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ABSTRACT

Localized surface plasmon resonances (LSPR) in lithographically fabricated gold (Au) nanodisc pairs are investigated using microabsorption
spectroscopy and electrodynamic simulations. In agreement with previous work, we find that the fractional plasmon wavelength shift for
polarization along the interparticle axis decays nearly exponentially with the interparticle gap. In addition, we find that the decay length is
roughly about 0.2 in units of the particle size for different nanoparticle size, shape, metal type, or medium dielectric constant. The near-
exponential distance decay and the interesting “universal” scaling behavior of interparticle plasmon coupling can be qualitatively explained
on the basis of a dipolar-coupling model as being due to the interplay of two factors: the direct dependence of the single-particle polarizability
on the cubic power of the particle dimension and the decay of the plasmonic near-field as the cubic power of the inverse distance. Using this
universal scaling behavior, we are able to derive a “plasmon ruler equation” that estimates the interparticle separation between Au nanospheres
in a biological system from the observed fractional shift of the plasmon band. We find good agreement of the interparticle separations
estimated using this equation with the experimental observations of Reinhard et al. ( Nano Lett. 2005, 5, 2246−2252).

The unique interaction of metal nanoparticles with electro-
magnetic radiation is constituted by localized surface plas-
mons, which are coherent oscillations of the metal electrons
in resonance with light of a certain frequency, i.e., the
localized surface plasmon resonance (LSPR) frequency.1-6

The LSPR results in a strongly enhanced electricnear-field
localized at the particle surface, which forms the basis of
surface-enhanced spectroscopy using metal nanoparticles.7,8

The plasmon oscillations also decay radiatively or non-
radiatively, respectively, giving rise to strongly enhanced
scattering (in thefar-field) and absorption at the LSPR
frequency.2,9,10 These optical properties have been utilized
in optical technologies for chemical and biological imag-
ing,11,12 sensing,13-15 and therapeutics.16-19 Many of the
applications of metal nanoparticles are being realized from
their assemblies and hence, recent studies have been focused
on the assemblies/arrays of metal nanoparticles.20 These
studies have established that the plasmonic properties are
strongly dependent on interparticle interactions.21-29 The
near-fieldon one particle has the ability to interact with that
on an adjacent particle in close proximity, coupling the

plasmon oscillations together.1,23,28,30,31 This interparticle
plasmon coupling forms the basis of the intense enhancement
of spectroscopic signals (e.g., SERS) from molecules ad-
sorbed at nanoparticle junctions, providing the capability for
single-molecule sensing and detection.32,33 Near-field cou-
pling in ordered nanoparticle assemblies has also been
exploited for electromagnetic energy transport and subwave-
length photonic waveguiding.34-37

The coupled-particle LSPR occurs at a frequency that is
shifted from the single-particle LSPR frequency. The as-
sembly or aggregation of gold nanoparticles in solution
results in a red-shift of the plasmon extinction wavelength
maximum from that of isolated gold nanoparticle solution
at∼520 nm, as also evidenced by a visual color change from
red to purple.22,38,39As shown by the Alivisatos and Mirkin
groups,40,41 by employing a biomolecular recognition event
(e.g., DNA hybridization) to trigger the assembly of nano-
particles in solution, the spectral shift in the plasmon
resonance can be employed to detect specific biomolecules
including DNA and protein biomarkers for cancer and other
diseases.13

The magnitude of the assembly-induced plasmon shift
depends on the strength of the interparticle coupling, which,
in turn, depends on the proximity of the individual nano-
particles. The plasmon shift thus gives a measure of the
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distance between the particles.39,42,43Sonnichsen et al. and
Reinhard et al. utilized this recently to design a “plasmon
ruler” to measure nanoscale distances in biological systems
on the basis of the spectral shift resulting from the coupling
of two gold nanoparticles by a defined biomolecular binding
scheme.42,44The plasmon ruler has some distinct advantages
over the fluorescence resonance energy transfer (FRET)
technique traditionally used for distance measurement, viz.
a longer distance range and better photostability of the optical
probes.42,43However, a major prerequisite for the application
of the plasmonic ruler is the systematic calibration and
standardization of the spectral shift as a function of the
interparticle separation.43 While the distance dependence of
FRET is well established,45 there have been few quantitative
studies on the distance dependence of plasmon cou-
pling.21,23,27,43The decay of electromagnetic fields in nano-
structures is also fundamentally interesting from the point
of view of plasmonics.30,34

The electron beam lithography technique, which provides
the ability to produce metal nanoparticle structures with
controlled dimensions and spacing, has already been shown
by Aussenegg and Krenn to be extremely powerful for such
studies.23,46-48 Recently, Su et al. studied plasmon coupling
in lithographically produced elliptical gold nanoparticle pairs
and observed that the plasmon shift decays almost exponen-
tially as a function of the interparticle separation.21 Gun-
narsson et al.27 further verified this near-exponential behavior
in a system of Ag nanodisc pairs. A fundamental model
explaining the distance dependence of plasmon coupling is
lacking, however, which is the goal of the present work.
Here, we study the plasmon resonances of lithographically
fabricated pairs of Au nanodiscs for different interparticle
separations. The polarization dependence of the plasmon
coupling is clearly evident, in line with an earlier study by
Rechberger et al.23 The exponential-like decay of the
plasmonic shift with interparticle gap for polarization along
the interparticle axis is also observed. Discrete dipole
approximation simulations of the nanodisc pairs verify the
observation of Su et al. that the near-exponential trend of
the plasmon shift with respect to the interparticle gap
becomes independent of the nanodisc diameter when the shift
and separation gap are scaled respectively by the single-
particle plasmon wavelength and the nanodisc diameter.21

We further find that the decay constant measured for our
Au-based system matches very well with that of the Ag
system studied earlier.27 The decay constant is calculated also
to be similar for nanoparticles of different shape as well as
for different dielectric media. Thus, the distance decay of
interparticle plasmon coupling manifests a universal scaling
behavior, the origin of which we explain on the basis of a
simple dipolar-coupling model.

Au Nanodisc Array Fabrication. Au nanodisc pairs were
fabricated using electron beam lithography (EBL). Quartz
slides (Technical Glass Products, Inc.) cleaned in piranha
solution (1 part 30% H2O2 and 3 parts H2SO4) for 1.5 h at
80 °C and dried in air were spin-coated with 65 nm PMMA
950k electron-sensitive resist followed by curing at 180°C
for 3 min. In order to render the substrate conductive, it was

coated with a 10 nm gold layer in a thermal evaporator. The
pattern for the nanodisc array was written on the substrate
using the JEOL JBX-9300FS EBL system. The gold layer
was then etched with an aqueous solution of KI and I2

followed by development in 1:3 methyl isobutyl ketone/
isopropyl alcohol for 180 s. The patterned substrate was then
washed in isopropyl alcohol for 30 s and dried in pure N2.
A thin 0.4 nm Cr layer was deposited on the substrate in an
electron beam evaporator in order to improve the adhesion
of the subsequent Au layer deposited to a 25 nm thickness
at a rate of 0.5 Å/s. Finally, the PMMA resist and the
overlaying Au layer is removed by lift-off in hot acetone
(∼63 °C). Following this procedure, we fabricated two-
dimensional 80µm × 80 µm arrays of 88 nm diameter Au
nanodiscs with an interparticle center-to-center spacing of
300 nm between the particle rows and a center-to-center
spacing of 600 nm between particles within each row. In
each subsequent sample, every second particle row is shifted
closer to the previous row to give different arrays of particle
pairs with interparticle edge-to-edge separation gap varying
as 212, 27, 17, 12, 7, and 2 nm. The patterns were imaged
by scanning electron microscopy (SEM) on a LEO 1530
thermally-assisted field emission SEM, Zeiss/LEO. A rep-
resentative image of the array with an interparticle gap of
12 nm is shown in Figure 1. Optical spectra of the nanodisc
pairs were obtained on the substrate using a SEE 1100
microabsorption spectrophotometer in the transmission mode
under polarized light excitation using a 20× objective. The
area examined was 8× 8 µm2.

Polarized Microabsorption. LSPR spectra of lithographi-
cally fabricated Au nanodisc pair arrays with different
internanodisc separation gaps ) 212, 27, 17, 12, 7, and 2
nm were obtained by microabsorption spectroscopy (Figure
2a,c). Two different polarization directions of the incident
light were chosen, i.e., one parallel to the interparticle axis
(Figure 2a) and the other perpendicular (Figure 2c) to the
axis. The spectral behavior is in sharp contrast for the two
polarization directions, as already observed by Tamaru et
al.,49 Rechberger et al.,23 and Maier et al.30 Under parallel
polarization, the plasmon resonance strongly red-shifts as
the interparticle gap is reduced. Conversely, there is a very
weak blue-shift with decreasing gap for orthogonal polariza-
tion. The resonance shift results from the electromagnetic
coupling of the single-particle plasmons, the polarization
dependence of which can be explained on the basis of a
simple dipole-dipole coupling model. The dipole-dipole
interaction is attractive for parallel polarization, which results
in the reduction of the plasmon frequency (red-shift of the
plasmon band), while that for the orthogonal polarization is
repulsive, resulting in the increase in the plasmon frequency
(blue-shift).23,50 The interparticle interactions are clearly
stronger for parallel polarization, as seen from the larger
wavelength shifts. In fact, under parallel polarization, at
extremely small interparticle gaps, i.e.,s ) 2 nm, a new
shoulder appears at shorter wavelengths, similar to earlier
studies on pairs of Ag nanodisc27 and Au nanorods50 with
nearly touching particles. It must be noted that this new band
is attributed to higher-order interactions, possibly the quad-
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rupole mode,27,51 and cannot be explained by the dipolar
interaction model.

The shift in the plasmon extinction maximum is plotted
against the interparticle edge-to-edge separation gap for the
parallel polarization in Figure 3a. Note that the plasmon
maximum fors) 212 nm (particles spaced enough to assume

minimal coupling) has been used as the reference for
calculation of the shift. Because these spectra are from an
ensemble of particle pairs rather than single particle pairs,
the data point fors ) 2 nm was not included due to the
significant dispersion in the lithographic fabrication of such
a small gap. The plot of the plasmon shift versus the

Figure 1. Representative SEM image of the array of nanodisc pairs used in the present study, having an interparticle edge-to-edge separation
gap of 12 nm, showing the homogeneity of the sample. The inset shows a magnified image of a single nanodisc pair clearly showing the
interparticle gap. Each nanodisc has a diameter of 88 nm and thickness of 25 nm. Images of arrays with other interparticle gaps are not
shown.

Figure 2. (a,c) Microabsorption and (b,d) DDA-simulated extinction efficiency spectra of Au nanodisc pairs for varying interparticle
separation gap for incident light polarization direction (a,b) parallel and (c,d) perpendicular to the interparticle axis.
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interparticle gap follows nearly an exponential decay with a
decay length of 15.5 nm( 3.0 nm.

DDA Simulations. The discrete dipole approximation
(DDA) method52 was used to simulate the LSPR spectra of
the Au nanodisc pairs. The DDA method has been demon-
strated by the Schatz group to be suitable for optical
calculations of the extinction spectrum and the local electric
field distribution in metal particles with different geometries
and environments.2,53 While DDA has limitations in calculat-
ing electromagnetic fields around particles,54,55 we are
interested in the extinction properties of the particle pairs,
which are simulated quite well by DDA, as established by
the work of the Schatz group, including recent calculations
of lithographically prepared silver nanodisc pairs.27 As argued
earlier by Rechberger et al.,23 it is reasonable to consider in
the calculations a single particle pair instead of the entire
2-D array. This is because the individual particle pairs in
the experiment, especially for the smaller gap samples, are
separated from each other well enough (much larger than
2.5 particle diameters)21 to have any significant near-field
coupling between different pairs. This ensures that only the
interaction with the pair partner is important.23

The results of discrete dipole approximation simulations
of a pair of Au nanodiscs are shown for the light polarization
direction parallel to the interparticle axis (Figure 2b) and
that perpendicular to the axis (Figure 2d). In our calculations,
each nanodisc was approximated by a cylinder of diameter
86.5 nm and height 25.5 nm, with the cylinder axis normal
to the substrate. The dielectric constant of the surrounding
mediumεm used was 1.0 for air, however, the most accurate
treatment would require the consideration of the dielectric
properties of the substrate, which consists of a quartz slide
covered by a very thin chromium layer. The simulation
assumes idealized isotropic cylinders with homogeneous sizes
and interparticle gaps, which deviates from the true experi-
mental situation. Our calculations also do not include a
parameter to account for experimental inhomogeneities. All
these factors contribute to the deviations of the DDA results
from the experimental spectra. Nevertheless, the features of
the experimental data are clearly reproduced in our simula-
tion. The plasmon band for the disc pair with the maximum
separation, i.e.,s ) 208 nm (which is close to 2.5 particle

diameters),21,30closely matches the isolated nanodisc plasmon
maximum (not shown) at∼561 nm. With decreasing
interparticle gap, a strong red-shift is seen for parallel
polarization, along with increase in the extinction efficiency
similar to the experimental observation. When the gap
reaches around 2 nm, a small shoulder emerges around 550
nm similar to the experimental case. For perpendicular
polarization, only a weak blue-shift of the plasmon band with
decreasing gap is seen along with a decrease in the extinction
efficiency.

In the case of lithographic arrays, in addition to the near-
field coupling between the particles in a pair, there also exists
a far-field radiative coupling between particles at large feature
separations (or grating constant) on the order of the
wavelength of light. This has been studied in detail by
Lamprecht et al. in 150 nm diameter gold nanodisc arrays,
who showed that a change in the grating constant of the array
has a significant effect on the single-particle plasmon
resonance wavelength and the plasmon resonance line
width.56 In our experimental samples with small interparticle
gaps (2-27 nm), the near-field coupling can be expected to
be much stronger than any grating effects, while in the
sample with interparticle gap of 212 nm, the grating constant
is 300 nm (distance between rows), which may be lower
than that required for significant far-field coupling.23 In any
case, by means of the DDA simulation of single particle
pairs, we can study the near-field plasmon coupling, which
is the aim of the present study, without including the
complicating effect of the far-field radiative coupling or
grating effects.

Figure 3b shows a plot of the DDA-simulated plasmon
shift versus the interparticle separation gap for the parallel
polarization. The shift can be fit very nearly to an exponential
decay with a decay length of 17.6( 2.5 nm, close to the
experimental value (Figure 3a). Note that this plot does not
include the data points where the discs are nearly touching,
which results in the emergence of higher-order resonances.

Scaling Behavior.Su et al. have shown that the plot of
the experimentally observed plasmon shift versus interparticle
separation gap follows the same trend for particles of

Figure 3. Shift in the plasmon wavelength maximum of a pair of Au nanodiscs as a function of the interparticle edge-to-edge separation
gap for (a) experiment and (b) DDA simulation. The red curves are least-squares fits to single-exponential decayy ) y0 + a‚e-x/l, yielding
a decay lengthl of 15.5 ( 3.0 nm (R2 ) 0.985) for experiment and 17.6( 2.5 nm (R2 ) 0.989) for simulations.
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different dimensions when the shift and separation are scaled
respectively by the single-particle plasmon wavelength
maximumλ0 and the particle size.21 Accordingly, using the
DDA method, we calculated the plasmon shift as a function
of the interparticle separation for discs of different diameters
at a constant aspect ratioh/D ≈ 0.3 and medium dielectric
constantεm ) 1.0. Figure 4a shows the plasmon shift versus
the interparticle center-to-center distance for three different
particle diameters,D ) 54, 68, and 86 nm. With increasing
particle size, the magnitude of the plasmon shift at a given
interparticle distance increases (Figure 4a). In addition, the
plasmon coupling exhibits a decay length, which increases
with increasing nanodisc size (13.7, 15.5, and 17.5 nm,
respectively). Figure 4b shows a plot of the fractional
plasmon shift versus the ratio of the interparticle separation
scaled by the nanodisc diameter for the three different particle
sizes. It is seen that the decay trend becomes independent
of the nanoparticle size on account of this scaling. On fitting
with an exponential decay of the formy ) a‚e-x/τ (wherex
) s/D), the decay constantτ for this universal trend is
estimated to be 0.23( 0.03, close to the experimental value
τ ) 0.18 ( 0.02 (Figure 4c). In essence, the plasmon

coupling decays over a length that is roughly 0.2 times the
nanodisc diameter.

It is interesting to find that the decay constant estimated
here closely matches the one observed by Gunnarson et al.
(τ ) 0.22) in a system of nanodisc pairs of a different
plasmonic metal, i.e., Ag.27 The Ag system, however, exhibits
larger magnitude of the plasmon shift (indicated by the
parametera of the fit), which can be attributed for by the
well-known fact that the electromagnetic fields are stronger
in the Ag system. In Au, the proximity of the plasmon
resonance and the interband transition energies results in the
damping of the plasmon resonance by interband electron
excitations and hence in a reduction of the strength of the
plasmonic field in comparison to the Ag system.57 Regardless
of this difference, the distance decay of the plasmon field
itself appears to be independent of the nature of the metal.

We further investigate the simulated dependence of the
distance decay of the plasmon shift on the medium dielectric
constant. Figure 5a shows the calculated plasmon wavelength
maximum versus the interparticle gap for three different
values of the medium dielectric constantεm ) 1.00, 1.38,
and 2.25, for constant nanodisc dimensions (D ) 86.5 nm

Figure 4. (a) Calculated plasmon shift vs the center-to-center distance in Au nanodisc pair for different disc diameters. The solid curves
represent least-squares fits to single-exponential decay functiony ) y0 + a‚e-x/l. The decay lengthsl obtained from the fit are 13.7, 15.5,
and 17.7 nm for nanodisc diameterD ) 54, 68, and 86 nm, respectively. (b) Calculated fractional plasmon shift vs the ratio of interparticle
gap to nanodisc diameter, showing that the scaled data points for the different disc sizes follow a common trend, which can be fit together
to the single-exponential decay (solid curves)y ) a‚e-x/τ with a ) 0.14( 0.01andτ ) 0.23( 0.03. (c) Experimental fractional plasmon
shift vs ratio of gap to diameter and exponential fit (solid curve) witha ) 0.10 ( 0.01 andτ ) 0.18 ( 0.02.
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and h ) 25.5 nm). It is well-established that the single-
particle LSPR red-shifts with increasing medium dielectric
constantεm, which we observe. However, we also observe
that the extent of the plasmon shift (and hence the strength
of the plasmon coupling) increases with an increase in the
medium dielectric constant. This is counterintuitive to the
well-known screening of electrostatic interactions in a higher
dielectric constant medium. The plot of the fractional shift
versus the gap/diameter ratio (Figure 5b) shows a decay rate,
which is similar for the different values ofεm while the
amplitude increases with increasing dielectric constant (τ )
0.23, 0.24, and 0.27;a ) 0.16, 0.23, and 0.29 forεm ) 1.00,
1.38, and 2.25, respectively).

The nanoparticle shape also does not seem to have much
influence on the decay behavior. We performed DDA
calculations of the plasmon extinction efficiency of a pair
of diameter 10 nm Au nanospheres, each represented by a
30 × 30 × 30 cubic array of dipoles, corresponding to an
interdipole spacing of 0.33 nm. The medium refractive index
was 1.33 for water. The calculated spectra for the incident
light polarization direction parallel to the interparticle axis

(Figure 6a) show that the plasmon band red-shifts with
decreasing interparticle separation gap, similar to the case
of the nanodisc pairs. The magnitude of the plasmon shift is
much smaller in this case, as likely due to the smaller volume
of these spheres as compared to the nanodiscs. However,
the fractional plasmon shift versus the gap/diameter ratio
(Figure 6b) follows a trend with a decay constant (τ ) 0.21
( 0.02) similar to that in the nanodisc system. At extremely
small gap (i.e., 0.67 nm), where the particles are almost
touching each other, a new band (possibly due to the
quadrupolar mode) can be seen to emerge at shorter
wavelengths. This data point is not included in the plot in
Figure 6b. Experimentally, Reinhard et al.43 have calibrated
the distance dependence of the plasmon shift in a pair of 42
nm Au nanospheres, and from the fit to their data, we
estimate their decay constant to be about 0.24. Simulations
by Wei et al.58 based on the T-matrix method and by
Reinhard et al.43 based on DDA also agree with these results,
excluding particles that are nearly touching each other.

The universal scaling of the distance decay of plasmon
coupling, demonstrated above, is also the likely reason for

Figure 5. (a) Plot of the calculated plasmon maximum of the Au nanodisc pair system as a function of the interparticle distance for
different values of the medium dielectric constantεm. The plot shows that the magnitude of the plasmon shift is higher for higher values
of εm. (b) Plot of the calculated fractional shift versus the gap/diameter ratio for differentεm. The data plots for differentεm are fit to
single-exponential decayy ) a‚e-x/τ (solid curves) with similar decay constantτ ) 0.23( 0.04, 0.24( 0.03, and 0.27( 0.03 but increasing
amplitudea ) 0.16 ( 0.02, 0.23( 0.02, and 0.29( 0.02 for εm ) 1.00, 1.38, and 2.25, respectively.

Figure 6. (a) DDA-simulated extinction efficiency spectra of 10 nm diameter Au nanosphere pair in water (εm ) 1.77) for varying interparticle
separation gap for incident light polarization direction parallel to the interparticle axis. (b) Plot of fractional plasmon shift in Au nanosphere
pair as a function of the gap/diameter ratio. The solid curve is a least-squares fit to an exponential decay function of the formy ) a‚e-x/τ

wherea ) 0.08 ( 0.01 andτ ) 0.21 ( 0.02.
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the good agreement of our experimental and calculated decay
constants despite the difference between the experimental
parameters and those idealized in the simulations.

Plasmon Ruler Equation.We can take advantage of the
universal scaling behavior to derive an empirical equation,
which can be used to estimate the interparticle separation
from an experimentally observed plasmon shift. This can
serve as a useful calibration guide for the plasmon ruler
designed to measure distances in biological systems.42-44 The
refractive index for proteins is estimated to be about 1.6.43

We derive the “plasmon ruler equation”59 for a Au particle
pair in such a protein medium to be:

where ∆λ/λ0 is the fractional plasmon shift,s is the
interparticle edge-to-edge separation, andD is the particle
diameter. Reinhard et al.43 recently obtained plasmon reso-
nance spectra of pairs of 42 nm Au nanoparticles bound by
ds-DNA spacers of known base pair lengths and therefore
having defined interparticle separations (see Table 1). In their
experiments, the dark-field microscopy technique was em-
ployed for obtaining plasmon spectra to ensure high spectral
sensitivity and hence the observed∆λ/λ0 is for the plasmon
resonance scattering band. We use the plasmon ruler equation
(eq 1) to calculate the interparticle separations of a
nanoparticle pair from the corresponding∆λ/λ0 observed by
Reinhard et al. (Table 1). Indeed, we get good agreement
between our calculated values and the experimental inter-
particle separation, with reasonable deviations only at the
smallest separations. It should also be noted that our
calculated expression is for the light polarization direction
along the interparticle axis, unlike the experiments in
solution. But Reinhard et al. have already pointed out that
experimental polarization effects have low significance for
smaller nanoparticles (up to 40 nm size range); they become
important for larger (87 nm) nanoparticles.43

Dipolar-Coupling Model . A simple model based on
dipole-dipole interactions (Supporting Information) can
provide us an intuitive picture of the distance decay of
plasmon coupling in metal nanostructures. The dipolar
coupling model, described by Kreibig and Vollmer,1 has been
found in the past to explain interparticle plasmon coupling
effects with good qualitative agreement.23,60The dipolar near-
field of a plasmonic particle is known to decay as the cube
of the inverse distance,30 as a result of which the plasmon
coupling strength becomes a function ofd-3, a dependence
which can be approximated very nearly to an exponential
decay (Figure S1, Supporting Information). The polarization
dependence can also be explained by the dipolar model on
the basis of the orientation dependence of the near field.50

The interesting size-scaling relationship can be understood
as follows. The fractional plasmon shift (∆λ/λ0) can be
thought to reflect the strength of the interparticle electro-
magnetic coupling relative to the intraparticle plasmonic
restoring potential.24 While the interparticle dipolar coupling
potential is known to decay with center-to-center distance
asd-3,30 the intraparticle restoring potential (reflected by the
inverse of the dipole polarizability) is inversely proportional
to the volume orD3. As a result,∆λ/λ0 becomes a function
of (d/D)-3 or (s/D + 1)-3. Thus the dependence of the
plasmon coupling strength on similar powers of separation
s and diameterD allows the dimensional scaling of the
function and hence the universality over particle pairs of
varied dimensions. This functional dependence of fractional
shift on (s/D + 1)-3 also involves no contribution from the
surrounding medium dielectric constant and the metal type.
Moreover, the effect of shape is weak (Figure S2, Supporting
Information). Thus the scaling behavior (indicated by the
decay constantτ) is similar for different nanoparticle size,
shape, metal type, or medium dielectric constant; these
parameters only govern the magnitude of the fractional shift
in the system (indicated by the amplitudea). For instance,
the simple dipolar picture predicts that when the medium
dielectric constant is changed from 1.00 to 2.25, the value
of the amplitude nearly doubles without any significant effect
on the decay constant (Figure S3, Supporting Information).
This is similar to the observation from the DDA simulations
(Figure 5b). The predicted effect of the medium dielectric
constant on the plasmon shift deserves further experimental
investigation. This can potentially be useful for the estimation
of the local medium dielectric constant by plasmon resonance
spectroscopy.

The quasistatic dipolar-coupling model, however, is quali-
tative because it does not take into account electromagnetic
retardation effects as well as higher-order/multipolar inter-
actions unlike the DDA method, where each particle is
simulated by several thousand dipoles and retardation cor-
rection is included. As finite particle size and multipolar
effects become increasingly important, deviations from the
predictions of the dipolar model can be seen. Our observation
is that the dipolar model underestimates the plasmon coupling
strength at small interparticle gaps, in line with earlier
analyses.27,61 The dipolar model is clearly not valid for
interactions between particles, which are nearly touching each

Table 1. Experimental Interparticle Separation of Au
Nanoparticle Pair Linked by DNA Spacers (Data from Reinhard
et al.)43 as Compared to the Interparticle Separation Calculated
from the Observed Percentage Plasmon Shift (from the
Experimental Fit of Reinhard et al.)43 Using Our Plasmon Ruler
Equation (eq 1)a

DNA spacer
length43

(base pairs)

observed
∆λ/λ0

43

(%)

experimental pair
separation43

(nm)

calculated
separation from eq 1

(nm)

250 0.00 93 91
110 0.16 45 46
67 0.66 31 32
40 1.62 22 23
20 3.14 15 17
10 4.38 11 14

a Note that we have excluded from this analysis the data of Reinhard et
al. for “pairs with zero separation”. The experimental values of the pair
separation in the third column were obtained as per the procedure of
Reinhard et al., i.e., assuming a contour length of 0.34 nm per base pair
and an additional distance of 8 nm to account for the thickness of the protein
layer on the nanoparticles.43

∆λ
λ0

≈ 0.18 exp(-(s/D)
0.23 ) (1)
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other.27 In such a case, a complete treatment61,62 involving
all modes of interaction (dipolar, quadrupolar, ...) needs to
be employed. We conjecture that the scaling may still be
valid (only with a decay rate faster than that predicted by
the purely dipolar model) when higher-order terms (e.g.,
quadrupoles) enter into the interaction at small interparticle
separation. For instance, the quadrupolar interaction energy
is proportional to the fifth power of the inverse distance,
while the quadrupole polarizability is proportional to the fifth
power of the particle dimensions.

Conclusion.In summary, our investigation of the plasmon
resonances in Au nanodisc pairs shows that interparticle
plasmon coupling strength for polarization along interparticle
axis decays nearly exponentially with a decay length, which
is roughly about 0.2 in units of the particle size for different
nanoparticle size, shape, metal type, and medium dielectric
constant. A dipolar-coupling model qualitatively explains that
this behavior results from the interplay of two factors: the
dependence of the single-particle polarizability on the cubic
power of the particle dimension and the decay of the particle
plasmon near-field as the cubic power of the inverse distance.
The universal plasmon scaling behavior deduced in our work
can be a useful guide for the design of nanostructured
devices, which are based on interparticle plasmon coupling,
especially the plasmon ruler.43 The plasmon coupling strength
has a softer dependence on the particle separation (1/R3

within dipole approximation), thus providing a much longer
interaction range as compared to FRET, which has a 1/R6

dependence.45 Additionally, the particle size can be employed
as a direct handle for increasing the ruler range, irrespective
of the effect of nanoparticle shape, the metal type, or the
medium dielectric constant. The quantification of the plasmon
coupling decay behavior also allows us to derive a “plasmon
ruler equation” that gives an estimate of the interparticle
separation between spherical Au nanoparticles in a biological
system from the fractional plasmon shift observed spectro-
scopically.
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