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S
urface plasmon (SP) resonances ex-
cited in nanowire dimers have been
recently studied very extensively due

to their great potential for applications as
surface-enhanced Raman spectroscopy1�4

andsurface-enhanced infraredspectroscopy.5,6

Such a dimer consists of two nanowires sepa-
rated by a gap of typically a few nanometers.
The SPmodes of the two individual nanowires
couple capacitively via the gap, resulting in
the formation of bonding and antibonding
modes.7�10 A bonding mode is character-
ized by an electric field distribution where
electric field maxima of opposite sign are
located at opposite gap sides. By the excita-
tion of this mode, very high near-field en-
hancement is created at the position of the
gap.7 In contrast, the excitation of an anti-
bondingmode creates electric fieldmaxima
of the same sign at opposite gap sites. These
modes are hardly excitable using an incom-
ing plane wave. Due to their low radiative
losses, their application in light-guiding pro-
cesses has been suggested.11

However, systematic studies on nanowire
dimers with well-controlled nanowire di-
mensions and gap width are rare, due to
the challenging preparation process of such
structures. We recently synthesized nano-
wire dimers by pulsed electrodeposition of
segmented Au/Ag/Au nanowires in etched
ion-trackmembranes, followedbywet etch-
ing of the middle Ag segment to create a
nanogap, and investigated the SP reso-
nances of capacitively coupled nanowire
dimers by electron energy loss spectrosco-
py (EELS) in a scanning transmission elec-
tron microscope (STEM).12 If the dissolution
of the Ag segment is not complete, the Au
nanowires remain connected by a small
metallic junction, influencing the SP reso-
nance energies. Recent publications calculated

the SP resonances of various conductively
coupled nanostructures.13�21 The authors
report shifts of the resonance energies
depending on junction size and conductivity
and highlight the potential as interesting
platforms to investigate the coupling be-
tween electronics and plasmonics as rele-
vant, for example, for sensing and optical
switching.19,22

In this paper, we investigate SP reso-
nances of conductively and capacitively
coupled μm-long metallic nanowire dimers,
extending the analysis to higher order
modes and including not only bright but
also dark modes. CST Microwave Studio23

calculations on Au nanowires are compared
to experimental EELS-STEM results on con-
ductively coupled AuAg alloy nanowires
connected by junctions of different sizes
that were synthesized by electrodeposition
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ABSTRACT We report on the experimental and

the theoretical investigation of multipole surface

plasmon resonances in metal nanowires conduc-

tively connected by small junctions. The influence of

a conductive junction on the resonance energies of

nanowire dimers was simulated using the finite

element method based software CST Microwave

Studio and experimentally measured by electron

energy-loss spectroscopy in a transmission electron

microscope. We extend the analysis of conductively connected structures to higher order

multipole modes up to third order, including dark modes. Our results reveal that an increase in

junction size does not shift significantly the antibonding modes, but causes a strong blue shift

of the bonding modes, leading to an energetic rearrangement of the modes compared to those

of a capacitively coupled dimer with similar dimensions.
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in etched ion-track membranes. EELS-STEM is a suita-
ble method for the analysis of SP modes, since it
directly probes the local density of states of a nano-
structure.24 Applying EELS-STEM, it is possible to excite
and investigate bright and dark modes in the dimer
structures with a resolution of a few nanometers.9,25

RESULTS AND DISCUSSION

Figure 1 shows the electric field strength calculated
for four different Au nanostructures: a continuous wire
with length L= 1145 nmanddiameterD= 90nm (black
line) and three nanowire dimers, each consisting of two
wires with length L = 563 nm and diameter D = 90 nm.
From top to bottom, the wires forming a dimer are
either conductively connected by a cylindrical Au
junction with length lj = 19 nm and diameter dj =
40 nm (blue line), conductively connected by a cylind-
rical Au junctionwith identical length anddiameter dj=
20 nm (green line), or separated by a 19 nm gap (red
line). The end-caps of the structures have rounded
edges with a radius of 11.3 nm. Schemes of the struc-
tures are depicted to the right of each spectrum. The
spectra are shifted vertically for clarity and show the
absolute value of the electric field strength measured
at 1 nm distance from one end. The resonances are
excited by a dipole located at 10 nm from the second
end, oriented in the direction of the nanostructure
axis. The electric field distributions of the different SP
resonances are depicted schematically for a continu-
ous wire (top) and for the capacitively coupled dimer
(bottom).
These electric field distributions were obtained from

calculations of the electric field at the corresponding
SP resonance energies. Exemplarily, Figure 2a�f dis-
play two-dimensional plots of the z-electric field com-
ponent (perpendicular to the depicted plane) for the
dimer connected by a junction with dj = 20 nm di-
ameter (Figure 1, green line). Resonances are excited
for all four structures at 0.82 ( 0.02, 1.55 ( 0.02, and
2.03( 0.02 eV (Figure 1, vertical dashed lines). At these
energies, the resonances of all four structures have a
symmetric field distribution with respect to the center
of the wire. In the case of the capacitively coupled
dimer (red spectrum), these resonances are denoted as
antibonding modes. However, in the case of a contin-
uous nanowire (black spectrum), they are assigned to
the dark modes with multipole order l = 2, 4, and 6.
Our results demonstrate that the resonance energies
of these modes differ by only less than 0.04 eV for
different junction sizes and that the symmetry is
maintained for all four structures.
Figure 1 reveals for the dimer three further reso-

nances, known as bonding modes of different l.8

Modes with the same number of electric field maxima
and similar field distribution to that for the bonding
modes are found as well in the spectra of the two
connected wires and the continuous wire. They are, in

the case of the continuous wire, assigned to the bright
modes l= 3 and 5.We identify a clear blue shift of these
resonances with increasing connection size, which is
indicated by the arrows in Figure 1. The blue shift is
attributed to the decreasing coupling strength be-
tween the modes of the two individual wires with
increasing junction size. Calculations for two conduc-
tively connected gold nanoshells revealed the blue
shift of the dipolar bonding mode with increasing
conductance and junction size.17,19 Here, the blue shift
is demonstrated additionally for higher modes up to
third order. Our analysis shows that resonances with
similar asymmetric field distribution and the identical
number of maxima are expected for all structures and
that the resonance energy shifts to the blue with
increasing junction size. In the case of the lowest
multipole order, the shift to the blue of the resonance
energy is even bigger than 0.6 eV. It is interesting to
note that at a critical junction size AB and B modes are
degenerate. In the framework of antenna theory this
corresponds to a cancellation of capacitive and induc-
tive load.16

Comparing in Figure 1 the spectra of the capacitively
coupled dimer (red line) and the conductively coupled
dimer (dj = 20 nm) (green line), it becomes evident
that the shift to the blue of the bonding modes
when introducing a conductive junction is different
for the first- and second-order resonances. In ref 17 the
authors reported that the shift of the B1-mode to
higher energies occurs when the conductivity of the
junction equals a certain threshold that allows the
charges at the junctions to neutralize faster than the
oscillation period of the corresponding SP mode. This
implies that the conductivity threshold of the junction
increases with the SP frequency. Thus, for a given
junction (e.g., dj = 20 nm, green line), the shift in energy
for the bonding modes depends on the mode order
(i.e., on the mode frequency), the blue shift being the

Figure 1. Absolute value of the electric field strength versus
excitation energy for four different structures: a continuous
wire with length 1145 nm (black line), a conductively
coupled dimer with connection of length 19 nm and di-
ameter 40 nm (blue line), a second conductively coupled
dimer with the same connection length, but decreased
connection diameter of 20 nm (green line), and a capaci-
tively coupled dimer with gap 19 nm (red line).
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largest for the B1-mode and decreasing for B2 and B3
with increasing mode order. In addition, the larger
the junction size, the larger is its conductivity, and thus
the larger should be the shift for a given resonance
energy. Interestingly, this frequency- ormultipole-order-
dependent shift of the resonances results in a mode
rearrangement depending on the junction diameter.
See for example the green spectrum, where the
AB1-mode is lower in energy than the B1-mode, while
in contrast the AB2-mode is higher than the B2-mode.
The resonance of lowest energy in the spectrum of

the continuous wire is the charge transfer mode (CT).
This mode is as well visible in the two spectra of the
connected wires. It possesses a net charge in each of
the two connected wires. Therefore, it can only be
excited for the dimers if charge transfer between the
two wires is possible.15�17 Thus, the CT-mode does not
exist for the capacitively coupled dimer system (red
line). For the two connected dimers, the CT-mode
reveals a weak blue-shift with increasing junction
width (from 0.38 ( 0.01 to 0.40 ( 0.01 eV). For the
continuous wire the corresponding CT-mode is further
blue-shifted (0.41 ( 0.01 eV). This shift is assigned to
the increased conductivity of the junction.
Figure 2 shows the calculated two-dimensional plots

of the electric field z-component for the conductively
coupled nanowire dimer (dj= 20 nm) at the energies (a)
0.38, (b) 0.83, (c) 0.91, (d) 1.40, (e) 1.55, and (f) 1.95 eV.
The color scale depicts the strength of the electric field
at each position and is arbitrarily scaled for each image
to optimize visualization of the maxima. The dipole is
located at the right of the structures, and it is respon-
sible for the high electric field at this position. The
electric field is shown in an x�y plane shifted in the
z-direction by 8 nm to the center plane of the structure.
The electric field distributions are assigned to the SP
modes resolved in Figure 1. For the antibondingmodes
at 0.83 and 1.55 eV a broad maximum is visible at the

structure center, while the three bonding modes (0.91,
1.40, and 1.95 eV) reveal two distinct maxima, one at
each side of the nanowire ends close to the connec-
tion. The CT-mode at 0.38 eV does not have a max-
imum at the nanowire center.
As clearly visible in Figure 1, the antibonding reso-

nance energies of the nanowire dimer structure do not
shift significantly when adding conductive junctions
of various sizes. Figure 3 shows the calculated two-
dimensional plots of the electric field for the AB2-mode
of the dimer with thin connection (Figure 3a) together

Figure 2. Electric field component in the direction perpendicular to the depicted plane (z-direction) in proximity to a
nanowire dimer with a small connection of diameter 20 nm. The depicted plane is shifted by 8 nm in the z-direction. Red and
blue color indicate high and low electric field, respectively. The excitation dipole is located to the right of the structures and is
responsible for the high electric field (indicated by the red color) at this position.

Figure 3. Calculated electric field for the AB2-mode of a
dimerwith thin connection (a) and l= 4-mode of continuous
wire (b), together with the electric field corresponding to
the B2-mode of connected dimer (c) and l = 5-mode of
continuous wire (d). The direction of the arrows and the
color depict the direction of the field and its strength. The
details depict the center region with higher resolution.
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with the one for the l = 4-mode of the continuous wire
(Figure 3b). For comparison the field distributions
for the B2-mode of the conductively connected dimer
(1.40 eV) and the l = 5-mode of the continuous wire
(1.86 eV) are shown in Figure 3c and d. This Figure de-
picts the center plane of the structure, and the arrows
indicate the direction of the electric field. The color of
the arrows indicates the strength of the electric field
and for each image is independently scaled to obtain
the best visibility. The details show the gap region with
higher resolution. Red color indicates high electric
field, and green color low electric field. In the case of
the AB2-mode in Figure 3a the field close to the
junction is very low. The field distribution of this mode
is almost identical to the one of the continuous wire
(Figure 3b). This is observed as well for the AB1- and
AB3-modes (not shown in the figure). In contrast, for
the B2-mode at 1.40 eV a high electric field is excited in
the gap (Figure 3c). This leads to a spatial shift of the
electric field maxima in the direction of the structure
center, compared to the position of the maxima of the
l = 5-mode for the continuous wire (Figure 3d). Similar
shifts of the maxima are observed for the B1- and
B3-modes. The energy shifts with connection size of
the bonding modes are thus attributed to the varying
spatial field distributions. The antibonding modes,
which have almost identical field distributions, are
little shifted in energy. We conclude that the junction
influences SP resonances only if a field is concentrated
at the gap.
By pulsed electrodeposition in ion-track etched poly-

carbonate membranes Au-rich/Ag-rich/Au-rich seg-
mented nanowires were synthesized. The diameter of
the nanowires is determined by the pore size. The
length of the segments is determined by the dura-
tion of the pulses. Complete or incomplete dissolution
of the Ag-rich segment resulted in nanowire dimers
separated by a gap or connected by a conductive
junction, respectively. Details of the preparation of
the connected dimers are presented in the Methods
section. The SP resonances of these structures were
experimentally investigated by EELS-STEM. While in
the CST simulation the resonances are excited at one
end of the structure and calculated for the second end,
in the EELS measurement excitation and probe posi-
tions are identical. In EELS the energy loss of the
incident beam is used to detect the SPs, since it
depends on the electric field component in the direc-
tion of the velocity of the incoming electron beam.24

The TEM image in Figure 4a shows a conductively
coupled nanowire dimer with total length 1145 (
10 nm and diameter of 90 ( 10 nm. Unfortunately,
the exact dimension and morphology of the junction
cannot be determined from the TEM image. On the
right side of the TEM image, an EELS map is shown.
The map consists of 100 EEL spectra measured along
the wire axis at approximately 15 nmdistance from the

nanowire surface (red arrow). From left to right, the
energy loss varies from 0.25 to 3.0 eV, and the color in
the map indicates the number of counts. Blue color
signifies low count number; white color indicates a
high count number. Figure 4b shows two exemplary
spectra extracted from the map at two different posi-
tions: close to the junction (red line) and close to one of
the dimer edges (green line). The positions are indi-
cated by the respective red and green dots in the TEM
image on the right.
In the map, we can resolve seven different long-

itudinal SPmodes at various energies. Thesemodes are
attributed to the modes identified in the simulations
by counting the number ofmaxima along the structure
(i.e., along the dashed lines). Their corresponding
charge distributions are presented schematically on
top of the map.
The CT plasmon is depicted at an energy of 0.33 (

0.02 eV and reveals the two characteristic intensity
maxima at the two ends of the structure. The next two
low-energy peaks can be attributed to the AB1- and
B1-modes. In this case, the B1-mode has a higher
energy than the AB1-mode. In contrast, the B2- and
B3-modes are lower in energy than the AB2- and AB3-
modes, respectively. These experimental results are in
very good agreement with the presented simulations.
It is important to notice that for the B2- and B3-modes,
using EELS in a TEM, the maxima in the middle of
the structure are not excited. This is due to the fact that
the electron beam cannot excite an antisymmetric
mode when placing the beam very close to the center

Figure 4. (a) Plasmonic EELS map of a nanowire dimer. The
wires are connected by a conductive junction. The map
consists of 100 EEL spectra that are measured along the red
arrow in the TEM image on the left. The energy varies from
left to right from 0.25 to 3.0 eV. The color indicates the
number of counts. (b) Two spectra extracted from the
intensity map in (a). The red curve shows a spectrum
extracted from the middle of the map, while the green
curve represents a spectrum extracted from one end of the
structure (see red and green dots in the TEM image).
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of the structure, as was already demonstrated in pre-
vious publications.9,12,25 For the B1-mode, the two
maxima are not excited exactly at the center either.
However, we can resolve these two maxima slightly
away from the dimer center. We attribute this to the
fact that for the low-order modes the maxima extend
over a broader space than those of the high-order
modes (see Figure 2).
We observe that the energy difference of the B2- and

AB2-pair is smaller than that of the B3- and AB3-pair, in
agreement with the simulations. This is in contrast to
the results obtained for capacitively coupled dimers,
for which decreasing energy differences between
bonding and antibonding pairs with increasing multi-
pole order were measured.12

Figure 5a shows the spectra of two conductively
coupled nanowire dimers with similar aspect ratio,
being L/D = 13 ( 1, but different junction diameters.
The dimensions of the two dimers are L = 1145( 10 nm
andD = 90( 10 nm (Figure 4a, blue line) and L = 1490(
10 nm, D = 115 ( 10 nm, and dj = 30 nm (green line),
respectively. In contrast to all other wires presented here,
this second dimer (green line) was annealed at 300 �C for
half an hour. It was found that this procedure reduces the
Ag content very slightly, by about 3�5%.
For both structures their antibonding modes are

excited at very similar energies, marked with dashed
black lines on the spectra. For the blue spectrum the
AB3-mode is not resolvable; however, its energy could
be measured in Figure 4 and is additionally marked in
the blue curve. The small deviations for the antibond-
ing modes of the structures can be attributed to small
deviations in aspect ratio, Ag content, and shape of the
wires.26 In contrast to these modes, the energies of the
CT- and B1-modes deviate much stronger, supporting
the finding that the size of the junction only weakly
influences the antibonding mode energies, while the
CT-mode and the bondingmodes depend clearly on its
size. As expected, in the two spectra the CT-mode and
the B1-mode of the structure with smaller junction
have lower energies.
Figure 5b shows the spectra of two conductively

coupled nanowire dimers with different aspect ratios.
For one dimer it is L/D = 20( 3, L = 1510( 10 nm, D =
75 ( 10 nm, and dj = 15 nm (red line). For the second
dimer (same as in Figure 5a (green line)) L/D = 13 ( 1,
L = 1490 ( 10 nm, D = 115 ( 10 nm, and dj = 30 nm
(green line). TEM images of the wires are depicted on
top of the spectra, and the colored dots mark the
measurement positions. The energies of all resolvable
longitudinal modes in the red spectrum are red-shifted
compared to the resonance energies in the green
spectrum due to the larger aspect ratio of this wire.
The energy difference between the B1- and AB1-modes
is in this case bigger than that in the spectrum of the
wire with smaller aspect ratio, although its junction is
slightly smaller. This is due to a decreased conductivity

threshold with decreased resonance energy, as dis-
cussed above. Remarkably, a broad peak, centered at
an energy of about 2.2 eV, is resolved in the spectrum
of the dimer with larger aspect ratio. This peak is not
visible in the spectrumof the dimerwith smaller aspect
ratio. It is most probably due to a transversal mode of
the structure. The fact that the transversal mode is
visible only in the red spectrum can be understood
from the different excitation positions indicated by the
colored dots in the TEM images, indicating that the
transversal modes can be excited parallel to the nano-
wire (red dot), but not along the continuation of the
axis beyond the wire (green dot). This selective excita-
tion of the transversal modes at positions parallel to
thewire axis has been previously reported for single Au
nanowires and Au nanowire dimers in ref 12.
After the Ag dissolution process, conductive junc-

tions are found at different positions with respect
to the nanowire axis. The conductive junctions in

Figure 5. Spectra of conductively coupled nanowire dimers
with small junctions. (a) The blue line corresponds to a
spectrum of the nanostructure in Figure 4; the green line
represents the spectrum of a nanowire dimer with a junc-
tion of thickness 30 nm. Both wires have similar aspect
ratios of L/D = 13( 1. (b) The red spectrum corresponds to a
coupled dimer with L/D = 20( 3 and a junction diameter of
∼15 nm. The green line depicts the same spectrum as in (a).
All spectra aremeasured at the positions of the colored dots
in the TEM images.
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Figure 5b are, for example, not centered. We have
simulated the influence of the relative position of the
conductive junction on the SP resonances. Figure 6
shows two spectra that are calculated for a dimer
coupled conductively by a junction with lj = 19 nm
and dj = 20 nm, placed either at the center (black line)
or at the side (red line) of the two identical wires. The
length and diameter of the complete structures are
L = 1145 nm and D = 90 nm. The antibonding modes
are excited at the same energies in both spectra. The low
electricfieldat thepositionof thegap for theantibonding
mode results in similar field distributions for both struc-
tures independent of the connection position. However,
the resonance energies of the bonding modes differ
slightly, being excited at higher energies for the structure
connected at themiddle. This demonstrates that not only
the size but also the positioning of such a junction
determines the bonding mode resonance energies.

CONCLUSIONS

We have investigated the SP resonance energies
on conductively coupled metal nanowire dimers and
compared them to those of an unconnected nanowire
dimer and a continuous wire of similar dimensions. Our
results extend the analysis of SP modes on conduc-
tively coupled nanostructures to multipole modes,
including both bright and dark modes. We demon-
strate theoretically and experimentally that modes
with the same number of electric field maxima and
symmetry exist in all four structures. The resonances
with field distribution symmetrical to the center of the
structures are in the case of the unconnected dimer
denoted as the antibonding modes. Their resonance
energies differ only very slightly for different junction
sizes. In contrast, the resonances with antisymmetrical
field distribution, known as bonding modes, reveal
strong blue shifts. This is explained by the concen-
trated electric field at the position of the gap for the
bonding modes, resulting in a spatial shift of the field
maxima in the gap direction. For the antibonding
modes the low field in the gap leads to almost identical
field distributions for the dimers and the continuous
wire. We find that the blue shift of the bonding modes
decreases with increasing mode order, which can lead
to an energetic rearrangement of the SP modes of
conductively coupled dimers compared to capacitively
coupled ones. For a fixed junction size, the arrange-
ment of the modes of lower energy resembles that of
the continuous wire. For example the B1-mode is blue-
shifted compared to the AB1-mode. For modes of
higher energy of the same structure the arrangement
is that of a dimer, which means the B2-mode is red-
shifted to the AB2-mode. For the CT plasmon a small
blue-shift with increasing junction size is confirmed.
Finally, the dependence of the resonance energies on
the position of a small junction connecting the two
wires has been investigated. Only very slight deviations
in the resonance energy of the bonding modes are
found for different positions.

METHODS
AuAg alloy nanowire dimers connected by junctions of vary-

ing size are synthesized. First, the nanowires are electrochemi-
cally deposited into the pores of ion-track etched polymer
templates. Foils of thickness 30 μm are irradiated at the heavy
ion accelerator UNILAC at GSI Helmholtz Center for Heavy Ion
Research. Subsequently, chemical etching using 6 M NaOH at
50 �C transforms the ion tracks into nanochannels.27�29 Nano-
wires are grown electrochemically in the channels at 60 �Cusing
an electrolyte containing 20mMKAg(CN)2 and 50mMKAu(CN)2.
A pulse sequence is applied during the deposition process to
create an Ag-rich segment enclosed by two Au-rich segments.
The Au-rich segments are deposited applying �1.1 V versus a
Ag/AgCl reference electrode, while �0.5 V versus a Ag/AgCl
reference electrode is applied for the Ag-rich segment. The
duration of each pulse defines the length of the different

segments. For the STEM analysis, the nanowires are drop-casted
on a 30 nm thick silicon nitride membrane (Plano GmbH) and
dipped into concentrated nitric acid for 3 h to etch away the Ag-
rich segments.30,31 EDX-SEM analysis reveals that after the nitric
acid treatment the Au-rich segments possess a Au:Ag ratio of
about 60:40. Due to the lower Ag concentration, Ag atoms are
enclosed by Au atoms and cannot be etched away using nitric
acid. Because of a small Au content in the Ag-rich parts, not all
Ag-rich segments are completely dissolved (Au:Ag of about
15:85 measured by EDX:SEM). In some cases, a small junction is
found between the two Au-rich segments.
STEM-EELS analysis was performed using the Zeiss SESAM

transmission electron microscope operated at 200 kV with a
field-emission gun and equipped with the MANDOLINE energy
filter.32 An electrostatic omega-type monochromator reduces
the energy spread to 0.1 eV. The width is slightly increased to
0.12 eV for the present experiments to increase the electron

Figure 6. Calculated spectra of two nanostructures each
consisting of conductively coupled nanowires with the
same aspect ratio. The junction in both cases has the same
diameter, dj = 20 nm, and length, lj = 19 nm. The black
spectrum corresponds to a structure where the junction is
located exactly in the middle of the structure, while the red
spectrum corresponds to a structure with the junction
shifted to the edge of the gap. The insets display the
geometrical arrangement schematically.
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probe current and thus improve counting statistics. In all
spectra, the zero-loss peak is subtracted by fitting a power
law function to the positive energy-loss tail of this peak.
The simulation was performed using the frequency solver of

CST Microwave Studio. The solver is based on the finite element
method. All spectra are calculated for a distance of 1 nm from
the Au structure. The excitation source is a small dipole, located
at the other end of the structure with an impedance of 5 kΩ.
The spectra are normalized to the electric field of the dipole at
the specific position if no Au nanostructure is present.

Conflict of Interest: The authors declare no competing
financial interest.
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