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Abstract Near-field optical microscopy techniques provide in-
formation on the amplitude and phase of local fields in samples
of interest in nanooptics. However, the information on the near
field is typically obtained by converting it into propagating far
fields where the signal is detected. This is the case, for instance,
in polarization-resolved scattering-type scanning near-field op-
tical microscopy (s-SNOM), where a sharp dielectric tip scatters
the local near field off the antenna to the far field. Up to now,
basic models have interpreted S- and P-polarized maps ob-
tained in s-SNOM as directly proportional to the in-plane (Ex
or Ey) and out-of-plane (E;) near-field components of the an-
tenna, respectively, at the position of the probing tip. Here, a
novel model that includes the multiple-scattering process of
the probing tip and the nanoantenna is developed, with use of
the reciprocity theorem of electromagnetism. This novel theo-
retical framework provides new insights into the interpretation
of s-SNOM near-field maps: the model reveals that the fields
detected by polarization-resolved interferometric s-SNOM do
not correlate with a single component of the local near field, but
rather with a complex combination of the different local near-
field components at each point (Ex, E, and E;). Furthermore,
depending on the detection scheme (S- or P-polarization), a
different scaling of the scattered fields as a function of the local
near-field enhancement is obtained. The theoretical findings are
corroborated by s-SNOM experiments which map the near field

of linear and gap plasmonic antennas. This new interpretation
of nanoantenna s-SNOM maps as a complex-valued combi-
nation of vectorial local near fields is crucial to correctly un-
derstand scattering-type near-field microscopy measurements
as well as to interpret the signals obtained in field-enhanced
spectroscopy.
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1. Introduction

Plasmonic nanoantennas are fundamental metallic systems
that enable the localization and enhancement of electro-
magnetic radiation at subwavelength dimensions. These
effects arise due to the excitation of a coherent oscillation
of the metal’s conduction electrons at the nanoantenna
surface, the so-called surface plasmons [1-3]. The ability
to localize light in the nanoscale opens the path to control
optical electromagnetic fields beyond the diffraction limit.
Optical nanofocusing has helped to improve the perfor-
mance and resolution of field-enhanced spectroscopy [4]
and microscopy [5]. Moreover, it has enabled key advances
in a variety of technologies, such as in active control of
optical signals [6, 7], biosensing [8, 9], medical therapies
[10], photovoltaics [11] or optoelectronics [12], among

others. The evaluation and mapping of local fields induced
in optical nanoantennas is a challenging experimental task.
Different techniques compete in the race for improving sub-
wavelength resolution [13]. High-resolution energy-filtered
electron energy loss spectroscopy (EELS), for instance, can
successfully map the projection of the local density of states
(LDOS) of a nanostructure by probing the fields with high-
energy swift electrons that provide an impulsive excitation
to the entire structure [14, 15]. However, this technique
does not deliver amplitude- and phase-resolved maps,
which are highly valuable for identifying the structure of
an electromagnetic mode. Based on a different working
principle, aperture-scanning near-field optical microscopy
(a-SNOM) has also provided highly resolved maps of elec-
tric and magnetic fields in the 50 nm resolution range with
use of metal-coated dielectric tips that guide and collect the
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illumination to and from the sample structure [16]. Most
of these techniques, however, probe the intensity of local
field components, whereas a complete characterization of
the full polarization state of the near fields of an antenna
requires information on their amplitude and phase [17].

A promising approach to access the full polarization
state of the near field around an antenna is scattering-type
scanning near-field optical microscopy (s-SNOM) [18-29].
In s-SNOM, a scanning tip acts as a scatterer that transfers
the near field induced in the vicinity of a nanoantenna to
the far field, where it can be collected by a detector. Two
main modes of operation can be identified depending on the
strength of the interaction between the tip and the antenna.
When material properties and spectroscopic information of
the sample are required, strongly scattering (metallic) tips
are used. These tips interact with the sample via their image
charge [30-32], allowing for the identification of the dielec-
tric properties of the sample underneath, thus providing in
situ material contrast [33,34]. However, when information
on the near-field distribution around a nanoantenna is de-
sired, a weakly scattering (dielectric) tip is needed to access
this near field without distortion [18, 20,21, 25,29, 35, 36].
This technique was first introduced to access the amplitude
and phase of plasmonic near fields in gold nanodisk an-
tennas [18]. Nevertheless, the actual relationship between
the local field components induced around the nanoantenna
and the signal detected in the far field (at position rge)
is usually not straightforward [35,37,38]. In most of the
previous studies, the signal detected in s-SNOM was con-
sidered to be directly proportional to the near-field vector at
the position of the probing tip, thus showing a one-to-one
correspondence between the components of the scattered
far field responsible for the signal and the corresponding
components of the antenna’s near field (E,, E,, E_) at each
point. As we will see in this work, this description is in-
complete, and a more accurate model that accounts for the
multiple-scattering process between tip and antenna needs
to be considered for an exact interpretation of the near-field
maps.

A schematic of the scattering off a tip and a nanoan-
tenna sample in a typical s-SNOM configuration is shown
in Fig. 1. An incident field E' interacts with an antenna ex-
citing local fields in its proximity. A weakly interacting tip,
located at a particular local position, scatters light which is
detected interferometrically, obtaining its amplitude and
phase. One improvement of the s-SNOM technique in-
volves the analysis of light polarized in a direction perpen-
dicular to the polarization of the incident radiation, the so-
called crossed-polarized detection configuration [20]. This
helps improving the excitation and detection efficiencies,
thus allowing one to identify higher-order modes of plas-
monic nanoantennas [20, 21, 39].

As pointed out above, in a simplification to interpret
the signal obtained in s-SNOM, the selection of S- or
P-polarized scattered light (ES and E®, respectively) has
been traditionally interpreted as a straightforward mapping
of the corresponding in- and out-of-plane local near-field
components, respectively, induced in the proximity of the
plasmonic antenna at the tip position [18, 23, 24, 39-42].

Figure 1 Schematics of the combined antenna—tip scattering in
scattering-type scanning near-field optical microscopy (s-SNOM).
In oblique-incidence mode, the incident wave vector E/ illuminates
an antenna from the top at a certain angle 6; with respect to the
out-of-plane axis (z) with a direction of propagation (y) perpen-
dicular to the antenna axis (x). The scattered field, E? or ES,
is collected by P- or S-polarized detectors, respectively, in the
backscattered direction of propagation, at an angle of scattering
0o = 6.

Following this assumption, and according to the schemat-
ics of Fig. 1, the S- and P-polarized fields detected by
interferometric s-SNOM, ES and EP, respectively, have
been often assigned in a simplified manner as ES o E, (in-
plane) and E¥ o E, (out-of-plane). Using a more complete
model that accounts for the multiple scattering of tip and
antenna sample, here we show that ES and E¥ depend on
a much more complex combination of the local near-field
components (E,, E, and E.), including linear and quadratic
dependences. We apply our model to correctly interpret the
s-SNOM near-field maps of single plasmonic dipolar and
gap antennas. Nevertheless, our results are derived with
generality and can be applied to interpret s-SNOM near-
field maps of arbitrarily shaped plasmonic antennas.

2. Theoretical model

We describe in the following the theoretical model that ac-
counts for the multiple scattering produced between prob-
ing tip and antenna sample, using the reciprocity theorem of
electromagnetic fields. This approach allows for a correct
interpretation of s-SNOM maps in terms of a combina-
tion of complex-valued components of the local near field
around the plasmonic antenna, thus amending previous sim-
plified interpretations.

2.1. General approach to antenna—tip scattering

The description of the s-SNOM signal yields a direct
scattering problem determined by two scatterers: the tip (T)
and the sample antenna (A). In the following, we treat the
scattering problem with generality within the formalism
of the linear response based on the dyadic Green’s
function.
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Figure 2 Schematics of the scattering model to obtain the s-
SNOM signal based on the reciprocity theorem. (a) An incident
field produces a local field, EL(r), in the proximity of the antenna
at position r. (b) A tip of polarizability « is located in the prox-
imity of the antenna, producing a dipole momentum p'®(r). This
dipole scatters off the field in the proximity of the antenna to the
detector, E(rqet; ¥), where a polarizer along a particular direction,
AP, selects the polarization of the signal detected. (c) Together
with the tip dipole and the field scattered at the detector, the vir-
tual dipole at the detector (parallel to the detection polarization,
P2,i(reet) o AP), and the corresponding virtual near field, ED,,(r),
form the four elements to apply the reciprocity theorem.

As depicted in the schematics of Fig. 2(a), we first define
the local near field around the antenna, EL (r), at a position
r, excited by the incident laser illumination employed in

the experiment:
Ej () = E*r) + E'(@r), e

which consists of the contribution of the incident field E'
plus the near field produced by the scattering from the
antenna E*, in the absence of the tip.

We can make a first approximation and consider that the
s-SNOM tip can be represented by an equivalent point-like

scatterer with polarizability o7, given by a diagonal tensor:

0
01, 2
o

where o), «) and o are the components of the tip polar-
izability tensor along each of the Cartesian coordinates x,
y and z. All the components of this tensor are indeed im-
portant and, typically, the component along the direction of
elongation of the tip, !, is usually slightly larger than the

Z

transverse ones, but comparable in magnitude. The assump-
tion of a point-like dipole to describe the tip is particularly
suitable considering the small size of the tip apex com-
pared to that of the infrared plasmonic antennas, as well as
its relative smaller polarizability. However, this assumption
might impose limitations in the description when mapping
extended two-dimensional antenna structures where addi-
tional areas of the tip, beyond its apex, might influence the
scattering process.

When the tip is placed in the vicinity of the antenna,
as depicted in the schematics of Fig. 2(b), the near field
around the antenna, Eﬁlc(r), induces a dipole moment in the

tip, pP(r), given by
pP(r) = o' - Ef (r). 3)

The polarized tip in turn radiates from the vicinity of
the antenna the field E(r.) out to a general distant position
Iex- 10 express the field produced by a dipole, we formally
define the antenna dyadic Green’s function %(r’, r) as the
propagator that generates a field distribution at a position
r’ by a point-source dipole located at r, precisely consider-
ing the electromagnetic environment, i.e. the antenna, the
substrate and the illumination and detection optics. The
generality of this definition makes this formalism a valu-
able tool for the analysis of generic experimental conditions
of illumination and detection. Within the weak-interaction
limit, where the tip can be treated as a weakly polarizable
object, the scattering by the tip to the position of the detec-
tor rge; can be expressed in terms of the Green’s function
as

k2
Euwwr=£gumm%a“E@ax 4)

where we note that the scattered field is evaluated at an
external position rqe¢, while being also implicitly dependent
on the near-field position of the tip r.

The expression in Eq. (4) is equivalent to a multiple-
scattering description of the tip—sample interaction,
restricted to the first-order scattering off the tip, as detailed
in the Supp. Inf. However, in a simplification of Eq. (4),
the multiple scattering between tip and sample, included
in the Green’s function, is usually not considered, and
the scattered far field is assumed to be the result of the
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direct propagation of light from the tip dipole (i.e. vacuum
Green’s function, %, instead of %) [18,23,24,39-42]:
E(Tgei; 1) o (o) - o - Eip (1), )
This expression assumes that the transfer of the antenna
near field, E- (r), into the s-SNOM signal (ES, E?), can

mc
be described in Cartesian coordinates (Fig. 1) as

ES ay - E,, (6)

E¥ «a} - E., (7)
where o§ and o, are the polarizabilities of the tip along
the x and z directions, respectively. This assumption can
explain many features of near-field maps, but it can also
lead to misinterpretation, as we will show in the following
sections. A formalism that accounts for the antenna-tip
scattering in a more complete manner is thus needed.

2.2. Polarization-resolved s-SNOM maps:
interpretation via the reciprocity theorem

We describe in this section the derivation of a more com-
plete formalism to obtain the scattered far field from the
antenna—tip system. With use of the reciprocity theorem of
electromagnetism, the multiple scattering by the antenna—
tip system can be properly accounted for (up to the first-
order scattering off the tip), providing a different and more
complete interpretation of the near-field maps.

The signal measured by s-SNOM is proportional to the
amplitude of the field scattered from the antenna—tip system
(before demodulation). The information on the amplitude
of the scattered field is obtained thanks to the interfer-
ometric detection scheme. By locating a linear polarizer
(analyzer) in front of the detector, it is possible to measure
a specific component of the far field scattered by the tip—
antenna system [20, 22,25,29]. Mathematically, the action
of the polarizer on the scattered field can be represented as
a scalar product between the complex-valued amplitude of
the scattered field in Eq. (4), E(rge; ), and a unit vector in
the direction of the polarizer axis, AP which we identify
as proportional to a virtual point dipole at the position of
the detector, AP o p2, (raer), as schematically depicted in
Fig. 2(b). The projection of the radiated field at the detector,
E%, can thus be expressed as

E“(r) = A E(rgei 1) o¢ Py (Taer) - Braec: 1), (8)

If we now apply the reciprocity theorem to the pair of
point dipoles at the local position of the antenna, r, and at
the detector, rqe [37,43,44], we can express the following
relationship:

p (), 9)

E(Tgei; 1) - Poy(Taer) = ED, (1) -

where EP, (r) is the virtual local near field produced in the

vicinity of the nanoantenna at the tip position, r, generated

by the virtual point dipole, part(rdc[), located at the detector
position, rge, oriented along the direction of the analyzer,
as schematically depicted in Fig. 2(c). Such definition of the
virtual near field EP, fully accounts for the influence of the
detection OptICS through a backward propagation scheme.
Note that ED is indeed independent of the amplitude of
the real incident field, E', since it is a result of a suitably
normalized virtual source.

The left-hand side of Eq. (9) indeed accounts for
the polarization-resolved field at the detector, E%\(r) o
E(rge; 1) - p2,(raer), which gives the s-SNOM signal (be-
fore demodulation). Following the reciprocity theorem in
Eq. (9), we can thus express the detected projection of the
scattered field in terms of (i) the virtual local near field
around the antenna excited by a point dipole located at the
detector position and oriented along the detection polar-
ization axis and (ii) the real local near field excited in the
antenna by the incoming laser light, as

E®(r) ~ Ej (r) - o' - Ej (1), (10)
where r is the tip position in the vicinity of the nanoantenna.

Equation (10) is the fundamental result of this paper,
and its application provides new insights to connect the
polarization-resolved s-SNOM signal with the local near-
field components produced at the antenna by the incident
and virtual fields [27]. This compact expression is radically
different to the commonly assumed relationship between
the near field and the scattered far field, expressed in Eq. (5).

As depicted in Fig. 1, we are mostly interested in con-
figurations of the detection polarizer along the S or P di-
rections; therefore, we identify the local virtual fields for
these polarizations as EDZS and E{,)mp, respectively.

Following Eq. (10), the expressions of the scattered
field for each polarization, E%=5 and E%“=F can be related
to the x, y and z Components of the local near -field vec-
tors (Elnc X? Ellﬁc y? lIlL L) and (Evlrl X? vlrt y? vlrl L) Where
L refers to a specific polarization state of the incident laser
light and D to the polarization of the detected light (both
L and D can thus be S or P), as well as to the diagonal
components of the tip polarizability (e, ), o]):

ES(r) ~

ES () o B (r) = (D)ot Eie (r)

+ Eyy (D) Ep. (1) + EYy, (Da] Ef (1),
(11)

Vll[ X

EL.(r) =

EP(r) ~ Evm(r) : “ inc vlrl \(r)aTElll;c x( )

+ EF

virt, y

(r)aTEII;C )y (l') + Evlrl (l')()[TE‘];C ( )
(12)

Equations (11) and (12) provide a general and straight-
forward way to relate the polarization-resolved scattered far
field with the local near field induced at the nanoantenna at
the position of the tip r. According to this relationship, the
s-SNOM signal can be correctly predicted if one calculates
(i) the local near-field distribution induced in an antenna

© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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by the real incident light EL; and (ii) the virtual field ED,
excited by a dipolar source located at the detector oriented
in the direction of its polarization axis. Following Egs. (11)
and (12), these two local fields are tensorially weighted by
the components of the tip polarizability. Therefore, to obtain
the polarized scattered far field only requires a numerical
solution of the local near-field components produced by
the incident and virtual radiations. This can be easily im-
plemented for any arbitrarily shaped antenna with use of
conventional solvers of Maxwell’s equations, as we will
show in the next sections.

2.3. Combination of near-field components
in s-SNOM maps: parallel illumination and
backscattering detection

The local near field EL (r) produced in the vicinity of the
antenna, which is the magnitude we want to map, is the re-
sponse of the antenna to a particular incident field polarized
along a direction (L being either S or P). In our case, we
will consider that the incident field is polarized along the
antenna axis x, i.e. it can be considered as an S-polarized
incident plane wave; therefore, E-. = EJ . We denote the
tip position-dependent components of this local near field
as

Eil;10,x(r) = Ei?u:ﬁx(r) = f:\" : El =E,, (13)
EL. () =E, ()= f,-E'=E, (14)
EL. .r)=E,. .(x)=f -E'=E., (15)

where we define the components of the local field enhance-
ment, f,, fy and f, as the ratio between the correspond-
ing local near-field component and the incident field am-
plitude. In the case of P-polarized incident radiation, we
would denote the local near field around the antenna as
EL =E! .
mnc nc
In a backscattering s-SNOM configuration scheme, the
incident and backdetection directions are equivalent; thus,
we can relate the local near fields produced at the antenna
by the polarized virtual fields (E3,, and EF, ) with those
produced by the incident laser radiation (with the same
polarization):

Eﬁirl (0.8 Eisnc/EI = fsv (16)
EY, «EP /E'=f", (17)

where fS and f* are the local near-field enhancement vectors
produced by S- and P-polarized incident light, respectively.
Following this notation, the signals measured when se-
lecting the S- and P-polarized components of the scattered
light can be further simplified as
ES(r) ~ (Ej (0)/E") - " - Ej (r)

mnc

=15r)-a’ -5 - E, (18)

E"(r) ~ (E} .(0)/E") -’ - Ej (1)

mnc

=f'r)-a’ -50). E. (19)

Equations (18) and (19) are novel expressions that de-
scribe the s-SNOM signals in a different way to that com-
monly treated to date [20,23,24,39—41]. The signal at the
detector is expressed in terms of a product of the vectors
of local field enhancement produced by the illumination
from (i) the real source and (ii) the virtual source located
at the detector, with the same polarization as the detection
scheme. Furthermore, the product of local field enhance-
ments is weighted by the corresponding components of the
tip polarizability tensor.

We now develop the expressions above for the case of a
plasmonic antenna strongly polarizable along one axis, x,
as depicted in Fig. 1. We consider the setup shown in the
figure, with S-polarized light incident at an angle 6, = 45°,
and a backscattering detection scheme. The virtual excita-
tion of the antenna with polarization perpendicular to its
axis produces a very weak response of the local near-field
enhancement at the antenna, f*, since this polarization is
perpendicular to the antenna’s main axis. Therefore, effec-
tively, we can assume the local near field to be equal to
the P-polarized incident field, and set ff o (0, —1, 1) in
Eq. (19), since the incoming light is barely modified by the
antenna for this polarization.

Considering all the above, the expressions for the
position-dependent S- and P-polarized far-field compo-
nents of the scattered field, i.e. the s-SNOM signals,
EP(r) = E® and ES(r) = ES, of a dipolar antenna excited
along its polarization axis x can be expressed in terms of
the near-field components (E,, E, and E_) produced by the
incoming light around the antenna [or equivalently in terms
of the field enhancement components ( fx, fy, f)] as

(afEZ + o E} +alE?)
EI
- (afffjtaffﬂajfj) .E!

ES x

(20)
and
E' o« (¢} E. —ajE)) = (o] f. —a) f;) - E'. (21)

A striking consequence of Egs. (20) and (21) is that
the scattered field obtained with the P-polarized detection
scheme provides a signal which is proportional to a linear
combination of the y and z components of the local near-
field enhancement induced around the antenna, f, and f,
weighted by the respective components of the polarizabil-
ity tensor of the tip, o] and . However, the S-polarized
detection scheme (detection polarization parallel to the po-
larization of the incident field) provides a signal which
depends quadratically on the three components of the local
field enhancement, /7, f7 and f?, weighted by the corre-
sponding components of the tip polarizability tensor [see
Eq. (20)].

www.lpr-journal.org
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The linear dependence on the local field for P-polarized
detection is determined by the single involvement of the
antenna in the signal formation. The antenna solely
enhances the near field and induces the dipole moment
of the tip, which directly radiates to the detector. Due to
the particular arrangement of the experiment, P-polarized
scattering from the antenna is not allowed; therefore, the
second scattering process from the antenna is forbidden.
The quadratic dependence for the S-polarized detection,
however, does involve a double role of the antenna: first
the antenna interacts with the incoming field and produces
a strong local near field that polarizes the tip, and then the
emission of the tip to the far field is again mediated by the
antenna, leading to a second enhancement of the resulting
far-field amplitude. This so-called double scattering by
the antenna is commonly present and exploited in field-
enhanced spectroscopies, where the field enhancement
produced is obtained by the double scattering of a variety of
optical nanoantennas, such as in SERS or TERS [45-47].
In our case, however, the process is completely elastic[27].

In the following sections we demonstrate the signifi-
cance of the theoretical results obtained in Egs. (20) and
(21) by comparing our theoretical predictions with experi-
mental results obtained in s-SNOM for plasmonic nanoan-
tennas. Before doing so, we properly describe and account
for the demodulation scheme employed in experiments. In
practice, an oscillating tip is employed in tapping mode
to modulate the far-field signal. The detector is equipped
with a lock-in amplifier and only higher harmonic tapping
frequencies of the signal are recorded, generating two-
dimensional near-field maps of the antennas when properly
scanned.

2.4. Demodulation of the signal

The modulation of the distance between the antenna and
tip produces the corresponding modulation of the scattered
far-field signal E%'(r). The modulation of the separation
distance can be done by sinusoidally modifying the posi-
tion of the tip r at a frequency €2 in the vertical direction
asr(t) = r¥ + i[zmin(r% + A + A cos(2t)]. Here, r¥ de-
notes the lateral position of the tip which only slowly varies
with time, A is the amplitude of the tip oscillation and

zmin(rb represents the lowest point of the tip oscillation.
The resulting s-SNOM image is then a function of the lateral

tip position r¥ after time Fourier transforming the signal at
each point.
The n'"-order demodulated signal, (E%"), = E%, can

be obtained by Fourier transforming E%!(r), according to

(E*Y),(rp) = f E%(r) cos(nQr)dt. (22)

The demodulation of the signal using Eq. (22) together
with the harmonic oscillation of the tip pertains only to
the signal coming from the mutual interaction between the
antenna and the tip.

The idealized description of the tip as a harmonically
oscillating object might fail in practice due to several ex-
perimental limitations such as the anharmonicity of the tip
oscillation [38, 48] or a varying polarizability of the tip
with the distance from the antenna sample (due to the fi-
nite size of the tip). In order to account effectively for the
phenomenon of anharmonicity, we implement for the third
demodulation order the following effective tip oscillation
[38]:

r=r|+2 {Zmin(rT) +A

+

210 [Acos(2t) + 6 cos(3§2t)]} , (23)

where § represents an anharmonicity parameter. The exper-
imental determination of the level of tip anharmonicity is
highly challenging; we thus use § as a free parameter which
we adjust to resemble the experimental situation.

Generally speaking, the demodulation of the signal in-
troduces certain effects to the images connected with the
spatial variation of the measured signal. Rapid variations
of the non-demodulated signal in the vertical direction pro-
duce larger values of the higher-order demodulated signal.
On the other hand, a constant signal or a signal slowly vary-
ing in the vertical direction will contribute only negligibly
to the resulting demodulated image. Such effects lead to a
sharpening of the higher-harmonic near-field images close
to the areas of rapidly varying fields. In the next section we
will see that such areas can be found close to the antenna ex-
tremities. Since complex numbers are demodulated during
the procedure, their phase also undergoes transformation.
One significant effect of this phase transformation is con-
nected with a change of sign, which can completely reverse
the phase image between different demodulation orders.
Therefore, it is not possible to provide a straightforward
and absolute connection between the phase of the near fields
and the recorded higher-order phase images. The relative
phase within the higher-order images, however, provides an
accurate picture of the non-demodulated signal, especially
when the anharmonicity is introduced. The anharmonicity
itself has the effect of smearing out the sharpening of the
image amplitude and recovers the first-order demodulated
image for high values of the parameter 6. Nevertheless, the
main trends of the polarization-resolved s-SNOM signal of
plasmonic nanoantennas are given by Eqgs. (21) and (20),
as we detail in the next sections.

3. Near-field maps of single linear antennas

We first apply the theoretical model developed in the pre-
vious sections to single rod-like linear antennas. The full
theory that accounts for the combination of near-field com-
ponents will prove essential for a correct interpretation of
the s-SNOM experimental images. The calculation of the
local fields induced by the incoming light and by the vir-
tual fields is performed for the antennas deposited on the
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substrate by solving Maxwell equations within the finite-
difference time-domain method (FDTD) [49].

3.1. Local near-field components

The illumination of the single antennas (3.8 um long and
150 nm wide resonant at wavelength 11.06 um) follows a
scheme such as the one illustrated in Fig. 1. S-polarized
light (along the x axis) polarizes the antenna and induces a
distribution of local near-field components in the xy plane
on top of the antenna, E;(x, y) with i = x, y, z. In Fig. 3,
we plot the calculated amplitude and phase of the three
components of the near field for a model antenna under
such illumination.

The amplitude of the in-plane component along the
antenna axis, |E,| [Fig. 3(a)], shows the typical dipolar
pattern with field expelled out of the poles of the induced
antenna dipole at each side of the antenna. The relative
phase, ¢, remains the same at both sides since the near
fields point in the same direction at both poles. The in-
plane component in the perpendicular direction, |E,| [Fig.
3(b)], also shows a near field expelled towards the sides
of the poles of the induced antenna dipole with a phase
shift, ¢, of 7w both along the antenna axis as well as in the
perpendicular direction. Finally, the amplitude of the out-
of-plane component, |E,| [Fig. 3(c)], shows a noticeable
enhancement on top of the antenna increasing in value from
the center towards its edges. A phase shift, ¢,, of 7 also
identifies clearly the change in sign of the field induced at
both sides of the antenna.

In the next section we will show that the signal measured
by s-SNOM can be related to the components of the antenna

max

-7 ™ min

Figure 3 Calculated local near-field components (normalized
amplitude |E|, top, and relative phase ¢ offset to zero, bottom)
induced on a plane 30 nm on top of a single Au nanoantenna
when it is illuminated by light linearly polarized along the antenna
axis (x). (a) x component of the field enhancement Ey, (b) y
component E, and (c) z component E;. The antenna length is
3.8 um.

near field via the theoretical model developed above [Eqs.
(20) and (21)].

3.2. Interpretation of near-field maps within the
theoretical model

In this section we will show the amplitude and phase of
the s-SNOM signal given by the scattering off the tip in
the vicinity of infrared plasmonic linear antennas. In order
to test our model, we compare the signals obtained in the
framework of the more complete theoretical model with
the experimental s-SNOM images. This microscopic tech-
nique, based on atomic force microscopy (AFM), allows
for simultaneous detection of optical signal and sample to-
pography. For the experiments we used the neaSNOM from
neaspec GmbH (see schematics of the setup in Supp. Inf.),
where the nanoantenna and a conventional AFM Si tip are
illuminated from the side (at an angle of about 45° with
respect to the surface normal) with a focused CO, laser
operating at a wavelength of 11.06 wm. The polarization of
the illuminating beam is set to be parallel to the antenna axis
x (as depicted in Fig. 1). The s-SNOM is operated in the
so-called backscattering mode of operation [21,27,36,41].
Pseudo-heterodyne interferometry is utilized for simultane-
ous detection of amplitude and phase of the optical signal.
Background contributions from the tip and nanoantenna
are suppressed by vertical oscillation of the tip with respect
to the nanoantenna at a tapping frequency 2 = 300 kHz
(tapping mode AFM) [30]. The n'"-order harmonic demod-
ulation of the detected signal E, provides information on
the near field in the proximity of the nanoantenna. Two in-
frared polarizers are located in front of the detector in the
interferometer to select P- and S-polarized scattered fields,
which provide the signals Ef: and E ,f‘, respectively, and we
have a 45° polarizer in the reference arm. The third order of
demodulation (n = 3) is used here to obtain the near-field
maps of the nanoantennas.

With use of this setup, we first analyze single dipolar
linear plasmonic nanoantennas on a CaF, substrate (gap
nanoantennas are analyzed in the next sections). The di-
mensions of the nanoantennas are chosen to be in resonance
with the illuminating wavelength at 11.06 um, which cor-
responds to an antenna length of 3.8 wm. The width of the
antenna is 150 nm. The topography of the linear nanoan-
tenna used in the experiments is shown in Fig. 4(a), left.
In Fig. 4(b) and (c) we show the experimental images of
amplitude | E3| (top) and phase @3 (bottom) signals of a sin-
gle metallic nanoantenna with use of S- and P-polarized
detection, respectively (left-hand-side panels). The dipolar
pattern of the antenna near field is identified in P-polarized
detection as a strong amplitude signal |E§ | at both extrem-
ities of the antenna and a phase shift (pg of m between both
antenna sides [Fig. 4(c), left]. These amplitude and phase
distributions along the antenna axis have been associated to
the direct mapping of the out-of-plane component, E,, of
the near field in a conventional interpretation of s-SNOM
images. However, it is possible to identify the contribution
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Experiment

Theory

min max

Figure 4 Comparison of experimental and theoretical s-SNOM images in a single Au antenna. (a) Topography (left) and schematics of
the geometry used in the calculations of the local fields around the antenna (right). (b), (c) s-SNOM amplitude | Es| and phase ¢3 signals
obtained with (b) S-polarized detection and (c) P-polarized detection. Experimental signals are displayed to the left and calculated
amplitude |E3| and phase ¢3 of the demodulated scattered far field from the antenna to the right in both cases. The demodulated
scattered far-field maps are obtained from the evaluation of the expressions in Egs. (18) and (19). Anharmonicity and noise have also
been included as described in the text. Antenna length is 3.8 um. The theoretical images are calculated assuming an effective tip
radius of 30 nm, a tapping amplitude of A = 85 nm and an anharmonicity parameter of § = 0.05A.

of the transverse in-plane component, E, (transverse di-
rection crossing from the antenna surface to the substrate),
particularly in the phase image, which departs from this in-
terpretation. This phase jump of 7 in the y direction is no-
ticeable in the experimental phase map of Fig. 4(c), bottom
left, and points towards the influence of the y-component
projection on the s-SNOM signal obtained with P polar-
ization. In the area above the antenna the component E,
plays the dominant role. However, when the signal is de-
tected in areas at the sides of the antenna, the component
E, overtakes the leading role causing the observed phase
jump in the transverse direction. We will see below how the
presence of different components, conveniently combined
as introduced in our model, successfully interprets these
features.

Even more striking results are observed when the §-
polarized scattered field is detected (|E3S|). s-SNOM im-
ages obtained with S polarization cannot be explained as
a simple projection of the in-plane near-field components,
mapped in the far field via the tip radiation. The experi-
mental amplitude signal, |E3| [Fig. 4(b), top left], shows
a dipolar pattern with large intensity that extends on top
of the metal. However, the phase distribution (p35 in Fig.
4(b), bottom left, indicates a zero phase shift between the
antenna arms. The in-plane component of the local near
field E, [displayed in Fig. 3(a)] shows similarities with the
observed phase distribution, but it fails to address the distri-
bution of the experimental amplitude: the fields associated
with the x component are expelled out of the antenna, as
observed in Fig. 3(a); however, |E3S| shows a substantial
contribution of signal from positions on top of the antenna,
pointing towards the influence of the £, component in this

signal. The full theoretical model is thus necessary to inter-
pret the experimental images obtained with S polarization,
as described below.

We calculate the demodulated signal (including the ef-
fect of anharmonicity) for both P- and S-polarized detec-
tions following the theoretical framework introduced in the
previous sections [Eqgs. (18), (19) and (23)]. The actual
implementation of the numerical calculations for both po-
larizations is described in detail in Supp. Inf. We consider
a demodulation order n = 3, as in the experiment, and an
effective tip radius of 30 nm. For demodulation, the tapping
amplitude of the tip is assumed to be A = 85 nm and the
anharmonicity parameter is adjusted to 6 = 0.05A. The ex-
perimental signal suffers from background noise, which ef-
fectively prevents a reliable measurement of phase in areas
of low signal intensity. To take this into account, a random
signal generated with a normal distribution centered at zero
and standard deviation equal to 1% of the signal amplitude
maximum is added to the theoretically demodulated signal.
The calculated near-field maps are shown at the right-hand
side of Fig. 4(b) and (c) for S- and P-polarized detection,
respectively.

For P-polarized detection [Fig. 4(c), right], the ampli-
tude and phase from our model reproduce perfectly the
experimental dipolar pattern of the antenna resonance, in-
cluding the phase jump between the antenna surface and
substrate in the y direction consistently with the assumed
dependence of the signal on E; and E| in Eq. (21).

When the full theoretical analysis is applied to the S-
polarized detection, the squared components of the near
field £2 and E2 contribute to the signal with appropriate
weights [Eq. (20)] (the contribution of E§ is smaller in this
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case). Therefore, even if S-polarized detection is selected,
in some positions on top of the antenna the z component of
the local near field is so strong that it dominates over the
x component [see bright spots at the edges, on top of the
antenna, in Fig. 4(b) top, for both theory and experiment].
Hence, the maximum of the signal is positioned above the
antenna arm and not at the position outside of the antenna,
as would be observed for the pristine x component. The
quadratic combination of components also explains the zero
phase shift observed when crossing the antenna arm. We
also observe a jump in the phase in the transverse direction
to the antenna axis in the S-polarized detection. This jump is
not identified in the theoretical model image, and it might be
connected with the tip oscillation close to the antenna’s side
edge. We demonstrate in the next section that the prediction
of our model for the signal captured from the area above
the antenna perfectly fits with the experiment.

3.3. Linear versus quadratic combination
of components

We analyze in more detail the dependences of the scattered
far fields on the local near-field components. Figure 5(a) and
(b) depict the calculated line profile of P- and S-polarized
scattered far-field amplitudes, respectively, measured along
the top center of the single dipolar antennas in Fig. 4. The
experimental signal (black line) is compared to the de-
modulated far-field amplitude and phase profiles obtained
theoretically by applying Eq. (22) for a tip of effective
radius of 30 nm, tapping amplitude A of 85 nm and includ-
ing the additional influence of the anharmonicity following
Eq. (23) with § = 0.05A.

A remarkable feature of the experimental signal pro-
files (black lines in Fig. 5) is that the P-polarized amplitude
signal exhibits an approximately linear profile with the dis-
tance from the antenna center, whereas the signal obtained
with § polarization approximately shows a parabolic pro-
file. Equation (21) reveals that the measured P-resolved
signal is linearly proportional to the amplitude of the z
component of the electric near field above the antenna axis.
Other components do not contribute to the signal at the
central line of the profile due to symmetry considerations.
This is corroborated from the calculation of the amplitude
of this component (E,) along the antenna (blue line in
Fig. 5(a), top), showing a linear profile along the antenna
from the center. Since the expression for the S-polarized
scattered far field in Eq. (20) shows a quadratic dependence
on the amplitude of the z component of the electric field,
EZZ, the parabolic experimental profile can be expected for
this polarization. This dependence can indeed be verified in
the experimental profile of Fig. 5(b) top, black line, with a
quadratic profile in agreement with our theoretical predic-
tions (red line). The effects of tapping amplitude demodu-
lation and anharmonicity also influence the fine details of
the signal, but the main trends of the linear and quadratic
behaviour, as reported here, remain the same (see Supp.
Inf. for a comparison of the direct and demodulated sig-
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Figure 5 Cross sections of the scattered far-field amplitude and
phase along a longitudinal antenna axis for (a) P-polarized and
(b) S-polarized detection. The experimental signal (black) is com-
pared with theoretical calculations: near-field components Ey (full
line, green color), E; (full line, blue color) and demodulated signal
including anharmonic tip oscillations (red line). The squared am-
plitudes of the near-field components |E,|? (green dashed line)
and |E;|? (blue dashed line) are included in (b) for comparison.
|Ex|? is normalized to the maximum of |E,|?. The phase of the
near-field components and the model calculations is offset for
a better comparison with the experimental data. The antenna
length is 3.8 um.

nals for different tapping amplitudes and anharmonicity
parameters).

The phase profiles of both the experimental and the the-
oretical signals for P-resolved detection [Fig. 5(a), bottom,
black and red lines, respectively] exhibit a & shift associ-
ated with the dipole mode of the antenna, reproducing the
behaviour of the phase of the E, component (blue line).
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A closer observation of the experimental line profile for
the phase signal obtained with P polarization (black line)
reveals a slight phase gradient towards the center of the
antenna, whereas the theoretical signal (red line) predicts a
constant phase associated with a sharp phase jump in the
center of the antenna. This minor disagreement can be asso-
ciated with a slight experimental misalignment with respect
to the precise geometry considered in the calculations.

For S-polarized detection [Fig. 5(b), bottom], the sig-
nal of the experimental phase (black line) can be nicely
reproduced by our theoretical model (red line). The con-
stant phase profile on both sides of the antenna verifies the
theoretical prediction that the signal obtained with S polar-
ization is mainly given by the weighted sum of the squares
of the local near-field components (Fig. 5, dashed lines),
and not directly by the in-plane component E, (green line).
The signal on top of the antenna, along its axis, is given
in our calculations exclusively by the E, component of the
local near field. The x component of the local near field con-
tributes to the signal only in areas outside of the antenna,
but with much smaller weight than for the z component. As
a result, the maximum of the signal is located on top of the
antenna body, and not on one of the antenna sides.

4. Near-field maps of gap antennas

We now explore the implications of our model in another
important configuration in plasmonics: the system formed
by two metallic arms, 3.35 um long, interacting in close
proximity forming a gap nanoantenna (gap ~ 30 nm), as
illustrated in the topography image of Fig. 7(a), left. We
apply our model to this structure when incident light illu-
minates the antenna in backscattering mode with incident
polarization along the antenna axis (x). A hot spot in be-
tween the antenna arms is expected when the antenna is
illuminated in resonance, following a strong Coulomb in-
teraction between the two antenna arms [40, 50-54].

We display the calculated local near-field components
induced on a plane on top of the gap antenna by light polar-
ized along the antenna axis in Fig. 6. The amplitude (top)
and phase (bottom) are displayed for (a) the x component,
(b) the y component and (c) the z component. As expected,
the x component of the local near field is mainly localized
at the antenna gap. Due to the coupling, the y and z compo-
nents show a slightly asymmetric distribution above each
antenna arm, resembling that of single antennas in Fig. 3(b)
and (c).

Following the same experimental procedure as in the
previous section, polarized s-SNOM images of amplitude
and phase are obtained. The results are shown in Figs. 7(b)
and (c) for S and P polarization, respectively. For in-plane
S-polarized detection, a hot spot can be clearly identified
in the antenna gap [top-left image in Fig. 7(b)]. The results
of the full theoretical analysis shown in Fig. 7(b), top right,
reproduce the intensity of the local near-field amplitude in
the antenna gap, as well as on top of the antenna extremities,
consistent with the presence of x and z components of the
local near field obtained in the S-resolved signal, as derived

-7 g min

max

Figure 6 Calculated near-field maps of the amplitude (top) and
phase (bottom) of the local near-field components induced on
a plane on top of an Au gap antenna. (a) In-plane component,
Ex and ¢y, (b) in-plane component, E, and ¢,, and (c) out-of-
plane component, E; and ¢,. The length of each antenna arm is
3.35 um with a gap of 30 nm.

from Eq. (20). This situation is analogous to the case of the
single antennas discussed in Fig. 4(b), top right. Therefore,
our results corroborate that the parallel-detection scheme
does not straightforwardly map the in-plane x component
of the local near field, as one could intuitively assume, but
it rather includes a quadratic combination of in-plane and
out-of-plane components, E, and E., respectively.

When the detector is polarized along the out-of-plane
direction (P), the hot spot at the gap is not visible in the
experimental amplitude [Fig. 7(c), top left]; however, re-
gions of large field enhancement on top of the arms of the
antenna are distinguishable, decaying towards the center of
each arm. Under this detection scheme, and following Eq.
(21), the signal is mainly proportional to the out-of-plane
(z) component and to the transverse component (y) of the
local near field, similar to the case of single linear antennas.
A more detailed description of the amplitude profiles along
the gap antennas is included in Supp. Inf.

The theoretical images in Fig. 7(c), as well as those in
Fig. 4(c) corresponding to single antennas, agree perfectly
with the signals observed experimentally, thus emphasizing
the importance of a complete description of the scattering
process to describe the mapping of plasmonic antennas.

5. Local near field at hot spots: antenna’s
apex and gap

Optical and infrared antennas produce regions of space
where the electromagnetic fields are concentrated and en-
hanced dramatically, known as hot spots [50]. The selection
of the component that provides the main contribution to the
field enhancement at each point depends on the particular
position where the near field is evaluated. In the case of a
single linear antenna, the hot spots identified are located
in the proximity of the antenna extremities (apexes). In the
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Experiment

min max

Figure 7 Comparison of experimental and theoretical s-SNOM images in a Au gap antenna. (a) Topography (left) and schematics of
the geometry used in the calculations of the local fields around the antenna (right). (b), (c) s-SNOM amplitude |E3| and phase ¢3 signals
obtained with (b) S-polarized detection and (c) P-polarized detection. Experimental signals are displayed to the left and calculated
amplitude |E3| and phase ¢3 of the demodulated scattered far field from the antenna to the right, in both cases. The demodulated
scattered far-field maps are obtained from the evaluation of the expressions in Egs. (18) and (19) together with Eq. (22). Anharmonicity
and noise have also been included as described in the text. The length of each antenna arm is 3.35 um with a gap of ~ 30 nm. The
theoretical images are calculated assuming an effective tip radius of 30 nm, a tapping amplitude of A = 85 nm and an anharmonicity

parameter of § = 0.05A. The signal amplitude is saturated in (b).

apex area, on top of the metal, the component of the local
near field governing the enhancement is the out-of-plane
component (z component); therefore, we can approximate
the signal that combines the local near-field components in
Egs. (20) and (21) by simplified expressions that consider
only the large component. In a region in the proximity of the
antenna where the out-of-plane component (z) is very large,
E.>> E,,and E, >> E, and therefore at these special
positions of the linear antennas (hot spots), the expressions
for the P- and S-resolved signals can be simplified to

E, xa(E?) /E'=al(f7),  E'

(24
and

E, ocoi(E)y = o (f)n - E'. (25)
According to Egs. (24) and (25), at the extremities of a
linear antenna on top of the metal, P polarization measures
a linear dependence of the signal on the out-of-plane near-
field component, whereas S-polarized detection measures a
quadratic dependence on the out-of-plane component. The
result in Eq. (24) implies that it is possible to map the out-
of-plane component of the local field in an antenna with
S-polarized detection. This situation can be experimentally
observed in both single antennas [Fig. 4(b), top left] and gap
antennas [Fig. 7(b), top left], where substantial signal from
the z component is mapped in S-polarization detection. It
can thus happen that the selection of a particular position to
evaluate the local near field can provide information of an
unexpected component, as in this case: at the antenna hot
spot (antenna extremity), the in-plane-polarized detection

scheme provides information on the out-of-plane local near-
field component.

In a gap antenna, an additional hot spot appears at the
gap, where the in-plane x component of the local near field
E, is very large. At the antenna gap, the expression for
the P-resolved signal in Eq. (21) implies that the signal
involves only information on the y and z components of
the local near fields. However, for S-polarized detection,
the small components in Eq. (20) can be neglected; thus,
the signal from the gap yields information on the in-plane
component E,, following the expression

E) «al (ED./E' = ol (f]), - E".

" (26)
Hence, for a strong in-plane local near-field enhancement,
S-polarized detection resolves a quadratic dependence of
the in-plane local near field.

This interpretation is corroborated by the calculated
signal obtained from Eq. (22) and the experimental map
obtained for the case of S-polarized detection, shown in
Fig. 7(b), top right and top left, respectively, where both
the antenna gap and the extremities appear with consid-
erable intensity. The signals obtained at both positions of
the gap antenna might be equally intense, but the origin
of this intensity is totally different: at the gap, the inten-
sity is proportional to the square of the in-plane near-field
enhancement [Eq. (26)], whereas on top of the arms’ ex-
tremities, the signal is proportional to the square of the
out-of-plane near-field component [Eq. (20)], as described
previously.

The correct assignment of the local near-field compo-
nents to the corresponding polarization-resolved signal thus
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depends on the actual position of evaluation at the antenna,
as well as on the particular relative intensity of each of the
local near-field components, as demonstrated here both by
theory and experiments.

6. Conclusion

Based on electromagnetic scattering theory applied to the
system of a sample antenna and a probing tip, we have de-
veloped a new formalism to correctly interpret polarization-
resolved s-SNOM images, which is fully corroborated by
experiments. Contrary to what had been considered in pre-
vious studies, we have shown that the demodulated signal
cannot be simply related to a specific near-field compo-
nent. The signal measured in s-SNOM at a given position
involves a weighted sum of the individual local near-field
components at that position. The weighting factors are spa-
tially dependent and can be obtained from a combination
of the polarizability tensor components of the probing tip
with the components of a virtual local near-field distribu-
tion. The virtual near fields are produced by an imaginary
source positioned at the detector, with the polarization de-
termined by the orientation of the analyzer.

We have applied our generalized model to the exam-
ples of linear and gap-plasmonic nanoantennas for a spe-
cific but typical detection and illumination scheme. Our
model shows an excellent agreement with the experimental
images, explaining features in the plasmonic maps that re-
mained poorly understood to date. For the analyzed systems
and incidence polarization scheme, the new model predicts
that the S-resolved signal provides information of a lin-
ear combination of squared local near-field components of
the antenna, whereas the P-resolved signal produces exper-
imental maps given by a linear combination of the near-field
components. This interpretation of the P- and S-resolved
signals is derived for linear plasmonic antennas for the par-
ticular conditions of in-plane illumination and backscatter-
ing detection; however, measurements with other illumi-
nation/detection schemes can be equally interpreted with
use of the general formalism presented here. The complex-
valued combination of near-field components involved in a
general s-SNOM signal can lead to surprisingly distributed
near-field maps, which are impossible to interpret solely in
terms of the isolated near-field components induced at the
antennas.

The results presented here set a robust basis for a general
interpretation of s-SNOM near-field maps. Furthermore,
our formalism might also provide new insights to interpret
the signals obtained in antenna-assisted molecular fluores-
cence [55], near-field tomography techniques [32] or in the
development and better understanding of field-enhanced
spectroscopies [45-47] mediated by plasmonic antennas,
where the concepts presented here might also apply.
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