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The nonreci pro cal phase shif t of T M w aves guided by the linear thin
Ùlm sandw iched betw een magneto optic semi- inÙn ite substrate and nonlin-
ear K err- typ e semi- inÙni te claddin g has been investigated theoreticall y and
numerically . With the help of the conserv ation energy law for T M mo des
in nonlin ear waveguide the disp ersion relation without a know ledge of the
nonlin ear Ùeld proÙle has been derived. T he dep endence of the nonrecip-

ro cal behaviou r of the guided w aves in terms of the local intensity at the
Ùlm- nonli near claddi ng boundary is discussed. Intro ducing a nonlin ear mate-
rial into magneto optic w aveguide structure leads to interesting applica tion s
for a new class of integrated devices w hich combine magneto optic and non-
linear e˜ects.
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1. I n t rod uct io n

T he m agneto opt ical waveguides have been receivi ng a great deal of atten -
ti on because the y have the appl icati on as basic elements f or the nonreci procal
devi ces real ized in a planar form [1{ 3]. The nonreci pro cal devi ces such as isola-
to rs and circul ato rs are needed to stabi l ize the semiconducto r{ laser operati on to
avoid self-osci llati on of the laser due to reÛection in the communi catio n system .
Mo st proposals for wa veguide-t yp e isolato rs are based on nonreci procal T E{ TM
m ode conversion [4]. In order to achi eve the e£ cient TE{ TM conversion, the pre-
ci se phase matchi ng between the intera cti ng m odes is necessary by orienti ng the
opti c axi s of the m ateri als preci sely and by contro l l ing the thi ckness of the Ùlm
accuratel y. These requi rem ents are di£ cul t to fulÙl in practi ce. The other concept
for an opti cal isolato r is based on the nonrecipro cal phase shift for TM m odes
in magneto opti cal wa vegui de in the so-cal led Voigt (or equato rial ) conÙgura ti on
[5{ 7]. It wa s shown tha t a pro pagati on consta nt of the TM mode is di ˜erent f or the
pro pagati on in the opposite di recti on in the presence of dc m agneti c Ùeld appl ied
perpendicul ar to the di recti on of the pro pagati on. Thi s concept has the adv anta ges
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because it involv es only one polari zati on nam ely TM and theref ore is no need to
consider phase m atching.

The purp ose of thi s paper is to present a new conÙgurati on of the m agnetoopti c
layered structure in whi ch one m edium (e.g. to p layer) is nonl inear. Nonl inear op-
ti cal wa vegui des exhi bi t a numb er of interesti ng properti es tha t have been studi ed
extensi vel y in the recent years (see, for exampl e [7] and references in revi ew arti -
cl es [8{ 10]) because of thei r potenti al appl icati ons in al l-opti cal signal pro cessing.
T o date, closed form soluti ons have been obta ined onl y for TE- polari zed wa ves.
For the TM wa ves, the presence of two electri c Ùeld com ponents, one para l lel and
one perpendicul ar to the interf aces, m akes the analysis considerably com pl icated.
T o obta in an analyti cal descripti on of the TM- case a num ber of appro xi matio ns
have been employed [11, 12].

Inserti ng the nonl inear materi al into m agneto opti c wa vegui de gives an addi -
ti onal \ degree of freedom " nam ely a power Ûow down the gui de [13, 14]. The power
dependence of the propagati on constant al lows a good contro l of the nonreci procal
behavi our of the counterpro pagati ng TM modes. Thi s shows a great potenti al for
appl icati on of the m agneto opti c-nonl inear wa veguide in the design and the real iza-
ti on of a new classof integ rated devi ces uti l izing both magneto opti c and nonl inear
e˜ects. As an exampl e such devi ce can be a nonreci pro cal l imi ter of the guided
power Ûow. Ano ther possible devi ce is the intensi ty -contro l led integ rated isolato r
based on the m agneto opti c di recti onal coupl er [15]. In such structure, the non-
l ineari ty acts on the propagati on consta nts of the counterpro pagati ng TM m odes
m odi fying the coupl ing condi ti on, and theref ore the tra nsfer e£ ciency whi ch can
be opti mized, say in the backward di recti on and reduced f or the forwa rd pro paga-
ti on.

2. D isp er si on r el at ion f or T M m od es

The guidi ng structure to be considered consists of three layers | the m ag-
neto opti c substra te, the l inear nonm agneti c Ùlm , and the nonl inear top layer. The
externa l dc m agneti c Ùeld H 0 is appl ied para l lel to the Ùlm plane and perpendi cular
to the di recti on of pro pagati on whi ch is along the z -axi s (the so-cal led Voigt con-
Ùgurati on). Neglecting losses, the correspondi ng di electri c tensor of magneto opti c
(gyro tro pic) m ateri al has the f ollowing f orm :

" M O =

0

@
" x 0 i£
0 " y 0

À i£ 0 " z

1

A : (1.1)

The nondi agonal elements £ are related to the speciÙc Faraday rota ti on ˚ F by
£ = ˚ F

p

" z Ñ=¤ [6]. Gyro tro py is induced by an appl ied magneti c Ùeld.
It is well kno wn tha t the modes in the Voigt conÙgurati on can be separated

into TE[ E y ; H z ; H z ] and TM[ H y ; E x ; E z ] polari zati ons. The TE and TM m odes
are not coupl ed. Properti es of the TE m odes do not depend on the sign of the
pro pagati on di recti on and are preserved in the presence of the externa l ly appl ied
m agneti c Ùeld. W e consi der only TM modes as TM modes are nonreci pro cal in
the Voigt conÙgurati on. For sim pl ici t y, the m agneto opti c m edium is assumed to
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be isotro pi c " x = " y = " z = " s . W e supp ose tha t the nonl inear claddi ng is of
the Kerr- typ e and isotro pic, so tha t the nonl inear di electri c subtensor for the TM
wa ves reads as

" N L =

˚
" x x 0

0 " z z

Ç

; (1.2)

where the elements " x x and " z z depend on the local intensi ty and we assume

" x x = " z z = " N L = " L + ˜
À

j E x j
2 + j E z j

2
Â

(1.3)

(electrostri cti ve or therm al nonl ineari ty) where " L i s a l inear part of the di electri c
perm i tti vi ty and ˜ is the nonl inear coe£ cient.

The electri c and magneti c Ùeld vectors for TM wa ves propagati ng along the
z -axi s wi th the angular frequency ! and pro pagati on constant Ù are wri tten as

E ( x ; z ) = [ E x ( x ) i x + E z ( x ) i z ] exp [ i ( ! t À Ùz )] ;

H ( x ; z ) = H y (x ) i y exp [ i( ! t À Ùz )] : (1.4)

For the m agneto opti c m edium (x < 0 ) the m agneti c Ùeld am pli tude H y ( x ) ² H ( x )

i s a soluti on of the wa ve equati on

d 2 H

dx 2
+

À
k 2

0 n 2
M O À Ù 2

Â
H = 0 ; (1.5)

where n M O =
p

( " 2
s

À £ 2 ) = " s i s the e˜ecti ve index of refracti on of magneto opti c
m edium and k 0 i s the f ree-space wa ve numb er. In the nonl inear claddi ng (x > d )
the Ùeld am pl itude H ( x ) obeys the equati on

d

dx

˚
1

" N L

dH

dx

Ç

+
À

k 2
0 " N L

À Ù 2
Â H

" N L
= 0 : (1.6)

The second order nonl inear di ˜erenti al equati on (1.6) can be solved in quadratures
for an arbi tra ry form of the local intensi ty- dependent dielectri c functi on " N L . The
correspondi ng electri c Ùeld E can be calcul ated from the Ma xwel l equati ons. As-
suming the decayi ng Ùeld in the m agneto opti c substra te and ta ki ng into account
the conservati on law in the nonl inear m edium

j E x j
2 [À 2 ( k 0 =Ù) 2 ² 2 + 3 ² À 1 ] À j E z j

2 ( ² + 1 ) = const (1.7)

[14] and appl yi ng the bounda ry condi ti on at the Ùlm-substra te and Ùlm -cover
interf aces one obta ins the relati on

k 0 d

q
n 2

f
À N 2 = arcta n

˚
n f

n s

Ç2
p

N 2 À n 2
s

À N £=" sq
n 2

f
À N 2

+ arcta n

ê
" f

" c ²

s
(3 ² À 1 )( N 2 À ² ( N L ) 2 )

( ² + 1 )( n 2
f

À N 2 )

!

+ m¤ ; (1.8)

where d i s the Ùlm thi ckness, N = Ù=k 0 i s the e˜ecti ve index of refracti on (the m ode
index) and

n 2
f = " f ; n 2

c = " L ; ² ( N L ) 2 =
2 n 2

c
² 2

3 ² À 1
;
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² = " N L =" L = 1 + ( ˜ = " c )
À

j E x c j
2 + j E z c j

2
Â

is the norm al ized boundary value of the
perm i tti vi ty of nonl inear m edium .

Equa ti on (1.8) is the di spersion relati on of TM m odes whi ch determ ines the
pro pagati on constant Ù . The nonreci pro city of TM modes is evident from Eq. (1.8).
D ue to the o˜- diagonal elements £ in the dielectri c tensor (1.1), the term l inear
in Ù enters thi s equati on. Thus, the absolute value of the propagati on constant
is di ˜erent f or the propagati on in the opposite di recti ons, depending on the sign
of Ù . W e note tha t changing the £ sign (reversi ng the di recti on of dc magneti c Ùeld)
has the sam e e˜ect as changing the sign of Ù . It fol lows also from the di spersion
relati on tha t the pro pagati on constants depend on the gui ded power Ûow (vi a the
power density at the Ùlm -cover interf ace). Note tha t the l im it ² ! 1 in Eq. (1.8)
yi elds the di spersion rel ati on for l inear m agneto opti c wa vegui de [5].

3 . Nu m er ical r esu l t s

Fi rst, we demonstra te the nonreci pro cal behavi our of TM m odes in a l inear
m agneto opti c wa veguide. The num erical results were calcul ated for the fol lowi ng
parameters: " s = 5 : 2 ; " f = 5 : 5 ; " L = 4:0; £ = 0 :05. To accentua te the e˜ect of
the nonreci proci ty the value for £ i s chosen two orders of m agni tude larger tha n a
typi cal value of £ .

Fig. 1. Propagation constants of the forw ard Ù
( + ) and backw ard Ù

( T M modes in

the magneto opti c wa veguide versus the Ùlm thickness.

In Fi g. 1 the pro pagati on constants for the forwa rd and backwa rd pro pa-
gati on are plotted vs. the thi ckness of the gui ding Ùlm. The separati on between
curves signiÙes the nonreci pro city of the wa veguide structure. The di ˜erence of
Â Ù = Ù +

À Ù decreases wi th increasing the Ùlm thi ckness. For nonreci procal
devi ce appl icati ons i t is importa nt to achi eve a large di ˜erence Â Ù . It is possible
to increase Â Ù by decreasing the refracti ve index step between the wa veguidi ng
Ùlm and the substra te.

In m agneto opti c-nonl inear waveguide the nonreci pro cal characteri sti cs are
a˜ected by the intensi ty of the guided wa ve. A calcul ated di ˜erence between the
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Fig. 2. Di˜erence betw een the e˜ective indexes N
( Ï )

= Ù
( Ï )

=k 0 for the forw ard and

backw ard propagation of T M mode versus the nonlinea r p ermittivi ty at the

interf ace Ùlm self-focusing nonlinea r cover.

Fig. 3. Propagation constants for the forw ard and backw ard propagatio n of TM mo de

versus the nonlinear permittivity at the interf ace Ùlm self-defocusing nonlin ear

cover.

e˜ecti ve indexes Â = for the backwa rd and forwa rd propagati on of
TM m ode versus the boundary value of the nonl inear perm i tti vi ty =

in self- focusing ( 0 ) claddi ng is dem onstra ted in Fi g. 2. W e note tha t when
reaches a value of 1.38 then Â changes the sign. It means tha t at a to ta l power
Ûow associated wi th thi s value of the nonreci pro cal phase shift di sapp ears [16].
The pro pagati on constants for the forwa rd and reverse tra vell ing TM wa ve vs.
the boundary value of the nonl inear perm i tti vi ty = in a self-defocusing
cover are presented in Fi g. 3. The m axi mum di˜erence occurs near the
region where both the pro pagati on constants becom e a minimum. Fi gure 4 shows
the vari atio n of the norm al ized cut- o˜ thi ckness of the f orwa rd and backward
pro pagati on wi th for the case of self -defocusing claddi ng. The cut- o˜ thi cknesses

and increase as decreases from the l inear l im i t = 1 . They then
go thro ugh a m aximum at = 0 6 3 and, subsequentl y, decay as tends to the
thresho ld value. The vari ati on of cut- o˜ thi cknesses and for both the
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Fig. 4. N ormalized cut- o˜ thicknesses for the forw ard ( w
(+) ) and backw ard ( w

( À ) )

propagatio n of T M 0 mo de versus the nonli near permittivi ty "
N L

=" L at the interf ace Ùlm

self-defocusin g nonlinear cover.

Fig. 5. N ormalized cut- o˜ thicknesses for the forw ard ( ) and backw ard ( )
propagatio n of T M mo de versus the nonli near permittivi ty at the interf ace Ùlm

self-focusing nonlin ear cover.

forwa rd and the backward di recti on as a functi on of the bounda ry value in the
focusing cl addi ng is shown in Fi g. 5. The values and decrease wi th an
increase of local intensi ty (vi a the bounda ry value of ). No te tha t the di ˜erence

between the cut- o˜ thi cknesses for the forwa rd and backward
pro pagati on does not depend on the bounda ry v alues of the power density .

W e have presented a new conÙgura ti on of the planar wa veguide composed
of a l inear thi n Ùlm sandwi ched between the magneoopti c substra te and Kerr- typ e
nonl inear cladding. The theoreti cal and num erical analysis of the nonreci procal be-
havi our of the TM modes pro pagati ng in the opposite di recti ons has been carri ed
out. W i th the help of the conservati on energy law for TM m odes in the nonl inear
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wa veguide the dispersion relati on wi tho ut a kno wl edge of the nonl inear Ùeld pro-
Ùle has been deri ved. The nonreci procal phase shift of the counterpro pagati ng TM
wa ves in such structure is sensiti ve to the power Ûow along the gui de. The cut- o˜
thi cknessesfor the forwa rd and backward pro pagati on are sensiti ve to the bound-
ary value of the local intensi ty and consequentl y depend on the to ta l power Ûow.
If the l ight power reaches the m agni tude for whi ch the thi ckness of the waveguide
becomes the cut- o˜ value, say for the forwa rd pro pagati on, then onl y the reverse
tra vell ing is possible. Thus the structure acts as an intensi ty contro l led isolato r
for TM wa ves. The proposed m agneto opti c{ nonl inear wa vegui ding structure can
be appl icabl e to the pro ducti on of a new typ e of integ rated devi ces uti l izing both
m agneto opti c and nonl inear e˜ects.
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