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ABSTRACT The optical properties of a nanoparticle dimer bridged by a conductive junction depend strongly on the junction

conductivity. As the conductivity increases, the bonding dimer plasmon blueshifts and broadens. For large conductance, a low energy

charge transfer plasmon also appears in the spectra with a line width that decreases with increasing conductance. A simple physical

model for the understanding of the spectral feature is presented. Our finding of a strong influence of junction conductivity on the

optical spectrum suggests that plasmonic cavities might serve as probes of molecular conductance at elevated frequencies not accessible

through electrical measurements.
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E
lectronic transport through molecules is a vibrant

field in nanoscience, promising advanced technolog-

ical applications in nanoelectronics. During the past

decade, many fundamental advances in our understanding

of molecular transport at DC or low AC frequencies have

been achieved.1-6 In molecular electronics, it is clearly of

significant importance to understand transport at gigahertz

or higher frequencies. While there has been significant

theoretical effort devoted to understanding electron trans-

port through molecular devices and quantum dots at el-

evated frequencies,7-9 standard electrical transport mea-

surements cannot be performed in this regime due to the

strong capacitive coupling between electrodes.

Also during the past decade, there have been significant

developments in the understanding of the optical properties

of plasmonic nanostructures.10,11 A unique feature of plas-

monic nanostructures is the sensitive dependence of their

plasmon resonance energies on nanostructure geometry and

dielectric environment.12-14 When two nanoparticles are

placed next to each other, forming a nanoparticle dimer

configuration, the plasmon modes of the individual nano-

particles interact, resulting in hybridized dimer plasmon

modes with energies that can be strongly red shifted relative

to the plasmon modes of the individual nanoparticles.15-17

In particular, the dipolar bonding dimer plasmons (BDP) with

large localized charge distributions of opposite sign on either

side of the junction can give rise to enormously enhanced

local electromagnetic fields in the junction.18,19

In several recent experiments and theoretical studies it has

been shown that when a conductive overlap between two

closely spaced nanoparticles is established, the optical spec-

trum and local field distribution can be strongly modified.20-28

When a conduction path between two nanoparticles opens,

a charge transfer plasmon (CTP), involving both a polariza-

tion of the charge distribution of the individual nanoparticles

and an oscillating electrical current across the junction,

emerges. The energy of the CTP depends very sensitively

on the junction profile and thus indirectly on the conduc-

tance of the junction between the two particles.21 In spite

of these studies, no clear picture has emerged of the CTP

and how its properties depend on the shape and conductive

properties of the junction.

In this paper, we present a theoretical investigation of

how the optical properties of a plasmonic conductive cavity

(PCC) consisting of a strongly coupled (nontouching) nano-

particle dimer are influenced by the presence of a conductive

bridge across the junction between the nanoparticles. This

system can be viewed as a simple model of two nanopar-

ticles linked by an ensemble of conductive molecules. We

show that the optical properties of the PCC depend strongly

on the conductance of the bridge. This finding suggests that

molecular conductance at elevated frequencies can be probed

by optical means in this geometry and offers a possible

strategy for measuring such conductances in the visible and

infrared region of the spectrum.

The geometry of our simple model system is depicted in

Figure 1a. The permittivities ε(ω) of the materials, Au29 and
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silica,30 are taken from the literature. The dimer is assumed

to be suspended in vacuum. For simplicity, to illustrate that

conductance matters the conductive bridge is modeled as a

pure conductor with conductivity κJ, that is

The conductance G of the junction can be calculated analyti-

cally, G ) Ĝ(Rext, a, d)κJ, where Ĝ depends on the geometrical

parameters Rext, a, and d. In the limit of a thin junction a ,

d, Rext, the conductance can be approximated by G ) κJπa2/

d. For the interparticle distance considered here (d ) 1 nm),

the conductance scales as a2 up to a ∼3 nm, then depends

approximately linearly on a. To connect with the terminol-

ogy for molecular conductance, we will vary κJ so that the

total conductance of the junction is equal to an integer

number n of quantum units of conductance, that is, G ) nG0

where G0 ) 2e2/h ≈ 77.5 µS. The optical response and the

induced local fields of the system are calculated by solving

Maxwell’s equations exactly using the boundary element

method (BEM).31

In Figure 1b, we show the extinction spectra of the PCC

as a function of junction conductance over a large wave-

length scale. The peak around 840 nm is the hybridized

dipolar BDP resulting from the capacitive coupling of the

individual nanoshell plasmon modes.15 As the conduc-

tance of the junction increases, the energy of the BDP

blueshifts and its width changes. For the largest conduc-

tance, a new plasmon mode appears around λ ≈ 3000

nm. This is the CTP where in addition to a polarization of

the charge distribution of each nanoshell, an electric

current flows across the junction and the net charge of

the individual nanoshells will oscillate in time. The CTP

is particularly prominent in the spectrum when the junc-

tion conductivity becomes similar to the conductivity of

the metal particles.

In Figure 1c, we show the local electric field distributions

in the junction for the BDP and CTP. For low conductance

(G ) 5G0), a field is still present across the junction, allowing

for a significant capacitive coupling between the two nano-

particles. As the conductivity increases, the local field is

progressively expelled from the molecular junction, reducing

the capacitive coupling across the cavity. For intermediate

values of conductance (G ) 62G0), it can clearly be seen that

the local field across the conductive bridge has disappeared.

In this case, the capacitive coupling between the two

nanoshells is reduced and results in a slight blueshift of the

BDP. We will refer to this blue-shifted BDP as a Screened

BDP (SBDP). In the bottom panel of Figure 1c, we show the

field distribution for the CTP for a large conductance. The

contour plot clearly shows that the junction fields outside

the conductive bridge are also strongly reduced. In this limit,

the conductive junction acts as a short circuit, drastically

reducing the potential difference between the two nanoshells.

We address now in more detail the spectral features and

tendencies of both the BDP and the CTP as optical finger-

prints of the conductance of the junction.

In Figure 2a-c, we show the extinction spectra in the

short wavelength region of the spectrum, near the BDP, for

three different junction radii and several different conduc-

tances. For small values of the conductance, the energy of

the BDP remains unaltered with a monotonic increase in line

width with increasing conductance (see Figure 2e,f). For

intermediate conductance, the BDP blueshifts and the SBDP

is formed. As the conductance becomes larger, the energy

of the SBDP remains unchanged but its line width decreases.

This behavior is found systematically for the three different

sizes of the conductive junctions in Figure 2a-c. Conduc-

tance thresholds for the formation and narrowing of the

SBDP clearly depend on the geometry of the junction. In

Figure 2e,f, we show how the width and shift of the SBDP

depend on junction conductivity. These results clearly show

a correlation between the spectral behavior of the BDP and

the junction conductivity.

The line width dependence on the junction conductance

can be qualitatively understood from a simple resistor model

(Figure 3a) where the PCC is modeled as a serial combination

of resistors rAu (gold particles) and rjunction (molecular junc-

FIGURE 1. (a) Schematic representation of the PCC. A nanoshell
dimer connected by a cylindrical conductor of radius a and internal
length d. The radius of the silica core is Rint ) 45 nm, the outer gold
surface Rext ) 55 nm. k is the wavevector of the incoming electro-
magnetic wave. (b) Extinction spectra of a PCC for a ) 2 nm as a
function of junction conductance. Insets illustrate the charge
distributions for the dipolar BDP and the CTP. (c) Near-field maps
at the resonance wavelengths for some of the systems in (b): BDP at
λ ) 840 nm (top); SBDP at λ ) 790 nm (middle); CTP with at λ )

2940 nm (bottom).

ε(ω) ) 1 + i
4πκJ

ω
(1)
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tion). The power dissipated in the junction WJ, when a

potential V is applied, is

For low junction conductance (rJ . rAu), the dissipation

in the junction scales as WJ ≈ 1/rJ ≈ κJ. In this low conduc-

tance limit, the junction dissipation and hence the broaden-

ing of the SBDP increases linearly with the conductivity of

the molecular junction. For large junction conductance (rJ

, rAu), the dissipation in the junction scales as WJ ≈ rJ ≈ 1/κJ,

that is, a further increase of junction conductivity produces

a decrease of the dissipation and hence, a reduced line

width. This is exactly the situation observed in Figure 2e.

The magnitude of the blueshift increases with junction

radius a. In the absence of the junction, a large Coulomb

attraction between the two nearby sides of nanoparticles is

present for the BDP, as illustrated in the top panel of Figure

3b. For the SBDP, as illustrated in the middle panel, the

Coulomb attraction is reduced since the surface charges

facing the molecular junction have been shorted. The de-

crease in capacitive coupling with increasing a can be

inferred from the near-field plots in Figure 2d, which shows

that a larger junction removes more surface charge and

results in lower field enhancements than a small junction.

For small junction radii, the blueshift is proportional to the

cross sectional area of the junction a2, in qualitative agree-

ment with Figure 2f.

Both the SBDP and CTP plasmon involve oscillatory

charge transport across the junction. To qualitatively under-

stand the threshold conductance for the appearances of the

SBDP and the CTP it is useful to relate the time involved in

the electron transport processes τSBDP and τCTP to the time

of the corresponding optical cycles.

As illustrated in Figure 3b, the SBDP is formed when the

surface charges on the opposite sides of the junction have

had time to neutralize. To estimate the magnitude of the

charge that needs to be transported in each cycle, we note

FIGURE 2. Extinction spectra of the PCC as a function of conductance for different radii: a ) 1 nm (a), a ) 2 nm (b), and a ) 3 nm (c). (d)
Near-field map at resonance wavelengths: a ) 1 nm and G ) 63G0 (top); a ) 2 nm and G ) 132G0 (bottom). (e) Full width at half-maximum
(fwhm) of the BDP resonance as a function of conductivity κJ ) κjunction of the molecular junction for different radii of the junction. The
conductivity is normalized to the conductivity of gold. (f) Evolution of the BDP to a SBDP peak position for the same conditions as in (e).

FIGURE 3. (a) Resistor model describing the response of the PCC.
Each nanoshell is represented by a resistor rAu, and the conductive
bridge by rJ. The voltage from the incident field is V. (b) Schematics
illustrating the reduction of the capacitive coupling across the
junction when the junction conductance is increased for the BDP
(top), SBDP (middle), and CTP (bottom). (c) Blueshift of the BDP as
a function of junction conductance G for different radii in the low
conductance regime.

WJ )

V
2
rJ

(2rAu + rJ)
2

(2)
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that for the BDP, the local electric field enhancement in the

junction is Eloc
) [(2Rext)/d]Eext, where Eext is the external

electric field.32 This local electric field enhancement corre-

sponds to a surface charge density of σBDP ) Eloc/4π. For a

small junction, one can assume the surface charge to be

constant across the junction, resulting in a total charge QBDP

) πa2(Eloc/4π) to be transported in each cycle. The current

through the junction is I ) GElocd. The time for this transport

τBDP ) QBDP/I ) a2/4Gd. For the SBDP to be formed, this time

scale must be shorter than a fraction of an optical cycle. If

we take this fraction to be one-fourth, for example, this time

scale must be shorter than tBDP ) π/2ωBDP. We thus obtain

the threshold conductance for the SBDP

As discussed in Figure 2, the conductance threshold for the

SBDP depends on junction geometry. By factoring out the

geometrical quantities in eq 3, the threshold for the SBDP

can be expressed in terms of conductivity as κJ > ωSBDP/2π2,

that is, the condition for the appearance of the SBDP in

absolute terms is related to the conductivity of the junction

rather than its conductance. We can observe this effect in

Figure 2f, where a common position of the threshold con-

ductivity is marked with a cross for all molecular dimensions.

In Figure 3c, we show the initial shift of the BDP with

increasing conductance in the low conductivity regime, for

several junctions of different radii. The threshold conduc-

tances obtained from eq 3 are marked with crosses for each

radius. A systematic trend can be observed for all cases: a

range of low conductance where the BDP peak remains at

the same spectral position (λ ) 840 nm), followed by a

blueshift of the BDP, eventually reaching the SBDP. The

onset of the blueshift occurs exactly for the threshold

conductance eq 3.

A similar argument can be applied to understand the

conductance required to sustain the CTP. When the CTP is

fully formed, the plasmonic charge will be concentrated on

the outside hemispheres of the two nanoshells and the total

field across the junction will be negligible (bottom panels in

Figures 1c and 3b). The plasmon induced field in the junction

is thus Eloc
) -Eext. The total charge that needs to be

transported in each cycle is QCTP ) (Rext
2 /4)Eext and the

amplitude of the instantaneous local field is 2Eext. The time

scale for this charge transport is τCTP ) QCTP/I ) (Rext
2 /

4Gd)(Eext/2Eext). As for the SBDP, the CTP requires that τCTP be

a fraction of the optical cycle time tCTP ) π/2ωCTP. This leads to

the following expression for the conductance threshold

This expression shows that the CTP is related to the conduc-

tance of the junction rather than its conductivity and that the

CTP requires significantly larger conductances than the SBDP.

In Figure 4, we explore situations where the conductivity

of the junction is similar in magnitude to that of gold. First,

we analyze the case of a junction with a conductivity 5 times

larger than that of gold in Figure 4a. In this limit, the dimer

acts as one continous nanostructure, rather than a coupled

pair of nanoparticles. As for plasmonic nanoparticles in

general, the plasmon frequencies depend strongly on ge-

ometry. This is clearly evident in the figure, which shows a

strong redshift of the CTP with decreasing junction radius.

The figure also shows a significant narrowing of the CTP for

larger conductance due to the reduced dissipation for large

conductance.

To more clearly illustrate the effect of dissipation, in

Figure 4b we show spectra for a PCC with a junction of fixed

size. The figure shows that the energy of the CTP resonance

remains fixed as expected in the large conductance limit.

The significant narrowing of the CTP resonance with increas-

ing conductance is due to the reduced dissipation and is in

agreement with our predictions using the simple resistor

model eq 2. For the junction in Figure 4b, our time scale

analysis of the CTP, eq 4, gives GCTP ) 400 G0. This result is

in excellent agreement with the figure which shows that a

CTP is clearly well developed above 352G0. For the junction

GSBDP )

ωBDP

2π

a
2

d
(3)

GCTP )

ωCTP

4π

Rext
2

d
(4)

FIGURE 4. (a) Extinction spectra for dimers connected by junctions
of varying radii a and conductivity κJ ) 5κAu. (b) Extinction spectra
for a junction of fixed radius a ) 5 nm but varying conductance.
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in Figure 1b, eq 4 predicts GCTP ) 225 G0 which is consistent

with the fully developed CTP for G ) 263G0.

A blueshift of the BDP and the emergence of a CTP as

a function of conductive overlap between two nanopar-

ticles is an effect that has been discussed theoretically and

observed experimentally both in nanoshell dimers and in

cylindrical infrared gap antennas where metallic junctions

bridge the gap.23,25 In these cases, the conductivity of the

junctions are the same as the surrounding nanoparticles.

In such a situation, the resulting plasmon modes are

controlled only by the geometry of the junction. The

results for the infrared antennas25 are in excellent agree-

ment with the present results. As the diameter and

consequently the conductance of the junction is increased,

the BDP blueshifts and a low energy CTP appears on the

red side of the BDP. Our simple estimate for the appear-

ance of the CTP, eq 4, applies also for this cylindrical

geometry and predicts a CTP for a junction radius of 10

nm in almost perfect agreement with the theoretical

simulations.25

The present calculation assumed a very simple frequency

independent conductivity of the bridge between the two

nanoparticles. This assumption was made to show that the

optical response of the PCC was sensitive to the conductance

of the junction. In a realistic situation, one cannot assume a

frequency independent conductance. For instance, if the

junction consists of stacked molecules, one would expect

that a tunneling or ballistic electron could induce both

vibrational and low energy electronic excitations of the

molecules. Such processes are likely to induce sharp reso-

nances in the frequency dependent conductance. For metal-

lic nanowire junctions, one would expect that density of

states effects and electron-electron interactions could also

introduce a strong frequency dependence of the conductance.

To experimentally probe situations where the junction

conductance is expected to exhibit sharp resonances, one

would need to tune the energy of the PCC plasmons across

the conductance peak and also in between such resonances.

The plasmon resonances of the PCC resonances can of

course be tuned across the visible region of the spectrum

and into the far-infrared region by simply changing the

geometry of the structure. However, a more convenient

approach for tuning would be embedding the structure in a

dielectric medium. Our calculation shows that both the SBDP

and CTP resonances are indeed highly tunable in this man-

ner, and that both resonances readily can be shifted by much

larger energies than the energies of typical molecular vibra-

tions (around 100 meV).

To take full advantage of the SBDP and CTP as finger-

prints of electron transport processes at optical frequencies,

it is possible to optimize the PCC by using smaller diameter

nanoparticles, plasmonic materials of lower conductivities,

or plasmonic dimers with more red-shifted plasmon modes.

Such systems will present smaller threshold conductivities,

and could thus be used to detect lower conductance values.

In summary, we have studied the optical behavior of a

metallic dimer connected by conductive junctions and have

identified two different regimes of its optical response. In

the low conductance regime, the optical response depends

on the conductivity rather than the conductance of the

junction. The optical spectrum exhibits a bonding dimer

mode BDP which blueshifts into a screened bonding dimer

plasmon SBDP as the conductivity increases. In the large

conductance regime, a charge transfer plasmon CTP appears

prominently on the red side of the SBDP. This mode is

characterized by an oscillating electric current flowing across

the junction. Using simple universal time scale arguments,

we have established conductivity and conductance thresh-

olds for the appearance of these features. We believe that

the study of spectral changes in plasmonic nanocavities

linked by conductive bridges such as molecules, nanotubes,

and nanowires can be used to probe electrical transport at

visible frequencies, a regime not accessible through electrical

measurements.
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