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Magneto-optical effects in multilayers illuminated by total internal reflection
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This paper describes the magneto-optical effects of metallic multilayers under the condition of total internal
reflection. In the framework of Green’s dyadic technique, we detail a practical and at time-consuming scheme
to compute accurately the optical properties of anisotropic multilayers deposited on a substrate. We present
numerical simulations which account for the variation of the angle of incidence at a fixed wavelength and for
the variation of the wavelength at fixed angle of incidence. The Kerr rotation is found to increase significantly
around the critical angle for total reflection. We also discuss the importance of plasmon effects in the structure
of the Kerr rotation spectra.@S0163-1829~99!00708-0#
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I. INTRODUCTION

The magneto-optical Kerr effect has become an impor
magnetic characterization technique in the field of magn
ultrathin films and multilayers, and is also used in optic
reading devices.1,2 Most studies consider the Kerr effect
external illumination by varying the angle of incidenc
and/or the thickness of the magneto-optical thin films3,4

Other experiments investigate the variation of the incid
photon energy at a fixed angle of incidence.5,6 Recent works
study the Kerr effect of multilayers made of magnetic ma
rials by illuminating through a transparent substrate at a fi
angle of incidence and as a function of the wavelength,7,8 or
at fixed wavelength as a function of the angle of incidenc9

These last papers have brought to the fore the role of sur
plasmons in the magneto-optical signal.

In this paper, we analyze accurately the variations of
reflectivity and the magneto-optical Kerr rotation module
a function of the angle of incidence from a theoretical po
of view. We underline the role of resonance phenomena
the multilayer structure. This resonance occurs at an a
close to the critical angle for total reflection and/or when
surface plasmon is excited. The numerical method used
these calculations is based on the Green’s dya
technique,10 which is introduced below. We focus our stud
on the Kerr effect of magneto-optical thin films deposited
a glass substrate. The films are illuminated through the s
strate beyond the critical angle for total internal reflectio
The two polarization modes TE and TM are considered
the incident electric field associated with the laser beam
the TE mode, the incident electric field is perpendicular
the plane of incidence~the so-calleds polarization!, whereas
this field is parallel to it in the TM mode~thep polarization!.

The reflectivity and the Kerr rotation module are com
puted as a function of the angle of incidence in the far fie
This study will also be done at a fixed angle as a function
the incident wavelength in order to simulate a spectrosc
experiment.

In Sec. II, we will describe the principles of the metho
used for computing the optical properties and the magn
PRB 590163-1829/99/59~8!/5936~9!/$15.00
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optical effects. Section III recalls the anisotropic aspect
magnetic films. Section IV shows numerical results obtain
on bilayers composed of a nonmagnetic material~Au! and a
magnetic material~Co!.

II. OPTICAL PROPERTIES OF AN ANISOTROPIC
MULTILAYER SYSTEM

A. Scattering theory

Our theoretical analysis of the propagation of electrom
netic fields through an arbitrary anisotropic multilayer
structure is based on scattering theory. In this theory,
describes the scattering of waves relatively to a refere
system. In the context of multilayers, it is convenient
choose such a system as the single surface geometry ma
two semi-infinite isotropic media.11 Let «1(z,v) be the fre-
quency (v)-dependent dielectric function profile of this su
face system.

Assuming that the fields have an harmonic time dep
dence e2 ivt in Maxwell’s equations, the vectorial wav
equation satisfied by the electric field is~c is the speed of
light in vacuum!:

2¹W 3¹W 3EW ~rW !1
v2

c2
«1~z,v!EW ~rW !5VJ~z,v!EW ~rW !. ~1!

For z.0, «1(z,v) corresponds to the dielectric function o
the external medium:

«1~z,v!5«a~v!,

while, for z,0, «1(z,v) is given by the dielectric function
of the substrate:

«1~z,v!5«sub~v!.

The perturbation dyadicVJ (z,v) is defined by~Fig. 1!

VJ~z,v!5
v2

c2
@1J«a~v!2«J~z,v!# ~z.0!, ~2!
5936 ©1999 The American Physical Society
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PRB 59 5937MAGNETO-OPTICAL EFFECTS IN MULTILAYERS . . .
VJ~z,v!50 ~z,0!. ~3!

«J(z,v) is the dielectric tensor of the multilayered structu
which is located in theupper zplane (z8.0). The structure
of this tensor is not limited to magneto-optical materials
can account for any kind of linear anisotropy.

The solution of the scattering problem is given by t
Lippmann-Schwinger equation

EW ~rW !5EW 0~rW !1EW s~rW !, ~4!

where EW 0(rW) and EW s(rW) are the incident and the scattere
field. The scattered field is given by@A is the domain where
VJ (z8,v)Þ0]

EW s~rW !5E
A
drW8GJ ~rW,rW8;v!VJ~z8,v!EW ~rW8!. ~5!

In this last equation,GJ (rW,rW8;v) is the Green’s dyadic de
fined by @d(rW2rW8) is the Dirac delta function#

2¹W 3¹W 3GJ ~rW,rW8;v!1
v2

c2
«1~z,v!GJ ~rW,rW8;v!51Jd~rW2rW8!.

~6!

The planar symmetry of multilayered structures allows
introduce the following Fourier expansions for the fields a
the propagator involved in Eqs.~4!, ~5!, and~6!:

EW ~rW !5
1

4p2E dkW iFW ~z;kW i!e
ikW i•r i

W
, ~7!

EW 0~rW !5
1

4p2E dkW iFW 0~z;kW i!e
ikW i•r i

W
, ~8!

GJ ~rW,rW8;v!5
1

4p2E dkW ie
ikW i•~rW i2r i

W 8!gJ~z,z8;kW i!. ~9!

FIG. 1. Geometry of the system. We definerW5rW i1zeW z , rW8

5rW i81z8eW z , and kW5kW i1kzeW z , and the cylindrical coordinate

(eW x , eW r , eWf) are used to define the Kerr effect. The radial co

dinateeW r is aligned along the reflected wave vector.
t

d

The introduction of the Fourier transforms~7!–~9! in Eq.
~4! leads to a one-dimensional vector Lippmann-Schwin
equation:

FW ~z;kW i!5FW 0~z;kW i!1E
A
dz8gJ~z,z8;kW i!VJ~z8,v!FW ~z8;kW i!.

~10!

The numerical analysis is based on the discretization of
last Lippmann-Schwinger equation.10

The source coordinatez8 being positive, forz.0, the
dyadic gJ(z,z8;kW i) is the sum of the dyadic Green tens
associated with the external mediumgJ0(z,z8;kW i) and the sur-
face responsegJs(z,z8;kW i):

gJ~z,z8;kW i!5gJ0~z,z8;kW i!1gJs~z,z8;kW i!. ~11!

For z,0, the dyadic is reduced to one term:

gJ~z,z8;kW i!5gJs8~z,z8;kW i!. ~12!

B. Green’s dyadic for a surface system

Here we detail the analytical structure ofgJ(z,z8;kW i). We
first precise the two possible values of the wave-vector co
ponent alongeW z (ki

25kx
21ky

2):

ka5Av2

c2
«a2ki

2, ~13!

ksub5Av2

c2
«sub2ki

2. ~14!

In the case wherez.0 andz8.0, we find, forgJs(z,z8;kW i),

gJ0~z,z8;kW i!5
eikauz2z8u

2ika
S 1J2

c2

v2«a

QJ D 1
c2

v2«a

LJd~z2z8!,

~15!

with

QJ5S kx
2 kxky

uz2z8u

z2z8
kxka

kxky ky
2 uz2z8u

z2z8
kyka

uz2z8u

z2z8
kxka

uz2z8u

z2z8
kyka ka

2

D .

~16!

The tensor

LJ5S 0 0 0

0 0 0

0 0 1
D ~17!

accounts for the depolarization of a discretized cell wh
has the shape of a very thin film.12 The dyadicgJs(z,z8;kW i)
describing the surface response whenz.0 is

-
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gJs~z,z8;kW i!

5
1

ki
2S kx

2Dxx1ky
2Dyy kxky~Dxx2Dyy! kikxDxz

kxky~Dxx2Dyy! ky
2Dxx1kx

2Dyy kikyDxz

kikxDzx kikyDzx ki
2Dzz

D ,

~18!

where

Dxx52
c2

v2«a

ka
2 ka«sub2ksub«a

ka«sub1ksub«a

eika~z1z8!

2ika
, ~19!

Dyy5
ka2ksub

ka1ksub

eika~z1z8!

2ika
, ~20!

Dzx5
c2

v2«a

kaki
ka«sub2ksub«a

ka«sub1ksub«a

eika~z1z8!

2ika
, ~21!

Dxz52
c2

v2«a

kaki
ka«sub2ksub«a

ka«sub1ksub«a

eika~z1z8!

2ika
, ~22!

Dzz5
c2

v2«a

ki
2 ka«sub2ksub«a

ka«sub1ksub«a

eika~z1z8!

2ika
. ~23!

For z,0 andz8.0, the dyadicgJ(z,z8;kW i) is only due to
the response of the surfacegJs8(z,z8;kW i) which has the same
structure as Eq.~18! but with the following coefficients:

Dxx52 i
c2

v2

kaksub

ka«sub1ksub«a
eikaz82 iksubz, ~24!

Dyy52
i

ka1ksub
eikaz82 iksubz, ~25!

Dzx52 i
c2

v2

kaki

ka«sub1ksub«a
eikaz82 iksubz, ~26!

Dxz52 i
c2

v2

ksubki

ka«sub1ksub«a
eikaz82 iksubz, ~27!

Dzz52 i
c2

v2

ki
2

ka«sub1ksub«a
eikaz82 iksubz. ~28!

C. Far-field properties

Considering the reflected electric field in the far field
lows some analytical simplifications. In the case of illumin
tion through the substrate, the reflected field reads (z,0)

EW r~rW !5
1

4p2E dkW i fW r~kW i!e
ikW i•r i

W
e2 iksubz, ~29!

where
-

fW r~kW i!5E
A
dz8gJs8~0,z8;kW i!VJ~z8,v!FW ~z8;kW i!. ~30!

The transmitted field is then given by (z.0)

EW t~rW !5
1

4p2E dkW i fW t~kW i!e
ikW i•rW ieikaz, ~31!

where

fW t~kW i!5E
A
dz8@gJ0~0,z8;kW i!1gJs~0,z8;kW i!#VJ~z8,v!FW ~z8;kW i!.

~32!

In the simple case where the incident field has the form o
plane wave, we have, of course,

FW 0~z;kW i!5AW eiksubzd~qW i2kW i!1AW 1e2 iksubzd~qW i2kW i! ~z,0!,
~33!

FW 0~z;kW i!5AW 2eikazd~qW i2kW i! ~z.0!, ~34!

where we normalize the TE mode according to

AW 5eW x, ~35!

AW 15
ksub2ka

ksub1ka
eW x, ~36!

AW 25
2ksub

ksub1ka
eW x, ~37!

and the TM mode as follows:

AW 52cosueW y1sinueW z, ~38!

AW 15
ksub«a2ka«sub

ksub«a1ka«sub
~cosueW y1sinueW z!, ~39!

AW 25
2ksubA«aA«sub

ksub«a1ka«sub
~2cosu teW y1sinu teW z!. ~40!

u is the angle of reflection,u t is the angle of transmission
qW i5sinueWy, andq5(v2/c2)«1(z,v). For the reflection, the
scattered field~29! is then reduced to (z,0):

EW r~rW !5
1

4p2
@AW 11 fW r~qW i!#e

iqW i•rW ie2 iksubz. ~41!

The reflectivity outside the multilayer then arises as

R5
uAW 11 fW r~qW i!u2

uAW u2
. ~42!

The transmitted field~31! is also reduced to (z.0)

EW t~rW !5
1

4p2
@AW 21 fW t~qW i!#e

iqW i•rW ieikaz. ~43!

The normalized transmitted power reads



o
nt
th

w

e
th

-

i
y
pe

-
m
a
te
ag

de-

l
an

nd
sys-
and

14,
3.

nc-

nc-

PRB 59 5939MAGNETO-OPTICAL EFFECTS IN MULTILAYERS . . .
T5
uAW 21 fW t~qW i!u2

uAW u2

Re~ka!

Re~ksub!
. ~44!

D. Kerr and Faraday effects

The Kerr effect is described by a rotation of the plane
polarization of the reflected field relatively to the incide
field. The Faraday effect is the same phenomenon for
transmitted wave. A set of cylindrical coordinates~Fig. 1!
based on the reflected wave vector is introduced by

f r ,r~kW i!5 f r ,y~kW i!sinu2 f r ,z~kW i!cosu,

f r ,f~kW i!5 f r ,y~kW i!cosu1 f r ,z~kW i!sinu,

f r ,x~kW i!5 f r ,x~kW i!. ~45!

The Kerr rotationsFs8 and Fp8 and the ellipticitiesFs9 and
Fp9 correspond to the real and imaginary part of the follo
ing ratios:

Fs5
f r ,f~kW i!

f r ,x~kW i!
5Fs81 iFs9 ~TE!, ~46!

Fp5
f r ,x~kW i!

f r ,f~kW i!
5Fp81 iFp9 ~TM!. ~47!

Similarly, the Faraday effect in the transmitted field is d
scribed by using a set of cylindrical coordinates based on
transmitted wave vector in the«a(v) medium:

f t,r~kW i!5 f t,y~kW i!sinu t1 f t,z~kW i!cosu t ,

f t,f~kW i!52 f t,y~kW i!cosu t1 f t,z~kW i!sinu t ,

f t,x~kW i!5 f t,x~kW i!. ~48!

The Faraday rotationsbs8 and bp8 and the Faraday ellip
ticities bs9 andbp9 are defined by

bs5
f t,f~kW i!

f t,x~kW i!
5bs81 ibs9 ~TE!, ~49!

bp5
f t,x~kW i!

f t,f~kW i!
5bp81 ibp9 ~TM!. ~50!

III. MAGNETO-OPTICAL TENSORS

In the case of magnetic materials, the dielectric function
actually a nondiagonal tensor. For ultrathin films or multila
ers, the magnetization vector may have components per
dicular to the film plane~so-called polar component! and in
this plane~so-called longitudinal component!. Here, for sim-
plicity, we will consider pure polar or longitudinal configu
rations, and we therefore assume that the films are unifor
magnetized. The films must be in a magnetic single-dom
state. This can sometimes be obtained in a remanent sta
by saturating the films by applying an external static m
netic field ~perpendicular or parallel to the film plane!.
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The structures of the magneto-optical tensors are then
scribed by

«polar5S a b 0

2b a 0

0 0 a
D , ~51!

« longitudinal5S a 0 2b

0 a 0

b 0 a
D . ~52!

The complex coefficientb is smaller than the diagona
terms of the tensor. The nondiagonal elements transform
incident rectilinear polarized wave into elliptic reflected a
transmitted waves. In the figures discussed below, the
tems are always illuminated through the glass substrate,
we used the optical data of Au and Co in Ref. 13~Fig. 2! and
the magneto-optical coefficients of Co from Refs. 13 and
which are cast together with the optical constants in Fig.

FIG. 2. Variation of the Au dielectric tensor elements as a fu
tion of the incident wavelength@solid line: Re(a); dashed line:
Im(a)#.

FIG. 3. Variation of the Co dielectric tensor elements as a fu
tion of the incident wavelength@solid line: Re(a); dashed line:
Im(a); dot-dashed line: Re(b) ~ten times magnified!; dotted line:
Im(b) ~ten times magnified!#.
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IV. NUMERICAL RESULTS

A. Plasmon of a Au thin film

To check the reliability of the numerical technique, w
calculate the reflectivity as a function of the angle of in
dence of a 50-nm Au layer on a glass substrate. In the
culations, we approximate that the index of refraction of
substrate did not vary as a function of the incident wa
length.

We illuminate the film atl50.633 mm through the sub-
strate by varying the angle of incidence. This correspond
the so-called Kretschmann-Raether configuration15 to excite
surface plasmons at the air/gold interface. A plasmon re
nance is a surface mode which occurs at a metal/air interf
It depends on the metal film thickness and especially on
absorption of the considered metal. A plasmon resonanc
a thin metal film may occur in the Kretschmann-Raeth
setup if we have the following conditions. First, the incide
wave must be TM polarized. Second, the incident wa
vector component which is parallel to the interfaces m
match the one of the surface plasmon. Third, the metal th
ness must be small compared to the incident wavelengt
allow the incoming wave to reach the air/gold interface
optical tunneling. This last condition is fulfilled for a 50-nm
gold film at l50.633 mm, and the second condition is sa
isfied if u544.5° for which the plasmon excitation frustrat
the total reflection and appears as a sharp dip in~Fig. 4!. In
this figure, we also see a region between the critical an
corresponding to the total reflection at 41.8°, and 43° wh
the reflectivity increases~Fig. 4!. This narrow peak corre
sponds to virtual modes which create oscillations of the
flectivity as a function of the metal film thickness, just like
dielectric film would do but without damping: it is the sam
behavior, just like the interferences in the reflectivity cur
in a Perot-Fabry interferometer which displays minima a
maxima of the reflectivity as a function of the dielectric fil
thickness. Indeed, for angles in this peak, if we calculate
reflectivity as a function of the gold thickness, we would fi
an oscillating exponential decrease of the reflectivity wh
confirms the presence of these virtual modes which oc
within the skin depth of a metal, since the exponential de
is due to the metal absorption.

FIG. 4. Forl50.633 mm, reflectivity of a 50-nm-thick Au film
deposited on a glass substrate for both TE~dashed line! and TM
~solid line! modes, as a function of the angle of incidence. T
incident field illuminates the film through the substrate.
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Beyond 43°, we find the well-known plasmon resonan
of the gold film occurring at the gold/air interface at 44.
~Fig. 4!. This plasmon resonance can also be seen on
reflectivity curve as a function of the incident waveleng
~Fig. 5!: it corresponds to a minimum of the reflectivity. Th
numerical method is thus able to account accurately for w
known phenomena involving isotropic materials.

B. Cobalt

We now apply the numerical scheme to a thin film of C
Co is a ferromagnetic material which has a great absorp
compared to Au. Its plasmon resonance, as a result, m
appear for a smaller film thickness.

We set a 13-nm thin film of Co deposited on a gla
substrate; this thickness has been chosen in order to ob
the deepest plasmon resonance in the reflectivity curve
yond the critical angle.

In Fig. 6~a!, for the TM mode, we recognize the regio
between 41.8° and 43° corresponding to the virtual mo
discussed above for the gold film. The plasmon resona
appears in the reflectivity curve as a function of the angle
incidence atu551°.

We can see at first that when the reflectivity decrease
Fig. 6~a!, the Kerr rotation module increases in Fig. 6~b! for
both magnetizations of the Co film. This phenomenon is
plained by the fact that, when the reflectivity decreases,
light wave goes through the magneto-optical material and
a result, the Kerr rotation inside the Co layer becomes s
nificant by multiple reflections.

For the TM mode, a peak appears in the Kerr rotation
the plasmon resonance (51°) for both magnetizations. In
7, between 600 and 750 nm, the plasmon resonance app
as a shoulder to the left of the wavelength 950 nm for wh
the real part of the magneto-optical coefficientb is extremal
in Fig. 5. Because Co has a relatively high absorption,
peak corresponding to the plasmon resonance for Co app
softened in Fig. 7.

For a small Co film thickness, in the polar magnetizatio
in both TE and TM polarizations, the Kerr rotation modu
shows a minimum as a function of the angle of incidence j
at the critical angle in Fig. 6~b!, which is 41.8° for a glass/ai
interface. For the TM mode, a maximum corresponds to

FIG. 5. For the same system as in Fig. 4, and for au544.5°,
variation of the reflectivity for both TE and TM modes as a functi
of the incident wavelength.
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FIG. 6. Forl50.633 mm, ~a! reflectivity of a 13-nm-thick Co film on a glass substrate for both TE~dashed line! and TM ~solid line!
modes as a function of the angle of incidence;~b! variation of the Kerr rotation moduleuFu of a 13-nm-thick Co film thickness for the TE
~dashed line! and TM ~solid line! modes for polar magnetization, and for the TE~dotted line! and TM ~dot-dashed line! modes for
longitudinal magnetization~magnified ten times!, as a function of the angle of incidence.
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plasmon resonance of Co at 52°@Fig. 6~b!#. For the TE
mode, the reflectivity does not show any anomaly, and
Kerr rotation module has a stable behavior as a function
the angle of incidence beyond the critical angle@Fig. 6~b!#.
In the longitudinal magnetization, the behaviors are the sa
as in the polar magnetization, but a slight difference is sho
for the TE mode: instead of a dip at the critical ang
(41.8°), we have a small increase of the Kerr rotation m
ule @Fig. 6~b!#.

We can notice a different order of magnitude in the inte
sity ranges of the Kerr rotation module for both polar a
longitudinal magnetizations. The Kerr rotation module
more important for the polar magnetization as compared
the longitudinal case. This phenomenon is explained by
fact that when a magnetic static field is applied on the e
trons, they are submitted to the Laplace force2evW e3BW 0,
where 2e is the charge of an electron,vW e its speed, and
BW 0 the applied magnetic field. This force creates the rotat
for the electrons. As a result, the electrons motion is c
strained by the film thickness in the longitudinal cas
whereas it is not for the polar case: the electrons can m

FIG. 7. For the same system as in Fig. 6, and for au551°
variation of the Kerr rotation moduleuFu for the TM mode as a
function of the incident wavelength for the polar magnetizat
~solid line! and the longitudinal magnetization~magnified ten times;
dashed line!.
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without constraint in the infinite planes parallel to the inte
faces. However, correct interpretation must be sought in
quantum-mechanical theory, including the spin-or
coupling.16

C. Bilayer Co/Au

We now discuss a bilayer made of 10 nm of Co cove
by 50 nm of gold deposited on a glass substrate. For the
mode, by addition of a small cobalt film thickness to the go
film, the mean reflectivity level as a function of the angle
incidence@Fig. 8~a!# decreases when compared to a Au fi
~Fig. 4!. It reaches the Co level because the cobalt film
close to the substrate. We can see in Fig. 8~a! that the bilayer
Co/Au has a plasmon resonance at 44.4° at the Au/air in
face, which is similar to what we saw in Sec. IV A, where w
had a Au film deposited on a glass substrate. A kind
Brewster angle appears as a minimum around 70° for
reflectivity curve in Fig. 8~a! for the TM mode. It could also
appear if we increased the gold film thickness. The plasm
resonance is therefore softened. In the polar magnetiza
for the TM mode@Fig. 8~b!#, the Kerr curves also display
this gold plasmon resonance as a significant peak at 44
For this polarization, the plasmon resonance also appea
a peak at 633 nm in the Kerr rotation module as a function
the incident wavelength@Fig. 9~a!# because gold has a dee
plasmon resonance at the Au/air interface.

For the TE mode, nothing special appears in the reflec
ity curve except the classical increase as a function of
angle of incidence while the Kerr rotation module curve d
plays a dip for the critical angle at 41.8°, as we saw ear
for a single cobalt film@Fig. 8~b!#. Indeed, if we carefully
observe both reflectivity and Kerr rotation module curves
the TE mode in the polar magnetization, we can conclu
that the dip corresponding to the Kerr rotation curve a
function of the incident angle does not correspond to a p
mon resonance. This can be explained by the fact that b
reflectivity and Kerr rotation curves as a function of the i
cident wavelength do not show the plasmon resonance at
nm, such as the TM mode shows@Figs. 8~a! and 9~a!#.

For the longitudinal magnetization, in the TM mode, w
see the plasmon resonance of Au as a peak in the Kerr r
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FIG. 8. Forl50.633 mm, ~a! reflectivity for both TE~dashed line! and TM ~solid line! modes as a function of the angle of inciden
of a 10-nm-thick Co film covered by a 50-nm-thick Au film on a glass substrate;~b! variation of the Kerr rotation moduleuFu for the TE
~dashed line! and TM ~solid line! modes as a function of the incident angle for the polar magnetization;~c! variation of the Kerr rotation
moduleuFu for the TE ~dashed line! and TM ~solid line! modes as a function of the incident angle for the longitudinal magnetization
te
°

ci-
n
,

ule
e
the

ent
but
ke
irec-
tion module as a function of the angle of incidence@Fig.
8~c!#, and also in the spectrum at 633 nm@Fig. 9~b!#. On the
other hand, the TE mode shows a peak followed immedia
by a dip, corresponding to the plasmon resonance at 44.4
the Kerr rotation curve as a function of the angle of in
dence@Fig. 8~c!#. The plasmon is well identified at 633 nm i
the spectrum of Fig. 9~b!. However, for this magnetization
ly
in

we see the plasmon resonance in the Kerr rotation mod
not only in the TM mode, but also in the TE mode. Th
plasmon resonance gives rise to a simply shaped peak in
TM mode. In the TE mode, the peak has quite a differ
structure, not only as a function of the angle of incidence
also as a function of the wavelength. Basically, it looks li
the spectral response of a damped oscillator. Thus the d
FIG. 9. For the same system as in Fig. 8, and for au544.4° ~a! variation of the Kerr rotation moduleuFu for the TE~dashed line! and
TM ~solid line! modes as a function of the incident wavelength for the polar magnetization;~b! variation of the Kerr rotation moduleuFu for
the TE ~dashed line! and TM ~solid line! modes as a function of the incident wavelength for the longitudinal magnetization.
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FIG. 10. Forl50.633 mm, ~a! reflectivity for both TE~dashed line! and TM ~solid line! modes as a function of the angle of inciden
of a 50-nm-thick Au film covered by a 10-nm-thick Co film on a glass substrate;~b! variation of the Kerr rotation moduleuFu for the TE
~dashed line! and TM ~solid line! modes for the polar magnetization, and for the TE~dotted line! and TM ~dotted-dashed line! modes for the
longitudinal magnetization~magnified three times!, as a function of the incident angle.
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tion of the applied static magnetic field is very important in
study of the Kerr rotation under the condition of plasm
resonance@see Figs. 8~c! and 9~b!#.

For the TE mode, it is very important to notice that, in t
longitudinal case, az component appears in the scatter
field which was absent in the incident electric field. This
due to the form of the dielectric tensor~52!, and particularly
to the element«13. This scattered field excites the plasm
resonance at the gold/air interface. This cannot occur in
TE mode for the polar magnetization because, in this c
only components parallel to the interfaces are created,
they cannot excite a plasmon resonance at the gold/air in
face.

Thus the optical effects related to the plasmon resona
appear in the spectrum between 550 and 700 nm, whe
the peak centered on 950 nm has a different origin~Fig. 5!: it
corresponds to the spin-orbital effects of the Co layer, a
especially to the extremal values of the nondiagonal e
ments which appear in the dielectric tensors of Co@Eqs.~51!
and ~52!#. The influence of the maximum absolute value
Reb ~see Fig. 3! is found in all Kerr spectra as a broad pe
between 900 and 1000 nm. This broad peak is not relate
any optical or plasmon effect. Peaks occurring between
and 800 nm are thus attributed to optical or plasmon effe
of thin films.

D. Bilayer Au/Co

We set 50 nm of Au covered by 10 nm of Co deposited
a glass substrate. By addition of a small cobalt thicknes
the gold film, the reflectivity level is close to that of a sing
Au film deposited on a glass substrate@Fig. 10~a!#.

For the TM mode, the plasmon resonance still exists,
takes place at the Co/air interface; it appears as a minim
in the reflectivity curve at 44.4° in Fig. 10~a!. For the TM
mode, the dip in the reflectivity curve as a function of t
angle of incidence corresponding to the plasmon resona
is larger for a thin cobalt film as compared to a gold on
This is due to the greater absorption of the cobalt film.

The plasmon resonance occurs at the same angle fo
Co/Au system and also for the Au/Co system for the T
e
e,
nd
r-
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as

d
-

f

to
0

ts

n
to

d
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.

he

mode. For the Au/Co system, the plasmon resonance mu
the same as that of the Co/air interface, which should app
around 51° in the reflectivity curve as a function of the an
of incidence. The shift of this angle to 44.4° is due to t
presence of the Au film.

We can see, at first, that the intensity range of the K
curves@cf. Fig. 10~b!# is smaller than in the bilayer studie
previously. This is due to the absorption, not only of Co b
also of Au. Indeed, the optical field is already drastica
reduced when reaching the anisotropic Co film. For the po
magnetization, the critical angle appears as a significant
on the Kerr rotation curve as a function of the angle of in
dence@Fig. 10~b!#. For all magnetizations and all inciden
optical polarization modes, the plasmon resonance arise
the Kerr rotation module as a function of the angle of in
dence@Fig. 10~b!#.

V. CONCLUSION

Using a numerical application of Green’s dyadic tec
nique, the Kerr rotation spectra have been carefully stud
beyond the critical angle for total reflection . Particularly, t
excitation of surface plasmons in Au/Co bilayers by a T
incident field has been shown to be due to the anisotro
dielectric tensor of magneto-optical materials. In the sp
trum of the Kerr rotations, this study brings to the fore t
difference between the plasmon effects which appear
tween 550 and 700 nm, and the spin effects which app
between 800 nm and 1mm. This has some importance i
the interpretation of the Kerr rotation measurements.
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