APPLIED PHYSICS LETTERS 97, 043114 共2010兲

Cobalt dependence of the magneto-optical response in magnetoplasmonic
nanodisks
J. B. González-Díaz,1,a兲 B. Sepúlveda,2 A. García-Martín,1 and G. Armelles1
1

IMM-Instituto de Microelectrónica de Madrid (CNM-CSIC), Isaac Newton 8, PTM, Tres Cantos,
E-28760 Madrid, Spain
2
Research Center on Nanoscience and Nanotechnology-CIN2 (CSIC) and CIBER-BBN,
08196 Bellaterra, Spain

共Received 28 June 2010; accepted 12 July 2010; published online 30 July 2010兲
In this work, we study the plasmon-mediated enhancement of the magneto-optical 共MO兲 activity in
the case of Au/Co/Au nanodisks as a function of the Co content. We show that both the spectral
shape and amplitude of the complex polar Kerr rotation are modified by the relative amount of gold
共diamagnetic兲 and cobalt 共ferromagnetic兲. We demonstrate that such shape modification is dictated
by the predominance of the absorptive or dispersive part of the MO constant in each material, which
is intimately related to the origin of their MO activity. © 2010 American Institute of Physics.
关doi:10.1063/1.3474617兴
During the past decade there has been a great interest in
plasmonic nanoscale objects, motivated by the ability of surface plasmons to surpass the diffraction limit of conventional
optics, such capability to localize the electromagnetic field in
subwavelength volumes can open paths to envisage recent
nanophotonic devices.1,2 With the aim of providing optical
activity and functionalities to plasmonic structures, noble
metal films, and nanostructures have been recently combined
with ferromagnetic materials to take advantage of their
strong magneto-optical 共MO兲 activity when an external magnetic field is applied. These magnetoplasmonic structures
have been employed to improve the limit of detection in
surface plasmon resonance 共SPR兲 sensors3 or to modulate the
transmittance of propagating surface plasmon polaritons
共SPP兲,4 based on the nonreciprocal variation in the SPP wave
vector with an external magnetic field.5,6
Another recent application has been the enhancement of
the MO response in nanostructures made out of noble metals
and ferromagnets due to the localization of the electromagnetic field induced by the excitation of a localized SPR
共LSPR兲.7–14 In these systems the ferromagnet induces the
MO activity and the noble metal allows the excitation of
nondamped plasmons, which increase the electromagnetic
field intensity inside the ferromagnet and, therefore, the MO
response of the system. However, very recently it has been
shown that pure noble metal nanoparticles can also exhibit a
measurable MO activity at low magnetic fields, without the
need of any ferromagnetic material if the LSPR is excited.15
This effect was found to be a consequence of an increase in
the magnetic Lorentz force induced by the large collective
movement of the conduction electrons in the nanostructures
when the resonance is excited.
In order to analyze the origin of the MO activity with
and without ferromagnetic material and how it is manifested
in the amplitude and shape of the MO spectra, we present a
comprehensive analysis of the MO effects in plasmonic
nanostructures with different amounts of the ferromagnetic
material. We will show that the ferromagnetic material, not
only reduces the magnetic field required to observe apprea兲
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ciable MO effects, but also induces a drastic change in their
spectral dependence, despite of the slight modification of the
optical response.
To show the dependence of the MO effects on the
amount of ferromagnetic materials we have fabricated arrays
of randomly distributed Au/Co/Au nanodisks by hole-mask
colloidal lithography.16 In these samples we have varied the
diameter 共60 and 110 nm兲 to change the position of the LSPR
and the quantity of Co, keeping constant the total thickness
of the disk at 32 nm. The Co layer is sandwiched between
two identical Au layers and its thickness is 0 nm, 6 nm, and
10 nm, respectively. Figure 1共a兲 shows a typical scanning
electron microscope 共SEM兲 image of a 60 nm diameter
sample. From this image it can be seen that the nanodisks
concentration is small enough to neglect possible interactions
between the disks, which could lead to a broadening of the
plasmonic resonance. Figure 1共b兲 shows the absorption spectra as a function of the Co quantity in the nanodisks. As it
can be seen, the absorption spectra have a peak, which corresponds to the LSPR of the disks. As the amount of Co
increases, the peak broadens and slightly blueshifts. In addition, Fig. 1共c兲 displays the normalized magnetization curves
as a function of the magnetic field intensity for various Co
amounts. These curves evidence the magnetic character of
the samples, since samples containing Co display a saturated
curve 共dots兲, typical of a ferromagnetic behavior, whereas
samples without Co display a linear dependence of the magnetization 共squares兲 with the magnetic field, as is expected
from a diamagnetic material like Au. Also in this figure we
present their corresponding polar Kerr rotation and ellipticity
spectra 关Figs. 1共d兲–1共f兲兴, which represent the change in the
polarization state of the reflected light induced by the applied
magnetic field. The spectra were obtained at normal incidence by applying a magnetic field of 1.6 T. As it can be
seen, the Co layer strongly modifies the wavelength dependence of the Kerr rotation and ellipticity spectra even though
it only slightly modifies the position and shape of the absorption spectra. In detail, the rotation and ellipticity spectra of
the Au nanodisks has a peak and an S-like structure, respectively, whereas the rotation and ellipticity spectra of the Au/
Co/Au nanodisks display the opposite structure. In addition,
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FIG. 1. 共Color online兲 Top: Scheme of the system considered. 共a兲 SEM
image of 60 nm diameter Au/Co/Au nanodisks. 共b兲 Extinction spectra for 60
nm diameter samples for different percentage of Co within nanodisks. 共c兲
Magnetization as function of magnetic field strength for nanodisks with 共red
dots兲 and without 共black squares兲 Co within the nanodisks. 关共d兲–共f兲兴 Kerr
rotation 共black squares兲 and ellipticity 共red dots兲 spectra for samples with
different Co amount.

the intensity of the rotation and ellipticity increases with the
Co amount, being in both cases much larger than that of Au
nanodisks. Similar results are obtained in the samples with
larger nanodisks diameter, although redshifted spectral structures are observed due to the increase in the nanodisks aspect
ratio.
To understand the causes of the spectral modification of
the MO activity induced by Co, we consider the different
physical mechanisms that give rise to the MO activity in
gold and cobalt. Macroscopically, these mechanisms are
manifested through the nondiagonal dielectric constants
共xy兲, therefore correlation between the MO response and the
optical and MO dielectric constants of the nanostructure is
required. To do so, we consider a simple model consisting of
a spherical metal nanoparticle of radius ␣, much smaller than
the light wavelength, embedded in a dielectric medium. The
complex Kerr rotation can be then expressed in terms of the
polarizability tensor ␣ij of the nanoparticle as follows:15
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FIG. 2. 共Color online兲 Real and imaginary parts of the MO dielectric constants of 共a兲 cobalt and 共b兲 gold.
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where xx and xy are the optical and MO dielectric constants
of the metallic nanoparticle and d the dielectric constant of
the external dielectric medium.
For simplicity, we only analyze the ellipticity spectra,
since the Kerr rotation can be easily obtained via Kramers–

where it has been assumed that the metal has very low abim
Ⰶ 1兲. As a result, from a spectral point of
sorption losses 共xx
view, if the imaginary part of the MO activity 共dispersive
xy
xy
Ⰶ im
兲,
part兲 is larger than the real one 共absorptive part兲 共re
the first term in Eq. 共2兲 dominates and the ellipticity shall
present an s-shape structure 共note that this term presents a
change in sign in the denominator when approaching
xx
= −2d, which is precisely the condition of LSPR excitare
tions兲. On the other hand, if the real part of the MO activity
xy
xy
Ⰷ im
兲, the second
is much larger than the imaginary part 共re
term of Eq. 共2兲 dictates the spectral response, and the ellipticity will display a peak structure. In conclusion, the shape
differences are originated by the part of the dielectric constant that is modified by the magnetic field.
To better see this, Figs. 2共a兲 and 2共b兲 shows the real
共continuous line兲 and imaginary 共dashed line兲 parts of the
MO constants of Co and Au. For Co, these constants were
experimentally obtained, whereas those for Au were obtained
through a Drude model calculation. It can be observed in this
spectral range that the real part of the nondiagonal constant
of cobalt is much larger than the imaginary part, being the
opposite for gold. This different behavior obeys to the different physical mechanisms giving rise to the MO activity in Au
and Co. For gold, the main contribution to the optical and
MO properties comes from conduction electrons, whereas for
cobalt the MO activity is mainly due to the spin-orbit interaction of d electrons.
xy
xy
Ⰶ im
at the
Therefore, for the pure Au nanodisks, re
LSPR spectral region and the ellipticity should have an
S-shape spectral structure, as it is experimentally observed.
In contrast, since the MO constants of Co are three orders of
magnitude larger than that of Au, the MO properties of the
Au/Co/Au nanodisks are fully determined by the Co part. As
xy
xy
Ⰷ im
at the LSPR region, which is mania consequence, re
fested as a peak structure in the ellipticity.
This simple model gives an accurate explanation of the
experimental behavior but in order to confirm these assumptions we calculated the Kerr ellipticity spectra using a
scattering matrix algorithm.17 The optical and MO constant
of Co used in the calculations were obtained from ellipsometry and polar Kerr measurements of continuous films,
whereas the MO constant of Au where simulated using a
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In conclusion, these results confirm the different nature
of the MO activity in Au and Au/Co/Au nanodisks and how
such difference drastically modifies the spectral behavior of
the MO effects. While in the former, the MO activity is induced by the collective movement of Au conduction electrons, in the later it is fully dominated by Co and conductions
electrons show a negligible contribution. Such contributions
entirely explain the different spectral behavior observed
when Co is introduced in the nanodisks.

FIG. 3. 共a兲 Theoretical ellipticity curves corresponding to an array of 60 nm
diameter Au/Co/Au nanodisks with several Co concentrations, from 0% to
30% 共The spectra for the pure Au nanodisks was multiplied by a factor of 25
in order to become clearly visible兲. All the spectra are referenced to the
spectral position of the LSPR when no magnetic field is applied. 共b兲 Same as
in 共a兲 but for 110 nm diameter nanodisks.
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Drude model with the following parameters:  p = 3.58 eV,
⌫ = 0.065 eV, and c = 1.856⫻ 10−4 eV for a 1.6 T magnetic
field. For the sake of clarity, these simulations, presented in
Figs. 3共a兲 and 3共b兲, were referenced with respect to their
corresponding spectral position of the LSPR 共E0兲. They show
a spectral dependence in very good agreement with the experimental results, although their intensities are higher than
the experimental ones, which is possibly due to a difference
in the optical and MO properties of the materials employed
in the calculations.
These results highlights the similarities between the MO
activity in Au and Au/Co/Au nanodisks and that observed in
MO materials, such as garnets, due to optical transition between atomiclike states of magnetic ions. In these materials
part of the MO activity is originated from electric dipole
transitions between localized states of magnetic ions and according to its spectral shape can be classified as diamagnetic
and paramagnetic transitions. In a diamagnetic transition the
MO effects mainly result from the magnetic field splitting of
the excited sate and the difference in the absorption coefficient between left and right-handed circular polarized light
around that transition has mainly an S-shape spectral structure 共equivalent to the magnetic field shift in the LSPR
wavelength in Au nanodisks兲. On the other hand, for paramagnetic transitions, the different occupation of the ground
state, split by the magnetic field, is the main cause of the MO
effects. In this case, the difference in the absorption coefficient between left and right-handed circular polarized light
around that transition shows a peak spectral structure
共equivalent to the magnetic field modulation of the LSPR
absorption in Au/Co/Au nanodisks兲.
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