Article
Optics

September 2010 Vol.55 No.26: 2930–2936
doi: 10.1007/s11434-010-4048-9

SPECIAL TOPICS:

Near-field coupling and SERS effects of palladium
nanoparticle dimers
RUAN FangXiong1, ZHANG ShunPing2, LI ZhiPeng2, YANG ZhiLin1,2*, WU DeYin3,
REN Bin3 & XU HongXing2
1

Department of Physics, Xiamen University, Xiamen 361005, China;
Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China;
3
Department of Chemistry, Xiamen University, Xiamen 361005, China
2

Received February 11, 2010; accepted April 21, 2010

The linear optical properties and the surface-enhanced Raman scattering (SERS) effect of spherical palladium nanoparticle dimers
are analyzed theoretically using generalized Mie theory. The calculation results demonstrate that the near-field coupling effect
greatly influences the absorption, scattering and extinction spectra of nanoparticle dimers. The surface plasmon resonance wavelength red-shifts dramatically as the separation between nanoparticles decreases. Because of the near-field coupling between
nanoparticles and the size effect, the maximum SERS enhancement factor at the ‘hot spot’ between palladium nanoparticle dimers
is as high as 107–108, while the averaged SERS enhancement factor over the entire nanoparticle surface is in the range of 105–106.
The deviation between the position of the peak in the extinction spectrum and the wavelength for maximum surface-averaged
enhancement for the Pd nanoparticle dimers indicates that localized surface plasmon resonance has different influences on the far
and near fields. These theoretical results may help to reveal the relationship between the far and near fields, as well as understand
the mechanism of electromagnetic enhancement in the surface-enhanced scattering of transition metals.
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Metal nanostructures have a large number of potential applications in biological and chemical sensors, surfaceenhanced Raman scattering (SERS), photothermal therapy
and optical communication because of their unique optical
and electrical properties [1–5]. Tian’s group successfully
extended SERS from noble metals to various pure transition
metals, including Rh, Pd, Ni, Pt and Ru, which is of both
fundamental and practical importance [6–14]. They revealed that for transition metals, the SERS enhancement
factor is as high as 104 under optimum experimental conditions. It is of great importance to study theoretically the
optical properties of transition metal nanoparticles and aggregates to understand the underlying physical mechanism
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behind transition metal SERS [15–17].
Single molecule SERS studies have confirmed that the
large enhancement is strongly dependent on the effect of
near-field electromagnetic (EM) coupling between nanoparticles. The maximum electromagnetic enhancement factor
of individual metal nanoparticles rarely exceeds 3 or 4 orders of magnitude even under the optimal conditions for
localized surface plasmon resonance (LSPR). Xu et al.
proved both theoretically and experimentally that the ‘hot
spot’ in the nanogap is crucial for single molecule SERS
[18,19]. It was found that a huge local EM enhancement
factor can be obtained at the junction between a dimer of
metal nanoparticles that are separated by several nanometers when an appropriate excitation frequency and polarization are used. Because of the near-field EM coupling effect,
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the SERS factor at the ‘hot spot’ is larger than 1012 [20,21].
In this work, taking this interparticle coupling effect into
consideration, we focus our theoretical studies on nanoparticle dimers rather than isolated nanoparticles. This will be
critical to quantitatively understand the optical properties,
particularly the SERS activity, of real SERS-active systems.
The methods proposed for solving the EM scattering
problems of metal nanoparticles have been divided into numerical and analytical approaches. The numerical methods
are comprised of T-matrix methods [22,23], finite element
methods (FEM) [24], discrete dipole approximation (DDA)
[25,26] and finite differential-time domain (FDTD) [27–31].
The Mie theory is the main analytical approach. Although
numerical calculation methods are capable of simulating the
optical properties of nanoparticles with arbitrary shapes effectively, Mie theory is a more rigorous and powerful tool for
spherical nanoparticles or nanoparticle arrays. Mie theory is a
model analysis method that depends on an exact solution to
Maxwell’s equations, and it is often regarded as the standard
for testing the reliability and accuracy of other numerical
calculation methods because of its accuracy and efficiency.
Conventional Mie theory, which was first introduced by the
Danish physicist Lorenz, was developed as an analytical
method to explain the optical properties of gold colloids observed by Mie in 1908 [32]. Since then it has been widely
used to calculate EM scattering properties of spherical particles with various sizes [33,34]. In recent years, the use of Mie
theory has been extended from single spherical particles to
multisphere systems, and the simulations of the far-field
spectra and the near-field distribution of spherical particles
with strong coupling have been achieved [35–38]. In this
work, the optical properties and near-field enhancement of
dimers of Pd nanospheres were simulated using generalized
Mie theory. The dependence of the extinction spectrum and
SERS enhancement on the separation of the two nanoparticles, particle size, excitation frequency and polarization were
quantitatively investigated. Both the maximum local SERS
enhancement factor at the ‘hot spot’ and the surface-averaged
SERS enhancement factor were calculated and are discussed
in detail.

1 Calculation method and model
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where Ex, Ey and Ez are the three orthogonal components of
the incident electric field E, k̂ is the direction of the incident
wave and Y (kˆ ) are spherical harmonics for k̂ .
n,m

On the basis of the order-of-scattering method described
in [35], in a spherical dimer system, the scattered field from
each sphere is the sum of all of the orders of scattering, and
can be represented as
∞
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According to [35], the incident and scattered EM fields can
be expanded in infinite series of vector spherical harmonics
j
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where S1 and S2 represent the scattered field by spheres 1
and 2, respectively. M12 and M21 denote the coordinate
transfers of the two spheres from each other, while n is the
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order of scattering. Thus, the total scattered field is the sum
of the scattered fields from the two spheres:

E s = E1s + E2s =

S1 + S 2 M 21 S1
S + S1 M 12 S2
+ 2
.
1 − M 12 S2 M 21 S 1 − M 21 S1 M 12 S 2
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sections [32], if a spherical surface is chosen to enclose the
objects, the extinction and scattering cross sections can be
described as

(7)

Qext = −

Meanwhile, the normal modes for the scattered wave are
changed to the first-order spherical Hankel forms: nm31
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where D represents a diagonal matrix and N is the number
of multipole. In Cartesian coordinates, the scattered EM
field vector matrixes can be mathematically deduced as
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where s nm31 , s nm32 and nm11 i , nm12 i represent the scattering and incident coefficients, respectively.
The theoretical model used in this work consists of two
identical Pd nanospheres with the particle diameter D and a
separation distance d, as schematically illustrated in Figure
1. In the calculation, the surrounding medium was assumed
to have a refractive index of 1.0 that corresponds to air, and
a plane wave of 1 V/m with an amplitude that is incident
along the y-axis direction, with the polarization parallel to
the interparticle axis (z-axis). The center cross-section,
passing through the midpoint of the gap between the
nanoparticles, is perpendicular to the z-axis. The dielectric
function of palladium was taken from [40], and all of the
calculations are based on generalized Mie theory.

2
2.1

Results and discussion
Near-field coupling effect

It is known that the interparticle surface plasmon resonance
(SPR) coupling effect plays the key role in increasing the
local field enhancement factor of nanoparticle dimers illuminated by a laser. If the excitation polarization is perpen-
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where d is the vector from the center of sphere 1 to the center of sphere 2.
Then, according to the definition of total far field cross

Figure 1 Schematic diagram of the Pd nanosphere dimers illuminated by
a plane wave.
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dicular to the interparticle axis connecting the centers of the
two nanospheres (hereafter named the perpendicular-polarized
excitation mode), the interaction between spherical metal
nanoparticle dimers and incident light will be very weak,
resulting in a small SERS enhancement. In this case, the
SERS of the dimer is simply the sum of the two isolated
nanoparticles, and the SERS enhancement factor of the
nanosphere dimer remains in the same order as a single
nanoparticle. However, if the excitation polarization is parallel to the interparticle axis (known hereafter as the parallel-polarized excitation mode), the SPR coupling effect will
be strong enough to form a ‘hot spot’ at the junction between the nanosphere dimers at a particular excitation frequency. Thus, it is crucial for transition metals, which have
lower SERS activity than noble metals in the visible light
region, to enhance the SERS signal of adsorbed molecules
using the strong EM enhancement at the ‘hot spot’.
First, Mie calculations were performed to quantitatively
investigate the impact of near-field coupling on the extinction spectra of Pd nanosphere dimers with a particle diameter D = 100 nm with the parallel-polarized excitation mode
(Figure 2(a)). The figure shows that for a single Pd nanosphere with D = 100 nm, a peak appears at 335 nm in the
ultraviolet region of the extinction spectrum. For a nanosphere dimer, near-field coupling of the particles leads to
pronounced red shifts in the plasmon resonance wavelength.
The extinction peaks exhibit increasing width and intensity
as the particle separation decreases. When the gap distance
(d) between the nanoparticles is smaller than about 30 nm,
the extinction peak shifts into the visible light region. The
extinction peaks, which correspond to local SPR, are found
at 401, 454, 497, 530 and 566 nm when d is 30, 10, 4, 2 and 1
nm, respectively. The SPR peak intensity is the greatest when
the separation distance reduces to 2–1 nm. Further calculations showed that the interparticle coupling is negligible and
the extinction spectrum of Pd nanosphere dimers is almost
the same as that of a single nanosphere when d>>D.
Besides the significant influence on the extinction spectrum, the interparticle coupling effect also leads to a dra-
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matic local EM field enhancement on the nanoparticle surface because of localized SPR, which is the essential EM
enhancement mechanism of SERS. Here, the SERS enhancement factor of Pd nanosphere dimers was quantitatively studied. To obtain the theoretical results which could
be compared directly with experimental data, the surfaceaveraged SERS enhancement factors of probe molecules
adsorbed at different surface positions on the nanoparticle
dimers (assuming a monolayer of molecules were uniformly
adsorbed on the surface) was calculated; the results are
shown in Figure 2(b). In the calculation, the enhanced Raman scattering intensity from a probe molecule at any given
position is considered approximately proportional to the
fourth power of the electric field enhancement at the position of the molecule and any Raman shift is ignored. For a
single Pd nanosphere with a diameter of 100 nm, the maximum surface-averaged SERS enhancement is less than two
orders of magnitude under laser excitation with an optimal
frequency (442 nm). For Pd dimers, the calculation results
showed that the excitation wavelength that gives the maximum surface-averaged enhancement factor of SERS red
shifts gradually with decreasing d. For d of 30, 10, 4, 2 and
1 nm, the peak positions for the maximum SERS enhancement are located at 537, 565, 584, 601 and 651 nm, respectively. It can also be seen that the maximum surfaceaveraged enhancement factor increases continuously as the
near-field coupling effect increases accompanying the decreasing d. When d is less than 10 nm, the maximum SERS
enhancement factor increases in an approximately exponential way as d decreases. At d of 10 and 4 nm, the maximum
SERS enhancement factors are 103 and 104, respectively.
When d reduces to 1 nm, the maximum SERS factor dramatically increases to 5×105. Because the maximum SERS
enhancement factor of Pd nanosphere dimers with d = 1 nm
is about three orders of magnitude higher than that of a single
nanosphere, it is expected that the SERS activity is very low
for individual nanoparticles in SERS experiments.
By comparing the results in Figure 2(a) and (b), we found
that, although the peak positions of extinction spectrum

Figure 2 Incident wavelength dependent spectra of a single Pd nanosphere and Pd nanosphere dimers with D = 100 nm and various d. (a) Extinction efficiency; (b) surface-averaged SERS enhancement factor.
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and the wavelength for the maximum surface-averaged enhancement both red-shift gradually with decreasing d, the
peak positions of the two spectra are different at a fixed
separation distance of Pd dimers. The 80–130 nm deviation
in the peak position between the two spectra for the same
dimer reflects the different impacts of SPR on the far field
(extinction spectrum) and the near field (SERS). The reasons for this deviation may be explained as follows. First,
the extinction efficiency, which exhibits the characteristics
of multipole radiation, is proportional to the polarizations of
various multipoles, and higher order multipoles usually give
a small contribution to the far field. However, for the near
field, both the dipoles and higher order multipoles critically
influence its electric field intensity. The interparticle SPR
coupling effect has a great impact on the high order multipoles for the near-field, even playing a dominant role at
times. Second, the near-field enhancement mainly originates
from the scattering effect of nanoparticles, while the farfield extinction is composed of both absorption and scattering. In addition to the SPR effect, the interband transition
also contributes to the absorption spectrum, which leads to a
blue-shift of the absorption spectrum compared with the
scattering spectrum. Therefore, the peak position of LSPR
shown in the far-field UV-Vis spectrum is not always at the
optimal excitation wavelength for SERS, and the latter
shows a small red-shift from the former. It is of great importance that this discrepancy is noted for the experimental
design and study of SERS.
The dependence of the extinction efficiency and SERS
enhancement factor on the excitation wavelength of the Pd
nanosphere dimers with D = 100 nm and d = 1 nm was further calculated to study the different influences of LSPR on
the far and near fields. The results are shown in Figure 3.
The two solid lines in the figure correspond to the extinction
efficiency spectrum and surface averaged SERS enhancement spectrum respectively, and the discrete points represent the maximum SERS enhancement obtained at the ‘hot
spot’ of a Pd dimer as the wavelength is varied.
The figure shows that the normalized curves of the extinction efficiency and the surface averaged enhancement
factor reach their maximum at 556 and 651 nm, respectively. The curves for the maximum enhancement factor at
the ‘hot spot’ and the surface-averaged enhancement factor
almost overlap. Note that the three curves in the figure are
normalized. The maximum SERS enhancement at the ‘hot
spot’ is two orders of magnitude larger than that of the
maximum surface-averaged enhancement. The surface-averaged enhancement curve shows a red shift of about 85 nm
compared with the extinction spectrum, which suggests that
the maximum SERS factor may not be achieved when the
Pd dimer is excited at the extinction peak wavelength (the
SPR excitation frequency). The maximum SERS enhancement factor at the ‘hot spot’ is at exactly the same wavelength as the maximum surface-averaged enhancement factor for the Pd dimer. This strongly indicates that the SERS
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Figure 3 Incident wavelength dependent spectra of a Pd nanosphere
dimer with D = 100 nm and d = 1 nm. The dashed line, solid line and discrete points correspond to the extinction efficiency, surface-averaged enhancement and maximum E-field enhancement factor, respectively.

signal of aggregated nanoparticles mainly results from those
molecules located at the ‘hot spot’. In other words, the
SERS activity of Pd dimers is mainly dependent on the near
field coupling effect in the gap between the two nanoparticles known as the ‘hot spot’.
To quantitatively obtain the SERS enhancement factors
at different surface regions of Pd nanosphere dimers, we
calculated and visualized the near-field distributions of Pd
nanosphere dimers with D = 100 and d = 1 nm under 651
nm laser illumination using Mie theory. In this calculation,
the incident electric vector E was polarized along the interparticle axis connecting the centers of the two spheres (Figure 4). From Figure 4(a), we can see clearly that the local
electric field concentrates in a very small region (the socalled ‘hot spot’) in the gap between the dimers; the electric
field in other regions decreases rapidly with increasing distance from the junction. For Pd dimers, the peak value of E2
at the ‘hot spot’ is as high as about 104 because of the interparticle near-field coupling effect, which means the SERS
enhancement factor is approximately 8 orders of magnitude
if the Raman shift effect is neglected. Compared with a single particle, the emergence of a ‘hot spot’ with a huge EM
enhancement factor for nanoparticle dimers explains why
the SERS activity of individual metal nanoparticles is always much lower than that of aggregated nanoparticles.
The optical intensity (E2) contours at the ‘center crosssection’ plane of the Pd dimers are shown in Figure 4(b) to
highlight the detailed E-field distribution at the ‘hot spot’.
From this figure, it can be seen that the enhanced electric
fields are confined within a small region (several nanometers in diameter) in the middle of the ‘center cross-section’
plane. The maximum local electric field at the ‘hot spot’ is
9105 times more than that of the incident field, corresponding to a SERS enhancement factor of 8×107 for molecules
adsorbed at the ‘hot spot’. The SERS enhancement factor
decays almost exponentially as the distance from the centre
of the ‘hot spot’ increases. This calculation result shows that
the maximum SERS EM enhancement factor at the ‘hot spot’
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Figure 4 Theoretical calculations of the near-field optical intensity (E2) contours above the surface of a Pd nanosphere dimer with D = 100 nm and d = 1
nm, under incident illumination at a wavelength of 651 nm. (a) The enveloping surface at a distance of 0.01 nm from the dimer surface; (b) the “center
cross-section” plane of the dimer.

of Pd nanosphere dimers is close to 8 orders of magnitude.
2.2

Particle size effect

The above discussions are based on a fixed Pd nanosphere
size of 100 nm. In fact, the optical properties of nanoparticles (e.g. the intensity and position of plasmon resonance
peaks) are also critically dependent on the size of nanoparticles because of the retardation of the EM field across
metal clusters [41,42]. The quantitative influence of particle
size on the near-field coupling of Pd nanosphere dimers
under the parallel-polarized excitation mode was evaluated
using Mie calculations. Figure 5 shows the dependence of
the extinction efficiency and surface-averaged enhancement
factor on the excitation wavelength for Pd nanosphere
dimers with various sizes at a fixed d = 1 nm. As shown in
Figure 5(a), the extinction peaks of LSPR are located at
257, 381, 475, 566 and 657 nm corresponding to D = 40,
60, 80, 100 and 120 nm, respectively. This result indicates
that the SPR peak red-shifts gradually as the particle size
increases. Figure 5(b) shows the surface-averaged enhance-

ment factor as a function of the particle diameter. The surface averaged enhancement peaks appear at 379, 452, 530,
647 and 732 nm, corresponding to D = 40, 60, 80, 100 and
120 nm, respectively.
At a fixed separation distance, the wavelength for the
maximum surface-averaged enhancement factor of Pd nanosphere dimers red-shifts gradually and the SERS enhancement factor increases monotonically with increasing particle
size. The maximum SERS enhancement factor increases from
about 2.5×104 to 5×105 as the size of the Pd nanosphere varies from D = 40 nm to D = 100 nm. However, the peak value
for SERS enhancement remains in a narrow region of
105–106 when the particle size is above 100 nm.

3

Conclusions

The near-field coupling effect and the SERS effect of Pd
nanosphere dimers were quantitatively studied using generalized Mie theory. The SPR wavelength red-shifts dramatically as the separation distance between the nanoparticles
decreases, while the LSPR peak intensity increases gradu-

Figure 5 Incident wavelength dependent spectra of Pd nanosphere dimer with d = 1 nm and various D from 40 to 120 nm. (a) The extinction efficiency; (b)
the surface-averaged enhancement factor.
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ally. For Pd nanosphere dimers, the maximum SERS enhancement factor at the ‘hot spot’ is as high as 107–108,
while the surface-averaged SERS enhancement factor is in
the range of 105–106 under optimum conditions for the parallel-polarized excitation mode. There is deviation between
the peak positions of the extinction spectrum and the wavelength for the maximum SERS enhancement in the Pd
nanosphere system, which indicates that SPR has a different
impact on the far field and near field. The nanoparticle size
also influences the coupling effect, and the dimers containing larger particles usually show higher SERS activity. The
theoretical results in this work may be helpful for further
understanding the SERS enhancement mechanism, as well
as for designing and optimizing SERS experiments with
transition metals for practical use.
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