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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 nano-
photonics.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 phenom-
enon 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 photo-
stability.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

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 nano-
particles 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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this power law relationship appears valid over the entire
interparticle distance range considered here, with at most errors

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

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 = Δ  /  0 as functions of x in (c) gold and (d) silver dimers.
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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-to-
center 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).

The graphs in Figure 5 can be closely approximated to
rational functions of the form f(L/2R) = p/[∑n=0

N qn(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) = Δ  /  0 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  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 = (−i  RπRe[  ])−1, ZCf

= (−i  2πR  0)−1,
and ZCg

= (−i  Cg)
−1, where  0 is the permittivity of the

medium around the particles and  (  ) 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

π ε ε
ωπ ε ε=

+ +
+Z

C R
j RC

2 (2 Re[ ])

(2 Re[ ])total
g 0

g 0 (1)

Excitation of the dipolar mode requires Ztotal = 0. This gives the
condition for resonance in a nanosphere dimer as

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 = Δ  /  0 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.
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ε π ε= − −
C
R

Re[ ]
2

2g
0 (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

λ π ε= + +
⎛
⎝⎜

⎞
⎠⎟p q

C
R

2 g
0

(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

λ
λ

λ λ
λ ε

Δ = − = +
π( )q

p q

2

2

C

R

0

0

0 0

g

(4)

Alu and Engheta35 have estimated the gap capacitance in
nanosphere dimers as Cg = ε0πR

2/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 near-
inverse 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.

■ 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

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.
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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 depend-
ence 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.
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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 =
ε0πR

2/d and Cg = ε0πR
2/4d.

Figure 8. (a) Experimentally measured and (b) the simulated SPR
wavelength shift Δλ = λ − λ0 in gold and silver dimers as functions of x
= d/2R.
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