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Fully analytical description of adiabatic compression in dissipative polaritonic structures
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‘We have theoretically modeled and experimentally fabricated a nanoscale adiabatic (conical) metallic structure
that is suitable for high-resolution Raman spectroscopy. We report on a fully complex analytical description of the
adiabatic compression phenomenon which is investigated in terms of both geometrical and optical parameters.
An explicit analytical description of adiabatic compression is provided together with the physical role played by
the complex effective refractive index of the polaritonic adiabatic mode. In particular, we have examined the role
of absorption on the field enhancement. Finally, we demonstrate how such a device can experimentally enhance
the Raman signal coming from nanosamples such as a bead of SiO, and a monolayer of benzenethiol.
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I. INTRODUCTION

In the last decade the concept of a nanodevice or nanostruc-
ture has assumed a broader meaning and its physical content,
together with the spatial confinement, includes also optoelec-
tric transport and magnetic properties. This is the consequence
of an enormous effort which sees scientists around the world
with the common goal of solving new kinds of emerging
problems, and new device designs, all at the nanoscale level.
Here we analyze a conical metallic nanostructure'® with
the purpose of measuring the Raman signal with nanometric
resolution.”~!? In particular, we will focus on surface plasmon
polaritons enhanced Raman scattering (SPPERS). The present
definition differs from the standard and well-established
surface enhanced Raman spectroscopy (SERS)!'™!® and tip
enhanced Raman spectroscopy (TERS)'* because of the device
structure’® and the involved measurements. We have faced
the problem both from a theoretical and fabricative point of
view. The high quality of the fabricated structure provides an
ideal experimental model, which is suitable for an accurate
comparison with theoretical results. The structure, having the
form of an almost perfect cone with a small apical angle,
shows an extremely high field at its apex, namely some
orders of magnitude higher than the source. This effect is
the result of a phenomenon known as adiabatic compression,’
which describes the slowing down of polaritonic waves while
proceeding on the surface of a metallic cone toward the
tip with contemporary increase of the field intensity. The
present approach to the complete dispersion characterization
of the involved materials (i.e., both real and imaginary parts
of the dielectric function are considered) allows a detailed
analytical electromagnetic analysis. In fact, besides the electric
field distribution on the cone, either in spherical or Cartesian
coordinates, we will also show the behavior of both the real
and imaginary parts of the effective refractive index associated
with the polaritonic field as a function of the distance from the
cone apex, apical angle, and source wavelength. Furthermore,
an analytical description of the adiabatic compression will be
provided. Finally, prior the experimental analysis, the theoret-
ical results will be summarized in the cone dispersion relation.
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There are two ingredients responsible for the high field
at the cone apex: first, the shape of the structure which has
the effect of adiabatically transporting the signal from the
base to the apex, therefore enhancing by many orders of
magnitude its value; second, the material composing the cone.
Here we have used silver that, in the visible range, is capable
of supporting surface plasmon polaritons (SPPs), bosonic
quasiparticles originating from the coupling between photons
(incoming light) and plasmons (collective oscillations of free
electrons on the cone).!®!” The SPPs have the properties of
existing only in the skin depth (a few tens of nanometers) of
the metallic surface.

II. MODELING

The first approach was a 3D numerical calculation of
the field distribution around a silver cone of height 4 =
2500 nm and base diameter d = 300 nm, which was analyzed
with finite integration technique commercial software.'® The
optical dispersion of silver was considered in a Drude-Lorentz
scheme,!” while no spatial dispersion was taken into account.?’
The results, shown in Fig. 1, confirm both the already predicted
adiabatic compression and the field enhancement.”

From an analytical point of view,! by describing an
infinitely long metallic cone in spherical coordinates (r,¢,60)
[see inset in Fig. 2(a)] where the origin of the axis is at the cone
apex (r = 0), we can determine the components of the electric
and magnetic fields associated with the SPPs. In particular,
in the following, a TM, mode is considered.> Under this
condition, only the components E, (radial), E4 (polar), and Hy
(azimuthal) are not zero. Starting from the Maxwell equations
written in spherical coordinates and writing E, and Ey in
terms of Hy, it can be shown that the three components of the
electromagnetic field for a TM; mode each take two possible
forms according to the condition 6 < «, where « is the half
apical angle [see inset in Fig. 2(a)]. In particular, the general
radial differential equation takes the form

d? 2 R(r) <ej47'[2 n?

2 R z i
dr? (r)+r dr A2 +r2

)R(r) =0, (D
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FIG. 1. (Color online) Distribution of the absolute value of the
total electric field in the YZ plane. The chosen wavelength is A =
514 nm. The dimensions of the silver cone are height # = 2500 nm
and base diameter d = 300 nm, corresponding to an angle o = 0.06
rad. The source is an infinitesimal dipole oriented along the axis of
the cone. Brighter colors correspond to higher values of the field.

where R(r) contains the radial dependence of the magnetic
field Hy and n = n' + in”, in our case, is a complex separation
constant connecting the radial and angular parts of the Maxwell
equations written in spherical coordinates. Finally, €; is
the dielectric function of either the metallic cone or the
surrounding dielectric. Eq. (1) leads to a direct analytical
solution under the hypothesis ;’—: > €| 4%22. In this case, and
considering also the angular differential equation (not shown
here) with solutions A;ly(nf) for 6 < «a and A, Ky(nd) for
0 > o, the radial component of the electric field takes the
form

ic nA; ,
Eppealr0.1) = =~ "L Io(16)2 cos (i Inr)
we, T
% (en”lnr + e—n” lnr)e—iwt +c.c.,
. (2
Ic 77A2 /
Erp=a(r,0,n) = —— 7 Ko(nf)2 cos (1" Inr)
WE I

” -~ .
X(er] Inr +€ n lnr)e iwt +C.C.

Similar expressions can be written for both Ey and Hy.
Here A;_;, are the coefficients obtained by the continuity
relation of the electromagnetic field at the interface between
the metallic cone and the surrounding dielectric medium (air).
Furthermore, Iy and K stand for modified Bessel functions of
the first and second type, respectively. Finally, €,, and € are the
complex permittivity of the metallic cone and the real dielectric
function of the surrounding medium, respectively. As noted,
an important aspect leading to Eq. (2) is the hypothesis that

the radial coordinate r satisfies the relation Z—z > el 4%22. For
example, the case of a silver cone with apex angle of 0.06 rad
and light excitation of 514 nm leads to r < 220 nm. Hence,
we can conclude that Eq. (2) can be used only in proximity
to the tip apex (similar considerations are valid also for Ey
and Hy). This approach is less general than the numerical
calculation leading to Fig. 1 where a 2.5 um long tip was
analyzed; however it can provide a physical insight to the field
compression. For example, we will be able to determine both
the real and imaginary parts of the effective refractive index
associated with the TMy mode which will be used to extend
the definition of absorption (normally applied to flat plasmonic
systems) to metallic conical structures. Furthermore, we
will stress how the usual concept of absorption has to be
reconsidered when dealing with plasmonic structures.
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FIG. 2. (Color online) (a) Intensity associated with the compo-
nent of the electric field along r for three kinds of cones identified by
a = 0.06rad,0.12rad, 0.18 rad. Here 6 = «, namely on the surface of
the cone. The inset represents the geometrical model of the cone. (b)
Enhancement with respect to a reference value calculated at r = 167
nm, namely at cone radius cR = 10 nm (f = « = 0.06 rad). For both
(a) and (b) the cone material and the wavelength of the incoming
radiation are silver and 514 nm, respectively.

In order to use Eq. (2) the first step is to calculate the
complex parameter 7. It is possible to show that this quantity
is strictly related to the values of the dielectric functions €,,, €;
and the angle «. Since the cone is made of dispersive material,
the value of n depends on the wavelength A of the incident
light. Once 7 is determined, we can write A, in terms of A
from the continuity relations. Hence, the only independent
variable, besides r and 6, will be Ay, which can be associated
with the amplitude of the incoming light. Figure 2(a) shows
the intensity associated with E, for three cones of angles
o = 0.06 rad, 0.12 rad, and 0.18 rad, always calculated on
the surface of the cones; i.e., 6 = «. The bulk dielectric
function of the silver-made cone is ¢, = —8.19 +i0.760,
corresponding to a wavelength A = 514 nm.'” The cone is
immersed in air (¢; = 1). From Fig. 2(a) we can notice four
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important characteristics: (1) the smaller the angle of the cone
the higher the field; (2) the closer to the apex of the cone,
the stronger the field; (3) the field shows alternating maxima
and minima on the surface of the cone; (4) the distance
between two maxima shortens approaching the cone apex
(adiabatic compression). The SPP field is not a standing wave
but a propagating field whose intensity increases approaching
the apex as r~*, where k =1/2,3/2 (E,,Eq — k =3/2;
Hy — k = 1/2). The effective wavelength of the surface field
decreases by approaching the cone apex; that is, the phase and
the group velocity tend to zero at the vertex” (where actually
the field cannot be defined).

Aiming to provide also information on the enhancement
characteristic of the metallic conical tip, we have calculated
the intensity field along the surface of the cone with respect
to a reference value measured at radius of the cone cR =
10 nm (r = 167 nm). This value was chosen to respect the
constrains of » < 220 nm valid for A = 514 nm. Furthermore,
the enhancement was plotted versus both the radius of the
cone cR and the radial coordinate . This is motivated for an
easy comparison with results already present in the literature.?!
Figure 2(b) shows the enhancement for a silver conical tip of
angle « = 0.06 rad and A = 514 nm.

Figure 3 shows the distribution of |E,|? on the plane (r,0)
for @« = 0.06 rad. It is interesting to notice that for 6 > o
(outside the cone) the intensity rapidly decreases. Also in
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FIG. 3. (Color online) Intensity related to E, as function of the
variables » and 6 with @ = 0.06 rad. (a) 6 < «, inside the cone;
(b) & > «, outside the cone. For the continuity conditions of E, at the
interface, (a) and (b) provide the same intensity profile at 6 = « (on
the cone surface). By observing the axis & = « we can see that the
signal drops by two orders of magnitude at just 3 nm from the vertex.
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FIG. 4. (Color online) Comparison between a modified Bessel
function of the second kind (K() and an exponential function. The
former represents the decay of electric field away from a metallic
conical surface, the latter from a metallic flat surface, both of them
surrounded by a dielectric medium. The terms C; and C, are the
matching coefficients. The horizontal axis can be read as the distance
d away from the metal surface (the modified Bessel function K,
determines the decay of E, in the dielectric). dy is the length unit.

this case the situation is mathematically different from a flat
metallic surface; in fact now the decay is determined by the
behavior of the modified Bessel function of the second kind
Ko(nB), whereas in a flat surface the decay is exponential-
like. By comparing these two mathematical expressions as
done in Fig. 4, we can see that the decay originated by a
conical structure is faster than the one calculated in a flat
metallic surface, both in metal and dielectric. This leads to the
conclusion that a conical tip represents a very good tool for
generating a localized field.

When the case # < « (inside the cone) is considered, the
decay is not that rapid, at least in regions close to the vertex
of the cone. As indeed shown in Eq. (2), the modified Bessel
function of the first kind 7y(0) has the characteristic to remain
different from zero also for 6 equal to zero. This means that
along the axis of the cone, the electromagnetic field will never
be null [see Fig. 3(a)]. This behavior is however related to the
fact that Eq. (2) is valid in the regime of small r, namely in
the spatial region where the metallic cone is not thick enough
to attenuate the electric field.

III. ADIABATIC COMPRESSION AND EFFECTIVE
REFRACTIVE INDEX

Additional information, accompanied by a more intuitive
way of observing the behavior of the electromagnetic field
in the domain around the conical tip, can be obtained by
means of a Cartesian coordinates plot, as shown in Fig. 5.
The intensity of the total electric field is plotted in logarithmic
scale along the axis out of the figure plane for a better
identification of the intensity nodes. The figure shows very
clearly the shortening of the wavelength by approaching the tip
apex (adiabatic compression), which is related to the increase
of the real part of the effective refractive index. Figure 6
quantifies this behavior by showing the effective refractive
index associated with the surface plasmon polaritons. Three
curves are plotted, corresponding to three different values of
the angle «. For smaller angles, both the real and imaginary
parts of the effective refractive index are higher, namely the
sharper the cone the stronger is the field and smaller the
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FIG. 5. (Color online) Total electric field intensity for 0 > «. The
plot is in logarithmic scale for the direction out of the figure plane.
Both the vertical and horizontal axis represent lengths, with nm units.
The cone is at the center of the figure. The effective wavelength
compression toward the cone apex is well illustrated in the figure.

mode velocity. In particular, the expression of the effective
refractive index ner = n gy + inly is related to the complex
parameter 7 by the expression ney = <. It is useful to notice
that neg(o,r) =1 X neg(l X a,r), where [ is a real positive
number, is valid in Fig. 6. This is a direct consequence of the
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FIG. 6. Real and imaginary parts of effective refractive index
experienced by the SPP versus distance calculated from the tip apex
for three different values of «: 0.06 rad, 0.04 rad, and 0.02 rad. The
smaller is «, the higher is the effective refractive index at a given
distance from the tip apex. The incoming radiation has a wavelength
A =514 nm.
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dependence of the parameter n on the apex angle o [which can
be shown to be () =1 x n(l x a)].
One of the most important characteristics associated with

a TM, mode in a metallic conical structure is its adiabatic
behavior. We shall discuss this aspect in details which will
become useful for a later comparison with the field on a
metallic flat surface. We have seen that the differential equation
dictating the radial behavior of the H,; component of the TMj
mode is

d? 2R(r) | n?

dr? Ry + rodr + r2 R(r)=0.
Its solution has the form

R(r) = r~ 12 (p= V1A g 14y

When its complex conjugate is considered [in order to produce
a real function R(r)] and by assuming n = n' +in” with
[n'| > |n”| the previous equation becomes

R(}’) — r_1/22 COS(Y]/ In r)(e”// Inr + e—n// 1nr)
= r~Y24cos(y’ Inr) cosh(n” Inr). 3

This expression is the analytical representation of the adiabatic
behavior as in Fig. 2(a). In particular, the cosine contains the
zeros of the function and the exponential part assures an overall
increase of the field. Furthermore, the higher n’ the higher is the
zeros’ density and, similarly, the higher " the stronger is the
field. This last intriguing consequence will now be discussed.

IV. ABSORPTION OF SURFACE PLASMON POLARITONS
IN CONICAL METALLIC STRUCTURES

In the previous sections we have seen how the polaritonic
field can be strongly influenced by the geometrical properties
of the conical structure. Here we will see the dependence
associated with the source wavelength. Figure 7(a) plots the
behavior of the real part of the effective refractive index
versus the distance from the cone tip when three different
wavelengths, A = 514 nm, A = 600 nm, and A = 700 nm, are
evaluated. A similar plot, but for the imaginary part of the
refractive index, is provided in Fig. 7(b). The graphs show
that an increase of the wavelength of the incoming radiation
implies a reduction of both the real and imaginary parts of the
effective refractive index.

By considering the standard definition of propagation
length, namely the distance reducing the field intensity by
a factor e, the expressions of effective refractive indexes
can be used for the calculation of what we introduce as
the quasi-absorption (QA) of a TMy mode along a metallic
cone. The prefix quasi arises from the fact that we have
been considering an adiabatic system which inherently implies
an increase of the field toward the tip; hence the standard
definition of absorption cannot be applied to the present
system. However, we can suppose that the amplitude of the
field at different wavelengths A is proportional to the QA of
the field itself.

Before entering in the analysis of the QA associated
with a metallic conical structure, it is convenient to recall
the optical behavior of surface plasmon polaritons along a
flat metallic-dielectric interface. In fact, the mathematical
expression describing the surface decay on this kind of
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FIG. 7. (Color online) Comparison of the real (a) and imaginary
(b) part of the effective refractive index by changing the wavelength
of the incoming radiation. Three values of A are considered: 514 nm,
600 nm, and 700 nm. At the shortest wavelengths is associated the
highest effective index. In all three cases the values are calculated
on the cone surface with & = o« = 0.06 rad. (c) Same as in (a) and
(b) with the intensity of the electric field along the ordinate.

system is FEgy e Karn® | where kit na 18 the wave vector
along the interface (x direction) associated with the polariton
mode.'® This expression can be conveniently rewritten in
terms of the imaginary part of the effective refractive index
Yt g ODtaining Egy oc e~ @/Mena® Obviously, the longer
the excitation wavelength A the lower the absorption and,
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similarly, the higher nj; n. the stronger the decay. If now
we turn our attention back to the conical metallic structures,
we can notice what, at first sight, might look like a strange
behavior. In fact, in Fig. 7(c) the highest field, namely the
one with the lowest QA, is associated with both the lowest
wavelength and the highest n);. This reading contradicts the
previous description of surface plasmon polaritons on a flat
metallic-dielectric interface; that is, the absorptions of the two
systems show opposite trends. In order to understand this
important aspect we have to explicitly relate the field E, to
the effective refractive index. In particular, E, depends on the
imaginary part n/; through the quantity e~/ (™) which
is directly obtained from Eq. (3), with

1) 1)
n = ;”/eff"v n' = ;”gffr'
It is only formally similar to the well-known relation
e~ @/ valid for SPP on a flat interface where any increase
of nl; q. determines a stronger absorption. The difference
between the two cases can be well explained by noticing that
the presence of the term In(r) increases the value of the function
associated with the highest n;; according to a behavior which
is opposite from what is observed on a flat interface (the higher
is nlg q,, the stronger is the decay). To better understand this
point we shall write Eq. (3) in terms of ng:

R(r) o r~'?cos <—n i r)(e(“’/")”gff”“’ + e~ @/Omegr Inry
c
—1/2 w , —(w/cnlyryInr
~r cos | —ngrInr |(e et ),
c

The last approximation is valid for » < 1 (similarly, if r > 1
the quantity @/’ "" would have been taken into account)
and allows a direct comparison with the solution of a metal-
dielectric interface e~(®/"erna” which shows the crucial role
played by the exponent /n(r) in case of a metallic conical
structure. In Fig 8(a) we have plotted the quantity E, for
two cases: (a) nl; was considered; (b) nl;; was neglected. The
following equations describe these situations:

210 nAi
Er,né’ff#(),@:a = -

®
—= Ip(na) cos ( n.gr In r)
c

Wema 13

)
4
x 2 cosh (Zneffr In r> +c.c.,

216‘ T]Al 2
E i —00=a = — 5 —=Ilo(na)cos [ —nlerInr
a)em,d r

+c.c.

The result shows how the presence of nly increases the value
of E, (thatis, reduces QA) and this effect is stronger the closer
to the tip apex. For example, at r = 1.75 nm there are more
than three orders of magnitude difference between the two
cases. This explains the higher value of E, for A = 514 nm
when compared to A = 600 nm and A = 700 nm. A strong
message rises from this achievement: The term absorption
cannot be associated with the imaginary part of the effective
refractive index when dealing with conical nanometric size
metallic structures.
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FIG. 8. (Color online) Polaritonic field traveling on a metallic
conical surface (6 = «). Two situations are shown: (a) field in terms
of effective refractive index; (b) field in terms of metal bulk refractive
index. The former shows an increase of the field when n/j; is increased.
The latter shows an opposite behavior: decrease of the field when n/,

is increased. For both cases A = 514 nm and # = o = 0.06 rad were
considered.

Now we shall proceed showing the role played by the
metal bulk value of the refractive index and whether its
imaginary part can be associated with absorption (i.e., QA)
in the case of conical metallic structures. The plots in Fig. 8(b)
show the two cases with bulk ¢, = —8.19 +i0.760 and
€n = —8.98 +i0.798. They correspond to the bulk refractive
indexes n,, = 0.133 +i2.86 and ,, = 0.133 + i3.00, respec-
tively. The result is very clear: the higher the imaginary part of
the bulk refractive index, the lower the electric field. Hence, the
canonical meaning of absorption associated with the imaginary
part of the refractive index is recovered when dealing with bulk
refractive index.

Finally an observation on flat metal-dielectric interfaces. As
we have previously seen the electric field contribution along
the interface (here the x direction) can be written as Efq, X
e~ (@/Mna® This expression states that the higher is Nl e the
stronger is the absorption. If now we relate the quantity ’nfc/ff,ﬂat
to the bulk values of the refractive index, we can conclude
that it is not straightforward to asset that an increase of the
bulk imaginary part of the refractive index would determine a
decrease of the field amplitude. In fact, it is the combination
of both the real and imaginary parts of the bulk refractive
index which determine the behavior of nl 4... To visualize
this concept we have plotted nl; g, as a function of Mk
and ny,, when a flat silver-air interface was considered (see
Fig. 9). In other words, before assuming that an increase of the
imaginary part of the refractive index automatically implies an
increase of the absorption, considerations on the nature of the
field have to be made.

We conclude this section by noticing that the wavelength
dependence of the field along the surface of the metallic cone
is opposite of that obtained when the field is calculated away
(in the surrounding dielectric) from the tip apex. In fact, the
latter shows an increase of the field with the wavelength.?*
This can be explained by noticing that a realistic cone shows
a tip end which can be described by a semi-nanosphere with a
few nanometers radius. Under radially polarized light (such as
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bulk

FIG. 9. (Color online) The effective refractive index n( 4, for a
silver-air flat interface is plotted in terms of the bulk values of the
refractive index. A nonmonotonic behavior is found.

a TMjy mode) the light reaching the cone apex creates a local
dipole oriented along the cone axis whose radiation intensity
is proportional to the wavelength A.

V. DISPERSION RELATION

The dependence of the TM refractive index n; on both
the wavelength A and the distance from the cone apex r is
summarized by the dispersion relation w(k,;) of Fig. 10(a),
being ke = ki + ikl = 2(nyg +inly). The figure shows
that the higher the radial distance r the steeper the dispersion
curve. This is in agreement with the fact that in the limit of
};1 — 0 the velocity of the polaritonic field tends to zero, namely

= 0. Furthermore, the dispersion relation of the HE-like

mode numerically calculated®? in proximity to the tip apex
is also plotted. In fact, when a metallic conical structure is
illuminated with a linearly polarized source, both the TM,
and HE,-like modes are generated.”>>* The figure shows no
intersecting points between the two modes’ dispersion curves,
meaning that the modes travel independently on the cone
without any mode conversion occurring.?® Finally, Fig. 10(b)
shows the comparison between the HE -like mode on a conical
structure and a TM mode on a flat silver-air interface. The result
indicates that the HE;-like mode propagates on the conical
structure in a manner very similar to that of the TM mode
on a flat interface; however the former, in the limit of r — 0,
can directly couple to the external radiation by becoming a
radiative mode.

In order to sustain this statement, the interaction between
a silver conical structure and an electromagnetic wave (A =
633 nm) with two different angles of incidence has been
numerically simulated with commercial FEM software.?® The
cone is 1250 nm long and the base diameter is 150 nm, which
means an idealized half-apex angle « = 0.06 rad. The cone end
was then adjusted in order to realize a numerical simulation
resembling as much as possible experimental conditions; in
fact it was modified to show an apex radius of curvature
of 5 nm.?! Figure 11(a) shows the ratio U = (|E(37°)| —
[EO)D/(EB7°)| + |E(0°)]) calculated on the edge of the
cone (from the base to the apex) generated by a linearly TEM
polarized wave propagating with an angle from the cone axis
of either 37° or 0° (a 0° angle of incidence corresponds to
a propagation direction parallel to the axis of the cone). As
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FIG. 10. (Color online) (a) Dispersion relation for a conical
structure by changing the distance r from the cone apex along the
cone surface. In particular, three values of r are considered: r = 1 nm,
r = 3 nm, and » = 5 nm. Furthermore, the comparison between the
TM, and HE,-like modes traveling on the cone is shown. The inset
shows the HE dispersion curve on a larger scale. The HE,-like and
TM, dispersion curves do not intersect each other for any value of
k.. (b) Direct comparison between an HE;-like mode traveling on
a silver cone and a TM mode traveling on a silver flat surface. The
light line in vacuo is also plotted together with the radiative region
(dashed area).

recently pointed out,>* whereas at 0° the incident TEM source
cannot induce the generation of a TMy mode in the cone,
tilting the source (e.g., at 37°) allows adiabatic compression.
In fact in Fig. 11(a) we clearly see that at the apex of the cone
almost the totality of the field intensity is given by the tilted
wave (U = 0.9). At this spot the field is given by an almost
pure TMy mode as shown in Fig. 11(a.2) (right side, compare
the scale bars). On the other hand, a 0° wave does not give
substantial enhancement and the mode is HE-like all along the
cone [Fig. 11(a.2), left side]. When we look at 100 nm outside
the apex, a TMp mode cannot be sustained in any case and
U approaches a value around zero as shown in Fig. 11(a.3).
The fact that just above the cone tip U becomes negative in a
small interval of space can be explained in terms of destructive
interference between incident and scattered field giving rise to
phase singularities?”?® [Fig. 11(a.4)]. We can notice that U
becomes negative also near the base of the cone. Intuitively

FIG. 11. (Color online) (a) The U profile along the cone edge
is plotted. (a.1) Panels 1, 2: Norm of fotal (incident + scattered)
electric field for the excitation wave at angle 6;, equal to 0° and 37°,
respectively. Panels 3, 4: Vectorial fotal electric field representation
for the 0° and 37° excitation waves, respectively. Panels 5, 6: Vectorial
incident electric field representation for the 0° and 37° excitation
waves, respectively. (a.2) Scalar and vectorial representation of the
total electric field calculated for excitation waves at 0° and 37°. The
TM, and HE,-like mode shapes are easily recognized. (a.3) Total
vectorial field calculated 100 nm above the cone tip for the two
excitation angles 0° and 37°. (a.4) Panel 1: Poynting vector around
the cone tip. Panel 2: Norm of the total electric field. Both figures refer
to a 37° excitation wave. Above the apex the total field drops below
the excitation amplitude. The phase of the optical field is undefined
and the Poynting vector goes to a vortex-like shape.

we might expect U to be around zero at the base where the
dispersion relation is linear for the 0° wave and compression is
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not formed yet for the 37° one. The fact is that the 0° incident
wave couples with the base of the cone giving rise to a sensitive
enhancement at the edge of the structure [Fig. 11(a.l), left
side]; the tilted wave (37°) produces the same effect but the
phase difference in the incident field lowers the signal and U
goes below zero [Fig. 11(a.1)].

VI. RAMAN MEASUREMENTS

A cone with the same geometrical characteristics as in
Fig. 1 was also fabricated. In particular, it was embedded
in a photonic crystal cavity?*=! in order to enhance the
coupling efficiency with the external radiation.'>?' Two
fabrication techniques were implemented: focused ion beam
(FIB) milling*?-34 to produce the photonic crystal and chemical
vapor deposition (CVD) induced by focused electron beam to
grow the metallic conical structure on top of the photonic
crystal. The results of the nanofabrication process are shown
in Fig. 12. A monolayer of benzenethiol was deposited, via
chemisorption technique, over silver-based nanocones with a
different radius of curvature (RoC) at the apex, from 30 nm to
10 nm. The same procedure of monolayer deposition and the
same Raman measurement parameters were employed for all
the structures. In particular, the measurements were taken right
after the fabrication of the device to limit the effects originating
by the silver oxidation. Moreover, the sample was kept in a
nitrogen environment to prevent an additional absorption of
reactive species such as sulfur and oxygen. It is found that for
the nanocone with RoC 30 nm the chemical information of the
substance under investigation is not revealed because of the
low field enhancement. However, by lowering the nanocone
RoC the vibrational bands of the molecule start emerging,
showing the molecular chemical information, in accordance
with the theoretical behavior shown in Figs. 2 and 3. The
SPPERS spectra associated with the benzenethiol monolayer
deposited on the nanocones with different RoC are shown
in Fig. 13(a). Furthermore, wavelength response comparison
was carried out on a quantum dot (QD) deposited at the tip

FIG. 12. SEM image of a nanocone fabricated on a silicon
nitride membrane by means of the electron beam induced deposition
technique. The nanocone height is about 2 um, the base is 280 nm,
and the radius of curvature of the tip is below 5 nm. The inset shows
a similar situation when a particle of SiO, is deposited on the tip.
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FIG. 13. (Color online) (a) SPPERS spectra coming from a layer
of benzenethiol deposited on conical silver structures with three
different RoC’s. In all the experiments we used a 150x objective
lens with power source equal to 0.09 mW, an accumulation time
of 100 sec, and an excitation wavelength equal to 514 nm. This
wavelength was chosen to provide the highest possible enhancement
as shown in Fig. 7. (b) Raman response on a QD deposited on a
20 nm RoC tip when 457 nm and 514 nm excitation sources were
considered.

end of a 20 nm RoC tip. The utilized wavelengths are 457 nm
and 514 nm as shown in Fig. 13(b). In particular, only the
514 nm excitation was able to provide enough intensity in
order to resolve the QD peak at 3070 cm~'. This result is in
agreement with the previously discussed dipole-like behavior
of the present tips.

Similar measurements were also performed on a 35 nm
radius bead of SiO, deposited on a nanocone, as shown in the
inset of Fig. 12. The strong position dependence of the Raman
signal has been verified by SPPERS measurements. It is very
important to point out that SiO, has very low scattering cross
section, showing low Raman signal from the bulk. However,
regarding the enhancement properties of our device, even a
very small amount of SiO, on the tip of the nanocone was able
to produce a very clear Raman signal, as shown in Fig. 14.
In fact the figure presents a very well defined peak centered

around 450 cm™! and as large as 300 cm™'.
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FIG. 14. SPPERS spectra coming from a bead of SiO, deposited
on a metallic conical tip with RoC = 10 nm. The excitation wave-
length and the power source were 514 nm and 0.18 mW, respectively.

VII. SUMMARY

In conclusion, we have simulated and fabricated a nano-
optic polaritons-based device showing adiabatic properties
which was utilized for surface plasmon polaritons enhanced
Raman spectroscopy (SPPERS) measurements. We have in-
troduced a fully analytical model describing both the adiabatic

PHYSICAL REVIEW B 86, 035410 (2012)

compression and the physical role played by the complex
refractive index for a metallic conical structure. In particular,
the role of the absorption on the field enhancement was inves-
tigated. Furthermore, illuminating the device with a linearly
polarized light can develop an HE; mode that, in proximity to
the tip apex, shows radiative characteristics (above the light
line) which do not allow energy exchange with the adiabatic
TMj mode. Finally, we have illustrated how the tip at nanoscale
level can play a very important role for the determination of
Raman peaks otherwise absent under more canonical micro-
Raman investigation. The measurements were performed on
two kinds of samples: a monolayer of benzenethiol and a 35 nm
radius SiO, bead. They were both deposited on the nanocone
structure; in particular the former was extensively covering the
cone surface whereas the latter was localized only on its apex.
In both cases clear SPPERS spectra were achieved due to the
giant electric field enhancement induced by the geometrical
characteristics of the cone, as theoretically predicted.
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