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Surface plasmon polariton (SPP) excitation effects on the magneto-optical (MO) activity of Au capped
Ag/Co/Ag trilayers are studied as a function of Co thickness. An enhancement of the transverse MO Kerr
signal under SPP excitation as compared with that obtained without SPP excitation is measured with a maxi-
mum value of 150 times obtained for the trilayer with 8 nm Co. Such enhancement on the magneto-optical
activity due to SPP excitation is also five times higher than that obtained in Au/Co/Au trilayers in similar
conditions. The lower optical absorption in the studied range and the sharper plasmon resonance of Ag vs Au
are responsible for these values. On the other hand, magnetic field-induced SPP wavevector modulation
(Ak/k)gpp is studied for these trilayers and compared both with previous results in the Au/Co/Au system as
well as with the theory. In the wavelength considered here, the obtained values are similar for both Ag- and
Au-based structures and on the order of 107, pinpointing the role of the magnetic layer on the SPP wave-

vector modulation.
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I. INTRODUCTION AND MOTIVATION

It is well known that at the interface between two media
with dielectric constants of opposite sign, such as a metal
and a dielectric, it is possible to excite electromagnetic
waves named surface plasmon polaritons (SPPs).!*> Due to
their specific properties, there has been an increasing interest
in the last years in the development of applications based on
these waves, constituting the field commonly denoted as
plasmonics. On the one hand, SPP characteristics are
strongly dependent on the optical properties of both metal
and dielectric media, which makes them useful for the devel-
opment of biological sensors.*® On the other hand, SPP
modes are evanescent waves strongly bounded to the metal-
dielectric interface with the potential to overcome the light
diffraction limit and therefore they become suitable candi-
dates for light guiding at the subwavelength scale’™ or for
super resolution far-field optical microscopy.!®!!

One step further in the progress of plasmonics is associ-
ated with the development of active plasmonic devices, that
is, the realization of materials combinations or configurations
that allow the control of SPP properties by an external
agent.'>”'4 An interesting option for being used as SPP exter-
nal control agent is the magnetic field.!>'® The magnetic
field ability to affect the properties of surface-plasmon po-
laritons in highly doped InSb semiconductors has been
known for a long time.!” This effect is governed by the non-
diagonal elements of the dielectric tensor, &;;, responsible for
the magneto-optical (MO) activity and whose value is con-
trolled by the magnetic field, which in this kind of semicon-
ductors turns out to be relatively high under the presence of
moderate magnetic fields. However, for noble metals (such
as gold and silver), the ones usually employed in plasmonics,
extremely high magnetic fields (tens of Tesla) would be
needed to obtain &; elements with a sizeable value, and

ij
therefore enough SPP modulation properties. Ferromagnetic
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metals, on the contrary, possess large MO activity associated
with their magnetization and could be suitable elements for
active plasmonics. Nevertheless, ferromagnetic metals
present an important drawback in their high absorption,
which implies that the associated plasmon resonances are too
broad and the propagation losses happen to be too high. A
feasible way to reduce such damping without losing MO
activity is to combine noble and ferromagnetic metals, form-
ing what we denote as a magnetoplasmonic system.

When a plasmonic material is combined with a MO active
one, both the plasmonic and the MO properties of the result-
ing magnetoplasmonic system become interrelated. For ex-
ample, in the Au/Co/Au system, the MO activity can be
greatly enhanced when the SPP resonance is excited:'®18-2!
in this situation the light absorption is maximum and, for
specific layer thickness, the electromagnetic field of the light
is greatly enhanced at the MO active layer (Co in this case).
This leads, respectively, to a reduction in the system reflec-
tivity and to an enhancement in the magnetic component of
the MO activity'®?? which altogether are responsible of the
enhanced global MO response. Moreover, it has also been
demonstrated that the SPP wavevector in Au/Co/Au trilayers
can be modified by an external magnetic field due to its
dependence with the off-diagonal elements of the dielectric
tensor, which in turn are magnetic field dependent in these
systems.

Most of the previous studies have been done by using Au
as the plasmonic component of the magnetoplasmonic mate-
rial. However, compared to gold, silver exhibits narrower
and more intense plasmon resonances in the visible range
due to its lower absorption losses and its higher plasma-
frequency value.?>>* This makes silver an even better mate-
rial candidate for the implementation of magnetoplasmonic
materials, for instance, in sensing and telecom applications.
However, the long-term chemical instability of silver repre-
sents a serious drawback against the actual realization of
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these devices. For example, drastic changes in the SPP reso-
nance of Ag layers due to the formation of Ag,S over the Ag
thin film exposed to room air have been reported.?> To avoid
this, a thin layer of a protecting material must be deposited
on top of the Ag film as a capping layer, preventing Ag from
deteriorating and therefore leading to a multilayer magneto-
plasmonic system with improved plasmonic properties asso-
ciated with the Ag presence. This approach has already been
analyzed in the literature in the context of biosensors.?® Di-
rectly dealing with magnetoplasmonic structures, a first at-
tempt was carried out using Pt as capping layer of Ag/Co/Ag
structures, but the high optical absorption of Pt and its poor
protective performance against oxidation lead to modest MO
activity enhancement values.?” Obviously the best choice for
capping layer would be a material with both good plasmonic
properties and chemical stability, for which Au is one of the
best candidates.

In this work we present a systematic study of the proper-
ties of Au capped Ag/Co/Ag trilayers grown by magnetron
sputtering. Au and Ag layers thicknesses are maintained con-
stant while the Co layer thickness is varied between 2 and 11
nm. Two main goals are sought. On one hand, to study the
influence that surface-plasmon excitation has on the MO ac-
tivity of Au capped Ag/Co/Ag trilayers as a function of Co
thickness and compare it with previous results obtained for
the Au/Co/Au system, therefore exploring the effect of sub-
stituting Au by Ag as plasmonic material. On the other hand,
to study the modification in SPP wavevector (kgpp) by the
application of an external magnetic field due to the presence
of a ferromagnetic counterpart in the structure. To reach
these objectives, we have also performed a detailed charac-
terization of the morphology, magnetic, optical, and
magneto-optical properties of the fabricated structures.

II. EXPERIMENTAL AND THEORETICAL METHODS

Sample growth by dc magnetron sputtering was carried
out in an ultrahigh-vacuum chamber with base pressure in
the  middle 10 mbar  range. A  series of
5 029909nm Au/5 nm Ag/X nm Co/7 nm Ag  struc-
tures with Co thickness varying between O and 11 nm has
been grown at room temperature (RT) over microscope slide
glass (BK7) substrates. Additional structures, namely, 20 nm
Au/Glass, 10 nm Au/20 nm Ag/Glass, and 10 nm Au/20 nm
Co/Glass, were grown under the same conditions to extract
the optical constants of Au, Ag, and Co. Prior to deposition,
the glass substrates were ultrasound cleaned during 10 min in
successive baths of deionized water, acetone and isopro-
panol. The substrates were outgassed at 150 °C for 30 min
and then let cool down to RT for deposition. Deposition
powers of 20 W (Au and Co) and 100 W (Ag) were applied
to the targets, and the Ar pressures were 1X 10> mbar for
Au, 3X 1073 mbar for Ag, and 6.6X 10~ mbar for Co
deposition, yielding deposition rates of 12, 10, and 2.8 nm/
min, respectively.

The surface morphology of the fabricated structures was
characterized by atomic force microscopy (AFM). AFM im-
ages were taken using a Nanotec™ microscope operating in
noncontact dynamic mode, i.e., with a mechanically modu-
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lated cantilever. Silicon cantilevers from NanoSensors™
with a force constant k=5 N/m and tip radius of 10 nm
were used.

Magnetic hysteresis loops at room temperature with mag-
netic field applied both in-plane and out-of-plane were ob-
tained by Kerr measurements in transverse and polar con-
figurations, respectively. The transverse Kerr loops were
recorded by using a linearly polarized 532 nm (solid-state
laser) light beam at 45° incidence angle geometry with the
applied magnetic field in the film plane but perpendicular to
the plane of incidence and measuring the variations in the
reflected light intensity. In the case of the polar Kerr loops,
linearly polarized 530 nm light at normal incidence was used
with the magnetic field applied perpendicularly to the film
plane, and the Kerr rotation angle and ellipticity of the ellip-
tically polarized reflected light were measured.

Reflectivity (R) and transverse magneto-optical Kerr ef-
fect (AR/R) curves in presence of plasmon excitation were
also measured with a p-polarized HeNe laser and the sample
mounted on a glass prism in Kretschmann configuration.?®
The magnitude AR/R is defined as

AR _ R, (+H)-R,,(- H)
R R,,(+H)+R,,(-H)’

(1)

where R,,,(+H) and R,,,(~H) stand for the reflectivity (both
incident and reflected light being p polarized) for maximum
positive and negative applied field, respectively. The differ-
ent elements of the dielectric tensor of the system (diagonal
or purely optical as well as nondiagonal or magneto-optical)
were obtained via combined spectral ellipsometry and Kerr
effect measurements. Ellipsometry measurements taken with
a M200FI J. A, Woollam Co.™ ellipsometer between 245 nm
and 1.69 um, and with angles of incidence ranging from 45°
to 75° allowed extracting both real and imaginary parts (&}
and &%, respectively) of the diagonal elements of the dielec-
tric tensor. Polar Kerr spectra*were measured between 290
and 840 nm with a maximum magnetic field of 1.6 T, to
ensure that the sample magnetization is fully saturated. From
the polar Kerr spectra, and knowing the diagonal elements of
the dielectric tensor of the system, the real and imaginary
parts of the nondiagonal elements (¢}’ and &3, respectively)
can be calculated. Note here that our layers are polycrystal-
line without any preferred orientation and therefore we as-
sume that the nondiagonal dielectric tensor elements are the
same for all directions (e¥¥=g**=¢Y%). Simulations of the
MO Kerr signal, with and without SPP excitation for such
structures, were performed via transfer-matrix method using
the actual dielectric tensor elements of the materials obtained
from ellipsometric and polar Kerr spectra.

III. RESULTS

Here we first present the results dealing with the morpho-
logical, magnetic, optical, and MO characterization of the
fabricated structures, necessary to understand the SPP effect
on the MO activity of these systems, and the magnetic field
effects on the SPP wavevector, presented in the second part
of this section.
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FIG. 1. (Color online) (a) AFM image of the 5 nm Co thick
sample. (b) AFM profiles of two Au/Ag/Co/Ag multilayers with 2
and 11 nm Co thickness, respectively. The topographic profile of a

glass substrate is also included as a reference. (c) Evolution of the
mounts height with the Co thickness.

A. Characterization

1. Morphology

The morphology of the samples has been analyzed by
AFM, a representative image is shown in Fig. 1(a). Mounds
are clearly observed in the sample surface. The lateral size of
the mounds is similar (typical width around 50 nm) for all
the samples, but their height decreases as the Co thickness
increases, as shown in Fig. 1(b) for two representative topo-
graphic profiles corresponding to samples with 2 and 11 nm
Co thickness. The profile of the glass substrate is also in-
cluded as a reference. The substrate is rather flat, with 0.3 nm
rms roughness, whereas the samples exhibit a deviation from
ideal 2D growth, with mounds whose height varies from
5 nm for the 2 nm Co sample, down to 3.5 nm for the 11 nm
Co one. Figure 1(c) shows the evolution of the average
height of the mounds as a function of the Co thickness. For
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FIG. 2. (Color online) (a) Kerr loops of some representative
samples (4—6 and 9—11 nm Co thicknesses) measured in polar (left
side of the figure) and transversal (right side of the figure) configu-
ration. (b) Evolution of the polar saturation field and the transverse
coercivity with Co thickness.

low Co thickness, the height is rather constant. At 6 nm Co
thickness a sudden decrease is observed and above such
value the mound height continues decreasing although at a
lower rate. Taking into account that all the samples have the
same layers on top of the Co one, it can be assumed that the
initial mound height is mainly due to the first Ag layer grown
over the glass substrate and that Co grows preferentially onto
the valleys. When the Co thickness reaches 5 nm, the actual
surface is now flatter and a continuous Co thin film can be
formed: as a result, the final height of the structures is nota-
bly decreased.

2. Magnetic characterization

Kerr hysteresis loops in polar and transverse configura-
tions (sensitive to out-of-plane and in-plane magnetization,
respectively) have been measured for all the samples. Figure
2(a) shows the polar (left) and transverse (right) loops of
representative samples. As expected, the MO signals (rota-
tion angle in the polar configuration, changes in the reflected
light intensity in the transverse one) increase with the Co
amount. At a first glance, from the low saturation field and
the high remanent magnetization for the transverse loops,
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compared with the high saturation field and low remanent
magnetization for the polar ones, an in-plane magnetic an-
isotropy can be deduced for all the samples. More relevant
information can be obtained by analyzing the evolution with
the Co thickness of two of those properties, as depicted in
Fig. 2(c): the polar saturation field HY and the fransverse
coercivity H.. For low Co thickness, H? monotonously in-
creases until 7 nm; above such value, it is almost constant.
Taking into account the aforementioned assumption that Co
preferentially grows in the valleys of the rough Ag surface,
such evolution can be explained as follows: for low thick-
ness, the Co layer is not continuous but formed of mainly
disconnected islands. The applied magnetic field must over-
come the demagnetizing field in the perpendicular direction
of those islands to saturate them. As the thickness increases,
some islands become connected and their effective demag-
netizing field increases (the ratio between their lateral dimen-
sions and their height increases). Finally, when all the is-
landed regions coalesce, a continuous thin film of Co is
formed, so the demagnetizing field reaches a maximum value
and does not change for increasing thickness in the nm
range: as a result, H’S’ saturates. It must be noticed that such
continuous Co film is rough and as a consequence the maxi-
mum H? is lower than that expected for a completely flat thin
film (17 kOe). Such explanation can also account for the
evolution of H;. Once the continuous Co film is formed, the
magnetization reversal for in-plane field takes place by
domain-wall nucleation and propagation. With increasing
thickness above 7 nm, the continuous film becomes more
homogeneous: the number of pinning points for the domain-
wall movement decreases and as a result H. decreases.

Finally, we would like to mention that the magnetic field
needed to saturate the samples in the transverse configura-
tion, which is the one used for SPP wave-vector modulation
as will be shown in Sec. III B 2, is lower than 0.75 kOe (75
mT), a very easily achievable value for the characterization
as well as for the development of applications.

3. Optical and magneto-optical characterization

As the optical and magneto-optical properties of thin
metal layers are influenced by the growth conditions, we
have extracted the dielectric constants of our films by means
of spectroscopic ellipsometry and polar Kerr spectroscopy.
The optical constants of Au, Ag, and Co and magneto-optical
constants of Co were obtained from 20-nm-thick layers
grown on glass substrates, where the Ag and Co were capped
with a 10 nm Au protective film to avoid oxidation. First, the
20 nm Au/Glass thin film was characterized by spectroscopic
ellipsometry, its experimental optical constants being then
used for the determination of those of the Au capped Ag and
Co layers. In Fig. 3 we show real and imaginary parts of the
diagonal elements of the dielectric tensor determined in this
way for (a) Au, (b) Ag, and (c) Co. Figure 3(d) shows the
magneto-optical constants of Co (real and imaginary parts),
obtained from the experimental polar Kerr spectra of the
mentioned 20 nm Co/Glass thin film.

Next, spectral MO characterization of the Au-capped Ag/
Co/Ag trilayers was carried out. In Figs. 4(a) and 4(b) we
show polar Kerr rotation (6) and ellipticity (¢) spectra for
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FIG. 3. (Color online) Optical constants and magneto-optical
constants (real part &; and imaginary part &,) of the metals com-
posing the multilayers analyzed in this work, obtained by ellipso-
metric (optical constants) and polar Kerr (MO constants) spectra:
(a) Au; (b) Ag; (c) Co; and (d) MO constants of Co. All the data
have been extracted from 20-nm-thick films. In the case of Ag and
Co, they were covered by a 10 nm Au layer to prevent oxidation.

representative samples (11, 8, 5, and 2 nm Co). As expected,
a gradual increase in the overall MO activity with Co amount
is observed. The minimum of the Kerr rotation roughly cor-
responds to the Co plasmon position. The overall behavior of
both Kerr rotation an ellipticity is well reproduced by a the-
oretical calculation based on continuous layers with sharp
interfaces (Fig. 5), where the used optical and MO constants
are those experimentally obtained from the 20-nm-thick lay-
ers (see Fig. 3). However, the agreement is much better in
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FIG. 4. (Color online) (a) Rotation and (b) ellipticity spectra of
the Au/Ag/Co/Ag layers for four representative values of Co thick-
ness: 2, 5, 8, and 11 nm.

the visible range, where the Kerr rotation roughly scales with
the amount of Co, than in the UV range. In particular, the dip
in the rotation at around 3.7 eV for the thinnest Co layer is
not well captured. To understand the origin of this dip and
the overall disagreement between theory and experiment in
the UV range, we have to keep in mind that the layers have
certain roughness, implying that for low Co thickness the
layer continuity may be lost and therefore a continuous layer
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FIG. 5. (Color online) Theoretical Kerr rotation and ellipticity
spectra for continuous Au/Ag/Co/Ag films for the same Co thick-
nesses as in Fig. 4 (symbols) and a nanostructured (Co islands on an
Ag matrix) thin film (crosses) to estimate the effect of the layers
continuity loss. The inset focuses on the high-energy region for the

continuous and nanostructured film with the same Co amount
(2nm).
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FIG. 6. (Color online) (a) Schematic view of the measurement
configuration, allowing SPP excitation if light is incident from the
prism side at the appropriate angle (Kretschmann configuration). (b)
Measurements of the R and transverse MO Kerr effect signal
(AR/R) for the 8 nm Co thickness sample.

model is not valid. Taking into account this fact we have
simulated the effect of having a layer of Ag with large Co
inclusions while keeping the same nominal Co amount. The
result is a much more defined dip at around 3.7 eV (see inset
in Fig. 5) which corresponds pretty well with the location of
the experimentally observed dip. On the other hand the value
of the Kerr rotation in the visible range is hardly affected.

Therefore we can conclude that the dip in the rotation
observed at energies between 3.5 and 4 eV for the 2 and 5
nm Co sample is due to the bulk plasmon resonance of Ag
since at such small Co thicknesses it is likely to have a not
totally continuous Co film. This is supported by the disap-
pearance of the dip upon increasing the nominal Co thick-
ness.

B. Intertwined MO and plasmonic effects

In what follows, the analysis of the MO activity of the
Au/Ag/Co/Ag multilayers upon SPP excitation is presented,
followed by the study of the modification of the SPP
wavevector when a magnetic field is applied. We present our
experimental results and compare them with theoretical cal-
culations using the optical and MO constants determined in
the previous section. All this analysis is carried out in the
transverse magnetic configuration that was detailed in Sec. II
above.

1. Surface plasmon resonance effects on the MO activity

To study this first point, measurements of the transverse
MO Kerr effect were carried out with and without SPP exci-
tation. To excite the SPP we use the Kretschmann
configuration®® [see Fig. 6(a)]. When the reference value of
the transverse MO Kerr signal without SPP excitation is
needed, the measurement is performed with light coming
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from the air side, incoming from the left in Fig. 6(a), where
SPP excitation is not allowed.

In Fig. 6(b) we show the reflectivity versus incidence
angle curve for the 8 nm Co sample as an example, together
with the transverse Kerr signal (AR/R). The SPP excitation
manifests itself as a minimum on the reflectivity at a specific
angle of incidence (6,,,=44° here) above the critical angle
for total internal reflection (around 41° in this case). The
angle for SPP excitation corresponds to the matching be-
tween the in-plane component of the wavevector of the inci-
dent light and that of the SPP so the SPP wavevector (kgpp)
can be obtained from

2 .
kspp= TSln(emin)v (2)

where A is the wavelength of the incident light in vacuum.

The variation in reflectivity when applying opposite mag-
netic fields (AR) also exhibits a maximum in this angular
region thus the transverse Kerr signal is characterized by a
sharp resonancelike angular behavior at around 44°, i.e.,
when the SPP is excited [Fig. 6(b)]. When the SPP is not
excited [illuminating the structure from the left-hand side in
Fig. 6(a), data not shown here] both R and AR/R basically
do not exhibit any angular dependence. It has previously
been shown that the values for AR/R in Au/Co/Au under
SPP excitation conditions are one order of magnitude larger
than those without SPP excitation'®!® due both to a simulta-
neous reduction in the reflectivity of the system and to an
enhancement of the electromagnetic field at the MO active
layer, i.e., the Co layer. For the specific case of 5 nm Au/5
nm Ag/8 nm Co/7 nm Ag, shown in Fig. 6(b), we obtain a
150 times enhancement of AR/R.

We have carried out a systematic study of the AR/R en-
hancement as a function of Co thickness in the series of
Au/Ag/Co/Ag fabricated structures. Figure 7(a) shows a
compilation of the AR/R versus incidence angle as a func-
tion of Co thickness. The characteristic resonancelike shape
is observed for all Co thickness with a clear maximum in
amplitude for 8 nm Co. By defining the maximum of the
reflectivity variation, (AR/R)ypy as its maximum positive
value [see Fig. 6(b)] we can quantify this magnitude, analyze
it as a function of Co thickness, and compare it with the
measured AR/R in the absence of SPP excitation. The results
are presented in Fig. 7(b) together with the theoretically cal-
culated values obtained using the optical and MO constants
determined in the previous section. As it can be observed,
when no SPP excitation is present, the MO signal exhibits
the expected monotonous increase with Co thickness, with
very similar experimental and theoretical values. This is in
contrast with the already mentioned behavior when the SPP
resonance is excited, where a maximum is observed at
around 8 nm (experiments) and 6.5 nm (simulations) Co
thickness, gradually decreasing for thicker Co layers. This
behavior has been previously observed in Au/Co/Au (Ref.
16) and Pt-capped Ag/Co/Ag structures?’ and is due to the
optimum excitation of the SPP at a specific Co thickness and
the subsequent maximization of the electromagnetic field at
the MO active (Co) layer for that thickness, therefore opti-
mizing the enhancement of the MO activity. For higher Co
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FIG. 7. (Color online) Co thickness dependence of the transver-
sal MO Kerr signal (AR/R). (a) Experimental AR/R versus inci-
dence angle curves for different Co thickness upon SPP excitation.
(b) Co thickness dependence of the (AR/R)y,y, Obtained both ex-
perimentally (lines with open symbols) and from simulations
(lines). The continuous blue line and the dashed red line with
squares correspond to the AR/Ry,, values upon SPP excitation,
whereas the dashed-pointed green line and the dashed black line
with circles correspond to (AR/R)y,, Vvalues multiplied by ten
times without SPP excitation. (¢) Comparison between Au/Co/Au
(squares) and Au/Ag/Co/Ag (circles) structures. The Au/Co/Au
curve comes from Ref. 16. In both multilayers, the nominal Co
thickness corresponds to the case of maximum SPP excitation and
thus maximum AR/Ryg,, (5.5 nm Co for Au/Co/Au and 8 nm for
Au/Ag/Col/Ag).

thickness, the higher optical absorption of the system makes
the damping to dominate preventing an optimal SPP excita-
tion, leading to a reduction in the observed MO signal. As it
can be seen in Fig. 7(b), the position of the maximum in the
theoretically determined (AR/R)y,, differs about 1.5 nm
from the experimental one. Both deviations of the actual Co
thickness with respect to the nominal one and the intrinsic
interface roughness present in the actual structures, may be
responsible for this difference.
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The observed MO enhancement in the Ag/Co/Ag can be
compared with that previously obtained in the Au/Co/Au
system, !¢ exploring the effect of the substitution of Au by Ag
and its associated improvement of plasmonic properties. In
Fig. 7(c) we show AR/R versus incidence angle curves for
optimum SPP excitation in both systems, i.e., 8 nm Co for
the Au/Ag/Co/Ag structure and 5.5 nm Co for the
Au/Co/Au.'® Not only the value of (AR/R )y is a factor of
5 larger in the Ag/Co/Ag structure compared to the Au/
Co/Au one, (107" vs 2 X 1072) but also the slope of the reso-
nance in the area of SPP excitation is 20 times larger. This is
due to the sharper plasmon resonance of Ag compared to Au,
which comes from more negative real part of the dielectric
constant of Ag at the working wavelength (633 nm).' This
bigger slope has specially relevance in the MO surface-
plasmon resonance sensing applications,® where the slope of
the resonance is the relevant parameter that may lead to en-
hanced sensitivity of the device.

2. Magnetic modulation of the SPP resonance

So far we have discussed the effects that plasmon reso-
nances can play in the MO activity of structures where ma-
terials with good plasmonic and magnetic properties coexist.
Due to the presence of the magnetic layer, the optical prop-
erties of this system no longer correspond to an isotropic
system but to an anisotropic one which has to be described
by a dielectric tensor with nonzero off diagonal components.
It is known that the dispersion relation of SPP for anisotropic
media also depends on these nondiagonal elements of the
dielectric matrix.!” Since for ferromagnetic metals these ele-
ments depend on the magnetization, the application of an
external magnetic field can produce a modulation in the SPP
wavevector. This modulation has also been recently observed
in complex Au/Co/Au structures,'® where the ferromagnetic
material present in the structures contributes with large non-
diagonal elements due to its MO activity, and therefore to a
sizable modulation of the SPP wavevector at low magnetic
fields.

An analytical expression for the SPP wavevector modula-
tion in those complex structures cannot be obtained but a
reasonable approximation can be reached when considering a
very simple system consisting of a dielectric, a thin layer of
ferromagnetic material, and a very thick layer of noble metal.
Assuming that the MO element &,, at saturation is much
smaller than g, it is possible to obtain the modification of
the plasmon wavevector kgpp to the first order in ¢,, as

* Akgpp = kgpp(* H) — kgpp(0)
teny (f(n)

B (gg+ sm)(sﬁ - ei) N

SXX

where g, and ¢, are the diagonal elements of the dielectric
tensor of the noble metal and the dielectric material, respec-
tively. From this expression it is readily seen that the mag-
nitude of the SPP modulation depends linearly on the values
of the nondiagonal elements of the dielectric tensor and on
the film thickness.

The analytical expression provided in Eq. (3) gives an
estimation on the order of magnitude of the modulation for
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FIG. 8. (Color online) (a) Simulated reflectivity versus angle of
incidence curves obtained for the sample SnmAu/SnmAg/7nmCo/
7nmAg/Glass with the magnetization saturated in one direction
Omin(H,) (continuous line) and in the opposite direction 6;,(H_)
(dashed line). The angular shift due to the magnetic field modula-
tion, Af=60,,,(H,)— O0pin(H_), is shown. (b) Angular derivative of
the experimental reflectivity curve divided by the reflectivity and
times A6 [ie., (SR/50)AH/R] compared with the experimental
transverse MO Kerr signal (AR/R). A6 is the only fitting parameter.
(c) Co thickness dependence of the (Ak/k)gpp experimental (points)
and simulated (line) values. The dashed line corresponds to the
simulation with the Au/Co/Au structure.

the SPP wavevector in our multilayered system. However an
exact way to obtain the values is to employ the transfer-
matrix formalism to calculate the reflectivity versus inci-
dence angle curves with the sample magnetization saturated
along opposite directions and then the variations in the re-
flectivity minima will provide us the SPP wavevector
modulation. Figure 8(a) shows the simulated reflectivity
curves for SnmAu/5SnmAg/7nmCo/7nmAg/Glass structure at
A=633 nm. The simulations exhibit an angular shift of the
position of the minima due to the magnetic field, being the
angular shift A6=0,,,(H,)-6i,(H.) on the order of
1072 degrees. Due to the small A values, it is possible to
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relate them with the values of Akgpp by means of the angular
derivative of Eq. (2) when the angle of incidence is 6,

<%> = cot(6;,) A 6. (4)
k/ spp

Since the limited angular resolution of our experimental
setup does not allow us to have direct access to the actual A6
values, we then compare the experimental AR/R versus in-
cidence angle curves with the angular derivatives of reflec-
tivity normalized to the reflectivity [(SR/86)/R]. In Fig. 8(b)
we show these two magnitudes for the 8-nm-thick Co layer,
which exhibit a very close agreement both in shape and in
intensity. The proportionality factor between AR/R and
(6R/56)/R, taken as a parameter to adjust the amplitude of
the curves, corresponds to A, which in this way can be
experimentally determined. In this case, the obtained value is
AO=1.55(102 deg).

We can now explore the evolution of the magnitude of the
magnetic modulation of the SPP wavevector as a function of
the Co thickness for the different fabricated structures. In
Fig. 8(c) we show the experimental and theoretical values of
(Ak/k)gpp for our Au/Ag/Co/Ag structures as a function of
the Co thickness, together with those for a Au/Co/Au as in
Ref. 16. A monotonous increase in (Ak/k)gpp with Co thick-
ness is observed in both cases, with similar experimental and
theoretical values, reaching a similar modulation value of
2.8 X 107 for the maximum Co thickness (11 nm) for both
Au- and Ag-based structures. This indicates that within the
experimental conditions the main responsible for the SPP
wavevector modulation is the magnetic material. Then again,
being Ag a metal with smaller absorption that Au and there-
fore providing longer propagation distances, and since both
metals confer a similar modulation potential, the use of Ag in
the development of active plasmonic devices based on mag-
netoplasmonic systems appears to be a better option.

However, even within the simplest approximation given
by Eq. (3), the modulation of the wavevector depends on the
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spectral dependence of the refractive index of the noble
metal, the ferromagnetic metal, and the dielectric environ-
ment. Thus it would be interesting to explore the modulation
considering different ferromagnetic components, such as Fe
or Ni, as well as spectral dependences in future works.

IV. CONCLUSIONS

We have studied the effects of SPP excitation on the
magneto-optical activity of Ag/Co/Ag trilayers as a function
of Co thickness and compared them with previous results for
the Au/Co/Au system. With SPP excitation, the MO trans-
verse Kerr signal is 150 times larger when comparing with
no SPP excitation for Ag/Co/Ag. This increase is associated
with the enhancement of the electromagnetic field inside the
Co layer due to the SPP. Moreover, the MO transverse Kerr
signal enhancement is five times larger in the Ag/Co/Ag sys-
tem than in the Au/Co/Au one. This is due to the lower
optical absorption in the studied range and the sharper plas-
mon resonance of Ag versus Au. SPP wavevector modulation
(Ak/k)gpp is also studied for these trilayers obtaining values
on the order of 10~%, similar to those obtained for Au-based
structures, which pinpoints the important role of the mag-
netic layer on the SPP wave-vector modulation.
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