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The interest in reliable and efficient “transmission-lines” as guided-wave structures in the infrared
and optical regimes has considerably grown recently. The need for increasing the frequency of
operation in order to reduce the dimensions of the electronic and photonic components, in fact,
requires the design of new systems and structures for transporting and radiating the information at
frequencies for which good electric conduction is not readily available in nature, i.e., in the
infrared and optical frequencies, where metals behave as plasmonic materials.

One of the ideas proposed to overcome this problem has been to employ linear chains of resonant
plasmonic nano-particles [1-6]. Under suitable conditions, in fact, it has been shown
experimentally [1, 2] and theoretically [3-6] how these arrays can guide energy with a modal cross
section much smaller than the free—space wavelength, and with a sufficiently low damping factor.
We have been interested in finding the conditions under which this technique can be successfully
utilized in the case of arrays of resonant plasmonic nano-spheres and the properties of such
guidance with respect to the parameters that come into play [6]. In all the cases reported in the
literature, however, the analysis has been limited to only dipolar resonances, i.e., those dominant
resonances for which the radiated field from a single nano-structure has a dipolar form. As it is
well known, in the case of a homogeneous nano-sphere such resonances happen at frequencies for
which ¢ =-2¢,, where ¢ is the sphere’s material permittivity and &, is the permittivity of free
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space. In this case, the electric polarizability of each sphere «,, = 47ea’ —20 (with a being
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the sphere radius) attains a large value. Fig. 1 (top panel) shows a sketch of the configuration of
induced longitudinal dipoles in such an array for a horizontal excitation. It can be shown in this
case that the dispersion relation for the natural eigen-modes of such a chain is represented by the
following condition:
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where Li, (x) is the polylogarithm function of order  [7], and d =k,d , @ =k,

. » Kk, 1s the free
space wave number and d is the centre-to-centre distance between two neighboring spheres. In
the above expression the natural mode is supposed to propagate along the z axis (the axis of the
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chain) with factor e , where dimensionless £ in general may be complex.

In the limit of no material losses in the spheres, this dispersion relation admits no-damping
solution (i.e., # is real), under the condition:
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and the further constraints d <7z, 1< f<z/d .

Fig. 1 (bottom panel) displays the dispersion region for the zero-damping modes satisfying the
above condition. This plot suggests that for a given distance between neighboring spheres along
the chain (horizontal axis) the region spanned between the two curves represents the admissible
values of the polarizability of each sphere (vertical axis) in order to support a propagating mode
without radiation loss.
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Figure 1 — Geometry (top), analogy with a wire (center) and dispersion plot (bottom) for a
longitudinal dipolar chain of nano-spheres.

In a different context, in our analysis of the properties of resonant plasmonic concentric nano-
shells, we have shown how, by changing the geometry of the nano-particles, and in particular by
adjusting the ratio between the core-shell radii in such composite nano-spheres, it would be
possible to excite not only the dipolar resonance, but also other higher-order resonances [6]. This
property, which has also been observed experimentally by other groups [8], may in principle be
exploited in the design of a more efficient nano-transmission line in this problem. One may indeed
notice how the geometry of Fig. 1 and its induced dipole moments on the spheres may resemble
the case of a simple wire carrying an electric current. In the chain of spheres the “displacement
current” is the one that flows, analogous to the electric conduction current carried by a standard
wire at lower frequencies. This analogy is sketched in Fig. 1 (centre). On the other hand, when one
can induce a quadrupolar resonance in each sphere, one will expect to find a closer
correspondence with a two-wire transmission-line with an odd mode, in which the electric current
circulates along two wires in opposite directions, exhibiting lower radiation losses. From this
heuristic analogy, we anticipate to obtain a “wider” range of permissible quadrupolar
polarizability for the nanospheres in order to support zero-damping guided modes along this chain
of spheres in this configuration. This heuristic analogy is depicted in Figure 2 (top and center
panels).
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Figure 2 — Geometry (top), analogy with a two-wire transmission-line supporting an odd mode
(centre) and dispersion plot (bottom) for a quadrupolar chain of nano-spheres.

The dispersion relation for the natural modes supported by this quadrupolar chain is represented
by the following expression:
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where @, =kja, and «, is the quadrupolar polarizability (i.e., quadrupolarizibility) of the

particles, which by definition relates the induced quadrupole moment Q to the symmetric part of

the gradient of the impinging electric field: Q =, (VE+EV)/2.

It is interesting to note that this expression reflects the fact that the contributions from more distant
nano-spheres (related to the first order polylogartihm functions) and the from the nearest-neighbor
nano-spheres (related to the higher order polylogarithms) weigh more in this case than in the
longitudinal dipolar case, which is consistent with the heuristic prediction that the mode should be
“more guided” along the chain. In this case the condition for having zero-damping guided modes
becomes:
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with the same additional constraints of d <7, 1< 8 <7z /d . The dispersion plot is shown in Fig.

2 (bottom panel).

The permissible range of the normalized quadrupolarizability along the vertical axis in this case
does not have any upper bound, consistently with the above inequality. It is evident therefore how
the quadrupolar chain allows a broader dispersion for the zero-damping propagating guided
modes, when compared with the dipolar chains.

In the talk we will provide a general analysis of the radiating and guided mode characteristics of
such quadrupolar chains, providing design examples and physical insights into this phenomenon,
and comparing these results with corresponding guided modes for dipolar chains.
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