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Abstract Surface Enhanced Raman Scattering
(SERS) is studied for a simple molecule (CO) physisor-
bed on a nanoparticle belonging to a nanoparticle aggre-
gate, with well defined composition and architecture, in
order to assess the effect of metal nanostructure on the
Raman enhancement. The approach involves explicit
consideration of the molecule, with due allowance for
the characteristics of its radiated field, which are belie-
ved to be particularly important elements in determi-
ning enhancement from complex-shape aggregates. The
electrodynamic problem for a nonresonant polarizable
point dipole in the presence of an aggregate of spheri-
cal scatterers has been resolved numerically, extending
to a multi-particle system the treatment put forward by
Kerker.

1 Introduction

Progress in SERS during the last years had open the
prospect of utilizing Raman techniques for single-
molecule detection (SM SERS) [1,2]. New perspectives
of exploiting SERS as a sensitive analytic tool in several
applications [3] (particularly in the life science context
[4]) have raised the research in the field, promoting
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growing interest about the fundamental mechanisms
involved. Despite its powerful capabilities as an analy-
tical and diagnostic tool, the basic working mechanism
of SERS is still a subject open to challenging questions.
In fact, even if the fundamental effects ruling the SERS
phenomenon have been recognized and their respective
contributions have been often compared, an adequate
theoretical framework able to lead to convincing quan-
titative results [5–7] is still missing.

The difficulties met in the theoretical treatment of
this phenomenon are associated with the simultaneous
presence of chemical (CHEM) as well as electromagne-
tic (EM) effects. Beyond the rigid separation between
CHEM and EM effects, a correct SERS description
would require to take into account for: (a) the change
of the molecule properties (polarizability, radiative and
nonradiative lifetime etc.) due to physisorption on the
metal surface, (b) the possible (and not negligible) occur-
rence of new features such as charge-transfer transitions
in the whole metal-molecule chemical system; (c) the
modification of the electric fields (near the metal sur-
face) driving the molecule excitation and the influence of
the metal particle or aggregate of particles on the fields
scattered from the molecule to the detector. Due to the
overwhelming role of the electromagnetic mechanism
in the SERS phenomenon, an accurate resolution of the
electromagnetic scattering problem remains necessary.
For this reason, many numerical studies have been per-
formed by simply neglecting the presence of the mole-
cule, trying to trace all experimental evidence back to
the enhancement of the e.m. field on the surface of the
particle [8,9]. This is clearly an approximation, which
appears unsatisfactory for two main reasons. First, it
neglects the importance of the modification of the scat-
tered light frequency (Stokes shift) on the response of
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the metallic substrate (which cannot be ignorable due
to the extreme sensitivity of the aggregate scattering
cross section to the frequency). Second, the backscat-
tering role from the molecule to the detector, without
consideration of the molecule (and thus of the radiation
source) position and polarization, is completely mista-
ken. We find it important to stress that even through
the relative importance of all these effects to the final
Raman response can be reputed a questionable point,
it seems tenable that, in SM SERS, more than in tra-
ditional SERS, the role of the molecule becomes cen-
tral and not ignorable with respect to the particle EM
contribution [10,11].

A full, accurate treatment of both chemical and elec-
tromagnetic effects, characterized by quite different
length scales, is beyond the capability of present day
numerical calculations. Thus, to include all these aspects
in a simulation study, a reliable and efficient separation
of the chemical and the elctromagnetic problem should
be developed. In fact, up to now, the largest amount
of theoretical work on SERS has been focused on the
chemical or the electromagnetic problem [9,11–14].

In this work, we describe a semiclassical model which,
though being addressed to the solution of the electro-
magnetic problem, explicitly considers as a scattering
source a chemically realistic model of molecule posi-
tioned near a metallic aggregate. The aggregate can be
constituted of homogeneous or heterogeneous (core-
shell) spherical particles. Such model locates somew-
hat in between the usual electromagnetic treatments
often appearing in the literature [15,16] which neglect
the molecule and the general quantum electrodynamic
frame by Johansson, Xu and Kall [17,18] which expli-
citly considers the interplay between EM enhancement
and vibronic molecular dynamics. Calculations similar to
those we are about to present, involving homogeneous
spheres and a chemically realistic molecule model in the
discrete-dipole approximation, have been performed by
Corni and Tomasi [19].

Our treatment neglects, in its present formulation, the
modification of the properties of the molecule induced
by the metal (which can be captured, in principle, accor-
ding to the Johansson’s suggestions [17]); such modifi-
cation, however, can be included with little effort due to
the general level of the description.

2 Theory

Before describing in some detail the theoretical treat-
ment, we spend some words about the model system
on which the calculations have been performed. Two
kinds of particle aggregates were considered: the first

one (homogeneous) consists of spherical particles of
radius R = 25 nm, constituted by gold or silver, while
the second one (core-shell) involves spheres made of a
silica core, of radius Rcore = 20 nm, coated by a metal
layer (Au or Ag) of thickness Rshell = 5 nm. The mole-
cule retains the properties of the isolated molecule, also
on the metal surface and is positioned at a distance
d = 0.5 nm from the surface [21]. The incident light
polarization has been kept fixed, with the electric field
along the ŷ axis and the propagation along the x̂ axis.

2.1 Electromagnetic fields

Our treatment of the Raman scattering by a molecule
absorbed at or near the surface of a spherical particle
leans on ideas and methods developed elsewhere. The
first mention is reserved to Kerker and coworkers [22],
who provided a physically sound model for Raman
scattering by a molecule absorbed at the surface of a
spherical particle, with the molecule treated as a clas-
sical electric dipole. The second one is a recognition to
Gerardy and Ausloos [23] work, for their contribution
to the study of optical properties of aggregated metal
spheres taking into account the electromagnetic cou-
pling among all particles. This means that the following
description is a theory general enough to include magne-
tic multipolar orders and their coupling to the electric
multipoles.

The whole e.m. scattering process near a surface can
be viewed in two steps. In the first one, the molecule
(located at �r′) behaves like a dipole −→p stimulated by

a local primary field
⇀
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)
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spherical vector harmonics, defined in the frame cen-
tered on the jth sphere, with the superscript 3 (or 1)
indicating an outgoing (incoming) spherical wave. The
Maxwell’s boundary conditions, for the electric and
magnetic fields at each particle surface, lead to linear
equations sets for the expansion coefficients aν (i) and
bν (i) of the scattered wave. Obviously, the incident wave
coefficients fν (i) and gν (i) referred to each particle i
involved in the system are known, once polarization of
the incident field and aggregate topology are defined.
(For a more exhaustive explication, the reader is refer-
red to the original works [22,23]). For our purposes, the
interest can be limited to the fields at the surface and
outside the particles; then, for core-shell particles, the
equation set can be solved more quickly by embedding
the effect of morphology and architecture of the particle
directly into the scattering coefficients [24,25].

The second step of the process correspond to the
emission of radiation by the active molecule, at the shif-
ted frequency ω. In addition to the radiated dipole field,
�Edip
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)
:
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a secondary, scattered field is involved, that must be
obtained by satisfying the proper boundary conditions
at the surfaces of the particles,
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As
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)
, even

⇀
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)
is a sensitive function

of particle aggregate topology, dimension, structure and
optical properties of the single particles, as well as of the
frequency and polarization of the dipole field.

As previously discussed, the solution of the elec-
tromagnetic problem consists of obtaining the correct
coefficients for the field expansion (Eq. 5) by applying
the appropriate boundary conditions in order to eva-
luate all the electric fields in any location. Following
the same treatment based on the boundary condition
at the surface of particles, which gives the coefficients
aν (i) and bν (i) of Eq. 3, two sets of linear equation have
to be handled. The problem is analogous to that treated
previously in the first step, with the difference that the

coefficients related to the incident wave, fν (i) and gν (i),
must be replaced by pν(i) and qν (i), whose meaning
is evident from Eq. 4 (the analytical expressions are
reported by Kerker [22]).

The Raman enhancement can be evaluated as the
ratio between the total field at the shifted frequency ω

for whole system and �Ealone
dip
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)
, the field that would

have been scattered by the stand-alone molecule:
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Instead of evaluating the fields in correspondence of the
detector, assumed to be placed at long distance from the
scattering system, the enhancement has been tested at
the molecule position �r′. Estimates of the Raman enhan-
cement caused by EM effects are frequently based on
the electric field �Ep

(�r′, ω0
) = �Ein

(�r′, ω0
) + �ELM

(�r′, ω0
)
,

as obtained from the first step of the scattering process,
ignoring in conclusion the presence of the molecule and
its role [21,26]. Although approximate, our treatment
seems to capture features closer to the actual physical
situation.

The scattering cross section is an alternative optical
property frequently employed to estimate electroma-
gnetic interactions among clusters and, indirectly, the
electric fields �Ep (ω0) involved in the scattering pro-
cesses [27]. Following Quinten and Kreibig [24], in terms
of the previous notation, the scattering cross section for
an aggregate of N nanoparticles is evaluated by:
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(7)

where �n (i) and �n (i) are the scattering coefficients
of the single isolated sphere i for the n order TM
and TE modes, respectively, as follows from the Mie’s
theory [25].

2.2 Particle dielectric function

The permittivity of the silica core is considered inde-
pendent of the frequency and equal to the silica bulk
value (2.56), whereas that of the metal nanostructures
considered in this paper is calculated according to a
semiempirical oversimplified model, widely utilized [28–
30], based on the Drude theory [31] and experimental



70 Theor Chem Acc (2007) 118:67–73

200 300 400 500 600 700 800
wavelength (nm)

10

100

1000

10000

1e+05

Sc
at

te
ri

ng
 C

ro
ss

 S
ec

tio
n 

(n
m

^2
)

200 300 400 500 600 700 800
wavelength (nm)

100

1000

10000

1e+05

Sc
at

te
ri

ng
 C

ro
ss

 S
ec

tio
n 

(n
m

^2
)

200 300 400 500 600 700 800
wavelength (nm)

1

100

10000

1e+06

Sc
at

te
ri

ng
 C

ro
ss

 S
ec

tio
n 

(n
m

^2
)

200 300 400 500 600 700 800
wavelength (nm)

10

100

1000

10000

1e+05

Sc
at

te
ri

ng
 C

ro
ss

 S
ec

tio
n 

(n
m

^2
)

Au, radius=25 nm

Ag, radius=25 nm

Si+Au

Si+Ag

Rcore=20 nm, Rtot=25 nm

Rcore=20 nm, Rtot=25 nm

Fig. 1 Scattering cross section versus incident wavelength λ0 for 1 (black line), 2 (red line) and 4 (green line) particles (see Fig. 2 for
system geometric details). Particles are constituted by Au (top left), Ag (bottom left), Si core + Au shell (top right) and Si core + Ag shell
(bottom right)

dielectric bulk data. For the case of a pure metal
homogeneous particle or for the metal shell of a silica
nanoshell, the dielectric function can be explicited as
follows:

ε (ω, R) = εexp (ω) − εDrude
bulk (ω) + εDrude

nanostructure (ω, R)

= εexp (ω) + ω2
p

ω2 + iω�∞

− ω2
p

ω2 + iω(�∞ + �nanostructure)
(8)

where εexp (ω) is the experimental permittivity of the
pure bulk material [32], ωp the plasma frequency (1.372×
1016 s−1 for Au and 1.365 × 1016 s−1 for Ag) and �∞ =
vF/l∞ the bulk electron collision frequency, ratio bet-
ween the Fermi velocity vF and the mean free path l∞ of
the conduction electrons in the metal bulk. �nanostructure
is the surface-induced contribution to the damping, a
quantity depending on the nature of the system.
Generally speaking, �nanostructure = AnanostructurevF/

lnanostructure, with lnanostructure and Ananostructure charac-
teristic parameters of the geometry of the system. The
values of lnanostructure for a perfect metal shell or for a
homogeneous pure metal spherical particle are set equal
to the thickness of the shell Rshell or the total radius

particle Rtot, respectively. Ananostructure is a proper para-
meter describing the loss of coherence by scattering
events. While there is plenty of literature providing esti-
mates of Ananostructure for a homogeneous metal spheri-
cal particle, a reasonable estimate of the same parameter
in our case is not straightforward to infer. In this work,
the values used are Acore = 1 and Ashell = 0.5 [29].

2.3 Molecule

The chosen molecule (carbon monoxide, CO) is a simple
substrate well studied for its Raman and SERS proper-
ties. In this paper we have limited our study to the first
Stokes vibronic line (2,111 cm−1, corresponding to a fre-
quency shift 0.009621 a.u.).

The molecule has been treated as a polarizable dipole;
because of the strength of the fields acting at the metal
surface, the molecule is supposed to be perfectly aligned
with the driving field [33,34].

This allows us to reduce the polarizability tensor to a
single diagonal term and to solve the quantum-
mechanical problem for the molecule in its monodi-
mensional form in the spirit of the Born-Oppenheimer
approximation. The vibrational eigenstates and vibronic
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dipole moments have been calculated starting from elec-
tronic states taken from literature [35].

The Raman dynamic polarizability of the system, as
known, can be expressed in the form:
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(9)

where ϕr, χ0v′ denote electronic and vibrational func-
tions, respectively, Ero, εrv′′,00 being the proper energy
differences involved.

3 Results

As expected, the electromagnetic coupling between the
particles leads to modification of the resonance plas-
mon of the metal aggregate with respect to the one
of a single particle, strongly dependent on the geome-
try of the aggregate. Our first aim is then to quantify
the role of such interactions for aggregates consisting
of both homogeneous and core-shell entities. The cou-
pling importance can be assessed by inspection of Fig. 1,
where calculated scattering cross sections (Csca), for a
single particle, a couple and an array of four particles are
reported as a function of the incident wavelength (see
Fig. 2 for the geometric references). The main effects
of the coupling are seen to be a red-shift of the scatte-
ring maximum, along with enhancement of the absolute
value of the scattering cross section. Such enhancement
is sizeable (about one order of magnitude) when passing
from a single particle to a dimer, whereas it is appre-
ciably smaller, even if still evident, as we move from
the dimer to the four-particle array. The smaller change
resulting in the latter case may be attributed to the parti-
cular geometry of the aggregates as well as to the orien-
tation of the field chosen, but is observed independently
of the internal geometry of the single nanoparticles. The
same remarks, in fact, hold for both homogeneous and
core-shell systems.

At the same time, the e.m. coupling modifies the near-
field response and can give rise, in particular, to limi-
ted zones where the electric field modulus is greatly
augmented (hot-spots), a hint that there the factor η

is expected to be strongly affected by the presence of
interparticle e.m. coupling. An immediate confirmation
of this remark is deducible from the inspection of Fig. 3,
where the behavior of the Raman enhancement is plot-
ted versus the wavelength of the scattered radiation.

Fig. 2 Pictorial setup of the systems studied in Figs. 1 and 3. The
red cylinder represents the molecule position and alignment in
space

Similarly to what is observed for the scattering
cross-section (and not surprisingly) the formation of an
aggregate pushes up the enhancement to a noticeable
extent but, contrarily to the behavior of the scattering
cross section, the SERS enhancements for aggregates
involving more than one particle, are comparable,at least
for the geometries investigated. The question, however,
probably deserves further analysis.

We must recall that while Csca is a property of the
metal aggregate in the absence of the molecule, in the
calculation of the SERS enhancement the molecule with
its frequency-dependent polarizability and position on
the aggregate surface is explicitly considered. The two
response properties sample two inherently different sys-
tems: Csca, by definition, involves an integration over the
whole solid angle, while the SERS enhancement is per-
formed in a precise local point.
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Table 1 Wavelength of maximum of Raman scattering enhancement η and wavelength of maximum of scattering cross-section Csca for
each system studied

Wavelength of maximum of Wavelength of maximum of
Raman scattering enhancement scattering cross-section

Number and kind of particles Incident field, λ0(nm) Raman scattered field, λ(nm) Incident field, λ0(nm)

Au 1 525.3 590.9 516.6
Au 2 534.4 602.4 529.8
Au 4 543.8 614.3 529.8
Ag 1 364.7 395 364.6
Ag 2 424.6 466.4 424.6
Ag 4 427.5 469.9 421.7
Si + Au 1 659.5 766.2 659.5
Si + Au 2 704.5 827.6 704.5
Si + Au 4 696.5 816.6 696.5
Si + Ag 1 543.8 614.3 543.8
Si + Ag 2 645.7 647.7 645.7
Si + Ag 4 632.6 730 632.6

λ0 and λ are referred to the incident light and Raman scattered light, respectively
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Fig. 3 Raman enhancement factors η calculated according to
Eq. 6 versus scattered wavelength λ for 1 (black line), 2 (red line)
and 4 (green line) particles (see Fig. 2 for system geometric details).

Particles are constituted by Au (top left), Ag (bottom left), Si core
+ Au shell (top right) and Si core + Ag shell (bottom right)

An aspect to be noted is the correlation between the
position of the enhancement maximum (which is to be
compared with the incident light wavelength) and that
of the scattering cross section. To facilitate this com-
parison, we collect in Table 1 the respective maxima

along with the corresponding values of the incident
light wavelength. It is immediately clear that η and Csca
display the maximum value almost at the same wave-
length of the incident field, an occurrence particularly
evident for core-shell systems. These findings can be
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explained invoking the role of the electron surface plas-
mon of the particles. Indeed, both the two properties
studied, as a consequence of the electron plasmons,
exhibit their maxima in correspondence of the plasmon
resonance wavelength.

4 Conclusion

In this work, we have developed a semiclassical model
to study the e.m. SERS effect provided by a single
molecule adsorbed on the surface of an aggregate of
spherical metal particles. Our study was focused on the
influence of collective plasmons (or, in other words, of
the electromagnetic coupling between particles) on the
SERS phenomenon. In an ideal continuation, it is rea-
sonable to expect a ready extension of the treatment to
an ensemble of molecules covering the particles, so as
to mimick more realistic experimental situations.

The formation of an aggregate (as simply as a
dimer) unconditionally raises the electromagnetic
enhancement; this effect is equally intense for simple
metal and core-shell particle. We can underline two
significant aspects emerging through the comparison of
the response obtained from the two optical properties
studied, Csca and η. The different nature of these two
properties becomes evident taking into account the res-
ponse of the involving two and four particles aggregates
here considered. Csca gets larger as the number of par-
ticle increases, while η remains almost unchanged.

It seems also noticeable the coincidence, at the inci-
dent frequency level, of the core-shell scattering cross
section and enhancement factor maxima. It means that
the most intense SERS response is obtained with a
frequency of the incident field corresponding to the
plasmon resonance, determined by the e.m. coupling
between the particles, while the molecule role is only
limited to determine the shift frequency amount.
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