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Abstract The study of plasmon-induced electromagnetic
fields is a very interesting topic for basic research and pho-
tonic applications. The plasmon properties depend on many
factors, such as composition, size, shape and arrangement of
nanoparticles. In this paper, we propose an experimental and
theoretical study on the optical properties of gold nanoparti-
cles deposited by pulsed laser ablation and investigated by
near-field optical microscopy (SNOM) in a transmission far-
field collection scheme. The electromagnetic field properties
have been simulated by an exact theoretical analysis based on
the multipolar expansion of the fields and on T-matrix ap-
proach. The theoretical model almost accurately reproduces
the experimental data and makes us confident that the used
method is suitable to describe more complex system of metal
nanoparticles.
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Introduction

It has been shown that the metal nanostructures exhibit very
interesting optical properties with respect to their correspond-
ing bulk. Over a wide frequency range, the optical properties
of metals can be explained by a plasma model [1]. When the
electromagnetic field interacts with a metal, the conduction
electrons collectively oscillate in response to the incident field,
but their motion is damped by different scattering processes.
In order to describe the motion of electron plasma, a damping
constant has been defined. This constant is related to the width
of the plasmon resonance band and to the lifetime of the
electrons scattering. In the bulk metal, the most important
contributions for the damping constant are related to the
electron—clectron and electron—phonon scattering. Instead,
the surface effects become important in those nanoparticles
with smaller dimensions than the mean free path of electrons
[2]. When the wavelength of incident light is much larger than
the nanoparticle size, the electronic oscillations are resonant
with electromagnetic field. These oscillations are known as
surface plasmon resonances (SPRs). In addition to SPRs, the
localized surface plasmons (LSPs) may be defined referring to
non-propagating excitations of the conduction electrons of
metallic nanostructures. If the plasmonic and electromagnetic
fields are resonant, an increase of the field located near to the
particles can be observed [3]. When two or more plasmon-
resonant nanoparticles are closely spaced, LSPs of individual
particles interact. This new configuration of the electromag-
netic field shows additional coupled oscillation modes in gap
regions between particles [4]. The resonance condition can be
determined from absorption and scattering spectroscopy, and
it can be observed that the plasmonic properties of metal
nanoparticles are dramatically influenced by their size, shape,
composition and arrangement. Moreover, they depend on the
medium surrounding the particles and on the characteristics of
the incident radiation [5].



The study of such plasmon-induced electromagnetic fields
plays a fundamental role not only in basic research but also for
applications. The SPRs have widely found application in
optical communication below the diffraction limit [1, 6, 7]
and in studying those effects that are involved in non-linear
surface processes such as surface-enhanced Raman scattering
(SERS). Many efforts have been made in order to improve the
SERS efficiency of nanostructured substrates. Several fabri-
cation methods, i.e. chemical, physical and electrochemical,
have been explored. The main objective was the SERS re-
sponse improvement through the control of the substrates
optical and morphological properties. In the last years, some
of us developed a method for the growth of SERS active
substrates by pulsed laser ablation in the presence of a con-
trolled gaseous atmosphere [8—10]. Control of the optical and
morphological properties was achieved by changing the laser
pulse number and the gas ambient pressure while keeping
fixed all the other relevant deposition parameters, i.c. laser
fluence, gas nature (Ar), target-to-substrate distance and sub-
strate temperature. Controlling these two easily accessible
parameters, different surface morphologies can be obtained
that lead to different optical properties. A red shift and broad-
ening of the surface plasmon resonance peak are observed
moving from a morphology characterized by isolated nano-
particles to percolated structures. In this paper, we report a
study of the near-field properties of a gold nanoparticle layer
deposited in such a way to obtain a morphology characterized
by isolated nanoparticles. The surface number density was
large enough to localize the nanoparticles with ease by the
SNOM tip and to develop a model to describe the near-field
optical response based on the multipolar expansion of the
incident, scattered and internal fields. The optical field scat-
tering around a nanoparticle may be viewed as an instanta-
neous absorption and re-radiation process. When the wave-
length of incident light is resonant with plasmon wavelength,
the absorption/scattering cross-section of the particle signifi-
cantly increases. Many SERS studies use gold and silver
nanostructures, which have a localized plasmon resonance in
the visible or near-infrared spectral region [11-14. Recent
studies report possible applications of SPRs in order to en-
hance the biosensor performances [15, 16]. Moreover, the use
of plasmons for the enhancement of the efficiency and inten-
sity of a conventional LED, as well as the efficiency improve-
ment of thin film solar cells over almost the entire solar
spectrum, has been demonstrated [17, 18]. As a rule, the
wavelength of a plasmon mode is smaller than the diffraction
limit of light. The scanning near-field optical microsco-
py (SNOM) achieves a spatial resolution beyond the
diffraction limit, and it allows the study of plasmon in
metal nanoparticles [19]. The proposed model fully de-
scribes the experimental data collected in near field
using an aperture SNOM in transmission far-field col-
lection scheme.

Experimental Setup
Samples

In previous works [7-9, 20, 21], it was demonstrated that it is
possible to grow nanostructured silver and gold thin films by
means of pulsed laser ablation (PLA) of solid targets in the
presence of a controlled Ar atmosphere. Changing the Ar
pressure and the deposition time while keeping all the other
relevant PLA deposition parameters fixed, i.e. laser fluence,
substrates temperature and target-to-substrate distance, it is
possible to tune the surface morphologies of the thin
films. In particular, at low laser shots number, isolated
nearly spherical nanoparticles are deposited, while at
increasing laser shots number, clustered nanoparticles,
islands with smooth edges and, finally, coalesced perco-
lated structures are obtained.

The deposition parameters adopted in this work were cho-
sen on the basis of the previous works [20, 21] in order to
deposit isolated spherical gold nanoparticles. Gold targets,
positioned on a rotating holder in order to avoid excessive
surface damage, were ablated using a KrF excimer laser (A=
248 nm, pulse width 25 ns, repetition rate 10 Hz). Glass
substrates were positioned in front of the targets at a distance
of 35 mm. The samples were grown in the presence of
controlled Ar atmosphere at pressure values of 70 Pa; laser
fluence was fixed at 1.8 J/cm?, and the laser shots number was
fixed at 500 in order to avoid nanoparticle coalescence to have
still a high number of nanoparticles on the substrates. Images
of the sample surface were acquired with a Zeiss Supra 40
field ion scanning electron microscope (SEM). As can be seen
in Fig. la, the sample morphology is characterized by the
presence of isolated nearly spherical gold nanoparticles. From
the analysis of size distribution (Fig. 1b), a bimodal size
distribution can be observed: nanoparticles with size between
4 and 5 nm represent the majority of the population besides a
fraction of larger nanoparticles having the size of the order of
9 nm. The far-field absorption spectrum (see Fig. 1c), with
typical plasmonic peak, was measured by a UV/VIS/
NIR spectrometer (Perkin-Elmer Lambda 2). The green
and red lines refer to the exciting sources used in the
near-field experiments (see next section) and are report-
ed in comparison to the plasmonic peak position of the
investigated sample.

Near-Field Optical Response

The experiment is sketched in Fig. 2a; it consists of collecting
the far-field response of the sample while the distance of a
near-field source from the surface changes. To this purpose,
we used a tapered optical fibre with a nominal aperture of
50 nm (Nanonics) installed in a SNOM homemade setup [22].
Two solid-state laser sources were chosen: one at A=532 nm
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Fig. 1 a SEM image of the surface of the sample deposited at 70 Pa of Ar with 500 laser shots. b Histogram of particle size distribution. ¢ Absorption
spectrum of Au nanoparticles. The spectral positions of the NSOM excitations are shown with green and red lines

that corresponds to the wavelength of the plasmonic absorp-
tion of gold nanoparticles and the second one at A=785 nm
that is far away from the plasmonic features of the sample.
One beam splitter and some mirrors were used to couple the
two laser sources to the optical fibre so that it is possible to
perform the experiment in the same point of the sample
switching on and off one laser or the other. To improve the
S/N ratio, the lasers were modulated at 2 KHz by an optical
chopper (Signal Recovery, Model 197). For a simpler data
comparison, a neutral filter with variable density was used to
equalize the two laser intensities. The tip—sample distance was
controlled by a shear force feedback system based on a tuning
fork mechanism [22, 23]. The optical signal was collected in
transmission mode by an objective 20% installed inside the
piezoelectric tube, which works at the same time as a
nanoactuator and sample holder. The light collected by the
objective was detected by a miniaturized photomultiplier tube
(PMT) whose signal was demodulated by a lock-in amplifier
(7625 EG&G Instruments). The optical enhancement as a
function of the tip—sample distance was collected during the
approach phase, recording at the same time the optical signal
and the z height of the piezoelectric tube using first the 532 nm
wavelength. Then, the green laser was switched off, and the
experiment was repeated simply switching on the red source
and approaching on the same point of the sample.

Results and Discussion

Figure 2b shows the data collected during the tip to the sample
surface approaching phase, exciting the sample with the 532
and the 785 nm wavelengths. The difference of the optical
signals acquired using the two wavelengths is noticeable.
Using the green light, in fact, the intensity of the optical
signals shows a periodic oscillation when the tip—sample
distance ranges between a few tens of nanometers, and a
couple of microns, besides the signal, shows an enhancement
of about 30 % in near field with respect to the far field. At
distances below 70 nm, to prevent the tip to crash, the feed-
back mechanism acts in such a way to stabilize the tip to
substrate distance; as a consequence, the optical signal does
not change anymore. On the contrary, none of these features
occur using the red excitation for which the recorded optical
signal is completely flat. The occurrence of the oscillation in
the optical signal can be attributed to some resonance effects
of the exciting source with the surface plasmon absorption
peak. The 532 nm wavelength, in fact, clearly falls within the
plasmonic absorption band, while the 785 nm excitation
wavelength is far away from it, as can be seen in Fig. lc.
The presence of such strong oscillations in the optical signal
already during the tip-approaching phase can be of paramount
importance when dealing with Raman scattering experiments
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using SNOM setup for achieving spatial resolution below the
diffraction limit [NanoRaman]. Despite the relative simplicity
of the experiment, a theoretical model describing the interac-
tion of electromagnetic radiation with the metal nanoparticles
(MNPs) is needed to relate the observed optical oscillations to
the presence of plasmonic resonances [24].

The interaction between the incident and the scattered field
in backscattering zone as a function of tip—sample distance
can be described resorting to multipolar expansion of electro-
magnetic fields. Below the methodology used to analyze the
measured signal is reported in order to understand at what
extent this can give us information on the investigated
nanostructures.

Let us start considering a spherical scatterer embedded in a
homogeneous medium of (real) refractive index n in which
impinges an electromagnetic plane wave with vector
propagation k; = nk k; (with k,=27/X) and polarization
direction ¢; :

E[ = anexp(ik]-r) (1)

and for the scattered field

ink,
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where f; (if\s,ic\]) is the scattering amplitude whose vector

nature gives a correct description of the state of polarization of
the scattered wave. For particles of general shape, the scatter-
ing amplitude depends both on the direction of propagation of

incident field and on the direction of observation if\g . Further-
more, despite f; (76\5, if\[) describes the scattered field in the
far zone, its components contain all the information on the
near field because they are determined by imposing the
boundary conditions across the surface of the particle [24].
A straightforward calculation of the total intensity in the
backscattering direction leads us to the following result:
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where we have disregarded terms of 1/ order. Moreover, if
we consider that f,-¢; is in general a complex function of its

arguments, setting (f;-¢;) = |f,-€/|(cosp + i sing) , we can
rewrite Eq. (3) as follows:
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At this stage, we can make some considerations. In the
backscattering direction, depending on the tip—sample dis-
tance 7, on the incident field, there is superimposed a scatter-
ing contribution that (a) harmonically modulates the intensity
of'the total field, (b) vanishes as 1/, (c) has an intensity that is
related to the micro-physical properties of the particle through
the scattering amplitude, f;.

Regardless of the form and nature of the particle, the
modulation due to the interference between the incident and
the scattered field in the backward direction has a periodicity
given by 7=M/(27n). However, as the optical signal was
collected in transmission mode, this periodicity changes since
we need to take into account that the total electromag-
netic field is recorded after traversing the slab in which
the particles are deposited. For this reason, the calculat-
ed periodicity matches with the experimental one when
we consider T :ﬁ, with n,=1.55.

To further analyze Eq. (4), it is necessary to calculate the
scattering amplitude and, therefore, to establish the shape, size
and number of scatterers that are involved in the experimental
measure.

In the following, we will study first what are the informa-
tion that can be drawn from the experimental data considering
that the scatterer is a single gold nanosphere after we will
generalize our considerations to more complex situations.

1. The case of single nanosphere
To calculate the scattering amplitude for a single ho-
mogeneous nanosphere, we expand the incident plane
wave and the scattered field, as well as the field within
the sphere, in a series of vector multipole fields. Taking
the origin of the coordinates at the centre of the sphere, we
have:

E = EOZ,,[,,,JEZ) (r )W) (/éla/kl)a
Es= EoY AL HY (rnk,) (5)

Im

E[nt - EOZplmC§Z> J;f) (ra nOkv)

where 7 is the refractive (complex) index of the particle,
JP) defined with the spherical Bessel functions j;, and
H), defined with the spherical Hankel functions of the
first kind /; denotes the multipole fields that satisfy the
radiation conditions at origin and at infinity respectively
[25]. Imposing the customary boundary conditions at the



surface of the sphere gets for the amplitudes of the
scattered field
1 1) 1p,(1 2 2) 11,2
A’E]llzl = _R§ )Wg'r]l)m andAi]lr)n = _Rg >W§r]l)m (6)
The quantities RV and R are the well-known Mie
scattering coefficients, b, and a;, and constitute the ele-
ments of the transition matrix for a homogeneous sphere.

Now, following the procedure well described elsewhere
[24], we can write the scattering amplitude:

i
f”,l/ = m Z Wg'l:])lle(p) I/V;];)’)lm (7)

plm

that is actually diagonal in 77 on account of the reciprocity
theorem [24, 26].

In Fig. 3a, we calculate the quantity /771y at A=532 nm,
as a function of the tip—sample distance, varying the
observation angle in the vertical plane xz. The incidence
is along positive z-axis, and we start to represent the
optical signal at tip—sample distance >70 nm. The diam-
eter of the gold nanosphere is =20 nm and is embedded
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Fig. 3 a Normalized Intensity i—z of the total electromagnetic field for a
20-nm gold sphere. The wavelength of the incident field is 532 nm. The
optical signal is computed for a distance tip—sample distance >70 nm. b
Total intensity in the backscattering direction, —kj,, as a function of the
distance tip—sample, r, for gold nanosphere with different dimensions. ¢
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in a medium of refractive index n=1.55. The refractive
index for the sphere at A=532 nm is that reported in the
pioneering work by Johnson and Christy [27].

In Fig. 3b, we report /771, for the backscattering direc-
tion varying the dimension of the nanosphere. It can be
observed that the periodicity of the signal is unchanged, as
expected, but the intensity of field depends on the size of
the particle.

As the signal decreases with a // law, in Fig. 3c, we
report, for the gold nanospheres with different size, the
intensity of the interference maxima as a function of the
inverse of the distance tip—sample, ». The best fit of the
curves gives us the slopes of the linear functions that are
in close relation with the modulus of backscattering am-
plitude that, for symmetry, are independent on the polar-

ization as ’fL,l (*%I,E)‘ = ’fm (f%,,%;)‘ . At this
stage, it is possible to obtain a kind of calibration curve
according to which, analyzing the experimental optical
signal, is possible to determine the size of the nanoparticle
from backscattering. This calibration curve is reported in

Fig. 3d, where the modulus of backscattering amplitude
results a linear function of p°.
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2. The case of a cluster of non-touching nanospheres

In this section, we study the total electromagnetic field
when the incident field illuminates a surface on which a
size distribution of small nanoparticles whose mutual
distance may be less than their dimension are deposited.
For this reason, resorting to the multipolar expansion of
the electromagnetic fields, we calculate the scattering
amplitude for a cluster of N non-touching nanospheres
[24]. Since the boundary conditions that allow us to
determine the scattering amplitude must be imposed at
the surface of every sphere of the cluster, we rewrite the
incident and the scattered fields in terms of multipole field
centred on each sphere:

, ,
Eu=Eo, Y it T2 k) T (k)W)
,

»p r
Eg=Eon E :plm [Aa(ﬁ;mﬂg;)(rm"k")*'E :a’p’l’m' JX;) (rﬂ‘”kv)'%((m’n)’mm’ (r”""k“)Aiﬂ’,)n/

where the scattered field on o—th sphere is given by a
linear combination of the scattered fields coming from the
N-ath’s spheres. The . 7% and J matrix elements perform
the transfer of the multipole fields among different sites.
In this way, we obtain for each «, a system of linear non-
homogeneous equations, that relates the amplitudes of the
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In order to define the scattering amplitude for the
whole aggregate, it is necessary to refer, once again,
the o-multicentred fields to the same origin. Finally,
we obtain:

i o) W
fnn, _ _m Zp[mp’l/m/ [Wg)lmsll’fn;’ W]y],)[/m/:| (8)

where S %Zn are the elements of the transition matrix [24,
28] that take into account the morphology of the particle
as well as the boundary conditions, but are independent of
the state of polarization of the incident field.

In Fig. 4a, we show the map of the total unpolarized
field for a small planar cluster of non-touching sphere. The
cluster is composed of five nanosphere with radius p;=
10 nm, p,=5 nm, p3=4 nm, p,=3.5 nm and ps=2.5 nm.
The particle—particle distance is about 3 nm. In Fig. 4b, we
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present the rate /7/1, along the backscattering direction
where the optical signal is studied when the geometry of
the cluster and the separation among the spheres are
changed. For this reason, in panel (b), we varied randomly
the spatial arrangement of the spheres going from a cluster
with more compact arrangement (planar clusters) to a
strongly anisotropic one (linear array). In panel (c), we
compare the optical signal for the linear cluster with mu-
tual sphere—sphere distance of 3 and 7 nm. As can be seen,
in all cases, the optical backscattering signal is not affected
by these changes. This means that each particle can be
considered excited only by the external field, and the total
scattered field of the medium is the vector sum of the
partial scattered fields due to particles. Therefore, as the
scattering medium is observed from a distance much
greater than its linear dimension and the number of parti-
cles is not so large to cause a significant multiple-
scattering contribution, it is possible to describe the scat-
tering issue in the framework of the single-scattering ap-
proximation (SSA) [29]. As a consequence, the scattering
amplitude of the whole cluster is given by the sum of the
scattering amplitudes of the individual nanoparticles. This
can be also interpreted as if the small aggregate, under the
analyzed conditions, behaves like an equivalent sphere.
The dimension of the equivalent sphere can be determined
using the calibration curve presented in Fig. 3d. In panels
(b and c), the black dotted curve is for the equivalent
sphere whose retrieved radius is peq=10.2 nm; the value
that is close to the radius of the equivalent volume
sphere (p,=10.7 nm) is defined as the sphere that
contains the whole mass of the cluster. In addition,
we may attribute the slight shift between the equiv-
alent sphere curve and the cluster to the phase
factor ¢ that enters in Eq. (4).

Finally, in Fig. 4d, we report the comparison of experimen-
tal optical signal and the theoretical one. Analyzing the exper-
imental decrease in signal intensity, for the maxima and min-
ima, the calibration curve gives us for the equivalent sphere
the following values: pp.x=29.4 nm and p,;;=19.6 nm. In
panel (d), we plot the backscattered total intensity for the mean
value po, = 24.5 nm.

It is useful to emphasize that the theoretical-experimental
agreement is better when the distance tip—sample is still of the
order of the wavelength. In this case, in the illuminated area
falls a very small number of scatterers. Beyond this distance,
when the tip moves away from the surface, the effects due to
the presence of any other particle that enters under field
illuminated by the SNOM-tip become non-negligible. This
causes a not perfect decrease of signal intensity and an in-
crease in the shift between the experimental signal and the
theoretical since the number of the illuminated particles
increases.

It is interesting to note that the good agreement between the
experimental optical signal and the theoretical one is obtained
considering an equivalent gold nanosphere of 24.5 nm in size.
Taking into account that the average dimension of the nano-
particles is much smaller (see Fig. 1b), it is quite evident that
the detected optical signal comes from a planar cluster of
smaller nanoparticles as evidenced by the theory. The ob-
served optical signal intensity decreases,as the distance from
the sample surface is increased, which further confirms this
hypothesis.

Conclusion

The understanding of the phenomena of interaction between
metal nanoparticles and electromagnetic fields represents a
stimulating challenge for researchers in the field of nano-
optics. The properties of these nanoparticles, related to the
presence of plasmon resonances, appear in their peculiarities
when investigated both in the near field and in the far field. In
these two regimes, the experimental and theoretical analysis
techniques are well established and certified [1]. However, an
intermediate regime exists where the electromagnetic far field
is influenced by the short range response of each scatterer. In
this work, we investigated this regime by transmission SNOM
technique, and we described this highly complex system using
exact theoretical analysis based on the multipolar expansion of
the fields and on T-matrix approach [24, 28]. The only ap-
proximation introduced is related to the truncation of multi-
polar expansions. Despite the small size parameter x=kp ~ 0.2
of the nanoparticles, which would require multipolar expan-
sion up to /., <4 to obtain an adequate convergence, we use a
Imax= 10 due the critical value of the dielectric constant of
gold. The good agreement obtained with the experimental
data makes us confident that the model is suitable to describe
more complex phenomena due to systems of metal nanopar-
ticles, such as the role of the radial electromagnetic field along
the direction of polarization, the enhancement of the scattered
field in the near field and the interaction between fields and
aggregates.
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