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Abstract. Magnetization-induced second-harmonic gener-
ation near the surface plasmon resonance in an ultrathin
Au/Co/Au structure has been investigated. The resonant
coupling of surface plasmons at the fundamental frequency
results in a strong enhancement and sign reversal of the
nonlinear magneto-optical effects. Model calculations of the
observed phenomena are given on the basis of a nonlocal field
theory which permits the different interface contributions to
the nonlinear polarizationP(2ω) to be distinguished.

PACS: 78.20.Ls; 42.65.Ky; 71.45.Gm; 78.66.-w

Surface plasmons (SP) are surface electromagnetic waves
which canbe excited in noble metals below the plasma fre-
quency [1]. It has been shown experimentally and theor-
etically that optical second-harmonic generation (SHG) is
strongly enhanced near the SP resonance [1–5]. In the last
few years great attention has been paid to the study of thin
magnetic multilayer structures due to their novel physical
properties, like giant magnetoresistance and interlayer anti-
ferromagnetic coupling, and their large potential for technical
applications. The resonant coupling of the electric field at
optical frequencies with SP in metallic multilayer films re-
sults in an increase of the linear magneto-optical effects [6].
Since the first observation of magnetization-induced SHG [7,
8] (also called NOMOKE for the nonlinear magneto-optical
Kerr effect) it has been proven that SHG is a powerful
method for studying magnetic surfaces and interfaces. This
method was intensively used for investigations of new non-
linear magneto-optical phenomena in different film compo-
sitions [9–14], showing that magnetization-induced SHG is
very sensitive to the magnetic and electronic structure of thin
films.

In this article we present the first experimental observa-
tion of nonlinear magneto-optical phenomena near the sur-
face plasmon resonance in ultrathinAu/Co/Au multilayer
films. The measurements were done using the attenuated
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total reflection (ATR) technique in the Kretschmann geom-
etry [15]. The resonant coupling of SP with light at the fun-
damental frequency gives rise to a strong enhancement of the
total SHG, as compared to the classical reflection configura-
tion used in [7–13]. The magnetization-induced SHG is also
enhanced, and exhibits a sign reversal near the SP resonance.
We developed a model on the basis of a nonlocal field theory,
which allows us to distinguish the contributions of the vari-
ous interfaces to SHG. Model calculations are in very good
agreement with the observed phenomena.

In the electric-dipole approximation, SHG is only allowed
in media lacking space-inversion symmetry [16]. For noncen-
trosymmetric media possessing magnetizationM, the nonlin-
ear polarizationP(2ω) can be expressed as

P(2ω)i = ε0χ
(i)
ijk Ej Ek± ε0χ

(c)
ijk (±M)Ej Ek , (1)

whereEj andEk are components of the optical electric field
at the fundamental frequencyω. The first term in (1) describes
the time-invariant (i -type [17]) nonmagnetic contribution to
P(2ω). The second term in (1) contains the time-noninvariant
(c-type [17]) nonlinear susceptibilityχ(c)ijk which gives rise to
new nonlinear phenomena such as nonlinear magneto-optical
rotation [9] and nonlinear circular dichroism [18]. This term
changes sign under the time-reversal operation, and is there-
fore an odd function of the magnetizationM. Neglecting dis-
sipation in the medium,χ(i)ijk is a real tensor andχ(c)ijk is a pure

imaginary tensor [19]. In the presence of absorptionχ
(i)
ijk and

χ
(c)
ijk are complex, thus allowing interference between them.

For crystallographically centrosymmetric layers SHG is al-
lowed, in the electric-dipole approximation, only at surfaces
and interfaces where the space-inversion symmetry is broken.
The nonlinear optical polarizationP(2ω) excited in a three-
photon process (hω2 = hω1+hω1) is the source term for the
SH intensity [16]:

I (2ω)α
∣∣χ(i)∣∣2+ ∣∣χ(c)∣∣2±2

∣∣χ(i)∣∣ ∣∣χ(c)∣∣ cosϕ , (2)

whereϕ is the optical phase difference betweeni - andc-type
nonlinear susceptibilities. When the magnetizationM is re-
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versed,ϕ changes by180◦ and the sign of the interference
term 2

∣∣χ(i)∣∣ ∣∣χ(c)∣∣ cosϕ is changed [13].
The ultrathinAu/Co/Au films were deposited on a1-mm-

thick float glass substrate in a high vacuum chamber, fol-
lowing the procedure described in [20]. The first25 nm-thick
Au buffer layer was used to obtain largefcc crystallites and
to reduce the surface roughness. The second3 nm-thick (15
monolayers)Colayer had a polycrystallinehcpstructure with
(0001)planes parallel to the film surface. ThisCo layer was
protected by a3-nm-thick Au top layer.At suchCo thick-
ness, the easy magnetization axis was parallel to the surface
of the film. Pulsed coils producing an in-plane magnetic field
up to1 kOewere specially designed to magnetize this sample.
The glass substrate was optically coupled to a half-cylindrical
glass lens by using a refractive index adaptation liquid.

The experimental setup and the geometry of measure-
ments in ATR configuration are shown in Fig. 1. The mode-
lockedTi:sapphire laser pumped by anAr-laser was used as
a source of100 fslight pulses with a repetition frequency of
86 MHzat the wavelength ofλ= 800 nm. The beam, with an
average power of30 mW, was focused on the sample in a spot
of about100µm in diameter. In front of the sample, a RG715
filter was used in order to eliminate possible parasitic SHG
generated at the surfaces of the optical elements. After the
sample we used a BG40 filter to block the fundamental light.
The SH intensity generated by theAu/Co/Au film was meas-
ured with a high-sensitivity cooled CCD camera. We used
p-polarized fundamental light (TM mode) which excites SP
near an incidence angleθp with a wave vectorkp defined by
the SP dispersion equation [1]

kp= ω
c

√
ε1ε2

ε1+ ε2
, (3)

whereε1 andε2 are the dielectric constants of the two media
at the interface at which SP are excited. SP may be coupled
with evanescent optical waves from a half-cylindrical glass
lens at the angle

θp= arcsin
(

kpc

ω
√
ε

)
, (4)
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Fig. 1. Schematics of the experimental setup

whereε is the dielectric constant of the glass. For interfaces
between optically isotropic media withp-polarized excita-
tion, when there are onlyx andz components in the funda-
mental electric field (see Fig. 1), the nonlinear polarization
P(2ω) can be described for the longitudinal geometry (M‖x)
by the matrix expressionP(2ω)x

P(2ω)y

P(2ω)z

= ε0

0 χ(i)xxz 0
χ(c)yxx 0 χ(c)yzz

χ(i)zxx 0 χ(i)zzz

E2
x

2ExEz

E2
z

 . (5)

For the transversal geometry, whenM‖y, P(2ω) can be
written asP(2ω)x

P(2ω)y

P(2ω)z

= ε0

χ(c)xxx χ(i)xxz χ(c)xzz
0 0 0
χ(i)zxx χ(c)zxz χ(i)zzz

E2
x

2ExEz

E2
z

 . (6)

The nonzeroi - andc-type tensor elements of the nonlinear
susceptibilityχijk are obtained on the basis of symmetry con-
siderations [17]. It is important to note that forp-excitation
in the longitudinal geometry, the SH field corresponding to
P(2ω) is p-polarized for the nonmagnetic (i -type) contribu-
tion, ands-polarized for the magnetic (c-type) one, whereas
in the transversal geometry SHG is alwaysp-polarized. These
symmetry properties of the nonlinear susceptibilities are re-
sponsible for the nonlinear magneto-optical rotation observed
in [9].

The variations of the reflectivity of theAu/Co/Au film at
the fundamental light frequency versus the angle of incidence
are shown in Fig. 2a. The signal increases up to the total in-
ternal reflection angleθt ' 43.5◦ and then strongly decreases
down to the angleθp' 45◦. The sharp minimum in the inten-
sity of the reflected light indicates that SP are excited near this
angle. Similar behavior of the reflected light atλ= 632.8 nm
in Au/Co/Au film has already been observed by Safarov et
al. [6]. Theoretical modeling of the reflection coefficients and
magneto-optical effects inAu/Co/Au films in the ATR con-
figuration on the basis of a nonlocal field approach has been
achieved by Kosobukin [21]. It was established that in the
Au/Co/Au/glass structure SP are excited at the air-Auinter-
face. The coupling of the light with SP gives rise to a strong
enhancement of the magneto-optical response measured by
the linear Kerr effect and by near field microscopy [6].

The total SH intensity measured in longitudinal geom-
etry (M‖x) with p-polarized input andp-polarized output is
shown by dots in Fig. 2b for angles ranging from40.5◦ to
48.5◦. According to (5) there is no magnetic contribution to
the nonlinear polarization in this configuration. The SH signal
has a strong minimum at the angleθ ' 44◦. It reaches a max-
imum nearθp, decreases, and is constant for anglesθ > 47◦.

The dots in Fig. 3 represent the SH magnetic contrast%,
measured in longitudinal geometry (M‖x) for θ = 45.2◦, as
a function of the angular positionα of the analyzer (α = 0
corresponds top-polarization), where% is defined as

%= I (2ω)(+M)− I (2ω)(−M)
I (2ω)(+M)+ I (2ω)(−M)

= 2
∣∣χ(i)∣∣ ∣∣χ(c)∣∣ cosϕ∣∣χ(i)∣∣2+ ∣∣χ(c)∣∣2 . (7)

The SH magnetic contrast% is proportional to the nonlinear
susceptibilitiesχ(i) andχ(c) and does not depend on the in-
tensity of the fundamental frequency light. The experimental
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Fig. 2a–d. Variations with the incidence angleθ of the reflectivity at
the fundamental frequency (a), the nonmagnetic SHG intensity (b), the
magnetization-induced part of the SHG,I (2ω)(+M)− I (2ω)(−M), in longi-
tudinal (c) and transversal (d) geometries

data are fitted by an equation given in [10]:

%= 2Φ tanα cosϕ

1+ (Φ tanα)2
, (8)

whereΦ is the ratio andϕ the phase difference between the
magnetic and nonmagnetic nonlinear susceptibilities given in
(5). The best fit, shown by the solid line in Fig. 3, gives the
following parameters:Φ = 0.045±0.001,ϕ = 68.2◦ ±0.3◦.
Thus the longitudinal configuration as well as the polar geom-
etry [10] allow the measurement of the important nonlinear
magneto-optical parametersΦ andϕ, which are related to the
nonlinear rotation and ellipticity [9, 10]. One should mention
that in the transparency region of a mediumϕ = 90◦. In this
case the interference betweeni - andc-type contributions is
not allowed and it becomes difficult to distinguish the mag-
netic contribution to the SH intensity.

We define the magnetization-induced part of the SH light as
the difference between the SH intensities for two opposite mag-

netizations:I (2ω)(+M)− I (2ω)(−M)∝ ∣∣χ(i)∣∣ ∣∣χ(c)∣∣ cosϕ. The
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Fig. 3. Longitudinal magnetic contrast of SHG as a function of the azi-
muthal positionα of the analyzer.α= 0 corresponds top-polarization

dots in Fig. 2c show this magnetization-induced part of the
SH light in the longitudinal configuration versus the angleθ,
for the position of the analyzerα = 80◦ where we obtained
a good signal-to-noise ratio. The magnetization-induced
SH signal changes sign twice in the narrow angle interval
θt < θ< 44.5◦, and then has a broad maximum near the angle
of SP excitationθp. It decreases drastically for larger angles
of incidence and then changes sign atθ ' 48◦. The same type
of measurements were performed in transverse configuration
(M‖y) for p-input and s-output polarizations and are shown
in Fig. 2d. The sign of the transverse magnetization-induced
SH signal changes twice in the angle intervalθt < θ < 45◦.
Then it increases strongly and has a broad maximum at
θ ' 45.5◦.

In order to explain our results, we developed a model in-
volving multiple interferences of the different contributions to
the fundamental and SH electric fields. The fact that theEz
component of the electric field and the characteristics of the
media are treated as discontinuous in the macroscopic limit,
although they vary physically on an atomic scale throughout
a transition layer, led us to consider a nonlocal theory. This
theory was developed for trilayer metallic systems near the SP
resonance in [21, 22]. An incident monochromatic light at the
fundamental frequencyω has an electric fieldE (ω, r), which
is related to a polarizationP (ω, r) excited in the medium
according to the wave equation

rotrotE(ω, r)−k2
0ε

0(z, ω)E(ω, r)= 4πk2
0P(ω, r) , (9)

wherek0 = ω/c, the dielectric functionε0(z, ω) is equal to
ε1(ω) if z< 0 (the glass substrate and the glass prism),ω2(ω)
if 0 < z< L (the gold film) andε3 if z> L (air). In the case of
a nonlinear medium the electric polarizationP(ω, r) is writ-
ten as

P(ω, r) = P(ω, r)+ P(2ω, r)+ . . . (10)

Following [22], (9) can be solved for the Fourier compon-
ent E(ω, r)= E(z;ω, k) exp(ikx) corresponding to the wave
vectork= exk0

√
ε1(ω) sinθ, whereex is the unit vector along

thex axis. Generally for a weak nonlinearity the Fourier com-
ponent of the polarizationP2ω(z; 2ω,2k) can be written as

Pi (z; 2ω,2k)= (2π)3
∫∫

χ
(2)
ijk (z,z1, z2;ω,2ω, k,2k) (11)

Ej (z1;ω, k)Ek(z2;ω, k)dz1dz2
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The nonlinear susceptibilityχ(2)ijk is assumed to be nonlocal in
z. The functionsEj andEk are discontinuous at the film inter-
faces due to the boundary conditions. Following the nonlocal
approach we use the continuous functionsFj and Fk for the
fundamental electric field of the light which results from self-
consistent solutions of the wave equations [21]. We can write
the electric field of the light at double frequency as

E(2ω)i (z; 2ω,2k)= Aijk(z;ω,2ω, k,2k)Fj (z;ω, k)Fk(z;ω, k)
(12)

where the tensorAijk includes integral function of the non-
linear susceptibilityχ(2)ijk . The continuous functionsFj andFk
are calculated on the basis of the Green functions and given
in [21] for the interfaces of trilayer films. In order to calculate
the total nonlinear electric field generated from aAu/Co/Au
film it is necessary to take into account multiple interference
of different contributions to SHG. The electric field of the SH
waveEi (2ω) in the glass prism can be given as a sum of SHG
contributions from the film interfaces

Ei (2ω)= A21
ijk F21

j F21
k f(θ)−T21A42

ijk F42
j F42

k f(θ)e2i K2d2 (13)

+T42T21A42
ijk F24

j F24
k f(θ)e2i(K4d4+K2d2)

+T24T42T21A32
ijk F32

j F32
k f(θ)e2i(K2d′2+K4d4+K2d2) ,

whereTab are the Fresnel transmission coefficients for SH
light. The numbering of the interfaces is given in Fig. 1: 21 is
theAu/glass, 24 theAu/Co, 42 theCo/Au and 32 the air/Au
interface,d2, d′2 andd4 are the thickness of theAu buffer,Au
upper layer andColayer respectively. The functionf(θ)must
be taken as cos(θ) or sin(θ) for x or z polarizations of the SH
light. Kn is the complexz component of the SH wave vector
for mediumn:

Kn =
√
εn(2ω)K2

0− K2, (14)

where K0 = 2ω/c, K = K0
√
ε1(2ω) sinθ. The first term in

(13) describes a contribution toEi (2ω) from the air-Au in-
terface, the second and third terms are from theAu-Co and
Co-Au interfaces, the fourth term is from the air-Au inter-
face. At each film interface in respect with (5) and (6) there
are six independent SH components in the transverse geom-
etry and five independent SH components in the longitudinal
one for p-polarized fundamental light. We developed a pro-
gram using (7) and (13) for nonlinear procedures fitting our
data. The complex refractive indices ofAu and Co were
taken from [23], and the unknown components of the ten-
sor Aijk were taken as fit parameters. The calculated curves
are shown in Fig. 2b-d by the solid lines. One may see that
we obtained very good agreement between experiment and
theory. In the experiments presented here, the SH yield ob-
tained by using surface plasmons is enhanced by a factor of
four, approximately, as compared to the classical reflection
configuration. Nevertheless, there is a considerable tempo-
ral broadening of the fundamental pulses due to the spectral
dispersion of the thick glass lens which was used to couple
surface plasmons into the layers. Using the above model and
the calculated parameters, we were able to calculate that an
enhancement up to two orders of magnitude could be reached

by pre-compensating the spectral dispersion with an appropri-
ate sequence of prisms.

We have demonstrated experimentally for the first time
magnetization-induced second-harmonic generation in the re-
gion of the surface plasmon excitation in ultrathinAu/Co/Au
structures. In the electric-dipole approximation second-
harmonic generation is allowed at magnetic and nonmagnetic
interfaces in these films. At the angleθp, due to the coupling
of SP with the fundamental frequency light, the fundamen-
tal electric field is resonantly enhanced at the nonmagnetic
air/Au interface and redistributed to the magneticAu/Coand
Co/Au interfaces. This results in a strong enhancement of
both the magnetization-induced and the nonmagnetic SHG.
Drastic changes in the distribution of the fundamental field
at the magnetic interface nearθp result in a sign reversal of
the magnetization-induced part of SHG in longitudinal and
transversal geometries. Model calculations based on a nonlo-
cal field theory are shown to be in good agreement with the
experimental results.
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