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Abstract: We present a detailed theoretical analysis of the optical
response of threaded plasmonic nanoparticle strings, i.e., chains of metallic
nanoparticles connected by cylindrical metallic bridges (threads), based on
full-electrodynamic calculations. The extinction spectra of these complex
metallic nanostructures are dominated by large resonances in the near
infrared, which are associated with charge transfer along the entire string.
By analysing contour plots of the electric field amplitude and phase we
show that such strings can be interpreted as an intermediate situation
between metallic nanoparticle chains and metallic nanorods, exhibiting
characteristics of both. Modifying the diel ectric environment, the number of
nanoparticles within the strings, and the dimensions of the threads, alows
for tuning the optical response of the strings within a very broad region in
the visible and near infrared.
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1. Introduction

The field of plasmonics has experienced tremendous growth during the past decade thanks
to significant advances in nanotechnology and nanofabrication. Novel plasmonic nanoparti-
cles and their aggregates can be exploited for example in (bio)sensing, towards the limit of
single-molecule sensing, enhanced fluorescence signals, localised surface plasmon resonance
sensing or surface- and tip-enhanced Raman scattering [1, 2, 3, 4, 5]. Complex planar or pe-
riodic plasmonic architectures have been proposed for the design of optoelectronic devices,
such as waveguides, photodectors, filters, modulators, switches, and spasers [6, 7, 8, 9]. In
addition, plasmonic nanostructures trigger and enhance nonlinear phenomena, which further
facilitate optoelectronic applications [10]. Light energy harvesting, photovoltaics and photo-
catalysis have aso benefited from plasmonics [6, 9, 11], while negatively refracting or chiral
metamaterials and optical cloaking devices use plasmonic nanoparticles as their main building
blocksin thevisible [12, 13, 14, 15].

The simplest and most easily accessible plasmonic nanostructure is the single metallic
nanoparticle. Starting from the simplest nanoparticle, i.e., the metallic nanosphere, and grad-
ually increasing anisotropy, introducing faceting, edges or additional layers, a great variety of
plasmonic nanoparticles has been fabricated, the most common of which are metallic nanorods
[16], nanocubes [17], polyhedra [18], nanostars [19], and nanoshells [20]. A detailed presen-
tation of different fabricated nanoparticle shapes can be found in Refs. [21, 22]. The next step
towards a more elaborate plasmonic unit and optical response isto bring two of these nanopar-
ticles in close proximity, to form nanoparticle dimers [23, 24]. The interaction between the
plasmon modes of the individual particles leads to new, hybrid plasmon modes, known as the
Bonding Dimer Plasmon (BDP) modes [25, 26], and very high field enhancements within the
interparticle gaps, so-called electromagnetic (EM) hot spots [27, 28, 29].

When the distance between particles in a plasmonic dimer is reduced towards the touching
regime, new phenomena occur. As the particles approach each other, their interaction leads
to significant redshifting of the hybrid plasmon modes and diverging EM field enhancement
within the hot spots according to classical electrodynamics[30]. In reality, for interparticle gaps
smaller than about 0.5 nm, quantum mechanical effects including electron tunnelling become
important [31, 32]. This quantum mechanical charge transfer between the particles leads to
saturation of the mode redshifting or even disappearance of the hybrid BDP modes, which are
replaced by Charge Transfer Plasmon (CTP) modes, while the near-field enhancement becomes



finite. CTP modes can of course be excited in adimer in asimpler manner, by bringing the two
nanoparticles into contact [30, 33, 34].

Another strategy to increase complexity and obtain aricher optical response from plasmonic
nanoparticlesisby designing larger aggregates of such particles. One of the simplest geometries
isalinear chain of nanoparticles[35, 36, 37, 38, 39, 40]. In such chains, long-wavel ength modes
associated with collective plasmon excitations along the entire chain dominate the optical spec-
tra[41, 42]. Here, we proceed one step further in designing conducting chain-like plasmonic
geometries, by allowing charge transfer along the nanoparticle chains, and therefore combin-
ing the chain plasmons with CTPs. A theoretical study of chains of metallic nanospheres with a
single touching point was presented recently [43]. Here, wefollow adifferent approach, by cre-
ating gold threads, that is, cylindrical bridges of well-defined dimensions to connect the spheres
in a nanoparticle string. Such strings were recently fabricated by ultrafast-laser irradiation [44]
of cucurbituril-assisted self-assemblies characterised by robust chain plasmon modes [41, 45].
We analyse the far-field spectra of threaded stringsin comparison to those of plasmonic dimers,
and examine the dependence of the modes on the number of particles forming the strings, their
dielectric environment, and the dimensions of the threads connecting the particles. We then dis-
cuss the nature of the different modes as deduced from their respective near fields. Finally, we
show that thereis a continuous transition, determined by the width of the metallic threads, from
an unthreaded chain of metallic nanoparticles to a metallic nanorod. These metallic nanopar-
ticle strings can be exploited as efficient, tunable nanoantennas in the infrared, or as building
units for novel nano- or meta-materials.

Throughout the paper, far-field extinction spectra, and near-field amplitude and phase
maps are calculated by numerical simulations using the full electrodynamic boundary-element
method (BEM) [46, 47]. The BEM method solves Maxwell’s equations for inhomogeneous
media characterised by local dielectric functions in terms of surface-integral equations of the
induced charges and currents, which are obtained through discretisation of the surface inte-
grals and solution of the resulting matrix equations. The EM field is then calculated in terms of
these induced charges and currents. In order to ensure full convergence of the results, 2 points
per nm at each interface were used for the discretisation of the circumference of the spheres,
while 15 points were used for the accurate description of the threads. With use of these criteria,
convergence of all the results was achieved.

2. Capacitive chain plasmons and threaded chain plasmons

Let us first briefly discuss the nature of the modes dominating the spectra of unthreaded and
threaded gold nanosphere dimers. In Fig. 1(a) we show the extinction (oe) spectrum of an
unthreaded dimer (black dashed curve). The dimer consists of two gold nanospheres with di-
ameter D = 40 nm, separated by a gap with length | = 1 nm, in air, and it is illuminated by a
plane wave described by a wavevector k and an electric field E with amplitude Eg, polarised
along the dimer axis (taken to be the z axis), as shown schematically on the top of the figure.
The main feature is a resonance at wavelength A = 560 nm, which is reshifted with respect
to the surface plasmon resonance of the individual gold nanospheres (at 520 nm). This reso-
nance is a hybrid BDP mode, originating from the interaction of the plasmon modes of the
two nanoparticles in close proximity. The BDP mode corresponds to in-phase surface charge
oscillations in both particles, along the dimer axis. The two nanoparticles can be described as
two coupled parallel electric dipoles. Reducing the distance between the nanoparticles leads to
efficient excitation of higher order hybrid modes [26, 30].

We now add a thread to connect the two nanoparticles. The thread is modelled as a gold
cylinder with diameter w, and length d = 1 nm in its centre and increasing towards the circum-
ference, so as to fully contact the spheres at the touching points, as shown in the right-hand
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Fig. 1. (a) Extinction (oext) spectrafor the unthreaded (black dashed curve) and the threaded
(red solid curve) gold nanoparticle dimersin air shown schematically on top. The dimers
consist of two gold nanospheres with diameter D = 40 nm, separated by a 1-nm gap, and
areilluminated by aplane wave polarised along the dimer axis. The gold thread connecting
the two nanospheres is modelled as a cylinder with length d = 1 nm and diameter w = 10
nm. (b) Extinction spectra of an unthreaded chain consisting of N = 8 gold nanospheres
(D = 40 nm) (black dashed curve) and the corresponding threaded nanoparticle string (red
solid curve) shown schematically on top (d = 1 nm, w = 10 nm) in air, illuminated by a
plane wave polarised along the chain axis.

schematic of Fig. 1(a). The thread between the two spheres (w = 10 nm in Fig. 1(a)) alows
charge transfer between them, leading to the appearance of anew mode at A = 930 nm, which
is associated with charge oscillations along the entire dimer. Thisisthe CTP discussed in Refs.
[34, 48, 49]. At the same time, the BDP mode blueshifts, towards 520 nm, and the electric field
is expelled from the thread. Since the interaction of charges at the cavity is screened due to the
presence of the thread, this mode is now called the Screened BDP (SBDP) [34]. We should note
that, depending on the dimensions and the conductivity of the thread (if it is made of adifferent
material), the SBDP mode can either redshift or blueshift [48].

Long metallic nanoparticle chains behave in a similar way: in the unthreaded chain, along-
wavelength mode, typically between 600 and 800 nm, dominates the spectrum, as shown by
the black curve in Fig. 1(b) for achain of N = 8 spheresin air. This mode, which in our case
appearsat A = 635 nm, is associated with a collective plasmon excitation of the nanoparticles
forming the chain, which behaveslike along electric dipole [41, 42]. We call this resonance the
Capacitive Chain Plasmon (CCP) [44], since the coupling between the particlesis a capacitive
one. The CCP has essentially the same nature as the BDP in a dimer. Once metallic threads are
introduced to produce a nanoparticle string, the CCP mode blueshifts, decreasesin intensity and
becomes a Screened CCP (SCCP) mode, similarly to the behaviour of the BDP in adimer. The
spectrum is now dominated by a much more intense mode in the infrared, as shown in Fig. 1(b)
for threads with w = 10 nm, which we label asthefirst order Threaded Chain Plasmon (TCP1)
[44]. This mode is associated with charge transfer along the entire nanoparticle string, and has
therefore the same nature as the CTP of a dimer: for a threaded dimer, CTP and TCP1 are
identical. A second mode, with lower intensity, appears between the CCP and TCP1 modes,
and is more clearly shown in the inset of Fig. 1(b). As we discuss later in more detail, thisis
the second order TCP mode (TCP2 in Fig. 1(b)). We should also note that, since the screened



modes, SBDP and SCCP, evolve naturally from BDP and CCP respectively for non-zero thread
conductance, in the rest of the paper we omit the term screened and refer to them as the BDP
and CCP.
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Fig. 2. (8) Contour plots (on logarithmic scale) of the extinction cross section, normalised
to the geometric cross section zN(D/2)?, for gold nanoparticle strings consisting of N =
2 to 10 nanospheres (D = 40 nm, w = 20 nm), in air. The contour serves as a guide to the
eye: only values for integer N have a physical meaning. (b) Contour plots (on logarithmic
scale) of the extinction cross section, normalised to the geometric cross section 7N (D/2)?,
for a string consisting of eight 40-nm nanospheres, as a function of thread width w, in air.
(c) Sameas (a), in water. (d) Same as (b), in water. In all contour plots, the black linestrace
the resonance peaks of the modes. Black and blue circlesin (@) and (c) mark the SBDP and
CTP modes, respectively. Blue circlesin (b) and (d) mark the nanorod antenna modes.

Since the TCP modes originate from charge transfer along the entire nanoparticle string, it
is expected that their optical properties will depend strongly on the number of particles form-
ing the strings. In order to study this effect, in Fig. 2 we analyse contours of the extinction
cross section, normalised to the geometric cross section per sphere, N (D/2)2, where N isthe
number of spheresin each string (ignoring for simplicity the much smaller contribution from
the threads). In Fig. 2(a) we maintain the thread width constant, w = 20 nm, and increase the
number of nanoparticles, from two to ten. As N increases, the TCP1 mode redshifts strongly,
without a tendency to saturate with string length. This is contrary to the case of unthreaded
nanoparticle chains[41, 42], but in good agreement with what is expected for a perfect metallic
rod of increasing length [50, 51]. The CTP of the dimer, asdescribed in Fig. 1(a), isthe limiting
case of TCP1for N = 2, and is marked by ablue circle at the bottom of Fig. 2(a). Similarly, the
BDP mode of the dimer isthe limiting case of the CCP of the chainfor N = 2, and it islabelled
by ablack circle. Higher-order TCP modes (TCP2 and TCP3 in the figure) are efficiently ex-
cited only when the string is long enough to support them, a behaviour which is again similar
to that of a metallic nanorod [50, 52].

The energy of the TCP modesis strongly dependent on the properties of the threading bridge.
In Fig. 2(b) we show the dependence of the modes on the width of the thread, for an eight-



nanoparticle string. For unthreaded chains only the CCP mode appears, as expected. Asathread
is formed, TCP modes are gradually also excited. When the threads are too narrow, less than
about 2.5 nm, charge transfer is not strong enough, the thread conductance is too low, and the
TCP modes appear in the extinction spectraas very weak, broad peaks at very long wavel engths
in the infrared (not shown in Fig. 2(b)), until, for very thin threads, they disappear completely
[34]. Following a simple model presented in Refs. [34, 48], we can evaluate the conductance
required for the TCP mode to appear, Gtcp, as

¢ D
8Arcp d

where ¢ is the velocity of light in vacuum and Atcp is the wavelength at which the TCP mode
first emerges. According to our simulations, for the strings studied in Fig. 2(b) Arcp is approx-
imately equal to 5000 nm. Using the conductance obtained from Eq. (1) we can then estimate
the critical thread width, wrcp, for the emergence of the TCP mode as [48]

> 4d Grep

Wrep = 7T 2

where k is the conductivity of gold at Atcp. This leads to a critical thread width equal to 1.2
nm, a value which is close to the results of our simulations, thus extending the validity of the
concept of conductance threshold from dimers [34, 48] to nanoparticle strings. As the threads
become broader, easier paths for charge transfer among the nanoparticles are established and
the TCP modes become more intense and start blueshifting. The CCP mode, on the other hand,
blueshifts and loses intensity, until it eventually reaches the spectral regime dominated by the
interband transitions of gold, and cannot be distinguished any more. Finally, for thread widths
equal to the diameter of the particles, a perfect continuous metallic rod is formed, and the TCP
modes become the odd antenna modes (¢1, /3, etc.) [52] marked by blue circles at the upper
part of Fig. 2(b).

Although the main modes characterising the strings are already visible in Figs. 2(a) and
2(b), the higher-order modes (TCP2, TCP3) appear only as very small peaks in the visible
or near infrared, very close to the CCP mode. It is therefore useful to modify the dielectric
environment to distinguish their evolution. For that purpose, we consider an environment of
water (described by a dielectric constant equal to 1.77). Thisis a reasonable choice, since the
strings can be experimentally fabricated from self-assembled aggregates in agueous solutions
[44]. Increasing the refractive index contrast leads to strong redshifting of the modes, as can
be seen both in Fig. 2(c) and 2(d), where again, the modal dependence on particle number
and thread width is presented. The spectral split between the different modes is clearer in this
situation, therefore in the rest of the paper we choose water as the surrounding medium of the
strings. Comparison between Figs. 2(a) and 2(c), or 2(b) and 2(d), shows the large refractive
index sensitivity of these modes, which, for the TCP1 mode and relatively long chains (N = 10
in Fig. 2), can be as large as 650-700 nm/RIU (RIU: refractive index unit), although the large
width of the modes leads to low figures of merit, of the order of 3-4.

In order to show the nature of the TCP modes more clearly, we present in Fig. 3 contour plots
of the normalised electric field amplitude, |E /Eg|, and the phase of the electric field component
parallel to the string axis (z axis), ¢g, for a string consisting of eight nanospheres connected
by 15-nm wide threads, in water. The extinction spectrum of this string is shown in Fig. 3(a) on
alogarithmic scale, so that al the modes are clearly visible. The corresponding contour plots
for each mode are shown in Fig. 3(b). The TCP1 mode has clearly a predominantly dipolar
character, with strong near-field enhancement at the two edges of the string, as shown in the
left-hand contour plot. In addition, smaller, but still relevant field enhancements are aso pro-
duced around each thread, and are accompanied by crevices of opposite phase, which imply
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Fig. 3. (a) Extinction cross section (on logarithmic scal€) for agold nanoparticle string (w =
15 nm) consisting of eight 40-nm nanospheresin water. (b) From top to bottom: contours of
the normalised electric field amplitude (|E /Eo|, |eft contours) and the phase of the electric
field component parallel to the string axis (¢g, , right contours), at the wavelengths of TCP1
(A = 2390 nm), TCP2 (A = 1030 nm), TCP3 (4 = 850 nm), and CCP (A = 545 nm), for
the gold nanosphere string of (a).

strong surface charge densities, as can be seen in the right-hand-side plot of the phase. The
largest field enhancement is obtained in this case around the midmost thread. Apart from the
additional charges around the threads, the field profile of TCPL1 of the string is similar to that
of ametallic nanorod for its /1 mode [52]. In asimilar manner, the TCP2 and TCP3 modes ex-
hibit the characteristics of the nanorod ¢3 and /5 modes, as can be seen especially in the phase
contour plots of Fig. 3(b). Additional strong near-field enhancements at the gaps (around the
threads) can also be observed. Again, the highest field enhancement around a thread occurs at
the middle of regions of the same phase ¢g;, at the maximum or minimum of the electric field
oscillation. This behaviour allows us to conclude that the TCP modes described here are novel
hybrid modes, which mix a nanorod character, allowed due to the connections made by the
threads, with the in-gap field enhancement observed for the CCP modes of unthreaded chains.
On the other hand, the near field of the hybrid CCP mode (bottom contour plots in Fig. 3(b))
resembles that of an unthreaded chain [41, 42], where all the particles forming the chain have
similar field distributions around them. However, since gold now occupies the centres of the
interparticle gaps, the electric field is expelled from the threads, and the field enhancement
becomes significantly smaller, localised only at the sides of the threads.

As we discussed above, the near-field profiles of the threaded nanoparticle strings exhibit
a strong nanorod character. Thus it is interesting to explore in more detail the dependence of
these modes on thread width, and particularly, to examine the width at which the nanorod char-
acter isfirst expressed. In Fig. 4 we show maps of |E /Eo| and ¢g; for the two first TCP modes
(TCPL, left, and TCP2, right) as the thread width increases. For w = 0 nm (the case of an un-
threaded chain) TCP modes are not excited. Instead, we show the first two CCP modes, CCP
and CCP2, of the unthreaded chain, which have very high electric field enhancement at the
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Fig. 4. Contour plots of the normalised electric field amplitude for a chain of eight
nanospheres in water, as the thread increases from w = 0 nm (unthreaded chain, top con-
tours), to w = 40 nm (perfect nanorod, bottom contours), for the TCP1 (left contours) and
the TCP2 (right contours) modes.

capacitive gaps as their main characteristic (top contour plots). We should note here that for the
eight-nanoparticle chains considered here, CCP2 appears only as a small shoulder near CCP
in the extinction spectrum, and is not discernible in Fig.3(a). However, it is clearly visible in
corresponding near-field spectra [41, 42]. For the other limiting case, of large thread width,
equal to the nanosphere diameter (w = 40 nm), we obtain the field profiles of perfect metallic
nanorods, and the TCP1 and TCP2 modes become the antenna ¢1 and ¢3 modes, respectively
(bottom contour plots). In all the intermediate, threaded string cases, the electric field distribu-
tion follows exactly the trends of the nanorod, with the maxima and minima occurring at the
same positions. Additional large field enhancements, which decrease as the threads become
wider, appear around the threads, as we discussed in relation to Fig. 3. This rod-like character
is aready clear for thread widths equal to 10 nm. Our simulations showed that this transition
from a chain to arod aready starts for threads as thin as 5 nm, which highlights the impor-
tance of the established charge transfer paths to build the modes. In this way, the electric field
contours of the threaded strings can be seen as a superposition of the field patterns of the two
limiting cases (unthreaded chain and nanorod).

3. Conclusion

In summary, we theoretically studied the optical properties of threaded metallic nanoparti-
cle strings made of chains of metallic nanospheres connected by cylindrical metalic bridges
(threads). We showed that, when metallic threads are introduced to connect metallic nanopar-
ticles in a string-like chain, the CCP modes of the chain blueshift as the thread widens, their
intensity is reduced and the optical response of the strings is progressively dominated by TCP
modes in the near infrared. The TCP modes are hybrid chain/rod modes, which have a pre-
dominant antenna (rod-like) character, while strong field enhancements around the threads are
also produced. The wavelength of the TCP modes depends strongly on the dielectric environ-



ment, the number of particles in the chains, and the dimensions of the threads, which allows
their efficient tuning within a wide range in the visible and near infrared. We have shown that
plasmonic nanoantennas with a rich and tuneable optical response in the infrared can be ob-
tained by threading the particles, serving as building blocks of complex nanooptical devices
and metamaterials
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