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The pap er deals w ith the optical response from perio dic lamellar mag-
netic structure consistin g of permalloy strips on Si substrate covered by Cr
protection layer. T he ultrathi n structure is magnetized in polar geometry and
the spectral dep endence of magneto- optic resp onse is computed using rigor-
ous coupled wave analysi s. T he results are compared w ith the data obtained
from magneto- optical ellipso metry exp eriments. Further mo del computation
helps to understand the basic features of the K err rotation spectra and re-
veal the possibl e reason of deviation betw een the experimental data and the
mo del computation.

PACS numb ers: 42.25.Fx, 78.20.Ls, 75.70. {i

1. I n t rod uct io n

T he interest in the magneti c layered system s has exhi bi ted increasing ten-
dency in the last decade. The attenti on, tra di ti onal ly focused on the ul tra thi n
m agneti c layers, is shi fted now to the structures wi th latera l periodi city . New
grati ng structures conta ining ani sotro pi c m ateri als regard generalizati on of m eth-
ods used for isotro pi c grati ng descripti on in order to expl ain exp erimenta l results.
Exp erim ents wi th magneto -opti c di ˜ra cti on were carri ed out, for exam ple, wi th
surf ace rel ief grati ng covered by m agneto -opti c m ateri al [1]. Recentl y, the progress
of technology al lowed preparati on of biperiodic structures [2]. The contri buti on is
devoted to the study of m agneto -opti c lam ellar structure conf ronted wi th experi -
m enta l resul ts obta ined from m agneto -opti c spectra l m easurement.

Theo reti cal descripti on usesri gorous coupl ed wave appro ach (R CWA) some-
ti m es called Fouri er m odal metho d (F MM). The Ùrst step is the eigenpro blem
form ulatio n by di rect using of the Ma xwel l equati ons. Af ter intro duci ng of appro-
pri ate Fouri er expansion of al l quanti ti es, the norm al com ponents of the Ùeld are
expressed using ta ngenti al com ponents onl y. Such form ula ti on leads to the matri x
eigenvalue probl em.
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Then the bounda ry condi ti ons are appl ied, ori gina lly in the stack- matri x
form . Used form of multi lay er appro xi mati on in stack-m atrix form ulati on unf or-
tuna tel y su˜ers from the so-cal led T -m atri x instabi li t y. Thi s weak point can be
rem oved by reform ulatio n of boundary condi ti ons using decreasing exponenti al
term s onl y, but the size of l inear equati on system (sim ul ta neous form ulati on of
bounda ry condi ti ons) rapidl y increases. Tha t is why i t is better to use the metho d
cal led S-m atri x algori thm [3]. In thi s case the size of the system m atri x rem ains
the sam e and the structure is arti Ùcial ly di vi ded into elementa ry layers. Instea d
of Ùeld components, S-matri ces connecti ng together am pl itudes of up and down
pro pagati ng modes are calcul ated using a recursive algori thm . W hen the com plex
m odal am pl i tudes are obta ined, the appro pri ate quanti ti es (di ˜ra cti on e£ ciencies
or ell ipsom etri c param eters) can be calcul ated. In our case, the model calcul ati ons
are used for qual i tati ve expl anati on of experim enta l resul ts obta ined on double
layer magneti c lam ellar structure m agneti zed in polar geom etry .

2 . R i gor ous co up led w a ve an al ys is

The metho d was devel oped by Mo haram and Gaylo rd f or the case of isotro pic
grati ng structures and subsequentl y general ized to anisotro pic slanted grati ngs by
R okushi ma and Yamakita [4]. Recently, the analysis of converg ence pro perti es
leading to the im pro ved perform ance of the m etho d wa s carri ed out by Li [5].
The basic idea is to expand the functi ons describing materi al param eters and
electrom agneti c Ùeld components into a Fouri er series (Fl oquet modes) wi th one
funda m ental period in the system . The assumpti on about one com m on period in
the periodic system represents fundam enta l restri cti on of the RCWA metho d.

In the further considerati ons, the space coordi nates are norm ali zed by vac-
uum wa ve vecto r k 0 =

p

" 0 ñ 0 = 2 ¤ =Ñ (ñx = k 0 x ; ñy = k 0 y ; ñz = k 0 z , for the rest of
the paper the bar wi l l be omi tted) and al l Ùeld com ponents are harm onic functi ons
of ti m e exp(i ! t ) . As to the materi al param eters, al l m ateri als in the structure are
exp ected to be non-magneti c in the senseñ = ñ 0 and all the regions are com pletel y
described by thei r appro pri ate compl ex relati ve perm i tti vi ty tensors " . In our case
we supp ose the lamellar geom etry of the grati ng (stri p structure | see Fi g. 1), i f
the surface rel ief or relati ve perm i tti vi t y proÙle is not lamel lar, then the m ulti layer
appro xi m atio n has to be used. Each com ponent of " i s represented by i ts Fouri er

Fig. 1. Schematic draw ing of lamell ar grating.
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expansi on

" i j ( r ) =

+ 1X

m = À1

[ " i j ] m exp ( im K Â r ) ; (1)

where K = (2 ¤ =Ê x ; 2 ¤ =Ê y ; 2 ¤ =Ê z ) i s the grati ng vecto r, Ê are appro pri ate grati ng
periods and [" ] are m -th order Fouri er coe£ ci ent calcul ated for given materi al
parameter proÙle. Accordi ng to the Fl oquet theo rem , the wa ves in the grati ng
region can be expressed in the sim i lar wa y

Y 0 E =

+ 1

= À1

e ( x ) exp [À i ( p x + q y + s z )] ; (2)

Z 0 H =

+ 1

= À1

h ( x ) exp[ À i ( p x + q y + s z )] ; (3)

where Y0 = Z À 1
0

= " 0 =ñ 0 ; e (x ) and h ( x ) are m - th order space harm onics.
The sym bols p = 2 ¤ m= Ê ; q = 2 ¤ m= Ê and s = s0 + 2 ¤ m= Ê , where
s 0 =

p
" sin ˚ , are related to the appro pri ate space harm onics, ˚ i s the angle

of inci dence. Af ter intro duci ng of (2), (3) and (1) into the norm al ized form of
Ma xwel l curl equati ons

r È Y 0 E (r ) = À i Z 0 H ( r ) ; r È Z 0 H ( r ) = i Y 0 E ( r ) ; (4)

a set of coupl e wa ve equati ons for ta ngenti al Ùeld components can be wri tten in
the com pact m atri x form

d
dx

f = iCf ; (5)

where C is 4(2m + 1 ) È 4 (2 m + 1 ) coupl ing matri x and f = ( e ; h ; e ; h ) i s
the colum n vecto r consisti ng of space harm oni cs expansion coe£ cients of ta ngen-
ti al Ùeld com ponents. The deri vati on of the coupl ed wa ve equati ons is based on
Berem ann' s work consideri ng opti cs of ani sotro pi c layered m edia. For deta i ls see
[3] and [5]. The set of equati ons can be solved using diagonal izati on procedure for
m atri x C . From the physi cal point of vi ew, thi s sim i lari t y tra nsform ati on m eans
the change f rom the Ùeld component representati on to the space harm onics am -
pl i tude representa ti on. The tra nsform ati on can be wri tten as f = T g and the set
of equati on f or mode am pl i tudes takes the fol lowing form :

d
dx

g = i g: (6)

Here g is the am pl itude vecto r and is the diagonal m atri x conta ini ng the â

eigenvalues of C on its di agonal . The m atri x T is composed of appro pri ate eig-
envecto rs.

The same procedure can be appl ied to the electro magneti c Ùelds in uni form
region of the structure (f or exam ple substra te or superstra te). In thi s case the
m ateri al param eters do not exhi bi t any periodici ty and the coupl ing matri x C
ta kes the block diagonal form . Each 4 È 4 block corresp onds wi th one di ˜ra cti on
order. For basic typ esof anisotro py, the eigenvalues and eigenvecto rs can be wri tten
expl icitl y. W hen the uni form region consists of isotro pi c materi al , the eigensoluti on
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ta kes the form of TE and TM waves. In the uni form region, the space harm oni cs
are unco upled.

The main ta sk in the grati ng theo ry is to Ùnd the com plex ampl i tudes of
space harm onics in the superstra te and substra te of the structure where they rep-
resent reÛected or tra nsmi tted di ˜ra cted wa ves. Accordi ng to the electrom agneti c
Ùeld theory , appro pri ate boundary condi ti ons has to be f ul lÙlled for the ta ngen-
ti al Ùeld com ponents on each interf ace. The easiest way to do tha t is to use the
so-cal led T -m atri x m etho d, where the Ùeld components in the sup erstra te and
substra te are connected vi a the pro duct of propagati on and bounda ry m atri ces
(co nti nui ty rela ti ons) of each layer in the structure. Thi s metho d is used wi tho ut
any probl em in the opti cs of layered media, but when i t is appl ied to the grat-
ing theo ry, i t exhi bi ts devastati ng insta bi l i ty duri ng num erical com puta ti on. The
tro ubl e ari sesfrom higher order m odes, who se eigenvalues â i have large im aginary
parts. Thi s leads to rapi dly growi ng exponenti al factors and subsequentl y, the to ta l
m atri x of the structure is badly scaled. Such behavi our bri ngs serious l imita ti on
in the thi ckness of the structure and especially surface rel ief grati ngs canno t be
trea ted in thi s way. One possibi l i ty how to avoid thi s probl em is to di vi de the
m odes in each layer in two groups | \ up" and \ down" pro pagati ng m odes and
ful lÙl the boundary condi ti ons on al l interf aces sim ul ta neously (see for exampl e
[6]) usi ng decreasing exponenti als onl y. Unf ortuna tel y, in thi s case the dim ension
of the to ta l matri x of the structure rapi dly increases wi th the numb er of layers.

The suita bl e soluti on is to reta in the concept of proper using only decreasing
exp onenti als and to divi de the structure arti Ùcially into the system of thi n sublay-
ers (the mul ti lay er appro xi matio n is natura l ly incl uded). The to ta l matri x of the
structure is com puted by a recursi ve procedure. The m ethod is cal led S-matri x
algori thm and i ts analysis wa s perf orm ed by Li [3 ].

Fig. 2. Schematic draw ing of layer system used for S -matrix algorithm, the numb ers

in brac kets are related to the media, square brackets denote boundari es.

Here, we bri eÛy revi ew basic ideas of the m etho d. The structure is arti Ù-
ci ally di vi ded into n elementary subl ayers (see Fi g. 2), the wa vesare disti ngui shed
accordi ng to thei r tra nsverse di recti on of propagati on. The appro pri a te wa ve am -
pl i tudes consti tute two vecto rs: u conta ins the ampl itudes of wa ves propagati ng
in the + x di recti on (\ up" m odes), wherea s d is related to { x di recti on (\ down"
m odes). In order to use decreasing exp onenti al term s only, one seeks the m atri x S
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connecti ng the wa ve ampl itudes in the f ollowing way:
"

u ( n +1 )

d (0 )

#

= S ( n )

"
u (0 )

d ( n +1 )

#

; (7)

where index ( 0 ) denotes the substra te and ( n + 1 ) superstra te. Thi s matri x can
be com puted using interf ace m atri ces s connecti ng the wave am pl itudes in two
adjacent layers ( j ) and ( j + 1 ) in the same way as (7)

"
u ( j +1 ) [ x j + 0 ]

d ( ) [ x 0 ]
= s ( )

u ( ) [x 0 ]

d ( +1 ) [x + 0 ]
; (8)

where the symbols +0 and { 0 denote the di recti on in whi ch we are appro achi ng the
j -th bounda ry. The interf ace matri x s( ) can be calcul ated either from bounda ry
m atri x t ( ) = [T ( +1 ) ] 1 T ( ) , or di rectl y from T ( +1 ) and T ( ) elements (f or deta i ls
see[3]). The propagati on acrossthe layer in tra nsverse di recti on is intro duced using
the m atri x ~s ( ) whi ch uses only decreasing exp onenti al pro pagati on factors (d are
layer thi cknesses)

~s ( )
=

0

0 exp [ i ( )+ d ]
s ( )

exp[ i ( ) d ] 0

0
: (9)

D uri ng the process of com puta ti on, the matri x S ( ) , whi ch connects the Ùeld am -
pl i tudes on both sides of stack of j layers is com puted using S ( 1 ) and ~s( ) . For
thi s purp ose, the set of recursi ve form ulae can be wri tten in the fol lowing form :

S
( )

1 1
= ~s

( )

1 1
[ 1 S

( 1 )

1 2
~s

( )

2 1
] 1 S

( 1 )

1 1
;

S
( )

1 2
= ~s

( )

1 2
+ ~s

( )

1 1
S

( 1 )

1 2
[ 1 ~s

( )

2 1
S

( 1 )

1 2
] 1 ~s

( )

2 2
;

S
( )
2 1 = S

( 1 )
1 2 + S

( 1 )
2 2 ~s

( )
2 2 [1 S

( 1 )
1 2 ~s

( )
2 1 ] 1 S

( 1 )
1 1 ;

S
( )

2 2
= S

( 1 )

1 1
[ 1 ~s

( )

2 1
S

( 1 )

1 2
] 1 ~s

( )

1 1
; (10)

where the recursion can be started by setti ng S (0 ) = s (0 ) and the sym bols S

and ~s are rela ted to appro pri ate matri x blocks. The ampl itudes of reÛected and

tra nsmi tted wa ves can be easily obta ined from to tal m atri x S( ) as

u ( +1 ) = S
( )

1 2
d ( +1 ) ; d (0 ) = S

( )

2 2
d ( +1 ) : (11)

W hen the com plex wa veam pl itudes are obta ined, then di ˜ra cti on e£ ciencies
and ell ipsom etri c quanti ti es can be calcul ated. The di ˜ra cti on e£ ci encies of n -th
order are deÙned as the rati o of the power carri ed by the reÛected or tra nsmi tted
wa ve of the appro pri ate order to the power carri ed by the zero-order inci dent wa ve
and they are done by the rati o of norm al components of the Poyn ti ng vector. For
exam ple, appro pri ate expressions for the reÛection of TE wa ve(s -polarizati on) are

² =
R e[ â

( )+
]

R e[ â
( )

]
g +

( )
2 ; ² =

Re[ â
( )+

]

Re[ â
( )

]
g +

( )
; (12)
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for tra nsmission di ˜ra cti on e£ cienci es hold sim i lar form ulae

² ss
t n

=
R e[ â

( su b ) À

n ]

R e[ â
( su p ) À

0 ]
j j g T E À

( sub ) n
j j

2 ; ² s p
t n

=
R e[ â

( ) À

]

R e[ â
( ) À

]
j j g À

( )
j j : (13)

In both caseswe assumed tha t the am pl i tude of the inci dent wa ve wa s norm al ized
to uni ty . Usual ly, the m agneto -optic e˜ects connected wi th the polarizati on con-
version are very smal l and i t is hard to detect them using conversion di ˜ra cti on
e£ ciencies. Then it is better to use ell ipsom etri c m etho ds. In thi s case, instead of
di ˜ra cti on e£ cienci es, the quanti ti es related to polari zati on state are used in the
form of com plex reÛection and tra nsmission coe£ cients for every n -th di ˜ra cti on
order

r =
g +

( )

g À

( )

; r =
g +

( )

g À

( )

; t =
g À

( )

g À

( )0

; t =
g À

( )

g À

( )

: (14)

Using tho se compl ex coe£ ci ents, polari zati on state quanti ti es are intro duced in
the form of com plex Kerr ro ta ti on (f or reÛected l ight) and com plex Faraday rota-
ti on (f or tra nsmi tted l ight), where the real part represents the polari zati on plane
rota ti on and the im aginary part the ell ipti city of the wa ve (the exampl e of s and
p com plex Kerr e˜ect)

¢ = ˚ + i " =
r

r
; ¢ = ˚ + i" = À

r

r
: (15)

The above stated form ulae hold in the case, when the magneto -opti c e˜ects are
smal l , ie. ¢ ¤ 0 and " ¤ 0 .

The RCW A m etho d, bri eÛy described in the previ ous parts wa s used for
m odel calculati on consi dering magneti c stri p structure. The structure consists of
perm al loy stri ps covered by Cr cover layer in order to pro tect the stri ps against at-
m ospheri c oxi dati on (see Fi g. 3). The com positi on of perm alloy was Fe2 0 Ni 8 0 , and
the structure was prepa red by rf sputteri ng on Si substra te. The stri p period Ê

vari ed from 910 to 970 nm and the stri p wi dth w changesfrom 630 to 700 nm . The
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Fig. 4. K err rotation p spectra, comparison of experimental (p oints ) and calcula ted

data (lines).

thi ckness of the permalloy layer t c was 10 nm and the Cr cover layer thi ckness was
2 nm . The structure was magneti zed in polar geom etry (the m agneti zati on is per-
pendicul ar to the surface of the sam ple) and i t was studi ed using m agneto-opti cal
el lipsometry . D uri ng the m easurement of the Kerr e˜ect, the spectra l dependence
of p Kerr ro ta ti on was obta ined in the spectra l region 240 nm to 1 ñ m for the

T ABLE

Geometric parameters of samples.

Sampl e Fi lm thi ckness Cover thi ckness Peri od Stri p wi dth Fi l l factor

[nm ] [nm ] [nm ] [nm ]

w1 10 2 910 630 0.692

w2 10 2 970 680 0.701

w3 10 2 910 700 0.769
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sam ples denoted here as w1 , w2, and w3 (see Fi g. 4). The geom etri c param eters
of the sampl es are summari zed in Tabl e. The exp eriments were carri ed out under
the condi ti on tha t the sampl eswere m agneti zed to thei r satura ti on state. Because
of the geom etry of the experi menta l setup, the m easurem ents were perform ed for
˚ i = 7 £ angle of inci dence and onl y the data for specular reÛection (zero di ˜ra c-
ti on order) were avai lable. The com pari son of measured and computed Kerr data
are depicted in Fi g. 4 for al l three sam ples. Al tho ugh the model computa ti on de-
scribes qual i ta ti vely the basic f eatures of the spectra in vi sible region, there is a
quanti ta ti ve disagreement in the near IR region. In the fol lowing sections we m ake
an attem pt to expl ain the behavi our of the opti cal response of the structure using
further m odel computa ti on carri ed out for the sam ples w1 and w2.

4. D iscu ssio n

Al l the com puted results were obta ined wi th m axi mum m ode order in the
appro xi m atio n equal to 40. In thi s part we tri ed to show the inÛuence of the grati ng
geometry on the Kerr ro ta ti on in the 300{ 850 nm spectra l reg ion. In near UV and
IR the spectra l dependence of perm alloy m ateri al constants were not avai lable.

The basic character of the spectra m ani fested by the peak near 400 nm is
done by the spectra l dependence of materi als parameters of the substra te, where
they underg o dram ati c changes. Thi s behavi our is repro duced in quanti ti es de-
scribi ng the structure response | the exampl e (w1 sam ple) can be seen in Fi g. 5,
where tota l absorpti on in the structure is depicted f or s and p inci dent polariza-
ti on. The lossesare deÙned as the di ˜erence between 1 and the sum of al l reÛection
and tra nsmission di ˜ra cti on e£ ciencies. The same features exhi bi t the ² s s

r 0
and ² pp

r 0

e£ ciencies (see Fi g. 6).

Fig. 5. Total losses.
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Fig. 6. ² s s
r 0 and ²

pp

r 0 .

Fig. 7. K err rotation p .

Because the change of polari zati on state represented in experim ent by the
Kerr ro ta ti on (see Fi g. 7) is connected wi th the power conversion, we calcul ated
appro pri ate ² ps

r n di ˜ra cti on e£ ciency for n = À 1 ; 0 ; +1 . As to Fi g. 8, one has to
ta ke in m ind tha t for hi gher di ˜ra cti on orders the wa ves are purel y evanescent for
Ñ > Ñ R , where Ñ i s the appro pri ate Raylei gh wavelength. The positi on of the
R ayl eigh wa velength is clearl y seen in Fi g. 9 and Fi g. 10, where the ² and ²
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Fig. 8. Di ˜raction e£ciency ² ps
r n .

Fig. 9. Di˜raction e£ciency ² s s
r n .

are com puted for higher di ˜ra cti on orders ( n = À 2 . . . + 2 ) . In al l Ùgures, i t can be
cl earl y seen tha t p polari zed wa ves exhi bi t stronger interm odal coupl ing tha n the
s polari zed wa ves and the e˜ect is m ore pronounced for positi ve di ˜ra cti on orders.
The behavi our near the Raylei gh resonances has to be natura l ly m ani fested in the
jum ps of the Kerr ro ta ti on (see Fi g. 7), al tho ugh the e˜ect is not so pro nounced
as in the case of di ˜ra cti on e£ ci encies.
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Fig. 10. Di˜ractio n e£ciency ² pp
r n .

Fig. 11. Film thickness inÛuence.
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Fig. 12. Fill factor inÛuence.

W e have ori ented our attenti on to the shape of the spectra so far, now we
try to expl ain the reason why in the case of the w2 and w3 sampl e the calcul ated
curves are shifted wi th respect to the experim ental points. The m odel com puta ti on
in thi s part of text are related to the w2 sampl e.

At Ùrst, the inÛuence of the layer thi ckness t f was examined. For tha t pur-
pose, the Kerr rota ti on p spectra were computed for 5, 8, 10, 12, and 15 nm Ùlm
thi cknesses.The resul ts are depicted in Fi g. 11. W hen the thi ckness increases, the
m agneto -opti c e˜ect becam e stronger and the curves are shifted to the higher val -
ues of the Kerr ro ta ti on alm ost wi tho ut any change of thei r shapes. It seems tha t
the structure is to o thi n to supp ort tra nsversal resonances whi ch could inÛuence
the shape of the spectra. The change of Ùll facto r (deÙned as the rati o of the stri p
wi dth to the period) has the sim i lar e˜ect | see Fi g. 12.

The last geom etri c parameter, whi ch coul d inÛuence the spectra, was the
cover layer thi ckness t c . In order to highl ight thi s inÛuence, we com puted the
spectra for Ùve di ˜erent values of t c . Increa sing thi ckness of cover layer induced
the decrease in the Kerr ro ta ti on m agni tude, the shape of the spectra changes onl y
slightl y as can be seen in Fi g. 13. It is natura l to consider tha t the cover layer acts
as the shield against the incident wa ves because of i ts absorpti on | the highest
values of m agneto -opti c e˜ect are related to the bare perm al loy stri ps.



Magnet o-Opti c Per iodic Str ip Structures 45

Fig. 13. C over layer thickness inÛuence.

5. Co n cl u si on

The m agneti c periodic stri p layer structure wa s studi ed usi ng RCWA metho d
and the computed resul ts were com pared wi th data obta ined from m agneto-opti cal
el lipsometry . It wa s shown tha t the quanti tati ve di sagreement between com puted
and exp erim ental data in the vi sible region can be caused by lower accuracy of
geometri c parameter values (Ùl m thi ckness, cover thi ckness, and Ùll f actor) used
as input data to the model . Using the variati on of tho se parameters, the com pute
curves could be successful ly Ùtted to the experim ental data . The qual i ta ti v e di s-
agreem ent in the shape of the Kerr rota ti on spectra pronounced in near IR has
i ts ori gin probably in poor spectra l characteri zati on of m ateri al parameters of the
structure. The m ost probable source of devi ati on can be the data of perm al loy.
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