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L
ocalized surface plasmon resonances
(LSPR) in metallic nanostructures are
very important for applications such

as surface-enhanced Raman spectroscopy
(SERS),1�3 surface-enhanced infrared spectros-
copy,4,5 and waveguiding below the diffrac-
tion limit of light .6,7 A variety of nanostruc-
tures have been tested for these appli-
cations such as single nanoparticles,3 nano-
shells,8 and nanowires,4,5,7,9 as well as or-
dered arrays,10�13 and self-assemblies of
these structures.14�16 In the case of nano-
wires, both longitudinal and transversal
LSPR are excitable due to the two different
axis lengths of the wires. In particular, the
longitudinal resonance frequencies are tun-
able to a high degree by adjusting wire
length and diameter.17�19 Due to the nano-
wire geometry, the longitudinalmodes gen-
erate high absorption and scattering cross
sections, and thus large field enhance-
ments.5,20,21 Additionally, since multipolar
modes can be excited efficiently, simulta-
neous excitation of resonances at several
frequencies is possible, using only one
nanowire. So far, several authors have evi-
denced that multipolar resonances in nano-
wires give rise to SERS efficiencies the same
as or higher than the respective dipolar
resonances.12,13 Among all modes, only
those having an even number of charge
maxima along the wire (bright modes) can
couple efficiently to incident far-field radia-
tion. Nevertheless, investigation of modes
having an odd number of maxima along the
wire (dark modes) is crucial, since coupling
to dark modes allows for waveguiding of
light, avoiding radiative losses, and can
therefore be efficiently employed in nano-
photonic devices.22 Particular interest was
most recently focused on the excitation of
LSPR in two nanostructures separated by a
small gap, so-called nanostructure dimers.

In this case, coupling between the LSP
modes of the individual structures leads to
a splitting of eachmode into a bonding and
an antibonding mode.23�27 It is known that
gaps of very small size (few nm) are required
to generate high-field enhancements in
dimer systems.28 For such a configuration
the enhancement factor and resonance fre-
quency depend on numerous parameters
such as wire aspect ratio, gap size, and wire
material and morphology. Although the
near-field multipolar resonance excitation
of single gold and silver nanowires has been
discussed recently,29�32 similar measure-
ments of multipolar resonances on elon-
gated nanowire dimers have, to the best
of our knowledge, not been reported so far.
In addition, measurements employing gaps
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ABSTRACT

We study the transversal and longitudinal localized surface plasmon resonances in single

nanowires and nanowire dimers excited by the fast traveling electron beam in a transmission

electron microscope equipped with high-resolution electron energy-loss spectroscopy. Bright

and dark longitudinal modes up to the fifth order are resolved on individual metallic

nanowires. On nanowire dimers, mode splitting into bonding and antibonding is measured up

to the third order for several dimers with various aspect ratio and controlled gap size. We

observe that the electric field maxima of the bonding modes are shifted toward the gap, while

the electric field maxima of the antibonding modes are shifted toward the dimer ends. Finally,

we observe that the transversal mode is not detected in the region of the dimer gap and decays

away from the rod more rapidly than the longitudinal modes.

KEYWORDS: transversal surface plasmon resonance . longitudinal surface
plasmon resonances . bonding multipol order modes . antibonding multipol
order modes . electron energy-loss spectroscopy . nanowire dimer synthesis
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smaller than 15 nm are rare due to difficulties in the
preparation processes.
Here, we present scanning transmission electron

microscopy (STEM) imaging combined with electron
energy-loss spectroscopy (EELS) of LSPR coupling in
metallic nanowire dimerswith gap sizes down to about
7 nm. Applying this method we investigate bright and
dark longitudinal as well as transversal modes with a
very high spatial resolution of a few nanometers. A
high-energy resolution of ∼0.12 eV enabled the study
of mode splitting into bonding and antibonding
modes, amounting to 0.23 eV for a gap of about
8 nm. The influence of gap size, aspect ratio, and
multipole order on mode splitting is discussed. Finally,
we investigate the spatial charge distribution along the
single nanowire as well as the nanowire dimer for
bonding and antibonding modes.

RESULTS AND DISCUSSION

Figure 1a shows the high-resolution plasmonic field
intensity map obtained by acquisition of 50 electron
energy-loss spectra at equispaced positions along the
long axis of a gold silver alloy nanowire with length L =
907 ( 5 nm and diameter D = 107 ( 5 nm. The single
nanowire as well as the nanowire dimers discussed
later are referred to as gold wires in the following, since
we assume that due to the preparation process the
amount of residual Ag close to the surface of the wire is
very small and thus the silver content influences the
resonance energies only slightly (see Methods). The
spectra were acquired from top to bottom as indi-
cated by the red arrow in the TEM image of the wire.

The average distance of the scan line to the nanowire is
∼15 nm. From left to right, the energy loss increases
from 0.2 to 3.0 eV. The color scale indicates the number
of counts, representing the probability of electron-
surface plasmon inelastic scattering, and results in a
spatial representation of the plasmon modes resolved
at different energy losses. Themap reveals six different
plasmon modes. We assign the first five modes in the
spectra to the first five longitudinal LSP modes. In
analogy to a Fabry-Pérot resonator, the surface plas-
mon wavelength λSP is given by

λSP ¼ 2

l � δΦ

Π

L (1)

where L is the length of the nanowire, l is the multipole
order starting with l = 1 for the dipolar LSPR and l = 2, 3,
4 for higher multipole order resonances, and δΦ
represents a phase jump upon reflection at the nano-
wire ends.29 On top of Figure 1a the electric field
distribution along the wire for the five longitudinal
multipole modes is schematically presented. An addi-
tional mode is visible in the map, which is excitable
when positioning the electron beam on any point on
the scan line along the nanowire (red arrow), but
decays rapidly beyond the wire ends. Its energy,
centered at ∼2.6 eV, is in reasonable agreement with
previously reported energy values of the transversal
surface plasmon resonance in gold nanorods, namely,
2.4 and 2.5 eV.34,35 In our case, the shift of the trans-
versal mode to slightly higher energies can be attrib-
uted to a certain amount of silver remaining in the wire

Figure 1. (a) High-resolution plasmonic field intensity map consisting of 50 electron energy-loss spectrameasured along the
long axis of a nanowire in the direction of the arrow on the left. The energy interval, plotted from left to right, ranges from 0.2
to 3.0 eV. The color indicates the number of counts. The average distance of the scan line to the nanowire is ∼15 nm. (b)
Electron energy-loss spectrum measured at one end of the single nanowire. The inset shows a TEM image of the single
nanowire corresponding to the spectrum. The red dot marks the position of measurement.
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after the preparation process (see Methods). Figure 1b
shows a single spectrum of the mapping in Figure 1a,
recorded at one side-end of the nanowire (red dot in
inset). The spectrum reveals energy-loss peaks for at
least the first four LSPmodes from themapping at 0.47
( 0.01, 0.93( 0.01, 1.34( 0.01, and 1.68( 0.01 eV, also
visualized in the mapping in Figure 1a.
Figure 1a and b evidence that with increasing l the

intensity of the peaks decreases, as shown in previous
publications.36 The energy-loss probability depends on
the interaction between the electrons and the induced
electric field. Thus, for the first-order LSP resonance,
the high electric field at the side-end of the wires
comes along with a high energy-loss probability.37

With increasing multipole order, the surface plasmon
wavelength according to eq 1 decreases, and thus also
the separation distance between positive and negative
electric field maxima. Hence, the induced electric field
represented by the loss probability drops.18,28 In addi-
tion, damping from interband transitions increases
with energy and renders higher order longitudinal
modes than l = 5, not distinguishable in the spec-
trum.38 The energy difference ΔE, given in Figure 1b
and determined from Figure 1a, specifies the distances
between two consecutive longitudinal modes. Notice-
ably, with increasing energy loss,ΔEdecreases fromΔE
= 0.46 ( 0.02 eV for the difference between the l = 1
and l = 2 modes to ΔE = 0.22 ( 0.03 eV for the
difference between the l = 4 and l = 5 modes.
The resonance energies of the different multipole

modes of three nanowires with different length and
diameter are plotted in Figure 2a. The three wires and
their respective dimensions are displayed in the TEM
images in Figure 2b�d: the nanowire shown in Figure 1
with L1 = 907( 5 nm,D1 = 107( 5 nm, and aspect ratio
L1/D1 = 8.5 (blue squares) (Figure 2b), a thinner wire
with L2 = 1220 ( 5 nm, D2 = 66 ( 10 nm, and aspect
ratio L2/D2 = 18.5 (red circles) (Figure 2c), and a longer
wire with L3 = 2120 ( 10 nm, D3 = 70 ( 5 nm, and
aspect ratio L3/D3 = 30.2 (black triangles) (Figure 2d).
The two longer wires (Figure 2c and d) were deposited

from an electrolyte containing only gold cyanide ions,
and their electron energy-loss spectra were measured
with a less focused electron beamhaving a diameter of
about 140 nm.
For all three wires, a decrease in the energy differ-

ence between two consecutive modes with increasing
energy is evident. The energy values in Figure 2a reveal
that the longer the nanowire, the larger the spatial
separation between field maxima for a specific mode
and the smaller the restoring force responsible for the
plasmonic oscillation, resulting in a lower energy for
each givenmode.28 We observe that the LSPR energies
for the wire corresponding to Figure 1 (blue squares)
are higher than the ones for the two wires in Figure 2c
and d. Besides the shorter length of this wire, also its
silver content and increased diameter play a role.18,21

Our results evidence that the shifts in resonance
energy due to wire length, diameter, and composition
may be properly investigated by STEM-EELS.
Figure 3a shows a high-resolution plasmonic field

intensity map of a dimer of two nanowires separated
by a gap of only ∼8 nm. These two wires have lengths
of about 784 ( 5 and 808 ( 5 nm, respectively. The
diameter of both wires is 112 ( 5 nm. The intensity
map is composed of two one-dimensional line scans.
Each of them consists of 30 equidistantly spaced
electron energy-loss spectra measured along the long
axis of one of the wires forming the dimer, as indicated
by the red arrow, to ensure an almost constant distance
of the scan from the wire, which is on average∼10 nm
(see TEM image in Figure 3a). From left to right the
energy loss varies from 0.25 to 3.0 eV. The colors
indicate the number of counts and thus visualize the
spatial distribution of the LSP modes along the one-
dimensional scan.
Figure 3b displays three spectra recorded at differ-

ent positions of the dimer: the blue and green spectra
were measured by placing the focused electron beam
(few nanometers spot size) at the dimer ends, while
the red spectrum was taken by placing the focused
electron beam at the dimer gap. The corresponding

Figure 2. (a) Resonance energies of themultipole longitudinal LSPmodes for threewireswith different aspect ratios. The TEM
images (b), (c), and (d) show the wires. The colors of the frames adopt those of the values in (a).
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colored dots in the TEM image of the inset specify the
measurement positions of the respective spectra. The
two spectra measured at the ends of the dimer (green
and blue spectra) differ in intensity since they are not
measured exactly at the same positions relative to the
dimer ends (see TEM image in Figure 3b).
In Figure 3a at least six low-energy modes of long-

itudinal character are visible. The LSP intensity map of
the dimer can be clearly distinguished from that of a
single nanowire when looking at the energy difference
between two consecutive longitudinal modes. For the
single nanowire a continuous decrease in energy
difference with increasing multipole order is observed
(see Figures 1 and 2). In the case of the dimer, we
observe that the modes can be separated into three
pairs, each pair having a smaller energy difference than
the differences to neighboring pairs. It is well-known
that the small gap of about 8 nm enables the coupling
between LSPR of the two individual nanowires, leading
to a splitting of themodes into a bondingmode and an
antibonding mode.24�27 For each multipole order the
bonding and antibonding mode forms one of the
observedmode pairs. The schematics on top represent
the electric field distribution along the wire for each
bonding and antibonding mode (purple for l = 1, gray
for l = 2, and orange for l = 3). In Figure 3b each
mode pair is highlighted with the same color for
further clarification. The bonding mode corresponds

to a charge distribution where charge carriers of
opposite sign are accumulated at opposite gap ends.
In contrast, the antibonding mode is excited when
charge carriers of the same sign repel each other at the
two gap sides. The attraction between negative and
positive charge carriers at the two gap sides leads to a
decrease in restoring force and thus to a shift in energy
of the bonding mode to lower energies compared to
the antibonding mode. We observe splitting into
bonding and antibonding not only for the dipolar
mode but also up to at least the third-order mode.
The peaks corresponding to multipole orders higher
than three at the two ends of the dimer are not visible
in the spectra due to their low intensity but can be
resolved at different color scaling. Figure 3a and b
evidence that, when the electron beam is positioned at
the gap, only the antibonding modes are excited,
whereas at the two ends of the dimer bonding and
antibonding modes are excited.
In addition to the longitudinal modes, a mode

centered at ∼2.5 eV is discernible in Figure 3a. Notice-
ably, this mode is hardly excited when the electron
beam is positioned close to the dimer gap. As for the
single wire, it is efficiently excited along the wire and
decays rapidly beyond the two ends of the dimer. We
assign this peak to a transversemode of the dimer. The
energy is similar to that of the transverse resonance
of the single wire, and the mode is much broader

Figure 3. (a) Plasmonic field intensity map consisting of 60 electron energy-loss spectra measured along a nanowire dimer
(red arrow). The scan lines have an average distance to the wire of∼10 nm. The wires are separated by a small gap of∼8 nm.
The energy interval, plotted from left to right, ranges from 0.25 to 3.0 eV. The color represents the count number. The
schematics on top represent the electric field distribution along the dimer. (b) Electron energy-loss spectra measured at the
two ends of the dimer (blue and green lines) and a spectrummeasured in the dimer gap (red line). The colored dots in the TEM
image inset specify the measurement positions for each spectra.
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compared to the longitudinal ones. It is known for the
nanowires that several transversal modes are very
close in energy.24 Thus, besides increased interband
damping with increasing energy, an overlap of several
transverse modes due to a limited energy resolution
could be a possible reason for the broadening. As for
the longitudinal modes, the transverse modes of a
dimer split into bonding and antibonding modes,24

leading to additionalmodes that could possibly further
broaden the transverse peak of the dimer compared to
that of the single wire.
The energy difference between two consecutive

bonding modes (or two consecutive antibonding
modes) decreases with increasing energy, as indicated
by the red arrows in Figure 3b from 0.50 ( 0.02 eV for
the difference between the l = 1 and the l = 2 bonding
modes to 0.45( 0.02 eV for the difference between the
l = 2 and l = 3 bonding modes. As mentioned above,
each pair of a bonding and the corresponding anti-
bonding mode appears to have a smaller energy
difference compared to the difference to the next
bonding�antibonding pair. The spectra in Figure 3a
evidence that the energy difference between a pair of
bonding and antibonding decreases with increasing
multipole order from 0.23 ( 0.02 eV for l = 1 to 0.13(
0.02 eV for l = 3. This decrease with increasing multi-
pole order confirms theoretical results of Willingham
et al.24 and originates most probably from the lower
induced electric fields for multipole orders compared
to the dipolarmode and thus weaker interaction forces
between the plasmons of the two individual wires.

We observe that the energy splitting into bonding
and antibonding LSP modes depends on the charac-
teristics of the dimer. The two mappings in Figure 4a
and b show exemplarily the splitting measured for two
dimers with different aspect ratio and gap size. The
dimer in Figure 4a consists of two wires with length
826 ( 5 and 764 ( 5 nm, respectively, a diameter of
120 ( 5 nm, and gap size of ∼7 nm. The spectra are
measured with an average distance from the wire of
∼30 nm. In Figure 4b, the two wires have lengths of
958 ( 5 and 902 ( 5 nm, respectively, a diameter of
100 ( 5 nm, and a gap width of ∼30 nm. The average
distance of the scan line to the nanowire is∼15 nm. In
both cases we do not consider the energy difference
for the l = 1 bonding and antibonding modes, to avoid
errors originating from the proximity of the peaks to
the zero-loss peak. The very small energy differences
between bonding and antibonding mode for the third
and fourth order in Figure 4b are measured by extract-
ing appropriate spectra from the mapping. The center
of the antibonding peak is measured from the spectra
taken close to the gap where the bonding mode is not
excited. Since the bonding and antibondingmodes are
not excited exactly at the same spatial position along
the length of the nanowire, as will be discussed in the
following in more detail, the center of the bonding
peak ismeasured at a position were the bondingmode
is efficiently excited but not the antibondingmode.We
observe that for the dimer in Figure 4a, having the
smaller aspect ratio as well as the smaller gap size, the
splitting of the higher order modes is larger than for

Figure 4. Plasmonic field intensity maps of two dimers with gap size∼7 nm and aspect ratio 6.5 (a) and gap size 30 nm and
aspect ratio 9.3 (b). In (a) the distance between wire and scan line is on average ∼30 nm; in (b) it is only ∼15 nm. (c) Energy
splitting versus gap size multiplied by the dimer aspect ratio for six different dimers. (d) Count number versus position along
the dimers in (b) (black line) and Figure 3a (red line) at the energy of the transversal mode. The yellow and red areas represent
the positions of the wires.
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the dimer in Figure 4b, as expected from previous
simulations that showed that the splitting increases
with decreasing gap size and decreasing aspect
ratio.24,39 We plotted the energy splitting of the l = 2
modes as a function of gap size times aspect ratio for
five different dimers in Figure 4c, confirming an in-
crease in energy splitting with aspect ratio times gap
size. Further investigations are necessary to discern the
influence of aspect ratio and gap size separately. The
aspect ratio of the dimer (AR) was calculated as Ld/D
where Ld is the average length of both wires. In refs 40
and 41, an additional dependency on energy splitting
of AR1/AR2 was observed, AR1 and AR2 being the two
aspect ratios of the two wires forming a dimer. We
neglect this influence since for all dimers considered in
Figure 4c AR1/AR2 ranges in a small interval between
1.03 and 1.12.
Figure 4d shows the line scans (count numbers

versus position) for the dimers in Figure 4b (black line)
and in Figure 3a (red line) at the center energy of the
transversal plasmon resonance. The line scans are also
depicted in Figure 4b and Figure 3a by white dashed
lines. The yellow and red areas in Figure 4d represent
the positions of the wires, respectively. As already
mentioned, the transversal plasmon resonance is in
both cases efficiently excited along the wires but is
hardly excited close to the gap. Figure 4b reveals
strong intensity fluctuations of this mode. We think
that these fluctuations are related to the fact that the
decay length into the dielectric perpendicular to the
long wire axis is very short. For the single nanowire we
measured a decay length of about 20 nm, the decay
length being defined as the distance at which the
amplitude is reduced by a factor of e�1. Thus, small
diameter fluctuations of the wires together with small
distance variations between wire surface and electron
beam (average ∼10 nm for scan line in Figure 3a and
∼15 nm for scan line in Figure 4b) can account for the
intensity fluctuations of this mode along the scan line.
For the dimer in Figure 4a, we cannot distinguish the
transversal plasmon resonance from the background
since in this case the plasmonic field maps were
measured at an increased distance of about 30 nm
from the wire.

The three plasmon mappings in Figures 3a, 4a, and
4b show that the energy-loss maxima of bonding and
antibondingmodes of the same order l are not located
exactly at the same spatial positions. To analyze this in
more detail, we plotted in Figure 5a the line scans
along the single nanowire (shown in Figure 1) at the
resonance energy for the l= 1 (red line), l= 2 (blue line),
l = 3 (light blue line), and l = 4 (black line) modes. In the
same manner line scans are shown in Figure 5b for the
nanowire dimer (Figure 3) for the followingmodes: l=2
bonding (black line), l = 2 antibonding (red line), l = 3
bonding (blue line), and l = 3 antibonding (light blue
line). In this case, the spectra are normalized to the
zero-loss intensity. The yellow highlighted area in the
figures represents the position of the wires, and the
vertical dashed lines indicate the middle of each
nanowire.
The count maxima in the line scans represent the

positive and negative electric field maxima of the LSP
modes. Thus, we can determine the surface plasmon
half-wavelengths, λsp/2, of the structures bymeasuring
the distance between two peaks. It is remarkable that
in Figure 5a λsp is not constant along the whole wire,
but clearly decreases when approaching the nanowire
ends. This observation is in good agreement with
results reported in refs 31 and 36 for silver nanowires
with length 400 nm and diameter 15 nm as well as
length 700 nm and diameter 50 nm, respectively. Our
results evidence that similar effects occur also in gold
nanowires with lengths in the μm range and larger
diameters. This variation in λsp/2 along the nanowire is
due to the phase shift at the wire ends (see eq 1) and
decreases with increasing multipole order approach-
ing the simplified resonator equation Lresonator = (l/2)λSP.
The shift in bonding and antibondingmodemaxima

in the case of the nanowire dimer, which was already
pointed out above, is visualized in Figure 5b. A dis-
continuity in the profiles at the position of the gap is
visible for all bonding and antibonding modes. This
results from slightly different line scan-to-gap dis-
tances at the gap, caused by a very small shift between
the two line scans (one along each of the nanowires
forming the dimer). Measuring two line scans assured a
constant distance to the wire surface along each of the

Figure 5. (a) Line scans along the nanowire for the single nanowire (Figure 1) measured at the resonance energy for the first
four longitudinal LSPR. (b) Linescans of bonding and antibonding l = 2 and l = 3 modes of the nanowire dimer (Figure 3).
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dimer wires. In contrast to the single wire, we observe in
the case of the dimer that the maxima are not arranged
symmetrically to the middle of the wire. For the bonding
modes (l= 2 and l= 3) a shift of allmaxima along thewire
toward the gap is observed, whereas for the antibonding
modes, the maxima shift toward the dimer ends. We
attribute the shift between bonding and antibonding
modes to the attraction of negative and positive charges
at the opposite gap ends or to repelling of charges of
equal sign for bonding and antibonding modes, respec-
tively. In addition, we measure for the l = 3 bonding as
well as for the l = 3 antibondingmode a shorter distance
between the twomaxima at the end of the wire than the
two maxima in the middle of the nanowire. This is in
analogy to the observation for the single nanowire.
Whether this can be understood in the framework of
phase shifts at thewire ends as for the singlewire remains
up to now unclear. Due to the two slightly different
lengths of the wires forming a dimer, one would expect
slightly different wavelengths,which cannot be quanti-
fied with the current accuracy.

CONCLUSIONS

In summary, we present high-resolution plasmo-
nic intensitymaps of a single nanowire and nanowire
dimers. We investigate the excitation of longitudinal
and transversal resonances depending on the elec-
tron beam positioning as well as the resonance
energies depending on the nanowire aspect ratio
and the gap size. The transversal resonance is not
excited when positioning the electron beam by the
gap and decays rapidly with increasing distance
from the wire surface. The intensity maps evidence
the splitting into bonding and antibonding modes
of the longitudinal multipole modes of nanowire
dimers up to the third order. In addition, it is revealed
that the field maxima spatial positions along the
nanowire dimers for each bonding and the corre-
sponding antibonding mode do not coincide, indi-
cating that the surface plasmon wavelength is
affected not only by the geometry of the nanowire
but also by the presence of nanostructures in their
close proximity.

METHODS
Single nanowires and nanowire dimers were synthesized by

electrochemical deposition into ion track-etched polycarbonate
membranes. To fabricate the membranes, polycarbonate foils
(30 μmthick, Makrofol N, Bayer) were irradiatedwith swift heavy
ions (energy ∼2 GeV) at the linear accelerator UNILAC of GSI
Helmholtz Centre for Heavy Ion Research.42�44 The diameter of
the nanowires is defined by the size of the pores in the
membranes and was adjusted by varying the etching time of
the pores. The length of the wires was controlled by recording
the current during the deposition process and stopping the
process after depositing the required amount of metal. The
nanowire dimers were synthesized in a two-step process. The
first step was to deposit segmented gold/silver/gold nanowires
by sequential potentiostatic deposition, using an electrolyte
containing Ag(CN)2

� and Au(CN)2
� ions.45 The lengths of the

silver and gold segments were controlled by the duration of the
corresponding pulses. The segments do not consist of pure gold
or silver, but always contain a certain amount of the second
metal. After dissolution of the polymer template using dichlor-
omethane, the nanowires were dispersed in 2-propanol and
subsequently dropped on a 30 nm thick silicon nitride mem-
brane. The substrate was dried and finally dipped into concen-
trated nitric acid for three hours to etch out the silver segment.46

The gap size is given by the length of the silver segment. Thus,
using this method, nanogaps between 7 and 30 nm were
fabricated. All gap sizes reported here have been measured at
the smallest distance between two wires forming a dimer. After
the nitric acid treatment of thewires, a silver content of about 30
atomic percent is measured by EDX for the gold-rich segments.
We assume that the silver at the surface of the nanowires is
dissolved, while only silver enclosed by gold atoms remains,
playing a minor role in the determination of the surface
plasmon resonance energies.47 Therefore, the nanowires are
referred to as gold wires. To remove potentially remaining small
metallic connections between the gold-rich segments, some of
the wires were heated to 300 �C for 30 min after dissolution of
the silver.
Using the Zeiss SESAM transmission electron microscope

operated at 200 kV with a field-emission gun and equipped
with a MANDOLINE energy filter, LSPR were analyzed. The use
of an electrostatic omega-type monochromator reduces the

energy spread of the electron gun to typically 0.1 eV. In the
present experiments, we used a width of 0.12 eV in order to
increase the electron probe current, thus improving counting
statistics. In all spectra, the zero-loss peak was subtracted by
fitting a power law function to the positive energy-loss tail of
this peak.
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