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Abstract—We study the surface enhanced Raman scattering (SERS)
from bimetallic core-shell nanoparticles by taking into account
the mnonlocal effect. The Gersten-Nitzan model is applied to
investigate SERS from a molecule adsorbed on the nonlocal bimetallic
nanoparticle. Numerical results show that there are two enhanced
SERS peaks for bimetallic coated nanoparticles, and nonlocal effects
will lead to less enhancement and blue-shift of SERS peaks. In
addition, unusual resonant electric-field patterns are found in the
nonlocal gold core in comparison with those in the local case. Our
investigation is helpful for understanding some details of SERS schemes
in nano-optics and plasmonics when nonlocal effects are considered.

1. INTRODUCTION

Since its first observation in 1974 [1], Surface-enhanced Raman
scattering (SERS) has attracted much attention [2-4]. Now, SERS
is playing an important role in surface science, spectroscopy, and
detection [5] due to the high sensibility of detection with molecular
identification capabilities [6,7]. It was believed that the mechanisms
for the SERS enhancement include the chemical adsorption of the
metal interface [8], quantum effects [9], and the electromagnetic (EM)
field enhancement at the position of the single-molecule near metal
nanoparticles [10-14].

More recently, many studies aimed at the investigation of the
SERS spectroscopy from different efficient substrates. For instance,
SERS from silver nanosculptured thin films (STF) was investigated
in detail for biosensing [15]. Gold dimer antennas with sliver layer
were fabricated and SERS from such substrates were studied [16]. In
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particular, with the growth of nanotechnology, a rapid development
of SERS on transition metals and other semiconductor nanostructures
were reported [17].

Of various SERS-active substrates, gold or silver nanoparticles
and their aggregates are widely used. Note that, in tiny metallic
nanostructures, the relationship between the electric displacement
field D and the electric field E is not the wusual local one
D(w) = ecoe(w)E(w) (e(w) is the local dielectric function), but
D(r,w) = g [dr'e(r, ¥/, w)E(r',w), where £(r, r’, w) is a spatially
dependent (nonlocal) dielectric function. For homogeneous media,
one has e(r, v, w) = ¢(r — v, w), and D(k, w) = ek, w)E(k, w)
in momentum space k via Fourier transformation [18]. It was
observed that taking spatial dispersion into consideration may
lead to qualitatively new phenomena such as electromagnetic wave
propagation with negative group velocity [19]. In addition, the
scattering cross section [20, 21], polarizability [22], and SERS [23] from
nonlocal metal nanoparticles were widely investigated. Later, effects of
spatial nonlocality on optical and molecular interactions with metallic
nanoshells [24], on plasmonic enhancement of Forster energy transfer
between two molecules in the vicinity of metallic nanoparticles [25],
on the optical response of a multilayered spherical system [26] were
investigated.

On the other hand, bimetallic core-shell nanoparticles are of
significance in material science because of their superior physical
properties in comparison with their individual counterparts. Besides
the application as tunable SERS substrates, bimetallic core-shell
nanoparticles, conventionally Ag-Au or Au-Ag nanoparticles, show
their advantages in immunoassay compared with monometallic
nanoshells.  For bimetallic nanoparticles, near-field and far-field
scattering were studied [27], and the largest field enhancement is
found in different polarization directions for Ag-Au and Au-Ag
nanoparticles [28]. However, to our knowledge, the nonlocal responses
in bimetallic system was not addressed. Therefore, in this paper,
we would like to study the spatial nonlocality in the calculation of
SESR from a molecule adsorbed on a bimetallic core-shell nanoparticles
in the quasistatic limit. Higher-order multipolar moments should
be considered under an inhomogeneous electric field induced by the
emission of the molecule, and the Gersten-Nitzan model [11] will be
applied to study the SERS by including the nonlocal effect.

2. THEORETICAL FORMULATION

We consider surface enhanced Raman scattering from a molecule
adsorbed on a bimetallic coated nanosphere, as shown in Fig. 1.
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Figure 1. Schematic figure of a molecule adsorbed on a bimetallic
coated nanosphere with gold core and silver shell.

Without loss of generality, the coated sphere consists of Au core of
the radius a and Ag shell of the outer radius b. Both Au core and
Ag shell are assumed to be nonlocal with the spatially dispersive
dielectric function g4 (k, w) (¢ = ¢ and s denote the core and the
shell). For simplicity, the molecule adsorbed on the surface is described
by an electric dipole with the dipole moment oriented normal to the
nanoparticle surface at a distance d from the surface. In the quasistatic
limit, the outer radius is much smaller than the incident wavelength,
and we follow the works of Fuchs [22, 29] by using semiclassical infinite
barrier(SCIB) model to study the nonlocal responses to the coated
nanoparticle.

We write the electrostatic potentials ¢4 (¢ = ¢, s, m denote the
core, the shell, and the host medium) and potentials ¢p, (¢ = ¢, s)
with the displacement vector (D = —V¢p) as,

1
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By applying the appropriate boundary conditions at » = a and
r=b[22,29],
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with Q@ = —(1 + 1)&%. The I-th pole polarizability is related

to the multipolar moment D; through the relation oy = 4w Dy(b +
d)*2/[p(l + 1)] [30], and one yields
o _ _al+1bl+1Hl _ b2l+2l(2l 4 1)[[ + albl+1Jl _ b2l+1l2Kl (6)
b+ Q2N — WA KG + 02421+ 1)(20 + 1) [ + albH 1T,
with
Hy = (2l + 1)Fi.(a, a) Fis(a, b)
I} = [=1Fs(a,b)* + 1Fs(a,a) Fis(b,b) + (I + 1) Fie(a, a) Fis(b, b)]
J = l(l + 1)Fls( )
K; = [(l+1)F(a,a) + lFis(a,a)]
M, = l(l + 1>Flc( )
T, = (14 1)Fi5(a,b)[-1 + a(2l + 1)Fi.(a, a)).
If both the metallic core and shell are assumed to be local with
gq(k,w) = g4(w), after a tedious derivation, we have

ap [Es(w)—sc(w)]l[l—l-es(w)(l—l—1)](a/b)2l+1+l[1—€s(w)]sl
DAL [eg(w) —ec(w)][es(w) =11 +1) (a/b)H1 —[e5(w) I +141]S)

(7)
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with S; = [ec(w)l + es(w) (I + 1)].

Then, we aim at the Raman cross section from a dipole-nonlocal
coated sphere. Based on the Gersten-Nitzan model, the Raman cross
section is expressed as [11],

4

KL oo 1 20
aman — 5 | — AC — |1 T 3 ) 8
IR 3 (c) (A0)° <ao> ll—aG[ +(b+d)3] ®)
where AC is the change of nuclear coordinate, a the molecular

polarizability (taken as 10/0X3)7 and o7 the dipole polarizability of the
coated sphere. In addition, G is the image field factor, and is written
as,

The enhancement ratio is defined as the ratio of oRaman in Eq. (8) to
the one in the absence of the nanoparticle, and admits the form,

4

(10)

|l ara
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3. NUMERICAL RESULTS AND DISCUSSION

To account for the spatially dispersive effects due to the nonlocal
dielectric response, we adopt the simple hydrodynamic Drude
model [18],

w?

Ak e e ()
where €400 is the dielectric constant for w — 00, wy, the plasma
frequency, and I'; the damping factor of the electrons. For a free-
electron gas, we have = /3/5vp with vp being the Fermi velocity.
For model calculations, the plasma frequencies are w, = 1.38 x 1016 5~

and wg, = 1.40 x 1016 s~!, and Fermi velocity is vp = 1.39 x 10%s~1
for both Au core and Ag shell. €. = 9.84 for Au core and g5 =
3.7 for Ag shell respectively. Moreover, to consider the interfacial
scattering [31], we let the damping constant to be I'c = I'c gk +vr/a
for Au core and I'y = ' gy + vr/(b — a) for Ag with I'c pur =
10.7 x 108 s7 and T g = 3.22 x 1013571,

In Fig. 2, the SERS enhancement ratio is shown as a function
of incident light wavelength A for a molecule at d = 1nm for a Au-
Ag coated nanoparticle. It is evident that there are two plasmonic
resonant modes: (1) the symmetric dipole mode at resonant long
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Figure 2. SERS enhancement ratio R as a function of incident
wavelength A for Au-Ag coated nanoparticles with nonlocal (solid line)
and local (dotted line) dielectric functions. The relevant parameters
are ¢ = 10nm, b = 15nm, and d = 1 nm.

wavelength A; 1 and (2) the antisymmetric dipole mode at resonant
short wavelength A1 _, which result from two different kinds of coupling
(symmetric or antisymmetric coupling) between the surface charge
oscillations on two interfaces. The two resonant SERS peaks can
be still observed in the experimental absorption spectra of bimetallic
coated large particles [32]. In comparison with the local case, the
introduction of the nonlocal term results in both the slight decrease in
the magnitudes of two SERS enhanced peaks and the blue-shift of the
resonant wavelengths, which are consistent with observations on SERS
from a dielectric core-silver shell coated nanoparticle [33]. Actually,
when the nonlocal effect is taken into account, the longitudinal
modes may exist, and these modes modify the internal and external
electric fields, thereby causing the shift of the resonant wavelengths.
Mathematically, due to the introduction of nonlocal term, the real part
of the denominator in the Drude dielectric function becomes w? — 3%k?
instead of w? in local drude model. As a consequence, one expects the
resonant frequency (wavelength) in the nonlocal case should be larger
(smaller) than the one in local case, and hence takes on the blue-shift
of the resonant wavelength.

Figure 3 shows a series of spectral enhancement curves for a
fixed outer shell b = 15nm and various inner radii a. Generally,
the thicker the Ag shell or the smaller the Au core, the larger the
magnitude of two SERS enhanced peaks is. Moreover, one observes
obvious blue-shift of the resonant long-wavelength and slight red-shift
of the resonant short-wavelength. Therefore, one expects one resonant
peak for much smaller core at the resonant wavelength, close to pure
Ag nanoparticle. To understand the two resonant modes, we extend
the hybridization models [34] for air-Au nanoshell to bimetallic Au-
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Figure 3. R as a function of A for a Au-Ag coated nanoparticle of
a fixed outer radius b = 15nm and various a with nonlocal dielectric
function.
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Figure 4. Schematic diagram illustrating the energy level of the
plasmon hybridization in a bimetallic coated nanoparticle.

Ag coated nanoparticles (see Fig. 4). Since the resonant wavelength
is slightly different from the local one, we assume that both the

metallic core and metallic shell are lossless and local with the dielectric

functions satisfying the Drude’s model with the form, e.(k,w)
2/, 2 _ 2 /0,2
Eevo — Wap/w? and g45(k,w) = £500 — Wi,/ /W

» The corresponding
two plasmonic modes in the SERS enhancement for Au-Ag coated
nanospheres mainly come from the interacting dipole plasmons of solid
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Ag sphere (sphere-like mode) and the dipole plasmons of Au cavity
sphere (cavity-like mode). In our situation, the void (or cavity)-like
and sphere-like resonance wavelengths for Au-Ag coated nanospheres
can be derived analytically. That is, the sphere-like modes can be
excited from the system in which the Ag nanoparticles are suspended
in the air host medium. Hence, the resonant wavelength is derived
to be Ay = 2mey/€500 + 2/wgp. Similarly, the cavity-like modes can be
excited from the system in which Au nanoparticles are embedded in
the Ag host medium and resonant short-wavelength is obtained such as

Ae = 2770\/(5000 + 26500) / (W3, + 2w2,). As \; < A, the antisymmetric

coupling between solid sphere and spherical cavity gives rise to higher
energy (or short wavelength) mode at A _, which is mainly dependent
on the plasmon of outer surface (Ag spherical mode). On the other
hand, the symmetric coupling, which gives rise to lower energy mode
(or long wavelength) A; 4, which is mainly dependent on the plasmon
of inner surface (Au cavity mode in which the cavity is full of Au).
The interaction between the sphere and cavity plasmonic modes can
be tuned by changing the thickness of the shell. Note that due to the
fact that A\, < As for air-Ag nanoshells, the antisymmetric (symmetric)
mode is mainly dependent on Ag-cavity (Ag-sphere) mode, which is
slightly different from the case for Au-Ag coated nanoparticles (see
Fig. 4).

By letting the denominators of Egs. (6) or (7) be zero [35], we
obtain the dipole resonant wavelengths for [ = 1 analytically,

2f
—9F VP —4fh

)‘ii = 47%c? (12)

with
f = (tcoo F 2€500) (Esc0 +2) + 2(Ecoo — Es00) (Esoo — 1)(a/b)3,
g = —(Esoo + 2)w3p — (8coo + 4€500 + 4)w§p

—2[(8500 - l)wzp + (Ecoo — 26500 + l)wzp} (a/b)3,

h = wgpwzp + 2w§p {wgp + (wfp - wfp) (a/b)?’} :
Equation (12) are the general analytic expressions for the dipole
plasmon resonant short and long wavelengths for the bimetallic
nanospheres. For an Ag spherical nanoparticle, a = 0, and for a Ag
cavity full of Au, b = oo, Eq. (12), respectively, reduces to A\j 4 = A
and A\ _— = As.

The dependences of two resonant wavelengths for SERS
enhancement peaks on the ratio (a/b)? are shown in Fig. 5. The
nonlocal results shown in Fig. 5 are obtained via numerical methods
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Figure 5. Two resonant wavelengths for SERS enhancment peaks as
a function of the ratio (a/b)3. Resonant wavelengths for symmetric
and antisymmetric modes, determined by Eq. (12), are represented by
red and black solid lines respectively. Nonlocal cases are shown with
hollow circles and squares.

since it is rather difficult to get an analytical solution from Eq. (6). It
is evident that with decreasing of the ratio (a/b)3, the resonant long-
wavelength is decreased obviously, while the resonant short-wavelength
is increased slightly, which in accordance with our analytical results
based on Eq. (12). Actually, the surface resonant wavelength is related
to the intrinsic wavelength of oscillatory electrons in nanoparticles. If
the oscillatory electrons are strongly bounded, the surface resonant
energy should be large and the resonant wavelength is short. On the
contrary, the resonant wavelength should be long when the electrons
are weakly bounded. With the decrease of the core radius, the
proportion of the Au?t becomes small and the attractive force between
Au ion and the electrons in Ag shell becomes weak, leading to
the increase of the bound grade and the blue-shift of the resonant
wavelength of A\ 4 obviously. However, at the outer interface, with
the decrease of Au core, due to the weak attractive force between Au
ion and the electrons in Ag shell, the electrons can be easily cross the
outer interface, resulting in the red-shift of the resonant wavelength
Al—.

Next, we would like to investigate the near-field distributions
at two surface resonant wavelengths with both local and nonlocal
theories. It is known that the existence of the molecule (or a dipole)
will amplify the field around itself significantly. As a consequence,
it is difficult for us to recognize clearly the field distributions of the
other regions away from the molecule. To illustrate them more clearly,
we move the molecule a little farther away from the outer surface
of the coated nanoparticle. For both local and nonlocal cases, we
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find that at resonant long wavelength, the fields in the core and
in the air medium close to the interface between the shell and the
medium are largely enhanced, while the fields in the shell are enhanced
at resonant short wavelength, which demonstrates our discussions
in previous paragraphs. To one’s interest, when the nonlocality is
taken into account, the electric field in gold core is oscillating (see
Figs. 6(c) and (d)), which is quite different from the local one (see
Figs. 6(a)and (b)). The resonant field patterns clearly demonstrate
that the longitudinal bulk plasmon modes may exist in the nonlocal
particles especially in Au core [18,21]. To show such oscillating modes
clearly, we give the near-field distributions in the same structure at
low frequency with nonlocal theory but the distance d = 500 nm, as
shown in Fig. 7. Note that the resonant electric field in gold core is not
as symmetric as the one in pure gold spheres [18] due to the applied
dipole fields instead of the incident plane waves.
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2401623
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Figure 6. Near-field distributions for Au-Ag coated nanoparticle at
the long wavelength \; 4 = 396 nm for (a) and (c), short wavelength
A1,— = 280nm for (b) and (d). Both (top) local and (bottom) nonlocal
calculations are shown. Other parameters are ¢ = 10nm, b = 15nm,
and d = 5nm.
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Figure 7. Near-field distributions for Au-Ag coated nanoparticle

at resonant long wavelength with nonlocal theory. Parameters are
a =10nm, b = 15nm, and d = 500 nm.

4. CONCLUSION

In this work, we have investigated the SERS enhancement spectra
from Au-Ag bimetallic coated nanoparticles with nonlocal theory in
the quasistatic limit. We derive the multipole polarizability from
the coated nanoparticles based on the works of Fuchs etal. [22],
and present the formula for the SERS enhancement ratio with the
ald of the Gersten-Nitzn model. Numerical results show that the
SERS enhancement ratios at two resonant wavelengths are slightly
decreased, and two resonant wavelengths are slightly blue-shifted when
the nonlocality is included. Moreover, when the spatial nonlocality is
taken into account, the near-field distributions in the gold core region
are found to be oscillating due to the existence of longitudinal bulk
plasmon modes.

Some comments are in order. First, the multipolar polarizability is
derived in the quasistatic limit. To keep the quasistatic approximation
to be valid such as kb < 0.1 [k; (¢ = ¢, s) is the wave number in
the core or the shell], according to our qualitative analysis, the size of
coated particles b is less than 20nm in the studied wavelength range.
On the other hand, when the nanoparticles are larger, the effect of
radiation damping and destructive interferences should be considered.
To incorporate such electrodynamic corrections, «; is replaced by [36]

-1

1 2041
U+ Dho o Q. (13)

@ — i+

ozleﬁ: 1-—
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Second, it was reported that the hot spots could also give rise to
increased SERS signal, because they facilitate enhanced optical fields,
which in turn contribute to the electromagnetic enhancement when a
molecule is in the vicinity of these spots. The hot spots in bimetallic
coated nanoparticles with pinholes were investigated by means of
experimental method [37]. On the theoretical side, the nonlocality
should be involved to study the hot spots in the enhancement of Raman
signal due to the pinholes or other nano-defects at rather small scale.
In the end, to compute absolute Raman, fluorescence, absorption cross
sections and spectra for arbitrary irradiation levels, one should involve
a quantum optical description of a model molecule [13], of which
molecular dynamics is calculated using a density matrix approach.
By using this method, we shall give detailed information about the
enhancement and quenching of single-molecule fluorescence [38] by
taking into account the nonlocality or spatial dispersion.
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