
Surface plasmon polariton compression through radially
and linearly polarized source

Remo Proietti Zaccaria,1,* Francesco De Angelis,1 Andrea Toma,1 Luca Razzari,1 Alessandro Alabastri,1

Gobind Das,1 Carlo Liberale,1 and Enzo Di Fabrizio1,2

1Italian Institute of Technology (IIT), NanoBioScience Laboratory, via Morego 30, 16163 Genova, Italy
2BIONEM Lab, University of Magna Graecia, Campus S. Venuta, Germaneto, viale Europa, I88100 Catanzaro, Italy

*Corresponding author: remo.proietti@iit.it

Received October 18, 2011; revised December 12, 2011; accepted December 23, 2011;
posted January 3, 2012 (Doc. ID 156714); published February 8, 2012

We report on the possibility of realizing a radial mode on a metallic conical structure by means of a linearly polar-
ized incident wave. This result is utilized for observing surface plasmon polaritons adiabatic compression on a
tapered conical nanostructure. The ingredients for radial mode generation are described in terms of phase-matching
of the components of the electromagnetic field.We conclude by showing the robustness of this approach, explaining
the polaritonic behavior as a function of the device geometry. © 2012 Optical Society of America
OCIS codes: 060.2310, 240.6680, 250.5403, 260.3910.

Radially polarized light can play a very important role in
many research fields, such as Raman spectroscopy [1],
optical ray generation [2–4], nonlinear microscopy [5],
and microfabrication [6], and also for THz applications
[7,8]. Surface plasmon polaritons (SPPs) excited on a me-
tallic conical structure can realize adiabatic compression
when a radial mode, also known as TM0 mode, is excited
on the cone [9,10]. The effect is the creation of an extre-
mely intense electric field localized in a very small spatial
region around the tip end as a consequence of the slow-
ing down of the SPPs at the tip apex. The importance of
devices providing adiabatic compression is demon-
strated by the number of publications in fields such as
scanning near field optical microscopy (SNOM) [11] or
tip enhanced Raman spectroscopy [12–14], where coni-
cal structures play a fundamental role. Also for nonlinear
applications a two-dimensional conical structure was re-
cently introduced [15]. The most immediate way to
realize a TM0 mode on a metallic cone might be by con-
sidering a radial polarizer. However, this method pre-
sents practical difficulties; in fact, radial polarizers work
only at a particular wavelength range, and their align-
ment with the cone axis is crucial for an efficient photon-
SPPs conversion [16]. Hence, it would be very useful if an
alternative approach was possible for the generation of
TM0 modes.
In this Letter, we investigate the generation of a radial

mode on a metallic conical structure by means of a lin-
early polarized source. We will show that under the prop-
er conditions, not only is a radial mode generated, but it
also possesses all the characteristics of a surface plas-
mon mode showing adiabatic compression. We shall de-
monstrate the extreme simplicity of the method hereby
introduced and its noticeably experimental robustness.
The model we consider is a metallic cone made of silver.
The base of the cone is b � 300 nm with height h �
2.5 μm and apical angle of 0.12 rad. The chosen wave-
length is λ � 514 nm, which corresponds to a complex
dielectric function ϵ � −8.19� i0.76 [17]. No spatial dis-

persion was taken into account [18], while the numerical
results followed a mesh-convergence analysis. The
sketch of the device is shown in Fig. 1(a).

The fields produced by three kinds of sources on the
metallic cone will be compared. An example of a radially
polarized source is given in Fig. 1(b), where the vectorial
behavior of both the electric and the magnetic field are
shown. Both fields present no nodes on the metallic sur-
face. Figure 1(c) shows the components Ex, Ey, and Ez
on the planes �x; z� and �y; z� of the cone. The axis z
corresponds to the cone axis. In particular, in order to
retain phase information, the amplitude of the field is

Fig. 1. (Color online) (a) Sketch of the simulated device.
(b) Electric- and magnetic-field vector profile for a radial mode
on a circular conductor. (c) Components of the electric field
when an axially aligned radial source is impinges on the base
of the cone. The symbols P and AP stand for phase and
antiphase electric field distribution, respectively. Adiabatic
compression is clearly shown.
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considered. In fact, we will see that the phase plays a
fundamental role in the realization of a radial mode.
As expected, the three components show adiabatic com-
pression. This effect is particularly evident in the last
500 nm of the cone (toward the tip), when the effective
wavelength of the SPPs starts shrinking rapidly; i.e., the
SPPs slow down. The field distributions of Ex and Ey are
identical to each other due to the symmetry of the elec-
tric field source, as seen in Fig. 1(b), with respect to the
symmetry of the cone. Similarly, the z-component of the
electric field on the plane �y; z� (not shown) is the same
as on the plane �x; z�. Furthermore, the components
�Ex; Ey� and Ez show an important difference: the for-
mers have an antiphase (AP) behavior between two op-
posite sides of the cone, and the latter shows vice versa
in-phase (P) fields. This characteristic, which is actually
the fingerprint of a radial mode, will play a crucial role in
the realization of a TM0 mode by means of no-radial
sources. Finally, it can be noted that the field decays ra-
pidly away from the tip.
Next, we shall evaluate the components of the electric

field when a linearly x-polarized plane wave impinges on
the base of the cone. Figure 2 shows the nonzero scalar
components of the electric field on the main space planes
�x; z� and �y; z�. The result is a HE1-like mode (or dipole-
like mode) [19]. From the figure, we can notice an impor-
tant difference between the transversal component Ex
and the axial component Ez. In fact, while the former
shows phase-matching (P) behavior, the latter clearly
presents an AP-matching distribution between two oppo-
site sides of the cone (with respect to its axis). This field
behavior is exactly the opposite of Fig. 1. Furthermore,
no trace of field compression is detectable by approach-
ing the cone apex. The effective wavelength associated to
the SPPs is numerically estimated at around λeff �
530 nm, which recalls the 482 nm value obtained for a
silver-air flat interface [20] and the λsource � 514 nm [21].
Finally, two more observations: the field at the tip end
depends on the phase, and it does not decay away from
the tip as in Fig. 1.
The situation changes when a linearly polarized plane

wave impinging on the base of the cone with a nonzero
angle from the cone axis is considered as the source.

Figure 3 shows the fields components on different space
planes when λ � 514 nm and an incident angle θ � 15°
from the x-axis are chosen. In this case, it is possible
to excite adiabatic compression for �Ex; Ey; Ez�, as
shown in Fig. 3(a),(c)–(e). Even though adiabatic com-
pression is manifested, all the field components extend
over the tip apex.

By comparing the general phase behavior in Figs. 1,2,
and 3, we can conclude that in order to create a radial
mode, at least one of the transversal components of
the electric field must have either AP or quasi-AP
(QAP) distribution. No restrictions apply to the Ez com-
ponent except the Gauss’ law ∇ · E � ρ

ϵ0, where
jEj � �E2

x � E2
y � E2

z�1∕2. Figure 4(a) supports this state-
ment by means of a vectorial representation of the elec-
tric field. In particular, when looking far away from the
tip apex (z around 200 nm or 1150 nm), the mode shape
resembles a quasi-dipole, which turns into a radial mode
close to the tip end (z � 2350 nm). This is well under-
stood recalling that TM0 and HE1 modes show very simi-
lar propagation constants for large radius (base of the
cone) and tend to diverge each other for small radius
(tip of the cone) [21]. In fact, when the light impinges
on the base of the cone, the source symmetry is trans-
ferred to the metallic cone. By increasing z, the TM0
mode tends to prevail over the HE1 mode. In fact, two
phenomena occur: (i) the TM0 undergoes adiabatic com-
pression with consequent field increase; (ii) the HE1
mode tends to be suppressed at the tip apex [22,23]. Fi-
nally, as in Fig. 2, the field does not decay moving away
from the cone apex where it regains the dipole form
(z � 2600 nm).

The TM0 mode obtained by a tilted linearly polarized
plane wave source depends on the incident angle, which
determines the grade of the field AP between two oppo-
site sides of the cone (Fig. 4(b)). The main result is that
the strongest field is found in the range between 50 and

Fig. 2. (Color online) Scalar components of the electric field
when an axially aligned plane wave impinges on the base of the
cone (Ey � 0 under x-polarized plane wave source). No adia-
batic compression is found.

Fig. 3. (Color online) Scalar components of the electric field
when a 15° x-tilted linearly polarized plane wave impinges on
the base of the cone. The symbol QAP stands for quasi-
antiphase electric field distribution. Adiabatic compression is
found in the structure.
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60 degrees and it increases with the wavelength. The
maximum field enhancement is 55 at λ � 1150 nm. The
oscillations shown in the figure originate from the reso-
nances of a realistic cone with an apex radius of curva-
ture of 5 nm.
In conclusion, we have investigated the formation of a

radial (TM0) mode on a metallic conical structure by
means of a tilted linearly polarized plane wave. This case
has been compared with radial and orthogonal linearly
polarized excitations, highlighting the crucial role of
the phase in the creation of a radial mode. The present
result can find an easy and experimentally robust fallout
in tip enhanced Raman spectroscopy (TERS) applica-
tions, offering a simple way to implement adiabatic light
focusing on the nanometer scale.
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Fig. 4. (Color online) (a) Vectorial distribution of the electric
field on the �x; y� plane for the three analyzed configurations.
Four values of z are considered, from the bottom (200 nm) to
the top (2350 nm) of the cone and over (2600 nm). The total
cone length is 2500 nm with excitation λ � 514 nm. (b) Angle
dependence of the electric field enhancement for wavelength
range (500–1200) nm. The field was measured 10 nm off the
cone tip.
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