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Abstract

In this chapter, we review our recent work on the investigation of surface plasmon modes 
in metallic nanowires and nanowire dimers by means of electron energy loss spectroscopy 
combined with scanning transmission electron microscopy (STEM-EELS). Due to the 
very high spatial resolution, STEM-EELS is a powerful technique to visualize multipole 
order surface plasmon modes in nanowires and study the dependency of their resonance 
energies on different parameters such as nanowire dimensions or nanowire porosity. In 
addition, we investigate surface plasmon hybridization in nanowires separated by gaps 
of less than 10 nm or connected by small metallic bridges. In such structures new modes 
arise, which depend strongly on gap or bridge sizes. Experimental results are supported 
by finite element simulations. The investigated nanowires and dimers are fabricated by 
electrodeposition in etched ion-track templates, combined with a selective dissolution 
processes. The synthesis techniques and their advantages for the fabrication of plasmonic 
nanostructures are also discussed.

Keywords: gold, nanowires, nanogaps, nanowire dimers, surface plasmons,  
plasmon hybridization, electron energy loss spectroscopy, scanning transmission 
electron microscopy, electrodeposition, ion-track technology, etched ion-track 
membranes

1. Introduction

Over the past 20 years surface plasmons in metallic nanoparticles have attracted great attention 
due to their potential for many applications in the fields of sensing [1], light guiding [2] and 
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energy conversion [3]. Surface plasmons are collective electronic oscillations that can be excited 

by an external electric field. At the surface plasmon resonance wavelength of the nanoparticle, 
the excitation of the electronic oscillation results in high electric near-fields. In the far-field the 
resonance frequency is strongly scattered and absorbed, but less transmitted. The resonance fre-

quency of a given nanoparticle depends strongly on parameters such as, for example, the shape, 

dimension, and composition [4, 5]. Therefore, besides the continuous progress on the study of 

plasmonic properties, also the development of suitable methods to synthesize plasmonic nano-

structures with very well-controlled characteristics is of great importance both for basic research 

as well as for technological applications.

1.1. Surface plasmons in nanowires

Surface plasmons in nanowires can be excited in two different directions [6]. Longitudinal 

surface plasmons are oscillations that occur in the direction of the long nanowire axis, whereas 

transversal modes oscillate in the direction of the nanowire diameter. This makes nanowires 

especially interesting for both plasmonic basic research as well as applications. In particular, 

longitudinal modes attract great attention since by varying the length of the nanowires, the 
resonance frequency can be tuned accurately within a wide range; for Au and Ag wires from 
the visible to infrared frequencies [7–10]. In this frequency range, the specific spectroscopic 
finger print of many molecules is located. This can be used for molecular sensing by surface 
enhanced infrared spectroscopy (SEIRA) [1]. When the molecules are located close to a Au or 
Ag nanowire, the high electric fields generated by surface plasmons can strongly increase the 
molecular absorption signals, thus enhancing the sensitivity of the method. For Au nanow-

ires, enhancement factors up to a factor of 105 were reported [1].

Surface plasmons in nanowires have been investigated for different kind of metals, as well 
as for alloy and segmented wires [11]. Compared to other metals, Au nanowires offer the 
advantages of being chemically stable and nontoxic. This is important because, since infrared 

light is less energetic that other radiation types, also in vivo applications of surface plasmons 

in these structures such as, for example, photothermal therapy are envisaged [12].

Another advantage of Au nanowires is the possibility of exciting multipolar modes in addi-
tion to the dipolar one (in analogy to standing waves in a resonator). Whereas in spherical 

particles these modes usually overlap, the geometry of the nanowires results in a clear ener-

getic separation for several multipole orders [8, 13, 14].

Single Au nanowires are thus very interesting objects to obtain fundamental knowledge on 
the basics of surface plasmons. However, not only single nanowires but also complex systems 

consisting of more than one wire separated by small gaps of few nanometers or small metallic 

connections are attracting great interest [15–18]. In these kinds of structures coupling of the 

surface plasmons of the individual structures is possible, which results in many new modes 

and further enhanced electromagnetic fields [15, 19].

1.2. Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is a powerful technique to visualize surface plasmon 

modes in nanostructures. It benefits from the very high spatial resolution of the transmission 
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electron microscope (TEM) that allows to analyze surface plasmons at specific positions of the 
nanostructure, for example, by the tip or in a gap [14, 20–22], together with the very broad 

energy range from ~0.3 eV to several eV. Different from other high spatial resolution tech-

niques such as cathodoluminescence in the TEM [23] or scanning near-field optical micros-

copy (SNOM) [8], EELS not only allows investigating bright modes that couple efficiently to 
light, but also dark modes [20, 24].

Surface plasmon measurements with EELS are based on the interaction of the traveling elec-

trons in the TEM with the electric field corresponding to the surface plasmons (excited by 

the electron itself) [25, 26]. The energy loss of the electrons is equivalent to the energy that is 

necessary to excite a given surface plasmon mode. For measuring this energy loss a magnetic 

prism in the TEM is used, deflecting electrons dependent on their energy loss [27]. Two dif-

ferent measurement modes exist:

For scanning transmission electron microscopy combined with electron energy loss spectros-

copy (STEM-EELS), the electron beam is scanned along a defined path. At each position, a 
spectrum is created at the dispersive plane. The energy resolution of this technique is given 

by the natural energy width of the primary electrons that is decreased by a monochromator in 

the TEM to typically 0.1 eV. It is measured via the full width half maximum of the dominating 

zero loss peak of the spectrum. The high spatial resolution of the technique allows visualizing 

two dimensional EEL probability maps in the surrounding of the nanostructure.

For energy filtered transmission electron microscopy (EFTEM), a moveable slit is inserted at 
the position of the dispersive plane. Only electrons with a specific energy loss can pass the slit 
(typical slit width 0.2 eV) and deliver at the image plane a 2D image of the nanostructure. This 

image is created only by electrons with energy loss in the given range. In contrast to STEM-

EELS, the energy resolution is worse but the measurement technique is faster.

For a more detailed introduction into the technique, the reader is referred to the following 

review articles [26, 28–30].

In this chapter, we review our recent activities on the investigation of surface plasmon modes 

in metallic nanowires and nanowire dimers by STEM-EELS. In Section 2, the synthesis of vari-

ous Au-based nanowires by electrodeposition in etched ion-track membranes is presented, 
including Au and Au1−xAg

x
 wires, as well as the fabrication of porous Au wires by subsequent 

dealloying of Au
0.4

Ag
0.6

 nanowires [31]. Following, the visualization of multipole order surface 

plasmon modes in these nanowires by STEM-EELS and the study of their resonance energies as 

a function of, for example, nanowire dimensions and nanowire porosity, is discussed [14, 32].  

Section 3 describes the synthesis of nanowire dimers by electrodeposition of segmented 

Au-rich/Ag-rich/Au-rich nanowires and the subsequent dissolution of Ag [33]. It continues 

presenting STEM-EELS measurements on these nanostructures, which allowed the investiga-

tion of surface plasmon hybridization in nanowires separated by gaps of less than 10 nm [14] 

as well as connected by small metallic bridges [34]. In such structures, new modes arise that 

depend strongly on gap or bridge sizes, respectively. Section 3 finishes with discussing mode 
coupling of heterodimers consisting of two wires with different length [35]. All experimental 
results are supported by representative finite element calculations. The chapter concludes 
with a summary and final conclusions, both presented in Section 4.
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2. Single nanowires

Recently, EELS analysis of metallic nanowires and rods consisting of Au [14, 20, 32, 36–38], 

Ag [13, 39, 40] and Al [41] demonstrated that it is an excellent technique to study their surface 

plasmon modes. Au nanorods with length up to 400 nm have been investigated by several 
authors using STEM-EELS and EFTEM visualizing their first- and second-order multipolar 
modes [20, 36–38]. In this chapter, we focus on our recent EELS investigations of the multi-

pole order surface plasmon modes up to the seventh order in individual Au nanowires with 
1–2 μm length and 60–100 nm diameter. The resonance energies were analyzed with respect 

to specific tailored wire parameters, such as length and diameter [14], composition and poros-

ity [32] by STEM-EELS at Stuttgart Center for Electron Microscopy using a Zeiss SESAM 
transmission electron microscope operated at 200 keV. In this section, we first describe the 
fabrication of both smooth and porous Au nanowires by ion-track technology and electrode-

position and then summarize our results on the investigation of their plasmonic properties.

2.1. Synthesis of Au nanowires by ion-track technology and electrodeposition

The Au nanowires discussed in this chapter are fabricated by electrodeposition in etched ion-
track membranes. The synthesis method is schematically displayed in Figure 1 and involves 

the following separate processing steps: (1) irradiation of the template material (typically poly-

mer foils with thickness 10–100 μm) with energetic heavy ions and creation of latent iontracks 

(Figure 1a); (2) selective ion-track dissolution and formation of channels by chemical etching 

(Figure 1b); (3) preparation of a conductive back-electrode (Figure 1c); (4) electrodeposition of 

Au in the nanochannels (Figure 1d) and (5) dissolution of the polymer membrane (Figure 1e).

Etched ion-track membranes are widely used as templates for nanowire growth since the late 

1990s. Control over the irradiation and etching conditions enables the production of various 

Figure 1. Schematics of the steps involved in the synthesis of Au-based nanostructures by the template method: (a) swift 
heavy ion irradiation of a polycarbonate foil and formation of ion-tracks (dotted lines), (b) selective chemical etching of 
the ion-tracks, (c) sputtering and electrochemical reinforcement of an electrical contact layer, (d) Au electrodeposition in 
the channels and (e) dissolution of the polymer foil.
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membranes with channels of predefined geometries (e.g., cylindrical, conical, bi-conical), with 
lengths varying between 1 and 100 μm, diameter ranging between ~15 nm up to several μm 

and aspect ratio (length L over diameter D) of up to 1000. Under suitable experimental condi-

tions, the synthesized nanowires adopt the exact shape and size of the host channel, enabling 

thus the fabrication of wires with very well-controlled geometrical parameters. By varying 

the electrodeposition parameters, composition, crystallinity and crystallographic orientation 

of the deposited material can be adjusted. This unique combination of electrochemical deposi-
tion and etched ion-track membranes has demonstrated to be very powerful to synthesize 

nanowires with controlled and independently adjusted characteristics. In addition, a large 
number of wires up to 1010 cm−2 can be grown simultaneously.

Au nanowires with smooth contour were first electrodeposited using a two-electrode con-

figuration, with the sputtered Au film as initial cathode and an Au rod as anode. Optimized 
growth conditions enabled the synthesis of both single- and polycrystalline cylindrical Au 
wires with diameters between 20 and 1000 nm [42–44] in a controlled manner. It was found 

that the employed electrolyte strongly influenced the crystalline structure of the deposited 
material. Thus, Au nanowires deposited with ammonium gold(I) sulfite (gold content = 15 g/L, 
Metakem GmbH, Usingen, Germany) or sodium disulfitoaurate (I) Imabrite 24 bath (gold 
content = 12.3 g/L, Schloetter Galvanotechnik, Geislingen/Steige, Germany) electrolytes 
exhibit a polycrystalline structure. In contrast, Au wires grown in a solution of potassium 
dicyanoaurate(I) (Puramet 402 bath, gold content = 10 g/L, Doduco, Pforzheim, Germany) 
yield single crystals at temperatures between 50 and 65°C under both direct-current and 

reverse-pulse deposition conditions. The resulting single-crystalline wires have a preferred 

[110] orientation independently of applied voltage and temperature.

Recently, this method has also been applied to prepare Au nanowires with smooth and 
rough contour, by electrodepositing Au in polycarbonate and polyethylene theraphthalate 
membranes, whose etched nanochannels exhibit smooth and rough contours, respectively. 

Figure 2 shows the SEM images of two representative Au nanowire arrays deposited using a 
two electrode configuration in Figure 2a polycarbonate and in Figure 2b polyethylene tere-

phthalate membranes using a sulfite-based electrolyte (Metakem, pH 7.5).

Figure 2. SEM image of Au nanowires deposited in (a) polycarbonate and (b) polyethylene terephthalate membranes. 
Reproduced with permission from [32]. Copyright VBRI press.
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For large-scale synthesis and industrial applications, two-electrode set-ups are most usual. 

However, it is known that the use of three electrodes improves the reproducibility and the 

control over the experiments. Therefore, subsequent synthesis of Au nanowires was inves-

tigated in a three-electrode configuration. The process was potentiostatic, using a Pt rod as 
counter electrode and a Ag/AgCl (Sat. KCl) reference electrode. In this case, a cyanide-based 
electrolyte consisting of KAu(CN)

2
 (20 or 50 mM) and Na

2
CO

3
 (0.25 M) is employed. The 

voltage applied ranges between U = −0.5 and − 1.1 vs. Ag/AgCl, and the temperature is kept 
constant at T = 60°C. The process is monitored by recording the current as a function of depo-

sition time, that is, by chronoamperometry.

Figure 3 shows a representative current vs. time (I-t) curve recorded during the electrodeposi-

tion of Au nanowires from a cyanide solution. It reveals three different zones that are high-

lighted in the figure with different colors. In zone (I) at the moment of applying the potential, 
the absolute current increases and subsequently decreases (purple). This is due to the reduction 

of ions in the vicinity of the cathode and the formation of the diffusion layer, respectively. In 
zone (II), the current density remains almost constant (yellow). Due to their cylindrical geom-

etry, the deposition area is constant during the growth of the material inside the channels. Once 

the nanochannels are filled, caps start to grow on top of the wires on the template surface. This 
enlarged surface area results in an increase of the absolute current value in zone (III) (red).

According to Faraday’s law, the weight of a product of electrochemical reaction at an elec-

trode is proportional to the electric charge Q, passing through the electrochemical cell. If the 

growth is homogeneous and the efficiency of the deposition reaction is 100%, the experi-
mental charge, being the integral of the I-t curve, is thus equivalent to the theoretical value 

calculated applying Faraday’s law:

Figure 3. Current-versus-time curve recorded during the deposition of Au nanowires with a cyanide-based electrolyte. 
The three characteristic zones of nanowire growth are highlighted by the different colors.
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 is the atomic weight of the deposit, z the number of electrons involved in the depo-

sition, F Faraday’s constant, D and L the nanowire diameter and length, ρ the density, and 

N
pores

 the number of pores in the membrane. For homogeneous nanowire growth, this enables 

to control the nanowire length. The deposition process is therefore stopped after the amount 

of charge necessary to obtain a specific wire length has been reached. In this way, Au nanow-

ires with the same D and the same crystallography but different L, for example, between ~0.8 

and ~30 μm can be synthesized.

2.2. Synthesis of porous Au nanowires

Compared to cylindrical smooth Au nanowires, porous Au wires exhibit larger surface areas 
and small nanovoids that can act as plasmonic hotspots, for example, for sensing [45, 46]. 

Porous Au wires can be also synthesized by the template method. Their fabrication was first 
demonstrated by Searson et al. [47, 48]. By using a single-bath electrolyte Au1−xAg

x
 (0 < x < 1) 

alloy was deposited in the nanochannels. After dissolution of the template, the less noble 
material, in this case Ag, was selectively dissolved. Since then, various groups studied the 
influence of both initial AuAg wire composition and dealloying parameters on the resulting 
porosity, in most cases for wire diameters larger than 200 nm [49–52].

Recently, we reported the potentiostatic electrodeposition and characterization of thinner 

Au1−xAg
x
 nanowires with controlled composition and size. The cylindrical Au1−xAg

x
 nanow-

ires exhibited three different D, namely, 85, 45 and 30 nm, and L between 10 and 20 μm 

and were analyzed with respect to their composition and morphology before and after 

dealloying.

Electrodeposition was performed at 60°C from aqueous electrolytes containing 0.25 M Na
2
CO

3
, 

as well as KAu(CN)
2
 and KAg(CN)

2
 in different ratios, namely (1) 50 mM of KAu(CN)

2
 and 

50 mM of KAg(CN)
2
 (Au:Ag ratio 1:1) and (2) 50 mM of KAu(CN)

2
 and 20 mM of KAg(CN)

2
 

(Au:Ag ratio 5:2). A constant potential of −1.1 V vs. Ag/AgCl reference electrode was applied 
and a platinum wire served as the counter electrode in all cases. After dissolution of the 
polymer foil, the wires were transferred onto silicon nitride TEM grids for posterior dealloy-

ing and analysis. For dealloying, the silicon nitride membranes with randomly distributed 

nanowires were immersed in 65% nitric acid (HNO
3
, LS labor-Service GmbH) at room tem-

perature for 3 h. The dealloying process of individual cylindrical wires with various sizes and 

compositions was characterized by means of TEM for the crystallinity and energy-dispersive 

X-ray spectroscopy (EDX) for the elemental analysis. The average composition measured by 

EDX-TEM for Au1−xAg
x
 nanowires deposited using two different electrolyte compositions, 

before and after dealloying are reported in Table 1.

The EDX analysis of the as-grown nanowires before dealloying reveals two types of wires: Ag-rich 
nanowires (i.e., Au

0.4
Ag

0.6
) and Au-rich nanowires (i.e., Au

0.6
Ag

0.4
). The resulting wire composi-

tions do not vary significantly as a function of channel diameter. Figure 4 shows the correspond-

ing dark-field TEM images of the nanowires. Figure 4a, b (left images) display the Au
0.4

Ag
0.6

 

wires synthesized using an electrolyte with a ratio of KAu(CN)
2
:KAg(CN)

2
 = 1:1 with diameters 

of 85 nm (Figure 4a) and 45 nm (Figure 4b), respectively. Figure 4c, d (left images) display 
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Au
0.6

Ag
0.4

 wires with 85 and 45 nm diameter electrodeposited using a KAu(CN)
2
:KAg(CN)

2
 ratio 

of 5:2. Before dealloying, all nanowires are cylindrical and exhibit very smooth surfaces for all 

diameters and compositions. EDX with very high spatial resolution (below 1 nm) revealed the 

presence of a Ag-rich layer in Au
0.4

Ag
0.6

 wires and Au-rich layer in Au
0.6

Ag
0.4

 wires [31]. The 

thickness of these surface layers amounted 1–4 nm. After dealloying (right images), wires with 
very different morphologies are obtained. After dealloying in nitric acid, Ag-rich wires exhibit 
porous morphologies, whereas Au-rich wires remain solid cylinders displaying only a small 
increase in surface roughness. In Figure 4e, the EDX line scan shows the composition of a liga-

ment of a dealloyed Au
0.4

Ag
0.6

 and evidences its almost pure Au composition across the ligament 
except for a small region (2–3 nm) with 20 at% of remaining Ag content. In turn, after dealloying, 

Figure 4. Dark-field TEM images of AuAg nanowires before (right) and after (left) dealloying in HNO
3
: (a) Au

0.4
Ag

0.6
 

nanowire, initial diameter 85 nm, (b) Au
0.4

Ag
0.6

 nanowire, initial diameter 45 nm, (c) Au
0.6

Ag
0.4

 nanowire, initial diameter 

85 nm, (d) Au
0.6

Ag
0.4

 nanowire, initial diameter 45 nm. TEM image and EDX line scan across (e) a ligament of an Au
0.4

Ag
0.6

 

dealloyed nanowire and (f) the surface of an Au
0.6

Ag
0.4

 nanowire after dealloying. Adapted with permission from [31] 

copyright 2015 American Chemical Society.

Before dealloying

Atomic % of Ag

After dealloying

Atomic % of Ag

Initial wire diameter (nm)

Electrolyte:

85 45 30 85 45

50 mM KAu(CN)
2

50 mM KAg(CN)
2

62 ± 4 60 ± 4 63 ± 3 8 ± 6 5 ± 6

50 mM KAu(CN)
2

20 mM KAg(CN)
2

41 ± 4 38 ± 4 39 ± 3 39 ± 5 36 ± 3

Reproduced with permission from Ref. [31]. Copyright 2015 American Chemical Society.

Table 1. Averaged Ag content (at%) in the nanowires measured by EDX spectroscopy before and after dealloying as a 
function of the initial wire diameter.
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the Au
0.6

Ag
0.4

 nanowires exhibit a diameter and composition similar to that of the initial nanow-

ires (Figure 4f). They also have a relatively homogeneous Au-rich shell. This detailed analysis of 
the different Au-based nanowires, and in particular of their surface composition, is very impor-

tant in order to interpret the plasmonic measurements presented in the following subsections, 

as well as for setting realistic inputs for simulations.

2.3. STEM-EELS of individual Au nanowires

Single cylindrical smooth Au nanowires with different aspect ratio were investigated by EELS 
to analyze their multipolar surface plasmon modes. Figure 5 shows an example of a STEM-

EELS map of a single Au nanowire with L = 895 nm ± 5 nm and D = 95 ± 5 nm. The map con-

sists of 100 spectra that were recorded by scanning the electron beam along the red line on the 

right of the nanowire (distance to wire surface ~10 nm). Each horizontal line in the map cor-

responds to one single spectrum. The energy loss increases from left to right. The color in the 

map indicates the energy loss probability. The energy loss of an incident electron depends on 

the electromagnetic local density of states, projected in the direction of the traveling electron 
[25]. Thus, the energy loss maxima in the EELS map can be interpreted as the position of field 
maxima of standing surface plasmon waves. We can therefore identify different multipolar 
surface plasmon modes by counting these maxima. A single spectrum extracted from the map 
can be seen in Figure 5b, and the spectrum was recorded at the position of the red dot in the 

TEM image on the right.

Figure 5. (a) STEM-EELS map of a single Au nanowire (L = 895 nm ± 5 nm; D = 95 ± 5 nm). The map consists of 100 spectra 
measured along the red arrow in the TEM image on the left. The schemes on top show the corresponding surface charge 

distributions; (b) single spectrum extracted from the map at the position of the red dot in the TEM image. Adapted with 
permission from [32]. Copyright VBRI press.
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From the STEM-EELS map, it is possible to resolve surface plasmon modes of the wire in a 

broad energy interval between 0.4 and 2.7 eV. At low energies, the map clearly shows five dif-
ferent longitudinal modes of the Au nanowire as shown in the schemes on top of the map. At 
an energy of 2.3 eV, a transversal mode is excited all along the wire. To study the dependency 

of resonance energy versus nanowire dimensions, Figure 6a shows the energy of several mul-

tipole order longitudinal modes for 3 Au nanowires with different aspect ratios. It is seen 
that tuning the dimensions of the nanowire is a perfect tool to adjust the resonance energy of 
all multipole modes. TEM images of the three nanowires are depicted in Figure 6b–d. With 

increasing nanowire aspect ratio (L over D), the energies of all the longitudinal modes are 

shifted to lower energies, which is in accordance with results obtained with other measure-

ment techniques and simulations (e.g., see [8–10]). The specific curve shape of the resonance 
energy versus multipole order for all three wires points toward a simple relation between 

these parameters. Using simulations, in 2007, Klebtsov et al. [6] have proposed the relation

    1 __ 
E

   =  A  
0
   +  A  

1
   ∙   
L / D

 ____ 
l
    (2)

E is the energy of the respective mode and A
0
 and A

1
 are constants. Eq.(2) is motivated by the 

direct proportionality between L and the resonance wavelength λ of a perfect conductor, but 

is modified since penetration of light into the gold wire is possible in this frequency regime. 
Figure 6e shows a linear regression plot to the data of the three wires. Plotted is the inverse of 
the energy versus L/D over l according to Eq. 1. The relation follows well the data. As can be 
seen for the two wires with similar D (marked in black and green in Figure 6e), for wires of 

the same diameter and material of the same relation can be used to analytically calculate the 

multipole resonance energies.

2.4. STEM-EELS of porous nanowires

Another advantage of STEM-EELS is that wire details such as surface roughness or porosity 
can be resolved by the TEM together with the recording of the corresponding EELS map, 

enabling the investigation of how such specific parameters influence the resonance energies. 
Figure 7 shows an example of a STEM-EELS map of a porous nanowire with L = 1000 ± 10 nm 

Figure 6. (a) Resonance energies for three different nanowires are plotted versus multipole order for the corresponding 
mode, (b) TEM images of the three different wires and (c) the inverse of the energy plotted versus aspect ratio over l for 

all three wires together with linear regression curves according to Eq. (2). Adapted with permission from [14]. Copyright 

2011 American Chemical Society.
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and D = 90 ± 10 nm, thus with similar dimensions to the wire analyzed in Figure 5. For the 

longitudinal modes, the map resembles the one of the pure Au wire. However, at the higher 
energies (around approx. 2.2 eV, where we expect from the single Au wire the transversal 
mode), it is seen that the transversal mode of the porous wire is not excited at the same energy 

all along the nanowire, but the transversal mode energy shifts in a broad range between 1.9 

and 2.3 eV dependent on the position. We account this to the varying pore sizes along the wire 

that can be seen in the TEM image in Figure 7b.

Since the porous wire is only slightly longer than the single Au wire in Figure 5, we can 

compare the energies of the respective modes. For all modes including the transversal, the 

energies measured for the porous wire are systematically lower than the corresponding mode 

energies of the continuous Au wire. This result is in agreement with further studies that we 
have conducted on the dipolar mode of Au nanowires by infrared spectroscopy [53] as well as 

results reported by other authors on shorter rods [54]. We believe that it can be explained by a 

change in the intrinsic parameters such as the lower bulk plasma frequency that follows from 

introducing an effective medium consisting of gold and empty voids to describe the porous 
material [53, 55].

2.5. Surface plasmon dispersion

EELS maps along individual nanowires allow deducing a surface plasmon dispersion relation. 

For this, the distance between two maxima, which corresponds to the half-surface plasmon 

wavelength of the respective mode, is measured [13, 40, 41]. Using this technique, different 
authors have derived dispersion relations for Ag [13, 40] and Al [41] nanowires by EFTEM 

Figure 7. (a) STEM-EELS map consisting of 100 spectra measured along a porous Au nanowire (L = 1000 ± 10 nm, 
D = 90 ± 10 nm) together with the corresponding surface charge distributions; (b) single spectrum extracted from the 
map at the position of the red dot in TEM image. Adapted with permission from [32]. Copyright VBRI press.
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and STEM-EELS. For both materials, it was demonstrated that the distance between the max-

ima at the nanowire edges is shorter than the one between two maxima in the middle. The 

phenomenon is called antinode bunching [13] or λ
sp

 - compression [40]. It has been explained 

by a phase jump of the surface plasmon mode that is most probably due to the shape of the 
edges of the nanowire [13]. As it can be clearly seen exemplarily for the third-order mode of 
smooth and porous wires in Figure 8a, our data confirm this effect also for the Au wires. For 
both Ag and Al, it has been shown that the dispersion follows the shape of the calculated 
dispersion relation of fundamental surface plasmon polaritons sustained by an infinite Ag 
or respectively Al cylinder and that the low-order modes are close to the light line, which 
makes them easily excitable with light. Figure 8b shows the dispersion relation for a single 

Au nanowire, an Au
0.7

Ag
0.3

 alloy nanowire, and a porous Au wire. Values for the Au and AuAg 
alloy wire follow almost the identical curve shape, which we attribute to the similar dielectric 
function of Au and Ag at low energies and the small Ag content of only 30% in the wire. In 
contrast for the porous wire, the curve lies by trend below the one of the pure Au wire which 
we assign to a lower bulk plasma frequency as mentioned previously.

3. Coupled nanowire systems

Interaction between surface plasmons in several nanostructures that are separated by dis-

tances smaller than the decay length of the electric field is attracting a lot of attention in the 
field of plasmonics (see e.g., [15, 17, 19, 56–58]). In such systems, the plasmonic modes couple 

resulting in a splitting or hybridization (in analogy to molecular orbitals) in new plasmonic 
modes, called bonding and antibonding modes [16, 19, 56]. Nanowires are very interesting 

structures to study such hybridization phenomena, since their elongated shape results in a 

large energetic splitting of the modes even for higher multipole orders, which makes the split-
ting clearly resolvable in the energy loss spectrum. We have used systems consisting of two 

nanowires separated by small gaps [14, 35] or connected by small conductive bridges [34] to 

study such coupling effects. Taking up the terminology of molecular orbitals, the structures 

Figure 8. (a) Extract of the EELS map in Figure 5 and Figure 7 showing the surface plasmon half-wavelength of the 

third-order mode of smooth and porous nanowire and (b) dispersion relation for different Au-based nanowires together 
with the dispersion of light.

Plasmonics50



are called ‘nanowire dimers’ [16]. After presenting our synthesis technique, we start the dis-

cussion with a dimer consisting of two wires with almost identical L and separated by a 

small gap, and continue with more complex structures such as wires connected by bridges or 

consisting of wires of different L.

3.1. Synthesis of nanowire dimers

The template method enables the synthesis of axially segmented nanowires composed by 

two or more materials. Back in the 1990s, the synthesis of segmented Cu/Co and Ni/Cu mul-
tilayer nanowires was reported [59, 60]. Since then, many different segmented structures 
combining, for example, polymers, semiconductors, and metals, have been fabricated by the 

template method [61, 62]. Segmented nanowires can be grown either by sequential exchange 

of the electrolyte [63, 64] or using a single-bath electrolyte and controlling the composition 

of the segments by tuning reduction potential and electrolyte composition [65, 66]. The 

combination of electrodeposition of segmented nanowires formed by two different materi-
als, and the selective dissolution of the less noble, is known as on-wire lithography [67]. 

The Au nanowire dimers analyzed in this chapter are synthesized also in a similar two-step 
process. The first step consists of depositing segmented Au-rich/Ag-rich/Au-rich nanowires 
by sequential potentiostatic deposition, using the same electrolyte mentioned in Section 2.2, 

namely 0.25 M Na
2
CO

3
, and KAu(CN)

2
 and KAg(CN)

2
 in different concentrations [33]. The 

length of the Ag and Au segments is controlled by the duration of the corresponding pulses. 
Each segment contains a certain amount of the second metal. However, potential and electro-

lyte concentration can be chosen such that the relative concentration of the second material 

remains low (< 40%). After dissolution of the polycarbonate template using dichloromethane, 
the nanowires are transferred on to silicon nitride membranes. By immersing the substrate 

into concentrated nitric acid for 3 h, the middle silver segment is selectively etched. The gap 

size is determined by the length of the Ag segment. Using this method, we reported the 
fabrication of nanogaps with sizes between 7 and 30 nm [33].

Figure 9 shows SEM images of two wires with D ~65 nm consisting of 6 Au-rich and 6 Ag-rich 
segments (a) before and (b) after the nitric acid treatment. It can be seen in Figure 9b that in 

some cases a small metallic connection remains between the Au-rich segments. In this case, 
adjacent nanowire segments are electrically connected by the small junction. The small con-

nections can be efficiently removed by thermal annealing at 300°C for 30 min, resulting in 
adjacent Au segments of similar length separated by a well-defined gap, as shown exemplary 
in Figure 9c.

This method has been applied to produce adjacent nanowires of controlled length separated 
by a gap of predesigned properties. Thus, two adjacent nanowires with similar length sep-

arated by a narrow gap are referred to as “nanowire dimers.” If different pulse durations 
are applied for the first and third pulses, dimers consisting of Au segments with different 
length are produced. These are referred to as “nanowire heterodimers” or “symmetry bro-

ken dimers.” In addition, two nanowires joined by a small metallic remaining connection 
(Figure 9b) are conductively coupled, while the two wires separated by a well-defined gap 
(Figure 9c) are capacitively coupled. In the next sections, we discuss the plasmonic properties 

of different nanowire dimers and heterodimers produced by this method.
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3.2. Finite element simulation of coupled systems

Experimental results can be predicted, verified, or complemented by theoretical calculations of 
surface plasmons. For nanogaps larger than 1 nm quantum phenomena can usually be excluded 

[58]. In this case, classical calculations based on solving Maxwell’s equation are conducted. 
Several different numerical methods are usually applied to study surface plasmon modes, such 
as the discrete dipole approximation [68], the boundary-element method [10, 15], or, as in our 

case, finite element simulations [69]. To conduct finite element simulations, commercial pro-

grams such as, for example, Comsol, Lumerical and CST Microwave Studio allow defining the 
plasmonic nanostructures with high accuracy. In the finite element codes, the structures are 
subdivided into a large amount of small volume elements. The electric field is numerically cal-
culated by solving Maxwell’s equations for these elements using suitable boundary conditions.

To analyze the surface plasmons in nanowires and coupled systems, we have performed finite 
element simulations with CST Microwave Studio [34]. To simulate the excitation of surface 

plasmons by a small point source, as it is the case during EELS measurements, we selected 

as excitation source a small dipole of impedance 5 kΩ located at 1 nm from the surface of the 
simulated Au nanostructure. This point source excites both bright and dark modes, and can 
be placed at different positions to analyze plasmon excitation as a function of the relative dis-

tance to the wire. Figure 10 shows the finite element simulations of the electric field strength 
versus energy for four different structures: a nanowire dimer with gap of 19 nm (red line), 
two dimers with connections (green line: bridge length 19 nm and bridge diameter 20 nm; 

blue line: bridge length 19 nm and bridge diameter 40 nm) and a continuous wire. All nano-

structures have a total L = 1145 nm including gap or connection and D = 90 nm. The spectra 

are normalized to the electric field of the dipole at the specific position for the situation that 
no Au nanostructure is present. In this simulation, the dipole is located 1 nm from one end of 
the nanostructures. All spectra are calculated 1 nm from the opposite end of the structures. 

Figure 9. (a) SEM image of two segmented nanowires obtained applying a six pulse sequences consisting each of 

U
1
 = −1.1 V (25 s) and U

2
 = −0.5 V (15 s) vs. Ag/AgCl. (b) the same two nanowires after treatment with nitric acid. Small 

metal junctions are seen between some of the nanowires. (c) Nanowires after nitric acid treatment and annealing at 300°C 
for 30 min. Well-defined gaps are formed. Adapted from [33], an article distributed under public license https://www.
beilstein-journals.org/bjnano/copyright; copyright the authors of [33].
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The figure also shows the corresponding charge distributions of the various modes that were 
obtained from the simulation. In the following sections, we refer to this figure when analyzing 
the STEM-EELS maps of the corresponding structures.

3.3. STEM-EELS of nanowire dimers with gaps

Figure 11a shows a STEM-EELS map of nanowire dimer consisting of two wires separated by 

a gap of about 8 nm. The two wires have length L
1
 = 784 ± 5 nm, L

2
 = 808 ± 5 nm, and a diameter 

of D = 112 ± 5 nm. The map of the dimer differs from the ones of single wires by the energy 
separation between consecutive modes. For a single wire, the energy difference between two 
consecutive modes decreases with energy (see Figure 5). In contrast, for this dimer we find 
three pairs of modes that are closer in energy than the difference to the next pair. The black 
arrows below the map depict the energy difference between two modes corresponding two 
a pair. Each pair consists of a bonding and an antibonding mode that are generated from the 

coupling of the modes of the two individual wires. The bonding mode is the one having two 

surface charge maxima of different polarity at the two gap sides, whereas the antibonding 
mode possesses two maxima of same polarity at this position. In Figure 11c, the hybridiza-

tion scheme of the dimer is schematically shown for the first three multipole orders. These 
mode pairs of bonding and antibonding modes can also be clearly seen in the red spectrum of 

Figure 10 showing the simulation of a nanowire dimer.

The missing energy loss maxima of the bonding modes at the position of the gap can be 

understood from symmetry reasons. When placing the electron beam at the position of the 

gap no asymmetric charge distribution can be excited. In addition to the longitudinal modes, 

the map reveals also a transversal mode of the dimer that can be excited all along the two wires 

but not at the position of the gap. In the case of dimers, both aspect ratio of the wires and gap 

Figure 10. Finite element simulation of the electric field strength 1 nm from the end of a nanowire with gap (red), a dimer 
with small connection of diameter 20 nm (green), with larger connection of diameter 40 nm (blue) and a continuous wire 

(black). Reprinted with permission from [34]. Copyright 2012 American Chemical Society.
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size influence the energy splitting of the bonding and antibonding modes. For the l = 2 modes, 
the energy difference between bonding and antibonding mode is plotted in Figure 11d versus 

aspect ratio times gap size.

3.4. STEM-EELS of coupled nanowires connected by small bridges

Calculations reported in several publications predict that conductively coupled metallic objects 
can result in extremely conductance sensitive shifts of the resonance energies [18, 57, 70–74]. 

Figure 11. (a) STEM-EELS map of nanowire dimer with a gap of about 8 nm. On top of the map the corresponding 

surface charge distributions of the modes are shown, (b) three spectra measured at the position of the colored dots in 

the TEM image, (c) hybridization scheme of the dimer for the first three multipole orders and (d) energy splitting for the 
l = 2 bonding and antibonding modes versus gap size times aspect ratio. Adapted with permission from [14] copyright 

2011 American Chemical Society.
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Such structures are therefore promising platforms for sensing and optical switching appli-

cations [18, 74]. Due to difficulties in preparing such structures with controlled dimensions, 
experimental studies are still rare [21]. As explained in Section 3.1, during the synthesis of 
nanowire dimers by on-wire lithography from segmented AuAg nanowires, small conductive 
junctions can remain between two adjacent wires (e.g., Figure 9b). This allowed us to perform 

STEM-EELS analysis on such nanowire dimers with small connections attaining reliable data 
on the plasmonic properties of these promising systems [34].

Figure 12 shows a STEM-EELS map of a nanowire dimer where the gap is not completely 

dissolved, so that a conductive gold bridge remains between the two nanowires. For the 

dimer, L = 1145 ± 10 nm and D = 90 ± 10 nm. Clearly, seven different multipolar modes can 
be distinguished that reveal a complex arrangement in energy that differs from the one of a 

capacitively coupled dimer and as well from the one of a single wire. The schematics on top 

of the map reveal the charge distribution of these modes that have been identified by simula-

tions of such connected structures (Figure 10).

In Figure 10, one can see that modes with symmetrical charge distribution (the antibonding 

modes of the nanowire dimer) do not shift in energy independent on connection size or if a 

gap is present, whereas all modes of unsymmetrical charge distribution (the bonding modes 

Figure 12. (a) STEM-EELS map of a nanowire dimer with metallic connection. (b) Two spectra extracted at the positions 

of the colored dots in the TEM image. Reprinted with permission from [34]. Copyright 2012 American Chemical Society.
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of the nanowire dimer) shift continuously to higher energies with increasing connection size. 

The strength of the shift decreases with increasing multipole order and results thus in the 

arrangement seen in Figure 12 where the bonding mode of first order (labeled with B
1
 in the 

figure) is located at higher energy than the corresponding antibonding mode (AB
1
). However, 

bonding modes of second and third order (B
2
 and B

3
) are observed at lower energies than the 

corresponding antibonding modes (AB
2
 and AB

3
).

The shift of the bonding modes is related to the electric field distribution of the wire in the 
gap. Therefore, the field distribution of a connected dimer and a continuous wire for modes 
with formally same number of surface charge maxima should be compared. Figure 13 shows 

the electric field distributions of the second-order antibonding mode of the connected dimer 
(Figure 13a) and the l = 4-mode of the continuous wire (Figure 13b). Since for antibonding 

modes the space in the gap is almost field-free, these two modes have identical field distribu-

tions and are excited at the same energy. For the field distributions of the second-order bond-

ing mode of the dimer (Figure 13c) and the l = 5-mode or the continuous wire (Figure 13d) 

the situation is different: Here a strong field is excited in the gap, shifting the charge maxima 
in the direction of the gap. The shift to higher energies of the bonding modes is linked to this 

electric field strength in the gap and decreases thus with increasing multipole order resulting 
in a completely new mode arrangement compared to dimers with gap.

3.5. Mode coupling in heterodimers

Up to now, we have focused only on surface plasmon coupling in structures consisting of 

two wires with very similar dimensions. In literature, several examples of mode coupling in 

nanostructures of different material [74–78] or dimensions [35, 79–82] have been reported. 

Figure 14 shows clear evidence that surface plasmon coupling is also possible in heterodimers 

even between modes of different multipole order. The dimer has a diameter D = 76 nm ± 5 nm 
and consists of two wires with length L

1
 = 656 nm ± 10 nm and L

2
 = 1036 nm ± 10 nm; the 

gap size is ~12 nm. Figure 14a presents a STEM-EELS map of the dimer. In this map, nine 

different modes can be identified that are labeled with Arabic numbers on top of the map. 
In addition, Figure 14b shows an EFTEM series of the same dimer. A step size between the 
images of 0.2 eV (which corresponds also to the slit width) was used. Each image of the series 

is plotted next to the corresponding mode in the STEM-EELS map. It can be seen that for 

Figure 13. Calculated field distributions for the second-order (a) antibonding and (b) bonding mode of the connected 
dimer and the (c) l = 4 and (d) l = 5 mode of the continuous wire. Reprinted with permission from [34]. Copyright 2012 

American Chemical Society.

Plasmonics56



most of the modes, the plasmon mode is more intense either in the long or in the short wire. 

However, for the modes labeled with 4 and 5, the maxima are very intense along both wires: 

in this energy interval, in the short wire, the second-order mode (l
1
 = 2) is active, whereas in 

the longer wire the third-order mode (l
2
 = 3) is excited. Both modes couple and form a pair of 

bonding and antibonding modes as shown schematically in Figure 14c. An evidence of such 
a pair is visible in particular in the STEM map since no maxima can be seen at the gap for 

mode number 4 which is a typical feature of the bonding mode. The required condition for 

mode splitting in such unsymmetrical dimers is that in both of the individual wires a mode is 
excited at almost the same energy as another mode in the second wire, that is, spectral over-

lap between the two modes of the individual wires has to occur. As follows from Eq. (2), for 
nanowires, this can, for example, be achieved by designing dimers with length ratio L

2
/L

1
 = l

2
/

l
1
, where l

2
 and l

1
 are the multipole orders of the two corresponding modes of the individual 

wires. In the shown dimer, L
2
/L

1
 = 1.58 ± 0.03, is deviating only slightly from the ratio between 

the corresponding multipole orders l
2
/ l

1
 = 3/2. Simulations also confirm the spectral overlap 

of these two modes (see [35]).

4. Conclusions

We have shown that STEM-EELS is an extremely powerful technique to analyze surface plas-

mon modes in nanostructures, and in particular, in nanowires and nanowire dimers. Thanks 

to its very high spatial resolution, it has been possible to investigate resonance energies of 

multipole order surface plasmon modes, measure surface plasmon dispersion relations, as 

well as to analyze surface plasmon excitation on specific positions along the nanostructures.

Cylindrical nanowires are synthesized by electrodeposition in etched ion-track membranes, 

combined with dealloying. This combination enables the fabrication of nanowires with excel-

lent control on dimension (length, diameter), porosity and composition. These wires are, 

therefore, excellent model systems to analyze the influence of each parameter on the surface 

Figure 14. (a) EFTEM series of a nanowire heterodimer with 12 nm gap, (b) STEM-EELS map of the same dimer; (c) 

scheme of the bonding and antibonding mode pair. Adapted from [35] with permission from the Royal Society of 

Chemistry.
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plasmons. Thus, EELS data evidence lower resonance energies for porous wires compared to 

smooth ones of similar dimensions for both longitudinal and transversal modes. Also, the dis-

persion relation for the porous nanowires is slightly different from the one of Au and Au
0.7

Ag
0.3

 

nanowires, most probably due a lower bulk plasma frequency of the porous material.

Symmetric and asymmetric dimers separated by small gaps, that is, capacitively coupled, 

are fabricated by the selective dissolution of short Ag segments in electrodeposited Au/Ag/
Au segmented nanowires. In these structures, energy splitting in bonding and antibonding 
modes was experimentally visualized clearly up to the third multipolar order. If a small 

metallic junction remains between two adjacent wires, the wires are conductively coupled, 
and a completely new mode arrangement arises due to an energy shift of the bonding modes. 

The modes are strongly dependent on the connection size. Finally, mode coupling was also 

demonstrated for heterodimers consisting of two wires with different length. In these struc-

tures, mode coupling is possible if two modes of the individual wires do spectrally overlap. 

All experimental results are in excellent agreement with finite element calculations.
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