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Magnetic Plasmon Networks Programmed by Molecular

Self-Assembly

Pengfei Wang,* Ji-Hyeok Huh, Jaewon Lee, Kwangjin Kim, Kyung Jin Park,

Seungwoo Lee,* and Yonggang Ke*

Nanoscale manipulation of magnetic fields has been a long-term pursuit in
plasmonics and metamaterials, as it can enable a range of appealing optical
properties, such as high-sensitivity circular dichroism, directional scattering,
and low-refractive-index materials. Inspired by the natural magnetism of
aromatic molecules, the cyclic ring cluster of plasmonic nanoparticles (NPs)
has been suggested as a promising architecture with induced unnatural
magnetism, especially at visible frequencies. However, it remains challenging
to assemble plasmonic NPs into complex networks exhibiting strong visible
magnetism. Here, a DNA-origami-based strategy is introduced to realize
molecular self-assembly of NPs forming complex magnetic architectures,
exhibiting emergent properties including anti-ferromagnetism, purely
magnetic-based Fano resonances, and magnetic surface plasmon polaritons.
The basic building block, a gold NP (AuNP) ring consisting of six AuNP
seeds, is arranged on a DNA origami frame with nanometer precision. The
subsequent hierarchical assembly of the AuNP rings leads to the formation
of higher-order networks of clusters and polymeric chains. Strong emergent
plasmonic properties are induced by in situ growth of silver upon the AuNP
seeds. This work may facilitate the development of a tunable and scalable
DNA-based strategy for the assembly of optical magnetic circuitry, as well as

consequently, induces a local magnetic
field according to Ampere law (referred
to as magnetism). Such molecular-scale
magnetism may be artificially realized
at optical frequencies by using aromatic
molecule-inspired cyclic ring cluster
of metallic nanoparticles (NPs), herein
referred to as optical magnetic ring.?**°]
Like their molecular counterparts, the
near-field coupling between the metallic
NPs in the cyclic ring can produce a
circular current caused by electron
displacement, when illuminated with an
external electromagnetic field. Further-
more, bridging these artificial optical
magnetic rings into complex and scalable
networks ranging from supracolloidal
clusters to linear chains enables coupling
and traveling of magnetic plasmons with
significantly reduced loss, providing a
potent platform for controlling light—
matter interaction with unprecedented
degree of freedom.

plasmonic metamaterials with high fidelity.

Manipulation of magnetic fields at nanoscale can enable a
range of new optical properties including high-sensitivity
circular dichroism,!!l directional scattering,?! and low refrac-
tive index.’! Natural aromatic molecules (e.g., benzene,
naphthalene, chrysene, and triphenylene) exhibit a ring
current of delocalized n-electrons under an external mag-
netic field, which is perpendicularly aligned with respect to
the plane of the ring. The circulating displacement current,

The vast majority of such architec-
tures with artificial optical magnetisms
so far were fabricated with electron-

beam (e-beam) lithography.l®) However, the accessible struc-
tural sizes with this method are relatively large (i.e., a few
hundred nanometers for NP size and a few nanometers for
gap size), which limits their application at higher frequen-
cies. Moreover, the serial fabrication process has hindered
its capability in organizing magnetic rings to form complex
networks with emergent properties; as such, it is exclusively
used for the fabrication of discrete unit of magnetic rings.[®”!
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Alternatively, the bottom-up assembly of colloidal NPs has
been often used to assemble optical magnetic rings com-
posed of smaller NPs, from an initial demonstration of rasp-
berry-like clustering metallic NPs to the recent demonstration
of feedback-controlled assembly of gold nanorod dimer.[*>-48]
These colloidal self-assembly strategies, however, also face the
challenge of bridging magnetic rings in a scalable manner to
form higher-order clusters or networks, because they are mainly
governed by the nonprogrammable packing mechanism. 4"
Structural DNA nanotechnology”®! provides a promising
platform toward complex architectures of NP optical mag-
netic rings, as it has demonstrated unparalleled capability
for the deterministic assembly of metallic NPs with nanom-
eter precision.l'% Here, by using programmable assembly of
DNA origami,*¢£1%f we established a three-step fabrication
procedure to generate optical magnetic rings, clusters, and
1D chains composing of NPs with emergent optical proper-
ties (Scheme 1). We first used a DNA origami hexagon tile
(DHT)1%] to precisely assemble six AuNPs (10 nm in diameter)
into a monocyclic ring structure. Then, subsequent hierarchical
assembly of the tile led to higher-order networks ranging from
bicyclic, tricyclic, tetracyclic, to 1D chain of cyclic rings. At
last, these structures were deposited onto a flat substrate and
followed by in situ silver growth to enlarge NPs and to enhance
the plasmonic coupling while preserving structural complexity
and integrity.'%f11 Emergent properties of magnetic plas-
mons such as anti-ferromagnetism, a purely magnetic Fano

a Self-assembly of NP clusters

AN e

b NP assembly on DNA origami
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resonance, and magnetic surface plasmon polaritons (SPPs)
were successfully realized.

We first systematically examined how the electric and mag-
netic dipolar (ED and MD) resonances vary according to
the number of silver NPs (AgNP) in the cyclic ring by using
numerical calculation (Figure 1a,b). Symmetric geometry was
employed in the calculation to avoid asymmetric axis-enabled
side effects such as Fano resonance.l*“% The size of AgNPs and
nanogap was designated as 45 nm and 1 nm, respectively, based
on our experimental measurements. Derivations and decompo-
sitions of multipolar moments, which have been the standard
for the analyses of plasmonic metamolecules,*° were employed
to quantify the contributions of ED and MD to the total resonant
behaviors. More critically, the macroscopic constitutive para-
meters including effective permittivity, permeability, and refrac-
tive index can be directly correlated with such microscopic ED
and MD moments by using effective medium theory (i.e., the
Maxwell-Garnett (M-G) relation).*¥ Thus, the numerical cal-
culations and experimental analyses of microscopic ED/MD are
essential for envisioning prospects of our optical magnetic rings.

The calculation revealed that an increase in AgNP number
from 3 (trimer) to 6 (hexamer) enhances both ED and MD
resonances together with red-shifting of resonance peak posi-
tions (Figure 1a). Noticeably, the ED and MD resonances of the
hexamer-based cyclic ring were found to be sufficiently strong
to induce unnatural negative refractive index (Figure 1b), and
the required volume of this cyclic ring for achieving negative

C Intricate magnetic plasmon architectures

Ry

Antiferromagnetic resonance

Magnetic surface plasmon polariton

Scheme 1. Complex magnetic plasmon nanoparticle networks assembled on DNA templates. a) Conventional nanoparticle assembly produces
relatively simple, closely packed clusters. b) A hexagon NP ring assembled on DNA origami. c) Programmable assembly of DNA origami leads to
intricate magnetic plasmon architectures, including magnetic surface plasmon polariton.
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Figure 1. Construction of magnetic rings. a) Theoretical analysis of electric (p,) and magnetic (m,) dipole moments, accessible with magnetic rings
composed of 3 (trimer), 4 (tetramer), 5 (pentamer), and 6 (hexamer) silver (Ag) nanoparticles (NPs). Herein, 45 nm sized AgNPs were assumed
to be closely packed into clusters with T nm gap. b) Effective refractive index of optical effective medium composing of AgNPs hexamer (the main
motif of magnetic ring, used in this study) as function of volume fraction. Effective medium theory, based on Maxwell-Garnett relation, was used
to obtain effective refraction index. c) Schematics and TEM images of magnetic rings, which were constructed via stepwise growth of AgNPs. Scale
bars: 200 nm, 50 nm (insets). d) Dark-field (DF) scattering spectra of the self-assembled magnetic ring (AgNP hexamer) together with corresponding
DF optical microscopy image. e) Scattering cross-section (SCS) of optical magnetic ring, which was calculated by finite element method. Electric and
magnetic dipolar (ED and MD) contributions to total SCS were separately highlighted and accumulated to obtain total SCS. The spatial distributions
of surface charge density (6, C m™2) and the induced magnetic field intensity (normalized to the maximal amplitude of the incident one) are included
in the inset of (e).
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refractive index at the visible regimes is smaller than that of
other counterparts reported so far (=30 vol% at the resonance
wavelength (=540 nm)).® The corresponding magnetic sus-
ceptibility (x) is included in Figure S1 in the Supporting Infor-
mation. As such, we chose our DHT motif with six exterior
binding sites for anchoring NPs as a template to self-assemble
the hexamer-based cyclic ring (Figure S2 in the Supporting
Information shows caDNAno design of the DHT). Further
increase in AgNP number, for example, heptamer, may induce
other complex resonances including Fano resonance, which
could reduce the ED and MD resonance strength.[*

The magnetic ring was successfully fabricated as illustrated
in Figure 1c. Six 10 nm AuNPs were first anchored onto the
exterior sides of the DHT frame with high yield of =90%
(Figure S3, Supporting Information). The monocyclic magnetic
ring was then fully developed by growing silver on this precursor
ring of AuNPs, which was first deposited onto a flat substrate
of copper grid. The size of AgNPs was tailored via adjusting
the growth time. To induce strong electric coupling, the AgNP
size was tuned to be between 40 and 45 nm and the interpar-
ticle gap is within a few nanometers, as measured from trans-
mission electron microscopy (TEM) images. The on-surface
silver growth appeared critical for the fabrication of magnetic
rings with high fidelity. The initial surface deposition of rings
with small AuNP seeds alleviates deposition-caused structural
distortion, which is commonly observed in solution-based
growth. The ring geometry was well preserved and the center-
to-center interparticle distance showed neglectable change after
on-surface silver growth (Figure S4, Supporting Information).

In agreement with our calculation results, the assembled
monocyclic ring exhibited a strong magnetism (Figure 1d.e).
Dark-field (DF) scattering colors were consistent across the
assembled monocyclic rings (Figure 1d, inset). More critically,
the representative DF scattering peak and shoulder at 500 and
570 nm wavelengths (Figure 1d, dark line) resulted respectively
from the ED and MD resonances. A set of DF scattering spectra
across the assembled magnetic rings (approximately ten sam-
ples) with varied structural uniformity was collected (Figure S5,
Supporting Information). Despite their structural irregulari-
ties, characteristic features of ED and MD remained across
different samples, indicating that magnetic rings are quite
tolerant to structural imperfections. Cross analyzer, located at
scattering pathway, selectively elucidated MD response (red line
in Figure 1d) via screening ED counterpart. Herein, s-polarized
and slanted (64°) light was used to couple the vertical compo-
nent of the incident magnetic field with the plane of a magnetic
ring. These experimental results matched well with theoretical
spectra (scattering cross-section (SCS)), calculated with 45 nm
AgNPs and 1 nm gap (Figure le), confirming the high struc-
tural fidelity of the assembled monocyclic magnetic ring. In
this work, the Au nanoseed was excluded for numerical calcula-
tions, since it has negligible influence on the resonant features
(see Figure S6 in the Supporting Information). The surface
charge density (0) and the induced MD distribution at 570 nm
wavelength are included in insets of Figure le. The circu-
lating displacement electric field at MD resonance wavelength,
resulting from near-field coupling between AgNPs, further
evidenced the artificial magnetism, whereas ED resonant char-
acteristics were highlighted by a linear-like dipolar oscillation of
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charges, as shown in Figure S7 in the Supporting Information.
These modal analyses imply that both ED and MD modes are
driven by the induced movement of the charge along the whole
AgNPs in monocyclic ring rather than local gap or AgNP. This
resonant feature, in turn, makes both ED and MD modes
robust to the structural imperfections, once the ring geometry
is well maintained (Figure S5, Supporting Information).

Taking advantage of the programmable intermolecular inter-
action between DHTS, bicyclic (Figure 2a), tricyclic (Figure 2b),
tetracyclic (Figure 2c), and 1D chain (Figure 2d) of magnetic
rings were fabricated by the hierarchical assembly of mono-
cyclic ring precursors, followed by on-surface silver growth
(see Figures S8-S20 in the Supporting Information for more
information). It is noteworthy that such scalable and higher-
order assembly of plasmonic NPs into closely packed clusters
and chains exhibited sufficiently high quality, which would be
difficult to achieve from direct self-assembly of large metallic
NPs (>30 nm) on DNA origami due to strong steric hindrance
and electrostatic repulsion between large NPs.

The programmable assembly of magnetic rings resulted in
interesting emergent magnetic properties. The bicyclic mag-
netic ring composing of 40 nm AgNPs and 5 nm gap exhibited
an anti-ferromagnetic coupling between the induced magnetic
fields within each ring (Figure 3a,c). When incoming electric
field is polarized along a short axis of bicyclic magnetic ring
(s-pol), circulating displacement current along each cyclic
ring can occur in opposite direction with each other (at wave-
length of 560 nm, noted as resonance 2); consequently, MD
within bicyclic magnetic ring can be resonantly induced in
anti-ferromagnetic fashion (Figure 3a). This anti-ferromagnetic
circulating displacement current is contrasted with in-phase ED
oscillations at wavelength of 455 nm (Figure S21, Supporting
Information). As the radiations driven by such induced MD
oscillations within each ring can be constructively interfered,
this anti-ferromagnetic resonance is a super-radiant mode (also
called bright mode). Thereby, we observed a distinct DF scat-
tering peak from the self-assembled bicyclic ring at 560 nm
wavelength (Figure 3b). The DF scattering peak at 460 nm wave-
length originated from ED oscillation. In addition to this repre-
sentative spectrum, DF scattering spectral variations across the
assembled bicyclic rings are summarized in Figure S22 in the
Supporting Information, showing a relative uniformity of ED/
MD resonances. Using cross analyzer allowed for the selective
reduction of the ED resonant contribution to scattering spectra
as with monocyclic magnetic ring. Thereby, anti-ferromagnetic
scattering becomes more visible (red line in Figure 3b). This
DF scattering spectra showed a good agreement with theo-
retical SCS spectra (Figure 3c). A slight shoulder in DF scat-
tering spectra was observed at 530 nm wavelength in contrast
to the theoretical prediction. This was derived from the partial
mixing of p-pol component of incident light in a real experi-
ment, as detailed in Figure S23 in the Supporting Information.

Higher-order clusters of cyclic ring networks such as tri-
cyclic and tetracyclic magnetic rings were found to conceive
more complex coupling of magnetic plasmons (Figure 3d—f;
Figures S24 and S25, Supporting Information). As shown in
numerical simulation, tricyclic magnetic ring networks can
meet the condition of a purely magnetic Fano resonance,
resulting from strong near-field coupling. When illuminated
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Figure 2. a—d) Structural evolutions for: a) bicyclic, b) tricyclic, ) tetracyclic, and d) 1D chain networks of magnetic rings. Scale bars, a—c): 200 nm,

50 nm (insets); d): 500 nm, 200 nm (insets).

with s-pol, tricyclic magnetic ring networks consisting of
40 nm AgNP and 5 nm gap can induce MD resonances within
each ring (resonance 2). In this mode, the displacement cur-
rents in rings 1 and 2 are circulated along the same direc-
tion; but, opposite with respect to that in ring 3 (top panel of
Figure 3d). The radiations from these MD resonances were
found to constructively interfere, so as to result in a distinct
DF scattering peak at resonance 2 (bright mode), as shown in
Figure 3e. This observation of the bright radiation from MD
resonances matched well with the theoretical SCS spectra
(Figure 3f). Corresponding DF scattering spectral variations
across the tricyclic rings (see Figure S26 in the Supporting
Information) confirm the robustness of their ED/MD reso-
nances to a structural imperfection.

At wavelength of 575 nm, the energy for the MD resonance
was partially transferred to excite another circulating displace-
ment current within a small ring inclusion between ring 1, 2,
and 3 (bottom panel of Figure 3d). This energy storage, in turn,
induced Fano resonant dip in DF scattering spectra at 575 nm
(subradiant magnetic resonance, named as resonance 1). The
spatial distributions of the induced magnetic field at the wave-
lengths of the resonance 1 and 2 are shown in Figure S24 in
the Supporting Information. Such purely magnetic Fano reso-
nance was achieved via a strong near-field coupling between
the rings. For example, when three rings are sufficiently sepa-
rated from each other, the induced MDs cannot be effectively
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coupled, as evidenced by a single shoulder of SCS at a shorter
wavelength compared with that of resonance 1 (Figure S25,
Supporting Information). This Fano resonant DF scattering
dip also showed a good agreement with the theoretical SCS
spectra (Figure 3f). It is noteworthy that the position of the
absorption cross-section (ACS) peak matched with that of SCS
dip, further confirming that the resonant energy is stored via
a purely magnetic Fano resonance. Meanwhile, tetracyclic
magnetic ring showed the Fano coupling between the broad
electric and narrow magnetic resonances; these results are
detailed in Figure S27 in the Supporting Information.

Finally, we aimed to propagate magnetic plasmons along
the linear 1D chain, as shown in Figure 4. DNA origami has
been suggested as a promising template for fabricating 1D
chains of NPs.%¢£12] Recently, DNA origami has been used
to organize plasmonic NPs into 1D chains exhibiting wave-
guide function.’*l In particular, ED resonance can be cascaded
along the individual plasmonic NPs arrayed in 1D chain. How-
ever, the practical use of such propagation of electric plas-
mons is largely compromised due to their strong optical loss.
In contrast, optical loss can be dramatically reduced by mag-
netic plasmonic propagation, by which the resonant circular
displacement current can be propagated (i.e., magnetic surface
plasmon polaritons).”?l In particular, the induced magnetic
field can excite the anti-ferromagnetic propagation. Conse-
quently, optical loss caused by intrinsic absorption of metals or

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a Resonance 2 (560 nm) *) b Exp. c 8 Sim.
—— W/O Cross analyzer Resonance 1 —— sCSs
e 6 —— W/ Cross analyzer /
@ DD |||s c
098 e
@ @ Q ig 5
78 :
z s
2 k]
o) 24
= A
2 g
E o
(=]
3 £
a £ 2r Resonance 2
H 3
H, 1} \
1 1 0 1 1
450 500 550 600 450 500 550 600
Wavelength (nm) Wavelength (nm)
e f
Exp. Sim
—— WO Cross analyzer _4r Resonance 2 — SCs
a —— W/ Cross analyzer E ~ — ACS
090 5 12
3 <
S s
3 '§ 10
g @
= 0
Resonance 1 (575 nm) £ o
£
*) g g6
£ g
I3} 0 4
| » 3
s- po a s
09 g
3 S 2
= K]
< Rest;?lance1
1 1 0 1 1 1
50nm | () 500 550 600 650 700 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 3. Bicyclic and tricyclic magnetic rings. a) The spatial distributions of ¢ (top panel) and the induced magnetic field magnitude, normalized to
the maximal amplitude of the incident one (bottom panel) at the anti-ferromagnetic resonant mode of bicyclic magnetic rings (noted by resonance 2).
b) DF scattering spectra of bicyclic magnetic rings. c) SCS of bicyclic magnetic rings. d) The spatial distributions of o of tricyclic magnetic rings at

the MD resonance (resonance 2 at 605 nm wavelength) and a purely magnetic Fano resonance (resonance 1 at 575 nm wavelength).

e) DF scattering

spectra of tricyclic magnetic rings. f) SCS and absorption cross-section (ACS) of tricyclic magnetic rings.

structural defects can be mitigated. Nevertheless, the magnetic
SPPs have not been experimentally reported so far possibly due
to the challenges in fabrication.

Our 1D chain of cyclic rings was found able to excite mag-
netic SPPs. Figure 4 illustrates the optical characterization
results of magnetic SPPs from a 1D chain comprising of six
cyclic rings. TEM image of the 1D chain was shown in Figure 4a
(40 nm AgNP and 5 nm gap in average). Herein, the multiple
SPP modes, which were mixed with electric and magnetic
SPPs, were simultaneously excited. As such, various DF scat-
tering colors were observed (Figure 4b). The corresponding
DF scattering spectrum obtained without cross analyzer (black
line in Figure 4c) showed a good match with theoretical SCS
spectra (Figure 4d) excepting a scattering intensity at reso-
nance 1 (520 nm wavelength). The DF scattering intensity
ratio of resonance 1 to resonance 2 (660 nm wavelength) was
lower than the theoretical prediction. Note that the resonance
1 corresponds to the ED-based electric SPPs (Figure S28, Sup-
porting Information), while magnetic SPPs give an origin of
resonance 2 (Figure 4e,f). Particularly, the MD confined along
the subset of three rings was found to propagate in anti-ferro-
magnetic fashion and form a standing wave along a 1D chain
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of rings. The insertion of cross analyzer further confirmed
the magnetic SPP-based radiation of resonance 2 (red line
of Figure 4c). This result implies that magnetic SPPs can be
more robust than ED counterparts against optical loss caused
by a realistic experimental condition (e.g., irregularity of AgNP
shape and size). To the best of our knowledge, this is the first
observation of magnetic SPPs in experimental circumstances.
The scattering peak at 575 nm originated from an ED, which
was driven by the partially impinged p-pol component of inci-
dent light (Figure S29, Supporting Information). An increase
in number of magnetic rings in 1D chain did not notably
change the resonance position and modal characteristics of
magnetic SPPs, as shown in Figure S30 in the Supporting
Information; as such, a routing of a long-lived magnetic SPP
could be also accessible with our synthetic method. Overall,
this DNA-origami-based programmable self-assembly can be
generalized to control over the coupling and propagating of
magnetic plasmons.

In conclusion, our work provides a general platform for
scalable networking of magnetic plasmons, in which DNA
origami was used as a template for the guided assembly and
seed growth of plasmonic NPs. A stepwise approach enables

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the scalable assembly of higher-order networks of plasmonic
NPs with high fidelity. In contrast to conventional colloidal self-
assembly,*8"] DNA-origami-templated seed-growth method
is fully modularized and molecularly programmable. Thus,
highly sophisticated networks of NP rings can be fabricated.
In addition to mono-, bi-, tri-, tetra-, and linear-cyclic ring clus-
ters demonstrated here, more delicate networks exhibiting
fascinating metamaterial properties may be realized through
evolving assembly pathways (e.g., algorithmic assembly) in
future. Looking forward, we envision that molecular self-
assembly route may lead to the manufacture of optical meta-
materials with unprecedented nanostructural complexity and
associated electromagnetic properties, in a high-throughput,
parallel process.
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