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etallic nanoparticles and more

complex composites thereof have

been intensively investigated dur-
ing the past century.! The excitation of
localized surface plasmon polaritons at dis-
crete wavelengths is usually the key feature
that attracts the interest. As the terminology
already suggests, these hybrid excitations
are bound to the interface between a metal
and a dielectric where an external electro-
magnetic illumination can resonantly drive
the charge density oscillations in the metal.
The resulting excitation carries its energy
partially in the photonic and partially in the
plasmonic state. The contribution of both
can be tailored by suitably adjusting the
nanoparticles' geometry, the near- or far-
field coupling to adjacent objects, and/or
the excitation conditions. Potentially, the
most appealing property of such localized
surface plasmon polaritons is their field
concentration on the length scale of eva-
nescent waves. This therefore allows the
usual resolution limit predicted by far-field
optics to be overcome. With a lifetime ex-
ceeding that of an optical cycle, a coherent
buildup of the fields leads additionally to
large near-field enhancements. Their exploi-
tation is promising for many future nano-
scopic applications since plasmonic effects
can link the macroscopic to the nanoscopic
word, and evidently vice versa.

A prominent class of applications exploits
the field enhancement for biosensing
with nanoparticles*® or surface-enhanced
Raman scattering using complex-shaped
plasmonic structures.** Other applications
are associated with the localized generation
of heat due to dissipation in metallic nano-
particles.® This very localized plasmonic
heat generation can be exploited in cancer
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ABSTRACT We theoretically analyze, fabricate, and characterize a three-dimensional plasmonic
nanostructure that exhibits a strong and isotropic magnetic response in the visible spectral domain.
Using two different bottom-up approaches that rely on self-organization and colloidal nanochem-
istry, we fabricate clusters consisting of dielectric core spheres, which are smaller than the
wavelength of the incident radiation and are decorated by a large number of metallic nanospheres.
Hence, despite having a complicated inner geometry, such a core—shell particle is sufficiently small
to be perceived as an individual object in the far field. The optical properties of such complex
plasmonic core—shell particles are discussed for two different core diameters.

KEYWORDS: core—shell nanostructure - isotropic magnetic resonance - localized
surface plasmon resonance - self-assembly - bottom-up technology - colloidal
nanochemistry

therapy.” Apart from that, plasmonic struc-
tures can also be incorporated into solar
cells to enhance the light absorption.®?
Analytical models, like the hybridization
scheme'® or transformation optics ap-
proaches,'’ have been used to describe
the coupling among adjacent plasmonic
nanostructures. This allows a deep physical
understanding of fabricated structures and
fostered the prediction of many effects based
on novel complex plasmonic structures like
asymmetric dimers,'? quadrumers,'* or oligo-
mers." In particular, Fano-like resonances
were observed in these structures.'”
However, most of the applications men-
tioned above rely on plasmonic resonances
with an electric dipolar character. This is
obviously only one side of the coin. Con-
sidering simple structures like two coupled
plasmonic nanospheres (a dimer) and using

* Address correspondence to
stefan.muehlig@uni-jena.de.

the hybridization model, antisymmetric re-
sonances were forecast where the excited
electric dipoles in both spheres are oscillat-
ing 180° out of phase."® Such an eigenmode
is strongly subradiant and will be per-
ceived as a magnetic dipole in the far-field.
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This magnetic response is the key ingredient for many
further applications. It is required, for example, for
perfect imaging where the field from an object is
reconstructed with unprecedented resolution in the
image plane'” or in the field of transformation optics
where control over the anisotropic electric and mag-
netic response of the structure is crucial.'®

Using classical top-down nanofabrication technolo-
gies, structures exhibiting a strong magnetic dipolar
response have been fabricated.'”?° However, they
suffer from many limitations. For example, it is difficult
to achieve fully bulk materials, which are, however,
required for realistic applications. Moreover, the usual
periodic arrangement of the plasmonic structures
along with their mesoscopic size usually prevents an
isotropic response. Recently, bottom-up technologies
for the fabrication of structures were proposed where
asymmetric resonances (that can be related to a
magnetic dipole oscillation) can be excited and first
results have been reported.'*?'?2 However, in most of
these contributions, the self-assembled structures
were situated in a planar fashion on a substrate. In this
article, we advance the field by demonstrating two
approaches for the fabrication of fully three-dimen-
sional clusters in solution by means of colloidal nano-
chemistry that exhibit a strong isotropic magnetic
response. These clusters consist of dielectric spheres,
which are decorated by a large number of isolated,
nontouching metallic nanospheres. Previously, this
kind of structure has been proposed as a promising
candidate for exhibiting artificial magnetism.?*2* This
magnetism can be explained by assuming that the
shell of metallic nanospheres acts effectively as a
medium with an extremely high permittivity at wave-
lengths slightly above the collective plasmonic reso-
nance. The large permittivity in turn evokes Mie
resonances. For the lowest order one, the electric
displacement field rotates in a plane perpendicular to
the polarization of the incident magnetic field. There-
fore, this mode can be associated with the desired
magnetic dipole contribution (a detailed discussion
about this mode is given in the Supporting Information).
Such an explanation applies not just for core—shell
clusters but also for spherical aggregates of many
metallic nanospheres.?>?° Although a few publications
on the fabrication of such core—shell systems exist,” >3
their optical response was never related to the excitation
of an isotropic magnetic dipole moment. Thus, it is the
aim of this contribution to establish this relation. It has to
be mentioned that magnetic dipoles can also be excited
in dielectric spheres exhibiting a large real part of the
permittivity.3**° In particular, spheres made of silicon
have recently attracted a lot of attention.>®>’

RESULTS AND DISCUSSION

To document the entire chain of research, in what
follows, we investigate core—shell clusters fabricated
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by two distinct self-assembly processes. Both techni-
ques rely on colloidal nanochemistry and exploit dis-
tinguishable bottom-up strategies to self-assemble the
clusters. The first fabrication technique takes advan-
tage of electrostatic forces between positively charged
silica microspheres and negatively charged gold nano-
spheres. This technique has been already proven
powerful for the fabrication of layered arrays of gold
nanospheres.®® The second self-assembly technique
uses thiol chemistry to attach the gold nanospheres
onto thessilica spheres. The fabricated structures, more-
over, differ in that they use dielectric spheres of
different size, enabling an experimental study of scal-
ing effects. We present measured extinction spectra of
the fabricated samples and compare them to rigorous
simulations. There, the nominal geometry of the core—
shell clusters is fully taken into account by using an
extended Mie theory to compute the scattering re-
sponse of large aggregates of spheres. From such
theoretical considerations, we can draw the conclusion
that the measured resonance, which is strongly red-
shifted compared to that of an isolated gold nano-
sphere, can be related to a magnetic dipole moment.

To distinguish between both fabrication processes,
from now on, we will term core—shell clusters fabri-
cated by self-assembling due to electrostatic forces as
“electrostatic assembly” and those fabricated due to
thiol chemistry as “thiol assembly”. In Figure 1, scan-
ning electron micrographs (SEMs) of both structures
are shown. They consist of silica spheres with a radii of
78 £ 6 nm (thiol assembly) and radii of 130 £ 10 nm
(electrostatic assembly). These silica spheres are deco-
rated by gold nanospheres with radii of 8 + 1 nm and
10 £ 2 nm for thiol assembly and electrostatic assem-
bly, respectively, leading to approximately 275 and 320
gold nanospheres covering the silica spheres. As can
be seen from Figure 1, both self-assembling processes
allow fabricating core—shell clusters with a sufficiently
large number of gold nanospheres attached to the
silica spheres. The first step of the optical characteriza-
tion consists of the measurement of the extinction
spectra of the fabricated core—shell clusters in solu-
tion. The solvent of thiol assembly is toluene and that
of electrostatic assembly is dominated by water. The
respective extinction measurements are presented in
Figure 2. Note that all extinction curves are normalized
to their respective maximum in the investigated spec-
tral domain. As can be seen by the red solid curves in
Figure 2, the localized plasmon polariton resonances of
the single gold nanospheres occur at 530 and 521 nm
for thiol assembly and electrostatic assembly, respec-
tively, represented by maxima in the extinction spec-
tra. The slightly different resonance frequency for both
single nanospheres is due to the different permittivities
of the solvents. The resonances of the core—shell
clusters are displayed as blue dashed curves in Figure 2,
where the extinction peaks at 600 nm for thiol assembly
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Thiol Assembly

Electrostatic Assembly

Figure 1. Scanning electron micrographs of fabricated core—shell clusters (for geometrical details, see text). An amorphous
arrangement of core—shell clusters of thiol assembly and of electrostatic assembly is shown in the left and right panels,
respectively. The inset of both micrographs depicts a zoomed in view showing a single core—shell cluster.
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Figure 2. Measured extinction spectra of fabricated core—shell clusters (see Figure 1) in solution (blue dashed curve). For
comparison, the extinction spectra of the single gold nanospheres are shown (red solid curve).

and at 670 nm for electrostatic assembly. These reso-
nances are strongly red-shifted when compared to the
resonance of the individual gold nanosphere. In the
following, we are going to simulate the optical re-
sponse of the fabricated structures. By using these
results, the measured red-shifted peaks of the core—
shell cluster extinction can be related to a magnetic
dipolar response.

In this article, we apply the extended Mie theory
to simulate the optical response of the fabricated
core—shell clusters. We consider single core—shell
clusters with geometrical parameters fixed by the
experimental conditions, take the fine details of a
respective arrangement into account, and calculate
the extinction cross sections of these structures. The
results are shown in Figure 3. The respective cluster
geometry (of the simulations) shown in the insets
corresponds to the fabricated structures. The radius
of the silica sphere was set to 80 nm, and it was covered
by an amorphous arrangement of 274 gold nano-
spheres with radii of 8 nm for thiol assembly. The
permittivity of the solvent toluene was assumed to
be 2.24. The radius of the silica sphere in the simula-
tions of electrostatic assembly was set to be 130 nm,
and it was covered by an amorphous arrangement of
354 gold nanospheres with radii of 10 nm. The permit-
tivity of the solvent water was set to be 1.77. Material
parameters of gold were taken from literature*' with a

39,40
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size-dependent correction of the imaginary part.*? All
series expansions in Mie theory were considered up to
the fifth order, where the first order corresponds to a
field expansion that considers electric and magnetic
dipoles only. The core—shell clusters are illuminated by
a plane wave. All curves in Figure 3 are equally normal-
ized to their resonance peak in the investigated spec-
tral domain.

The simulated extinction spectra (Figure 3) show
an excellent agreement with the measurements
(Figure 2). The red-shifted resonances of the core—
shell clusters appear at 605 and 660 nm for thiol
assembly and electrostatic assembly, respectively.
These resonance positions match the experimental
data almost perfectly. The slight deviation is caused
by two facts. First, in simulations, only one single
core—shell cluster is considered, whereas in experi-
ments, an amorphous arrangement of clusters in solu-
tion is probed. Second, as indicated previously, the
geometrical parameters of the fabricated samples
could be only accounted for up to a certain precision.
Because the peak position of the red-shifted resonance
depends on these geometrical parameters, we identify
this limited precision as the most likely reason for these
marginal deviations. Of course, the simulation results
could be adjusted by varying the geometrical para-
meters, but considering the almost perfect agreement,
we refrain from doing so.
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Figure 3. Simulated extinction spectra of core—shell clusters (see Figure 1) in solution (blue dashed curves). The insets show a
sketch of the structures under investigation (for geometrical parameters, see text; the black scale bar corresponds to 100 nm
in both structures). As for the measured spectra (see Figure 2), the extinction spectra of the single gold nanospheres are

shown (red solid curves).
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Figure 4. Simulated contributions of the relevant multipole moments (p, electric dipole; m, magnetic dipole; Q, electric
quadrupole) to the scattering cross section of the core—shell clusters as a function of the wavelength.

One feature in the measured spectra of the core—
shell cluster of electrostatic assembly is not repro-
duced by simulations. This concerns a second peak at
the wavelength of the localized plasmon polariton
resonance of single gold nanospheres (see Figure 2).
In experiments, this peak is caused by gold nano-
spheres which do not cover the dielectric sphere but
are left in solution because of the excess of gold
nanospheres in the fabrication process. It is proposed
that in the electrostatic assembly method an equilib-
rium exists between gold nanospheres in solution and
at the surface of the silica cores. In this case, an excess
of gold nanospheres would be required in order to
ensure that the cores remain covered. As stated above,
in the simulations, only a single core—shell cluster is
considered whereas isolated gold nanospheres in so-
lution are not taken into account. The absence of this
effect for thiol assembly in the experimental spectra
clearly demonstrates that almost all gold nanospheres
cover the silica cores. Here the gold nanospheres are
covalently bonded, and therefore, no excess of gold
spheres is required in the fabrication process.

To identify extinction resonances with the excitation
of a magnetic dipole moment in these structures, we
investigate the contribution of the respective multi-
pole moments to the scattered field of the core—shell
clusters. This is easily done since in Mie theory all fields
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are represented by a series expansions corresponding
to a multipole expansion in spherical coordinates. These
spherical multipole moments can be transformed into
Cartesian ones, which facilitates the identification of the
conventional electric and magnetic multipoles. Details
of such a multipole analysis for arbitrary-shaped scat-
terers can be found elsewhere.** The contribution of the
most relevant multipole moments of both fabricated
core—shell clusters to the scattered field of these struc-
tures is displayed in Figure 4. They are normalized such
that their sum yields the complete scattering cross
section. Higher order multipoles, not shown in Figure 4,
provide only a negligible contribution. In the simula-
tions, it is assumed that the core—shell clusters are
illuminated by a linear polarized plane wave (similar to
Figure 3) propagating in the z direction and polarized in
the x direction, hence the components of the multipole
moments are designated accordingly. The orientation of
the coordinate system is, however, arbitrary because the
structure exhibits spherical symmetry. From Figure 4, it
can be clearly seen that the red-shifted resonance of the
scattering cross section of the core—shell clusters is
caused by a resonant magnetic dipole moment. This
magnetic dipole dominates the spectrum for electro-
static assembly, and its strength compares to that of
the electric dipole for thiol assembly. The differences
between both assemblies can be related to the
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different core diameters; that is, increasing the dia-
meter leads to a more pronounced magnetic dipole
compared to the electric one. Similar effects have been
already reported in the literature.® We also observe a
weak quadrupole contribution in both samples. How-
ever, this quadrupole resonance affects only slightly the
scattering cross section, and it peaks at smaller wave-
lengths compared to the magnetic dipole resonance.
The effect of this quadrupole moment is an increased
absorption of the core—shell cluster near its resonance.
This explains the different peak positions of the scatter-
ing (Figure 4) and the extinction cross section (Figure 3)
in simulations. The increased absorption due to the
excited quadrupole moment shifts the maximum of
the extinction cross section to shorter wavelengths
compared to the scattering cross section.

METHODS

Core—Shell Clusters via Electrostatic Forces. The first self-assembly
technique used electrostatic forces to attach the gold nano-
spheres onto the silica spheres. In a first step, the gold nano-
spheres were prepared according to the well-known Turkevich
method.** In brief, 600 mL of a 0.25 mM solution of HAuCl, was
heated to 100 °C under constant magnetic stirring. The gold was
then reduced by the addition of 15 mL of a 0.03 M sodium citrate
solution. Succeeding color changes were observed before a deep
red solution arose, and after 15 min, the reaction vessel was
removed from the heat and allowed to cool to room temperature.

Uniform silica microspheres with a mean diameter of
260 nm were purchased from Bangs Laboratories, Inc. In order
to adsorb gold nanospheres at these silica microspheres, it was
first necessary to alter the surface chemistry of the silica micro-
spheres to induce an affinity between both constituents. This
was achieved by taking advantage of silica chemistry®® where
the careful choice of reagents allows access to a wide variety of
surface chemistries. In this case, N-[3-(trimethoxysilyl)propyl]-
ethylenediamine was selected because of the terminal amine
group, which presents a net positive charge and therefore an
electrostatic attraction to the gold nanospheres, which are
negatively charged as a result of the citrate capping molecules.
Then 0.5 mL of the microspheres was added to 2 mL of a 5%
(v/v) solution of N-[3-(trimethoxysilyl)propyllethylenediamine
in ethanol and mixed under magnetic stirring for 30 min. Excess
organosilane was removed by centrifuging the solution at 2000
rcf for 10 min before removing the supernatant and redispersing
the now functionalized silica microspheres in 2 mL of ethanol.

To produce core—shell clusters, 10 uL of the functionalized
silica core sphere solution was added to 40 mL of gold nano-
spheres solution under vigorous stirring. The adsorption of the
gold nanospheres was instantaneous and caused a color
change in transmission from red to deep blue. Partial purifica-
tion was possible by a further centrifugation step (1000 rcf,
5 min), although it was evident that this did not result in
complete removal of excess gold nanospheres. Unless other-
wise stated, all chemicals were purchased from Sigma-Aldrich.

Core—Shell Clusters via Thiol Assembly. The second self-assembly
technique used thiol chemistry to attach the gold nanospheres
onto the silica spheres. The applied materials included the
following: (3-mercaptopropyl)trimethoxysilane (MPS, Sigma-
Aldrich) purified by distillation under reduced pressure, tetra-
chloroauric(lll) acid (HAuCl,, Sigma-Aldrich), and oleylamine
(Acros Organics) used without further purification. Amicon Ultra
15 mL 100 k (Millipore) tubes were used for ultrafiltration.

MUHLIG ET AL.

CONCLUSION

Two distinct fabrication processes are proposed
and implemented based on chemical self-assembly
for the fabrication of core—shell clusters consisting of
silica cores which are decorated by a huge number of
gold nanospheres. The measured extinction spectra
are compared to rigorous simulations of the fabri-
cated samples. Furthermore, by decomposing the
scattered field into contributing multipole moments,
we revealed a resonant isotropic magnetic dipole
moment in the visible range. This magnetic reso-
nance could be directly related to the measured
red-shifted peak of the extinction spectra. The key
result is the fabrication of a nanostructured material
that exhibits artificial isotropic magnetism in the
visible spectral domain.

Thiol group functionalized silica spheres were prepared
according to an already published method by Nakamura and
Ishimura.*® In order to achieve monodisperse silica particles
with a diameter of approximately 150 nm, 380 uL MPS was
injected into 150 mL of ammonia solution (1%) at 50 °C under
vigorous stirring. The reaction solution was vigorously stirred for
2 h. Afterward, the particles were separated by centrifugation
and washed three times with 60 mL of ethanol. Further purifica-
tion was obtained by ultrafiltration, and the purified particles
were finally dispersed in 5 mL of toluene.

Gold nanospheres were synthesized using the method
reported by Hiramatsu and Osterloh.*” A solution of 300 mg
of HAuCl,, 4.9 g of oleylamine, and 5 mL of toluene was injected
into a boiling solution of 8.5 g of oleylamine in 250 mL of
toluene. The heat source was removed after 1 h. The gold
nanospheres were precipitated with methanol, separated by
centrifugation, and redispersed in toluene. Monodisperse frac-
tions of the gold nanospheres were prepared by size-selective
precipitation. Each fraction was dispersed in 5 mL of toluene.
Gold nanosphere coated silica spheres were fabricated by
adding 3 mL of gold nanosphere solution to 5 mL of silica
particle solution, and the gold nanospheres were assembled on
the silica particle surfaces, forming the core—shell clusters.?
The observed color in transmission of the solution changed
from red to blue within 15 min.

Mie Theory. The scattering of electromagnetic fields at sphe-
rical particles can be calculated by using Mie theory,*® which is a
rigorous solution of Maxwell's equations. In Mie theory, all fields
are expanded into an infinite series of vector spherical harmo-
nics, being the eigenfunctions of the problem, with unknown
complex amplitudes. By applying the usual boundary condi-
tions at the surface of the spheres, these amplitudes can be
determined for any given incident field in a self-consistent
manner. The framework of Mie theory for a single sphere can
be extended toward clusters of arbitrarily arranged spheres.3%4°
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about the excited magnetic dipole moment of the investigated
core—shell clusters is given. Field distributions are presented
as well as the influence of the dielectric core to the magnetic
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