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Surface-enhanced magneto-optics in metallic multilayer films

C. Hermann, V. A. Kosobukin,* G. Lampel, J. Peretti, V. I. Safarov,† and P. Bertrand
Laboratoire de Physique de la Matie`re Condense´e (CNRS-UMR/C 7643), Ecole Polytechnique, 91128 Palaiseau Cedex, France

~Received 24 April 2001; published 29 November 2001!

The magneto-optical properties of noble-metal–ferromagnetic-metal multilayer thin films have been inves-
tigated as a function of the incidence angle, including the total reflection range, in the polar, longitudinal, and
equatorial geometries, and for different values of the photon energy in the near-infrared and visible spectrum.
The experimental and theoretical results are obtained on a Au/Co/Au model system. They demonstrate that the
resonant coupling of thep component of the light electric field with the gold surface plasmon, which occurs in
the total reflection range, yields a strong enhancement of the magneto-optical response and signal-to-noise ratio
of the system for the three magnetization directions. This resonant coupling and the resulting enhancement of
the relevant magneto-optical quantities are achieved for any photon energy in the near infrared and visible
range simply by tuning the incidence angle. The efficiency of this enhancement effect is shown to increase
towards the infrared region of the spectrum following the rise of the quality factor of the surface plasmon
resonance.
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I. INTRODUCTION

The enhancement of magneto-optical~MO! effects stimu-
lates a wide interest as it may promote new capabilities
optical techniques for studying magnetic material proper
and because of the possible applications to information s
age. Several approaches are proposed apart from the e
ration of magnetic materials with high MO constants. Th
are mainly based on the design of a multilayer struct
which exhibits an optimized MO figure of merit for a give
magnetic material in a given light energy range. The str
ture can be the combination of an active material either w
dielectric layers1 or with nonmagnetic metal layers.2,3 For
instance, it has been shown that ferromagnetic-metal–no
metal multilayer structures exhibit increased Kerr rotation
the plasma edge of the noble metal matrix dielectric funct
«.2 Nevertheless, the MO response and figure of merit
these structures are not necessarily enhanced because
losses and a low reflectivity.3

However, it has been shown that a resonant electrom
netic mechanism, similar to those which provide surfa
enhanced Raman scattering and related phenomena,4 does
exist for improving the MO response and figure of merit
noble-metal–ferromagnetic-metal multilayer thin films.5,6

This mechanism involves the metal surface plasmon~SP!
modes7–9 which can be excited, in a wide spectral range,
the p component of the evanescent light electric field pro
gating along the surface of a thin metallic film illuminated
total reflection condition. An early work reporting on th
influence of SP’s on Kerr effect only concerned pure fer
magnetic metal thin films,10 where the SP’s are not well de
fined due to overdamping~uRe(«m)/Im(«m)u,1, «m being the
magnetic metal dielectric function!. In this case, the Kerr
rotation is large but the figure of merit is in fact not e
hanced. In comparison, noble-metal–ferromagnetic-m
multilayer thin films provide a significant advantage as
quality factor of the noble metal SP resonance is h
„uRe(«)/Im(«)u@1….

In the present paper, we report a detailed and comp
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experimental and theoretical study of the MO properties
total reflection geometry, of a model Au/Co/Au structure.
this system, the easy-magnetization direction of the Co la
can be chosen either perpendicular or parallel to the fi
plane simply by changing the thickness of the Co layer. T
allows one to study the three different Kerr geometries
almost identical systems. As we have already demonstr
in the case of the polar configuration,5 our results show tha
a resonance characteristic feature is observed in Kerr effe
for the three magnetization directions, when the gold S
are excited. This feature corresponds to a strong enha
ment of the MO response, figure of merit and signal-to-no
ratio of the whole system. The resonant coupling of lig
with the SP modes and the resulting enhancement of th
relevant MO quantities are achieved for any photon ene
in the near infrared and visible spectra, simply by tuning
incidence angle. In the infrared range, as the quality facto
the SP resonance increases, the resonant feature of the
response becomes sharper and the enhancement effect
efficient.

In Sec. II, we give the basic principles and a theoreti
description of surface enhanced magneto-optics in no
metal–ferromagnetic-metal multilayer systems. In Sec.
we describe the characteristics of our Au/Co/Au samples,
experimental setup, and the procedure used for measu
the MO effects. In Sec. IV, we present and discuss the
perimental results obtained for the different magnetizat
directions and for various light excitation energies.

II. PRINCIPLE AND THEORY

A. Surface plasmon modes in noble metals

The characteristics of metal SP modes are w
established.7–9 These coherent charge oscillations propag
along the metal surface and they may couple with photon
the total reflection geometry. The commonly used expe
mental arrangement is the Kretschmann-Raet
configuration:11 a parallel slab of metal~medium 2 of dielec-
tric function «25«281 i«29!, with one face in contact with air
©2001 The American Physical Society22-1
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~medium 3 of dielectric function«3!, is illuminated at an
incidence angleu through a glass prism~medium 1 of dielec-
tric function «15n1

2!. The incidence plane isxOz, the inter-
face plane isxOy andx, y, andz are the unit vectors of the
Ox, Oy, andOz axes. After Snell-Descartes law, the phot
wave-vector componentq, in the interface plane~alongOx!,
is conserved through the structure.

In this geometry, photons illuminating the metal surfa
are described by the dispersion relation

v5
cq

n1 sinu1
~1!

wherev andc are respectively the pulsation and velocity
light in vacuum.

In mediumi, the light wave vector isk i5qx1k iz, andk i
is related to the dielectric constant« i by

k i
25« ik0

25q21k i
2, ~2!

wherek05v/c.
For ana-polarized wave, wherea stands fors or p ~re-

spectivelyE or B normal to the incidence plane!, the coeffi-
cients of reflectionr i j

a and transmissiont i j
a at a plane inter-

face between mediai andj are derived from the conservatio
of the in-plane components ofE andB:12

r i j
a 5

ai
a2aj

a

ai
a1aj

a , t i j
a 5

2g i j
a ai

a

ai
a1aj

a , ~3!

where ai
s5k i /k0 , ai

p52k i /(k0« i), g i j
s 51, and g i j

p

5ni /nj .
For a p-polarized excitation, a particular situation ma

occur at the metal-air interface whena2
p1a3

p'0, that is,

k2 /«2'2k3 /«3 . ~4!

This condition, equivalent to the existence condition
SP’s,9 can be fulfilled in a noble metal below the bulk pla
mon pulsation, when«2'«28(u«28u@«29) and «28!21. Thus,
k3 is imaginary andk2 mostly imaginary so that the ligh
wave which couples with the SP’s is evanescent
medium 3. This results in a strong enhancement ofr 23

p and
t23
p which at resonance become large and imagina

t23
p 'r 23

p '24i«28 /«29 .
Equation~4! combined with Eq.~2! yields the dispersion

relation of SP’s, as schematized in Fig. 1:

v5cqS «281«3

«28«3
D 1/2

. ~5!

By comparison with Eq.~1!, the photon and SP dispersio
relations intercept for a valueuR of the incidence angle in
medium 1 given by

sinuR5
n3

n1
S «28

«281«3
D 1/2

. ~6!

This condition can be fulfilled only ifn1.n3 , as expected
since the SP excitation requires a total internal reflection
ometry ~k3 imaginary!.
23542
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The resonance is generally evidenced by measuring
reflectivity as a function of the incidence angle in the to
reflection range. For ana-polarized incident wave, the am
plitude reflection coefficient in medium 1 is given by

RAu
a 5

r 12
a 1r 23

a exp~2ik2d!

12r 12
a r 23

a exp~2ik2d!
. ~7!

For p-polarized incident light, the reflectivityuRAu
p u2 exhibits

a dip,7 corresponding to the minimum of the numerator o
curring in the SP region.

At the distancez from the prism/metal interface, the field
inside the metal layer are, respectively, given, fors- and
p-polarized incident waves of unit amplitude, by

e21
s 5t12

s exp~ ik2z!
11r 23

s exp@2ik2~d2z!#

12r 12
s r 23

s exp~2ik2d!
y , ~8a!

e21
p ~z!5t12

p exp~ ik2z!F12r 23
p exp@2ik2~d2z!#

12r 12
p r 23

p exp~2ik2d!

k2

k2
x

1
11r 23

p exp@2ik2~d2z!#

12r 12
p r 23

p exp~2ik2d!

q

k2
zG . ~8b!

In the case of a 30-nm-thick gold film illuminated with
light of wavelength 633 nm, the variations ofe21

s and e21
p

versusz are shown in Fig. 2 for two incidence angles: belo
the total reflection critical angleuc and at the resonanc
angleuR . When the SP resonance is not excited~for p po-
larization whenuÞuR and fors polarization!, ur 23

a u is smaller
than unity so that the field components decrease withz al-
most as exp(ik2 d) ~k2 is mainly imaginary!. At resonance
whereur 23

p u is larger than 1, thex andz components ofe21
p (z),

e21
x (z), and e21

z (z) are strongly enhanced. They almost i

FIG. 1. Schematic plot of the dispersion relation of surface pl
mons taking into account the«2(v) dispersion relation. The disper
sion relation of light~pulsationv as a function ofq, the wave vector
component parallel to the surface! is plotted for illumination of the
metallic surface from the vacuum side in grazing incidence~straight
line of slopec, the light velocity in vacuum! and for illumination
through a prism of dielectric constant«1 at an angle of incidenceuR

larger thanuc @dotted line of slopec/A«1 sinuR]. In this latter ge-
ometry, the coupling of photons with surface plasmons is poss
and occurs in the illumination conditions corresponding to the
terception of their dispersion curves.
2-2
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SURFACE-ENHANCED MAGNETO-OPTICS IN . . . PHYSICAL REVIEW B64 235422
crease withz as exp(2ik2d), that is they are maximum at th
gold-air interface where the SP resonance takes place.

The mechanism that we propose here for the enhancem
of the MO effects is then based on the assumption that a
magnetic layer inserted in the noble metal film is exposed
a strong field at resonance and one can therefore expe
related enhancement of the MO response of this layer.

B. First-order MO effects in metallic multilayer thin films

The system under study is a thin ferromagnetic~cobalt!
layer of thicknessl , sandwiched between two noble met
~gold! layers, the upper one of thicknessd8 deposited on the
glass prism and the lower one of thicknessd9 deposited on
the top of the magnetic layer~inset in Fig. 3!. The structure is
illuminated through the prism at an incidence angleu l by a
b-polarized plane wave~whereb stands fors or p! of pulsa-
tion v.

For any homogeneous magnetizationM , the material
equation in the cobalt layer relating the displacement ve
Dm(z) to the electric fieldEm(z) is

Dm~z!5«0«mEm~z!1«0gM∧Em~z!. ~9!

The term«0«mEm(z) describes the isotropic response of t
material and, as discussed in Chap. IV of Ref. 1
«0gM∧Em(z) represents an induced radiating electric pol
ization. The quantityg is a MO characteristic constant an
gM is always small relatively to«m . Therefore,Em(z) can
be approximated, to first order ingM and for an excitation
wave of unit amplitude incident from medium 1, by the u
perturbed field in the cobalt layerem1

0b (z) calculated for zero
magnetization~first Born approximation!.

FIG. 2. Variation with the distancez to the prism/metal interface
of the light electric field modulus inside of the noble metal layer
unit s andp excitations and for two values of the incidence ang
one lower thanuc , the otheruR corresponding to the resonant e
citation of the noble metal surface plasmons.
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Within this approximation and for a thin laye
(ukml u!1) whereem1

0b (z) is almost a constantem1
0b , the MO

a-polarized component of the reflected wave is given by12

DRab5
2 ik0

2l

2k1
gM ~ ēm1

0a ∧em1
0b !. ~10!

In this equation,ēm1
0a , the extraction vector of thea-polarized

field radiated by the MO induced electrical polarization,
the symmetric ofem1

0a with respect to theyOz plane. This
expression is valid for any magnetization direction, incide
polarizationb and incident angle.

C. Gold SP resonance feature in the MO response

The magneto-optical effects are given in Eq.~10! as a
function of the unperturbed fieldsem1

0b andēm1
20a in the cobalt

layer. However, as discussed in Chap. VI of Ref. 12 and
the Appendix, since the cobalt layer is thin, these fields
be related by a perturbation method to the fieldse21

b and ē21
a

in a pure gold layer of thicknessd equal to the total thicknes
of the Au/Co/Au sandwich (d5d81l 1d9):12

em1
0a 5

e21
a ~zc!

12dTa/TAu
a . ~11!

Here, the altitudezc in the equivalent gold layer represen
the distance between the glass-gold interface and the ce
of the cobalt layer,TAu

a is the complex transmission coeffi
cient of the pure gold equivalent layer, anddTa is the first-
order perturbation of the transmission due to the cobalt la
~see the Appendix!.

The MO reflection coefficients of the gold-cobalt-go
sandwich can thus be written as a function of the fields in
equivalent gold layer

r
:

FIG. 3. Schematics of the magneto-optics experimental se
The inset shows the sample composition.
2-3
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C. HERMANN et al. PHYSICAL REVIEW B 64 235422
DRab;
2 ik0

2l

2k1

gM @ ē21
a ~zc!∧e21

b ~zc!#

~12dTa/TAu
a !~12dTb/TAu

b !
. ~12!

Therefore, the MO quantityDRab exhibits the SP resonan
feature ofe21

p and/orē21
p , the p fields in the equivalent gold

layer. The damping due to the losses in the Co layer,
scribed bydTs,p/TAu

s,p , can be shown to be small for the C
layer thicknesses used in the present experimental study~see
the Appendix! so that the gold SP enhancement effect, ori
nating fromē21

p and/orē21
p , remains.

For M alongOz, the magneto-optical coefficients are

DRps5DRsp'
ik0

2l

2k1

gMze21
y ~zc!e21

x ~zc!

~12dTs/TAu
s !~12dTp/Tau

p !
.

~13!

For M alongOx, we derive

DRps52DRsp'
ik0

2l

2k1

gMxe21
y ~zc!e21

z ~zc!

~12dTs/TAu
s !~12dTp/TAu

p !
.

~14!

In Eqs.~13! and ~14!, the enhancement ofDRab due to the
SP resonance respectively arise frome21

x (zc) and e21
z (zc).

The same enhancement effect occurs for boths- and
p-polarized incident lights: for ap-polarized incident wave
the exciting field is enhanced and induces a large elec
polarization which in turn radiates; for as-polarized incident
wave, the induced MO electric polarization radiat
p-polarized waves enhanced by the SP resonance.

Finally, for M alongOy, there is nos-p coupling (DRsp

5DRps50), but a modificationDRpp of the p-wave reflec-
tion coefficientRpp:

DRpp'
ik0

2l

2k1

gMye21
z ~zc!e21

x ~zc!

~12dTp/TAu
p !2 . ~15!

Here, the SP resonance enhances both the exciting field
the field radiated by the induced MO polarization.

III. EXPERIMENTAL

A. The AuÕCoÕAu samples

In a Au/Co/Au sandwich structure, the easy-magneti
tion direction changes with the thickness of the cobalt la
from perpendicular to in-plane configuration. This allow
us to study the three~polar, longitudinal, and equatorial! Kerr
effects with two very similar samples.

The first specimen~sample 1! of total thickness d
530 nm, where thel 51-nm-thick cobalt layer has its easy
magnetization axis perpendicular to the film plane, was u
for the polar Kerr experiments. The thicknesses of the un
and cap gold layers are, respectively,d8525 nm andd9
54 nm. The second specimen~sample 2!, for which d
535.7 nm, d8524.2 nm, d955.8 nm, andl 55.7 nm, ex-
hibits an in-plane easy-magnetization axis and was studie
the longitudinal and equatorial Kerr geometries. Bo
samples were grown on a float glass substrate under U
conditions and exhibit a square hysteresis loop.13
23542
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B. The experimental setup and procedure

In our experiment~Fig. 3!, the glass substrate, of dielec
tric constant «152.28, is optically coupled to a half
cylindrical glass prism by an adapting refractive index liqu
Linearly polarized light emitted from a Krypton-ion lase
illuminates the sample through the prism at a variable in
dent angleu. A l/2-retardation plate, when rotated by 45
allows us to change the incident polarization froms to p. The
intensity and the polarization state of the reflected beam
analyzed.

The Kerr effects are measured by means of specific mo
lation techniques. A small magnetic coil is set near t
sample surface with its axis parallel to the Co-layer ea
magnetization axis~along thez direction for polar Kerr mea-
surements on sample 1 and along thex andy directions for,
respectively, longitudinal and equatorial MO experiments
sample 2!. As described in Fig. 4, under alternative puls
current operation of the coil the saturated magnetization
the Co layer is periodically flipped. For polar and longitud
nal geometries the resulting modulation of the reflected li
polarization induced by the MO effect is detected as an
tensity modulation through a polarization analyzer. This a
lyzer is either a linear analyzer oriented at 45° to the incid
polarization axis, or a circular analyzer, i.e., a quarter-wa
plate inserted after the linear analyzer which is oriented
45° from the retarding plate axis. In the equatorial geome
the MO effect directly induces a modulation of the reflect
p intensity and we have performed the MO measureme
first without analyzer as is usually done, and then in a p
ticular configuration that we will detail further. In the thre
Kerr geometries, the ac component of the detector ou
signal at the modulation frequency, measured throug
lock-in amplifier, is the amplitude of the MO hysteresis loo
at zero external magnetic field. For a unit excitation intens

FIG. 4. Principle of the MO effects measurements by alternat
pulsed magnetic field modulation technique. Short~'10 ms long!
alternating pulses of magnetic field larger than the Co-layer co
cive field ~'800 Oe for sample 1 and'200 Oe for sample 2! are
applied at a low repetition rate (1/t'20 Hz). Consequently, the
saturated magnetization of the Co layer is periodically flipped.
2-4
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FIG. 5. Variation with the incidence angleu of the reflectivity~curves a,b and g,h! and of the polar (M iz) ~curves c–f! and longitudinal
(M ix) ~curves i–l! MO responseS of the Au/Co/Au samples. The left columns~curves a,c,e and g,i,k! correspond tos excitation and the
right column~curves b,d,f and h,j,l! to p excitation. The MO signal is measured in the reflected beam with a linear-light analyzer~curves c,d
and i,j! and with a circular-light analyzer~curves e,f and k,l!. The symbols correspond to the experimental data and the full lines repr
the theoretical fits.
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the dc detector output signal yields the reflected intensityRI
and the ac signal is the MO responseS of the system.

IV. RESULTS AND DISCUSSION

A. Effect of the SP resonance on the MO response
for the different Kerr geometries

1. Polar and longitudinal MO effects

In the polar (M ix) and longitudinal (M iz) geometries,
the MO effect induces a component perpendicular to the
cident polarization direction. Therefore, whatever the exc
tion polarizationb, the reflected light electric field is the sum
of a b component of amplitudeR0b and of the MO
a-polarized component of amplitudeDRab(aÞb). The ex-
pressions of the different quantities that we measure, the
flectivity RI and the MO signalsSl andSc, respectively with
a linear and a circular analyzer, are then

RI5uR0bu21uDRabu2'uR0bu2, ~16!

Sl52uR0buuDRabucos~Dfab! and

Sc52uR0buuDRabusin~Dfab!, ~17!

where Dfab is the phase difference betweenuR0bu and
uDRabu. Thus, with the measurements ofRI , Sl , andSc, for
23542
-
-

e-

each incident polarizationb ~s and p!, the three physical
quantities which determine the MO response of the syst
namely,uR0bu, uDRabu, andDfab, can be obtained.

We have performed the measurements ofRI , Sl , andSc

as a function of the incidence angle, in the polar and lon
tudinal geometries~respectively, on sample 1 and sample!,
for s andp excitations, with a light wavelengthl5647 nm.
The results are presented in Fig. 5. The symbols represen
experimental data and the full lines are obtained after
theoretical treatment presented in Sec. II C and in the A
pendix. The values of the dielectric constants used in
calculation ~«2521112i , «m5211.5118.3i , gMz5
20.648810.0007i , and gMx5gMy520.572520.1045i !
are close to those generally quoted in the literature.14–16 In
both configurations, the results are very similar.

For p excitation, the pronounced minimum of reflectivit
~Fig. 5, curves b and h! characteristic of the excitation of th
gold SP’s is observed at the resonance angleuR'44.5° be-
yond the total reflection critical angleuc ~'41.5° in the
present case!. As shown in the Appendix, because of th
presence of the Co layer, the width of this peak is larger th
in a pure gold film and this broadening is more important
sample 2 (l 55.7 nm) than for sample 1 (l 51 nm). In the
MO responsesSl and Sc, a remarkable feature is observe
arounduR for both s andp excitations.

Straightforwardly deduced with Eqs.~16! and ~17! from
the measurements, the resonant character of this featu
2-5
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C. HERMANN et al. PHYSICAL REVIEW B 64 235422
evidenced when considering the variations withu of the MO
component of the reflected light electric fieldDRab, i.e., of
the related MO quantitiesuDRabu andDfab @curves~a! and
~b! in Figs. 6 and 7 for, respectively, polar and longitudin
geometries#. For both polar and longitudinal geometries, t
moduli uDRabu are strongly enhanced~i.e., about three times
larger than the ones obtained in the standard nontotal re
tion geometry!, while the phase differencesDfab vary
strongly through the resonance.

As we already discussed, the MO componentsDRab are
proportional to the product of the values of the two comp
nents orthogonal to the magnetization of the fieldse21

s (zc)
ande21

p (zc), calculated in the pure gold layer at the altitu
zc of the cobalt layer@Eq. ~12!#. More precisely, for polar
Kerr effect these field components aree21

x (zc) and e21
y (zc)

while for longitudinal Kerr effect the relevant componen
are e21

z (zc) and e21
y (zc). As shown in curves~c! and ~d! of

Figs. 6 and 7, if they ~or s! component exhibits no particula
feature in the variation of either its modulus or its phase,
x andz components show on the contrary a resonant fea
at the incidence angle where the SP’s are excited. The
portant point is that the observed variation of the MO co
ponents of the reflected light electric field~DRsp andDRps!,

FIG. 6. Variation with the incidence angleu of the polar (M iz)
MO reflection coefficients, measured on sample 1, fors andp ex-
citations: the moduliuDRpsu and uDRspu ~curve a! and the phase
differencesDFps andDFsp ~curves b! are deduced from the dat
presented in Fig. 5. The symbols correspond to the measurem
the full and dotted lines represent the theoretical fits~which are
identical for uDRpsu and uDRspu!. The experimental data can b
compared with the modulus~curves c! and phase~curves d! of thex
and y components of the excitation field calculated in a pure g
film at the location of the Co layer center.
23542
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in particular its resonant feature, directly images the va
tion of the value at the Co layer of the component of thep
field involved in the MO Kerr effect, i.e., ofe21

x (zc) for polar
geometry and ofe21

z (zc) for longitudinal geometry@compare
curves~a! and ~b! with curves~c! and ~d! in Figs. 6 and 7#.

Note that, while the theoretical fits in curves~a! and~b! of
Figs. 6 and 7~full lines! account for the losses in Co, th
curves~c! and ~d! in Figs. 6 and 7 are calculated for a pu
gold film. This shows that the SP resonance is not very m
affected by the presence of the Co layer and that therefor
such thin ferromagnetic films, one can make full profit of t
resonant enhancement effect~see the Appendix!.

2. Equatorial MO effect

The equatorial MO Kerr effect is an intensity effect whic
corresponds to the differenceDRI of reflected intensity, for a
p-polarized light, between the two opposite magnetizat
states of a ferromagnet with in-plane easy magnetization
perpendicular to the incidence plane~here along they axis!:

DRI52 Re~R0pDRpp!, ~18!

whereR0p is the reflectedp field for zero magnetization.

ts,

d

FIG. 7. Variation with the incidence angleu of the longitudinal
(M ix) MO reflection coefficients, measured on sample 2, fors and
p excitations: the moduliuDRpsu and uDRspu ~curves a! and the
phase differencesDFps andDFsp ~curves b! are deduced from the
data presented in Fig. 5. The symbols correspond to the mea
ments, the full and dotted lines represent the theoretical fits~which
are identical foruDRpsu and uDRspu!. The experimental data can b
compared with the modulus~curves c! and phase~curves d! of thez
and y components of the excitation field calculated in a pure g
film at the location of the Co layer center.
2-6
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SURFACE-ENHANCED MAGNETO-OPTICS IN . . . PHYSICAL REVIEW B64 235422
We have measured, versus the incidence angle, the m
reflected intensityRI @Fig. 8~a!# and the equatorial MO re
sponseDRI of sample 2@Fig. 8~b!#. The RI curve is obvi-
ously very similar to the one obtained in the longitudin
geometry. In the nontotal reflection range of incidence ang
(u,uc), the value of the MO signal, which is anyway n
expected to be very large, is almost zero in the particu
case of sample 2. But beyonduc , DRI exhibits a huge peak
in the SP region.

In order to achieve a complete analysis of the equato
MO effect, we have performed MO measurements in an
usual geometry where the linear excitation polarization
rotated at 45° from thes ~andp! axis and where a polariza
tion analyzer~linear or circular! is introduced in front of the
detector. In these conditions, when using a linear analy
the measured reflected intensityRI

l @open squares in Fig
8~c!# and the MO responseSl @Fig. 8~d!#, are given by17

RI
l 5

uR0p2R0su2

4
, ~19!

Sl5Re@R0pDRpp#2Re@R0sDRpp#. ~20!

FIG. 8. Variation with the incidence angleu of the reflectivity
RI ~curve a! and of the usual intensity MO responseDRI ~curve b!,
in the equatorial (M iy) configuration, measured on sample 2 for
p excitation. Variation withu of the RI

l andRI
c ~curves c, symbols

h andj, respectively! and of the equatorial (M iy) MO responses
Sl and Sc ~curves d and e! measured, for an incident polarizatio
rotated by 45° from thes- and p-polarization directions, respec
tively with a linear and a circular analyzer. The symbols corresp
to the measurements, the full and dotted lines represent the the
ical fits.
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When using a circular analyzer, the measured reflected in
sity RI

c @closed squares in Fig. 8~c!#, and the MO response
Sc @Fig. 8~e!#, are given by

RI
c5

uR0p1 iR0su2

4
, ~21!

Sc5Re~R0pDRpp!1Im~R0sDRpp!. ~22!

With both polarization analyzers, the reflectivity and the M
signal show a feature related to the SP resonance. From
measurements ofSl , Sc, DRI , and using the experimenta
variation of R0s @deduced from Fig. 5~g!# we have deter-
mined the variation withu of the MO componentDRpp of
the equatorial MO effect, or more precisely ofuDRppu @Fig.
9~a!# and of Dfps the phase difference betweenDRpp and
R0s @Fig. 9~b!#. ArounduR , DRpp exhibits a very sharp reso
nant feature:uDRppu is enhanced by nearly a factor 10 whe
compared to the value measured in the usual nontotal re
tion configuration~i.e., for u,uc! andDfps ~which almost
varies similar to theDRpp phase! jumps by about 2p. More-
over, at resonance,uDRppu is about four times larger than
uDRpsu @Fig. 7~a!# the MO component measured on the sa
sample in the longitudinal Kerr geometry while, foru,uc ,
uDRppu is only two times larger thanuDRpsu.

This stronger enhancement of the MO componentuDRppu
at resonance is related to the fact that in the equatorial K

d
ret-

FIG. 9. Variation withu of uDRppu ~curve a!, the amplitude of
DRpp, the equatorial MO figure of merit, and ofDFpp ~curve b!,
the phase difference betweenDRpp andR0s. Variation withu of the
amplitude~curve c! and phase~curve d! of the product ofe21

x (zc)
ande21

z (zc), the twop components of the field in a pure gold film
~for a unit p excitation! at the location of the Co layer center.
2-7
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effect both the excitation field and the MO component arp
waves and therefore couple with the SP modes. In o
words, the two components of the field coupled through
equatorial MO effect are thex andz components. Then, ac
cording to Eq.~15!, the MO component of the reflected fie
is proportional to the product of the two components of thp
field at the location of the Co layere21

x (zc) ande21
z (zc). As

shown in Figs. 6~c! and 7~c!, these components are bo
enhanced atuR as the resonant factorr 23

p appears in their
expressions@Eq. ~8b!#, and therefore their product superim
poses these enhancement effects~Fig. 9, curves c and d!.
Here again, when comparing curves a and b with curve
and d in Fig. 9, it is clear that the MO componentDRpp

directly images the product of the values at the Co laye
e21

x (zc) ande21
z (zc) the electric field components involved i

the MO effect, and therefore reproduces the related reso
feature.

B. Rotation and ellipticity, figure of merit,
and signal-to-noise ratio

The most commonly discussed MO quantities are the K
~or Faraday! rotation and ellipticity that we note here, respe
tively, Kl andKc. They are defined in the polar and longit
dinal geometries as

Kl'tan~K1!5
Sl

2RI
and Kc'tan~Kc!5

Sc

2RI
. ~23!

However, considering these quantities can be misleading
a quantitative analysis of the MO properties of a syste
Indeed, as evidenced when writingKl andKc as a function
of the quantities that we discussed in the previous sec
~namely,R0s, DRps, and Dfps or R0p, DRsp, and Dfsp!,
any approach to enhance the MO response of a struc
including a given magnetic material must fulfill two cond
tions: the medium must provide a large Kerr rotation~or
ellipticity! and a high reflectivity.1,3

In Fig. 10, the polar Kerr rotation~curves b and e! and
ellipticity ~curves c and f! deduced from the measuremen
presented in Fig. 5 are plotted as a function of the incide
angle. At resonance, for boths and p excitations, the ellip-
ticity goes through zero and the Kerr rotation is strong
enhanced when compared to the value measured in the
total reflection range. Nevertheless, this resonant enha
ment effect reaches about a factor 10 forp excitation, and a
factor 3 for s excitation. This difference between the tw
incident polarizations is in fact ‘‘artificial’’: it is not due to
the MO properties of the system but features the variation
the reflectivity. Indeed, as can be seen from curve b in Fig
the reflectivity RI , which enters as a denominator in th
expression ofKl for p excitation goes through a deep min
mum ~close to zero! at resonance. On the contrary, fors
excitation, because the reflectivity~see curve a in Fig. 5!
does not show any particular feature and remains alm
equal to 1 in the whole range of incidence angle, the
hancement~by a factor 3! of Kl atuR is directly related to the
one of uDRpsu @Fig. 6~a!#. This emphasizes that when th
reflectivity varies~which is for instance the case near t
plasma edge!,2 the Kerr rotation and ellipticity are not suffi
23542
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cient to describe the MO properties of the system, and
increase of these quantities may not be significant.

In fact, the relevant MO quantity is the modulus of th
MO component of the reflected light electric field~uDRpsu
for s excitation anduDRspu for p excitation! which is usually
taken as the MO figure of merit.3,18 Indeed, in the limit
where the noise is dominated by the shot noise~i.e., is pro-
portional to uR0su or uR0pu, the square root of the reflectiv
ity!, the signal-to-noise ratio related to the measuremen
the MO response is proportional touDRpsu or uDRspu as can
be obviously seen from Eqs.~16! and~17!. These quantities
which are independent of the reflectivity, are identical f
boths andp incident polarizations and show a large enhan
ment when the SP’s are excited@Figs. 6~a! and 7~a!#.

On another respect, the maximum MO responseSmax

5@(Sl)21(Sc)2#1/2 ~Fig. 10 curves a and d! can be deduced
from the measurements presented in Fig. 5, or directly m
sured by compensating at detection the phase differe
(Dfps or Dfsp! between thes and p components of the
reflected light electric field. At resonance, for boths and p
excitations,Sc ~i.e., the ellipticity! goes through zero~curves
c and f in Fig. 10! andSmax is almost equal toSl . But for p
excitationSmax is quite small atuR @Fig. 10~d!# because the
resonant behavior ofuDRspu is attenuated by the vanishin
reflection coefficientuR0pu, while for s excitation, asuR0su is
almost equal to unity, the variation ofSmax @Fig. 10~a!# re-
produces the resonant enhancement ofuDRspu. The highest

FIG. 10. In the polar configuration (M iz), polar Kerr rotation
~curves b and e!, polar Kerr elipticity ~curves c and f! and maxi-
mum polar MO response~curves a and d! as a function of the
incidence angleu, for s ~left column! andp ~right column! excita-
tions. The symbols represent the experimental points and the
lines are obtained from theory.
2-8
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reflectivity for s excitation yields a highest MO signal: th
provides a ‘‘perfect amplification’’ effect which does not o
cur with p excitation.

Therefore, in noble-metal–ferromagnetic-metal multilay
thin films the three conditions required to obtain a high M
response with a high signal-to-noise ratio~large rotation,
zero ellipticity, and high reflectivity! are satisfied fors exci-
tation at the noble metal SP resonance. Although the K
rotation is larger at resonance forp excitation than fors
excitation, the figure of merit, i.e., the signal-to-noise ratio
identical for both incident polarizations (uDRpsu5uDRspu),
and the use of as excitation even provides an addition
‘‘perfect amplification’’ effect due to a high reflectivity.

Note that, in the longitudinal and equatorial configur
tions, the figures of merit are, respectively,DRsp, (DRps),
andDRpp. When comparing these quantities one sees tha
the same system~here sample 2!, the MO figure of merit is
larger in the equatorial configuration than in the longitudin
geometry: four times larger at resonance and about two ti
larger off resonance foru,uc . Therefore, in the case o
samples with in-plane magnetization, using the excitat
and detection conditions of our equatorial MO experim
~or any other similar conditions! can have significant advan
tages when compared to the usual longitudinal geometry

C. Spectral dependence of surface enhanced magneto-optics

One of the main advantages of SP’s over most of the o
MO effect enhancement mechanisms is the possibility
achieve this resonant excitation in a wide spectral range
deed, it can be seen from the dispersion relation of the S
~Fig. 1! that the coupling with photons of a given energy
simply obtained by tuning the value of the incidence angleu.
In Fig. 11~a!, we have plotted the variation with incidenc
angle of the reflectivity of ap-polarized incident light mea

FIG. 11. In the polar configuration (M iz), variation withu of
the reflectivity for p excitation ~curves a! and of the polar MO
responseSl for s excitation ~curves b! measured on sample 1 fo
two values of the excitation energy~\v51.55 eV and \v
52.18 eV!.
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sured on sample 1 for two different values of the excitat
energy: an infrared line (\v51.55 eV) and a yellow line
(\v52.18 eV) of the krypton-ion laser. The minimum o
reflectivity, characteristic of the excitation of the SP res
nance, is observed for these two light wavelengths at dif
ent values of the resonance angleuR : respectively, 43° and
47°. According to the dispersion relation of SP’s, the larg
the photon energy, the larger the value ofuR . For the two
photon energies, the enhancement effect on the polar
response is observed at the corresponding resonance
@Fig. 11~b!#.

Conversely, we have measured the polar MO respons
the system for three different values of the incident angle
a function of the excitation energy~Fig. 12!. For the smallest
value of the incident angleu542.9°, the resonant couplin
is achieved in the near infrared range and the MO sig
decreases with increasing photon energy. For the interm
ate value ofu544.4°, the resonance occurs for red light.
the corresponding wavelength, the MO response g
through a maximum. For the largest value ofu554.4°, the
resonance is shifted towards the blue side of the spect
and the MO response increases with increasing photon
ergy.

The efficiency of the SP enhancement effect on the M
response depends on the resonance quality factor i.e., o
value of u«28 /«29u: as shown in Sec. II, when the SP’s a
excited, the resonant factorr 23

p is approximately equal to
24i«28 /«29 . In noble metals,u«28 /«29u is very large for infra-
red frequencies where surface plasmons tend to a photon
behavior, and diminishes with increasing energy. This
plains the sharpness of the resonant feature in the reflect
of a p-incident wave and in the MO response measured w
\v51.55 eV when compared to the broad equivalent pe
obtained with\v52.18 eV~Fig. 12!.

We have measured, versus the excitation energy,
variation of uDRpsu, the MO component modulus fors exci-
tation, at resonance~u5uR is different for each\v value!
and out of resonance atu535°, which is comparable with
the usual ‘‘normal incidence’’ geometry@Fig. 13~a!#. No par-
ticular feature is observed in these smooth variations wh
are determined by the dependence on\v of all the optical
constants involved in the problem. The enhancement of
MO figure of merit all over the probed spectral range appe
clearly, as the value ofuDRpsu is always much larger at reso
nance than out of resonance. The ratio of the values

FIG. 12. In the polar configuration (M iz), variation with\v of
uDRpsu for three different values ofu larger thanuc .
2-9
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uDRpsu in these two regions gives the resonance enhan
ment factor which in fact characterizes the efficiency of
enhancement effect and depends almost only on the
optical constants. As shown in Fig. 13~b!, this enhancemen
factor decreases with increasing energy as expected from
variation of the SP resonance quality factor. In the ne
infrared range,uDRpsu is enhanced by almost a factor of
and when increasing the photon energy, the enhancem
reduces but still remains close to 3 for green light. T
variation is in reasonable agreement with the theoret
curve @full line in Fig. 13~b!# calculated after the treatmen
described in Sec. II and in the Appendix, and only taking in
account the variation with\v of the dielectric function of
gold «2 taken from Ref. 15.

V. CONCLUSION

We have shown that in magnetic metallic multilayer sy
tems the coupling of light with the SP modes may prov
surface-enhanced MO effects. This coupling occurs in a v
simple total reflection arrangement. We have presented a
tailed experimental and theoretical investigation of the re
nance effect of SP’s on the MO properties of a Au/Co/
model system. The results demonstrate that the condit
required to obtain a high MO response are satisfied at r
nance, where a strong enhancement of the figure of m
~i.e., of the signal-to-noise ratio! is observed. This effect is
directly related to the enhancement of thep components of
the field at the location of the cobalt layer inside the go
thin film. The surface-enhanced MO effect occurs for a
orientation of the easy-magnetization axis and is particula
important in the equatorial Kerr geometry. When varying t

FIG. 13. In the polar configuration (M iz), variation with exci-
tation energy ofuDRpsu measured at resonance~symbolsj! and out
of resonance in the nontotal reflection condition atu535° ~symbols
h!. Variation with\v of the related resonance enhancement fac
uDRps(uR)u/uDRps(35°)u ~symbols1!.
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photon energy, the efficiency of the enhancement of the M
figure of merit follows the variation of the quality factor o
the SP resonance. The quality factor of the SP resonanc
high whenu«28 /«29u@1 which is the case for noble metals
a wide spectral range including the near infrared and vis
domains. Therefore, this technique is particularly w
adapted to noble-metal–ferromagnetic-metal multila
structures, already known to exhibit large MO response
standard nontotal reflection geometry.

Other systems such as Pt/Co/Pt or Pd/Co/Pd, which
ceive a lot of attention, are not as good candidates for sur
enhanced magneto-optics. Indeed, the ratiou«28 /«29u is only of
about 0.6 for platinum and 1 for palladium~one order of
magnitude smaller than for silver and gold! over the whole
near-infrared and visible range. For these systems, the
face plasmon resonance is damped and cannot provide a
nificant enhancement of the MO figure of merit.

Finally, SP resonance in noble metals provides an elec
magnetic enhancement mechanism which has already
successfully applied to the near-field MO response5 and to
the MO second harmonic generation19 in magnetic metallic
multilayer thin films.
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APPENDIX: PERTURBATION OF THE GOLD HOST
MATRIX OPTICAL PROPERTIES BY THE Co LAYER

As demonstrated in Chap. VI of Ref. 12, the optical r
sponse of a Au/Co/Au structure of total thicknessd can be
calculated by considering the thin Co layer of thicknessl as
a perturbation of the gold host layer of same thicknessd.

For instance, for aa-polarized light~a5s or p!, the re-
flectivity of the Au/Co/Au structureR0a ~neglecting the MO
effect! can be written as a function of the reflection a
transmission coefficients of the pure gold layerRAu

a andTAu
a :

R0a'RAu
a S 11

dRa/RAu
a

~12dTa/TAu
a !

D , ~A1!

wheredRa anddTa are defined by

dRa5
ik0

2l

2k1
ē21

a ~zc!@hI •e21
a ~zc!#, ~A2a!

dTa5
ik0

2l

2k3
ē23

a ~zc!@hI •e21
a ~zc!#. ~A2b!

e23
a is the field in the gold layer calculated@from Eq. ~8!,

replacing the index 1 by 3# for an incidence from medium 3
with the same in-plane wave-vector componentu. The vec-
tors ē21

a and ē23
a are symmetric with respect to the planeyOz

of the fieldse21
a and e23

a . The hI matrix describes the conti
nuity relations of the electromagnetic field in thez direction:

hI 5~«m2«2!S 1 0 0

0 1 0

0 0 «m /«2

D . ~A3!

r

2-10
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For s andp polarizations, it can be shown that

dTs

TAu
s 5

ik0
2l ~«m2«2!

2k2t12
s

3@exp~ ik2zc!1r 21
s exp~2 ik2zc!#e21

s ~zc!,

~A4a!

FIG. 14. ~a! Variation with u of the modulus and phase of th
quantity (12dTa/TAu

a )21, for the two linear polarizationsa5s
~dotted lines! anda5p ~full lines! and for the two samples~sample
1 with a Co layer of thicknessl 51 nm and sample 2 with a Co
layer of thicknessl 55.7 nm!.
e

-

s

h

23542
dTp

TAu
p 5

ik0
2l ~«m2«2!

2k2t12
p H @exp~ ik2zc!2r 21

p exp~2 ik2zc!#
k2

k2
x

2@exp~ ik2zc!1r 21
p exp~2 ik2zc!#

q

k2
zJ @hI •e21

p ~zc!#.

~A4b!

The variation with incident angle ofdTa/TAu
a mainly follows

that of the electric field in the gold layere21
a (zc).

It is also shown in Ref. 12 that the unperturbed field
cobalt em1

0a , which appears in the expression of the MO r
flection coefficientsDRab @Eq. ~12! of the main text#, is
related to the field in a pure gold filme21

a (zc), by the quantity
(12dTa/TAu

a )21 @Eq. ~11! of the main text#:

em1
0a 5

e21
a ~zc!

12dTa/TAu
a . ~A5!

The modulus and phase of the quantity (12dTa/TAu
a )21 are

plotted in Fig. 14 for the two systems experimentally studi
and for thes and p polarizations. This quantity does no
differ very much from unity over the probed incidence ang
range except by a small extra damping feature forp waves in
the vicinity of the SP resonance

Consequently, the quantityR0a/RAu
a is also close to unity.

The reflectivity of the Au/Co/Au system is therefore ve
similar to that of the pure gold layer. In this case, the sm
damping feature almost only changes the width of the SP
in the p reflectivity.
x
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