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ABSTRACT

We study the role of a strong electron confinement on
the surface-enhanced Raman scattering from molecules
adsorbed on small noble-metal nanoparticles. We de-
scribe a novel enhancement mechanism which originates
from the different effect that confining potential has on
s-band and d-band electrons. We demonstrate that the
interplay between finite-size and screening efects in the
nanoparticle surface layer leads to an enhancement of
the surface plasmon local field acting on a molecule lo-
cated in a close proximity to the metal surface. Our cal-
culations show that the additional enhancement of the
Raman signal is especially strong for small nanometer-
sized nanoparticles.
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1 INTRODUCTION

An recent interest in single-molecule surface-enhanced
Raman scattering (SERS) stems from the discovery of
enormously high (up to 1015) enhancement of Raman
spectra from certain (e.g., Rhodamine 6G) molecules
fixed at the nanoparticle surfaces in gold and silver col-
loids [1]–[3]. Major SERS mechanisms include electro-
magnetic (EM) enhancement by surface plasmon (SP)
local field near the metal surface [4]–[8] and chemical
enhancement due to dynamical charge transfer between
a nanoparticle and a molecule [9]–[12]. Although the
origin of this phenomenon has not completely been elu-
cidated so far, the EM enhancement was demonstrated
to play the dominant role, especially in dimer systems
when the molecule is located in the gap between two
closely spaced nanoparticles [10]–[13].

An accurate determination of the SERS signal in-
tensity for molecules located in a close proximity to the
nanoparticle surface is a non-trivial issue. The classical
approach, used in EM enhancement calculations [4]–[8],
is adequate when nanoparticle-molecule or interparticle
distances are not very small. For small distances, the
quantum-mechanical effects in the electron density dis-
tribution can no longer be neglected. These effects are
especially important in noble-metal particles where the
SP local field is strongly affected by highly-polarizable

(core) d-electrons. In the bulk part of the nanoparticle,
the (conduction) s-electrons are strongly screened by the
localized d-electrons. However, near the nanoparticle
boundary, the two electron species have different den-
sity profiles. Namely, delocalized s-electrons spill over
the classical boundary [14], thus increasing the effec-
tive nanoparticle radius, while d-electron density profile
mostly retains its classical shape. The incomplete em-
bedding of the conduction electrons in the core electron
background [15]–[18] leads to a reduced screening of the
s-electron Coulomb potential in the nanoparticle sur-
face layer. The latter has recently been observed as an
enhancement of the electron-electron scattering rate in
silver nanoparticles [19], [20].

Here we study the role of electron confinement on
SERS from molecule adsorbed on the surface of small
Ag particles. To this end, we develop an EM theory
for SERS in noble-metal particle, based on the two-
region model [15]–[17], [21], which describes the role of
the surface-layer phenomenologically. We find that the
reduction of screening near the surface leads to an addi-
tional enhancement of the Raman signal from a molecule
located in a close proximity to the nanoparticle. In par-
ticular, we address the dependence of SERS on nanopar-
ticle size and show that the interplay of finite-size and
screening effects is especially strong for small nanometer-
sized particles.

2 TWO-REGION MODEL

We consider SERS from a molecule adsorbed on a
spherical nanoparticle with radius R. For sufficiently
small R, the retardation effects are negligible and the
frequency-dependent potential is determined from the
Poisson equation,

Φ(ω, r) = φ0(r) +
∫

d3r′
δN(ω, r′)
|r − r′| , (1)

where φ0(r) = −eEi · r is the potential of the inci-
dent light with electric field amplitude Ei = Eiz along
the z-axis, and δN(ω, r) is the induced charge density
(hereafter we suppress frequency dependence). In noble-
metal particles, there are four contributions to δN(r)
originating from the valence s-electrons, δNs(r), the
core d-electrons, δNd(r), the dielectric medium, δNm(r),
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and the molecule, δN0(r). The density profile of delocal-
ized s-electrons is not fully inbedded in the background
of localized d-electrons but extends over that of local-
ized d-electrons by ∆ ∼ 1−3 Å[15]–[17]. Here we adopt
the classical two-region model with d-electron density
extending up to Rd = R − ∆, where ∆ is the thick-
ness of the surface layer without d-electron population.
The induced density is expressed as δN(r) = −∇·P(r),
where the electric polarization vector P(r) = Pd +Ps +
Pm + P0 can be related back to the potential via

Pd(r) = −εd − 1
4π

θ(Rd − r)∇Φ(r),

Ps(r) = −εs − 1
4π

θ(R − r)∇Φ(r),

Pm(r) = −εm − 1
4π

θ(r − R)∇Φ(r),

P0(r) = − δ(r − r0) α0∇Φ(r0). (2)

Here the step functions θ(x) enforce the appropriate
boundary conditions, εd and εm are the core and medium
dielectric functions, respectively, and

εs(ω) = 1 − ω2
p/ω(ω + iγ), (3)

is the Drude dielectric function of s-electrons, ωp being
the bulk plasmon frequency. The width γ = γ0 + γs

includes contribution of the bulk-like electron-phonon
scattering, γ0, and of the electron surface scattering,
γs = gsvF /R, where vF is the Fermi velocity and gs is a
numerical factor (gs � 1 in noble-metal particles). The
molecule is represented by a point dipole with polariz-
ability α0 located at r0 (we chose origin at the nanopar-
ticle center).

To obtain a self-consistent equation for the potential
Φ(r), we substitute the above expressions into δN =
δNs + δNd + δNm + δN0 in the rhs of Eq. (1) and, after
integrating by parts, obtain,

ε(r)Φ(r) = φ0(r) −∇0
1

|r − r0| · α0∇0Φ(r0)

+
∫

d3r′∇′ 1
|r − r′| · ∇

′[χdθ(Rd − r′)

+ χsθ(R − r′) + χmθ(r′ − R)]Φ(r′), (4)

where ε(r) = εd + εs − 1, εs, and εm in the intervals
r < Rd, Rd < r < R, and r > R, respectively, and χ =
(ε − 1)/4π are the corresponding susceptibilities. Since
the incident field has the form φ(r0) = φ(r0) cos θ =
−E0r cos θ, we expand Φ and in terms of spherical har-
monics and, after retaining only the dipole term (L = 1),
obtain,

ε(r)Φ(r) = φ0(r) − εd − 1
4π

R2
d ∂Rd

B(r,Rd)Φ(Rd)

+
εm − εs

4π
R2 ∂RB(r,R)Φ(R)

− α0∇0B(r, r0) · ∇0Φ(r0), (5)

where

B(r.r′) =
4π

3

[
r′

r2
θ(r − r′) +

r

r′2
θ(r′ − r)

]
(6)

is the dipole term of the radial component of the Coulomb
potential, and we assumed that the molecule is located
on the z axis.

The second and third terms in rhs of Eq. (5) origi-
nate from the scattering due to change of dielectric func-
tion at r = Rd and r = R, respectively, while last term
represents the potential of the molecular dipole. The
values of Φ at the boundaries and at the molecule po-
sition can be found by setting r = Rd, R, r0 in Eq. (5).
In doing so, one determines a closed-form expression for
the self-consistent potential in the presence of molecule,
nanoparticle, and dielectric medium.

3 RAMAN SCATTERING

In the electromagnetic mechanism of SERS, the en-
hancement of the Raman signal comes from the far-field
of the radiating molecular dipole and secondary field
of this dipole scattered by the nanoparticle. In order
to extract the Raman contribution, present the self-
consistent potential as a sum Φ = φ + φR, where φR

is the potential of the radiating dipole. Since the molec-
ular polarizability is very small, we restrict ourselves by
the lowest order in α0; in this case φ is the potential
in the absence of molecule and φR determines the Ra-
man signal in the first order in α0. Inclusion of higher
orders in α0 leads to renormalization of molecular and
nanoparticle polarizabilities due to image charges; these
effects are not considered here.

Keeping only zero-order terms in Eq. (5), we find

φ = ϕ0 + δϕ, (7)

where ϕ0 = φ0/ε(r) = −E0r/ε(r), and

δϕ(r) =
1

ε(r)

[
−β(r/Rd)φ0(Rd)

λd(1 − 2λm)
1 − 2a3λdλm

+β(r/R)φ0(R)
λm(1 − a3λd)
1 − 2a3λdλm

]
. (8)

Here β(r/R) = 3
4π

R2∂RB(r,R) is given by

β(x) = x−2 θ(x − 1) − 2xθ(1 − x), (9)

and

λd =
εd − 1

εd + 3εs − 1
, λm =

εm − εs

2εm + εs

. (10)

The spatial dependence of the nanoparticle-induced po-
tential, δϕ, is thus determined by β(x). Inside the par-
ticle, the potential linearly increases for r < Rd, while
exhibiting a more complicated behavior in the surface
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layer, Rd < r < R. Outside of the nanoparticle, the
induced potential falls off quadratically,

δϕ(r) =
Eiα

εmr2
, r > R, (11)

with α(ω) is the particle polarizability

α(ω) = R3
[
1 − (1 + λm)(1 − a3λd)

1 − 2a3λdλm

]
. (12)

In the absence of the surface layer, Rd = R, we recover
the usual expression for the polarizability in the presence
of d-electrons and dielectric medium,

α0 = R3 εs + εd − 1 − εm

εs + εd − 1 + 2εm

, (13)

with resonance peak at the SP energy ωM = ωp√
εd+2εm

.
In the presence of the surface layer, the SP energy ex-
periences a blueshift [15], [16] due an effective decrease
in the d-electron dielectric function in the nanoparticle
(see Fig. 3). At the same time, an increase in the peak
amplitude (see Fig. 3), which accompanies the blueshift,
indicates a stronger local field at resonance energy act-
ing on a molecule in a close proximity to nanoparticle
surface.

Figure 1: Calculated nanoparticle polarizability for dif-
ferent surface layer thicknesses.

The Raman signal is given by the self-consistent field
of the radiating dipole, φR, determined from Eq. (5) in
the first order in α0,

ε(r)φR(r) = φR
0 (r) − εd − 1

3
β(r/Rd)φR(Rd)

+
εm − 1

3
β(r/R)φR(R), (14)

where

φR
0 (r) = −β(r/r0)

4πα0

3r2
0

∂φ(r0)
∂r0

= Sφ̃0, (15)

is the potential of the molecular dipole in the presence
of local field, and we introduced notations

S(ω) =
8πα0

3Eir3
0

∂φ(r0)
∂r0

(16)

and

φ̃0(r) = −Ei

[
rθ(r0 − r) − r3

0

2r2
θ(r − r0)

]
. (17)

Note that while the frequency dependence of the local
potential, φ(r0), given by Eqs. (7,11), is that of the
incident field, ω, the Raman field, φR(r), depends on
the Stokes-shifted frequency, ωs = ω − ω0, where ω0 is
the molecular vibrational frequency determined by α0.

The last two terms in Eq. (14) describe potential of
molecular dipole scattered from the d-electron and s-
electron distribution boundaries and can be determined
by matching φR at r = Rd and r = Rd. We now notice
that, at these values of r < r0, we have φ̃0(r) = φ0(r),
so the Raman potential is found as

φR = S(ω)[ϕ̃0 + δϕ(ωs)], (18)

where ϕ̃0(r) = φ̃0(r)/ε(r) and δϕ(r) is given by Eq. (8)
but with ωs instead of ω. For the far field (r > r0), we
then obtain

φR(r) =
E0r

3
0

2εmr2
S(ω)

[
1 + g(ωs)

]
, (19)

where

g =
α

r3
0

=
(

R

r0

)3
[
1 − (1 + λm)(1 − a3λd)

1 − 2a3λdλm

]
(20)

with λ given by Eq. (10). The expression for S(ω) in Eq.
(raman-far-field) can obtained in the same manner from
Eqs. (7,11) by substituting the nanoparticle electric field
at the molecule location,

E(r0) = −∂φ0

∂r0
=

Ei

εm

[
1 + 2g(ω)

]
, (21)

into Eq. (16). We finally arrive at

φR(r) = −4πα0E0

3εmr2

[
1 + 2g(ω)

][
1 + 2g(ωs)

]
. (22)

The above expression generalizes the well-known classi-
cal result [4], [5] to the case of noble-metal particle with
different distributions of d-electron and s-electron den-
sities. The surface-enhanced Raman field retains the
same functional dependence on the nanoparticle polar-
izability, however the latter contains all the information
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about the surface layer effect. Note that the form (22)
of the Raman field remain unchanged even for a non-
classical distribution of the electron densities proviled
that the electronic wave-functions in the nanoparticle
do not oberlap with the molecular orbitals.

Finally, the Raman enhancement factor is given by

A(ω, ωs) =
∣∣∣1 + 2g(ω) + 2g(ωs) + 4g(ω)g(ωs)

∣∣∣2. (23)

4 DISCUSSION

For large nanoparticle with R ∼ 100 nm, the classi-
cal EM theory provides an enhancement of the Raman
signal as large as 106-107 [6]. In reality, the EM enhance-
ment is inhibited by various factors. In noble-metal par-
ticles, the interband transition between d-electron and
s-electron bands reduce the SP oscillator strength lead-
ing to a weakening of the local fields. For nanoparti-
cle radius below 15 nm, finite-size effects become im-
portant. The SP resonance damping comes from the
electron scattering at the surface leading to the size-
dependent SP resonance width γs � vF /R. At the res-
onance frequency, the size-dependence of SERS is quite
strong. Indeed, if molecular vibrational frequencies are
smaller that the SP width, the enhancement factor de-
creases as A ∝ R4 for small nanoparticles, resulting in
several orders of magnitude drop in the Raman signal.

Our main observation is that, in small nanoparticle,
the local field enhancement due to reduced screening in
the surface layer can provide an additional enhancement
of the Raman signal. Although the thickness of the sur-
face layer (0.1-0.3 nm) is small as compared to oveall
nanoparticle size [15]–[17], such an enhancement can be
condiderable for a molecule located in a close proximity
to the surface. In Fig. 4 we show the results of our
numerical calculations of the Raman enhancement fac-
tor for various surface layer thicknesses, ∆. Although
the overall magnitude of the enhancemet increases with
∆, a more important effect is its size-dependence. For
finite ∆, the enhancement factor descreases more slowly
that in the absence of the surface layer: as nanoparti-
cle size decreases from R = 5 nm to R = 1 nm, the
signals strength ratio between ∆ = 0.3 nm and ∆ = 0
nm increases from � 1.5 to � 4.0. The reason is that,
as the nanoparticle becomes smaller, the fraction of the
surface layer increases, and so does the contribution of
the unscreened local field into SERS.
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