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Enhancement of polar Kerr rotation in Fe/Al ,O; multilayers and composite systems
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We present theoretical and experimental results on the magneto-optic polar Kerr effect relative to several
composite systems based on simple iron layers associated with amorphous alumina. The systems studied are
either multilayers with a variable number of periods or trilayers. We have investigated the effect of the number
of periods and of the individual layer thicknesses in the case of multilayers. Concerning trilayers, the role of
the thickness of individual layers and of the stacking sequence is shown. We demonstrate that we can obtain
very large values of Kerr rotation by optimization of the samples. A Kerr rotation close to 20° is, for instance,
obtained with a very simple trilayer system: alumina/iron/alumina/Si subs{@04.63-18209)01617-3

I. INTRODUCTION measurement setup we have used. Finally, in Sec. IV, we
present our experimental results and discuss them.
The magneto-optical Kerr effect could be considered as a
very old phenomenon; however, it has been intensively stud-
ied in the past few years’ These studies are motivated, Il. METHODOLOGY
either by the potential utilization of this effect for high den- | this formalism, the magnetic medium in which the
sity recording systems or by the sensitivity of the Kerr effectejectromagnetic waves propagate is considered to be homog-

for the detection of surface magnetism. In the case of mU|ti-enous and continuous with a dielectric permitivity tengpr
layers, relatively few studies have tackled the problem angjiven by Eq.(1):

we only have a few theoretical published resdftsThe for-
malism used is based on the matrix method and calculates

the wave propagation of light in a multilayer medium. To _1 icQ __ibQ
consider all the samples, we need to introduce two44 & =Tg| —icQ 1 1aQ |, (1)
matrices for each film, the first one relative to the interface ibQ —iaQ 1

and the second one relative to the propagation.

In this work, we use such a formalism to compute thehere £, is given, to the first order in the magneto-optic
Kerr effect(principally the rotation produced by composite parameterQ=Q, —iQ,, for a magnetizatiorM following
systems which are the stacking of a metallic magnetic mateg, arbitrary directionu(a,b,c)-fip=ny—ik is the refractive
rial (iron) and a dielectric onéamorphous aluminain that  index of the medium without magnetization. The relative
case, it is well known that we can have constructive interferpermeability is taken equal to unity. The solution of the gen-
ences in the dielectric layer embedded between two metalligralized Helmoltz equation gives two wave$s:?, which
mirrors leading to Fabry-Perot-like cavity. This paper is apropagate in forward directions and two oth&$*, which
contribution to the study of the enhancement of the Kermpropagate in the backward directidrin a magnetic film,
effect by collective additions of waves. We demonstrate herg&(::2) can be interpreted like incident waves aB&* like
that one can construct devices with a very large Kerr effectreflected ones. In order to determine magneto-optic Kerr sig-
these important rotations being very easy to detect and usefahkls for a multilayer, we have to calculate the reflection ma-
for applications. We have tried to realize those samplegrix [R] which relates the total reflected fieEi(E;,E;,), to
which present high Kerr rotations by rf sputtering o180  the incident oné&' (E! ,Ep). [R] is determined by expressing
substrates. the continuity of the tangential components of the total elec-

The paper is divided into three parts. In Sec. Il, we showtromagnetic fieldE,H) at the first interfacéthe subscripts
theoretically that such huge Kerr rotations are predicted byandp refer to the perpendicular and the parallel components
the matrix formalism for definite thicknesses of the dielectricto the incidence plane
layer and for simple configurations of the device. In Sec. lll, One of the methods used to compute the matRk is
we describe the preparation of the layers and the Kerr effediased on the establishment of two matrités.a Cartesian
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coordinates systerfxys, where(y2) represents the incident  n() are the corresponding refractive indices for the four
plane andxy) is coincident with the first interface, these two \ayesg(12 and E(34):

matrices are as follows.

and n(s"‘):ﬁo( 1i9 u~wr) .

(1,2 —&
n =N
0 2

1x—u-w;

A. The projection matrix [A] defined by[A]-E=F 2

[A] projects the total electric fiel&(Eg,E, ,ES,Ep) in a
film in a vectorF(E, ,E, ,H,,H,) whose components at one
interface are those of the corresponding total electromagnetig,
field (E,H). In order to determingA], we first need to ex-
press the components of the magnetic fidltl of each wave
as a function of the electric-field on&=!) by using Fara-
day’s law:

w; (0w ,w,) and w,(0w,,—w,) are, respectively, the
it vectors of the incident and reflected wave directions.
The components of EO(ED ED ED) are not
independent. Therefore,E(), EJ) must be expressed as a
function ofEij) . Finally, we have to express the components
E(? in the complex planeBy,iE}), andEX? in the com-

HO=nW.wxEV with j=1,2,3,4. plex plane Eg,iEp). This will lead to

i 1 0 1 0 1
[ Yi aj . [ Yr r .
Y AN} wW,—iaw. — w3 —(w,+iaw
ZWY[WZ ZWJQ (w, yQ) 2Wy Wz+2Wy Q (w, YQ)
[A]= P - i -
3 ¥iNoQ —No > ¥ MoQ —No
I Yi ~ [ Yr~
NoW - = — —NgW 5
I oWz 2 WZnOQ ovVz ZWZnOQ ]

where \ is the wavelength and is the thickness of the film.
The boundary equations written at each interface of a
m-film multilayer, by using the matricd#\] and[D], lead to

_ ) . .. arelation between the electric fiek(0) in the initial me-
The sign ofQ depends on the arbitrary positive direction yi,m (ain to that Ex(d) in the final medium(substrate
of the magnetization. It should be noted thaf is similar to through the transfer matrix]:’

that given by Zaket al® However, thd A],; and[A],; ele-
ments are different. Nevertheless, in the particular cases of
polar (a=b=0, c=1) and longitudinal(a=c=0, b=1)
configurations[A] gives exactly the same resuft8.

Yir=WyDEW,C=W,; (U, 0o, =W, CFW,b=(W; XU)-X.

E(0)=[A "] fm[ [AnI[Dmll A | [ACIE(d)
B. The propagation matrix [D] =[T]ER(d).

[D] relates the total electric fielfl(EY,E, ,ES,Ey) at the
two interfaces of the same film and is given by

The final medium is semi-infinite, no wave is reflected
(Ers=Eg,=0). Furthermore, we can deduce that the reflec-
tion matrix [R] may be expressed as a product ofx(2)
block matriced T11] and[T21] of [T].

For ans-polarized incident light, one can deduce from

E(0)=[D]-E(d)

or Ref. 9 that the Kerr rotatiord,s and ellipticity e,s can be
C-e¢ S.e? 0 0 expressed as a function of Fresnel factors following @Y.
I
[D] ~S.¢? ce? 0 0 1 2 ReT /T )
= . —is | roslr
0 0 Cre'? —sg.e'? O = tan L %)
0 0 S.ei* C,.ei¢ 2 1—|rps/rp
where and
Ci,r:COS{Qi,r)’ S,r:Sin(Qi,r) 1 [2Im(rpelrsy)
exs==sin ! —pz . 2
and 2 l+|rps/rps|

Qi,,=n07'r—

Yir d
W, A

_Q’

If rps is sufficiently small, the two last formulas can be
approximated to define a complex Kerr rotation:
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~ . r - EL r Ps - .
Oxs= 0K5+|8K3~r—r’s. fa= 0a+isa=E—f=ﬁ, a=a—se'(qos—(pp)=a/~pe"",
ss p op Pp

where (s, ¢s) and (o, ¢p) denote, respectively, the magni-

For ap-polarized incident light, the ratio,s/rss is re- etudes and the phases of the reflection Fresnel factQand

placed byrg,/r,,. This macroscopic approach presents th
advantage of being applicable to magnetic or to nonmagnetic®®;.

. . o Therefore, 8, and ¢, are linear functions ofa. Their
med|a(by ;ettlngQ—_O in the .Iast case However, only ihe slopes, calculated by using the least-squares method,pgive
first reflection order is taken into account for each film.

and¢. 6, ande, are measured for a givalm compensating
them with the rotation of the quarter-wave plate, respec-
. EXPERIMENTAL DETAILS tively, in theF and ZF modes(6x ande remain constant if
_ o no magnetic field is appligdit was shown in Ref. 14 that,
A. Preparation and structural characterization of the samples ;o given by
Films were deposited onto microelectronics-gr&tie0)-
oxidized Si substrates maintained at room temperature in an
Alcatel SCM 650 automated sputtering apparatus. Typically
99.5% pure Fe and AD; targets were mounted on 10 cm
diameter rf magnetron cathodes. The base pressure was 7
X 10" " mb and 99.999% purified argon was introduced into

the chamber through a pressure-regulated valve up to an op- The direct measurements of the refractive index are af-
erating pressure equal to@L0~° mb. Topological charac- fected by the surface oxide of the film. In order to reduce this
teristics of the films have been studied by small-angles X-Tayffect, we have deposited 500 A of iron on a 3-mm-thick
scattering(SAXS) with a Philips high-resolution diffracto- fioat-glass substrate. The sample is illuminated by the laser
meter at CoK vl 'Ime (\=1.78892A). These experiments source through the substrate, with an incidence equal to 70°.
were performed ing/2¢ specular mode. Diffractograms ex- The measurements are carried out on the second reflected
hibit several Kiessig fringes whose position and intensity arenot which is extracted by a slit. The complex refractive
characteristic of the x-ray optical indgke., the density of jhdex obtained i§i,=2.32-13.13.
the films, their thickness and their roughness. We used the Fqr the same sample configuration, the measured Kerr
s_tandar_d recursive moc}glfor t_he SAXS d|fff_<':10t09ré\mS rotation and ellipticity in the longitudinal configuration and
simulation. SAXS simulations give us information about theyith an s-polarized incident light, aréys=121m° andeys
sharpness of the interfaces: o(air/Al,05)=20A, =25m°. This leads toQ=0.0284-i0.0038.
o(Al,05/Fe)=11A, ando(Al,05/Si)=10A. The values obtained i, andQ are close to those men-
tioned in Refs. 6, 7, and 8. Kerr ellipticity and rotation are
measured by using the retardation modulation technique with
, o _an elasto-optic modulatdf:'* The incidence angle is set to

In order to calculate Kerr rotation and ellipticity, we first 1g° in the polar configuration and to 70° in the longitudinal
have_ to determine t_he o_ptical and_magneto-optical constan%e_ak and ¢, are, respectively, obtained by the fundamen-
relative to all materials in the multilayer system. tal and the second harmonics detected by the lock-in ampli-

We used a Perkin-Elmer spectrophotometer 2300~ fier tuned on the modulator frequency.
26000 A), to collect the reflection spectrum with a normal
incidence of a 3600-A-thick alumina film deposited onto a Si
substrate. The spectrum was fitted in the 550—8000 A range.
Optical constants of silicon are given in Ref. 12, yielding the

1+ pel®)?
S ———

1+t920(1

— pe]‘P

B. Optical and magneto-optical constants

IV. RESULTS AND DISCUSSION

following refractive indexn, and thicknesst, (note the Inaprevious papel’ it has been shown that alumina/iron
agreement with the SAXS experiments for the film thick- interfaces are smooth and have low interdiffusion in the case
ness: of multilayers, and that this system is thermodynamically

stable up to 500°C. Then, it was decided to study the
magneto-optic properties ofFe(tr.A)/Al ,04(ts A) 11 /Si
N multilayer systems. Kerr rotation appears at each magnetic
na=1 0'2?< 1 interface. Thus, it'seems clear that a Kgrr rotation enhance-
A(A) ment requires an important number of bilayers. Of course, a
total iron thickness greater than the skin depth is useless. A
few years ago, we tried this system with a set parameter:
=20 bilayers and for different iron and alumina thicknesses.
We obtained a Kerr rotation as large as 2 degrees but the
conclusion was deceptive without any correlation: a small
Iron optical constants, and k were determined by the change of the alumina or the iron thickness would lead to a
ellipsometry methotf applied to our experimental setup. In- dramatic decrease of the Kerr rotation. A better understand-
deed, if the polarizer axe makes a small anglwith thep  ing of this system requires the use of the matrix formalism.
direction, the complex rotatiofi, due to metallic reflection, First, we have realized computer simulations which show
is given by that Fe/A}O;/Si bilayers give higher Kerr rotations than

t,=3580+50A.
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FIG. 1. Kerr rotation as a function of the alumina layer thick AL,O, thickness t, (A) AL, O, thickness t, (A)

ness {,) for Fe&(20 A)/AI,O4(tA)/Si (a) and ALOs(ta)/Fe(20 A)/

Si systemgb). FIG. 2. Kerr rotation as a function of the alumina layer thick-

ness {,) for a Al,O5(52 A)/[ F&(20 A)/AI,04(t ) ]/ Si System ins

Al,O5/Fe/Si oneqFig. 1). This is explained by the fact that polarization (=1,5,10,15,20,30).
in the first case, the iron layer and the substrate can be con-
sidered like an optical cavity and then lead to an increase of T=
the Kerr rotation essentially by reflection. The first optimum 2N, COS6,
corresponds to constructive interference between the wave
crossing the iron layer and reflected on the substrate and the
wave reflected at the first alumina/iron interface. The seconwhere 6, is the refraction angle in alumina.
one corresponds to the constructive interference between the Therefore, the presented curves only concern thicknesses
first wave and those reflected at the iron/alumina interfacelower than 2000 A. We must underline that, when the num-
This kind of amplifier is consistent with the fact that theseber of bilayers increases) oscillations take place and cor-
samples, which give an important Kerr rotation, are relarespond to the interferences relative to waves issued from alll
tively absorbent; the absorption coefficient is not determinediron/alumina interface$Figs. 2b)—2(f)]. One can observe
for instance. that these curves look similar to those relative to luminous

Having studied the effect of stacking sequence, we knowvintensity diffracted by an optical grating. As for the period
now that[ Al,Os/Fe],,/Si will give lower Kerr rotations than of these small oscillations corresponds to the optical thick-
[ Fe/ALOs],,/Si, but the top iron layer needs an alumina cap-ness of the bilayer, divided bym. The last curves
ping layer. Computer simulations give us information about 6(e),6(f )] illustrate clearly that a small modification of
its thickness which must be quite thinner. All samples werdeads to an important evolution of the Kerr rotation. This
then protected by a 52 A alumina layer. It remains now toresult is very important because one would have thought that
optimize iron and alumina layer thicknesggs. andt,) but  an increase of the number of bilayers would lead to a global
also the number of bilayers(m) in Al,O452A)/ Kerr rotation enhancement by a simple addition of rotation at
[Fe(treA)/Al 05t A) ]/ Si systems. each interface. Working with 20 bilayers few years ago, it is

In all cases, important Kerr rotations have been obtainesiow obvious why we could not find any correlation.
with an amazing iron layer thickness which is as thin as 20 Theoretically, we have shown the important parameters:
A. Concerning the number of bilayefsn), Figs. 2a)—2(f) let us look now at experimental results. We tried to repro-
represent calculated curves giving the’“rotation, as a duce the Kerr rotation peak in the case of,®J(52A)/
function oft, in the case of multilayers fam equal to 1, 5, [Fe(20 A)/ALO4(ts A) 1,1/ Si system withs- andp-polarized
10, 15, 20, and 30. Similar behavior is obtained in the case ahcident light. Samples have been realized by rf sputtering
“p” rotation. One can observe that all these curves exhibitand results are presented in Figs. 3 and 4. Dependence of
oscillations with a large common perio@l which corre-  Kerr rotation ins as well as inp polarization, on the alumina
sponds approximately to the double crossing made by thiayer thickness, is totally consistent with the predicted one
wave through the alumina, when reflected by the substratend presents a peak closem2. Kerr rotation reaches strong
For 6=10° incidence(our case in polar configuratipnthis  values, up to 109Fig. 4), with an applied magnetic field
calculated period is equal to equal to 7 kOe which does not allow the magnetic saturation

=1900A,
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ALO, thickness . (&) then applied this formalism to the case of {B}/

[Fe/AL,O3)],/Si multilayers and we have shown that it is
eDossible to obtain important Kerr rotations with a more
simple sample than the fD;/Fe/AlL,O;/Si trilayer. Simula-
tions had given the main way to obtain these important Kerr
rotations: one must obtain a peak for an alumina layer thick-
ness close to 1000 A covered by an iron layer as thin as 20 A
of the iron layers. Sample which presents the most importargng finally a protective alumina lay¢s2 A).
Kerr rotation was studied with another experimental s€tup  The preparation of these samples by rf sputtering has al-
(able to saturate magneticallgnd gives afys equal to 20°  |owed us to confirm the validity of our numerical simulations
(see Fig. 3. with measurements of Kerr rotations higher than @ith 7

One can notice that the optima positions correspond to aROe) and 20°(with saturated sample
opposite phaseT(2) at which we must add 180° due to the  These systems are thermally stable and then lead to a
reflection at alumina/substrate interface. In fact, to have agood reproducibility of the results. For magneto-optical re-
amplifier effect, this thickness must be slightly modified tak-cording applications, it is important to look at systems in
ing into account the retardation due to the cross through th@hich the magnetization in the out-of-plane sample or in the
first iron layer for the first optimum and of the retardation |ongitudinal configuration.
due to the reflection at the iron/alumina interface for the

FIG. 3. Experimental Kerr rotation values: dependence with th
alumina layer thickness tf) for a Al,04(52 A)/Feg20 A)/
Al,O5(tp)/Si system, inp polarization.

second optimum. We interpret the difference between theo- 15 ey
retical and experimental results by the only taken account of . 1
reflections at the first order and more certainly by the ap- 10 + E
proximate determination of the refractive indices. Moreover, N E
in our calculations, we have considered perfect interfaces, o ]
while SAXS experiments indicate a roughness close to 10 A. § 0 3

As a discussion, we can say that our model is quite satis- o 1

factory and leads to a good agreement between experimental -5

and theoretical results. From computer calculations, we have ; 1
-10 Wm?

shown the possibility of obtaining an important Kerr rotation -

in polar configuration irs or p polarizations. The peak posi- T P A E A A S B
tion is very sensitive to the refractive indices and it is quite -15000 -10000 -5000 0 5000 10000 15000
difficult to determine with good accuracy. H(Oe)

Regarding the media storage, this system in polar con-
figuration cannot be used because of the hysteresis loop FIG. 5. Experimental Kerr rotation values: dependence with the
which presents a small coercive field and of a hard perperalumina layer thickness t{) for a Al,O4(52 A)/Fe(20 A)/
dicular magnetic axis. Two ways may be considered: opti-Al,O4(tA)/Si system, ins polarization.
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