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C
oupling of the magnetic field of
light with matter can enable unpre-
cedented control and manipulation

of light�matter interactions.1,2 It has been
proposed that subwavelength metal nano-
particles arranged into a two-dimensional
ring structure or three-dimensional clusters
can support magnetic resonances at opti-
cal frequencies.3 This unusual property of
metal nanoparticle clusters, which are often
termed “metamolecules”, has stimulated
exciting new applications such as plasmonic
cloaking,4 superlenses,5 and enhanced non-
linear optical properties.6

The majority of the effort in this area thus
far has been focused on two-dimensional
arrays fabricated by lithographic tech-
niques2 or by the assembly of presynthesized
nanoparticles on solid substrates.7�10 Com-
pared to such two-dimensional structures,

three-dimensional clusters fabricated by
solution chemistry are advantageous, as
they can be produced in large quantities
at low cost and are compatible with solution
processing for the fabrication of metamate-
rials. In addition, isotropicmetal nanoparticle
clusters preparedby solutionphasemethods
show orientation-independent optical and
magnetic responses, which are difficult to
achieve in lithographically fabricated struc-
tures. Recently, several approaches have been
reported for three-dimensional clusters of
metal nanoparticles showing magnetic reso-
nances.11�16 For example, Urban et al. re-
ported the fabrication of three-dimensional
gold nanoparticle clusters by the self-assembly
of polystyrene-grafted gold nanospheres and
an amphiphilic polymer, polystyrene-block-
poly(acrylic acid) (PS-b-PAA).15 In another
example, Sheikholeslami et al. fabricated a
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ABSTRACT We report a synthetic approach to produce raspberry-

like plasmonic nanostructures with unusually strong magnetic

resonances, termed raspberry-like metamolecules (raspberry-MMs).

The synthesis based on the surfactant-assisted templated seed-

growth method allows for the simultaneous one-step synthesis and

assembly of well-insulated gold nanoparticles. The aromatic surfac-

tant used for the syntheses forms a thin protective layer around the

nanoparticles, preventing them from touching each other and

making it possible to pack discrete nanoparticles at close distances

in a single cluster. The resulting isotropic gold nanoparticle clusters (i.e., raspberry-MMs) exhibit unusually broad extinction spectra in the visible and near-

IR region. Finite-difference time-domain (FDTD) modeling showed that the raspberry-MMs support strong magnetic resonances that contribute significantly

to the broadband spectra. The strong magnetic scattering was also verified by far-field scattering measurements, which show that in the near-IR region the

magnetic dipole resonance can be even stronger than the electric dipole resonance in these raspberry-MMs. Structural parameters such as the size and the

number of gold nanoparticles composing raspberry-MMs can be readily tuned in our synthetic method. A series of syntheses with varying structure

parameters, along with FDTD modeling and mode analyses of corresponding model structures, showed that the close packing of a large number of metal

nanoparticles in raspberry-MMs is responsible for the unusually strong magnetic resonances observed here.

KEYWORDS: gold nanoparticle cluster . surface plasmon resonance . magnetic resonance . magnetic dipole . magnetic quadrupole .
metamaterial . metamolecule
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shell-type metamolecule by assembling silver nano-
particles around a polystyrene (PS) core through
streptavidin�biotin interactions.13 Themain challenge
in realizing stronger magnetic resonances in such
nanoparticle clusters is to further reduce the interpar-
ticle distance while simultaneously preventing the
particles from contacting each other, which is difficult
to achieve through typical self-assembly routes.
In this article, we report a new synthetic approach to

prepare isotropic shell-type gold nanoparticle clusters
exhibiting strong magnetic resonances. Our synthetic
method, which is based on the templated surfactant-
assisted seed-growth method, allows for in situ forma-
tion and assembly of gold nanobeads and yields
raspberry-like structures where gold nanobeads are
closely packed with only a few nanometers of separation
(Figure 1A). The aromatic surfactant used in the synthesis
acts as an effective dielectric coating on gold nano-
beads and prevents them from contacting each other.
The resulting nanoparticle clusters, which are termed here
“raspberry-like metamolecules (raspberry-MMs)”, showed
unusually strong magnetic resonances, yielding broad
extinction spectra in the visible and near-IR region.
The strength of the magnetic dipole resonance in
the raspberry-MMs increases with the size and the
number of gold nanobeads in the assembly. Both
experimental data and finite-difference time-domain
(FDTD) simulations show that the magnetic dipole
resonance can be even stronger than the electric
dipole resonance in large raspberry-MMs. In addition,
mode analyses revealed that the large raspberry-MMs

may also support magnetic quadrupole resonances,
which has not been previously observed in other
colloidal systems. These results demonstrate that
the synthetic method described here provides an
unparalleled ability to closely pack large numbers of
well-insulated plasmonic nanobeads, which is the key
requirement for the fabrication of metamolecules
showing strong magnetic resonances in the visible
and near-IR region.3

RESULTS AND DISCUSSION

Colloidal Synthesis and Characterization of Raspberry-MMs.
The raspberry-MMs were synthesized by a templated
surfactant-assisted seed-growth method as schemati-
cally described in Figure 1A. Briefly, a solution of PS
cores decorated with silver seeds (seed solution) was
mixed with a growth solution containing an aromatic
surfactant, benzyl dimethyl hexadecyl ammonium
chloride (BDAC), HAuCl4, silver nitrate, and ascorbic
acid (Figure 1A). This procedure is similar to our
previously reported method used to produce spiky
nanoshells17,18 except that BDAC is used instead of cetyl-
trimethylammonium bromide (CTAB) as a surfactant. The
synthetic method results in a raspberry-like structure
composed of a PS core decorated with a large number
of gold nanobeads (Figure 1B, Figures S1 and S2) in nearly
100% yield without any gold particles detached from PS
cores. Thegoldnanobeads composing the raspberry-MMs
maintained their discrete structure without fusing to-
gether. In comparison, nanoshells synthesized with alkyl
surfactants such as cetyltrimethylammonium chloride

Figure 1. (A) Schematic description of the synthesis of raspberry-MMs by the templated surfactant-assisted seed-growth
method and the disassembly procedure used to separate the Au nanobeads from the PS template. The large gray spheres,
small blue spheres, and golden yellow spheres represent PS cores, silver seeds, and gold nanobeads, respectively. (B) SEM
image of a typical raspberry-MM sample (MM_1) prepared with a PS template with the diameter of 184 ( 9 nm. Detailed
synthetic conditions and size parameters are shown in Table 1. (C) Typical TEM images of the PEG-grafted raspberry-MMs
redispersed in ethanol for 2 h. (D) UV�vis spectra of the raspberry-MMs shown in B (cyan), the swollen assemblies shown in C
(black), and the disassembled nanoparticles obtained by 2 h sonication of the sample in C (red). See Figure S5 for the TEM
image of disassembled nanoparticles. The inset is a picture of the raspberry-MM shown in B (right) and the dissembled
structure after sonication (left).
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(CTAC) instead of BDAC formed fused nanoshells.17

This result indicates that BDAC can form an effi-
cient protecting layer on gold nanobeads.19 Note that
the key requirement in fabricating plasmonic three-
dimensional metamolecules with strong magnetic
resonances is to closely pack metal nanoparticles in a
circular geometry without making contacts.3 The dis-
crete nature of gold nanobeads in the clusters synthe-
sized here was further confirmed by replacing the BDAC
coating with thiolated polyethylene glycol (PEG) (MW =
5000 g/mol) and then dispersing the raspberry-MMs in
ethanol. This procedure increased the distance between
gold nanobeads due to the swelling of PEG in ethanol
as shown in Figure 1C and schematically depicted in
Figure 1A (black box). The loosely bound nanobead
network (Figure 1C) was then broken apart into indivi-
dual nanobeads by sonication (Figure S5). This observa-
tion confirms that tightly packed gold nanobeads in
the raspberry-MM are not in physical contact, as they
are well-protected by the BDAC layers. In addition, this
disassembly procedure allowed us to analyze the size,
number, and shape of the beads in great detail. The
beads were predominantly spherical or quasi-spherical
in shape with a few triangular and rod-like structures
(Figure 1C). The structural parameters obtained from the
measurements are listed in Table 1.

The raspberry-MMs exhibited broadband extinc-
tion spectra covering from 500 nm to over 1200 nm
with distinct resonance peaks at 658, 943, and 1222 nm
(Figure 1D, cyan). The disassembled Au beads, on the
other hand, showed an SPR band at 552 nm (Figure 1D,
red), which is slightly red-shifted compared to the SPR
band position (526 nm) of isolated spherical nanopar-
ticles of similar size in ethanol.20,21 This slight red-shift
and the tail in the longerwavelength region (Figure 1D,
red) are probably due to some remaining small clusters
of gold nanobeads.22 Nonetheless, the extinction spec-
tra and TEM measurements as well as the red color of
the disassembled sample (Figure 1D, inset) confirm
thatmost Au beadsmaintainwell-isolated structures in

raspberry-MMs. It is also important to note that PEG-
modified raspberry-MMs incubated in ethanol (Figure 1C)
showed an extinction spectrum (Figure 1D, black) close to
that of isolated gold nanobeads (Figure 1D, red), indicat-
ing that the short interparticle distance in raspberry-MMs
is an important contributing factor to thebroadextinction
spectrum of raspberry-MMs (Figure 1D, cyan).

Optical Properties of Raspberry-MMs with Varying Structural
Parameters. It is well known that the optical properties
ofmetallic nanoparticle clusters are strongly dependent
on the size and the number of particles composing
the clusters as well as interparticle distance.22,23 In the
syntheticmethodpresentedhere, those parameters can
be readily controlled. Figure 2 presents SEM images and
extinction spectra of a series of raspberry-MMs com-
posed of different sized Au beads fabricated on 94.5 nm
PS cores (see Figure S3 for TEM images). The aver-
age number of beads was kept constant at about 100
(Figure S6) for all four samples (Table 1). The radius
of the beadswas increased from11.8( 2.8 nm to 19.4(
5.4 nm by adjusting the volume ratio between the
seed and the growth solution (Vseed/Vgrowth) (Figure 2).
All four clusters showed broadband extinction spectra
(Figure 2F, top) composed of mainly two peaks, cover-
ing the visible and near-IR region. The long-wavelength
peak red-shifted and the overall bandwidth became
broader with increasing Au bead sizes.

Finite-difference time-domain modeling (Lumerical
Solutions, Inc.) was carried out to investigate the broad
profile of the extinction spectra (Figure 2F, bottom). To
generate realistic models of raspberry-MMs, a separate
molecular dynamics simulation was used to randomly
pack Au beads on the surface of a PS template (see
Supporting Information section I for more details).
Structural parameters such as the number of gold nano-
beads, the size of gold nanobeads, and the PS core
diameter were chosen based on experimental values
(Table 1). All models were constructed with Au spheres
coated with a 1 nm thick dielectric (Figure 2G), which
generated nanoparticle clusterswith the averagenearest

TABLE 1. Synthetic Conditions and Size Parameters of Raspberry-MMs Presented in Figures 1�5a

samples experimental parameters simulation parameters

figure no. sample no. Vseed/μL Dcore/nm Nbead Rbead/nm DRMM/nm Dcore/nm Nbead Rbead/nm DRMM/nm

1B MM_1 35 184 ( 9 >400 14.8 ( 5.0 337 ( 4 184 800b 14 340
2B MM_2 70 94.5 ( 7.2 93 ( 10 11.8 ( 2.8 164 ( 14 96 100 12 161
2C MM_3 50 94.5 ( 7.2 104 ( 21 13.8 ( 3.2 176 ( 14 96 100 13 175
2D MM_4 35 94.5 ( 7.2 98 ( 10 16.3 ( 3.8 198 ( 14 96 100 16 195
2E MM_5 20 94.5 ( 7.2 97 ( 15 19.4 ( 5.4 228 ( 23 96 100 19 230
3B MM_6 35 56.4 ( 6.4 71 ( 6 15.4 ( 4.2 151 ( 13 56 70 11c 126
3D MM_7 110 184 ( 9 >400 12.5 ( 2.1 290 ( 16 184 800b 11 287

a Vseed: volume of seed solution mixed with 10 mL of growth solution; Dcore: diameter of PS core; Rbead: radius of Au nanobeads; Nbead: the number of Au nanobeads in each
raspberry-MM; DRMM: diameter of raspberry-MMs. Size parameters used in FDTD simulations are also given along with experimental parameters.

b The number of beads used in
the simulation was chosen to match the overall size of the actual raspberry-MMs with that of the model structure. c For MM_6, a smaller bead diameter was necessary to
reproduce the experimental spectrum. This is probably due to the lower packing density of nanobeads in the experimental structure compared to the simulation model for
raspberry-MMs synthesized on small-sized cores.
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neighbor bead-to-bead distance of about 2.0 nm
(Figure S9); this is a reasonable number considering
the thickness of the BDAC layer (Figure S10). The
coordinates of eachnanobeadobtained from themolec-
ular dynamics simulation were then imported into the
Lumercial software (Lumerical Solutions, Inc.) for FDTD
modeling. The details of the FDTD modeling have been
reported in our earlier publications.17,18 Extensive tests
were carried out to make sure that the simulated results
converge (Supporting Information, Figures S11, S12).

The spectroscopic features and major peak posi-
tions of simulated spectra (Figure 2F, bottom, Figure S13)
exhibit similar profiles and trends to those of ex-
perimental spectra (Figure 2F, top), although fine
features of sharp peaks in the simulated single-particle
spectra are smoothed and broadened in the experi-
mental ensemble spectra. Because each raspberry-MM
should have slightly different structural parameters
(e.g., the number of beads, the size of beads, bead
arrangements, interbead distances), the experimental
ensemble spectra are broader than the simulated
spectra (Figure S14). Nonetheless, the general agree-
ment between the simulation and the experimental
peak positions (as guided by the gray dashed lines)
indicates that the structural parameters used for these
simulations are appropriate and that the optical prop-
erties of raspberry-MMs can be effectively controlled
by varying the size of Au beads.

The optical properties of raspberry-MMs can also
be tuned by varying the core diameter. Figure 3 shows
the structure and extinction spectra of three different
raspberry-MMs prepared with different sized PS cores

(56.4, 94.5, and 184 nm in diameter) (see Figure S4 for
TEM images). The radius of Au beads in the three
clusters was kept constant at about 13.2 nm (Table 1)
by carefully adjusting Vseed/Vgrowth. The average num-
bers of Au nanobeads on the 56.4 and 94.5 nm dia-
meter PS core counted from TEM images were 71 ( 6
and 93 ( 10, respectively (Table 1, Figures S6, S7). The
average number of Au beads on the 184 nm core was
estimated to be around 800 from the overall size of the
cluster, as it was difficult to accurately count the large
number of beads for the structure due to the overlap of
beads around the PS core (Figure S8). The structure
parameters for the assemblies are provided in Table 1.

The smallest raspberry-MMs exhibited amajor peak
at 629 nm and a shoulder at 740 nm (Figure 3E,
top, black). The medium-sized raspberry-MMs showed
similar spectral features, but the long-wavelength
peak slightly red-shifted to 743 nm, and its intensity
increased and became comparable to that of the
629 nm peak (Figure 3E, top, red). In the largest
raspberry-MMs, the spectrum became much broader
with three major peaks (Figure 3E, top, blue). In gen-
eral, the extinction spectra of the raspberry-MMs
became broader and extended further into the near-
IR region with increasing overall size of the assemblies
(Figure 3E, top).

The calculated spectrum of the small raspberry-MM
model (MM_6) shows a main peak at 595 nm and
weaker peaks on the long-wavelength shoulder, which
drops quickly at 733 nm (Figure 3E (bottom, black),
Figure S15). The simulated spectrum of the medium-
sized raspberry-MM (MM_2) exhibits similar features to

Figure 2. Raspberry-MMs composed of different sized Au beads. (A�E) Schematic description (A) and SEM images (B�E) of
raspberry-MMs with increasing bead size. The insets in B�D show the cross sections of corresponding models used in
simulations. (G) Model for the cluster shown in D used in FDTD simulations. (F) Experimental (top) and simulated (bottom)
extinction spectra of samples in B (MM_2 (Dcore = 96 nm,Nbead = 100, Rbead = 12 nm), red), C (MM_3 (Dcore = 96 nm,Nbead = 100,
Rbead = 13 nm), black), D (MM_4 (Dcore = 96 nm, Nbead = 100, Rbead = 16 nm), blue), and E (MM_5 (Dcore = 96 nm, Nbead = 100,
Rbead = 19 nm), cyan). The synthetic conditions and structural parameters are summarized in Table 1.
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that of the small raspberry-MM, but the long-
wavelength peak shows a slight red-shift and signifi-
cantly increased intensity (Figure 3E, bottom, red).
This spectral trend is consistent with the experimental
results as indicated with gray dashed lines (Figure 3E,
top). The simulated spectrum for the large raspberry-
MM (MM_7) exhibits further red-shifts and spectral
broadening (Figure 3E (bottom, blue), Figure S15), again
consistent with the trend observed in the experimental
spectra (Figure 3E, top). In general, the main fea-
tures and trends in the simulated spectra (Figure 3E,
bottom) agree fairly well with the experimental spectra
(Figure 3E, top), with both simulation and experimental
data showing red-shifts and spectral broadening with
increasing sizes of the assemblies.

Mode Analyses. In order to understand the origin of
the unusually broadband extinction of raspberry-MMs,
the scattering, absorption, and extinction cross sections
were calculated (Figure 4A) for a model raspberry-MM
shown in Figure 1B, and the scattered field was resolved
into the contributions of different electric and mag-
netic modes24 (Figure 4B; see Supporting Information
for more details). The peak positions of the calculated
extinction spectrum (Figure 4A, blue) are consistent
with those of the experimental spectrum (Figure 4A,
cyan), covering a broad spectral range from 500 nm
to over 1200 nm with a somewhat higher intensity in
the near-IR region than that in the visible region.
The extinction between 500 and 878 nm arises from
both absorption and scattering, while scattering dom-
inates the spectrum atwavelengths longer than 878 nm
(Figure 4A).

The scattering cross section of a large raspberry-
MM was decomposed into individual multipole com-
ponents by projecting the FDTD-generated scattered
field onto a vector spherical harmonic expansion

(see Supporting Information for details). Figure 4B
presents the calculated scattering cross section for
the electric dipole, electric quadruple, electric octopole,
magnetic dipole, magnetic quadrupole, and magnetic
octopole aswell as the sumof the six spectra. The sumof
the component multipoles (Figure 4B, navy) matches
well with the total scattering spectrum calculated using

Figure 3. Raspberry-MMs formed with different sized cores. (A�D) Schematic description (A) and SEM images (B�D) of
raspberry-MMs formedwith different-sized cores (B: MM_6 (Dcore = 56 nm,Nbead = 70, Rbead = 11 nm), C: MM_2 (Dcore = 96 nm,
Nbead = 100,Rbead = 12 nm), D:MM_7 (Dcore = 184 nm,Nbead = 800,Rbead = 11 nm)). The insets in B�D show the cross sections of
corresponding models used in the simulation. Detailed structural parameters are given in Table 1 along with the synthetic
condition. (E) Experimental (top) and simulated (bottom) extinction spectra of samples in B (black), C (red), and D (blue).

Figure 4. Mode analyses of the extinction spectrum for a
raspberry-MM. (A) Absorption, scattering, andextinctioncross
sections of a modeled raspberry-MM calculated with experi-
mentally obtained geometric parameters for raspberry-MMs
shown inFigure1B (MM_1:Dcore =184nm,Nbead=800,Rbead=
14 nm). The experimental extinction spectrum is shown in
cyan for comparison. The inset shows the cross section of the
simulationmodel. (B) Calculated scattering cross section (σ) of
different electric and magnetic modes and their sum (Ed:
electric dipole, Eq: electric quadrupole, Eo: electric octopole,
Md: magnetic dipole,Mq: magnetic quadrupole,Mo: magnetic
octopole, Sum: sum of the cross sections of all six calculated
electric and magnetic modes). The total scattering spectrum
directly obtained by FDTD simulation (labeled as Total scat) is
also presented for comparison.
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FDTD (Figure 4B, brown), demonstrating that these
modes are enough to describe the far-field behavior.

The data presented in Figure 4B shows that the
electric dipole and electric quadrupole modes are
quite broad without distinct resonance peaks. This is
due to the fact that the structure is fairly heteroge-
neous and the nanobeads are not in contact with each
other.17 In a previous study, we have shown that when
gold nanoparticles decorating a polymer core touch to
form a full shell, the electric dipole resonance becomes
strong and sharp.17 In the raspberry-MMs, where gold
nanobeads on a PS core are not in contact, the electric
dipole (Figure 4B, black) and electric quadrupole
(Figure 4B, red) scattering spectra predominantly ori-
ginate from many local dipolar oscillations on the
single-particle level and their interactions with each
other. In contrast, distinct and strong resonances are
observed in the magnetic dipole (Figure 4B, cyan) and
themagnetic quadrupole (Figure 4B, magenta) scatter-
ing spectra. The magnetic dipole resonance makes a
significant contribution to the longest wavelength
scattering peak at 1207 nm (Figure 4B, cyan). Signifi-
cantly, the contribution of magnetic dipole resonance
to the scattering at this wavelength is even higher than
that of the electric dipole scattering (Figure 4B).
Furthermore, a distinct magnetic quadrupole reso-
nance is observed at 995 nm (Figure 4B, magenta).
The intensity of higher ordermodes such as the electric
octopole and the magnetic octopole is much weaker
than that of the lower ordermodes, confirming that the
dipole and quadruple modes dominate the scattering
spectrum. The sum of all six modes is in excellent
agreement with the total simulated scattering cross
section, indicating that mode mixing is also negligible
in the total scattering cross section of these structures.

Measurements of Electric and Magnetic Dipole Scattering.
The existence of strong magnetic dipole scattering of
these raspberry-MMs was also experimentally con-
firmed by measuring the electric dipole and magnetic
dipole scattering spectra of these particles at 90�
scattering angle and at the polarization angles indi-
cated in Figure 5A (see Supporting Information for
detailed experimental setup (Scheme S1)). The data
collected for MM_1 (Dcore = 184 nm, Nbead = 800,
Rbead = 14 nm) are presented in Figure 5B. Additional
experimental data for other raspberry-MMs as well as
control experiments on smooth nanoshells and nano-
spheres are shown in Figure S16 (extinction spectra)
and Figure S17 (scattering at 90� angle) in the Support-
ing Information.

Significantly, the experimental data presented in
Figure 5B show strong magnetic dipole scattering that
exceeds the scattering from the electric dipole in the
near-IR region. The magnetic and electric scattering
spectra for 90� angle data collection were calculated
for the MM_1 model and presented in Figure 5C for
comparison. The calculated scattering spectra show

complicated spectral features with signs of interference.
Much of the detailed spectral features in the calculated
spectra (Figure 5C) are washed out in the experimental
spectra (Figure 5B) due to the heterogeneity in the
experimental structure and the ensemble averag-
ing effect. Single-particle scattering measurements are
required to accurately correlate the experimental and
calculated spectra and to understand the origins of the

Figure 5. Experimental measurements for the scattering
from the electric and magnetic dipoles induced in MM_1
(Dcore = 184 nm, Nbead = 800, Rbead = 14 nm). (A) Schematic
description of themeasurement setup, showing the electric
field, magnetic field, and the propagation directions of the
incident polarized laser beam. The polarization direction
of the incident and scattering electric field is indicated with
R and β, respectively. The top figure (R = 0�, β = 0�) shows
the geometry that leads to the electric dipole scattering
measurements, and the bottom figure (R = 90�, β = 90�)
shows the geometry required to measure the magnetic
dipole scattering. The gray box with golden yellow dots
schematically represents a raspberry-MM solution in a cuv-
ette used for the measurement. (B) Measured scattering
intensity from the electric dipole (black curve) and magnetic
dipole (red curve) at described polarization directions. The
gray area and red area represent the possible errors due to
background processes such as multiple scattering. These
errors are measured by the cross-polarization configuration
(R = 0�, β = 90� for the electric dipole and R = 90�, β = 0� for
themagnetic dipole). (C) Calculated scattering intensity from
the electric dipole (black curve) and magnetic dipole (red
curve) of the model raspberry-MM at the scattering angle of
90� with respect to the incident plane wave light source.
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interesting interference patterns. Effort in this direc-
tion is under way. Nonetheless, it is clear that both
the calculated and experimental spectra show strong
magnetic resonances with intensities comparable to
or exceeding those of electric resonances. Indeed, the
data presented in Figure 5B confirm that the magnetic
resonance modes make significant contributions to the
far-field scattering in the near-IR and the broad extinc-
tionof raspberry-MM. Themeasured scattering intensity
for the magnetic dipole already exceeds that of the
electric dipole at wavelengths over 850 nm (Figure 5B).
Since themagnetic dipole peak is located at 1200 nm in
the simulated spectra (Figure 4, Figure S18), the mag-
netic dipole scattering at that wavelength should be
even stronger than the maximum value found in the
range measured in this study.

Origins of the Magnetic Dipole and Quadrupole Modes. For a
nonmagnetic material, magnetic resonances can be
created by resonating loops of displacement current.3

This can be achieved in closely packed subwavelength
metallic nanoparticles.3 The boundary conditions at
the surfaces of the nanoparticle dictate that the direc-
tion of the electric field should always be normal to the
surface of the particle. Therefore, in circularly arranged
nanoparticles, at each boundary the electric field ro-
tates slightly, leading to a full circulation of the light's
electric field at a resonance around the raspberry-MMs.
This results in circularly rotating polarization currents
that generate a magnetic field normal to the plane of
the nanoparticle cluster.25,26 This phenomenon sup-
ports magnetic dipole resonances in the raspberry-
MMs studied here. While the PS core in raspberry-MMs
does not significantly affect the optical responses of
raspberry-MMs (Figure S19), the spherical shape of the
core allows for the fabrication of isotropic clusters of
nanoparticles exhibiting angle-independent optical
responses (Figure S20).

The experimental and simulation results presented
in Figures 2 and 3 show that the magnetic reso-
nances become stronger as the cluster size becomes
larger (Figure S21, Figure 4B), consistent with previous
reports.14,27 The size of nanoparticle clusters can be
readily controlled in our synthesis method, as demon-
strated in Figures 2 and 3, allowing for the control of

the strength and peak positions of magnetic reso-
nances. While magnetic dipole resonances have been
previously observed in other nanoparticle clusters,9,10

the raspberry-type assemblies studied here show un-
precedentedly strongmagnetic dipole resonances due
to the small interparticle distances as well as the large
cluster size.

Magnetic quadrupole resonances in nanoparticle
clusters can be potentially generated bymultiple loops
of current that are separated enough to generate a
phase difference between them.28 Note that the cross
section of a magnetic quadrupole mode is typically
very weak, and it is challenging to fabricate nanopar-
ticle clusters that can support magnetic quadrupole
modes by self-assembly routes. In our synthetic
approach, multiple layers of gold nanoparticles can
be readily assembled on a PS core, where multiple
closed current loops can be generated with the
necessary phase lag to support magnetic quadrupole
resonances.

CONCLUSIONS

In summary, we developed a synthetic approach to
construct tightly packed isotropic raspberry-like meta-
molecules exhibiting strong magnetic resonances. The
synthetic method presented here simplifies the fabri-
cation process, as it allows for one-pot in situ synthesis
and assembly of nanoparticles, where various structur-
al parameters such as the size and the number of Au
beads can be readily controlled. The aromatic surfac-
tant used here, BDAC, forms a protective layer around
the nanobeads, keeping the distance between them
within a few nanometers and maintaining their dis-
crete nature in the clusters. This method generates
well-defined clusters of tightly packed, well-insulated
nanoparticles with controlled aggregation number
(i.e., size of clusters), leading to unprecedentedly
strong magnetic dipole resonances at optical frequen-
cies, as is verified both experimentally and via FDTD
simulations. The robustness and tunability of the
synthetic method presented here and the strong
magnetic responses of resulting nanoparticle clusters
can lead to large-scale manufacturing and wide appli-
cations of magnetic metamaterials.

METHODS

Syntheses of Raspberry-like Metamolecules. Isotropic raspberry-
like metamolecules (raspberry-MMs) were synthesized by a
modified surfactant-assisted templated seed growthmethod.17,18,29

Carboxylate-modified FluoSpheres (diameter: 60 nm, 100 nm,
200 nm, 4 wt % solids for 60 nm fluospheres, 2% wt solids for
100 and 200 nm fluospheres, 100 μL) were mixed with an
aqueous solution of Ag(NH3)2

þ (0.01 M, 100 μL) for 30 min.
Then themixturewaswashedby centrifugation at 16000 rpm for
30 min and redispersed in nanopure water. The same washing
procedure was repeated one more time, and the precipitates
were redispersed in 500 μL of water. Then an aqueous solution
of freshly prepared NaBH4 (0.01 M, 100 μL) was added to the

solution with vigorous mixing. The seed solution was aged
overnight and then centrifuged at 16000 rpm for 30 min. The
precipitates were then redispersed in 5 mL of water.

Typical growth solution was prepared by mixing aqueous
solutions of BDAC (0.1M, 10mL), HAuCl4 (0.01M, 421 μL), AgNO3

(0.01 M, 64 μL), and ascorbic acid (0.1 M, 67 μL), sequentially.
Varying amounts of seed solution (35 to 110 μL, exact amount
for each sample was provided in the main text) were added
to the growth solution (10 mL) followed by gentle mixing (a few
seconds). A bluish-green color started to develop after approxi-
mately 10 min, and the reaction was completed in about 2 h.

In order to examine the internal structure, synthe-
sized raspberry-MMs were washed once by centrifugation at
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3000 rpm for 10 min and then resuspended in a 0.8 mg/mL
thiolated-polyethylene glycol (PEG5000, Sigma-Aldrich) aque-
ous solution and kept in the solution overnight. The solution
was then centrifuged to remove excess PEG, and the PEG-
modified raspberry-MMs were redispersed and kept in ethanol
for at least 4 h before sonication.

Characterization of Raspberry-MMs. Transmission electron mi-
croscope (TEM) images were taken with a JEOL TEM-2010 at
an accelerating voltage of 200 kV. Energy-dispersive X-ray
spectroscopy (EDX) measurements were carried out using a
JEOL 2010F at an accelerating voltage of 200 kV. Scanning
electron microscope (SEM) images were taken with a Quanta
600 FEG Mark II SEM at an accelerating voltage of 30 kV.
An Agilent 8453 UV�visible spectrophotometer was used for
extinction spectra.
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