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Designing “Metamolecules” for Photonic Function:

Reduced Backscattering

Tian-Song Deng, John Parker, Yutaro Hirai, Nolan Shepherd, Hiroshi Yabu,

and Norbert F. Scherer*

Metamaterials, subwavelength nanostructured materials, can exhibit novel
optical properties such as a negative index of refraction. Dielectric core—
nanoparticle satellite clusters, termed “metamolecules,” can have strong optical
magnetic resonances in the visible wavelength range—a requirement to achieve
negative refractive index materials. However, achieving the desired photonic
properties is challenging due to limited control in forming the metamolecule
structures. Here, polystyrene (PS) core-gold nanoparticle (AuNP) satellite
metamolecules with highly ordered single layers (monolayers) of AuNPs are
fabricated and single particle spectroscopy, electron tomography structural
measurements, and electrodynamics simulations are conducted to study the
photonic properties of metamolecules constituted of ~100 AuNPs. The simu-
lated and experimental spectra of the many metamolecules studied, including
excitation with azimuthally and radially polarized light, are in excellent agree-
ment. It is shown that the scattering properties of the metamolecules are
dominated by the AuNPs near the “equator” of the cluster, and that backscat-
tering is strongly suppressed when different multipolar modes (e.g., dipolar and
quadrupolar) of electric or optical magnetic character have comparable intensity
due to the st-phase shift of their scattering. Both the optical excitation fields and
the ordering of the nanoparticles within metamolecules affect their optical
excitation and scattering properties, providing new insights into designing novel

defects within the resulting nanostructures
cause greater damping and concomitantly
impair their optical properties. On the
other hand, bottom-up approaches to fabri-
cate metamaterials can utilize highly crys-
talline metallic nanoparticles (e.g., gold
and dielectrics) as building blocks.[!=*?
For example, core—satellite clusters or
“metamolecules” have been fabricated in
this manner.">">'*11 A" metamolecule
can consist of a dielectric particle (e.g., poly-
styrene (PS) or SiO,) “core” and metallic
nanoparticles functionalized to it as “satel-
lites.”">1>2%1 An interesting suggestion is
that metamaterials fabricated from meta-
molecules can exhibit a negative refractive
index in the visible and NIR wavelength
range and would be “natural” constituents
of 3D metafluids.!"”

While core-satellite metamolecules are
readily prepared by self-assembly, achieving
reproducible optical properties is challeng-
ing. UV—vis—NIR extinction measurements
reveal broad peaks in their ensemble optical

photonic metamaterials.

1. Introduction

Special optical properties, including a negative refractive index,
large absorption cross-sections, and small backscattering,!~
make metamaterials desirable for many applications such as cre-
ating invisibility cloaks, enhanced sensors, and nanolasers and
solar energy collection.>*~'% Metasurfaces are readily fabricated
by top-down lithography.!**! However, the grain boundaries and

spectra. By contrast, single particle (scatter-
ing) measurements of individual meta-
molecules give sharper spectra, but with
significant variation from metamolecule to
metamolecule.”” Structural characterization by scanning or trans-
mission electron microscopy (SEM or TEM) reveals only partial
information about the metamolecule structures.!***>?% Therefore,
detailed understanding of the optical properties of core—satellite
metamolecules has not been possible to date for three main
reasons. First, the inhomogeneous arrangements of the nanopar-
ticle satellites around the dielectric core (e.g., short chains of nano-
particles and aggregates of nanoparticles) can cause intense
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redshifted scattering spectra and broadened plasmonic resonan-
ces.? Second, conventional electron microscopy (e.g., TEM) only
gives a 2D projection of the 3D metamolecule. While the 2D pro-
jection is adequate for estimating the structure of simple 2D sys-
tems, such as dimers and rings,**! in the case of 3D objects
(e.g., core—satellite clusters), a single 2D projected image is insuf-
ficient to accurately obtain their 3D structure. This inadequacy
becomes manifest by performing electrodynamics simulations
of the assumed structure and comparing the experimental and
simulated spectroscopic results.**?®! The unknown mismatch
of the actual and simulated structures gives rise to the inconsis-
tency of the experimental and simulated spectra. Third, the usual
way to excite the metamolecules is with linearly polarized light,
where the polarization is spatially homogeneous. However, these
scalar beams have little selectivity for excitation or study of electric
versus magnetic modes.[?*2°!

In our previous work,” single particle scattering spectros-
copy measurements were performed using optical vector beams
to illuminate individual SiO,—Ag nanoparticle core—satellite
nanoclusters (metamolecules). We showed that focused vector
beams allow selective excitation of collective optical magnetic
modes.?>?! TEM images were taken and the number of Ag
nanoparticles was counted and used to build a model structure
for finite-difference time-domain (FDTD) simulations. In these

PB-NH,

PS

‘ + gold nanoparticles
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simulations, we assumed that the Ag nanoparticles were ran-
domly packed (or well ordered) on the surface of the SiO, core.
Although we found that electric modes or magnetic modes could
be selectively excited by radially or azimuthally polarized light,
respectively, the simulated spectra were only in modest agree-
ment with the experimental spectra. In addition, we also found
the simulated spectra varied considerably with different struc-
tural permutations of the Ag nanoparticle arrangements.?*¢!
A strong scattering peak at ~900nm was observed in some
experimental spectra, but not in FDTD simulations. We attrib-
uted it to the formation of short “chains” of Ag nanoparticles with
sub-nanometer gaps (nearly touching). Due to computational
restrictions of interparticle separations (>2nm), this peak was
not captured in FDTD simulations. We concluded that the incon-
sistencies arose from the lack of specific knowledge of the 3D
structures, which conventional TEM measurements cannot pro-
vide, and therefore incompletely informed simulations: That is,
the modeled 3D structures were significantly different from the
actual nanoparticle locations in the metamolecule.

In this article, we have substantially enhanced the state of
the art on understanding spectroscopic properties of novel
metamolecule structures: Specifically, all the aforementioned
shortcomings of metamolecule fabrication, characterization, and
simulation are addressed here. Figure 1 shows the procedure
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Figure 1. Approach for exacting studies of core-satellite metamolecules. To fully understand the structures and optical properties of the same meta-
molecule both in experimental measurements and simulations, we devised the approach shown that includes 1) PS-NH, core—shell particle preparation;
2) metamolecule preparation, scale bar = 50 nm; 3) single particle spectroscopy; 4) electron tomography and particle localization; and 5) electrodynamics

simulations.
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of our comprehensive approach. We fabricate PS—AuNP core—
satellite metamolecules and study them systematically via single
particle spectroscopy, electron tomography and 3D particle
localization, and FDTD simulations. The latter are now based
on the 3D coordinates of all AuNPs in the structures. Specifically,
we prepare PS—-AuNP core-satellite metamolecules where the
AuNPs are well separated (i.e., not touching each other). We per-
form single particle spectroscopy using both linearly polarized
light and vector beams. We use electron tomography (in both
TEM and STEM modes), 3D reconstruction, and particle localiza-
tion to obtain the detailed 3D structural information of the mea-
sured metamolecules. This structural characterization includes
obtaining the diameter and 3D coordinates of the center of each
nanoparticle. These very complete characterizations allow exacting
comparisons with electrodynamics simulations of 3D core—
satellite clusters using the 3D experimental data. By combining
these results, we systematically study the photonic properties of
individual PS—AuNP metamolecules containing about 100 or more
AuNPs. We also examine the backward and forward scattering of
the metamolecules by simulation. We find that backscattering
can be controlled by directional interference of collective electric
and magnetic modes of the metamolecules that can be selectively
excited with the various types of scalar and vector beams used.

2. Results and Discussion

2.1. Metamolecule Fabrication and Single Particle Spectroscopy

The core—satellite metamolecules were synthesized using our
previously reported method with slight modification.!" Briefly,
core—shell particles consisting of PS and amino-terminated
1,2-polybutadiene (PB-NH,) were prepared by i) self-organized
precipitation (SORP) and then AuNPs were introduced by ii) het-
erocoagulation and iii) diffusion. When aqueous dispersions of
positively and negatively charged nanoparticles are mixed, meta-
molecules are formed through electrostatic interactions. Recently,
we fabricated metamolecules from aqueous dispersions of PB-
NH, and AuNPs.””l AuNPs diffuse into the interior of the PB-
NH, particles when the molecular weight of the PB-NH, is suffi-
ciently low. As the thicknesses of PB-NH}, shell layers of core—shell
particles strongly depends on the PB-NH, content, the adsorption
layer of AuNPs increases with increasing PB-NH, content and
decreasing PS content. Thus, one can obtain monolayer and mul-
tilayer metamolecules by controlling the PS:PB-NH, ratio. We also
studied different sizes of AuNPs: metamolecules made from 20 or
30 nm dia. AuNPs. Further details are given in the Experimental
Section. Typical TEM images of the PS—AuNP metamolecules are
shown in Figure S1, Supporting Information, and Figure 1.
Single particle scattering spectra were measured using a
home-built microscopy setup that was integrated with a fiber con-
tinuum laser and optics for broadband vector beam spectroscopy.
The vector beam spectroscopy setup is described in detail
elsewhere.[?>*”) Briefly, a broadband coherent white light contin-
uum (Fianium: emitting between 450 and 1000 nm) was coupled
to an inverted optical microscope (Olympus, IX-81) equipped
with a 100x oil immersion objective with numerical aperture,
numerical aperture (NA) <1.4 (SAPO 100x). Either conven-
tional linearly polarized light or vector beams (azimuthally or
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radially polarized) were used. The broadband azimuthal and radial
beams were created using a vector beam generator (ARCoptix),
a liquid-crystal-based polarization converter that uses twisted
nematic liquid crystals sandwiched between one uniform and
one circularly rubbed alignment layer.”® The collimated beam
was reflected by a 50/50 beam splitter and focused by the oil
immersion objective onto the metamolecules supported on a
TEM grid inside a liquid-filled sample cell. The backscattered light
was used to record images and spectra of the sample plane using a
complementary metal oxide semiconductor (CMOS) camera
(Andor, Neo) and a spectrometer CCD array detector (Andor
Shamrock and Newton EMCCD detector). Additional details are
provided in the Experimental Section and Manna et al.l*

We conducted correlated single-particle spectroscopy and
structure measurements of specific metamolecules. Survey TEM
images were acquired before taking scattering spectra to identify
good candidates for spectroscopic study. Following the TEM meas-
urements, the grid was placed on a glass cover slide, and glycerol
(n=1.47) was put on top of the grid to match the index of the glass
slide and formvar-coated TEM grid. The sample cell was closed
with another cover slide on the top, forming a sandwiched struc-
ture, with the grid between the two glass slides. Note that the meta-
molecules chosen for optical measurements were well separated
from others (by at least 5 pm) to avoid scattering from neighboring
metamolecules that could affect the spectra.

After completing the optical measurements on a set of metamo-
lecules, the glycerol was removed by drying the TEM grid in vac-
uum overnight. The set metamolecules were imaged in TEM at
higher resolution. We conducted electron tomography on select
individual metamolecules and performed particle localization
analysis!* to get the 3D coordinates (and diameter) of each AuNP.
We did this by acquiring a tilt series of TEM images in bright field
mode or in high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) mode, with tilt angles from
70° to —70°, with a step size of 1°. Tomographic reconstruction of
the images was done with the IMOD software package using the
simultaneous iterative reconstruction technique (SIRT).*” We used
a 3D particle localization code developed by Crocker and Grier® to
determine the coordinates of the center and diameter of each parti-
cle. This gives us the complete 3D structural information of these
complex structures that contain about 100 AuNPs. More details
concerning the electron tomography and particle localization can
be found in the Experimental Section and Supporting Information.

Figure 2a shows an ~150 nm dia. metamolecule consisting of
20 nm dia. (average size) AuNPs. Figure 2b shows the equatorial
plane of the metamolecule (after reconstruction), showing that it
is a monolayer structure. Figure 2c shows the 3D structure of the
metamolecule after 3D particle localization. In this particular
metamolecule, 76 AuNPs were found. The detailed 3D structural
information allows more complete understanding of the self-
assembly process, and is used in FDTD simulations to theoreti-
cally analyze the collective plasmonic and optical magnetic
properties of the metamolecules.

2.2. Electrodynamics Simulations

We performed electrodynamics simulations of the monolayer
metamolecule using the experimental 3D structural data
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Figure 2. a—c) Characterization of a monolayer metamolecule. (a) 2D TEM image, (b) a tomogram slice of the equatorial plane, and (c) the 3D model of
this particular monolayer metamolecule. A total of 76 particles are localized. Scale bars are 50 nm. d—f) Experimental (solid) and simulated (dashed)
scattering spectra observed using (d) linearly, (e) azimuthally, and (f) radially polarized light excitation. g—i) Multipolar expansion of linear (g), azimuthal
(h), and radial spectra (i) showing different selectivity for eD, mD, eQ, and mQ modes. The spectra obtained with linearly and radially polarized light
(beams) are dominated by eD modes, while the azimuthal spectra are dominated by the mD modes of the metamolecule. (Note the different wavelength
ranges used as the simulations could span a wider range than experimental measurements.)

(i-e., particle coordinates) shown in Figure 2 as input. We used
both linearly polarized beams and vector beams to illuminate the
metamolecules. Figure 2d-f shows the experimental (solid) and
simulated (dashed) spectra of the metamolecule shown in
Figure 2a. The experimental and simulated results are in excel-
lent agreement. There are three main improvements compared
to our former work.”” The first is that the metamolecule is more
homogeneous; that is, the AuNPs are well separated and not
touching each other. Second, the AuNPs also adopt arrange-
ments that tend toward an ordered (i.e., crystalline) layer as
opposed to random. Third, the 3D structural information
obtained by electron tomography enables precise comparison
between the experiments and simulations.

To further understand the spectral features excited by differ-
ent types of polarized light in these metamolecules, we per-
formed a decomposition of the scattered far-fields into their
electric and magnetic multipolar (e.g., dipolar and quadrupolar)
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contributions, including electric dipole (eD), electric quadrupole
(eQ), magnetic dipole (mD), and magnetic quadrupole (mQ)
modes.[?®! These intrinsic properties of the scattering are dif-
ficult to distinguish in the experimental spectra. Figure 2g—i
shows the multipole analysis of the scattering spectra. The spec-
tra resulting from excitation by linearly and radially polarized
beams are dominated by the eD mode, while the spectra obtained
with azimuthally polarized beams are dominated by optical mag-
netic modes. The higher order (e.g., quadrupole) modes are rela-
tively weak as the overall size of the core—satellite metamolecule
is small (150 nm dia.). These mode-specific excitations can be
understood as governed by selection rules that depend on the
polarization of the incident light and symmetry of the metamo-
lecule. The radially polarized beam consists of pure electric prop-
agating modes that uniquely couple to the metamolecule’s
electric scattering modes. By contrast, the azimuthally polarized
beam consists of pure magnetic propagating modes that
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uniquely couple to the metamolecule’s magnetic scattering
modes. The linearly polarized beam carries both electric and
magnetic propagating modes, and therefore couples to all of
the metamolecule’s scattering modes.”** Note that the sum of
the modal-decomposed spectra is different from the total scatter-
ing spectra (e.g., Figure 2g vs d) due to the contribution of inter-
ferences between different modes (e.g., eD and eM or eD and eQ,
etc.) in the total scattering spectra.

We also characterized metamolecules with multilayer struc-
tures by the same procedure as before. The structures and spec-
tra of the multilayer metamolecule are shown in Figure 3. Note
that the HAADF-STEM mode was used for electron tomography
because the opacity of these metamolecules is greater than that of
the metamolecule with a monolayer of AuNPs. Surprisingly, the
spectra of multilayer metamolecules (both that shown in Figure 3
and others we measured; see the Supporting Information) are
very similar to the spectra of monolayer metamolecules, and
the electric/magnetic modes of each spectrum are nearly the

www.pss-b.com

same. We measured many more metamolecules with different
sizes, and metamolecules with bigger AuNPs (30 nm in diame-
ter), and always found similar features of the spectra for
each polarization excitation. These additional TEM images and
scattering spectra are shown in Figure S2 and S3, Supporting
Information. Therefore, we conclude that the outer shell domi-
nates the plasmonic properties of the whole metamolecule and
that the polarization properties of the beams selectivity drive elec-
tric or magnetic modes, or both, as described earlier. It should be
noted that due to the overall size of the metamolecule being sub-
wavelength, the eD mode dominates the spectral response cor-
responding to linear and radial beam illumination in the visible
regime.*"! See the Supporting Information for additional results.

The experimental data/ TEM images of the gold nanoparticles
in the “metamolecules” are not perfectly spherical. This is a gen-
eral issue of the gold nanoparticles used in the chemical synthe-
sis. However, the simulated spectra of Au nanoparticles (data not
shown) agree very well with the measured spectra of a solution of
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Figure 3. a—c) Characterization of a AuNP multilayer metamolecule. (a) 2D TEM image, (b) a tomogram slice of the equatorial plane, and (c) the 3D
model of a multilayer metamolecule. A total of 93 particles were identified and their positions determined in 3D. Scale bars are 50 nm. d—f) Experimental
(solid) and simulated (dashed) spectra by (d) linearly, (e) azimuthally, and (f) radially polarized light excitation. g—i) Multipolar expansion of (g) linear, (h)
azimuthal, and (i) radial spectra showing different selectivity for eD, mD, eQ, and mQ modes. The spectra obtained using linearly and radially polarized
light are dominated by eD modes, while the azimuthally polarized spectra are dominated by the mD mode of the metamolecule. The optical properties are
very similar to those of the monolayer metamolecules.
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the precursor single gold nanoparticles. Previous work in this
field also treats these irregular shapes as spherical nanopar-
ticles."*®! The irregularities may cause slight (red-)shifts of
the peak position in absorption (extinction) spectra and possibly
broadening of ensemble spectra. We judged that it would be
virtually impossible to try to mimic the details of the individual
particle shapes, as some of the irregularities in the tomographic
images are a result of the imaging and reconstruction. Therefore,
the excellent agreement of our simulated and measured extinc-
tion spectra of the metamolecules suggests that it is appropriate
to use a model of spherical shape.

2.3. Scattering Spectra of Equatorial Regions of Metamolecules

To further understand the spectroscopic and plasmonic proper-
ties of the metamolecules, we performed FDTD simulations of
selected (partial) regions of the metamolecules, specifically the
ring of particles near the equator of the metamolecule versus
the entire structure. Figure 4 shows the results of simulations
of the equatorial region of the metamolecules shown in
Figure 2 and 3. The solid curves are the spectra of the equatorial
region, and dashed curves are the spectra from the whole meta-
molecule. Note the two sets of scattering intensity scales for equa-
torial region and whole metamolecule simulations. The intensity
of the equatorial spectra decreased due to there being fewer
nanoparticles compared to the whole metamolecule. The inten-
sity of the radial spectra decreased more than the others because
the longitudinally polarized component of the focused radially
polarized beam can excite the electric modes parallel to the prop-
agation direction of the incident light in the whole metamolecule.
However, these electric modes (centered around the “poles”)

www.pss-b.com

cannot be excited in the equatorial ring structure. Second, except
for a slight blueshift of the equatorial spectra, the characteristics of
the spectra from the equatorial region are similar to those of the
whole metamolecule, particularly for the azimuthal case. Third,
the modal decomposition analysis shows that the modes from
these ring structures are eD for linearly and radially polarized
beam excitations and mD for the azimuthally polarized excitation
(see Figure S4, Supporting Information). These observations hold
true for both the monolayer and multilayer metamolecules.
Therefore, we conclude that the outer layer of the particles near
the equator, that is, a monolayer ring structure, dominates the
scattering spectra of the metamolecules. This is particularly true
for azimuthally polarized beams and less so for radially polarized
beams. These findings substantially agree with the earlier theoret-
ical predictions by Engheta and coworkers on excitation of optical
magnetism by azimuthally polarized beams of light.l*?

2.4. Reduced Backscattering from Mode Interference

We also analyzed the optical scattering signals from the backward
and forward scattering directions by integrating the far-field radi-
ation over the bottom and top hemispheres of the spherical mon-
itor.”> The results are shown in Figure 5 and Figure S5, S6,
Supporting Information. Figure 5a shows the results of multi-
layer and monolayer metamolecules. The backscattering is much
weaker than the forward scattering for all polarization types. For
example, the dominant scattering modes at short wavelength
(e.g., 400 nm) are mD and mQ for azimuthal polarization beams
interacting with multilayer metamolecules. The weak backscat-
tering can be understood by looking at the spatial interference
of these two modes, provided in the far-field intensity expression
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Figure 4. Simulated optical properties of the equatorial regions of the metamolecules. a—c) Scattering spectra for different polarized beams from the
equatorial region of the monolayer metamolecule; d—f) equatorial region of multilayer metamolecule. The solid curves are the simulated spectra for the
equatorial regions, and dashed curves are the simulated spectra for the whole metamolecule. The arrow in (a) indicates the scale for the dashed curve is
on the right, and this is the same for all the dashed curves. The insets in (a) and (d) show the models of the equatorial regions of the monolayer

metamolecule (a) and multilayer metamolecule (d).

Phys. Status Solidi B 2020, 2000169

2000169 (6 of 11)

© 2020 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.pss-b.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com www.pss-b.com

" -
|
‘ES‘Ssb

k- 7]

physica

(

Q
=

——linear
—— azimuthal
T —radial
1

0.2

Ratio (backward to forward)

o'o 1 1 1 1 1
400 500 600 700 800 900 1000
Wavelength (nm)
Azimuthal
(b) ) (c) ) (d) ) (e) )
0 mD scattering 10 0 mQ scattering 06 0 mD-mQ interference f total scattering
©
8 2 8 10
1 1 04 -
2 6 S k L
2 . 2 2 ° 3
2 2 0.2 2 °
2 2 3
3 0 3 00 3 v 0
0 2 4 6 0 2 4 0 2 4 6 4 6
phi phi phi phi
Radial
(f) eD scattering (g) eQ scattering (h) eD-eQ interference (I) total scattering
0 10 o} 0 10 f
4 - 20
8 &
1 1 5 2 15
) 6 ) 3 ] L
it T @ 0 o
£ £ £ & 10
2 4 2 2 s
-5 3
2 1 8 5
3 0 3 0 3 -1y 0
0 2 4 6 (o} 2 4 0 2 4 6 0 2 4 6
phi phi phi phi
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f—i) Angular scattering intensity from radially polarized beam excitation at 400 nm wavelength. Angular scattering of an eD mode (f), the eQ mode (g), the
interference term between eD and eQ modes (h), and total scattering (i). The interference between the eD and eQ modes creates a spatial interference
pattern that partially destructively interferes in the backward direction (direction of the measurements).

1i(6,0) = | o + EmQ‘z — Bl + |EmQ|2 +2Re{Epp - Ean} F%gure 5b—e shows the angular distribution of the mD, mQ,
(1) the interference between mD and mQ, and the total scattering

at 400 nm. The dashed horizontal lines in Figure 5b—e separate

the forward and backward scattering. The red regions in
Figure 5d correspond to destructive interference, while blue
regions correspond to constructive interference. We also ana-
lyzed the interference for excitation with radially polarized
light (Figure 5f—i) and linearly polarized beams (see Figure S5,
Supporting Information), and at a longer wavelength of 700 nm
(see Figure S6, Supporting Information). The results also exhibit
almost complete destructive interference in backward scattering.
Iaa(0,) = | Eep + EeQ|2 =|Epl*+ \EeQ|2 +2Re{E,p - E:Q} (2)  In addition, the spectra obtained from azimuthally polarized

In this equation, E,,p and EmQ are the complex electric fields
of the mD and mQ), respectively, at spherical coordinates 6 and ¢.
The last term represents the spatial interference between
these two modes, and can be positive (constructive) or negative
(destructive). The analogous equation for the angle-dependent
scattering from metamolecules interacting with radially polar-
ized light is
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beam excitation show greater backscattering compared to excita-
tion with linearly and radially polarized beams. This can be
explained by the greater difference in the total scattering
cross-sections of the mD and mQ modes shown in Figure 3h.
Because the azimuthal beam selectively excites the mD and
mQ modes, the only way to achieve reduced backscattering is
through mD-mQ interference, which is therefore relatively
small. In contrast, the linearly polarized beam has eD-mD inter-
ference and the radially polarized beam has eD—eQ interference,
both of which are stronger than the corresponding mD-mQ
interference in the azimuthally polarized beam case at 400 nm.
Therefore, we conclude that the more comparable the scattering
(cross-sections) of different modes that scatter from the metamo-
lecules (at a given wavelength), the more reduced is the backscat-
tering. Also, the backscattering from dipole and quadrupole
modes exhibits an intensive n-phase shift, resulting in destruc-
tive interference of the associated field amplitudes.

We observe reduced backscattering (6 > n/2) of the metamo-
lecule at shorter visible wavelengths due to the spatial interfer-
ence of multipolar modes for linearly polarized light and
vector beams. Linearly polarized light has the least backscattering
because the dipole modes are oriented along the polarization
direction (x) and scatter and interfere in the backward (—z) direc-
tion. By contrast, the vector beams have z-oriented dipoles that
scatter and interfere in transverse (0 ~ n/2 or x,y) directions. The
azimuthally polarized beam is seen to have more backscattered
intensity than the other beams due to a much weaker mQ mode
relative to the mD mode that results in less interference. Thus,

www.pss-b.com

the vector beams allow control over the far-field angular radiation
pattern by selective excitation of different multipolar modes.

2.5. Comparing the Core-Satellite to Similar-Sized
Nanostructures

We compare the backscattering percentage of the core—satellite
nanostructure to two other nanostructures of similar size: a
190 nm diameter gold sphere and a SiO, core (150nm diame-
ter)—Au shell (20 nm thickness). Figure 6a—c compares their back-
scattering for linear, radial, and azimuthal beam illumination,
respectively. For the longer wavelengths 650-1000 nm, the core—
satellite has the lowest back-scattering percentage for linear and
radial beam illumination, while the core—satellite has the highest
backscattering percentage for azimuthal beam illumination.

Core-satellite simulations were also performed by general-
ized Mie theory (GMT) that allowed interparticle coupling
to be turned off so that the total scattering was a linear super-
position of the individual dipole modes from the satellite
Au particles (dashed curves). We found that the backscattering
percentage is mostly insensitive to the coupling despite the sig-
nificant scattering enhancement coupling causes (Figure S9,
Supporting Information), suggesting that the backscattering
percentage is largely determined by the geometric placement
of the Au nanoparticles.

For radial (azimuthal) beam illumination, there are two
excited modes: electric (magnetic) dipole and electric (magnetic)

—
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O
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Figure 6. The relative amplitude and phase of dipole and quadrupole modes control the backscattering percentage for different nanostructures.
a—c) Backscattering percentage of a Au sphere (190 nm diameter, blue), SiO, core (150 nm diameter)-Au shell (20 nm thickness, orange), and
core-satellite monolayer nanostructure with and without coupling interactions (green) for linearly (a), radially (b), and azimuthally (c) polarized beam
illumination. d) Far-field angular scattering patterns of the dipole (blue), quadrupole (green), and a linear combination of dipole and quadrupole achieving
a maximum forward scattering of ~92% (red). e,f) The relative amplitude and phase of the dipole and quadrupole modes for the different nanostructures
determine the amount of backscattering for radially (e) and azimuthally (f) polarized beam illumination. Each curve corresponds to the 400-1000 nm

wavelength range for the given nanostructure.
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quadrupole modes. Consequently, only the relative amplitude
and phase of these two modes determine the percentage of back-
scattered light. Figure 6d shows the far-field angular scattering of
these dipole and quadrupole modes, as well as the combination
of these two modes that achieves the maximum possible forward
scattering (92%). This condition is met when the relative phase is
¢q —¢p = /2 and the relative amplitude is Aq/Ap =~ 0.67.
Figure 6e,f shows the dependence of the backscattering percent-
age on the relative amplitude and phase. Each curve corresponds
to one of the nanostructures in the 400-1000 nm wavelength
range for radial (e) and azimuthal (f) beam illuminations.
While the sphere and core—shell structures exhibit rapid changes
in the relative phase for radially polarized beam illumination, the
core—satellite maintains a phase difference close to the optimal
7/2 that enables it to achieve lower broadband backscattering.

3. Conclusion

We have demonstrated an approach that combines several techni-
ques, including single particle spectroscopy with vector beams,
electron tomography, particle localization, and electrodynamics
simulations, to study the optical properties of complex plasmonic
metamolecules. We found that these nanoordered metamolecules
exhibit reduced backscattering. The collective plasmonic scattering
spectral properties of the metamolecules dominantly arise from
the ring structure in the equatorial region of the structure.
These metamolecules will be good candidate building blocks of
metasurfaces that exhibit reduced reflectivity, especially at shorter
optical wavelengths. Ordered arrays can be fabricated by surface-
directed assembly on patterned templates.**! Although we studied
single core-satellite metamolecules, the approach we present can
be extended to other nanostructures. Therefore, the approach
and insights into the collective electromagnetic excitations and
scattering we present opens the way to systematically study the
plasmonic properties of complex nanostructures and their proper-
ties as metamaterials and could have various photonic applica-
tions, including solar collection.

4. Experimental Section

Materials: Amino-terminated 1,2-polybutadiene (PB-NH,
M, =3.0kg mol™", M,,/M,=1.11) was purchased from Polymer Source,
Inc. (Canada). PS (M, = 280 kg mol ™", M,,/M,, = 2.12) was purchased from
Aldrich (St. Louis, USA). Tetrahydrofuran (THF, with stabilizer) and polyeth-
ylene glycol (PEG, average molecular weight = 6 kg mol ™) were purchased
from Wako Pure Chemical Industries (Tokyo, Japan). Aqueous dispersions
of negatively charged AuNPs with average diameters of 20 and 30 nm were
purchased from British Bio Cell International (Cardiff, UK). All polymers,
reagents, and AuNPs were used as received without further purification.

Preparation of PS/PB-NH, Core-Shell Polymer Particles: Polymer
particles with core—shell phase-separated structures were prepared by
SORP.*"! The thickness of the shell depended entirely on the PB-NH, con-
tent, which is consistent with the increase of the PB-NH, content. THF sol-
utions of PS and PB-NH, were prepared at a concentration of 0.1 mgmL™",
and each polymer solution was mixed in a glass bottle at 90:10 ratios of
PB-NH,:PS for multilayer metamolecules and 70:30 for monolayer metamo-
lecules, respectively. Membrane-filtered water (1 mL, Milli-Q, Millipore,
Billerica, USA) was added to the polymer mixture at 1 mLmin~" with con-
stant stirring at 500 rpm and the resulting mixture was then allowed to stand
at 40 °C in a water bath to evaporate the THF. The solubility of the polymers
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in the THF /water solvent decreased as the THF evaporated and the poly-
mers precipitated as particles. Complete evaporation of THF produced an
aqueous dispersion of polymer particles.

Incorporation of AuNPs into the Core—Shell Polymer Particles: A prepared
polymer particle aqueous dispersion (100 L, 0.01 mg mL™"), the aqueous
dispersion of AuNPs (200 uL), and an aqueous PEG solution (100 pL,
1.0mgmL™") were placed in a plastic microtube. The mixture was kept
at room temperature for 1h without stirring. For electron microscope
measurements, the PB-NH, moieties of the polymer particles were stained
with OsO, (Wako Pure Chemical Industries). An aqueous OsO, solution
(0.2wt%) was added to the aqueous dispersion of composite particles.
After 2 h, the free AuNPs and excess OsO, were removed by three cycles
of centrifugation (12 000 rpm, 5 min, 5 °C) and washing with membrane-
filtered water. The separated composite particles were redispersed in
membrane-filtered water.

Measurements of Scattering Spectra of PS-AuNP Metamolecules: The
scattering spectra were measured using a home-built microscopy setup.
A schematic of the vector beam spectroscopy setup was published else-
where.?%%] Briefly, a spatially coherent (broadband) white light contin-
uum (Fianium, White Lase SC400, from 450 to 1000 nm) was coupled
to an inverted optical microscope equipped with an oil immersion objec-
tive with numerical aperture NA < 1.4 (Olympus, I1X-81; SAPO 100X). The
vector beam generator was placed outside the microscope, just after the
linear polarizer, and positioned using a fine adjustment translation stage.
The vector beam generator used was a liquid-crystal based polarization
converter (ARCoptix, Switzerland), which can generate azimuthally and
radially polarized cylindrical vector beams.”®! The images and spectra
of the light backscattered from the metamolecule (sample plane) were
recorded either by a SCMOS array detector (Andor, Neo) connected to
the eyepiece of the microscope or by an EM CCD (Andor, Newton) con-
nected to an imaging spectrometer (Andor Shamrock 193i) coupled to the
side port of the microscope. The halogen light source (on the top) was
coupled to an optical fiber and microscope objective to illuminate the
samples. The aqueous dispersion of nanoparticles was dropcast on
formvar-coated TEM finder grids and dried overnight.

Correlated single particle spectroscopy and TEM structure measure-
ments were conducted of specific metamolecules. Before taking scattering
spectra, moderate resolution TEM survey images were acquired using a
Tecnai F30 (FEI) with the accelerating voltage of 300 kV. The grid was then
placed on a glass cover slide. Subsequently, glycerol (n = 1.47) was put on
top of the grid to match the index of the glass slide. Glycerol was used
because it can be easily removed for electron tomography after optical
measurements. The sample chamber was closed with another cover slide
on top, forming a sandwich structure with the grid between two glass
slides. Note that the metamolecules chosen for measurements were well
separated from other metamolecules (=5 pm), to avoid scattering from
neighbor particles that could affect the measurements, and also to more
easily acquire tilt series images in electron tomography.

Electron Tomography and Particle Localization: After finishing the optical
measurements, the grid was dried overnight in vacuum. Electron tomog-
raphy was conducted on a TEM (Tecnai F30) equipped with a high-tilt
rotating sample holder. A tilt series of TEM images of the monolayer meta-
molecule (in Figure 2) was acquired at angles ranging from 70° to —70° at
an angular interval of 1° at an accelerating voltage of 300kV. The tilt
images were aligned and reconstructed using the IMOD software package
using the SIRT.BY After reconstruction, the data stack was filtered using a
low-frequency Fourier filter IMOD) and contrast inverted to give light par-
ticles with a dark background to enable individual particle identification.
For the multilayer metamolecule, the HAADF-STEM mode was used to
acquire tilt series images with a better signal-to-noise ratio than is possible
by standard TEM mode. Videos of the tile series and orthogonal slices
for both the monolayer and multilayer metamolecules are shown in
Video S1-S4, Supporting Information.

To determine the coordinates of the center and diameter of each gold
nanoparticle, 3D particle localization was performed using the Crocker
and Grier algorithm.?? The full 3D experimental structural information
of the core—satellite metamolecules was used to create a 3D model struc-
ture for the electrodynamics simulations.
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Simulations of PS~AuNP Metamolecules: Simulations of the PS-AuNP
metamolecules were performed using the FDTD method®* via a freely
available software package MEEP.P*! Figure 1 shows a diagram of the
simulation box. PS-AuNP metamolecules were placed in an index 1.47
environment with positions (and gaps) obtained from TEM electron
tomography. The dielectric function of gold was obtained by fitting a
Drude-Lorentz model to the Johnson-Christy dielectric measurements
of gold.B¥! For each simulation, the incident source had a given polariza-
tion state (linear, radial, or azimuthal) and a Gaussian temporal envelope
chosen to span the incident wavelengths from 350 to 1000 nm. A spatial
envelope was chosen to give each beam a diameter of 300 nm (for the
linearly polarized beam, this is the width of the Gaussian; for the
CVBs, this is the size of the maximum intensity of the doughnut cross-
sectional amplitude). A perfectly matched layer (PML) was used at the
boundary of the simulation domain to mimic an open boundaryless sys-
tem. The simulation was then time-stepped until the fields decayed and
the scattering spectra converged.

The scattered electric field components were collected on the surface of
a spherical monitor that encompassed the PS~AuNP metamolecule. These
electric field components were used to compute a multipole expansion of
the scattered radiation by projecting the electric field onto a set of orthog-
onal vector spherical harmonic wave (VSHW) functions2®373%]

a — \/02” j(;[ Escat : N:m sin Gdgd(/)
" @ JE INm | sin 6dodg

@)

b — g” .]6[ Escat : M;m sin gdgdd)
" 5" J§ IMy|* sin 6dodg

*

Here, a,,, and by, are the electric and magnetic multipole scattering
coefficients, respectively, of order n and spherical orientation m. Physically,
n =1 corresponds to the dipole modes, n = 2 corresponds to the quad-
rupole modes, etc. andm = —n, —n+1, ...,0, ...n — 1, n specifies dif-
ferent orientations of the mode. The complex vector fields N,,,, and M,,,,
are the electric and magnetic VSHW functions, respectively.

The total scattering cross-section was then computed as a sum over the
individual multipolar scattering coefficients

Coea = k2 Z Z ”(n + 1)(|anm|2 + |bnm‘2) ()
n=1 m=—n

Here, k is the wavenumber of the incident radiation in the oil medium.
Each term in the sum represents the multipolar scattering cross-section of
a particular multipolar mode.

This angular analysis method was used for scattered radiation up to
quadrupole order for both electric and magnetic modes. Figure 2
and 3 show the multipole expansion results for the PSSAUNP metamole-
cule. Equation (3) and (4) also allow the fields to be projected into the far
field, from which angular scattering quantities can be computed. To deter-
mine spectra in the back scattering direction to mimic the experiments,
the far-field Poynting vector was integrated over the cap of a cone with
apex angle 140°, oriented in the backward (§=m) direction to match
the range of angles assocated with the experimental N.A. Figure 2
and 3 show simulated backscattering spectra in comparison with experi-
ment. The backward to forward scattering ratios in Figure 5 were obtained
by integrating the far field over the full bottom and top hemispheres (apex
angle 180°).

Generalized Mie Theory (GMT) Simulations: The GMTE! was used to
simulate the core-satellite meta-molecule with interactions turned on
and off (Figure 6). In GMT, each particle is represented by a collection
of scattering multipolar modes, ps. For N particles, these scattering
modes are coupled to one another through an interaction matrix A; by

the equation pf* = Ay-p}”“, where p}”c are the incident multipolar modes

of the beam at each particle.l*” To disable particle interactions, we set the
interaction matrix to the identity matrix, Aj = 5. With interactions dis-
abled, the angular far-field is a coherent sum of non-interacting dipoles
that includes interference effects due to the spatial separation of the par-
ticles. With interactions enabled, the induced dipole of each particle is
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modified by the scattered fields of all the other particles, which includes
near-field coupling and many-body interactions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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