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ABSTRACT

The composite nanostructures with magnetic and plasmonic functionalities herein described were
produced according to a unique synthetic strategy by which numerous cobalt ferrite nanoparticles
accompanied by an individual gold nanoparticle were confined in silica capsules. This assembly
offers a distinctive system on which proving the influence of the surface plasmon of a single 20 or
60 nm-in-diameter gold nanoparticle to increase the visible range magneto-optical activity of the
cobalt ferrite magnetic material. Consequently, it provides a key strategy for the production of
nanostructures including different materials as building blocks, on which taking advantage of the

confined coupling for the development of materials with enhanced magneto-optical capabilities.



The collective oscillations of electrons at metal/dielectric interfaces, known as surface plasmons,
can become coupled to electromagnetic waves. As these plasmonic modes confine the
electromagnetic fields to subwavelength volumes, the local intensity of the fields becomes greatly
increased.® As a result, this property permits the magnification of the interactions of light with
matter and accordingly, it can be used to manipulate the optical response of a dielectric material?
or the magneto-optical (MO) response of a magnetic material.>® In particular, MO phenomena
considering the Faraday (or Kerr) effect are being under study with the aim of controlling the
polarization of transmitted (or reflected) light.®” This control of the MO properties of a magnetic
material can lead to many optical devices where magnetism is applied, and becomes therefore of
special interest for applications in integrated nanophotonics (magnetoplasmonic sensors,®*°
photonic devices for integrated Faraday isolators and rotators in photonic circuitry**4) or heat-
assisted magnetic recording.’® It also offers a suitable strategy in the field of metamaterials, via
manipulating both electric permittivity and magnetic permeability.®

This interaction of light with matter, in terms of the MO response of the magnetic material, can
be pondered according to the rotation of the polarization of the incident light, observed either in
transmission (Faraday rotation) or in reflection (Kerr rotation),!” and for that, it is required the
integration of the optical resonances of plasmonic nanostructures in a, or jointly with, a magnetic
material. Different advances in this regard have spurred an interest to design and fabricate devices
based on magneto-plasmonic effects.’®?3> However, besides the need to develop inexpensive,
reproducible and scalable methods for the production of these nanostructures while enhancing and
controlling the MO properties, there is an open question about the effect a single plasmonic system

exerts onto the magnetic counterpart (or onto other materials, such as semiconductors for



photocatalysis or on molecules, for example for surface-enhanced Raman spectroscopy, SERS),
in order to tabulate it and control it, and not yet reported.

Herein, we have designed a unique synthetic strategy by which the development of MO
nanostructures is achieved, containing both magnetic and plasmonic functionalities in confined
spaces by a controlled assembly. Thus, we take the first experimental step towards answering the
fundamental question regarding the influence of an individual plasmonic nanoparticle on the MO
response of a magnetic material, in this case the cobalt ferrite.?*? To this end, we have measured
the modified optical Faraday rotation and ellipticity of cobalt ferrite nanoparticles trapped inside
submicron sized silica capsules, employing the plasmon resonance of an also confined single noble
metal (Au) nanoparticle of 20 or 60 nm in diameter. This particular arrangement of plasmonic and
magnetic functionalities leads to the observation of changes in the MO activity, with a relative

increase at frequencies close to the optical resonance of the plasmonic functionality.

Results and Discussion

The composite nanostructures with magnetic and plasmonic functionalities herein described
were produced according to a new synthetic strategy by which numerous cobalt ferrite
nanoparticles accompanied by just one gold nanoparticle were confined in silica capsules, as
schematically shown in Figure 1a (see the experimental section in the supporting information (SI)).
The system has been designed in such a way that it allows to study the properties of these MO
assemblies isolated, with a 30-nm thick silica shell keeping them at least 60 nm apart. For the
production of these capsules, first and independently, gold nanoparticles of 20 (+ 3) and 60 (z 5)
nm average diameter were synthesized.?®?” Figure S1 (in the SI) includes TEM images (a, b) and

the UV-vis spectra (d, e) of both types of gold nanoparticles employed in this study. These two



types of gold nanoparticles, in independent experiments, were used as seeds to grow polystyrene
(PS) spheres (up to an average diameter of 450 (+ 10) nm), leading to Au-PS dimers (see scheme
in figure 1a, on the left). PS spheres were also grown in the absence of gold nanoparticles to obtain
the reference sample. Subsequently, the PS spheres and the Au-PS dimers were used as substrates
on which depositing cobalt ferrite nanoparticles of 16 (+ 6) nm average diameter.?® Figures Slc
and S1f (in the SI) include a representative TEM image and the room-temperature field-dependent
magnetization of these magnetic nanoparticles, respectively. For this deposition, the layer-by-layer
(LbL) self-assembly technique, taking advantage of two layers of polyelectrolytes, permits to
attain a homogeneous distribution of the magnetic nanoparticles onto the PS spheres or the Au-PS
dimers surface, as becoming adsorbed by electrostatic interactions.?® Upon the cobalt ferrite
deposition, the composite nanostructures were additionally coated with a silica shell (30 (£ 4) nm
thick) using the Stober method conditions.*® Finally, a calcination step (in air and at 600 °C) to
remove the PS template, the residual polyelectrolytes and the nanoparticle capping agents, that
induces as well some changes in the crystalline structure of the spinel ferrite, was carried out.
Consequently, hollow silica capsules containing multiple cobalt ferrite nanoparticles (sample C-
Ref), or containing multiple cobalt ferrite nanoparticles and one single gold nanoparticle of 20 or
60 nm (hereafter labelled as samples C-Au20 and C-Au60, respectively) were produced. Figures

S2 and S3 (in the SI) include TEM images showing these intermediate steps described.



Cc

Figure 1. Scheme with the different steps of the synthetic process employed for the production of
silica capsules with magnetic and plasmonic functionalities (a), and representative TEM images
of the three different types of capsules synthesized at lower and higher magnification: C-Ref (b,
e), C-Au20 (c, f) and C-Au60 (d, g). Red arrows indicate the position of the single gold

nanoparticle included in every capsule.

The two types of magneto-plasmonic silica capsules have a 510 (+ 10) nm average diameter and

include one gold nanoparticle of either 20 (+ 3) nm or 60 (£ 5) nm in diameter and ca <1500



nanoparticles of cobalt ferrite per capsule. This estimated value of magnetic nanoparticles inside
every capsule was calculated considering half the theoretical value of identical hard spheres (16
nm in diameter) onto the equivalent flat surface of a 450 nm polystyrene sphere, assuming a
hexagonally close packing and taking the curved surface into account.*'? The additional reference
sample consisting of multiple cobalt ferrite nanoparticles trapped inside the silica capsules, but
without gold, has a rather similar average diameter (505 (£ 8) nm). Figures 1b, 1c and 1d include
representative TEM images displaying an overview of the three samples synthesized, on which we
can appreciate the homogeneous size of the spherical capsules, the homogeneous silica shell
thickness and the uniform distribution of the cobalt ferrite nanoparticles onto the inner surface of
the capsules (see also figures S2 and S3 in the SI). The presence of one single metallic nanoparticle
in every capsule from samples C-Au20 and C-Au60 is indicated by red arrows (to guide the eye,
in figures 1c and 1d). Additionally, figures le, 1f and 1g include higher magnification TEM images
of capsules from samples C-Ref, C-Au20 and C-Au60, respectively.

The extinction spectra of the three different types of capsules synthesized are shown in Figure
2a. Whereas the surface plasmon resonance peak stemming from each 60 nm gold nanoparticle
trapped in every silica capsule can be clearly appreciated at ~546 nm (red spectrum), the one from
the 20 nm gold nanoparticles in the C-Au20 sample (blue spectrum) appears entirely screened by
the scattering of the cobalt ferrite nanoparticles and the silica shell. This scattering influences the
measured absorption as being registered as absorbed light by the instrument, increasing therefore
the baseline of the spectrum. Thus, while in the case of the C-Au60 sample, it just screens partially
the surface plasmon band, in the case of the C-Au20 sample, this increase in the baseline of the
spectrum is sufficient to shade totally the 20-nm gold nanoparticle surface plasmon band. The

extinction spectrum of the C-Ref sample just shows the characteristic scattering of cobalt ferrite



nanoparticles inside the silica capsules, with no absorption features in the visible range. Figure 2b
includes the field-dependent magnetization of the C-Au20 and the C-Au60 samples, at 300 K and
at low fields, stemming solely from the cobalt ferrite (i.e. after subtracting the diamagnetic
contribution from the gold and silica components) and normalized using the values of saturation

magnetization, so that we can appreciate the similar magnetic behavior in both magneto-plasmonic

samples.
| = C-Au20 e =

—~ o— C-Au60 ¥
= 0.4 T=300K /
S
(] 4 o
: F
g s* 0.0 2
: : /
<

——C-Ref -0.4+ A

——C-Au20 /./ o

—— C-Au60 ./,-:7-"' e

T T T -0'8 T ./ -
400 500 600 700 800 CAa o P

03 02 -01 00 01 02 03
Wavelength (nm) wH(T)
Figure 2. Extinction spectra of the three types of silica capsules synthesized: C-Ref (black), C-
Au20 (blue) and C-Au60 (red) (a), and normalized field dependent-magnetization of the C-Au20

and C-Au60 samples at low fields, after subtracting the gold and silica diamagnetic contributions

(b).
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spectral range applying a 0.7 T magnetic field. Magneto-optical activity (MOA) for the three



different types of capsules (c). Vertical dotted blue and red lines indicate the position of the
maximum of the localized surface plasmon resonance of the 20 and 60 nm gold nanoparticles in
aqueous solution. Pale grey, blue and yellow areas in the Faraday rotation plot indicate the
theoretical position of the ISCT, IVCT and CF transitions of the cobalt ferrite and the pale yellow

area in the MOA graph frames the range where it becomes enhanced.

Faraday rotation and ellipticity spectra of the three types of capsules were recorded in the visible-
near infrared spectral range, while applying a magnetic field of 0.7 T, from which the magneto-
optical activity (MOA) spectrum was obtained. For these measurements, the capsules dispersed in
water were drop-casted onto glass substrates. Since the intensity of the MOA spectrum is directly
related to the concentration of capsules, the impossibility to exert control on this parameter makes
it necessary to restrict the evaluation of the results to the line-shape of normalized spectra. Figure
3 includes the normalized spectra of Faraday rotation and ellipticity and of the corresponding
MOA for the three types of capsules: C-Ref (in black), C-Au20 (in blue) and C-Au60 (in red). The
raw spectra of these three quantities are plotted in Figure S4 (in the Sl), as well as the description
of their calculation.®

Figure 3a includes the normalized Faraday rotation spectra of the three samples. Attending first
to the C-Ref sample spectrum, the Faraday rotation shows a maximum located at 650 nm (together
with a small shoulder at 580 nm), besides a minimum of rotation at 460 nm. These features are
indicative of d-d crystal-field (CF) and charge-transfer (CT) transitions within the cobalt ferrite
(CoFe204) with a spinel structure, in which an electron through optical excitation is promoted to
an excited state within the same ion (on the basis of crystal field splitting) or transferred from one
to another neighboring cation, respectively.?42>33 Two types of CT transitions are typically

distinguished: the ISCT (intersublattice charge-transfer), which involves a transition between two
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cations located at sites with different crystal symmetry, and the IVCT (intervalence charge-
transfer), involving transitions between two cations located at equivalent (or very similar)
crystallographic sites.?#?>36-38 The common feature for inverse spinel ferrites of the MxFesxOx4
general type, being M?* a non-magnetic ion, is therefore a set of ISCT transitions between the Fe3*
cations lying at the tetrahedral and octahedral sites, denoted by (Fe®*") and [Fe3*], respectively.
However, for the inverse cobalt ferrite, where M?* constitutes a magnetic ion, a CF transition
because of some tetrahedrally coordinated Co?* ions and an IVCT transition between the Co?* and
Fe®* ions located at the octahedral sites can also occur. The transitions observed at 650, 580 and
460 nm for the C-Ref sample are in good agreement with values reported and can be assigned to
the A, (*F) — “T1(*P) CF (Co0?"), [C0?*"Jtzg — [Fe®*Jtzg IVCT and (Fe*")t, — [Fe®*Jtag ISCT
transitions in cobalt ferrite, respectively (indicated with shadowed yellow, blue and grey areas in
figure 3a). Besides the transitions, the Faraday rotation spectrum, displays values of rotation close
to zero in the region at 440-470 nm and a sign crossover to negative rotations occurring at ~770
nm.

The influence of the individual plasmonic nanoparticle in the MO response of the cobalt ferrite
nanoparticles trapped in the capsules can therefore be addressed considering the results from the
C-Au20 and C-Au60 samples. The resultant spectra (in blue and red, respectively) indicate that
the presence of gold blue-shifts the main CoFe2O4 d-d transitions, as well as the Faraday rotation
zero-crossing points and most importantly, they show this Faraday rotation becomes increased in
the visible range close to the optical resonance of the plasmonic functionality. Similar effects in
terms of blue-shifts were observed when considering the Faraday ellipticity measurements (figure

3b and figure S4b, in the SI) of the capsules including the plasmonic gold.
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On the basis of the previous results, the MOA spectra for the different types of capsules can be
readily calculated and normalized (as shown in figure 3c, the spectra calculated from the raw data
are shown in figure S4c, in the SI). The maximum value of MOA reached in the 660-700 nm range
for the C-Ref sample (black spectrum), is also displayed in the spectra of the C-Au20 and C-Au60
samples but slightly broadened. Conversely, the samples C-Au20 and C-Au60 display an
additional well-defined peak at ~550 nm, both in the Faraday rotation and MOA spectra, which
becomes one of the most prominent features. This peak occurs precisely at frequencies close to
that of the localized surface plasmon resonance of the gold nanoparticles shown in the UV-vis
spectra, that is, at 524 nm and at 538 nm (see the vertical dotted blue and red lines in the graphs in
figure 3 to guide the eye). Hence, the Faraday rotation and MOA peaks registered at ~550 nm point
to a surface plasmon resonance-induced enhancement effect of the MO response of the cobalt
ferrite in the C-Au20 and C-Au60 capsules, on which the gold nanoparticle size (or in terms of the
vol.% of Au) should have a crucial role in the MO responses registered. Nevertheless, while the
MO spectra were registered at several discrete wavelengths in the 400-860 nm spectral range (with
a step of 20 nm), the difference between the plasmon resonance of the 20 and 60 nm Au particles
(524 and 538 nm respectively) is actually smaller than this step, and therefore, such a small change
in the plasmon resonance cannot be fully ascertained in the MO spectra. Another aspect to point
out is the fact that every cobalt ferrite nanoparticle has a different disposition with respect to the
plasmonic source, which also means that their MOA become influenced differently, showing the
MOA spectra an average effect.

Aiming to shed light on these observations and discard alternative effects, Faraday rotation and
ellipticity spectra were also recorded independently for the purely plasmonic nanoparticles, that

is, 20 nm (Au20) and 60 nm-sized (Au60) gold nanoparticles (see figure S5 in the Sl), and for the
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purely magnetic CoFe>O4 nanoparticles (see figure S6 in the SI). Since no magnetic aggregation
is expected for the metallic nanoparticles, the MO measurements were registered in aqueous
solution using a 1-mm pathlength cuvette, and the MO signal from the cuvette filled with water
was used as reference (referred to as Glass-Water). The observed Faraday rotation for the Au20
and Au60 samples (figures S5a and S5b in the SI) can be mainly associated to the cuvette.
However, the ellipticity spectra (figures S5¢ and S5d in the SI) show distinctive features for these
two samples. Both display a change of curvature at the maximum absorption of the localized
surface plasmon resonance of the gold nanoparticles, that is, at 524 nm and at 538 nm for the
aqueous dispersion of the 20-nm and 60-nm particles, respectively (dotted blue and red lines
included in the graph to guide the eye). Anyhow, the negligible Faraday rotation and the small
values of Faraday ellipticity (which are two orders of magnitude smaller than those of the C-Ref
capsules, see Figure S4, in the SI) of the gold nanoparticles in solution, rule out the possibility of
a simple additive effect between the MO response of the magnetic and plasmonic functionalities
when considering the Faraday rotation and ellipticity of the capsules from the C-Au20 and C-Au60
samples.

Furthermore, during the synthesis of the capsules, the calcination step to remove the PS and the
residual polyelectrolytes and ligands can induce a cation redistribution within the CoFe20s
crystalline structure that may lead to differences in the MO spectra. To check this possibility, figure
S6 (in the SI) includes the normalized Faraday rotation (a) and ellipticity spectra (b) of the as-
synthesized cobalt ferrite nanoparticles (CoFe20s4, in brown color) and of the capsules reference
sample (C-ref, in black color). We can observe that, because of the annealing temperature, the
nanoparticles of the magnetic material in the C-ref sample display notable changes in the Faraday

rotation and ellipticity curves. These differences can be associated to changes in the Co?*(Td) CF
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transition accompanied by a change in the Co?*-Fe3* IVCT transition on octahedral sites,* because
of the redistribution of the cations or due to an increase of Co®* cations in the spinel structure.®*
These changes stemming from the thermal evolution can be studied by Raman spectroscopy, 34
but because of the large scattering of the silica shell in the C-Au20 and C-Au60 samples, we have
proceeded by recording the Raman spectra of just cobalt ferrite nanoparticles, as synthesized and
after a process of calcination analogous to the one used for the capsules. Figure S7 (in the SI)
includes this Raman study and a detailed description, proving the cation redistribution in the spinel
crystalline structure and justifying the changes in the rotation and ellipticity registered for the
cobalt ferrite nanoparticles calcined inside the capsules. Nonetheless, bearing in mind that the three
samples of capsules have undergone the same thermal treatment, similar changes have therefore
taken place in both C-Au20 and C-Au60 samples as well as in the C-Ref sample and cannot explain
the differences observed in the MOA of the capsules containing the individual plasmonic

nanoparticle. The changes observed in the MOA of the cobalt ferrite stem therefore from the

plasmon resonance influence of the single gold nanoparticle.

Conclusion

Summarizing, these investigations of the Faraday effect in this particular type of capsules show
a plasmon-induced manipulation of the incident light, stemming from one plasmonic nanoparticle,
which modifies the polarization of the transmitted light and shifts the sign reversal of the
magnetooptical Faraday rotation and ellipticity. Since the magneto-optical activity originates from
the spin-orbit coupling and is an intrinsic property of the cobalt ferrite, these results point to the
plasmonic effect of the individual metal nanoparticle to increase the magneto-optical activity of

the cobalt ferrite in the visible range. Still, it would be interesting to differentiate this influence of
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the gold nanoparticle onto the different magnetic ones, a few in close contact and many others
gradually far apart from the plasmonic source. Another issue to explore relates to the size of the
capsule (with ~ 450 nm internal diameter and therefore close to the surface plasmon resonances),
that may create internal resonances as well, modifying the electric field inside and altering the
magneto-optics. Anyhow, this confined magneto-plasmonic system opens the door to new
pathways for fine tuning the magneto-optics of magnetic nanomaterials. Thus, this work provides
a useful caging approach for creating magneto-optical materials stemming from assemblies
composed of both plasmonic and magnetic materials on which the plasmonic influence can start

from an individual metallic nanoparticle.
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