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We report a study of Au:Coyps and Co:Auynps doped magnetoplasmonic systems. In particular,
we analyze the effect of adding different concentrations of Co (or Au) nanoparticles (NPs) in a
Au (or Co) matrix on both the optical and magneto-optical constants. Through the use of a simple
effective medium model, relevant changes in the optical properties of the Au NPs compared to
those of bulk material have been identified. Such effects are not observed in the Co NPs system.
However, in both systems, there is an increase of the effective diameter of the NPs as compared
to the real diameter that can be due to interface effects surrounding the NPs. Moreover, the
magneto-optical constants values of both systems are smaller (in absolute values) than expected,
which could also be attributed to interface effects such as hybridization between Au and Co.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906946]

I. INTRODUCTION

Plasmonics is an increasing topic of research, due to the
many potential applications in very different areas such as
sensing,’ medicine,” or circuitry.” Magnetoplasmonics
relates the plasmonic behavior with the magnetic field, either
modulating the plasmon by applying an external magnetic
field or by increasing the magneto-optical (MO) effects by
the presence of a plasmon.*”’ This makes magnetoplas-
monics very attractive from an application point of view,
since it can conduce to more sensitive sensors® and can lead
to active plasmonic devices.” To reach reasonable magneto-
plasmonic effects, however, a material combining appropri-
ate plasmonic properties and MO constants is needed. Those
two characteristics are obtained from the dielectric tensor,
where the diagonal components (&) are related to the plas-
monic response and the non-diagonal ones (&) are the
magneto-optical constants. Noble metals have large Re(eyy),
but relatively small absorption Im(e,y), leading to large plas-
mon propagation distances. Nevertheless they present very
small MO constants. On the other hand, ferromagnetic met-
als, such as Co, have a not very large Re(e,y), and are quite
absorbent (huge Im(e,y)), which reduces a lot of the propaga-
tion distance of the plasmon. Nevertheless, they have large
MO constants. There have been several approaches to reach
the best magnetoplasmonic system such as noble metal/fer-
romagnetic metal multilayer structures,”'? noble metal/fer-
romagnetic metal nanocomposite thin films,"* or noble
metal/ferromagnetic dielectric structures.'*'® Also systems
consisting of magnetic nanoparticles (NPs) embedded in a
dielectric matrix,lg’20 as well as noble metal-ferromagnetic
metal nanostructures in a dielectric matrix have been studied
to obtain ferromagnetism and plasmonics together.?'-** Here,
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we propose two complementary metallic systems consisting
of Co NPs embedded in a Au matrix and vice versa, i.e., Au
NPs in an Co matrix (from now Au:Coynps and Co:Auyps,
respectively). In those two systems, we want to study the
improvement of the magnetoplasmonic properties of Au and
Co thin films, respectively.

Il. NPs DOPED SYSTEMS

The two matrix:NPs doped sets of samples were obtained
by sequential deposition of continuous layers of the matrix
material (by e-beam evaporation or a Knudsen cell for Co or
Au, respectively) and NPs layers (by an ion cluster source,
ICS).>*** In all cases, the systems were deposited on a silicon
substrate covered by a 2nm thick Ti buffer layer by e-beam
evaporation. A first buffer layer of the matrix (6nm Au or
12nm Co layer) was deposited in order to have the NPs em-
bedded in a symmetric environment. Subsequently, the NPs
generated by an ICS were deposited, followed by the deposi-
tion of a matrix layer. The sequential deposition of the NPs
layer and the matrix layer was repeated 5 times. Finally, the
samples were capped with a final protecting layer to prevent
oxidation: the Au:Conps samples with a Au layer of 4nm
thick and the Co:Aunps samples with a 40nm thick SiO,
layer. The diameter of the NPs was determined by measuring
their height with atomic force microscopy (AFM) in calibra-
tion samples (see Fig. 1), using Next-Tip probes and assum-
ing spherical shape for the NPs.>® Statistics with about 130
NPs in each case allowed the determination of the diameter
distributions, which were fitted with a LogNormal function:
Co and Au NPs have a mean diameter of 5.1 = 0.5nm and
6.5 £ 0.5nm, respectively. The concentration of NPs was
controlled by the deposition time. The deposition rate was 2.9
and 73 NPs/(um?® s) for Co NPs and Au NPs, respectively
(the small value obtained for Co NPs is mainly due to the
decrease of the magnetron efficiency when using magnetic
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FIG. 1. AFM images of calibration samples of Conps With a deposition time
of 30 s on a Si substrate (up); and of Aunps With a deposition time of 20 s on
a Si substrate (down).

targets). For the Au:Conps set, 0, 144, and 360s deposition
times were used (will appear as Au, tc, and 2.5-tc,, respec-
tively, in the graphics) and for the Co:Auyp set, deposition
times of 0, 20, 50, and 80 s were used (will appear as Co, ta,,
2.5-tau, and 4-t5, in the graphics). The NPs concentration are
determined by the diameter of the NP and the number of
NPs, resulting in NP volume concentrations of 0.4% and 1%
for the deposition times of 144 and 360 s of the Au:Copps set
and of 1.8%, 4.5%, and 7.2% for the deposition times of 20,
50, and 80 s of the Co:Auyps set. In Fig. 1, we show the AFM
images of calibration samples with Co (up) and Au (down)
nanoparticles deposited during 30 and 20 s, respectively, on
Si substrates. As can be observed, the deposition of the nano-
particles is random like and the NPs are isolated, although for
the Aunp; case they seem to be in contact due to the convolu-
tion of the measured NPs and the AFM tip. Other studies
performed with AFM and TEM have demonstrated that the
shape of the NPs is spherical even when they land on the sub-
strate, and that the height measured by AFM is equal to the
diameter measured by TEM.?**

lll. RESULTS AND DISCUSSION
A. Optical properties

The optical properties of the two systems were obtained
from ellipsometry measurements, in the spectral range of
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400-1500 nm (0.826-3.1 V). For the Co:Auyps set, the opti-
cal properties of the 40 nm thick SiO, protective layer were
obtained from ellipsometry measurements of an equivalent
SiO, layer deposited on a Si substrate. For both sets, as the
equivalent thickness of the coating layer that separates the
NPs layers is much shorter than the wavelength of light
(6nm or 12 nm depending on the set), the matrix:NPs struc-
ture can be considered as an effective layer, whose thickness
is the thickness of the structure: 5x(CoNPs/Au, 34 nm with
the capping layer) or 5x(AuNPs/Co, 60 nm). Those thick-
nesses have been confirmed by combining X-ray reflectivity
measurements with the total thickness of the structures meas-
ured by AFM in the steps created during the deposition by
the shadow of the clips of the sample holder.

Fig. 2 presents the effective dielectric constants of the
Au:Copyps layers. As it can be observed, the real part of the
dielectric constant is nearly the same for all the samples,
with a slight reduction of the absolute value for higher Co
NPs concentrations. The imaginary part however increases
as the Co NPs concentration is increased. The graphics at the
right side represent the theoretical evolutions of the dielectric
constants as a function of the NPs concentration calculated
using an effective medium approximation (Maxwell-
Garnet®®?” or Bruggeman®® that give similar results for the
concentrations studied here). In this approximation (herein-
after, called EMA simulation), the whole structure is consid-
ered as a homogeneous material of effective dielectric
constant &, which depends on the optical constants and on
the concentration of the two materials that constitute the
system, i.e., Au and Co in our systems. Despite that the evo-
lution with the concentration of Co nanoparticles of the theo-
retical simulation is similar to the experimental one, the
experimental changes are more pronounced than those of the
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FIG. 2. The left graphics show the experimental optical constants of the
Au:Conps set. The graphics at the right side display the EMA simulations of
the Au:Coyps system with concentrations according to an effective diameter
of 7nm. The upper graphics show the real part of &, while the lower ones
show the imaginary part.
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EMA simulations (not shown in the graphic). Such bigger
changes can be taken into account if we increase the Co NPs
concentration using an effective optical size of the Co NPs
different from that obtained by AFM (that would lead thus to
different concentrations). The evolution of the optical prop-
erties assuming a larger effective diameter is presented in the
right graphics of Fig. 2. The results suggest that this effective
optical size mimics the changes in the optical properties of
the Co NPs region, which could be due to interface effects.
In particular, it has been shown that the interface region
between metallic nanoparticles and the matrix has different
optical properties.?

In Fig. 3, we present the dielectric constants of the com-
plementary system, i.e., Co:Aunp layers. As it can be seen,
the real part of the dielectric constant is very similar for all
the samples, and displays a decreasing of the absolute value
for higher NPs concentrations. The imaginary part decreases
as the NPs concentration is increased. As it can be observed
at the right side of the figure, the theoretical evolution of the
dielectric constants is completely different to the experimen-
tal one (contrary to what happened for the Au:Coyps System).
In particular, in the infrared range, the theoretical simula-
tions show an increase of the absolute value of the real part,
whereas the experimental values show the opposite behav-
iour. Moreover, the evolution of the experimental imaginary
part is much more pronounced than the theoretical ones with
the NPs concentration variation. These results for the
Co:Aunps system strongly suggest that the optical properties
of Au NPs are different from the optical properties of bulk
material, as could be expected.30 In particular, the Au NPs of
the system should have both an imaginary part of the dielec-
tric constant and an absolute value of the real part lower than
those of bulk Au (Fig. 3). In the infrared range (energies
<1.9eV approximately), the main contribution to the optical
properties of Au comes from the conduction electrons that
can be described using a Drude model
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FIG. 3. Experimental optical constants (left) and EMA simulations for the
equivalent Au concentrations (right) as a function of the energy for the dif-
ferent Au NPs deposition times. The upper graphs represent the real part of
the optical constants, while the lower ones represent the imaginary parts.
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where @), is the plasma frequency ((uﬁ = "'1’:’:0, n being the
electron concentration and m* is the effective mass). I" is the
relaxation frequency of the electrons, and ¢, can be different
from 1 to take into account the interband transitions located
at very high energy.

In Fig. 4, we present the experimental optical properties
of Au and the free electron contribution to the dielectric con-
stant extracted from (1) for both Au and Co. As it can be
observed, in the infrared range the optical properties of Au
are determined by the intraband transition (free electron
contribution, green curves in Fig. 4), whereas at higher ener-
gies the interband transitions start to play a role. On the other
hand, both inter and intra band transitions contribute to the
dielectric constant of Co. Taking into account that the main
component of the system is the metallic Co, which implies
that the electrons propagate in both the Au NPs and the Co
matrix, we could use as a first approach the Co Drude param-
eters (that produce the optical constants represented as the
purple curve’") to simulate the free electrons contribution to
the optical properties of the Au NPs, shown as the magenta
dotted line of Fig. 4. This gives rise to a reduction of both
the imaginary part and the absolute value of the real part of
the Au NPs dielectric constant (magenta dotted line).

With these new NPs optical properties, we can calculate
the theoretical evolution of the dielectric constants of the
Co:Aunps system as a function of Au NPs concentration that
are presented in the left insets of Fig. 5. It can be observed
that the theoretical evolution with the Au NPs concentration
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FIG. 4. Optical properties of Au as a function of the energy. The black
dashed curves represent the constants of a bulk Au layer, and the thick green
curves the theoretical free electron contribution from a Drude model for Au,
while the purple line represents the free electron contribution from a Drude
model for Co. The magenta dotted curves show the obtained optical con-
stants for the Au NPs.
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FIG. 5. The insets of the left side represent an EMA simulation for the
Co:Auyps system using the Au NPs dielectric constants (magenta dashed
curve), whereas the main graphs of the right are the same EMA simulations
performed with concentrations according to an effective NPs diameter of
9nm. The main graphic of the left side shows the experimental optical con-
stants for the Co:Aunps set.

of both real and imaginary parts is more similar to the exper-
imental one (main graphics of the left side). Nevertheless,
the theoretical changes in the imaginary part are still lower
than the experimental ones. The changes in the optical prop-
erties should not be limited to the Au NPs region, but it may
affect Co regions around the NPs. Such effect would increase
the effective diameter of the NPs (as also happened in the
Co:Aunps set). In fact, in the graphics at the right side of Fig.
5, we display the evolution of the optical properties that best
fit the experimental results, assuming an effective NPs diam-
eter of 9nm. As it can be observed, these results are almost
identical to the experimental ones (graphs of the left side).

B. Magneto-optical properties

The MO constants were obtained from Polar Kerr meas-
urements using the previously obtained optical constants.’
The measurements of the Polar Kerr Rotation and Ellipticity
spectra have been performed at a maximum applied mag-
netic field of 1.1 T. At this field, the Au:Coyp; set of samples
were completely saturated. On the other hand, the Co: Aunp;
samples were not completely saturated, since the samples
saturate at about 2 T. Therefore, in order to obtain the appro-
priate MO constants (&), we have multiplied our initial
results by the corresponding factor (obtained from hysteresis
loops where the samples reached saturation) in order to com-
pensate the fact that the rotation and ellipticity were not
obtained in saturation conditions. Fig. 6 displays the MO
constants for both systems, Au:Coynps (left) and Co:Aunps
(right). We present the experimental values as well as the
theoretical values of the non-diagonal dielectric constant for
the different NPs concentrations calculated using an effec-
tive medium approximation as described in Ref. 28. In these
simulations, the non-diagonal components of the effective
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FIG. 6. Experimental (main graphics) and EMA simulations (insets) of the
MO constants as a function of the energy for the Au:Coyps system (left) and
for the Co:Auyp system (right). The upper graphs show the real parts of &,
while the lower ones show the imaginary parts.

medium é&,, depend on the previously obtained diagonal ones
&xx, and on the optical and MO constants of the materials
that constitute the medium; ey, oy and &y o and &y co. The
proportion of the two materials and the shape of the NPs
(spherical in this manuscript) are also considered.

As it can be observed, for the Au:Coyps system the abso-
lute values of both real and imaginary parts of the non-
diagonal elements of the dielectric tensor increase with the
Co NPs concentration, as expected. But the values of the
effective dielectric MO constant obtained using the same Co
NPs concentration that mimics the evolution of the optical
properties are higher than the experimental ones. This differ-
ence could be attributed to a reduction of the MO properties
in the Co NP region. In particular, it has been shown that at
the interface region between Co and Au, strong hybridization
occurs between Co and Au atoms.”**? This interface region
has a MO activity opposite in sign to that of Co,** which will
lead to an effective decrease (absolute value) of the &, with
the NPs concentration than the theoretical results presented
in Fig. 6. For the Co:Auyps system, the absolute values of
both real and imaginary parts of the non-diagonal dielectric
constant decrease as the Au NPs concentration increases. In
those calculations, the NPs have no MO activity, the same
diameter that reproduces the experimental optical results,
and the optical constants are those of the magenta dotted line
of Fig. 4. We observe that the calculated reduction of the
MO activity with the NPs concentration is not as large as the
experimental ones. This agrees with the results from the
Au:Copps system that suggest the presence of an interface
region surrounding the NPs where hybridization between Co
and Au takes place.zg’32 In this situation, the interface would
also have a MO activity opposite to that of Co.*>*

With this optical and MO characterization, it is
desirable to know the properties of these materials for
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magnetoplasmonics. This can be done by means of a figure
of merit”™>® that involves both the magneto-optical effect
(reflected in the values of the magnetic modulation of the
surface plasmon polariton (SPP) wavevector, Ak) and the
plasmonic properties (also involved in Ak) such as the propa-
gation distance, L. Therefore, an appropriate magnetoplas-
monic material will show large values of the figure of merit,
provided it has a large enough propagation distance L to be
useful. For the Au:Coyps system, the SPP propagation dis-
tance is almost constant (L = 16 um at 700 nm), as could be
deduced from Fig. 3, since the optical constants were very
similar for all the samples of the system and to a simple Au
layer. From the evolution of the magneto-optical properties
of Fig. 6, it is deduced that the magnetic modulation (2Ak)
increases with the Co NPs concentration (from 2.2 to 7.5 X
107 um ™" at 700nm). This finally results in the desired
increase of the figure of merit 2|Ak|L with the Co concentra-
tion with an improvement of the Au properties for magneto-
plasmonics (the modulation of the SPP wavevector in Au is
so small that it is not possible to measure it). However, de-
spite such increase due to the Co NPs deposition, the figure
of merit for this Au:Conps set is still four times smaller than
that of a Au/Co/Au trilayer’> (for this calculations the
Au:Conps system has been considered on top of a 160 nm Au
layer, since the original system was too thin). For the other
system, the Co:Auyps layers, the SPP propagation distance L
decreases as the Au NPs concentration increases (from 1.13
to 0.65 um at 700nm). This unusual behavior is a conse-
quence of the reduction in the contribution of the free elec-
trons to the dielectric constant of the Au NPs, as shown in
Fig. 4. Hence, although the imaginary part of the optical con-
stants (related to the absorption of the system) decrease with
increasing Au NPs concentration, as the real part of the opti-
cal constant becomes also less negative (“less metallic”), it
finally results in a reduction of the propagation distance of
the plasmon as the Au NPs concentration increases. The
magnetic modulation of the plasmon wavevector, 2Ak,
increases with the Au NPs concentration (from 0.011 to
0.016 um ™" at 700 nm). This also happens for the figure of
merit 2|Ak|L that is larger than that of a Au/Co/Au trilayer,
although it is very similar, to that of pure Co. Such increase
of the figure of merit is partially hidden by the decay of the
propagation distance that could be an important drawback.

IV. SUMMARY

In summary, two complementary systems consisting of
a metallic matrix (Au or Co) with embedded metallic NPs
(Co or Au) have been studied. The evolution of the optical
properties of these systems with the NPs concentration points
to an effective optical diameter of the NPs larger than the
one obtained by morphological characterisation, due to inter-
face effects. Such effect is especially relevant for the
Co:Aunps System, since its optical properties strongly sug-
gest that the dielectric constants of the Au NPs are different
from those of bulk material. These changes can be attributed
to a reduction of the free electron contribution to the dielec-
tric constant of Au. Moreover, the non-diagonal component
of the dielectric tensor of both systems also suggest that
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around the NPs there is an effective region that has a MO ac-
tivity opposite in sign to that of the ferromagnetic material.
Regarding the magnetoplasmonic behavior, the figure of
merit that combines the magnetic modulation and the propa-
gation distance of the Au:Conps layers is smaller than those
of the Co:Aunps set, and it increases considerably with the
Co NPs concentration, which is the desired effect. The figure
of merit of the Co:Auyp, layers also increases with the Au
NPs concentration, however, there is a corresponding reduc-
tion of the propagating distance of the SPP (L) due to the
different optical properties of the Au NPs regarding those of
Au bulk, which could worsen the results of a pure Co layer.
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