  oonfiguration s tudied i n  /lo6/ we found a de f in i t e  power 
threehold where nonlinear TB-polarized surface plasmon polmitons  
a t a r t ,  The upper ji-limit t h a t  oocure addi t ional ly  t o  the lower one 

2 

( J 3 = h 5 )  i e  determined from u.&Ed - 0, i.e., P,= P+= 0 and 

pc# 0 (see termination pointe A, B i n  Pig. 23). 

I .  - 
50 100 1Y) 200 250 300 350 LOO P 

wave 

correepoad t o  d i e l e c t r i o  teneors (2.10) and (2.20), reepec- 
t ivelu .  Dashed l i n e e  correspond t o  a power-law cladding with 
the ekponent k- -1.5 Pnd k-2.0. 



For e f fec t ive  index p approaching the  upper value, the o p t i c a l  
f i e l d  w i l l  mainly be concentrated wi th in  the nonlinear a e l f - f o o u i n g  
cladding. We gee from Fig. 23 t h a t  the millimum power.required f o r  
the  exc i t a t ion  of nonlinear TE-polarized eurface plaemon polar i tone  
inomaaee mith decreasing E s , t .  Puthenuore ,  the e f fec t ive  index P 
approaohee its l h i t i n g  value of (E, i t,,t ) ''12 asymptotiaally r i t h  
increas ing power. The conolueion t o  be d r a m  f r o m  theme calcula t ione  
i e  t h a t  the  se tu ra t ion  e f f e c t s  can a l t e r  the epec i f io  power-dependent 
f e a t u n e  of nonlinear TE-polarized eurface plaamon polar i tone  i n  con- 
f igu ra t ions  with Kerr-law media.It ehould be noted t h a t  the  aombina- 
t i o n  of the  very t h i n  lnetal f i lm  thickneee required,  the  loeses  
usually aeeociated with surface  plaemon f o r  amall I E</ and the  l a rge  
change6 i n  r e f rec t ive  index required w i l l  probably make auch nonli- 
near wavee d i f f i c u l t  t o  observe experimentally. 

We have ehown i n  t h i s  review a r t i c l e  t h a t  the uae of media 
with nonlinear r e f r a c t i v e  indioes  enrichee considerably the phenome- 
non of guided wave propagation i n  p lanar  e t r u c t m e .  Thue i f  one o r  
more of the media bounding a d i e l e c t r i c  o r  metal f i lm  exhibi te  an 

inteneity-dependent m f r a a t i v e  index, the number of nonlinear guided 
wave eolutione,  the propagation waveveotor, the f i e l d  d i s t r ibu t ione ,  
t he  a t tenuat ion ooeff io ient  and the waveguide cut-off and cut-on 
conditione a l l  become power-dependent, We have diecuaeed a number of 
po ten t i a l  applicatione t o  a l l - o p t i c a l  eigmal proceseing of nonlinear 
guided wave phenomena i n  planar e t ructuree .  Planar o p t i c a l  waveguides 
a r e  primarily of i n t e r e e t  f o r  s e r i a l ,  r a t h e r  than p a r a l l e l  procee- 
s i n g  ryetens. 

The porer-dependent f i e l d  p a t t e r n  can be u e d  f o r  emitching 
and threeholding operatione i n  a waveguide context whereae the power- 
-dependent wavevector w e d  i n  oonjunotion with a d i e t r ibu ted  coupler 
can lead t o  devioes much ae op t i ca l  l imi t e re ,  e t c .  We have ehom t h a t  
lower threehold devioes t h a t  only paea op t i ca l  puleen above a thre-  
ahold power a r e  poaeible baeed on eelf-tocueing nonlineayit iee.  Thus 
a planar op t i ca l  waveguide with a nonlinear relf-focuaing cladding 
and a l i n e a r  waveguiding f i lm  whose thiokneea is l ee8  than the TEo 
cut-off thiokneee a t  low power, can become transmitting a t  high pomr 
levele.  lionlinear guided mve l imi t e re  can be obtained i f  one o r  both 
of the  media bounding the waveguiding f i l m  a r e  characterized by a 

eelf-defocueing nonlineari ty.  Opt ica l  ewitohing ac t ion can potent ia l -  
l y  be aohieved i f  both the cladding and eubet ra te  media exh ib i t  e e l f -  

focusing non l inea r i t i e s .  Moreover a combination of con t ro l l ab le  thre- 
,holding and l imi t ing  ac t ions  can be w e d  t o  f i x  a range of power 
l eve l s  transmitted down by t h e  nonlinear o p t i o s l  waveguide. 
purthermore, the same type of phenomena s h o d d  occur in channel wave- 
guide which would reduce the waveguide volume and power opera t ing l e -  
ve l s  considerably. Por example, s ince  m a t  mater ia ls  exh ib i t  the  sa- 
tura ted  change i n  the r e f r a c t i v e  index A n,,+in the range of t ~ - ~  t o  

power l imi t ing  ac t ion i n  the range of a few mulliwatta would 
be expected f o r  1 nm wide l i g h t  beam propagating i n  a planar wave- 
guide. I f  one can ext rapola te  l i n e a r l y  with waveguide width t o  chan- 
ne l  waveguides, then by using nonlinear guided wavea, o p t i c a l  l i m i t -  
ing ac t ion might be obtained a t  a few microwatta power levels .  

Xater ia ls  i n  general  l i m i t  the experimental r e a l i z a t i o n s  of 
a l l  the nonlinear guided wave phenomena predicted t o  date. The f a c t  
t h a t  the r e f r a c t i v e  index d i f  ferences h f - c and hf - 1? which 
e x i s t  a t  low powers between the f i lm  and the bounding media m w t  be 
lesa than the  ea tura ted  change i n  the  r e f r a c t i v e  index ausnt put8 

aevere l imi t a t ions  on the mater ia l  combinations which can be used 

f o r  making a nonlinear planar op t i ca l  waveguide. There is a need f o r  
new mater ia ls  with o p t i c a l  non l inea r i t i ea  hrI g r e a t e r  than 10'"m2/~ 

and with a t tenuat ion coe f f i c i en t s  l e s a  than 1 cm" i n  waveguide fo r -  
mats. The o p t i c a l  nonl inear i t iea  should be large  enough t h a t  the va- 
r ious  nonlinear devices can be implemented a t  mi l l iwa t t  power levela .  
Since the nonlinear waveguide phenomena w i l l  be used primarily f o r  
s e r i a l  s igna l  processing, i t  is a lao  necessary t h a t ,  once the  opt i -  

c a l  a i ~ e l  is turned o f f ,  the nonlinearly induced polar iza t ion should 
re lax  i n  the picoseconds range ( t h e  "turn-on" of the non l inea r i t i e s  

is usually inetantaneoue). Some candidate ma te r i e l s  f o r  nonlinear 
th i rd  order in tegra ted  op t i c s  devicee such a s  GaAe/GaAlAs multiple 

quantum well s t r u c t u r e s ,  semiconductor doped glasses  and nonlinear 
organic media ( f o r  example, polydiacety lene f i lms)  s a t i a f y  the  above 
c r i t e r i a  although not a l l  optimally. We look forward over the  next 
few years t o  both the demonetration of more a l l -op t i ca l  s igna l  proces- 
s ing  operations using current ly  avai lable  mater ia ls  and t o  t h e  deve- 
lopment and u t i l i z a t i o n  of new highly nonlinear mater ia ls  with res- 
ponse time i n  the picoseconds range which w i l l  lead t o  many nonlinear 
guided wave devicee f o r  o p t i c a l  l og ic  and s igna l  proceseing. 
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~ m a ~ e  A., HB~MUTAHHOB P.I'., Q ~ P R H H H  B.K. E17-88-66 
H m e h I b ~ e  OllTWIeCKHe BONIbI B CnOUCTbIX CTpyKTypBX 

P a c c ~ a ~ p u s a e ~ c ~  cospeMemoe cocTomue np06neMb1 pacnpo- 
apaHeHUR HeJIHHehib1~ OlTl'UrleCKHX BOJIH rlepe3 AU3JIeKTpUqeCIcwe U 

MeTaJIJTWrIeCKWe CnOUCTbIe CTPYKIYPbI. O~CYHC~ZLH)TCR OCHOBHbIe 
KoHuemu u TeopeTusecKue nonxonbr, ucnonbsye~b~e npu manuse 
HeJIkMehIb1~ nOBePXHOCTHbIX BOnH (HnB) U HWfkMefiIib~fi BOJIHOBOA- 

HbIx MOA (HBM) , aMlTJIUTyAb1 KoToPbIX RBnRH)TCR peuIemRm 
onpenenemioro Knacca ~ e m ~ e h i o r o  ypaBHeHm Illpem~repa c 
K O ~ @ @ U I & ~ ~ H T ~ M U ,  3aBUCRLWMU OT n~nepe¶H~fi KOOPAUHaTbI. Me~o- 
A ~ M U  wcnemoro a~anusa nposeneHo uccnenoaame ~CTO#WBOCTU 
HllB u HBM. l l p e ~ n o x e ~ b ~  B O ~ M O X C H ~ I ~  npmoxeHuR IlsnemR HllB u 
H B M ~ R C O ~ A ~ ~ ~ ~ U ~ O ~ O B H W ~ H H ~ ~ ~ H O ~ ~ U H T ~ ~ ~ ~ ~ ~ H O ~ O ~ T ~ ' U ~ .  

Mihalache D., Nazmitdinov R.G., Fedyanin V.K. E17-88-66 
Nonlinear Optical Waves in Layered Structures 

Modem status of the problem of propagation of nonlinear opti- 
cal waves through dielectric and metallic layered structures is revie- 
wed.. The basic concepts and theoretical approaches used to analyse 
nonlinear surface and guided wave phenomena in planar structures 
are &cussed. The amplitudes of these waves are obtained as special 
solutions of a nonlinear Schrodinger-like equation with coefficients 
that depend on the transverse coordinate. The stability of these new 
nonlinear optical waves to propagation in two- or three-layered planar 
structures is also numerically analysed. Solhe possible applications 
to integrated all-optical devices are suggested on the basis of these 
new nonlinear surface-guided waves. 

The investigation has been performed at the Laboratory of Theo- 
retical Physics, JINR. 
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