
Vol . 99 (1901) A CT A PHY SIC A POLO NIC A A No . 1

Pr oceed in gs of t he I n t ern ati on al W or kshop NOA '00 , Gr yb §w 200 0

WAV EGUIDING IN T HI N FI LM S WI TH

QU A DRA TI C M AGN ET O-OPTI CA L M EDIUM

J . Piçst or a a ; Ê , A . Do ma¥ ski b , O. B Çar t a a , F . St an çek a , K. Post av aa ,
D. C ipri an a and I . Ko pçriv a a

a D epar tment of Ph ysics, Technica l U niversity Ostra va
17. listopa du 15, 708 33 Ostra va, Czech Republi c

b Faculty of Physics, Warsa w U niversity of Technolo gy

K oszykow a 75, 00- 662 W arsaw , Poland

The w aveguiding in thin planar structures w ith quadratic magneto-
-optical medium is analysed. The permittivity tensor elements with quadratic
magneto- optical constants are speciÙed. F rom synchronous condition for
guided modes in layered system with magnetic ordering the disp ersi on re-
lation of w aveguide is presented. T he reÛection coe£cients for s -p olarized
light at transversal, longitudi na l, and p olar conÙgurati ons as inciden ce angle
function are describ ed. T he inÛuence of quadratic magneto- optical e˜ect on
the resonant character of the w aveguiding term is describ ed in detail. T he
theory covers the situation in which the optical resp onse of the structure is
linear in the amplitude of the incident w ave.

PAC S numb ers: 78.20.Ls

1. I n t rod uct io n

M agneto -opt ical reÛection m easurem ents and eigenm ode polari zati on states
are inÛuenced not only by l inear magneto -opti cal (M O) e˜ects in m agneti zati on,
but also by quadrati c ones (second- order e˜ects). T he quadrati c MO e˜ects in
reÛection have been observed at ferromagneti c layers wi th in-pl ane m agneti zati on
[1, 2]. The quadrati c contri buti on resul ti ng from the pro duct of the longi tudi nal
and the tra nsversal m agneti zati on components a˜ects the correct hysteresis loop
m easurement by the longi tudi na l Kerr e˜ect [3 ]. The propagati on of the l ight in the
pl anar structure wi th quadrati c e˜ects is based on calculati on of the eigenm odes
in a m agneto -opti cal m edium wi th help of 4 È 4 Yeh's m atri x form ali sm [4].
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2. P erm it t ivit y t ensor an d ei gen m ode p ol ar izat ion

General ly one can wri te for the relati ve perm i tti vi ty tensor " r

" r =

0

@
" x x " x y " x z

" y x " y y " y z

" z x " z y z z

(1)

The elements of i j can be speciÙed as [5, 6]

x x = 1 + [ ( ) 2
T + ( 2

P + 2
L + 2

T ) ]

x y = ( i P + 2 L T )

x z = ( i L + 2 P T )

y x = ( i P + 2 L T )

y y = 1 + [( ) 2
L + ( 2

P + 2
L + 2

T )] (2)

y z = ( i T + 2 L P )

z x = ( i L + 2 P T )

z y = ( i T + 2 L P )

z z = 1 + [ ( ) 2
P + ( 2

P + 2
L + 2

T )]

where , and are quadra ti c MO constants, L , T , and P are l in-
ear m agneto-opti cal param eters pro porti onal to the longi tudi nal, tra nsversal , and
polar m agneti zati on com ponents, respecti vel y. The symbol speciÙes the non-
-magneti c perm i tti vi t y. The tensor elements (2) corresp ond to the case when
the cubi c crysta l axes are para l lel to the coordi nate axes.

Assum ing the pl ane monochro mati c wa ve soluti on,

= exp[ i ( )] (3)

The coordi nate system can always be chosen in such a way tha t the radiati on wa ve
vecto r in thi n Ùlm is restri cted to the -plane (see Fi g. 1)

= y ^ + z ^ = v ( y ^ + z ^ ) (4)

where ^ and ^ are the uni t vecto rs, v = = 2 is a wa ve numb er in vacuum.

By appl icati on of Yeh' s 4 4 matri x form al ism to the MO m ulti layers [7, 8]
one can specify the eigenm ode polarizati ons in each anisotro pic thi n Ùlm for
tra nsversal , polar, and longi tudi nal conÙgurati on [9]. The relati on between the
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Ùeld in the (n À 1 )- th layer at the interf ace z = z ( n À 1 ) and the Ùeld in the n -th
layer at interf ace z = z ( n ) is obta ined by the tra nsfer m atri x

n À ;n = ( n À ) À n n (5)

where is the dyna m ic m atri x and is the pro pagati on m atri x, whi ch is di agonal.
The pro duct of tra nsfer m atri cesspeciÙesthe to ta l m atri x of the structure

= (6)

As shown by Yeh [4] the condi ti on

À = 0 (7)

presents the dispersion relati on of the wa veguide form ed by the structure.

From synchro nous condi ti on f or waveguidi ng in pl anar system (7) we can
deri ve the dispersion relati on of waveguide wi th magneti c orderi ng

1 À À
ÀÀ ÀÀ

À
À À

À
À À

+
ÀÀ

À
À À ÀÀ

À
À À

= 0 (8)

The reÛection coe£ cients i j are, in general , com plex; the signs + and { corre-
spond to the ri ght- and left- handed circul ar polari zati on. The elements l ; ; ;

specif y the l ight propagati on in anisotro pic layer

= exp(À i z ) = exp( i z )
(9)

= exp(À i z ) = exp( i z )

From Eq. (8) we can see tha t the gui ded m odes in m agneto -opti cal wa vegui de are
el lipti cal ly polari zed wa ves. The reÛection coe£ cients from circul ar base can be
sim ply tra nsform ed to the am pl itude reÛecti on coe£ cients in -base [10]

ÀÀ =
1

2
[ s s + pp À i ( ps À s p )]

=
1

2
[ ss + pp + i ( ps À s p )]

(10)

À =
1

2
[ ss À pp + i ( ps + s p )]

À =
1

2
[ ss À pp À i ( ps + s p )]

The polari zati on is perpendi cular to the pl ane of inci dence (along -axi s),
polari zati on l ies in the plane of inci dence ( -plane). For exampl e, the ps reÛec-

ti on coe£ cient is deÙned as the rati o of the ( ) component of the reÛected l ight
to the ( ) com ponent of the inci dent one.
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Ma gneto -opti cal param eters Q P , Q L , and Q T are proporti onal to the polar
M P , longi tudi na l M L , and tra nsversal M T magneti zati on components [6]

Q P = Q
M P

M S
; Q L = Q

M L

M S
T =

T

S
(11)

where S i s the m agneti zati on in satura ti on and is the l inear m agneto-opti cal
parameter deÙned by Voigt. The dispersion relati on of guided m odes in the layer
wi th m agneti c orderi ng (8) depends on the reÛection coe£ ci ents related to the
bounda ries thi n Ùlm { superstra te and thi n Ùlm{ substra te, and on the propagati on
facto rs . General analyti c f orm ulae f or reÛection coe£ ci ents f or thi n Ùlm struc-
ture wi th l inear and quadrati c m agneti c orderi ng are to o extensi ve. For a cubi c
crysta l the m agneti zati on e˜ects on the reÛection coe£ cients are summ ari zed in
T able I. In the l inear appro xi matio n (wi tho ut quadra ti c m agneto -opti cal e˜ect) at
tra nsversal geom etry the guided m odes are separated. W e can study the inÛuence
of T on wa veguiding for -polarized waves. Any mode conversion is observed in
thi s case. As was dem onstra ted in T abl eI, the reÛection coe£ cients and up
to quadra ti c approxi mati on are not sensiti ve to the m utua l polar and longi tudi nal
term P , L

T AB LE I

No n-magneti c Li near Quadrati c

Fresnel form ula { 2
P , 2

L , 2
T , L T

Fresnel form ula T
2
P , 2

L , 2
T , L T

{ P , L
2
L , 2

T , P T L T

The pro cess of l ight wa veguiding can be general ly di vi ded into two basic
parts | 1st is the reÛection on the thi n Ùlm { substra te boundary and on the
thi n Ùlm { superstra te one, 2nd contri buti on is connected wi th propagati on of the
l ight beam in m agneto-optica l layer. The num erical soluti on of the wa veguidi ng
equati on (8) for the tra nsversal orderi ng (param eters: = 1 0 = 2 87

0 07i , = 0 0386 0 0034i , = 0 540 0 568i , = 1 m , = 1 7 3 5 =

6 3 2 8 nm ) is presented in Fi gs. 2{ 5. Fi gure 2 describes waveguidi ng at tra nsversal
geometry for -polari zed l ight wi tho ut quadra ti c e˜ect (ful l l ine), the dashed l ine
dem onstra tes the quadra ti c element contri buti on. The most im porta nt factor for
the generati on of guided m odes is level of the absorpti on in thi n Ùlm . To observe
the gui ded m ode modul atio n by quadrati c MO element, the imaginary part of the
thi n Ùlm refracti ve index has been chosen as zero or 0.07 in thi s case. The real
value of the absorpti on ( = ( 2 87 3 17i ) 2) to ta l ly suppresses the resonant
character of the synchro nous relati on (8).
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Fig. 2. T he absolute value of the disp ersi on relation of w aveguide (8) for s -polarized

light (dashed line includes the quadratic MO e˜ect) plotted as a function of e˜ective

ref ractive inde x n e˜ in thin Ùlm.

Fig. 3. T he absolute value of the disp ersi on relation of w aveguide (8) for s -polarized

light (dashed line includes the quadratic MO e˜ect) plotted as a function of e˜ective

ref ractive index n e˜ in thin Ùlm | detailed situation for 1st and 2nd mo de order.

Fig. 4. T he absolute value of the disp ersion relation of w aveguide (8) for p-p olarize d

light (dashed line includes the quadratic MO e˜ect) plotted as a function of e˜ective

ref ractive index n e˜ in thin Ùlm.

Fig. 5. T he absolute value of the disp ersion relation of w aveguide (8) for p-p olarize d

light (dashed line includes the quadratic MO e˜ect) plotted as a function of e˜ective

ref ractive index n e˜ in thin Ùlm | detailed situatio n for 1st and 2nd mo de order.
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4 . Co n cl usion s

In com pari son of the curves presented in Fi gs. 2, 4 (tra nsversal geometry) one
can observe the importa nt m inim a positi on changes (see T able I I). These positi on
shi fts are generated general ly by the fol lowing contri buti ons:

¯ the absorpti on level in thi n Ùlm,

¯ the linear m agneto -opti cal e˜ect,

¯ the quadra ti c m agneto-opti cal e˜ect.

T ABLE I I

E˜ective indices of guided mo des and changes
generated by quadratic magneto- optical e˜ect
(2nd and 3rd column for s - polarized light without
and w ith quadratic MO phenomena contribution ;
4th and 5th column are the same for p polariza-
tion; m is the mo de order).

m n T E
e˜ m

n T M
e˜ m

l inear quadrati c l inear quadra ti c

0 2.86915 2.86903 2.85134 2.84705

1 2.85422 2.85182 2.79866 2.79398

2 2.80904 2.80670 2.70795 2.70320

3 2.73230 2.73004 2.57552 2.57073

4 2.62168 2.61953 2.39448 2.38962

5 2.47345 2.47144 2.15262 2.14761

6 2.28189 2.28006 1.82589 1.82057

The level of absorpti on tra nsform s the resonant am pl itude character of the
wa veguiding term . It means tha t for high level absorpti on one cannot rea lize wave-
gui ding. From Tabl e I is evi dent tha t r s s coe£ cients do not depend on l inear
m agneto -opti cal e˜ect at tra nsversal conÙgurati on. The m inim a shifts for the same
polari zati on ra ised by quadrati c e˜ect are from 1 0 À 4 to 2 È 1 0 À (as functi on of
gui ded m ode order). For -polarized l ight we observe the discussed shifts in the
fram e of 4 È 1 0 À . Because wi th the help of the dark mode spectroscopy the e˜ec-
ti ve indi ces of refracti on can be speciÙed wi th accuracy of 1 0 À (and better), the
analysis of the gui ded m odes in the planar structures wi th magneti c orderi ng can
extend the exp erimenta l possibi l i ti es for the study of nonl inear m agneto-opti cal
phenom ena.
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