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ABSTRACT: The dependence of surface plasmon coupling on the distance between
two nanoparticles (dimer) is the basis of nanometrology tools such as plasmon rulers.
Application of these nanometric rulers requires an accurate description of the scaling of
the surface plasmon resonance (SPR) wavelength with distance. Here, we have applied
electron energy-loss spectroscopy (EELS) and scanning transmission electron
microscopy (STEM) imaging to investigate the relationship between the SPR
wavelength of gold and silver nanosphere dimers (radius R) and interparticle distance
(d) in the range 0.1R < d < R. The choice of EELS enables probing the SPRs of
individual dimers, whose dimensions and separation distances are measured in situ with
subnanometer resolution using STEM. We ﬁnd that the decaying exponential
description of the fractional SPR wavelength shift with d/2R holds valid only over a
limited range of d. Instead, within the range 0.1R < d < R the fractional SPR wavelength
shift is found to be related to (2R/d)n, with n ∼ 0.9 determined for both gold and silver
dimers. Despite this common power dependence, consistently larger SPR wavelength
shifts are registered for silver for a given change in d, implying silver dimers to be more sensitive plasmon rulers than their gold
counterparts.

■

INTRODUCTION
Plasmonic noble metal nanoparticles are of fundamental
interest and play a key role in several technological ﬁelds
such as ultrasensitive biosensing, nanomedicine, and nanophotonics.1−4 This is due to the ability of these nanoparticles to
support surface plasmon resonances (SPRs) in the optical range
of the electromagnetic spectrum, resulting in the conﬁnement
of optical ﬁelds to subwavelength dimensions and enhancement
of their intensities by several orders of magnitude.4 Besides the
enhancement and conﬁnement of optical ﬁelds, the SPR energy
itself is a key parameter in developing new methodologies for
ultrasensitive sensing and measuring on the nanometer scale.
While the SPR energy of individual nanoparticles can be
manipulated, for example through controlling their shape, size,
or dielectric environment, an even more impressive phenomenon is how SPRs interact and shift as multiple particles are
brought closer together. An example where the tunability of
SPR energy with interparticle distance has been explored is in
plasmon rulers, in which the recorded shift in SPR energy is
used for distance measurement in biological and chemical
systems.5−7 Advantages of plasmon rulers over other biosensing
techniques traditionally used for distance measurement, such as
ﬂuorescence resonance energy transfer (FRET), include longer
distance detection range, improved sensitivity, and photostability.6 It is envisaged that plasmonic rulers can act as
sensitive optical sensing tools in cases where certain targets
induce an actuation of nanoparticles, and examples of sensing
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diﬀerent chemical and biological activities by them have been
demonstrated.8−10
One challenge in successful implementation of plasmonic
rulers is accurate calibration of them. Several reports on the
scaling of SPR shift with interparticle distance can be found in
the literature. A cubic dependence of the dipolar interaction on
the inverse of the interparticle distance in chains of nanoparticles is known.11 However, at closer range distances higher
order interactions become increasingly important, resulting in
deviations from this cubic dependence, with a close to inverse
relationship found between the SPR shift and interparticle
distance theoretically.12,13 Several experimental studies on
arrays of gold nanoparticle dimers fabricated by electron
lithography have reported an approximately exponential
decaying behavior of the SPR wavelength shift with interparticle
distance.7,14−16 The systematic measurements carried out by
Jain et al.7 on gold nanodisk dimers together with their discrete
dipole approximation (DDA) calculations suggested an
exponential expression for the relationship with a decay
constant of ∼0.2, claimed to be universal, i.e., independent of
particle shape, size, composition, and dielectric properties of
the surrounding environment. However, the universality of this
relationship has been disputed in the literature, with various
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prepared from gold chloride in a chemical reduction process
using sodium citrate.
Electron Microscopy and EELS. TEM specimens were
prepared by depositing the solution containing the nanoparticles on a 5 nm thick amorphous Si3N4 membrane followed
by evaporation. EELS measurements were carried out in STEM
mode using a monochromated FEI Titan instrument operated
at 120 kV. Spatial and energy resolution of the measurements
were 0.4 nm and 0.15 eV, respectively. Energy dispersion per
channel of 0.01 eV and acquisition time of 0.1−0.2 s per
spectrum were used. STEM images of dimers were recorded
before and after the EELS acquisitions and were used to
measure dimensions and distances between particles. Spectra
were analyzed after removing the zero-loss peak and the
background post-plasmon features due to the substrate. SPR
energies were determined by least-squares ﬁtting the plasmon
features (both bright and dark modes) with Gaussian functions.
Multiple Scattering Simulations. Fully retarded calculations based on a volume integral equation and the dyadic
Green’s function for the electric ﬁeld were used to simulate the
extinction eﬃciency of nanosphere dimers with radii R and
interparticle distance d, immersed in a homogeneous background medium illuminated with light polarized along the
dimer axis and energy in range 0.5−5.0 eV. SPR energies were
retrieved as the peaks in the extinction spectra for interparticle
separation distance range 0.1R < d < 2R. The dielectric
functions of gold and silver particles are obtained from the
Lorentz−Drude model that takes inter- and intraband
transitions in metals into account.25 The presence of a substrate
in the experimental measurements was accounted for in the
simulations by determining an eﬀective permittivity (εeff) value
for the environment around the particles. The eﬀective
permittivity was determined as the background permittivity in
the simulations that yields the same experimental and
calculated value of the SPR energy for isolated nanoparticles.
This eﬀective permittivity value (εeff = 1.25 for silver and 1.35
for gold) was then used to simulate the extinction eﬃciency of
dimers. As discussed in detail by de Lasson et al.,24 within a
local description and neglecting quantum eﬀects, the optical
scattering calculations are only limited by the truncation of the
series expansions of the electric ﬁelds over the spherical
harmonic functions of order l, where the sum is truncated at a
ﬁnite lmax. For all structures an lmax = 8, giving a global relative
error on the calculated electric ﬁeld of ∼1%, was used as a
starting point. If the SPR energies obtained with lmax = 8 and
lmax = 9 did not converge, lmax was increased. Only in instances
d < 0.3R, a higher lmax than 8 was required to obtain converged
values of the SPR energy. More details on the calculations,
including validation of the method, can be found elsewhere.24
Since the calculations are speciﬁc to the scenario where the
dimers are illuminated by an electromagnetic (light) plane-wave
polarized along the axis, while in the experiments plasmons are
generated by the electric ﬁeld of a moving electron, swiftly
passing by and losing energy in the process, and such electric
ﬁeld diﬀers greatly from the uniform harmonic ﬁeld of polarized
light, a question may arise as to whether the SPR scaling
calibration performed with electrons is signiﬁcant to plasmon
rulers excited and probed by photons. The issue of electron vs
photon plasmonic excitations has recently been discussed by
Collins and Midgley,26 who demonstrated by means of explicit
calculations that the positions of modal maxima (i.e., in our
case, the SPR peak position) are the same regardless of whether
electrons or photons were used to excite them. It is, instead, the

theoretical studies discussing size, shape, and distance dependence of the SPR wavelength shift.16−18 In addition, an
exponential relationship with a diﬀerent decay constant has
been determined experimentally between the SPR shift of silver
nanoparticle dimers in solution and interparticle distance.19
Electron microscopy has been imperative in most experimental studies of the plasmon ruler nanostructures, and
scanning electron microscopy (SEM) or transmission electron
microscopy (TEM) has typically been employed pre- or
postoptical measurements in order to accurately determine
dimensions and distances.7,14,19 This is due to the limited
spatial resolution of optical techniques (at best a few tens of
nanometers), which is typically insuﬃcient to accurately
measure the dimensions and distances in plasmonic structures.
Besides being a tool for high resolution imaging, the electron
beam in a TEM can also be used to excite surface plasmons and
study their properties with electron energy-loss spectroscopy
(EELS).20−23 While this has been known for a long time, it is
only in recent years that the application of EELS is extended to
the visible light energy range and below (due to improvements
in the energy resolution of modern TEM instruments),
providing the opportunity to perform simultaneous imaging
and spectroscopy on plasmonic structures in a TEM with
subnanometer spatial resolution. Moreover, the limited spatial
resolution of optical techniques has meant that many studies of
the scaling of SPR in plasmon rulers have relied on
measurements on ensemble structures fabricated by electron
lithography instead of probing individual structures. Depending
on the accuracy of electron beam lithography, statistical
variation in interparticle separation, shape, or size of the
fabricated structures occurs, leading to the measurement of an
averaged optical response of the ensemble. Here we have
applied scanning TEM (STEM) imaging combined with EELS
to accurately determine and compare the scaling of the SPR
energy with interparticle distance in (quasi-) spherical gold and
silver dimers. The high spatial resolution of EELS allows these
measurements to be recorded from individual dimers instead of
ensembles. Moreover, in several cases the particles could be
moved in situ relative to each other by electron-beam-induced
forces, allowing measurements to be taken from the same dimer
at diﬀerent separations.
The experimental results are interpreted on the basis of
three-dimensional and fully retarded optical scattering calculations of gold and silver nanosphere dimers. This method is
based on a formalism for solving the Lippmann−Schwinger
equation of the electric ﬁeld in three dimensions. While the
DDA method, applied for example by Jain et al.,7 is a versatile
means for solving the volume integral equation for the electric
ﬁeld and can be applied to arbitrarily shaped scatterers, typically
a very large number of discrete dipoles are required to obtain
accurate results. In contrast, the multiple scattering method
applied here produces a much smaller system of equations to
solve, simpliﬁed by exploiting the spherical symmetry of the
scatterers analyzed (as demonstrated in detail elsewhere24), and
thus produces more accurate results for this particular
geometry.

■

EXPERIMENTAL AND COMPUTATIONAL
METHODS
Particle Preparation. Silver nanoparticles were prepared
by laser ablation from bulk silver in water using 532 nm laser
pulses with pulse lengths of 10 ns, a repetition rate of 10 Hz,
and pulse energies of ∼0.15 W·s. Gold nanoparticles were
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polarization along the long axis of the dimer. It is the energy of
this plasmon mode that is monitored for sensing in plasmon
ruler structures, and our EELS measurements and simulations
here follow the relationship between this parameter and
interparticle distance.
Scaling of SPR Wavelength Shift with Interparticle
Distance. The EELS measurements and optical scattering
calculations of the SPR energies (Ep) of gold and silver dimers
as functions of the ratio surface to surface distance to particle
diameter x = d/2R are plotted in Figures 3a and 3b. The error
bars in the experimental measurements of x correspond to the
spatial resolution limit of determining d and R (±0.4 nm), but
the deviation of the proﬁles of the particles in STEM images
(projected through the thickness of the particles) from perfect
circles and the diﬀerence in the sizes of the two particles
forming a dimer are not included. The error bars in Ep
correspond to the uncertainty in the measurements arising
primarily from the overlap between the bright dipolar mode
and the dark mode in the EEL spectra at larger interparticle
distances, plus the noise present in the data. Overall, a very
good agreement is seen between the EELS measurements and
the simulations, conﬁrming that the same SPR modes are
excited both optically and with an electron beam. The
simulated Ep vs x plots show very little dependence on particle
radius R within the range considered, indicating that diﬀerences
in the radii of the dimers studied experimentally may be
neglected in the analyses. Moreover, the good agreement
between the experimental and simulations suggests that
reasonably small deviations in the shape of the particles from
perfect spheres or small diﬀerences in the radii of the two
particles forming dimers do not aﬀect the SPR energy
signiﬁcantly and can be neglected here.
Most studies of the SPR scaling law have considered the
fractional shift ratio in resonance wavelength Δλ/λ0 = (λ − λ0)/
λ0 as a function of d/2R, where λ is the SPR wavelength of a
dimer and λ0 the SPR wavelength of a single particle of the
same radius. Accordingly, plots of y = Δλ/λ0 versus x = d/2R of
our EELS and simulated data on gold and silver dimers are
shown in Figures 3c and 3d, respectively.
In order to ascertain whether an exponential function can
adequately describe the fractional shift ratio, semilogarithmic
plots log(y) vs x along with the least-squares exponential ﬁts
through the experimental data and their corresponding R2
values are displayed in Figures 4a and 4c. Very similar leastsquares exponential ﬁts to the universal exponential function
suggested by Jain et al.7 are determined here, with a decay
constant of ∼0.2 found for both gold and silver dimers.
However, these semilogarithmic plots do not appear particularly linear, despite the reasonable R2 values of these
exponential ﬁts. In particular, the slope of the plots deviate
from the suggested universal value of 0.2, at the lower and
higher ends of the range considered (0.1R < d < R). A more
appropriate test for the quality of these exponential ﬁts can be
determining the errors associated with estimating d from y
values, as is the primary purpose of plasmon rulers. In this case,
errors as large as ∼50% are found when estimating distances at
either ends of the range studied (i.e., d ∼ 0.1R or d ∼ R) using
the exponential SPR scaling relationship.
Power law functions of the form Ax−n are found to provide
improved estimates of y(x), as is clear from the corresponding
log−log plots of the data in Figures 4b and 4d. Approximately
the same power dependence n ∼ 0.9 is determined for both
gold and silver. In contrast to an exponential decay estimation,

probability of exciting particular modes (the Mie expansion
coeﬃcients, determined by boundary conditions, which, in turn,
are obviously diﬀerent for plane-wave polarized light and for a
moving charge) that depends on the chosen irradiation. The
various plasmonic modes that can exist in a given system are, in
fact, exclusively dependent on the geometry (shape, size,
separation, environment, etc.), and using photons or electrons
only aﬀects which modes are excited. The primary example of
this is the so-called “dark mode”, which can be excited with
electrons but not with polarized light.

■

RESULTS AND DISCUSSION
STEM and EELS Measurements of Dimers. Measurements were taken from diﬀerent sets of dimers with radii (R,
see inset in Figure 3d) 13 nm < R < 19 nm in gold particles and
9 nm < R < 15 nm in silver particles. Only dimers with particles
of similar dimensions and with shapes close to spherical were
selected for analysis. Furthermore, only surface to surface
interparticle distances d > 0.1R (see inset in Figure 3d) are
considered here, since nonlocal and quantum eﬀects are not
expected to play a signiﬁcant role in this range.27−29 However,
it is worth emphasizing that data points could be acquired at
even smaller separations,29 further extending the investigation
of the SPR scaling law in a range where dimers are in very close
proximity, a regime which is very diﬃcult to access both
theoretically and experimentally with non-STEM techniques.
As discussed in detail by Batson et al.,30 the interaction
between the electron beam and a pair of nanoparticles in
STEM can result in both attractive and repulsive forces
(depending on the location and direction of scanning) and
induce movement of the particles. Figure 1 shows an example

Figure 1. STEM images of a pair of gold nanoparticles moved relative
to each other by scanning the electron probe for 2−3 min in the area
between the particles, similar to the dotted box in (a) and with the
scanning direction along the marked arrows, i.e., perpendicular to the
long axis of the particles. The surface to surface distance between the
particles in (a)−(d) are approximately 4.0, 7.4, 9.2, and 10.7 nm,
respectively.

in which a repulsive force was induced between two particles by
scanning the electron probe in the gap between the particles,
resulting in movement of the particles relative to each other
and increasing their separation. This phenomenon could be
used in several cases to modify the distance between the
particles and to record the SPR energies of the same dimer
separated at diﬀerent distances.
Example STEM images of the gold and silver dimers are
displayed in Figures 2a and 2c. The respective EEL spectra of
the dimers, with the electron beam placed in the periphery (at
the position of the dots in each image), are displayed in Figures
2b and 2d. As discussed by Koh et al.,22 EELS probes the bright
dipolar and dark SPRs of a dimer when the electron beam is in
the periphery of the structure. The bright dipolar SPR in this
case corresponds to the optically excited mode with the light
5480
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Figure 2. STEM images of (a) gold (Au) and (c) silver (Ag) dimers with diﬀerent separation distances. (b, d) The corresponding EEL spectra of the
dimers in (a) and (c). The dots in STEM images denote the position of the electron beam in each measurement.

Figure 3. SPR energies (Ep) measured with EELS and simulated for (a) gold and (b) silver dimers as functions of the ratio x = d/2R (see inset in
(d)). The experimentally measured and simulated fractional SPR wavelength shift ratios y = Δλ/λ0 as functions of x in (c) gold and (d) silver dimers.

∼14% associated with estimating d from y. Harris et al.13 have
reported very similar results based on their calculations of the

this power law relationship appears valid over the entire
interparticle distance range considered here, with at most errors
5481
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Figure 4. (a, c) Semilogarithmic scale and (b, d) logarithmic scale plots of the experimentally measured and simulated (R = 17 nm for gold and R =
13 nm for silver) fractional SPR wavelength shift ratios y = Δλ/λ0 of (a, b) gold and (c, d) silver dimers as functions of x = d/2R. The exponential
and power law ﬁts found for the experimental data along with their corresponding R2 values are also stated in each case.

The graphs in Figure 5 can be closely approximated to
rational functions of the form f(L/2R) = p/[∑Nn=0qn(L/2R)n],
where p, qn, and N are constants and the qn(L/2R)n terms arise
from the decaying behavior of the hybridized plasmon mode
with distance. The values of the coeﬃcients qn are such that
within the range 2R < L < 3R (corresponding to d < R) the
function f(L/2R) = Δλ/λ0 becomes approximately proportional
to (L/2R − 1)−1 or (d/2R)−1. This behavior can be explained
in an intuitive way using the optical nanocircuit model.34,35
Figure 6 shows the equivalent nanocircuit for two noble metal
nanospheres separated at distance d < R, illuminated by an
electromagnetic plane-wave with frequency ω in the visible
light range, as proposed by Alu et al.34,35 The components Ls,
Cf, and Cg correspond to the nanocircuit elements describing
the electric ﬁeld induced inside the noble metal nanospheres
(inductive), the fringe dipolar electric ﬁeld outside the
nanospheres (capacitive), and the gap between the particles
(capacitive), respectively.34,35
The corresponding impedances of these components have
been estimated as ZLs = (−iωRπRe[ε])−1, ZCf = (−iω2πRε0)−1,
and ZCg = (−iωCg)−1, where ε0 is the permittivity of the
medium around the particles and ε(ω) is the permittivity of the
noble metal the nanoparticles are made of.34,35 Using these
expressions, we derive the total impedance of the nanocircuit in
Figure 6, Ztotal = (2ZLsZCf)/(ZLs + ZCf) + ZCg, to be

SPR wavelength in closely coupled gold nanosphere chains
using the T-matrix method, giving n = 0.89 for dimers. This
power dependence is considerably diﬀerent from the expected
inverse cubic relationship for classical dipolar coupling. The
inverse cubic relationship, derived for point dipoles,31 has been
shown theoretically to be valid only at longer range distances,
where the distance between particles exceeds their size (d >
R).32 However, within the distance range considered here (d <
R), as typically also relevant to plasmon rulers, the interaction
between two particles deviates considerably from that of
classical dipoles. As explained by Nordlander et al.33 based on
the plasmon hybridization model, in dimers the l = 1 dipole
mode of one particle begins to interact and mix with the l′ > 1
multipole modes of the other particle. As a result, the
hybridized plasmon SPR is expected to scale with distance
proportional to L−(l+l′+1), where L = d + 2R is the center-tocenter distance between the two particles in the dimer. At close
range distances, higher order multipoles become dominant,
resulting in a stronger red-shift of the dipolar SPR with
interparticle distance than that expected from a purely dipolar
interaction. This change in the coupling behavior of particles in
short- and long-range distances can be readily seen in our
logarithmic scale plots of y versus L/2R. As shown in Figure 5, y
scales approximately with (L/2R)−3 for L ∼ 4R (corresponding
to d ∼ 2R), implying a classical dipolar behavior in this range (l
= 1, l′ = 1, hence L−(l+l′+1) = L−3). However, as the separation
between the particles decreases, the fractional SPR wavelength
shift increases more and more rapidly, becoming proportional
to (L/2R)−9 for L ∼ 2.2R (corresponding to d ∼ 0.2R),
suggesting that as the separation decreases we capture
progressively the contributions from quadrupole−quadrupole
interactions (l = 2, l′ = 2, hence L−(l+l′+1) = L−5) and higher
modes up to the sextupole−sextupole (l = 4, l′ = 4, hence L−9).

Ztotal =

2Cg + πR(2ε0 + Re[ε])
jωπRCg(2ε0 + Re[ε])

(1)

Excitation of the dipolar mode requires Ztotal = 0. This gives the
condition for resonance in a nanosphere dimer as
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⎛ Cg
⎞
+ ε0⎟
λ = p + 2q⎜
⎝ πR
⎠

(3)

Using eq 3 together with the resonance condition in single gold
and silver spheres, the fractional SPR wavelength shift (Δλ/λ0)
in closely spaced dimers is derived as
Cg

( )

2q πR
λ − λ0
Δλ
=
=
p + 2qε0
λ0
λ0

(4)

35

Alu and Engheta have estimated the gap capacitance in
nanosphere dimers as Cg = ε0πR2/d, where charge distribution
over half the surface area of spheres is assumed. Using this
capacitance relationship, the p and q values for gold and silver
and their respective eﬀective permittivities employed in our
multiple scattering calculations, eq 4 gives ΔλAu/λ0 = 0.039(d/
2R)−1 in the case of gold and ΔλAg/λ0 = 0.064(d/2R)−1 in the
case of silver. While here we have demonstrated the nearinverse relationship between Δλ/λ0 and d/2R as was found
experimentally, higher amplitudes are determined based on the
nanocircuit model than the experimental values (see Figure 4).
We attribute this diﬀerence to the surface charge distribution
(and hence the capacitance) in two closely spaced nanoparticles
diﬀering from that assumed by Alu and Engheta.35 As the
distance between nanoparticles decreases, the eﬀective surface
area where charge accumulates becomes increasingly localized
(i.e., smaller). This is analogous to and follows on from the
increasing importance of multipolar interactions between the
particles at smaller separation distances, as discussed earlier.
Comparing the amplitudes determined from the nanocircuit
model to those found from the experimental results suggests a
factor of 4 smaller eﬀective surface area charge distribution than
the assumed semispherical surface area (see Figure 7).
Comparison between Gold and Silver. While the results
so far reveal common parameters between gold and silver
dimers in both the exponential and power law estimates of their
fractional SPR shift scaling with distance, consistently larger
amplitudes are inferred for the fractional SPR shift in silver than
gold. In order to comment on any superiority in sensitivity of
one material over the other as plasmon rulers, Δλ = λ − λ0
determined for gold and silver dimers are compared in Figure 8.
The results show that consistently larger Δλ values are
registered for a given change in d in the case of silver than
gold, in both the EELS measurements and the simulations. This
implies that silver plasmon rulers are more sensitive to small
changes in interparticle distance than their gold counterparts
and hence, as also pointed out elsewhere,18,19 can act as more
sensitive plasmon rulers.

Figure 5. Logarithmic scale plots of the experimentally measured and
simulated (R = 17 nm for gold and R = 13 nm for silver) fractional
SPR wavelength shift ratios y = (Δλ/λ0) of (a) gold and (b) silver
dimers as functions of L/2R, where L = d + 2R is the center-to-center
distance between the spheres in the dimer. The dashed lines show how
the scaling of y with L/2R changes at short- and long-range distances.

Figure 6. Equivalent nanocircuit of two closely spaced noble metal
nanospheres illuminated by an electromagnetic plane-wave of
frequency in the visible light range.35 In the case of noble metals
where Re[ε] < 0, the nanospheres are modeled as inductors Ls, the
fringe ﬁeld outside the particles as capacitors Cf, and the gap between
the particles as a capacitor Cg.

Re[ε] = −

2Cg
πR

− 2ε0

■

CONCLUSIONS
In conclusion, we investigated the scaling of the SPR energy of
gold and silver nanosphere dimers with radius R and surface to
surface separation distance d, using combined STEM imaging
and EELS, within the range 0.1R < d < R. Applying EELS to
probe the plasmon response of individual dimers enabled
simultaneous spectroscopy and subnanometer resolution
measurement of R and d. The results were compared to
three-dimensional, fully retarded optical scattering calculations.
It was found that exponential relationships similar to the
universal function suggested in the literature could only
describe the fractional shift in SPR wavelength over a limited
range of interparticle distances, as the quality of these

(2)

For very large interparticle distances, d → ∞, the capacitance in
the gap between the particles tends to zero, resulting in the
well-known condition for SPR in a single sphere, Re[ε] = −2ε0.
Utilizing the approximately linear relationship between Re[ε]
and wavelength λ in the visible light range in gold and silver, λ
= p − qRe[ε], where λ = 463 − 14.5Re[ε] in the case of gold
and λ = 318 − 18.5Re[ε] in the case of silver,36 in combination
with eq 2, the SPR wavelength in dimers can be written as
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estimations deteriorated especially at the lower or higher ends
of the d/2R range analyzed. The fractional shift in SPR
wavelength could instead be related to (2R/d)0.9, with the
power dependence ∼0.9 found to be independent of the choice
of gold or silver. In contrast to a decaying exponential
relationship, this power law relationship was valid over the
entire range 0.1R < d < R. This power dependence, also
predicted by the T-matrix modeling of closely coupled gold
nanosphere dimers carried out by Harris et al.,13 is notably
diﬀerent from the inverse cubic relationship expected in dipolar
coupling. Examining the dependence of the fractional SPR
wavelength shift on center-to-center interparticle distance (L =
2R + d) demonstrated that a dipolar interaction approximation
is valid only at large interparticle distances. In close distance
range coupling (d < R), the fractional SPR wavelength shift was
found to scale with a higher order than cube of the inverse
(center-to-center) interparticle distance and the power dependence increased for decreasing distances. This provides
experimental evidence supporting the validity of the plasmon
hybridization model, conﬁrming that multipolar interactions
become increasingly important at smaller distances and begin
to interact and mix with the dipole mode.33 Other theoretical
studies,13,18,32 including our multiple scattering simulations in
an earlier publication,24 have also demonstrated the breakdown
of a strictly dipolar interaction between nanoparticles with d <
R. Finally, when comparing gold and silver dimers, the SPR
wavelength in silver dimers was found to be more sensitive to
changes in d than gold dimers. These results are of interest to
and contribute to a better understanding of plasmon rulers.

Figure 7. Fractional SPR wavelength shift values y = Δλ/λ0 of (a) gold
and (b) silver dimers as functions of x = d/2R measured
experimentally and determined from the nanocircuit model for gap
capacitance Cg with eﬀective surface area charge distribution equivalent
to that of semisphere and that 4 times smaller, giving respectively Cg =
ε0πR2/d and Cg = ε0πR2/4d.
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