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Abstract: We have designed and fabricated a nanodevice exhibiting simultaneously
ferromagnetic properties of nanostructures with plasmonic properties of continuous films.
Our device consists in an array of nanomagnets on top of a continuous plasmonic film. The
patterned nanomagnets magnetic state is single domain and well-defined shape anisotropy.
Despite the presence of the patterned media on top of the Au film, the system exhibit surface
plasmon resonance characteristic of a continuous film, i. e., propagating surface plasmon-
polaritons.
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1. Introduction

Magnetic nanomaterials have been used for many years in very different devices as memory
elements [1,2] or more recently sources of spin polarized currents [3,4] spin filters [5] and
others [6]. Simultaneously, plasmonic elements are included in circuits in order to use optical
signals at sub-wavelength scales [6,7]. Therefore, mesostructures containing both magnetic
and plasmonic elements, result interesting due to their potential uses for the development of
new miniaturized devices [8-12] not only to use both technologies separately, but also in
order to take advantage of the coupling phenomena between both effects [10,11,13].

Coexistence of intense plasmonic and strong ferromagnetic properties at room temperature in
a single material is challenging. The surface plasmon resonance (SPR) is maximized in metals
where the conduction electrons are highly decoupled from the atomic network so they behave
as plasmonic matter. This condition is well achieved for noble metals as silver and gold which
also present a high chemical stability that is required to avoid surface oxidation. On the other
hand, ferromagnetic metals usually exhibit a strong interaction between localized spins and
itinerant spins which leads to the macroscopic magnetic polarization. Hence, it is difficult to
achieve ferromagnetic and plasmonic behaviors in the same material. Only recently,



nanostructures of Ni [14-20] Ni/Co [21] and permalloy antidots [22] have been reported to
exhibit surface plasmons in combination with their well-known ferromagnetic character at
room temperature. However, the intensity of the plasmonic resonance in these type of
materials is fairly weaker than for noble metals as Au or Ag where the electromagnetic field
can be increased locally up to 80 times upon excitation of surface plasmons [23].

An alternative approach to obtain magneto-plasmonic systems consists in developing
nanostructures containing plasmonic and ferromagnetic elements. There are two great groups
of hybrid magneto-plasmonic structures that have been widely explored.

The first one consists in hybrid structures where both the plasmonic and ferromagnetic
elements are nanometric. In the last years, the recent advances in colloidal chemistry allowed
to develop complex nanoparticles with ferromagnetic and plasmonic elements with different
architectures as dimers [24], flowers [25] or core-shell structures [26-28] that exhibit
ferromagnetic properties and surface plasmon resonances. Patterning of multilayers to form
nanometric elements has been also studied, mainly in order to tune the SPR [29-31]. This type
of structures exhibit localized surface plasmon resonance, while the ferromagnetic behavior
can be tuned through the shape anisotropy.

The second type of magneto-plasmonic systems consist in ferromagnetic/plasmonic
multilayers, patterned or continious, being the most explored configuration a thin
ferromagnetic layer embedded in a plasmonic film [8,12,32-36]. This type of structures,
present surface plasmon-polaritons propagating along the plasmonic metal surface. The shape
anisotropy keeps the magnetization in plane but for continuous films or circular geometries
there is no chance to have a well-defined shape anisotropy axis and consequently square
hysteresis loops with large remanence.

Other configurations, as hybrid systems with one of the elements patterned and the other in
form of continuous films have been scarcely explored and mainly of cussed on patterning the
plasmonic element to excite localized SPR [34,37]. Very few systems with this structure
present propagating surface plasmons [22,36] and those correspond to system where the
ferromagnetic elements exhibit also weak surface plasmons resonance.

In this paper we present and characterize a new configuration of ferromagnetic/plasmonic
system consisting on a mesoscopic pattern of ferromagnetic bars deposited on top of a
continuous plasmonic film. The patterning of the ferromagnetic bars allows tuning their
ferromagnetic behavior by choosing dimensions to exhibit large shape anisotropy and single
domain behavior, so the magnetization of the individual nanomagnets is stable at room
temperature. Although patterning of the media in contact with the plasmonic elements may
yield to localized SPR, in our device, propagating surface plasmon-polaritons with relative
weak damping are observed. In this system, the properties of mesomagnets coexist with
propagating surface plasmon-polaritons.

2. Experimental

The analyzed sample is a continuous gold thin film with square arrays of permalloy (Py), Ni
80-Fe 20, nanobars on top of it. The substrate was 1mm thick BK7 glass cleaned with soapy
water and isopropyl alcohol prior to the sample fabrication. A 50 nm thick gold film was
directly grown on the glass substrate by physical vapor deposition of high-purity gold
(99.99%) wires through an electron beam evaporator. On top of the gold film, electron beam
lithography was used to pattern several identical arrays on a baked PMMA-A4 resist layer
(200 nm thickness). Subsequently, 50 nm of Py, were deposited into these arrays by DC
magnetron sputtering. Finally, we performed a lift-off process, so that only the Py nanobars
arrays remained on the gold film. The nanobars dimensions were 150 nm for the short axis
and 800 nm for the long axis with a periodicity of 500 nm and 1500 nm respectively, filling
up to 75 um x 75 um arrays with 15 um of separation for a total 400 arrays (Fig. 1). With
these dimensions the magnetic interaction between the nanomagnets is negligible so they
behave as isolated elements [38].
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Fig. 1 SEM images of the full-size sample (left) with a scheme of the structure (left inset) and a close-up of one of the
arrays (right) with a detail of the nanobars (right inset)

The SPR was measured using the Kretschmann-Raether configuration [23] with a homemade
device described elsewhere [39]. A scheme of the set-up is depicted in figure 2a. SPR was
excited using a 632.8 nm laser; the angular response of the photodiode was corrected as
described in [40]. For each sample a minimum of 6 scans were recorded. The spectra we
present correspond to the average of these scans where the symbol size indicates the standard
deviation. Any possible drift in the motor positions was corrected by fixing the position of the
critical angle to 42.6° this value depends only on the glass refractive index and the
surrounding air and it is independent of the Au film properties. SPR curve simulations were
carried out using Winspall freeware by RES-TEC24 including the correction of the refraction
for triangular prisms [41].

Magnetization curves were obtained with a home-made Kerr magnetometer in longitudinal
configuration, i.e., with the magnetic field applied in the plane formed by the incident and
reflected beams and parallel to the sample plane ([42-44]) as described in figure 2b. The
system uses a 635 nm laser diode in p-polarization as light source. The laser beam was
modulated at 313 Hz using a mechanical chopper and the signal analyzed with a lock-in
amplifier tuned at this frequency. The reflected (m=0) and the diffracted beams (m=1) were
used to record the magnetization curves. The incident beam was divided into two with a beam
splitter in order to track the fluctuations of the incidence beam and compensate them by
subtracting the incident signal from the reflected and diffracted ones after proper
amplification.

Simulations for the magnetization loop of the individual array elements were performed using
OOMMEF freeware by NIST [45]. A cell size of 25 nm was used to simulate a single element
with geometry and dimensions identical to those of the fabricated ones. The simulation was
performed placing this element inside a variable longitudinal magnetic field ranging from 1
kOe to -1 kOe then to 1 kOe again in order to get a closed magnetization loop.
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Fig 2. Schemes of the experimental set-ups used for (a) Longitudinal MOKE and (b) Surface plasmons resonance
using the Kretschmann-Raether configuration

3. Results and discussion
3.1 Magnetic characterization
Figure 3 show the magnetization curves measured by Kerr technique in both the reflected
(m=0) and diffracted (m=1) beams with the magnetic field applied along the bar axis. In both
cases a square hysteresis loop is observed with remanence close to 100% and coercive field of
about 400 Oe. The magnetization curve recorded in the diffracted beam shows a shoulder at
the field inversion which is characteristic of curves obtained from the diffracted beam for

non-interacting nanostructures. [46].
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Fig. 3 Magnetization curves from the Au+Py bars measured by Kerr technique along the easy axis (a) at the
reflected (m=0) and (b) at the first diffracted (m=1) beams.

In figure 3a we compare the experimental magnetization curve measured by Kerr
technique in the reflected beam with the simulation performed using OOMMEF for an
individual Py bar. Both curves show a reasonable good agreement confirming that the dipolar
interactions between the nanomagnets are negligible. The coercive field of the simulated
curve is 450 Oe in comparison with the 400 Oe for the experimental one. Therefore, these
nanostructures exhibit square hysteresis loops with steady magnetization at room temperature
due to the shape anisotropy [47] which results remarkable in view of the potential
applications in several field as information storage or spintronics. This high remanence is



consequence of the low magnetocrystalline anisotropy of permalloy (~10° J/m3) and large
saturation magnetization (8.3-10° A/m) as well as the large aspect ratio of the bars. In this
situation, the shape anisotropy is two orders of magnitude larger than the magnetocrystalline
one and the system exhibit high remanence in order to minimize magnetostatic energy.

Magnetization curves measured in the hard axis (not shown) presented very small
remanence and coercivity but large saturation field (over 2 KOe) as expected for nanobars
with large aspect ratio and saturation magnetization, and small magnetocrystalline anisotropy
[48].

3.2 Optical characterization

Figure 4 shows the reflectivity spectra recorded at the bare Au and Au/Py bars regions of
the samples measured for both directions of the SPR propagation vector, parallel and
perpendicular to the bars main axis. All the spectra show a kink at 42.6° corresponding to the
critical angle for total internal reflection [23,49].

The spectrum corresponding to the Au region shows reflectivity below 5% at extinction
and a resonance angle at 47.5 deg. There are small differences between the spectra recorded
in this bare Au region in the direction parallel and perpendicular to the bars main axis that are
due to experimental errors and provide an estimation of the reproducibility of our
measurements.

The profile of the curves measured at the nanobars region is that characteristic of surface
plasmon polaritons in Au films. Thus, the presence of the mesomagnets does not lead to the
extinction of surface plasmon polaritons. The reason is the existence of channels between the
mesomagnets where the plasmons can travel almost freely.

These spectra shows reflectance at resonance of 43% and 49% for the excitation of SPR
with propagation parallel and perpendicular to the bar main axis respectively. These values
confirm that the resonance is relatively intense despite the presence of thick (50 nm) Py
nanomagnets on top of the Au plasmonic film.
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Fig. 4. Reflectivity spectra measured at the bare Au region and at the Py bars on top the Au film region with the
wavevector of the SPR parallel and perpendicular to the axis of the bars.

This indicates that the surface plasmons propagating in the direction perpendicular to the Py
bars have weaker damping than those propagating parallel to the bars. The area covered by Py
is the same for both cases. Thus, the differences in the reflectivity spectra must be related to
the damping induced by the Py on the surface plasmons propagating in the bare Au region of
the sample. The propagation length of surface plasmon is of the order of micrometers, (that is,
much larger than the distances of the pattern) even in presence of roughness [50]. Therefore,
in our sample, the propagation of surface plasmons will take place mainly along the



“channels” between the bars. The width of these channels is 350 nm and 700 nm for the
directions parallel and perpendicular to the bar axis respectively. Previous works [51]
demonstrated that the propagation of surface plasmons along channels increases noticeably as
the width of the channel reduces, explaining the differences we observe here between the
curves measured in both directions.

3.3 Analysis of the optical properties

In order to analyze the interaction of the light with the sample we must consider the
relative dimensions of the pattern and the plasmon wavelength. When the light interacts with
a patterned medium there are two extreme situations named “long wavelength” and “short
wavelength” ranges.

The short wavelength regime corresponds to the case where light wavelength is fairly
smaller than the pattern dimensions. In this case, the light interacts with two different media
and the result of the interaction (for instance the intensity of the reflected or transmitted light)
is the sum of the interaction with each medium weighted by their relative areas. On the other
hand, the long wavelength regime corresponds to media patterned with dimensions much
shorter than the light wavelength. In this case, the light interaction with the matter can be
analyzed as the interaction with an effective medium with a dielectric permittivity that is
obtained from those of the individual elements of the pattern [52-54]. There is a large number
of effective medium theories dedicated to determine the permittivity of the effective medium
depending on the particular problem to analyze, being the simplest approximation to average
the dielectric permittivity of the elements of the pattern weighted by their relative volumes
[54-57].

A third intermediate situation corresponds to the case where the light wavelength is of the
same order of the pattern dimension. In this case, a proper analysis of the light-matter
interaction must be addressed by solving Maxwell equations. However, effective medium
theories usually allow to describe the light-matter interaction in this range but with effective
physical parameters that are not those well-defined for the extreme regimes of short and long
wavelength approximation [58,59]. In particular, at this scale, interferences and resonant
conditions can lead to resonances and sharp dependences of the optical properties with the
pattern dimensions when the ratio between light wavelength and pattern dimensions is an
integer number [60].

The wavelength of the laser used for excitation is 632 nm in air and the Au region
resonance is achieved at about ~48 deg of incidence with a refractive index of the silica
substrate of 1.52. Therefore, the wavevector of the surface plasmons in the Au film is about
680 nm [23].

Our patterned media have some dimension fairly smaller than this wavelength (150 nm
width of the bars), other dimensions of the same order (500 nm bar distance and 800 nm bars
length) and other that are fairly larger (the length of some channels in the material) so it is not
clear what is the best framework for the analysis of the optical properties of our system.
Therefore, we simulated the reflectivity spectra considering the three possible frameworks in
order to determine their validity.

In our sample the Py bars cover the 11% of the area. Thus, we initially simulated the
reflectivity spectrum for the sample as the sum of the 0.89 times spectrum of a bare Au film
plus 0.11 of the spectrum of a 50nm Au/50 nm Py bilayer. This analysis should correspond to
the short wavelength approximation and, as shown in figure 5a the result is very poor. In
particular the simulated spectrum is much more similar to that of the Au film than the
experimental ones, indicating that this procedure underestimates significantly the damping of
the SPR because of the presence of the Py bars.

Subsequently, we simulated the SPR spectra assuming that we are in the large wavelength
range, and considered a bilayer consisting on a 50 nm of Au plus a second layer also with 50
nm thickness and an effective dielectric permittivity. We used as effective permittivity the



average of the dielectric permittivity of the components of the films (Py and air) weighted by
their relatives volumes, that is, e.s=0.11 &p,+0.89 &5, that results in g =1.132+i 0.352.

As figure 5b shows, neither in this case the results of the calculation matches the
experimental data for both, SPR spectra measured in the direction longitudinal and
perpendicular to the bars main axis, confirming that the large wavelength approximation is

neither valid in this regime.
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Figure 5. Experimental and simulations of the reflectivity spectra according to (a) the short wavelength and (b)
large wavelength approximation as described in the text.

Finally, we tried to fit the SPR spectrum with an effective medium assuming a first 50 nm
Au layer plus a second continuous one being its the thickness and dielectric permittivity free
fitting parameters. To this purpose we initially fit the SPR spectra of the bare Au region
(measured in a region of the sample away from the patterned one), considering as free
parameters the thickness and dielectric function of the Au. The best fit corresponded to an Au
thickness of 48.6 nm and a dielectric permittivity of ¢=-9.11+i 3.03 as shown in figure 6a.
The difference between the nominal thickness of the Au films (50 nm) and that obtained from
the simulation is within the experimental error of the deposition thickness control system,
while the dielectric function obtained from the simulation is close to that reported in literature
for Au films at 632.8 nm [61,62]. Later we fitted the SPR spectrum of the Au film + Py bars
region assuming a continuous bilayer, but fixing the thickness and dielectric permittivity of
the first Au layer to those obtained in the previous fit (being free fitting parameters the
thickness and dielectric function of the second layer). These fits, shown in figure 6b and 6¢
were optimized assuming the effective continuous top film to be 15.2 nm thick with &=-
9.0125+i 4.511 and 9.3 nm thick with e=-7.472+i 7.585 for the spectra with the surface
plasmon wave vector parallel and perpendicular to the bars axis respectively. These
acceptable fits confirm that in this intermediate regime the system can be described
macroscopically with an effective medium but with thickness and dielectric permittivity that
does not follow the sum rules of the long wavelength approximation.
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4. Conclusions

In summary, we present a new configuration of nanostructures containing magnetic and
plasmonic elements with direct contact consisting of patterned Py bars on top of a continuous
Au film. The Py bars exhibit stable ferromagnetism at RT with Hc=400 Oe due to the well-
defined shape anisotropy. Despite the presence of thick (50 nm) ferromagnetic nanostructures
in direct contact with the Au film, the system exhibit propagating surface plasmons with
intensity about 50% of that of a bare Au film. The plasmonic properties of the films are
appropriately described by an effective medium although the parameters of such a medium
cannot be derived straightforward from those of their elements.

Therefore, we developed a system where stable and intense ferromagnetic properties coexists
with propagating surface plasmon-polaritons despite the discrete character of the structures
with dimensions similar to surface plasmons wavelength.
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