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Surface-enhanced magneto-optics in metallic multilayer films
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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 the 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.
DOI: 10.1103/PhysRevB.64.235422 PACS nuniber78.20.Ls, 71.45.Gm
[. INTRODUCTION experimental and theoretical study of the MO properties, in

total reflection geometry, of a model Au/Co/Au structure. In

The enhancement of magneto-opti@diO) effects stimu-  this system, the easy-magnetization direction of the Co layer
lates a wide interest as it may promote new capabilities ofan be chosen either perpendicular or parallel to the film
optical techniques for studying magnetic material propertie®lane simply by changing the thickness of the Co layer. This
and because of the possible applications to information stoi@llows one to study the three different Kerr geometries in
age. Several approaches are proposed apart from the elagdmost identical systems. As we have already demonstrated
ration of magnetic materials with high MO constants. Theyin the case of the polar configuratidrmur results show that
are mainly based on the design of a multilayer structured resonance characteristic feature is observed in Kerr effects,
which exhibits an optimized MO figure of merit for a given for the three magnetization directions, when the gold SP’s
magnetic material in a given light energy range. The strucare excited. This feature corresponds to a strong enhance-
ture can be the combination of an active material either witiment of the MO response, figure of merit and signal-to-noise
dielectric layer$ or with nonmagnetic metal layefs. For ~ ratio of the whole system. The resonant coupling of light
instance, it has been shown that ferromagnetic-metal—noblavith the SP modes and the resulting enhancement of these
metal multilayer structures exhibit increased Kerr rotation afeélevant MO quantities are achieved for any photon energy
the plasma edge of the noble metal matrix dielectric functiorin the near infrared and visible spectra, simply by tuning the
&.2 Nevertheless, the MO response and figure of merit ofncidence angle. In the infrared range, as the quality factor of
these structures are not necessarily enhanced because of ti@ SP resonance increases, the resonant feature of the MO
losses and a low reflectivity. response becomes sharper and the enhancement effect more

However, it has been shown that a resonant electromagfficient.
netic mechanism, similar to those which provide surface- In Sec. ll, we give the basic principles and a theoretical
enhanced Raman scattering and related phenofheoas description of surface enhanced magneto-optics in noble-
exist for improving the MO response and figure of merit of metal—ferromagnetic-metal multilayer systems. In Sec. Il
noble-metal—ferromagnetic-metal multilayer thin filifs. we describe the characteristics of our Au/Co/Au samples, the
This mechanism involves the metal surface plasn®B experimental setup, and the procedure used for measuring
mode$~° which can be excited, in a wide spectral range, bythe MO effects. In Sec. IV, we present and discuss the ex-
the p component of the evanescent light electric field propaferimental results obtained for the different magnetization
gating along the surface of a thin metallic film illuminated in directions and for various light excitation energies.
total reflection condition. An early work reporting on the
influence of SP’s on Kerr effect only concerned pure ferro- Il. PRINCIPLE AND THEORY
magnetic metal thin film&® where the SP’s are not well de-
fined due to overdampingRe()/Im(e)|<1, &, being the
magnetic metal dielectric functipnin this case, the Kerr The characteristics of metal SP modes are well
rotation is large but the figure of merit is in fact not en- established® These coherent charge oscillations propagate
hanced. In comparison, noble-metal-ferromagnetic-metatlong the metal surface and they may couple with photons in
multilayer thin films provide a significant advantage as thethe total reflection geometry. The commonly used experi-
quality factor of the noble metal SP resonance is highmental arrangement is the Kretschmann-Raether
(|ReE)/Im(e)[>1). configuration:* a parallel slab of metamedium 2 of dielec-

In the present paper, we report a detailed and completgic functione,=e,+ie5), with one face in contact with air

A. Surface plasmon modes in noble metals
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(medium 3 of dielectric functiores), is illuminated at an o 4
incidence angl® through a glass prisftmedium 1 of dielec- &
tric function e;=n3). The incidence plane isOz the inter- i
face plane ixOy andx, y, andz are the unit vectors of the o o
Ox, Oy, andOz axes. After Snell-Descartes law, the photon :
wave-vector componenmy, in the interface planélongOx), .
is conserved through the structure. Wex === F = = 2 N

In this geometry, photons illuminating the metal surface SP dispersion
are described by the dispersion relation ’
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wherew andc are respectively the pulsation and velocity of
light in vacuum. FIG. 1. Schematic plot of the dispersion relation of surface plas-
In mediumi, the light wave vector i&; = qx+ «;z, andx; mons taking into account the,(w) dispersion relation. The disper-
is related to the dielectric constast by sion relation of light(pulsationw as a function ofj, the wave vector
component parallel to the surfgds plotted for illumination of the
ki2: g ké: a2+ Ki’{ 2) metallic surface from the vacuum side in grazing incidefsteaight
line of slopec, the light velocity in vacuumand for illumination
whereky= w/C. through a prism of dielectric constasf at an angle of incidencey
For ana-polarized wave, where stands fors or p (re-  jarger thand, [dotted line of slopes/+/z, sin 6g. In this latter ge-
spectivelyE or B normal to the incidence plapethe coeffi-  ometry, the coupling of photons with surface plasmons is possible
cients of reflectiorrj and transmissionyj at a plane inter- and occurs in the illumination conditions corresponding to the in-
face between mediaandj are derived from the conservation terception of their dispersion curves.
of the in-plane components & and B:'?
The resonance is generally evidenced by measuring the
L ar—a o 2ya reflectivity as a function of the incidence angle in the total
ij :W’ ij :aia+ a®’ 3 reflection range. For an-polarized incident wave, the am-
J J plitude reflection coefficient in medium 1 is given by

where ai=«ilky, af=—«il(koe;), ¥;=1, and »f _

=n;/n;. . ristrosexp2ix,d) @
For ap-polarlzed_e_xcnatlon, a particular situation may AT T Sexp(2ikod)

occur at the metal-air interface whe+a$~0, that is,

For p-polarized incident light, the reflectivityRR |2 exhibits
Koleo~—kgles. (4) a dip,” corresponding to the minimum of the numerator oc-
curring in the SP region.

At the distance from the prism/metal interface, the fields
inside the metal layer are, respectively, given, $rand
p-polarized incident waves of unit amplitude, by

This condition, equivalent to the existence condition of
SP's? can be fulfilled in a noble metal below the bulk plas-
mon pulsation, whem,~¢;(|ej|>¢3) ande,<—1. Thus,

k3 is imaginary andk, mostly imaginary so that the light
wave which couples with the SP’s is evanescent in _ 1+r3.exd 2iky(d—2)]

medium 3. This results in a strong enhancementbgfand 1= 13, expli k52) TS Sexp2ingd) (83
t5, which at resonance become large and imaginary: 1223 2

thy~rbe~—diejle;. . . o o [1-rBexd 2ikx(d—2)] &,
Equation(4) combined with Eq(2) yields the dispersion e5,(2) =t expix,2) 17,0 i) KX
relation of SP’s, as schematized in Fig. 1: i o3exp2ixyd) Kz
, 1+rbexd 2ik(d—2z
ehtes| 2 N 23exf Kz(. )] a (@b
w=cq| ——— ©) 1-rhrbexp2ik,d) ks
2¢3

In the case of a 30-nm-thick gold film illuminated with a
light of wavelength 633 nm, the variations e}, and e5;
versusz are shown in Fig. 2 for two incidence angles: below
the total reflection critical angl#, and at the resonance
12 angle fz. When the SP resonance is not excitéat p po-

(6)  larization whend+ 6 and fors polarization, |r 53 is smaller

than unity so that the field components decrease wis

This condition can be fulfilled only ih;>n;, as expected mMost as expk,d) (k, is mainly imaginary. At resonance
since the SP excitation requires a total internal reflection gewhere|r is larger than 1, th& andz components of,(z),
ometry (k3 imaginary). €5,(2), ande3,(z) are strongly enhanced. They almost in-

By comparison with Eq(1), the photon and SP dispersion
relations intercept for a valuég of the incidence angle in
medium 1 given by
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FIG. 2. Variation with the distanceto the prism/metal interface
of the light electric field modulus inside of the noble metal layer for
unit s and p excitations and for two values of the incidence angle:
one lower tharg,, the otherfg corresponding to the resonant ex-
citation of the noble metal surface plasmons.

FIG. 3. Schematics of the magneto-optics experimental setup.
The inset shows the sample composition.

Within this approximation and for a thin layer
(|km?|<1) wheree’£(z) is almost a constard?s , the MO

crease witlz as exp(ix,d), that is they are maximum at the a-polarized component of the reflected wave is givel?by

gold-air interface where the SP resonance takes place. "y
The mechanism that we propose here for the enhancement ARYB= ~to” M (€9 (08 10
of the MO effects is then based on the assumption that a thin 2K, M (€1 Hemy) - (10

magnetic layer inserted in the noble metal film is exposed to

) . . _eLY . .
a strong field at resonance and one can therefore expect!d this equationgy; , the extraction vector of the-polarized

related enhancement of the MO response of this layer. field radiated by the MO induced electrical polarization, is
the symmetric ofe)% with respect to theyOz plane. This
B. First-order MO effects in metallic multilayer thin films exprgssign N valid_ fo.r any magnetization direction, incident
polarizationg and incident angle.

The system under study is a thin ferromagnétobal)
layer of thickness”, sandwiched between two noble metal
(gold) layers, the upper one of thickneds deposited on the ) . ]
glass prism and the lower one of thicknetsdeposited on The magneto-optical effects are given in HG0) as a
the top of the magnetic layéinset in Fig. 3. The structure is  function of the unperturbed fields; ande, [ in the cobalt
illuminated through the prism at an incidence ang@leby a  layer. However, as discussed in Chap. VI of Ref. 12 and in
B-polarized plane wavévhere stands fors or p) of pulsa-  the Appendix, since the cobalt layer is thin, these fields can
tion w. be related by a perturbation method to the fiesisand €},

For any homogeneous magnetizatitdh, the material in a pure gold layer of thicknesbequal to the total thickness
equation in the cobalt layer relating the displacement vectoof the Au/Co/Au sandwichd=d’ +/+d"):*?

Dy, (2) to the electric fieldg(2) is

C. Gold SP resonance feature in the MO response

Oa €1(2Z¢) 11
Dn(2) = €0 mEum(2) + £0gM DE(2). (©) O Ty, 1y
The termegeEn(2) describes the isotropic response of theHere, the altitudez, in the equivalent gold layer represents
material and, as discussed in Chap. IV of Ref. 12the distance between the glass-gold interface and the center
£ogMUE,(2) represents an induced radiating electric polar-of the cobalt layerTy, is the complex transmission coeffi-
ization. The quantityg is a MO characteristic constant and cient of the pure gold equivalent layer, ad@“ is the first-
gM is always small relatively te,. Therefore,E.(z) can  order perturbation of the transmission due to the cobalt layer
be approximated, to first order igM and for an excitation (see the Appendix
wave of unit amplitude incident from medium 1, by the un-  The MO reflection coefficients of the gold-cobalt-gold
perturbed field in the cobalt Iayefﬁ(z) calculated for zero  sandwich can thus be written as a function of the fields in the
magnetizatior(first Born approximatiohn equivalent gold layer

235422-3



C. HERMANN et al. PHYSICAL REVIEW B 64 235422

— iké / gM[&5(z¢) D% 1(z0)] hysteresis loop modulated magnetization
AR~ . (12 M4 M
2Ky (1—6TYTE)(1—6TAITR) le—L—
Therefore, the MO quantitAR*? exhibits the SP resonant F (
feature ofeb; and/ored,, thep fields in the equivalent gold > —>
layer. The damping due to the losses in the Co layer, de- J H Hme
scribed bysT*P/T?, can be shown to be small for the Co : D R —
layer thicknesses used in the present experimental saedy alternative pulsed
the AppendiX so that the gold SP enhancement effect, origi- magnetic field H
nating frome}; and/ore},, remains.  s———
For M alongOz the magneto-optical coefficients are
ik2/  gMZeb(z.)ely(ze) : ; )
PS_ A RSP 07 210 Zc) €1 Z¢ : :
AR AR ey (T oIS, (1 oTPITE) B
(13 R
For M alongOx, we derive Y time
"y MY . FIG. 4. Principle of the MO effects measurements by alternating
ARPS— — ARSP~ 1Ko/ gM¥ez(zc)e51(Zc) pulsed magnetic field modulation technique. Stierl0 us long
2Ky (1= 8T Ta ) (1= 8TPITR) alternating pulses of magnetic field larger than the Co-layer coer-

(14 cive field (=800 Oe for sample 1 ang200 Oe for sample )2are
applied at a low repetition rate (&+20Hz). Consequently, the
In Egs.(13) and (14), the enhancement &fR*” due to the  saturated magnetization of the Co layer is periodically flipped.
SP resonance respectively arise frefy(z.) and e5,(zc).
The same enhancement effect occurs for bsthand
p-polarized incident lights: for @-polarized incident wave,
the exciting field is enhanced and induces a large electric In our experimentFig. 3), the glass substrate, of dielec-
polarization which in turn radiates; forspolarized incident tric constant e;=2.28, is optically coupled to a half-
wave, the induced MO electric polarization radiatescylindrical glass prism by an adapting refractive index liquid.

B. The experimental setup and procedure

p-polarized waves enhanced by the SP resonance. Linearly polarized light emitted from a Krypton-ion laser
Finally, for M along Oy, there is nos-p coupling (AR*" jlluminates the sample through the prism at a variable inci-
=ARP*=0), but a modificatiomARPP of the p-wave reflec-  dent angled. A \/2-retardation plate, when rotated by 45°,
tion coefficientRPP: allows us to change the incident polarization fremo p. The
W2/ aMYel . intensity and the polarization state of the reflected beam are
ARPP%I o/ gMYen(z;)er(Zc) (15) analyzed.

2k, (1—8TPITRY)? The Kerr effects are measured by means of specific modu-
lation techniques. A small magnetic coil is set near the

Here, the SP resonance enhances both the exciting field a@gmme surface with its axis parallel to the Co-layer easy-

the field radiated by the induced MO polarization. magnetization axigalong thez direction for polar Kerr mea-
surements on sample 1 and along xh@&ndy directions for,
. EXPERIMENTAL respectively, longitudinal and equatorial MO experiments on

sample 2. As described in Fig. 4, under alternative pulsed
current operation of the coil the saturated magnetization of
In a Au/Co/Au sandwich structure, the easy-magnetizathe Co layer is periodically flipped. For polar and longitudi-
tion direction changes with the thickness of the cobalt layenal geometries the resulting modulation of the reflected light
from perpendicular to in-plane configuration. This allowedpolarization induced by the MO effect is detected as an in-
us to study the thregoolar, longitudinal, and equatorjéerr  tensity modulation through a polarization analyzer. This ana-
effects with two very similar samples. lyzer is either a linear analyzer oriented at 45° to the incident
The first specimen(sample 1 of total thicknessd polarization axis, or a circular analyzer, i.e., a quarter-wave
=30nm, where the"=1-nm-thick cobalt layer has its easy- plate inserted after the linear analyzer which is oriented at
magnetization axis perpendicular to the film plane, was used5° from the retarding plate axis. In the equatorial geometry
for the polar Kerr experiments. The thicknesses of the undethe MO effect directly induces a modulation of the reflected
and cap gold layers are, respectivetl,=25nm andd” p intensity and we have performed the MO measurements
=4 nm. The second specimesample 2, for which d first without analyzer as is usually done, and then in a par-
=35.7nm,d'=24.2nm,d”"=5.8nm, and/=5.7nm, ex- ticular configuration that we will detail further. In the three
hibits an in-plane easy-magnetization axis and was studied iKerr geometries, the ac component of the detector output
the longitudinal and equatorial Kerr geometries. Bothsignal at the modulation frequency, measured through a
samples were grown on a float glass substrate under UHWbck-in amplifier, is the amplitude of the MO hysteresis loop
conditions and exhibit a square hysteresis &bp. at zero external magnetic field. For a unit excitation intensity,

A. The Au/Co/Au samples
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FIG. 5. Variation with the incidence angteof the reflectivity(curves a,b and g)land of the polar¥1z) (curves c—f and longitudinal
(MIIx) (curves i—) MO responseS of the Au/Co/Au samples. The left columfsurves a,c,e and g,i kcorrespond tc excitation and the
right column(curves b,d,f and h,),lto p excitation. The MO signal is measured in the reflected beam with a linear-light an&tyrees c,d
and i,) and with a circular-light analyzgcurves e,f and k)l The symbols correspond to the experimental data and the full lines represent
the theoretical fits.

the dc detector output signal yields the reflected interBjty €ach incident polarizatior8 (s and p), the three physical
and the ac signal is the MO respor8ef the system. quantities which determine the MO response of the system,
namely,|R%|, |AR*#|, andA ¢*#, can be obtained.

We have performed the measurementsRpf S, andS°

IV. RESULTS AND DISCUSSION . S - .
as a function of the incidence angle, in the polar and longi-

A. Effect of the SP resonance on the MO response tudinal geometriesrespectively, on sample 1 and sampje 2
for the different Kerr geometries for s andp excitations, with a light wavelength=647 nm.
o The results are presented in Fig. 5. The symbols represent the
1. Polar and longitudinal MO effects experimental data and the full lines are obtained after the

In the polar MIIx) and longitudinal M11z) geometries, theoretical treatment present_ed in .Sec. II C and in th_e Ap-
the MO effect induces a component perpendicular to the inpendix. The values of the dielectric constants used in this
cident polarization direction. Therefore, whatever the excitacalculation (s,=—11+2i, en=-11.5+18.3, gM,=
tion polarizationg, the reflected light electric field is the sum —0-6488+0.0007, and gM,=gM,=—0.5725 0-1_0‘615)
of a B component of amplitudeR% and of the MO @re close to those generally quoted in the literatiré® In
a-polarized component of amplitudeR*?(a # B). The ex-  POth configurations, the results are very similar. .
pressions of the different quantities that we measure, the re(i:i':or p excitation, the pronounced minimum of reflectivity

= . | c ) . g. 5, curves b and)ircharacteristic of the excitation of the
:ﬁ?;';’g;‘ dag(iitrgilgraﬁgglgr Z:ledtshérr]espectlvely with gold SP’s is observed at the resonance armigle 44.5° be-

yond the total reflection critical anglé. (=~41.5° in the

_|p0B|2 aB|2 | p0BI2 present cage As shown in the Appendix, because of the
R = R+ AR~ [R, (16 presence of the Co layer, the width of this peak is larger than
S'=2|R%||AR%#|cog A $°F) and in a pure gold film and this broadening is more important for
sample 2 {=5.7 nm) than for sample (=1 nm). In the
S°=2|R%||AR*A|sin(A ¢F), (17) MO responses and S°, a remarkable feature is observed
aroundéy for both s andp excitations.
where AP is the phase difference betwe¢R’| and Straightforwardly deduced with Eqé16) and (17) from

|AR*A|. Thus, with the measurements®f, S', andS®, for ~ the measurements, the resonant character of this feature is
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FIG. 6. Variation with the incidence angteof the polar MIz) FIG. 7. Variatipn with t_ht_e incidence angkeof the longitudinal
MO reflection coefficients, measured on sample 1,sfandp ex- (MHx). MQ reflection coefficients, measured on sample 2 sfand
citations: the moduliARPS and [ARSP| (curve a and the phase P €xcitations: the moduljAR™ and [AR®P (curves & and the
differencesA®PS and A®SP (curves b are deduced from the data phase differenceA®Ps and A®SP (curves b are deduced from the

presented in Fig. 5. The symbols correspond to the measuremenfidt@ presented in Fig. 5. The symbols correspond to the measure-
the full and dotted lines represent the theoretical fithich are ~ MeNts, the full and dotted lines represent the theoreticalviitsch
identical for |[ARPY and |[AR®")). The experimental data can be '€ |dent|cal_for|ARpS| and|AR®P|). The experimental data can be
compared with the modulusurves ¢ and phasécurves d of thex ~ compared with the modulusurves ¢ and phasécurves d of thez

andy components of the excitation field calculated in a pure gold2ndy components of the excitation field calculated in a pure gold
film at the location of the Co layer center. film at the location of the Co layer center.

in particular its resonant feature, directly images the varia-
tion of the value at the Co layer of the component of the

the related MO quantitie\ R*?| and A ¢ [curves(a) and field involved in tf;e MO Kerr ef.fect., i.e., afy,(z.) for polar
(b) in Figs. 6 and 7 for, respectively, polar and longitudinal 980Metry and o&5,(z) for longitudinal geometrycompare
geometries For both polar and longitudinal geometries, the €Urves(a@ and(b) with curves(c) and(d) in Figs. 6 and T.
moduli|AR| are strongly enhanceiile., about three times Note that, while the theoretical fits in curves and(b) of

larger than the ones obtained in the standard nontotal reflefi9S- 6 and 7(full lines) account for the losses in Co, the

tion geometry, while the phase differenced ¢*# vary curve;(c) an_d (d) in Figs. 6 and 7 are calculgted for a pure

strongly through the resonance. gold film. This shows that the SP resonance is not very muc_h
As we already discussed, the MO componehR* are affectec_l by the presen_ce_of the Co layer and that the_refore, in

proportional to the product of the values of the two Compo_such thin ferromagnetic films, one can make full profit of the

nents orthogonal to the magnetization of the fietdgz.) resonant enhancement effésee the Appendx

ande),(z.), calculated in the pure gold layer at the altitude

z. of the cobalt laye{Eq. (12)]. More precisely, for polar

Kerr effect these field components a(z.) and e3,(z.) The equatorial MO Kerr effect is an intensity effect which

while for longitudinal Kerr effect the relevant components corresponds to the differendeR, of reflected intensity, for a

are e%,(z;) ande},(z;). As shown in curvesc) and(d) of ~ P-polarized light, between the two opposite magnetization

Figs. 6 and 7, if they (or s) component exhibits no particular States of a ferromagnet with in-plane easy magnetization axis

feature in the variation of either its modulus or its phase, th?€rpendicular to the incidence plafteere along the axis):

x andz components show on the contrary a resonant feature o

at the incidence angle where the SP’s are excited. The im- AR,=2 R{RPARPP), (18

portant point is that the observed variation of the MO com-

ponents of the reflected light electric figldRSP andARPS),  whereR% is the reflecteq field for zero magnetization.

evidenced when considering the variations witaf the MO
component of the reflected light electric fiekR%?, i.e., of

2. Equatorial MO effect
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FIG. 9. Variation with@ of |ARPP| (curve g, the amplitude of
ARPP, the equatorial MO figure of merit, and af®PP (curve b,
the phase difference betweARPP andR". Variation with 6 of the
amplitude(curve 9 and phasécurve g of the product ofe},(z.)
andej(z.), the twop components of the field in a pure gold film
(for a unitp excitation at the location of the Co layer center.

FIG. 8. Variation with the incidence angkof the reflectivity
R, (curve @ and of the usual intensity MO responS&, (curve b,
in the equatorial MIly) configuration, measured on sample 2 for a
p excitation. Variation withd of the R} and RS (curves ¢, symbols
[0 andl, respectively and of the equatorialMIly) MO responses
S and S (curves d and emeasured, for an incident polarization
rotated by 45° from thes and p-polarization directions, respec- . . .
tively with a linear and a circular analyzer. The symbols corresponc}/\_/h(':‘nCUSIrlg a circular an.alyz.er, the measured reflected inten-
to the measurements, the full and dotted lines represent the theoréilly R [closed squares in Fig(&], and the MO response,

ical fits. S° [Fig. 8)], are given by
0 ip0s|2
We have measured, versus the incidence angle, the mean R°=|R PHIR™| (21)
reflected intensityR, [Fig. 8@] and the equatorial MO re- ! 4 '
sponseAR, of sample 2[Fig. 8b)]. The R, curve is obvi- . o
ously very similar to the one obtained in the longitudinal S*=Reg R°PARPP) + Im(R%SARPP). (22

geometry. In the nontotal reflection range of incidence angles o .
(6<6,), the value of the MO signal, which is anyway not W|th both polarization analyzers, the reflectivity and the MO
expected to be very large, is almost zero in the particula?'gnal show a fealture related to the SP resonance. From the
case of sample 2. But beyorstd, AR, exhibits a huge peak Measurements d§, S°, AR, and using the experimental
in the SP region. variation of RO.s [dedu_ced from Fig. ®)] we have deter-

In order to achieve a complete analysis of the equatoriaMined the variation withy of the MO componenfARPP of
MO effect, we have performed MO measurements in an unthe equatorial MO effect, or more precisely |@¢fR""| [Fig.
usual geometry where the linear excitation polarization is?(@] and of A$P® the phase difference betwe&rR"? and
rotated at 45° from the (andp) axis and where a polariza- R°° [Fig. 9(b)]. Around 6, ARPP exhibits a very sharp reso-
tion analyzer(inear or circulay is introduced in front of the nant featurelARPP| is enhanced by nearly a factor 10 when
detector. In these conditions, when using a linear analyze£ompared to the value measured in the usual nontotal reflec-
the measured reflected intensi] [open squares in Fig. tion configuration(i.e., for 6<6;) and A ¢"° (which almost

8(c)] and the MO respons8 [Fig. 8(d)], are given by’ varies similar to theARPP phas¢ jumps by about . More-
over, at resonance ARPP| is about four times larger than

|ROP— ROS|2 |ARPY [Fig. 7(a)] the MO component measured on the same
= (29 sample in the longitudinal Kerr geometry while, fé« 6.,
|ARPP| is only two times larger thapA RP|.
L L This stronger enhancement of the MO componarRPP|
S'=Rg R°PARPP]— R ROSARPP]. (200  at resonance is related to the fact that in the equatorial Kerr

IR R
R FE—
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effect both the excitation field and the MO component@re s-excitation p-excitation
waves and therefore couple with the SP modes. In other sl a L d
words, the two components of the field coupled through the
equatorial MO effect are the andz components. Then, ac-
cording to Eq.(15), the MO component of the reflected field

is proportional to the product of the two components offithe
field at the location of the Co layezs,(z.) ande3,(z.). As
shown in Figs. &) and 7c), these components are both
enhanced atiz as the resonant facta; appears in their
expression$Eq. (8b)], and therefore their product superim-
poses these enhancement effedty. 9, curves ¢ and)d
Here again, when comparing curves a and b with curves c
and d in Fig. 9, it is clear that the MO componehRPP
directly images the product of the values at the Co layer of
e5.(z.) andej,(z.) the electric field components involved in
the MO effect, and therefore reproduces the related resonant
feature.

Smax (%0)

rotation X' (mrad)

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

ellipticity K (mrad)

The most commonly discussed MO quantities are the Kerr
(or Faradayrotation and ellipticity that we note here, respec- — s — : s . : :
tively, K' andK®. They are defined in the polar and longitu- 35 40 45 50 55 35 40 45 50 55
dinal geometries as 6 (deg) 6 (deg)

K'%tar(Kl)zi and KC~tar(KC):i (23
2R, 2R,

FIG. 10. In the polar configurationMllz), polar Kerr rotation
(curves b and e polar Kerr elipticity (curves ¢ and)fand maxi-
mum polar MO responsécurves a and das a function of the
However, considering these quantities can be misleading fdncidence angle, for s (left column) andp (right column excita-

a quantitative analysis of the MO properties of a systemtions. The symbols represent the experimental points and the full
Indeed, as evidenced when writitd andK® as a function lines are obtained from theory.

of the quantities that we discussed in the previous section

(namely,R%, ARPS, and A ¢PS or R%, ARSP, and A ¢°P), cient to describe the MO properties of the system, and an
any approach to enhance the MO response of a structutgcrease of these quantities may not be significant.

including a given magnetic material must fulfill two condi-  In fact, the relevant MO quantity is the modulus of the
tions: the medium must provide a large Kerr rotatimr MO component of the reflected light electric fiefh\ RS
ellipticity) and a high reflectivity:® for s excitation and ARSP| for p excitation which is usually

In Fig. 10, the polar Kerr rotatioficurves b and eand  taken as the MO figure of merdt® Indeed, in the limit
ellipticity (curves ¢ and)fdeduced from the measurements Where the noise is dominated by the shot ndgise, is pro-
presented in Fig. 5 are plotted as a function of the incidencgortional to|R%]| or |R|, the square root of the reflectiv-
angle. At resonance, for bothand p excitations, the ellip- ity), the signal-to-noise ratio related to the measurement of
ticity goes through zero and the Kerr rotation is stronglythe MO response is proportional fARPS| or |AR®P as can
enhanced when compared to the value measured in the nobe obviously seen from Eqgl6) and(17). These quantities,
total reflection range. Nevertheless, this resonant enhancghich are independent of the reflectivity, are identical for
ment effect reaches about a factor 10 foexcitation, and a bothsandp incident polarizations and show a large enhance-
factor 3 for s excitation. This difference between the two ment when the SP’s are excitggigs. §a) and 7a)].
incident polarizations is in fact “artificial”: it is not due to On another respect, the maximum MO respoiBs&*
the MO properties of the system but features the variation of=[(S)?+(S)?¥? (Fig. 10 curves a and)dcan be deduced
the reflectivity. Indeed, as can be seen from curve b in Fig. 5from the measurements presented in Fig. 5, or directly mea-
the reflectivity R,, which enters as a denominator in the sured by compensating at detection the phase difference
expression oK' for p excitation goes through a deep mini- (A¢P° or A¢°P) between thes and p components of the
mum (close to zerd at resonance. On the contrary, fer reflected light electric field. At resonance, for battand p
excitation, because the reflectivitgee curve a in Fig.)5 excitationsS® (i.e., the ellipticity goes through zerécurves
does not show any particular feature and remains almost and f in Fig. 10 andS™ is almost equal t&'. But for p
equal to 1 in the whole range of incidence angle, the enexcitationS™* is quite small atfdg [Fig. 10d)] because the
hancementby a factor 3 of K' at 6 is directly related to the resonant behavior dfARSP| is attenuated by the vanishing
one of |ARPS [Fig. 6@a)]. This emphasizes that when the reflection coefficientR°P|, while for s excitation, agR"| is
reflectivity varies(which is for instance the case near the almost equal to unity, the variation & [Fig. 10a)] re-
plasma edge? the Kerr rotation and ellipticity are not suffi- produces the resonant enhancementAdRSP|. The highest
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N 0 9=42.9°
oa + 0=44.4°
z e ~ L w8=544
o] P § - - /" AY
3 4 °155eV i A "
= — v " > 78
= " 2.18eV 8'9; 1 ~ N -
<4 * @=L
R / ’n/ ; <
p O h ~
0 1

16 1.8 2 22 24
excitation energy (eV)

FIG. 12. In the polar configuratiorMl|z), variation with7w of
|ARPS for three different values of larger thand, .

sured on sample 1 for two different values of the excitation
: - b energy: an infrared lineA{w=1.55eV) and a yellow line
(hw=2.18eV) of the krypton-ion laser. The minimum of
reflectivity, characteristic of the excitation of the SP reso-
FIG. 11. In the polar configurationMiz), variation with @ of ~ nance, is observed for these two light wavelengths at differ-
the reflectivity for p excitation (curves a and of the polar MO €Nt values of the resonance anglg: respectively, 43° and
responseS for s excitation (curves b measured on sample 1 for 47°. According to the dispersion relation of SP’s, the larger

two values of the excitation energyiw=1.55eV andfe  the photon energy, the larger the valuedf. For the two
=2.18eV. photon energies, the enhancement effect on the polar MO

response is observed at the corresponding resonance angle
reflectivity for s excitation yields a highest MO signal: this [F19: 11b)].

provides a “perfect amplification” effect which does not oc- ,_CONversely, we have measured the polar MO response of
cur with p excitation, the system for three different values of the incident angle as

Therefore, in noble-metal—-ferromagnetic-metal multilayera function of the excitation enerd¥ig. 19. For the smallest

L o . X . value of the incident anglé=42.9°, the resonant coupling
thin films th(_a three .condl.tlons reqw_red to obtain a h|gh I\/lois achieved in the near infrared range and the MO signal
response with a high signal-to-noise rafiarge rotation,

zero ellipticity, and high reflectivityare satisfied fos exci- decreases with increasing photon energy. For the intermedi-

tation at the noble metal SP resonance. Although the Kerﬁfg V?(l)liree(s)m;éﬁf 'V\EQS(;Z?]O?E nctehé)ctlz\;ljg f(r)é Sreg n“S%ht' gtas
rotation is larger at resonance forexcitation than fors b 9 gth, P 9

excitation, the figure of merit, i.e., the signal-to-noise ratio, Isthrough a maximum. For the largest valgeayl 54.4°, the
. . L S ps| sp) resonance is shifted towards the blue side of the spectrum
identical for both incident polarizationg XRPS|=|AR®"]), . L :
o , L and the MO response increases with increasing photon en-
and the use of & excitation even provides an additional
“perfect amplification” effect due to a high reflectivity ergy. -
' The efficiency of the SP enhancement effect on the MO

Note that, in the longitudinal and equatorial configura- d d h litv . h
tions, the figures of merit are, respectivehReP, (ARP) response depends on the resonance quality factor i.e., on the
' ’ ’ hat. iyalue of [e;/e5|: as shown in Sec. Il, when the SP’s are

andARPP. When comparing these quantities one sees that, in® . : )
the same systerthere sample 2 the MO figure of merit is excited, the resonant facta, is approximately equal to

H ! 4 ! A H
larger in the equatorial configuration than in the longitudinal~41€2/85. In noble metals|e;/#5] is very large for infra-
geometry: four times larger at resonance and about two timg@d frequencies where surface plasmons tend to a photonlike
larger off resonance fop< .. Therefore, in the case of Pehavior, and diminishes with increasing energy. This ex-
samples with in-plane magnetization, using the excitatiorPlains the sharpness of the resonant feature in the reflectivity
and detection conditions of our equatorial MO experimentof @ p-incident wave and in the MO response measured with
(or any other similar conditionsan have significant advan- #@=1.55eV when compared to the broad equivalent peaks

tages when compared to the usual longitudinal geometry. ©obtained with#iw=2.18 eV (Fig. 12. o
We have measured, versus the excitation energy, the

variation of|ARP9, the MO component modulus farexci-
tation, at resonancé&d= 6y, is different for eachtiw value

One of the main advantages of SP’s over most of the othesind out of resonance #=35°, which is comparable with
MO effect enhancement mechanisms is the possibility tdhe usual “normal incidence” geometf¥rig. 13a)]. No par-
achieve this resonant excitation in a wide spectral range. Inticular feature is observed in these smooth variations which
deed, it can be seen from the dispersion relation of the SP'are determined by the dependencefaen of all the optical
(Fig. 1) that the coupling with photons of a given energy is constants involved in the problem. The enhancement of the
simply obtained by tuning the value of the incidence argle MO figure of merit all over the probed spectral range appears
In Fig. 11(a), we have plotted the variation with incidence clearly, as the value dfARP9 is always much larger at reso-
angle of the reflectivity of g-polarized incident light mea- nance than out of resonance. The ratio of the values of

C. Spectral dependence of surface enhanced magneto-optics
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photon energy, the efficiency of the enhancement of the MO
. S figure of merit follows the variation of the quality factor of
' the SP resonance. The quality factor of the SP resonance is
high when|e,/e5|>1 which is the case for noble metals in
= at resonance a wide spectral range including the near infrared and visible
s atf=35° domains. Therefore, this technique is particularly well
g--"® adapted to noble-metal—ferromagnetic-metal multilayer
- structures, already known to exhibit large MO response in
standard nontotal reflection geometry.
0 S ——— Other systems such as Pt/Co/Pt or Pd/Co/Pd, which re-
+ experiment ceive a lot of attention, are not as good candidates for surface
— theory enhanced magneto-optics. Indeed, the ratid 5| is only of
about 0.6 for platinum and 1 for palladiufene order of
magnitude smaller than for silver and gplver the whole
near-infrared and visible range. For these systems, the sur-
face plasmon resonance is damped and cannot provide a sig-
nificant enhancement of the MO figure of merit.
1r Finally, SP resonance in noble metals provides an electro-
magnetic enhancement mechanism which has already been
16 18 2 25 o4 successfully applied to the near-field MO respSnsed to
excitation energy (eV) the MO second harmonic generattdin magnetic metallic
multilayer thin films.

n-
e

1k

enhancement factor

FIG. 13. In the polar configurationMllz), variation with exci-
tation energy of ARPS measured at resonan@ymbolsll) and out ACKNOWLEDGMENTS

of resonance in the nontotal reflection conditio®at35° (symbols . N
). Variation with#w of the related resonance enhancement factor The a_UthorS thank Y. .Lassa'"y and C. Marbefor .Sa”?p'e
| ARPS(6g)|/| ARP(35°)| (symbols+). preparation and F. Bridou for x-ray characterization of

samples.

|ARPY in these two regions gives the resonance enhance- AppENDIX: PERTURBATION OF THE GOLD HOST

ment factor which in fact characterizes the efficiency of the MATRIX OPTICAL PROPERTIES BY THE Co LAYER
enhancement effect and depends almost only on the gold ) )
optical constants. As shown in Fig. (13, this enhancement ~ As demonstrated in Chap. VI of Ref. 12, the optical re-

factor decreases with increasing energy as expected from tffonse of a Au/Co/Au structure of total thicknebsan be

variation of the SP resonance quality factor. In the nearS@lculated by considering the thin Co layer of thicknesas

infrared range|ARPY is enhanced by almost a factor of 5 a perturbation of the gold host layer of same thickness

: ; For instance, for ar-polarized light(a=s or p), the re-
and when increasing the photon energy, the enhancemept . Oa .
reduces but still remains close to 3 for green light. ThisﬁeCt'VIty of the Au/Co/Au structurd ™ (neglecting the MO

oY T . : ?ﬁecij can be written as a function of the reflection and
variation is in reasonable agreement with the theorencatransmission coefficients of the pure gold lajRs, and T,
curve [full line in Fig. 13(b)] calculated after the treatment pure g Au-

described in Sec. Il and in the Appendix, and only taking into SR¥Ry,
account the variation witlkw of the dielectric function of RO~ R,iu( 1+ W) (A1)
gold ¢, taken from Ref. 15. Au
where SR and 6T“ are defined by
V. CONCLUSION ikd/
_ | - R =— —&(z) - &1(20)], (A23)
We have shown that in magnetic metallic multilayer sys- K1
tems the coupling of light with the SP modes may provide ik,
surface-enhanced MO effects. This coupling occurs in a very 5T“=L€§3(zc)[ 7-€5(z0)]. (A2b)
simple total reflection arrangement. We have presented a de- 2K3 B

tailed experimental and theoretical investigation of the resoeg; is the field in the gold layer calculatddrom Eq. (8),
nance effect of SP's on the MO properties of a Au/Co/Aureplacing the index 1 by]¥or an incidence from medium 3
model system. The results demonstrate that the conditiongith the same in-plane wave-vector componénihe vec-
required to obtain a high MO response are satisfied at resqorse, ande;, are symmetric with respect to the play@z
nance, where a strong enhancement of the figure of merj the fieldseg, andeg,. The 7 matrix describes the conti-

(|_.e., of the signal-to-noise rafids observed. This effect is nuity relations of the electromagnetic field in théirection:
directly related to the enhancement of fh&omponents of

the field at the location of the cobalt layer inside the gold 1 0 0
thin film. The surface-enhanced MO effect occurs for any i 0 1 0 (A3)
orientation of the easy-magnetization axis and is particularly 7=(em=e2) :

important in the equatorial Kerr geometry. When varying the 0 0 eple;
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[=1nm (=5.7nm p ikz/‘s —e
f_;u SR E Z(Kzn;ﬁz 2 [exp(iKzzc)—rglexq—ixzzc)]’l:—jx
ER I : : q
g —[exp(lKch)HE’leXp(—IKch)]k—22 [7-€5x(z0)].
] I (A4b)
0 S — The variation with incident angle afT*/ T4, mainly follows
/6 F - that of the electric field in the gold layef,(z.).
It is also shown in Ref. 12 that the unperturbed field in
g ok e L cobaltels , which appears in the expression of the MO re-
e flection coefficientsAR*? [Eq. (12) of the main tex}, is
w6k i related to the field in a pure gold filql(zc), by the quantity
T (1—6T%T4,) ~* [Eq. (12) of the main text
35 40 45 50 55 35 40 45 50 55
6 (deg. 0 (deg) ou %al(zc) S
FIG. 14. (a) Variation with 6 of the modulus and phase of the fmi= ST Ta, (AS)

quantity (1-T*/T4,) "1, for the two linear polarizationse=s
(dotted lineg and = p (full lines) and for the two samplesample  The modulus and phase of the quantity(&T*/T4,) " are
1 with a Co layer of thickness’=1 nm and sample 2 with a Co potted in Fig. 14 for the two systems experimentally studied

layer of thickness”=5.7 nm. and for thes and p polarizations. This quantity does not
o ) differ very much from unity over the probed incidence angle
For s andp polarizations, it can be shown that range except by a small extra damping featurepforaves in

ST K2/ (en—e,) the vicinity of the SP resonance
—= 0/—”‘52 Consequently, the quanti§f®/R%, is also close to unity.
Tau 2Kot15 The reflectivity of the Au/Co/Au system is therefore very
. s . s similar to that of the pure gold layer. In this case, the small
X [expliraZe) + 15 EXp( 1 K27c) 1€54(Zc), damping feature almost only changes the width of the SP dip
(Ada) in thep reflectivity.
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