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Summary	
  
 

 

Optical and infrared antennas based on metal nanostructures allow for efficient 

conversion of propagating light into nanoscale confined and strongly enhanced optical 

fields, and vice versa. They are therefore highly interesting for the development of 

compact and integrated nanophotonic devices for telecommunication, near-field 

microscopy, ultrafast photodetectors and biosensing, which is a highly active research 

field. 

 

Recently, the transfer of radiofrequency (RF) concepts to optical and infrared antennas 

has been introduced. This is because optical and infrared antennas share many properties 

with their larger radiofrequency counterparts. However, there also exist important 

differences that limit the applicability of RF concepts to optical frequencies. For 

example, while metals can be well described as a perfect conductor at radiofrequencies, 

at optical frequencies metals do not behave as a perfect conductor anymore and show 

particular resonance effects (surface plasmons). Nevertheless, the progress made by 

current research indicates that RF concepts can be transferred to optical and infrared 

frequencies. Prominent examples are the scaling law for optical antennas and the 

introduction of antenna loading with nanocircuit elements for the tuning of optical 

antennas. Furthermore, the transport of optical and infrared energy on the nanoscale has 

been demonstrated by adapting RF concepts, for example by miniaturizing RF 

transmission lines. However, a full understanding of the characteristics of optical 

antennas and transmission lines as well as their integration in nanoscale optical circuits is 

still an emerging topic of nanophotonics. 

 

This thesis presents a near-field microscope that allows to verify the merging of 

radiofrequency and plasmonic concepts at infrared frequencies. This near-field 

microscope is applied to study infrared antennas and transmission lines for the 
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nanofocusing of light and the control of near fields on the nanoscale. Thus, both a 

valuable tool and new design ideas are provided for the development of novel near-field 

probes and spectroscopic lab-on-a-chip applications for (bio)medical and chemical 

sensing 

 

After an introduction of basic concepts of nano-optics and antenna theory in chapters 1 

and 2, the first infrared transmission-mode scattering-type near-field microscope (s-

SNOM) for mapping the near-field distribution of metal nanostructures is introduced in 

chapter 3. This s-SNOM is based on an atomic force microscope where a sharp tip 

locally scatters the near fields on a sample surface. By illuminating the sample from 

below through a transparent substrate (transmission mode), a homogeneous sample 

illumination is provided. This allows for undistorted near-field mapping with nanoscale 

resolution of even two-dimensional extended structures such as transmission lines. The 

power of this s-SNOM lies in the combination of ultra-high spatial resolution on the 10 

nm scale, the applicability in the spectral range from visible to THz frequencies and the 

access to all the three near field components.  

 

Chapter 4 demonstrates the capability of transmission-mode s-SNOM to characterize the 

polarization state of nanoscale confined light fields on planar antenna structures and 

nanoscale antenna gaps. This is achieved by a separate acquisition of the amplitude and 

phase of each near-field component and a subsequent reconstruction of the polarization 

state, assuming that the tip-scattering tensor is known. Experiments with an inverse 

bowtie antenna show that the fields inside the antenna gap are confined to an extreme 

subwavelength-scale spot size of only 50 nm width (≈ 𝜆/200) and are furthermore 

linearly polarized. 

 

Chapter 5 provides direct experimental evidence that antenna loading can be applied to 

infrared antennas, allowing for the control of local infrared fields on the nanometer scale. 

To this end, the transmission-mode s-SNOM is applied to monitor the near-field 

response of infrared antennas, which central gap has been progressively loaded with 

small metal bridges of varying size. By modeling the antenna and the antenna load as 

impedances, the load-induced changes of the near-field and far-field response of the 

antennas can be described within the framework of circuit theory.  
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Chapter 6 predicts and experimentally verifies for the first time that mid-infrared energy 

can be compressed to deep subwavelength dimensions in tapered two-wire transmission 

lines, yielding a strongly concentrated infrared spot (nanofocus) at the taper apex. The 

energy compression is achieved by propagating a mid-infrared surface wave along the 

transmission-line taper, rather than by locally converting free-space infrared radiation 

into a nanoscale hot spot, as it is the case with antenna focusing. Nanofocusing with 

tapered transmission lines thus opens the door to novel near-field probes with an 

improved signal-to-background ratio and to the development of subwavelength-scale 

integrated infrared circuits where the energy transport is mediated by surface waves. 

 

  



 

4 

 

 



5 

 

 

 

1. Introduction	
  to	
  Nano-­‐optics	
  based	
  
on	
  Surface	
  Plasmons	
  Polaritons	
  

 

 

The interaction of light with matter is the basis for a large number of applications 

including spectroscopy, optical detectors, lithography and microscopy. These 

applications are usually realized in form of an optical setup where light is reflected, 

guided and focused in order to achieve the particular purpose of the application. When 

classical optical elements such as lenses and mirrors are used, the resolution of the 

optical setup is limited by diffraction because of the wave nature of light15. In classical 

optical microscopy, for example, individual nanostructures cannot be resolved if they are 

closer than half the wavelength of the illuminating light. Another example is vibrational 

spectroscopy where the diffraction limit challenges the observation of IR finger prints 

from a small number of molecues16. In optical detector applications, the diffraction limit 

stands for a penalty for power dissipation, area, latency and noise17. A promising way to 

overcome these limitations is implementing optics with surface plasmons polaritons18. 

 

Surface plasmons polaritons (SPPs) are based on the collective oscillations of the free 

electrons at a metal surface. These oscillations can give rise to strongly enhanced light 

fields that are spatially confined near the metal surface. The most attractive aspect of 

SPPs is that they allow for a concentration and a channeling of light on the 

subwavelength scale18. By structuring the metal surface on the nanometer scale, the 

properties of the SPPs can be tailored, offering the potential for the development of new 

miniaturized photonic circuits18. A special type of SPPs is found with confined 

geometries such as metal nanoparticles which support localized SPP resonances. These 

metal nanoparticles are able to capture propagating light and efficiently convert it into 

nanoscale confined and strongly enhanced optical fields, and vice versa. When a 

molecule or a semiconductor is brought into the vicinity of these fields, their interaction 
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with the free-space light is significantly enhanced. One prominent example is found with 

surface-enhanced Raman spectroscopy (SERS) where the Raman signal can be enhanced 

by the order of 10!" to 10!", thus enabling the detection of a single molecule19,20. SPP-

based nano-optics with metal nanoparticles has also been introduced to highly sensitive 

spectroscopy16,19-21, ultrafast optical detectors17, highly efficient solar cells, high-

resolution lithography22,23 and microscopy applications24-28. This chapter will give an 

overview on the optical response of metal nanoparticles, with a special emphasis being 

laid on the metal nanorod. 
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1.1. Optical	
  properties	
  of	
  noble	
  metals	
  
 

The interaction of metals with electromagnetic radiation is largely governed by the free 

electrons in the metal15. The electric field 𝐄 of the incident electromagnetic radiation 

leads to a displacement of the free electrons. On the macroscopic scale, the sum over all 

free electrons yields a polarization 𝐏 of the metal in response to the incident 

electromagnetic radiation. This optical response of the metal can be described by the 

dielectric function 𝜀 which relates the polarization 𝐏 of the metal with the electric field 𝐄 

according to 𝜀 = 1+ 𝐏 /(𝜀! 𝐄 ) (ref. 15). Experimental measurements of the dielectric 

function of metals have been published in literature4,10,29,30. A simple description of the 

dielectric function can be found by applying the Drude-Sommerfeld model for the free-

electron gas, which assumes that the conduction electrons are allowed to move freely 

within the bulk of the metal. Applying an oscillating electric field 𝐄 of frequency 𝜔, to 

which the electrons respond with an oscillatory motion, the following expression for the 

dielectric function 𝜀 is found15 :  

 
𝜀!"#$% 𝜔 = ε!"# −

𝜔!!

𝜔! + 𝑖Γ𝜔  , 
(1)  

 

where 𝜔! is the plasma frequency and Γ a damping term because of electron-electron 

and electron-phonon scattering15. The term ε!"# summarizes the effect of the interband 

transitions15. In Figure 1a, we plot the Drude-Sommerfeld model (line) and check if it is 

a good description of the dielectric function of the noble metal gold by comparing it to 

the literature values from Johnson & Christy4 (circle). We insert the following constants 

for gold taken from ref. 7 in eq. (1): 

 

 𝜀!"# = 11, 𝜔! = 8.95  eV and Γ = 65.8  meV . (2)  

 

Note that we express the frequencies 𝜔! and Γ in units of energy (eV). We find that eq. 

(1) is a valid description of the dielectric function of gold for wavelengths 𝜆 ≥ 600  nm. 

We observe that the real part 𝜀! of the dielectric function is always negative. This is a 

consequence of the fast response of the free electrons to the electric field 𝐄, which allows 

the electrons to screen the external fields and to prevent a considerable penetration of 
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Figure 1: Plot of the dielectric constant 𝜀 = 𝜀 ! + 𝑖𝜀" for the noble metal Gold as a function of 
wavelength (lower x-axis) and energy (upper x-axis). (a) Drude model (line) and experimental 
values (circles) from Johnson & Christy4 for the visible and near-infrared spectral range. (b) 
Experimental values from Palik10 (circles) and Drude model fitted to the experimental values 
(line), plotted for the mid-infrared spectral range. 
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light into the metal15,31. Therefore, most noble metals appear opaque and highly 

reflective at optical frequencies. At shorter wavelengths 𝜆 < 600  nm, the photons 

exceed the band gap energy of gold and interband transitions take place, leading to 

absorption losses in the metal. This can be seen with the strong increase of the imaginary 

part 𝜀!! in the tabulated values (circles). However, the Drude model does not reproduce 

these absorption effects at short wavelengths because it does not directly take into 

account the interband transitions. 

 

In order to show the dielectric function of gold in the mid-infrared spectral range, we 

plot the tabulated data from Palik10 in the wavelength range from 1 µm to 12 µm in 

Figure 1b. From the plot (circles) we observe that the real part 𝜀! of the dielectric 

function reaches very large negative values in the range of several -1000s. This behavior 

leads to a very strong reflectivity of the metal at infrared wavelengths, reminiscent of a 

perfect metal. In order to describe the tabulated data from Palik, we fit the Drude model 

to the experimental data for the wavelength range from 1.5 µm to 7.1 µm, yielding the 

new values: 

 

 𝜀!"# = 11, 𝜔! = 7.77  eV and Γ = 60.2  meV (for mid-IR), (3)  

 

where 𝜀!"# was held constant during the fitting. From the plot we see that the optical 

properties of gold in the mid-infrared range are in principle well described by the Drude 

model over a wide frequency range. Only for wavelengths longer than 7.1  µμm is the 

experimental data not very well reproduced by the Drude model. This is related to a 

decreasing slope at these wavelengths, not observed with other experimental data (e.g. 

Ordal et al. 29).  
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1.2. Surface	
   plasmon	
   polaritons	
   at	
   flat	
   metal	
  
surfaces	
  

 

Surface plasmon polaritons (SPPs) are electromagnetic surface modes at the interface 

between a dielectric and a metal15,18,32. They are based on the excitation of collective 

oscillations of the free electrons in the metal. The electromagnetic field of the SPPs 

decays exponentially from the interface, which makes the SPPs to be a bound mode 

propagating along the interface (Figure 2a)32. The dispersion of SPPs can be found by 

solving Maxwell equations assuming surface waves and the appropriate boundary 

conditions. 

 

For a planar interface between a dielectric 𝜀! with 𝜀!! > 0 and a metal 𝜀! with 𝜀!! < 0, 

the dispersion relation is given by 7,31 

 

 
𝑘!(𝜔) = 𝑘!

𝜀!𝜀!
𝜀! + 𝜀!

  , (4)  

 

where the wave vector 𝑘! in propagation direction (here arbitrarily assumed to be the x-

axis) is expressed as a function of the dielectric constant of the metal and the dielectric, 

and 𝑘! = 2𝜋/𝑐 is the light wave vector in vacuum. To illustrate the SPP dispersion 

relation, we assume a dielectric medium of 𝜀! = 1 and apply the Drude model from eq. 

(1) with the values from eq. (2) to describe the dielectric value 𝜀! of gold. The result is 

shown in Figure 2b. For the frequency range of visible light (𝜔 > 2  eV), we find that the 

real part of the SPP wave vector 𝑘!!  (red line) is significantly larger than the light line 

𝑘!(𝜔) (black line). The reason of this observation is the strong coupling between the 

light and the surface charges15,18. The bending of the dispersion relation to the right 

shows that this coupling becomes increasingly stronger towards the surface plasmon 

resonance frequency 𝜔!" ≈ 2.58  eV (dashed line) where 𝜀!! = −1. A different behavior 

is observed for the frequency range of infrared light (0.05  eV < 𝜔 < 1  eV). Here, the 

SPP wave vector is only marginally larger than the light line 𝑘!. This means that at 

visible frequencies the SPP wavelength 𝜆!"" = 2𝜋/𝑘!!  is significantly shorter than the 
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Figure 2: (a) SPP propagating in x-direction along a flat interface between a dielectric 
(𝜀!! > 0) and metal (𝜀!! < 0). (b) Dispersion curve of a gold-air interface, showing the real 
part 𝑘!!  (red line) of the SPP wave vector as a function of frequency 𝜔. The black line is the 
light line in vacuum 𝑘!. (c) The plasmon wavelength 𝜆!"" = 2𝜋/𝑘!! , decay length of the SPP 
electric field |𝐸!""(𝑧)| in z-direction into the dielectric and the metal for the two selected 
wavelength of 10 µm and 500 nm, representing the infrared and visible spectral range, 
respectively. 
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free-space wavelength 𝜆 while at infrared frequencies it is approximately of the same 

value as the free space wavelength 𝜆 (see table in Figure 2c). 

 
The field confinement perpendicular to the surface can be obtained by considering the 

wave vector component in z-direction in each medium, which for a SPP at a flat interface 

is given by 15 

 
𝑘!,! 𝜔 = k!

𝜀!!

𝜀! + 𝜀!
  in  the  dielectric  , 

𝑘!,! 𝜔 = k!
𝜀!!

𝜀! + 𝜀!
  in  the  metal. 

(5)  

 

The field confinement is given as the 1/𝑒 decay length of the SPP electric field in z-

direction and can be obtained by evaluating 𝐿! = 1/𝑘!!!. As shown in Figure 2c, at 

visible frequencies the decay length 𝐿! into the dielectric is much shorter than the free-

space wavelength 𝜆. Thus, at visible wavelength we can employ SPPs for confining 

fields to the surface. This finds applications in magneto-optic data storage, chemical 

sensing and spectroscopy33,34, biomedical application and miniaturized photonic 

circuits18,35. In contrast, at infrared and THz frequencies the decay is very long and can 

amount to several free-space wavelengths36. The confinement of the electric fields at flat 

metal surfaces is very weak, which makes these modes unattractive for the use in above 

named applications. The confinement can be greatly improved by patterning the metal 

surfaces with the aim of mimicking the properties of SPPs at infrared and THz 

frequencies (spoof-SPPs) 37. 

 

The SPP field also penetrates the metal for a few 10s of nanometers for both visible and 

infrared spectral regions (Figure 2c). Because the metal is lossy, energy of the SPP wave 

is dissipated in the metal. This leads to a damping of the SPP wave in propagation 

direction, which is described by the propagation length 𝐿!. The propagation length 

𝐿! = 1/𝑘!!! is defined as the length scale over which the field amplitude of the SPP has 

decayed to 1/𝑒. Here, an important difference can be recognized between visible and 

infrared wavelengths. Because of the strong damping of the coherent oscillations at 

visible wavelengths, the SPP propagation length 𝐿! is limited to the order of the 

micrometer38,39. In contrast, at infrared wavelengths the damping is weaker, resulting in a 
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much larger propagation length in the millimeter range38. This indicates that the surface 

wave propagates over long distances, however, the confinement is poor with the SPP 

field extending several wavelengths into the dielectric. As we show in chapter 6, a much 

stronger confinement can be obtained with transmission lines consisting of two closely 

spaced metal wires. While the confinement is improved by more than 3 orders of 

magnitude, this comes along with a significantly reduced propagation length. 

 

The excitation of SPPs on a metal-air interface requires the conservation of energy and 

momentum. Since the SPP wave vector 𝑘!!  is larger than the light line 𝑘!, a direct 

excitation of SPPs with light is not possible. The wave-vector mismatch can be 

overcome by using the increased wave vector 𝑛𝑘! in an additional dielectric medium 

(𝑛 > 1). This approach is realized in the Otto configuration or the Kretschmann-Raether 

geometry15.  
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1.3. Localized	
   surface	
   plasmons	
   in	
   small	
   metal	
  
nanoparticles	
  

 

 

When a metal nanoparticle is illuminated externally with light, the electric field of the 

light can drive the conduction electrons to coherent oscillations (Figure 3). At certain 

frequencies, the conduction electrons oscillate resonantly with the incident light. This 

effect is termed localized surface plasmon (LSP) resonances and gives rise to a variety of 

interesting effects. One of the most important effects of LSP resonances is the 

conversion of the energy carried by the incident light into subwavelength-scale localized 

fields. These fields are strongly enhanced in comparison to the incident light and also 

strongly confined to the surface of the metal nanoparticle. Therefore, the LSP resonances 

provide a subwavelength focusing of light without being limited by the diffraction limit 

inherent to classic optical elements. A second aspect of LSP resonances is the conversion 

of energy from localized fields into propagating waves. This can be achieved when the 

LSP resonances couple to the electromagnetic fields emitted by molecules, atoms or 

quantum dots placed close to the nanoparticle. In this way, the emission of these objects 

can be significantly enhanced with the nanoparticle and even directed by special 

geometries40.  

 

When light illuminates a metal nanoparticle, the electric field of the incident field 

induces a displacement of the electron cloud relative to the nuclei (Figure 3a), yielding a 

polarization of the nanoparticle. For very small nanoparticles that can be treated in the 

quasi-static limit, the polarizability 𝛼! of the particle is given by  

 

 
𝛼! 𝜔 = 4𝜋𝑅!

𝜀! 𝜔 − 𝜀!
𝜀! 𝜔 + 2𝜀!

 (6)  

 

where 𝑅 is the radius of the metal nanoparticle with 𝑅 ≪ 𝜆, 𝜀! 𝜔  is the frequency-

dependent dielectric function of the metal and 𝜀! is the dielectric constant of the 

surrounding medium39. The occurrence of LSP resonances can be recognized in the 

polarizability 𝛼!, which diverges when the following condition is met: 
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Figure 3: (a) Schematic of plasmon oscillation for a sphere, showing the displacement of the 
conduction electron charge cloud relative to the nuclei [after Kelly et al. 3]. (b) Extinction 
cross section for a 20 nm radius gold sphere in vacuum, calculated with eq. (8) using the 
Drude Model with the literature vales from eq. (2) (blue curve) and the tabulated data from 
Johnson & Christy (c) Numerically calculated field profile of the nanoparticle considered in 
(b) at the wavelength of 𝜆 = 507  nm. Note: saturated color scale. 
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 𝜀! 𝜔 = −2𝜀!   , (7)  

 

which is satisfied for a specific frequency 𝜔 of the incident light. Note that in contrast to 

SPPs on flat metal surface, the momentum conservation is provided by the finite 

geometry of the nanoparticle.  

 

The excitation of the LSP resonance in a metal particle removes energy from the incident 

light in form of absorption (dissipation inside the particle) and scattering of light. The 

extinction cross section is defined as the sum of absorbed and scattered energy, divided 

by the power density of the incident light. In case of very small spherical nanoparticle, it 

can be shown that the extinction cross section is proportional to the imaginary part of the 

polarizability 𝛼! 31 

 

 𝜎!"# = 𝜀!𝑘!Im 𝛼!   , 
 

(8)  

where 𝜀! is the dielectric value of the surrounding medium and 𝑘! the wave vector of the 

incident light. To illustrate eq. (8), we plot the extinction cross section 𝜎!"# for a 20 nm 

radius gold nanoparticle in vacuum (𝜀! = 1) in Figure 3b using the Drude model from 

eq. (1) and the tabulated values from Johnson & Christy4 to describe the dielectric 

constant of gold. We observe a sharp peak in the extinction cross section which can be 

attributed to the LSP resonance. Because of the deviation of the Drude model from the 

tabulated data for wavelengths smaller than 550 nm (see Figure 1), the blue line is not a 

good description of the LSP resonance which are typically observed in experiments, 

yielding a peak that is blue shifted, too narrow and too high31. In contrast, when using the 

tabulated data from Johnson & Christy (red line), the correct peak can be obtained31, that 

is observed at a wavelength of 𝜆!"# = 507  nm. 

 

To identify the nature of the LSP resonance, in Figure 3c we show the local field 

amplitude of the nanoparticle calculated in a plane perpendicular to the incident wave 

using a commercial FDTD package (see chapter 1.5.1). This field plot shows that the 

electric field amplitude near the surface of the nanoparticle is enhanced by about a factor 

of 5 in comparison to the incident field and confined to surface to about 10 nm. 
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1.4. Characteristics	
  of	
  near	
  field	
  and	
  far	
  field	
  regions	
  
 

The scattered fields of metal nanoparticles are commonly separated into two regions: the 

near-field and the far-field region. In the following, they will be defined with the 

example of an oscillating electric dipole, whose fields can be described analytically41. 

The analytical solution of the electric field E of an oscillating electric point dipole is 

given by 

 

 
E =

1
4𝜋𝜀!

𝑘! n×p ×n
𝑒!"#

𝑟 + 3n n ∙ p − p
1
𝑟! −

𝑖𝑘
𝑟! 𝑒!"# e!!!!  , (9)  

 

where 𝑘 is the wave vector, 𝜔 the frequency of the oscillation, r is the position vector 

with 𝑟 = r  and n = r/𝑟 and p the dipole moment41. This solution takes simple forms in 

the limit of being either very close or very far from the point dipole. In the far-field 

 region (𝑟 ≫ 𝜆), the electric field takes on the limiting form 

 

 
E =

1
4𝜋𝜀!

𝑘! n×p ×n
𝑒!"#

𝑟 e!!!! = 𝑍!H×n  , (10)  

 

 

where 𝑍! = 𝜇/𝜀 is the wave impedance of free space. This equation describes spherical 

waves where the electric field E and the magnetic field H are perpendicular to each other. 

These waves are propagating waves because of the term 𝑒!"#!!"#.  
 

In the near-field region (𝑟 ≪ 𝜆), the fields of an oscillating electric dipole can be 

approximated by41  

 

 E =
1

4𝜋𝜀!
3n n ∙ p − p

1
𝑟! e

!!!!  . (11)  
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This equation describes quasi-static, strongly decaying fields – also called near fields. 

These fields are quasistatic in space because the fields only oscillate in time with e!!!!. 
They decay with a rate of 1/𝑟! and do not transport energy from the dipole. 

 

Figure 4 shows the electric field distribution for the far-field and the near-field region for 

an electric dipole aligned in y-direction as indicated by the green arrow. The difference 

in the field distribution and the different field decay can be observed. Note that the 

electric field distribution in the near-field zone is identical to the near-field mode of a 

very small metal nanoparticle at the LSP resonance, which was shown in Figure 3c, if the 

incident field is taken into account. 

 

Far fields are propagating waves in the sense of Maxwell’s equations and thus can 

propagate forever, e.g. even in the case that the source is switched off. Likewise, 

extracting power from the radiated fields has no effect on the source. This is a 

fundamental property of radiating fields and is in contrast to the near fields. The latter 

are reactive fields or storage fields, meaning that they store the energy that drives the 

dipole oscillation in e.g. nanoparticles or antennas. Therefore, the near fields 

extinguishes when the source is turned off. Likewise, the source is sensitive to any object 

Figure 4: Electric field amplitude of an electric dipole. The left panel shows the far-field 
approximation (𝑟 ≫ 𝜆), the right panel shows the near-field approximation (𝑟 ≪ 𝜆). The 
green arrow indicates the orientation of the dipole. Please note the different scales XY in both 
panels. The grey disc of given radius masks the fields around the electric dipole which would 
saturate with the used color scale.  
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that is placed in its near field, e.g. any absorption of the near-field energy will affect the 

source. For this reason, the measurement of near fields is difficult because the near-field 

probe potentially interacts with the object via the near field and thus potentially disturbs 

the measurement. Table 1 summarizes the general properties of near fields and far fields.  

 

 

  

 
 

Near (reactive) field Far (radiated) field 

Carrier of Force Virtual Photon Photon 

Energy Stores energy: Can transfer 
energy via inductive or 
capacitive coupling. 

Propagates (radiates) 
energy 

Longevity Extinguishes when source 
power is turned off. 

Propagates until absorbed 

Interaction Act of measuring fields or 
receiving power from field 
causes changes in 
voltage/currents of source 
circuit. 

Act of measuring field or 
receiving power from field 
has no effect on source 

Shape of Field Completely dependent on 
source circuit. 

Spherical waves. At very 
long distances, field takes 
shape of plane waves 

Wave 
impedance 

Depends on source circuit and 
medium. 

Depends solely on 
propagation medium (η = 
120π = 377Ω in free space) 

Guiding Energy can be transported 
and guided using a 
transmission line.  

Energy can be transported 
and guided using a wave 
guide. 

 
Table 1: The characteristics of near fields and far fields summarized, taken from a textbook 
for radiofrequency antenna theory, taken from ref. 8. 
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1.5. LSP	
  resonances	
  in	
  metal	
  nanorods	
  
 

In comparison to spherical nanoparticles, elongated nanoparticles offer an additional 

degree of freedom for the tailoring of the optical properties in metallic structures31,42,43. 

Because of their anisotropic shape, elongated nanoparticles support LSP resonances at 

different frequencies that correspond to the charge oscillations along the different 

symmetry axis44,45. A particular interesting shape is the metal nanorod that exhibits a 

strong longitudinal LSP resonance that can be excited with incident light polarized along 

the nanorod long-axis. By simply changing its length, this longitudinal plasmon 

resonance can be tuned over a wide frequency range from visible to mid-IR 

frequencies2,6,7,43,46-48. Metal nanorods also exhibit a transverse LSP resonance that can 

be excited with the incident light being polarized perpendicular to the long axis. This 

resonance is determined by the diameter of the nanorod and can be expected to be 

independent of the nanorod length6,49, and thus its tuning is limited. 

 

In a simple picture, the longitudinal plasmon resonances in metal nanorods can be 

interpreted as standing plasmon polariton waves50,51 or Fabry-Pérot resonances52. They 

can be easily found by 

 𝐿 = 𝑖 ∙ 𝜆!""/2  (12)  

 

where 𝐿 is the nanorod length, 𝑖 the order of the resonance and 𝜆!"" the effective 

wavelength of the plasmon mode on the nanorod. To obtain an intuitive understanding of 

the optical response, we show the surface charge distributions of the standing wave 

modes for an isolated gold nanorod in the electrostatic limit6. These are found by 

formulating the boundary conditions for a system of a gold nanorod in vacuum with the 

material inside and outside being homogeneous 

 

 Λ!𝜎! s = − 𝑑𝑠′ !!∙ !!!"
!!!" !

𝜎! s′!  , (13)  

 

where 𝜎! s′  is the surface-charge density, s and s′ are space vectors for points on the 

surface S of the rod, the integral is a surface integral over points s′ on 𝑆, and n! is the 

normal vector to the surface at points s. By solving the eigenvalue problem, a series of 
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eigenvalues Λ! and the corresponding surface-charge density 𝜎! s′  are obtained (Figure 

5). The zero-order mode 𝑖 = 0 is unphysical because it means that the nanorod carries a 

non-zero charge. The first-order mode 𝑖   = 1 is the first physical meaningful mode and 

describes the fundamental dipolar mode. The third and higher-order odd modes 

𝑖 = 3,5,7… have a net-dipolar moment along the long axis and can therefore be excited 

by external plane-wave illumination. In contrast, the even-order modes 𝑖 = 2,4,6,… 

show symmetric charge distributions without a net dipole mode. Therefore, these modes 

cannot be excited with plane waves under normal incidence, although an excitation is 

possible under inclined incidence because of retardation effects50. 

 

  

 
 

Figure 5: Eigenmodes of a gold nanorod (200 nm long, 40 nm radius) in the electrostatic 
limit. Shown is a cross section of the surface-charges density of the eigenmodes 𝑖 = 0. .5 
together with the corresponding energy, expressed here in terms of wavelength. Taken from 
ref. 6. 
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1.5.1. Numerical	
  methods	
  for	
  calculating	
  the	
  optical	
  response	
  
of	
  complex	
  geometries	
  

 

The optical response of metal nanorods can be calculated using numerical methods such 

as the Boundary Element Method (BEM)13 or the Finite-difference time-domain 

(FDTD)53 technique. These numerical techniques are necessary because analytical 

solutions to Maxwell’s equation can only be found for special geometries such as spheres 

or spheroids. In this thesis – if not stated otherwise – a commercial FDTD package from 

Lumerical (www.lumerical.com) was employed. The FDTD method solves Maxwell’s 

equation in complex, three-dimensional geometries. Because this technique is discrete in 

both space and time, the electromagnetic fields and structural materials are described on 

a discrete mesh which is made up of Yee cells. The FDTD method yields the exact 

solution of Maxwell’s equations when the size of the mesh cells goes to zero. To 

simulate the interaction of light with materials, light sources inject electromagnetic fields 

into the simulation regions, where the fields interact with the material in form of e.g. 

scattering or absorption. After the interaction, the remaining energy of the injected fields 

is absorbed by the walls of the simulation volume which consist of a special material 

called perfectly matched layer (PML). The FDTD method is a time domain technique 

which means that the electromagnetic fields are solved as a function of time. In order to 

calculate the electromagnetic fields as a function of frequency, Fourier transforms are 

performed during the simulation, allowing for the extraction of local field maps but also 

for the calculation of the Poynting vector, normalized transmission and far field 

projection, all as a function of frequency.  

 

The near-field response of a metal nanorod can be directly extracted from the simulation 

by placing a field monitor in the simulation volume. Because the FDTD sources usually 

inject a broadband pulse into the simulation volume, the near fields can be recorded over 

a certain spectral range. The extraction of the far-field extinction can be accomplished by 

using a total-field-scattered-field source which is an advanced version of a plane wave 

source. In contrast to the latter, it is a 3D box where the fields are injected at one side of 

the box and removed (subtracted) at the opposite side. By this way, the simulation 

volume is divided in two regions, where the inner region contains the sum of the incident  
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plus the scattered fields whereas the outer region contains only the scattered field. The 

far-field extinction is obtained by placing two 3D monitor boxes in the simulation 

volume, where one monitor box is located in the inner volume and the other box is 

located outside the source. By calculating the transmitted power through each box, the 

absorption (inner box) and scattering (outer box) from the object is obtained, 

respectively. The far-field extinction is calculated as the sum of both. 

 

 

 

1.5.2. Optical	
  response	
  of	
  metal	
  nanorods	
  
 

Optical resonances of noble metal nanorods have been observed in the far field 

experimentally and numerically6,9,43,45,50,54,55. In these studies, the nanorod length 

typically measured a few hundreds of nanometers which resulted in a far-field resonance 

at wavelengths in the visible and near-infrared spectral region. A resonance at mid-IR 

frequencies can be achieved if the nanorod length is increased to a few micrometers. 

Crozier et al.2 observed with far-field spectroscopy that 1.5 µm long gold nanorods on a 

Si substrate showed a resonance at around 10 µm wavelength. Similar experimental 

studies with metal nanowires of lengths between 1 µm to 5 µm also showed resonances 

in the mid-infrared spectral range47,48. By coupling a small electrical detector such as 

microbolometers, thermocouples or nonlinear junctions to the metal nanorods, the 

infrared response of metal nanowires has been measured56-59. Therein, the electric current 

through the detector allowed for determining the radiation reception of the nanorod as a 

function of its length and the nanorod radiation pattern. 

 

Metal nanorods also have the capability to generate highly enhanced and localized near 

fields6,7,31,45,60, like the spherical metal nanoparticles discussed in chapter 1.3. This local 

field enhancement is produced by the LSP resonance in the metal nanorod and is 

typically highest at the nanorod ends. Typical values of the electric field amplitude 

enhancement in comparison the incident field range between 70 and 100 for nanorods 

with resonances in the visible/near-infrared range6,31,60. For mid-infrared resonant 

nanorods, numerically studies showed that also micrometer-long metal nanorods have 

the capability to generate near fields that are strongly enhanced and moreover highly 
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confined to only 10 to 20 nm 2. In comparison to the short nanorods, similar values for 

the field enhancement have been observed for these long nanorods2,16.  

 

In the following, we perform a numerical study with metal nanorods of different lengths 

in order to compare their response in the visible/near-infrared and in the infrared spectral 

range. To his end, we assume cylindrical Au nanorods situated in vacuum and 

illuminated with a plane wave that is polarized along the long axis of the nanorod. The 

nanorod is of a fixed diameter of 80 nm, a typical value found in experiments. The ends 

of the nanorods are covered by half spheres of the same diameter as the rod. Here, the 

rod length 𝐿 is defined as the distance from both end points including the half spheres. 

The rod length is varied from 100 nm to 400 nm and from 1.0 µm to 3.0 µm. By 

monitoring the far-field extinction and the near-field enhancement of the metal nanorods, 

a comparison between the two spectral regions is obtained. For the visible/near-infrared 

spectral range, the Drude model from eq. (1) with the literature values from eq. (2) is 

used. For the mid-infrared spectral range, the Drude fit to the dielectric data from Palik 

from eq. (3) was used. 

 

Figure 6a shows the far-field extinction spectra for metal nanorods of lengths 𝐿 from 100 

nm to 400 nm, which all show a single peak in the visible/near-infrared spectral range 

between 0.5 µm and 1.5 µm wavelengths. This peak can be assigned to the fundamental 

dipolar resonance consistent with the mode charge distribution shown in Figure 5 for the 

case 𝑖 = 1 (ref. 6). For the smallest length 𝐿 = 100 nm, this resonance occurs close to the 

resonance of a spherical metal nanoparticle located at 𝜆!"# = 507  𝑛𝑚 (compare with 

Figure 3). For increasing length 𝐿, the fundamental dipolar resonance shifts 

monotonously to longer wavelengths together with an growing extinction because of an 

increasing polarization along the nanorod6. Figure 6c shows the far-field extinction 

spectra for nanorods of lengths 𝐿 from 1.0 µm to 3.0 µm, showing a single peak in the 

mid-infrared spectral range between 2 µm to 12 µm wavelength. As with the shorter 

nanorods, this peak can be assigned to the fundamental dipolar resonance with a charge 

distribution shown in Figure 5 for 𝑖 = 1. In case of the longest rod 𝐿 = 3  µμm (blue line), 

a second peak is observed at 2.50 µm wavelength. This peak can be assigned to a higher-

order mode consistent with a mode charge distribution shown in Figure 5 for 𝑖 = 3 

(ref. 6). The peak of this mode is less intense than the peak of the fundamental mode, 
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Figure 6: Numerically calculated far-field extinction and near-field amplitude spectra of 
cylindrical gold nanorods of different lengths 𝐿. A plane wave illumination perpendicular to 
the nanorod long axis is assumed with the polarization being parallel to the long axis. (a) Far-
field extinction spectra for nanorods resonant at visible/near-infrared wavelengths. (b): Near-
field amplitude evaluated at a distance of 5 nm from the nanorod cap for the nanorods in (a). 
(c) Far-field extinction spectra for nanorods resonant at mid-infrared wavelengths. (d) Near-
field amplitude evaluated at a distance of 5 nm from the nanorod cap for the nanorods in (d). 
The mesh size is 1nm in case of (a),(b) and 2.5nm in case of (c),(d). (e),(f) Numerically 
calculated field profile of the nanorod of length 𝐿 = 3  µμm at the far-field extinction peaks 
occurring at 𝜆 = 7.68  µμm and 𝜆 = 2.50  µμm in (c). Note: saturated color scales. 
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indicating that the higher-order mode has a smaller dipole moment than the fundamental 

mode.  

 

Figure 6b and Figure 6d show the near-field spectra for the short and long nanorods. The 

near-field amplitude is calculated at a distance of 5 nm from the right end of the nanorod 

and are normalized to the incident field 𝐸!"#. The shape of the near-field spectrum is 

similar to the far-field extinction spectra, with the fundamental dipolar mode and higher-

order modes being clearly recognizable. An important difference to the far-field 

extinction spectra is found for wavelengths larger than the fundamental dipolar 

resonance. Here, the near-field spectrum still shows significant amplitude values while 

the far-field extinction quickly falls to zero. For example, in the case of the rod 

𝐿 = 3  µμm, the maximum near field enhancement amounts to 𝐸 / 𝐸!"# = 95 at its 

fundamental dipolar resonance near 7.93  µμm wavelengths. At the longest calculated 

wavelength of 12  µμm, the near-field enhancement still amounts to 𝐸 / 𝐸!"# = 39. This 

phenomena is called the lightning rod effect and describes a local field enhancement near 

a highly curved surface in the absence of any resonances61. In Figure 6b and Figure 6d, it 

is equally observed with nanorods with resonances in the visible/near-infrared andmid-

infrared range. The lightning rod effect is relevant for chapter 5 where infrared antennas 

are mapped at wavelengths far longer than their resonance wavelength, but still a 

considerable near-field signal is observed in experiments and calculations. 

 
A further difference between far-field and near-field spectra is a slight shift of the 

maximum of the fundamental dipolar mode. In case of the metal nanorod of length 

𝐿 = 3  µμm, the near- field maximum occurs at 𝜆!"!"# = 7.93  µμm wavelength (see grey 

dashed line in Figure 6d) and is slightly red-shifted to the far-field extinction maximum 

which occurs at 𝜆!!!"# = 7.68  µμm wavelength. The shift between the near-field and far-

field spectra is a fundamental property of LSP-resonant metal nanoparticles. It is related 

to the material intrinsic plasmon damping and to radiation losses62-64.  

 

To support the claim that the peaks in the far-field extinction in Figure 6c correspond to 

the fundamental dipolar resonance, we calculate exemplarily for the longest nanorod 

𝐿 = 3  µμm the local fields at the extinction peak at 𝜆!!!"# = 7.68  µμm. In Figure 6e, we plot 

the fields in a cross section along the long axis of the nanorod. We observe two regions 

of strong field confinement at the rod ends and decaying fields towards the rod center. 
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This shape is in agreement with the eigenmode 𝑖 = 1 calculated in the electrostatic limit 

in Figure 5, which shows that this mode is indeed the fundamental dipolar mode. In 

Figure 6f, we also calculate and plot the fields at the second extinction peak of the 

longest nanorod 𝐿 = 3  µμm occurring at 𝜆!!!"# = 2.50  µμm. Here, we observe four regions 

of field enhancements, which allows us to assign this mode to the eigenmode 𝑖 = 3 in 

Figure 5. The second extinction peak is thus generated by the third-order dipolar mode of 

the nanorod. 

 

 

 

1.5.3. Nanorods	
  supported	
  by	
  a	
  dielectric	
  substrate	
  
 

The LSP resonances in metal nanoparticles are dependent not only on the shape of the 

nanoparticle, but also on the dielectric surrounding65,66. For small metal particles treated 

in the electrostatic limit67, this dependence can be recognized in the LSP resonance 

condition 𝜀! = −2𝜀! given in eq. (7), where 𝜀! is the dielectric function of the metal 

and 𝜀! is the dielectric value of the surrounding medium. In practice, nanoparticles are 

usually placed on top of a dielectric substrate. In this case, the surrounding medium is 

inhomogeneous. The surface charges of the nanoparticle induce image charges in the 

substrate. The induce image charges interact with the LSP mode and cause a red-shift or 

a blue-shift of the nanoparticle plasmon mode65,68. The strength of the image charges is 

reduced by the screening factor (𝜀! − 1)/(𝜀! + 1) (refs. 15,65,68), which lets the 

frequency shift of the plasmon mode be dependent on the dielectric constant of the 

substrate 𝜀!.  

 

To illustrate the red-shift of the nanorod resonance due to the presence of a dielectric 

substrate, we calculate numerically the far-field extinction spectrum of a 1 µm long 

nanorod situated on top of a flat Si substrate (Figure 7a). Here, we assume a rectangular 

cross section for the nanorod (40 nm height x 125 nm width) rather than a round cross 

section, which is a better description of lithography fabricated nanorods. The far-field 

extinction spectrum is plotted in Figure 7b (red line) and we find that the fundamental 

resonance occurs at a wavelength of 𝜆!" = 7.12  µμm. For comparison, we also show the 

spectrum of the same rod situated in vacuum (black line), revealing a resonance at a 
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wavelength of 𝜆!"# = 2.90  µμm. According to the numerical calculations, the red-shift 

caused by the presence of the Si substrate is thus of a factor of 2.46. This reduces the 

length of the nanorod to 𝐿 ≈ 𝜆!/7 in order to achieve resonance at the free-space 

wavelength 𝜆!. This observation is important for chapters 3 and 5, where 𝐿 = 1.5  µμm 

long gold nanorods situated on top of a Si substrate show a far-field extinction resonance 

near 10  µμm wavelength. 

 
 

Figure 7: (a) Scheme of a metal nanorod situated on top of a dielectric substrate. The gold 
nanorod (1000 nm x 125 nm x 40 nm) is illuminated by a plane wave from below through the 
substrate. (b) Far-field extinction spectrum (c) Electric field amplitude 𝐸!  and phase 𝜑!  of the 
three components 𝑖   =   𝑥, 𝑦, 𝑧 in a plane 30 nm above the surface of the nanorod in (a), 
evaluated at a wavelength of 7.12 µm and expressed relatively to the incident field 𝐸!"#. The 
near-field phase has been shifted for all three components by the same value found by setting 
𝜑!  at the left rod end to zero.  
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For comparison with the experimental near-field maps presented in the chapters 3 and 5, 

we calculate the near-field distribution of the nanorod of Figure 7a, evaluated at its 

resonance 𝜆!" = 7.12  µμm and in 30 nm above the nanorod surface. In Figure 7c, we 

display the amplitude and phase of the three components of the calculated electric field 

𝐸. For the z-component, we observe strong amplitude values on top of the nanorod at the 

nanorod ends. The corresponding phase image shows the typical dipolar mode with a 

phase jump at the nanorod center. The x-component reveals strong fields at the nanorod 

ends, which are of the same phase at both rod ends (red color in the phase image). The y- 

component shows a quadrupolar pattern in the phase image. The amplitude maxima are 

located close to the rod ends and are of similar strength as the maxima found with the z- 

and x-component.  

 

Interestingly, in case of mid-infrared resonant nanorods on top of a dielectric substrate, it 

has been shown that the resonances can be described by assuming that the nanorod is 

embedded in a homogeneous effective medium47,48. The refractive index 𝑛!"" of the 

effective medium is calculated as the average of the refractive index of the substrate 

𝑛! = 𝜀! and of air (𝑛 ≈ 1): 

 

𝑛!"" =
1+ 𝑛!!

2   . (14)  

 

The nanorod resonances are then obtained according to 

 

 𝐿 = 𝑖(𝜆!""/2𝑛!"")  , (15)  

 

where 𝐿 is the nanorod length, 𝑖 the order of the resonance, 𝜆!"" the effective wavelength 

of the plasmon mode on the nanorod in vacuum and 𝑛!"" is the refractive index of the 

effective medium 47,48. For the configuration shown in Figure 7a, we the refractive index 

of the effective medium is 𝑛!"" = 2.52 when assuming a refractive index 𝑛! = 3.42 

(Palik10) for the Si substrate. This value is very close to the ratio 2.48 found between 

both peaks in Figure 7b. This agreement confirms that the effective medium approach is 

a good approximation for our system of a mid-IR resonant nanorod on top of a Si 

substrate, which supports our effective medium approach for modeling the antennas 

presented in chapters 3 and 5. 
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1.5.4. Optical	
  response	
  of	
  coupled	
  metal	
  nanorods	
  
 

An efficient nanoantenna is usually characterized by the generation of a large field 

enhancement and an efficient transfer of most of the captured energy into small 

volumes31. The metal nanorods presented in chapter1.5 1.5.2 and 1.5.3 produce localized 

fields at the rod ends that are enhanced in comparison to the incident field. The field 

enhancement and localization can be improved by introducing small gaps in the nanorod. 

This can be realized, for instance, by cutting a gap into the nanorod center. Equivalently, 

the same configuration is obtained when two individual nanorods are put very close 

together so that they are separated by a nanoscale gap. The near-field coupling of the 

LSP modes on each nanorod segments generates a charge localization at the gap6. As a 

function of the gap width, this coupling dramatically increases the near-field 

enhancement at the gap when compared to an isolated nanorod segment6,55,60,69. The 

extreme near-field enhancement in nanoscale antenna gaps is also observed with coupled 

disks21 and two coupled triangles (bowtie antenna)69-71. This property of coupled 

nanoparticles in general is the basis for several applications. For example in surface-

enhanced Raman scattering (SERS) 19,20 the near-field enhancement in the gap boosts the 

Raman signal by the order of 10!" to 10!" in comparison to the Raman signal without 

any nanoparticles, and thus enables the detection of Raman spectra from single 

molecules. Further examples at visible frequencies are optical (bio)sensors18 and optical 

nanolithography23. Coupled nanorods with resonances in the mid-infrared spectral region 

enhance applications such as cascade laser emission72, infrared detectors17, surface-

enhanced infrared spectroscopy (SEIRA)16.  

 

In the following, we demonstrate numerically that extremely high near fields are 

generated at mid-infrared wavelengths when two micrometer-long metal nanorods 

couple across a very small gap. We assume two nanorods of 2  µμm length each that are 

aligned on the same axis and separated by a small gap of width 𝑔. Here, the same 

configuration as in chapter 1.5.2 is assumed, i.e. both rods are situated in vacuum and are 

illuminated with a plane wave perpendicular to the rod’s long axis. While changing the 

gap width 𝑔, we monitor the position of the far-field extinction peak 𝜆!! of the dipolar 

response of the coupled nanorods (Figure 8a). We observe a red shift of the fundamental 
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dipolar mode from about 𝜆!! = 5.66  𝜇𝑚 to about 𝜆!! = 6.18  µμm wavelength when the 

two rods approach from 𝑔 = 100  nm to 𝑔 = 10  nm. This red shift can be assigned to an 

increasingly stronger coupling across the gap which induces a depolarization of the 

charge oscillation on the individual rods6. In comparison to the individual rod with a 

resonance at 𝜆!! = 5.26  𝜇𝑚 (Figure 6c), the red shift is quite considerable, amounting to 

about 17% for the case of the narrowest gap 𝑔 = 10  nm. In Figure 8b, we monitor the 

near field enhancement 𝐸 / 𝐸!"#  generated inside the gap when the gap width 𝑔 is 

decreased. The near fields are measured at a distance of 5 nm from the inner cap of the 

upper nanorod. We observe that the near-field amplitude 𝐸  is enhanced up to 600 fold 

the incident field 𝐸!"#  for the narrowest gap 𝑔 = 10  nm. For larger gap widths, the 

near-field enhancement approaches that of the individual nanorod6, which amounts to 

 

Figure 8: Dependence of the optical response of a pair of coupled identical Au nanorods 
(2000 nm long, 40 nm radius) separated by a gap of width 𝑔. (a) Position of the far-field 
extinction peak as function of the gap width 𝑔. (b) Near-field amplitude taken at a distance of 
5 nm from the inner end of the upper nanorod, as a function of the gap width 𝑔. (c) 
Numerically calculated field profile for a gap width 𝑔 = 50nm and at the far-field extinction 
peak occurring at 𝜆 = 5.82  µμm. 
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𝐸 / 𝐸!"# ≈ 100 (compare with Figure 6d). To show where the hot spots are generated 

in the system of two coupled nanorods, we show in Figure 8c the near-field distribution 

of the rods for the case 𝑔 = 50  nm. There, we take a cross section of the rods along the 

long axis of the rod. We observe that the highest fields are generated at the gap, with 

fields of less strength also being generated at the outer ends of the rods.  

 

The hot spots in nanoscale antenna gaps are an active topic in the research field of 

plasmonics and are an important part of this thesis. In chapter 4, we demonstrate that 

these hot spots can be mapped with our transmission mode s-SNOM. In chapter 5, we 

show that by filling the gap with metal bridges, the antenna mode is decisively changed. 

In chapter 6, we connect two metal wires (transmission line) to the antenna gap and show 

that the fields in the hot spots can propagate along the transmission line in form of a 

tightly confined surface wave. 
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2. Introduction	
  to	
  Antenna	
  Theory	
  	
  
 

 

An antenna describes a device that is able to connect a source or receiver to free space1. 

In communication applications such as radio and television broadcasting, they convert 

the electromagnetic waves travelling in free space into electric currents at the antenna 

gap, where they can be processed in a receiver circuit (e.g. a radio). In these applications, 

the antennas are usually operated at frequencies from 3 kHz up to several hundred GHz, 

which is termed the radio frequency (RF) range. A complete theoretical framework 

termed antenna theory has been developed that can be applied to the analysis, design and 

characterization of RF antennas1. The visible and infrared light is also part of the 

electromagnetic spectrum and is located at frequencies in the range of a few to several 

hundred THz. This implies that in principle it should be possible to extend antenna 

theory towards these optical frequencies, offering the potential for a technology 

breakthrough in terms of better bandwidth, higher data rate and miniaturization when 

compared to their RF counterparts9,73. The transfer of RF antenna methodology to optical 

frequencies may also provide new ideas for the design of optical antennas. This is an 

interesting and promising topic of ongoing research. One example is the loading concept 

which has been demonstrated theoretically to enable the tuning of the optical response of 

gap nanoantennas by loading them with dielectric or metallic particles9. 

 

This chapter gives a short introduction on basic antenna theory concepts. These include 

RF transmission lines, RF dipole antennas, impedance concept and coupling of antennas 

to transmission lines. Finally, three examples will be presented where antenna theory 

concepts have been successfully transferred to optical frequencies. 
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2.1. Transmission	
  lines	
  
 

A transmission line is a cable that connects a source of alternating current (generator) to 

another device where this alternating current is processed (receiver). The sole purpose of 

transmission lines is to carry power from the generator to the receiver in an efficient 

way74. The simplest realization is found with a single metal wire which transfers power 

via non-radiating surface waves. To limit the radial extension of the fields, the surface of 

the metal wire can be modified (e.g. by being threaded) or a thin dielectric coating can be 

applied (Goubau lines)75. However, single wires are not practical because they tend to 

radiate the RF signals when bent or when foreign objects are placed on the line. 

Radiation losses can be prevented by choosing other types of transmission lines such as 

the two-wire lines (Figure 9a) or coaxial lines74. With these lines, the electromagnetic 

field from each wire is balanced by the field of the other, resulting in an ideally zero field 

everywhere in space. In the following, we will describe the characteristics of the two-

wire transmission line because this geometry has great potential to be adapted to optical 

and infrared frequencies due to its easy fabrication on the nanoscale. 

 

The two-wire transmission line consists of two parallel aligned and closely spaced 

conductors (Figure 9a)1,74. When an RF generator is connected to one end of the 

transmission line, an electromagnetic wave can be launched along the wire. The 

electromagnetic wave does not propagate at infinite speed, but at a speed of nearly the 

velocity of light 𝑐. Therefore, the momentary currents related to the electromagnetic 

wave are of different phase for different positions along each wire. This is illustrated in 

Figure 9a, where black arrows mark the direction of the momentary currents on each 

wire. The distance between two points of the same phase defines one wavelength λ. This 

is the distance the electromagnetic wave travels for each oscillation cycle of the 

generator signal. In Figure 9a, the wavelength λ can be determined by the distance 

between two neighboring arrows pointing in the same direction. A particular property of 

two-wire transmission lines is that they belong to the group of balanced lines and thus 

need to be driven by a balanced source, i.e. a positive signal is applied to the first wire 

and a negative signal of the same amplitude to the second wire. This operation mode is 
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Figure 9: Transmission lines [adapted from ARRL antenna handbook1]. 
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well suited for preventing radiation losses from the transmission line. Because the 

current flow in both wires is opposite at any point along the transmission line, the related 

electromagnetic fields of each wire are 180° out of phase. When the distance between the 

wires is kept sufficiently small (less than 1% of the free-space wavelength), the resultant 

field is almost zero at every point in space and a nearly complete cancellation of the 

electromagnetic fields can be achieved74.  

 
When a generator applies a certain voltage to the transmission line, the related current 

flow in the transmission line is not infinite, but rather depends on the applied voltage. 

From the point of view of the generator, the transmission line thus looks like an 

impedance. The impedance of a transmission line can be described by a series of 

inductors L and capacitors C. As indicated by the blue vertical bars, each pair of L and C 

corresponds to a short section of the transmission line (Figure 9b). In this picture, an 

electromagnetic wave propagating along the transmission line is represented by a power 

transfer from one section to its adjacent section (i.e. from A to B, from B to C and so on). 

For an ideal transmission line, the characteristic impedance 𝑍! is given by74 

 

 𝑍!" = 𝐿/𝐶  , (16)  

 

where 𝐿 and 𝐶 are the inductance and capacitance, respectively, per unit length of line74. 

The impedance of a transmission line relates the current flow in the transmission line to 

the applied voltage. Note that the impedance of a lossless transmission line is purely real 

valued74. The impedance of a transmission line can be measured, e.g. via the voltage to 

current ratio at the generator or by the standing wave ratio when a load is connect to the 

transmission line. Typical values for the characteristic impedance range from 200 Ω to 

800 Ω for two-wire transmission lines, and from 30 Ω to 100 Ω for coaxial lines74. In 

general, for two-wire transmission lines, the inductance 𝐿 decreases with increasing 

conductor diameter, yielding lower impedance values. Likewise, the capacitance 𝐶 

decreases with increasing spacing between the two conductors, yielding higher 

impedances for the transmission line. 

 

The current travels in transmission lines at (almost) the speed of light. Therefore, a signal 

requires a certain amount of time to travel along the transmission line. In case of an 

infinite lossless transmission line, the signal would travel forever. Real world 
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transmission lines are, however, usually terminated in a load to which the power is 

delivered. If the load is purely resistive and matches the characteristic impedance of the 

transmission line (𝑅!"#$ = 𝑍!"), the current travelling along the transmission line finds 

that the load looks like an infinitely long transmission line of the same characteristic 

impedance74 (Figure 9c). Then, all of the power is dissipated in the load and the 

transmission line is said to be matched. In case the load is not equal to 𝑍!", the 

transmission line is said to be mismatched. The power reaching the load is only partially 

absorbed while the other part is reflected back into the transmission line. This is because 

the voltage to current ratio is different for the load. An extreme case of a mismatched 

transmission line is shown in Figure 9d, where the right end is open-circuited. In this 

configuration, the travelling-wave current is completely reflected from the open end with 

a 180° phase shift in order to satisfy the zero-current condition at the end. This reflection 

is expressed in modulations of the current amplitude which are called standing waves 

because of their stationary and wave-like character74. In case of non-resistive loads such 

as a pure reactance, the load will consume no power and all of the energy arriving at the 

load will be reflected back into the transmission line. Reactive termination are used for 

phasing and special matching applications74. 
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2.2. Linear	
  dipole	
  antenna	
  
 

A linear dipole antenna can be constructed by bending apart the open-circuited 

transmission line from Figure 9d until the configuration depicted in Figure 10a is 

obtained. After the bending, it can be assumed that the standing wave pattern of the 

open-circuited transmission line has been essentially maintained1. However, because of 

this new geometry, the fields radiated by each wire are not cancelled by those of the 

other wire. Therefore, there is a net radiation from the bended part of the transmission 

line1. The power that is radiated by the dipole antenna is delivered via the transmission 

line from a distant source or generator. The point where the transmission line connects 

with the antenna is called the feed point. 

 

The radiation from the dipole antenna is dependent on the antenna length 𝑙 (in this thesis 

measured from antenna end to antenna end). For antenna lengths 𝑙 smaller than the 

wavelength 𝜆, the currents on both antenna arms points in the same direction (Figure 

10b-c). Thus the fields radiated from each segment reinforce each other in most 

directions1. For antennas with lengths 𝑙 larger than the wavelength 𝜆 (Figure 10d), the 

current distribution on the antenna yields 180° phase jumps for every half of the 

wavelength 𝜆, yielding parts of the antenna with currents pointing in the opposite 

direction. Therefore, the fields radiated from some parts may interfere destructively with 

the fields radiated from other parts of the antenna, leading to a field cancellation in 

certain directions1. 

 

One of the most important characteristics which define an antenna is its self impedance 

𝑍!. The definition of the impedance for an antenna is motivated by the fact that the 

current flow into the antenna’s feed point in Figure 10b-d must be supplied at a finite 

voltage. The self impedance is measured at the feed point of the antenna and is defined 

as the voltage applied to the feed point divided by the current flowing into the feed 

point1,74. The self impedance describes the antenna in a state when it is located 

completely away from the influence of any other conductors.  
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Figure 10: Linear dipole antenna [adapted from Balanis1]. 
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The antenna self impedance antenna 𝑍! is assembled by three impedance components 

(Figure 10e): 

 

 𝑍! = 𝑅! + 𝑅! + 𝑖𝑋!  . (17)  

 

The antenna resistance 𝑅! describes the energy dissipation due to the radiation of 

electromagnetic waves. The loss resistance 𝑅! describes the energy dissipation in form of 

heating the antenna wire and nearby dielectrics. The antenna reactance 𝑋! describes a 

possible inductive or capacitive behavior of the antenna and is related to the presence of 

resonances in the antenna. If the antenna reactance 𝑋! is zero, the antenna is termed 

resonant and it appears as a pure resistance to the transmission line. On the other hand, 

certain types of antennas do not have any resonances and consequently also have zero 

antenna reactance 𝑋! (ref. 74). 

 

The antenna impedance 𝑍! of a linear dipole antenna changes strongly with the operation 

frequency. To study this dependence, we describe in the following the equations for the 

antenna impedance 𝑍! of a linear dipole antenna. These equations are the result of an 

analytical treatment of the linear dipole antenna applying the Induced EMF Method. In 

this method, it is assumed that the antenna is center-fed and that the currents vanish at 

the antenna end points. Moreover, a sinusoidal current distribution is assumed, as 

depicted in Figure 10b-d. The electric and magnetic fields of the dipole antenna are 

calculated assuming a zero radius. Then, the Poynting vector is integrated over a 

cylindrical surface that coincides with the actual antenna radius 𝑎. However, the Induced 

EMF Methods yields good results only for small radii (usually limited to 𝑎 < 𝜆/100). 

For details on this method, please refer to chapter 8.5.2 in ref. 1. The result of the 

Induced EMF Method is the self impedance of the antenna 𝑍! = 𝑅! + 𝑖𝑋! related to the 

current at the feed point of the antenna: 
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 𝑅! k, l, η =
𝜂

2𝜋sin 𝑘𝑙
2

! 𝐶 + ln 𝑘𝑙 − 𝐶! 𝑘𝑙

+
1
2 sin 𝑘𝑙 𝑆! 2𝑘𝑙 − 2𝑆! 𝑘𝑙

+
1
2 cos 𝑘𝑙 𝐶 + ln 𝑘𝑙/2 + 𝐶! 2𝑘𝑙 − 2𝐶! 𝑘𝑙  

(18)  

 

 
  𝑋! k, l, a, η =

𝜂

4𝜋sin 𝑘𝑙
2

! 2𝑆! 𝑘𝑙 + cos 𝑘𝑙 2𝑆! 𝑘𝑙 − 𝑆! 2𝑘𝑙

− sin 𝑘𝑙 2𝐶! 𝑘𝑙 − 𝐶! 2𝑘𝑙 − 𝐶!
2(𝑘𝑎)!

𝑘𝑙  

 

(19)  

where 𝐶 = 0.5772 is Eulers constant, 𝐶! 𝑥  and 𝑆! 𝑥  are the cosine and sine integrals, 

𝑘 is the wave vector of the electromagnetic wave, 𝑙 is the antenna length, 𝑎 is the antenna 

radius and 𝜂 the impedance of the surrounding medium (for free-space 𝜂 = 377  Ω). Note 

that here we assumed a lossless antenna (𝑅! = 0).  

 

We plot the antenna impedance 𝑍! = 𝑅! + 𝑖𝑋! of a linear dipole antenna as a function of 

the antenna length 𝑙  and for different antenna radius 𝑎 in Figure 11a. Here, we express 

the antenna length 𝑙 and radius 𝑎 in units of the wavelength 𝜆. This is motivated by the 

fact that in the equations (18),(19), the length 𝑙  and radius 𝑎 only appear as the product 

𝑘𝑙 and 𝑘𝑎, respectively. Please note that only one curve is shown for 𝑅! because it is 

independent of the antenna radius 𝑎. The plots of the antenna resistance 𝑅! and antenna 

reactance 𝑋! reveal the antenna resonances. We observe zero crossings of the antenna 

reactance 𝑋! at approximately 𝑙 = 𝜆/2, 1𝜆  and  3/2𝜆 that correspond to the half-wave, 

full-wave and 3/2-wave resonances of the linear dipole antenna. These resonances are 

accompanied by low values for the antenna resistance 𝑅! in case of the half-wave and 

3/2-wave resonances. In contrast, the full-wave resonance yields an infinite antenna 

resistance 𝑅! because of the denomitator in eq.(18) becomes zero. In practice, this is not 

the case, but the antenna resistance 𝑅! can still reach very high values1. In general, the 

antenna resonances can be classified in odd resonances with a low antenna resistance 𝑅! 

appearing near 𝑙 = 2𝑛 + 1 𝜆/2 and in even resonances with a high antenna resistance 

𝑅!, appearing near 𝑙 = 𝑛𝜆, where 𝑛 is an integer number. Usually, it is difficult to 
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Figure 11: Antenna resistance 𝑅! and antenna reactance 𝑋! of a linear dipole antenna 
evaluated with antenna theory. (a) 𝑅! and 𝑋! is plotted as a function of antenna length 𝑙 (in 
units of the wavelength 𝜆) in the range 0 ≤ 𝑙 ≤ 1.8𝜆. (b) same as (a), but the antenna length 
is varied only around the first half-wave resonance at 𝜆/2. There antenna resistance 𝑅! and 
reactance 𝑋! is plotted for three different antenna radii 𝑎. Note that all three curves coincide 
for 𝑅! because it is not dependent on the radius 𝑎. 
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operate antennas at resonances with high resistance 𝑅! because high voltages are 

necessary in order to transmit with sufficient power74. Therefore, the dipole antenna is 

generally operated at odd resonances, and most often near its half-wave resonance 

𝑙 = 𝜆/2 due to size considerations at RF. 

 

To study the influence of the antenna radius, in Figure 11b we show the antenna 

resistance 𝑅! and reactance 𝑋! near the half-wave resonance length for the three antenna 

radii 𝑎 = 10!!𝜆, 10!!𝜆 and 10!!𝜆. The plot shows a slowly changing antenna 

resistance 𝑅! and three straight lines of different slopes for the antenna reactance 𝑋!. 

Here, the thin antenna (blue curve) shows a higher slope than the thick antenna (red 

curve). This indicates that thin (thick) antennas have a high (low) Q factor and thus a 

sharp (broad) antenna resonance. The three lines coincide at 𝑋! = 42.5  Ω at 𝑙 = 𝜆/2 for 

all three antenna radii. It is surprising that the antenna reactance is of non-zero value at 

exactly 𝑙 = 𝜆/2. In fact, as it is clearly revealed in Figure 11b, the antenna resonance 

(𝑋! = 0) occurs for antenna lengths slightly smaller than 𝜆/2 and in the range of 0.45𝜆 

to 0.5𝜆. The general trend is that the thinner the antenna is, the closer is the antenna 

resonance located to 𝜆/2. Only in the limit of an infinitely small antenna occurs the 

antenna resonances at exactly 𝑙 = 𝜆/2 (ref. 74). For antenna lengths smaller than the 

resonant antenna length, the antenna reactance becomes negative and the antenna shows 

a capacitive reactance. Conversely, the antenna reactance becomes positive and thus 

inductive for larger antenna lengths.  
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2.3. Transfer	
   of	
   antenna	
   theory	
   concepts	
   to	
   optical	
  
frequencies	
  

 

In the following, we will present three examples of the transfer of antenna theory to 

optical frequencies.  

 

 

2.3.1. Scaling	
  law	
  for	
  optical	
  antennas	
  
 

At radiofrequencies, the antenna parameters such as the antenna self-impedance are 

directly related to the frequency of the incident radiation7. Therefore, any antenna design 

can be scaled in size in order to use it at a different frequency. This frequency scaling is 

described by 74 

 

 
𝑑′ =

𝜔
𝜔′ ∙ 𝑑  , 

(20)  

 

where 𝑑 and 𝜔 are the dimension and the operating frequency of the original design and 

𝑑! and 𝜔! are the dimension and operating frequency of the scaled design. This 

frequency scaling can be applied to a wide range of radiofrequencies because metals 

behave in good approximation like perfect electric conductors at these frequencies. 

However, the frequency scaling fails at optical frequencies because at these frequencies 

the metal no longer behaves as a perfect metal. Instead, the metal is penetrated 

significantly by the electromagnetic fields and its response is mainly dictated by the 

collective electron oscillations7,38 (chapter 1.1). This yields a strong dispersion of the 

surface charge waves which is described by an effective wavelength 𝜆!"" (chapter 1.2). 

Consequently, antennas at optical frequencies do not respond to the external wavelength 

𝜆 = 𝑐/𝜔, but to the shorter effective wavelength 𝜆!"" < 𝜆 (ref.7 and chapter 1.5). 

Therefore, 𝜆!"" instead of 𝜆 must be used in the related antenna equations. However, the 

effective wavelength 𝜆!"" depends on the material properties and does not necessarily 

scale linearly with the frequency, thus preventing the application of the frequency scaling 
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law at optical frequencies. One approach to remedy for this situation is the introduction 

of a linear scaling law for 𝜆!"" (Figure 12). This scaling law expresses the effective 

wavelength 𝜆!"" as a linear dependence on the free-space wavelength 𝜆 according to 

𝜆!"" = 𝑛! + 𝑛![𝜆/𝜆!] where 𝑛!, 𝑛! are coefficients related with the antenna geometry 

and static dielectric properties and 𝜆! is the plasma wavelength of the metal7. This 

scaling law is valid if the radius 𝑎 of the antenna is much smaller than the wavelength 𝜆 

and if the Drude model can be applied to describe the electron gas in the metal7. By 

inserting this scaling law in the relevant equations, antenna theory can be applied to 

optical frequencies. This enables the design of optical antennas, i.e. calculating their 

resonance frequencies, by evaluating equations from antenna theory without the need to 

perform time-consuming numerical calculations of the electromagnetic response of the 

optical antennas. 

 

  

 
 

Figure 12: Effective wavelength scaling for metal rods made of gold. The curves show the 
effective wavelength 𝜆!"" as a function of the free-space wavelength 𝜆 for the three different 
rod radii 𝑎 = 5  nm, 10  nm and 20  nm. The curves were obtained by numerical calculations 
and show that a linear scaling law (see text) is a good description for wavelengths 𝜆 >
500  nm as long as the rod radius 𝑎 is small in comparison to the wavelength 𝜆. [taken from 
ref. 7] 
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2.3.2. Antenna	
  loading	
  for	
  tuning	
  optical	
  antennas	
  
 

The second example is antenna loading which allows for operating an antenna at 

frequencies different than its natural resonance frequencies. Typical RF antennas are 

purely resistive only when operated at its natural resonant frequencies (see chapter 2.2). 

If the antenna is operated non-resonantly, the antenna exhibits a non-zero reactance 𝑋!. 

In transmitting mode, this non-zero reactance 𝑋! causes that part of the energy that is fed 

into the antenna is reflected back to the generator, which decreases the transmitting 

efficiency1,74 (chapter 2.1). To explain the antenna load concept, in the following we 

assume an antenna with a capacitive antenna reactance 𝑋! < 0, corresponding to the case 

where an antenna is too short for the desired operating frequency. In this case, we 

evaluate the antenna impedance 𝑍! at the desired frequency and described it by an 

equivalent circuit consisting of a resistance R and a capacitance C (dashed box in Figure 

13a). To operate efficiently this antenna at the desired frequency, an inductive load 𝑋!"#$ 

(represented by inductor L) can be connected in parallel to the feed point1,74 (Figure 

13a,b). The combination of the antenna impedance 𝑍! with the load 𝑋!"#$ then forms the 

input impedance 𝑍!" that is now seen at the feed gap of the antenna according to 

 

 1
𝑍!"

=
1
𝑍!
+

1
𝑖𝑋!"#$

  . (21)  

 

By properly choosing L, the inductive load 𝑋!"#$ (inductor L) resonates with the 

capacitive reactance 𝑋! (capacitor C) at the desired frequency, thus canceling 𝑋!. As a 

result, the antenna thus appears as a pure resistance as if it was operated at its intrinsic 

resonant frequency, thus allowing for an efficient antenna operation at the desired 

frequency. At optical frequencies, Alu et al.9,73 proposed that the frequency response of 

optical antennas can be tuned by loading the antennas with optical nanocircuits (Figure 

13c). Being the optical equivalent to inductors and capacitors at radiofrequencies, these 

nanocircuits are small nanoparticles of metallic (𝜀! < 0) or dielectric (𝜀! > 0) character 

that act as  
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Figure 13: Tuning antennas with antenna loading. (a) Equivalent circuit for an antenna 
(dashed box) where the antenna impedance 𝑍! is represented by R and C. This antenna is 
loaded with the inductor L, yielding an impedance 𝑍!" at the antenna feed point. (b) RF dipole 
antenna loaded with an inductor (c) Optical antenna loaded with a metal disk that acts as 
nanoinductor. (d) Numerically calculated far-field scattered field of a silver nanorod with a 
gap that is filled with different materials. Nanodisks made of dielectrics such as SiO2, Si3N4 
and Si act as nanocapacitors, nanodisks made of metals such as Au and Ag act as 
nanoinductors. Panel (d) is taken from ref. 9. 
 

 



2 Introduction to Antenna Theory 

48 

nanoinductors and nanocapacitors at optical frequencies, respectively76,77. Alu et al. 

observed in a numerical study that the resonance of the optical antenna can be shifted by 

filling the gap of the antenna with such nanocircuits. This is illustrated in Figure 13d 

which shows that the far-field spectra of a silver nanorod are shifted by filling its gap 

with different materials. Particularly, these shifts could be predicted with circuit theory. 

To this end, they calculated the impedance of a nanocircuit in the form of a small disk 

according to9,73 

 

 
𝑅!"#$ − 𝑖𝑋!"#$ =

𝑖 ∙ 𝑡
𝜔𝜀𝜀!𝜋𝑎!

  , (22)  

 

where 𝑡 and 𝑎 are the height and the radius of the nanodisk, 𝜀 the dielectric constant of 

the material constituting the disk, 𝜔 the operation frequency and 𝜀! the vacuum 

permittivity. Please note the minus sign in front of 𝑋!"#$ in conformity with ref. 9. 

Evaluating the input impedance according to eq. (21), the resonance condition 𝑍!" = 0 

predicted the actual resonance found in the numerical calculations. Therefore, loading 

the gap of plasmonic antennas provides are versatile means to tune the response of 

optical antennas. Moreover, it could facilitate a better matching to other nanocircuit 

elements such as to optical transmission lines (ref. 78 and chapter below). The description 

of the load by an impedance has strong potential to be combined by describing the 

optical antenna with antenna theory and the scaling law (chapter 2.3.1), offering a more 

sophisticated optical antenna design. In chapter 5, we will apply this loading concept in 

order to explain the resonance shifts of infrared antennas when their central gap is loaded 

with metal bridges. 

 

 

 

2.3.3. Applying	
  impedance	
  matching	
  to	
  optical	
  nanocircuit	
  
 

The third example is the concept of an optical nanocircuit consisting of a receiving and 

an emitting antenna that are connected by a two-wire transmission line (Figure 14). 

Huang et al. 5 demonstrated numerically, that when illuminating the receiving antenna 

with an external field, the antenna launches a surface wave in the transmission line. The 
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transmission line transports the energy to the emitting antenna that in turn converts the 

surface wave back into a propagating electromagnetic wave. Because the emitting 

antenna is a priori not impedance matched with the transmission line, a partial reflection 

of the surface wave from the emitting antenna occurs, giving rise to a standing wave 

pattern on the transmission line (chapter 2.1). This standing wave pattern can be 

recognized in Figure 14 as the modulation of the fields inside the transmission line. 

Taking chance of the fact that the impedance 𝑍! of the emitting antenna can be tuned by 

changing its lengths and width (see chapter 2.2), they showed that it is possible to obtain 

a nearly perfect match with the transmission line impedance 𝑍!", which is given by  

 

 𝑍! = 𝑍!"  . (23)  

 

The introduction of the impedance concept for optical nanocircuits and the proposed 

method for determining the impedance has great importance for an efficient design and 

optimization of nanocircuits operating at optical frequencies. 

 

 
 

Figure 14: Optical nanocircuit consisting of a receiving antenna, a two-wire transmission line 
and an emitting antenna. Shown is the electric field intensity in a parallel plane at middle 
height of the structure. Taken from ref. 5. 
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3. Transmission-­‐mode	
  s-­‐SNOM	
  
 

 

The characterization of plasmonic nanostructures requires the resolving of 

subwavelength-scale features in local optical field distributions. Different techniques 

exist that beat the diffraction limit of conventional optical techniques and provide access 

to the nanoscale confined fields in e.g. plasmonic antennas and waveguides. One 

particularly versatile method is scattering-type scanning near-field optical microscopy 

(s-SNOM) where a sharp tip scatters the optical fields close to the sample surface. This 

technique achieves nanoscale resolution in the wide spectral range from visible to THz 

frequencies. Here, we present the development of a transmission-mode interferometer 

setup for s-SNOM with the aim to provide a homogeneous illumination of the sample. We 

demonstrate our technique by mapping metallic nanorods, disks, and triangles, designed 

for antenna resonance at mid-infrared frequencies, in good agreement with numerical 

calculations of the modal field distribution. We also provide a detailed analysis of the 

image contrast in s-SNOM mapping of the antennas. Our results establish a basis for 

future near-field characterization of complex antenna structures for molecular sensing 

and spectroscopy. 
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3.1. Introduction	
  
 

Experimental techniques are important for the characterization of plasmon resonances in 

metal nanostructures. This is motivated from a fundamental point of view in order to 

learn about the plasmonic response of real structures. Also, there is a great need for 

evaluating the performance of applications where plasmon-resonant structures are the 

key element. The characterization of plasmon resonances is usually done with 

spectroscopy methods, yielding the far-field scattering and absorption of metal 

nanostructures. The complete characterization, however, requires the access to the near 

field of plasmonic resonances because the near field contains valuable information such 

as the intensity of the local field enhancement or the mode structure of the plasmon 

resonance (chapter 1.3). This is difficult to obtain because microscopy techniques are 

required to spatially resolve the relevant structure sizes79, which are much smaller than 

the diffraction limit. The near-field characterization of plasmon resonances is thus a 

challenge for classic optical instruments. Particularly, the near-field phase is an essential 

parameter in certain applications such as in coherent control applications80 or in 

molecular spectroscopy based on plasmon-resonant nanoparticles. In the latter, the 

interference between molecule and plasmon near fields can significantly alter the spectral 

line shape of the molecules (similar to Fano resonances known from quantum 

physics)16,46, giving rise to dramatic resonant effects that enhance the sensitivity and 

contrast of the spectral information.  

 

There exist a variety of microscopy methods to map the near-field distribution of 

plasmonic nanostructures. The microscopy methods that probe the near fields in the far 

field are two-photon induced luminescence (TPL) microscopy55,60,69,81-85, electron energy 

loss spectroscopy (EELS)86 and two-photon photoemission electron microscopy 

(PEEM)87-90. TPL microscopy is based on interband transitions induced by a two-photon 

absorption process and a subsequent photoluminescence signal from a recombination 

process. Because the TPL signal is sensitive to the local electromagnetic field 

enhancement, TPL microscopy provides maps of their local field distribution60 that can 

also be spectrally resolved82. In EELS, a highly-focused and monochromatic electron 
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beam can excite plasmons in the metal nanostructures and thus loses energy.. The energy 

distribution of the transmitted electrons reflects the excitation of the different plasmon 

modes supported by the metal nanostructures86,91-93. By analyzing the energy 

distribution, spectral information of the plasmon modes can be obtained91,93 . By raster 

scanning the electron beam across the metal nanostructures and detecting at a fixed 

energy, EELS also provides maps of the plasmon modes91,94-96. In PEEM, the 

photoemission process is enhanced by the increase of the local electric fields90. Imaging 

of the emitted electrons provides maps of the optical near field with the resolution of 

emission electron microscopy90. 

 

Near-field microscopy uses local probes to map the near fields of plasmonic 

nanostructures. The probes are brought very close to the sample surface into the vicinity 

of the near fields, where they locally convert the near fields into propagating fields. 

Common types of near-field microscopy techniques are photon scanning tunneling 

microscopy (PSTM)97-101, aperture scanning near-field optical microscopy (aperture 

SNOM)102-107 and scattering-type scanning near-field optical microscopy (s-

SNOM)52,72,79,108-117. Each of these techniques employs a special kind of probe, which are 

summarized in Figure 15. A more detailed explanation will be given in the following. 

 

In photon scanning tunneling microscopy (PSTM), the sample is usually illuminated 

from below in total internal reflection (Figure 15a). The local probe is a tapered 

dielectric optical fiber with a sharp tip apex. When brought close to the sample surface, 

the probe frustrates the total internal reflection and the near fields on the sample surface 

are coupled into the fiber. Because of the strong exponential decay of the near fields, the 

sharp tip apex allows for the mapping of the near fields with subwavelength 

resolution98,101. PSTM has been applied for the near-field mapping of metal particles and 

for studying the interparticle coupling97,98. PSTM has also been used for local field 

mapping in microcavities118, in waveguide structures107 and SPPs in metal stripes119. 

 

Aperture SNOM is similar to PSTM, but here the local probe is a tapered, dielectric fiber 

with an additional thin metal coating, yielding a small metal aperture at the fiber tip102-107 

(Figure 15b). When the aperture probe is brought close to the sample surface, a small 

part of the near fields couples to the probe through the metal aperture. Here, the size of 

the metal aperture defines the lateral resolution for near-field mapping. At visible and 
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near-infrared wavelengths, aperture probes have been applied to study the SPP 

propagation on planar metal films and on metal slabs120-124. However, aperture probes are 

difficult to use at mid-infrared wavelengths. This is because of a cut-off effect that is 

experienced in the metal coated fibers for diameters smaller than the wavelengths. For 

example, at a wavelength of 𝜆 = 10  µμm, the transmission through a 100 nm diameter 

aperture is reduced to the very small part of 10!!" of the incident intensity125.  

 

In scattering-type SNOM (s-SNOM), light is focused on the sample either from below or 

from the side and excites local plasmon modes on the sample (Figure 15c). When 

brought near the sample surface, the near-field probe scatters the near fields on the 

sample surface. Because they are scattering probes, dielectric tips do not suffer from the 

low light throughput of aperture tips. Therefore, dielectric tips can be employed for the 

detection of near fields at optical52,79,108,115 and infrared frequencies117. The dielectric tips 

of commercial atomic force microscope (AFM) cantilevers are a common choice for the 

near-field probe79,108,115. These can have a very sharp tip apex radius, e.g. below 10 nm is 

possible, which opens the way to achievable resolutions in near-field mapping in the 

range of 10 to 20 nm (refs. 108,115). Until now, a detailed model for the image contrast 

formation is still an open question. Nevertheless, s-SNOM employing dielectric tips has 

been successfully applied for mapping the oscillation modes in plasmonic 

 
 
Figure 15: Techniques for the near-field mapping of plasmonic nanostructures. 
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nanostructures79,108,115. Despite these achievements, the s-SNOM technique for near-field 

mapping is confronted with several challenges. First, it is suspected that the presence of 

the probe might perturb the local near-field distribution on the sample surface60,112. Such 

a perturbation can be minimized by employing dielectric tips such as Si tips because they 

are very weak scatteres115,126. Secondly, the tip-scattered near fields are often masked by 

a strong parasitic background signal from bulk scattering of the sample and the tip79,127. 

Because of the nonlinear decay of the near fields from the sample surface, the tip-

scattered near fields can be extracted by higher-harmonic lock-in detection 

techniques52,72,79,108,111-117,127. Note that also metal-coated tips have been employed to 

map the oscillation modes of plasmon particles108,111,114 and infrared antennas38,72,117,128. 

However, these tips have a large conductivity even at optical frequencies and thus can 

induce resonance shifts, multipole excitation and damping in the oscillation modes of 

plasmonic nanostructures126, which might yield distorted near-field maps of the sample. 

 

In this chapter, we present transmission-mode s-SNOM109 for the near-field mapping of 

plasmonic nanostructures at mid-infrared frequencies. In transmission-mode, the sample 

is illuminated from below through a transparent substrate. In this way, a homogenous 

sample illumination is provided, thus preventing retardation effects inherent to 

conventional side-illumination schemes52,79. Furthermore, the transmission mode also 

avoids a direct excitation of the probing tip because the polarization of the incident beam 

is perpendicular to the tip’s long axis. Chapter 3.2 gives a technical description of the 

transmission-mode setup. In chapter 3.3 we present a detailed analysis of the background 

in the optical images when employing dielectric tips. We will then show that this 

background can be satisfactorily removed, allowing for reproducible and quantitative 

mapping of the near field distribution, especially of the near-field phase. Finally, we 

apply this procedure to obtain the near fields in a variety of IR nanoantennas, thus 

showing the general applicability of the background subtraction method. 
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3.2. Description	
   of	
   the	
   Transmission-­‐mode	
   s-­‐SNOM	
  
setup	
  	
  

 

 

3.2.1. Near-­‐field	
  probing	
  and	
  interferometric	
  detection	
  
 

The transmission-mode s-SNOM microscope is based on a modified, commercial atomic 

force microscope (AFM) from the company JPK Instruments AG (www.jpk.com). We 

use commercial AFM cantilevers with dielectric tips of type PPP-FM and type PPP-RT-

NCHR from Nanosensors (www.nanosensors.com). The AFM is operated in tapping 

mode where the AFM cantilever is oscillated at a frequency 𝛺 close to its resonance 

frequency, which is typically located at around 300  kHz. The vibration of the cantilever 

is optically monitored with a readout laser and a four-quadrant detector129. Imaging is 

performed by raster-scanning the tip in close proximity to the sample surface. 

 

The detection of the near fields with dielectric scattering probes is illustrated in Figure 

16. Here, a plasmonic antenna is illuminated from below through the transparent 

substrate with an incident field 𝐸!!". The polarization of the field 𝐸!"# is chosen to be 

parallel to the long axis of the plasmonic antenna in order to excite the longitudinal 

plasmon modes in the antenna. The dielectric tip scatters the near fields of the plasmon 

modes (marked by the red field lines) according to 

 

 𝐸!" = 𝜎!"𝐸!"#  , (24)  

 

where 𝜎!" is the scattering coefficient of the system consisting of the antenna on the 

substrate and the tip. Because of a global sample illumination, parasitic scattering from 

the tip shaft and nearby objects on the sample surface contributes to a background signal, 

which is denoted here as 𝐸!"# with 

 

 𝐸!"# = 𝜎!"#𝐸!"#  , (25)  
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Figure 16: Mapping the near-field distribution of a plasmonic nanorod with dielectric 
scattering probes in transmission-mode s-SNOM. 
 

 

 

where 𝜎!"# is the scattering coefficient describing the parasitic scattering. The tip-

scattered light is collected with a parabolic mirror. Because the collecting mirror is 

diffraction limited, the tip-scattered light 𝐸!"# yields undistinguishable the sum of the 

near-field scattering 𝐸!" and the background scattering 𝐸!"#: 

 

 𝐸!"# = 𝐸!" + 𝐸!"# (26)  

 

The tip-scattered light 𝐸!"# contains s- and p-polarized components, as indicated by 𝐸! 
and 𝐸! in Figure 16. In order to resolve the amplitude and phase of the tip-scattered light, 

a Mach-Zehnder interferometer is situated around the AFM. In the following, a detailed 

description of the setup will be given. 
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Figure 17: Setup of the transmission-mode s-SNOM with pseudoheterodyne detection. Used 
components: beam splitters BS1,BS2,BS3; lens L1; Attenuators ATT; Piezo-actuated mirror 
PZM; optional polarizers P1,P2. 
 

 

Figure 17 shows the scheme of the Mach-Zehnder interferometer. The bottom part of this 

scheme shows the generation of the illuminating beam and the reference beam. For the 

sample illumination, a frequency-tunable CO2 laser filled with the standard isotope gas 

(C12O16) is used. In this thesis, the CO2 laser is operated in the wavelength range 

between 9.3 µm and 9.6 µm, where maximum power output is obtained. The vertical-

polarized beam of the CO2 laser is split by the ZnSe window BS1. The reflected beam is 

used for the illumination of the sample. Here, the lens LS1 with a low numerical aperture 

of 𝑁𝐴 ≈ 0.1 provides a weakly focused beam that illuminates the sample surface with a 

spot size of about 50 µm diameter, allowing for a homogeneous illumination of even 

large structures. The transmitted beam from BS1 is used as the reference beam. The 

reference beam is reflected from a piezo-actuated mirror PZM, which can be vibrated at 

a frequency 𝑀, thus allowing for a modulation of the phase of the reference beam. The 

reference beam is then attenuated with free-standing metal grids ATT (www.lasnix.com) 

in order not to saturate the detector. The upper part of the scheme shown in Figure 17 
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shows the detection of the tip-scattered light. The tip-scattered light 𝐸!"# is collected 

above the sample with a parabolic mirror (𝑁𝐴 ≈ 0.5) under an angle of 60° to the 

surface normal. The collimated beam from the parabolic mirror is detected 

interferometrically by superimposing it with the reference beam at the ZnSe window 

BS3. Because the reference beam is polarized vertically, an interference with only the p-

component 𝐸! of the tip-scattered light is obtained. The combined beam is detected with 

a Mercury Cadmium Telluride (MCT) detector of type KMPV 11-0.2-J1 from the 

company Kolmar Technologies. The electric signal of the detector is high-pass filtered 

(𝑓! = 8  kHz, 4th order) in order to remove the contributions from static interferences. 

Then, the electric signal is amplified with a voltage amplifier with a setting of 10 dB or 

20 dB.  

 

In chapter 4 and 6, polarization-resolved measurements of the tip-scattered fields is 

required. To this purpose, the Mach-Zehnder interferometer shown in Figure 17 can be 

modified by inserting the polarizers P1 and P2 of model LP01 (www.lasnix.com). The 

polarizer P1 can be rotated freely. If aligned vertically or horizontally, the p-component 

𝐸! or the s-component 𝐸! of the tip-scattered light is selected, respectively. The polarizer 

P2 is fixed to an angle of 45°, thus ensuring an equal interference with both p- and s-

component of the tip-scattered light. 

 

 

 

3.2.2. Signal	
  detection	
  
 

The detector signal is analyzed with a pseudoheterodyne detection scheme. In this 

detection scheme, the PZM mirror is vibrated at a frequency 𝑀, which yields a 

modulation of the phase of the reference beam. The electric field of the reference beam is 

described by 

 

 𝐸!"! = 𝑒!"!"#  (!")𝐸!"#  , (27)  

 

where 𝛾 is the amplitude and 𝑀 the frequency of the phase modulation. Typical 

frequencies for 𝑀 are in the range of 100 Hz to 1000 Hz. The detector signal is analyzed 
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with a high-speed data acquisition card and demodulated at frequencies 𝑛Ω+ 1𝑀 and 

𝑛Ω+ 2𝑀. In the following, we describe how the tip-scattered near field is extracted from 

the tip-scattered light applying a pseudoheterodyne detection scheme. 

 

In the transmission-mode s-SNOM shown in Figure 17, the MCT detector detects the 

coherent superposition of the reference beam 𝐸!"# with the scattered near fields 𝐸!" and 

the background scattering 𝐸!"#. Because the MCT detector is sensitive to the light 

intensity, these three contributions get mixed and the electric signal 𝑈 of the MCT 

detector is given by 

 

 U ∝ 𝐼! = 𝐸!𝐸!∗ = 𝐸!" + 𝐸!"# + 𝐸!"# 𝐸!" + 𝐸!"# + 𝐸!"#
∗  , (28)  

 

where … ∗ marks the complex conjugate. Because of the tip-oscillation at a frequency 

𝛺 and a nonlinear distance dependence of 𝐸!" and 𝐸!"#, the contributions 𝐸!" and 𝐸!"# 

yield higher harmonic content appearing at 𝑛Ω with 𝑛 = 1,2,…. As a result of the mixing 

with 𝐸!"#, side bands appear at frequencies 𝑛𝛺 +𝑚𝑀 where 𝑚 is an integer number and 

𝑀 is the frequency of the phase modulation of the reference beam. Thus the electric 

signal 𝑈 of the detector yields a rich frequency spectrum, which is sketched in Figure 18. 

We mark the center frequencies 𝑛Ω in black color and the side bands 𝑛𝛺 +𝑚𝑀 with red 

color.  

 

The scattered near field 𝐸!" and the background scattering 𝐸!"# can be written in form of 

a Fourier series130: 

 
Figure 18: Frequency spectrum of the MCT detector signal when employing 
pseudoheterodyne interferometric detection with vibration of the tip at frequency Ω and phase 
modulation of the reference wave at frequency 𝑀. 
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𝐸!" = 𝜎!",! cos 𝑛Ω𝑡

!

!!!

𝐸!"#  , (29)  

 
𝐸!"# = 𝜎!"#,! cos 𝑛Ω𝑡

!

!!!

𝐸!"#  , (30)  

 

where 𝜎!",!, 𝜎!"#,! are the complex-valued Fourier expansion coefficients of the 

scattering coefficients 𝜎!", 𝜎!"# defined in eqs. (24),(25) and 𝛺 is the frequency of the tip 

oscillation. The terms in eq. (28) containing 𝐸!" and 𝐸!"# generate harmonics at 𝑛𝛺 in 

the detector signal 𝑈 (black lines in Figure 18). The interference of the reference beam 

𝐸!"# with the 𝐸!" and 𝐸!"# is reflected in eq. (28) by the products 𝐸!"𝐸!"#∗ , 𝐸!"#𝐸!"#∗  and 

the corresponding complex conjugates. Only these terms contribute to the side bands at 

frequencies 𝑓!,! = 𝑛Ω+𝑚𝑀 in the frequency spectrum of the detector signal 𝑈 (red 

lines in Figure 18). Note that the tip-scattered light 𝐸!"# yields the sum of the scattered 

near field 𝐸!" and scattered background 𝐸!"# according to 𝐸!"# = 𝐸!" + 𝐸!"# (eq. (26)). 

Thus demodulating at 𝑓!,! yields the n-th Fourier coefficient of the tip-scattered light 

𝜎!,! = 𝜎!",! + 𝜎!"#,!. 

 

In order to show how the amplitude and phase of the scattered near fields are obtained, 

we write 

 

 𝜎!",! = 𝑠!𝑒!!! 

𝜎!"#,! = 𝑠!"#,!𝑒!!!"#,! 

𝜎!,! = 𝜎!",! + 𝜎!"#,! = A!𝑒!!! 

(31)  

 

It can be shown that the n-th Fourier coefficient of tip-scattered light 𝜎!,!  can be 

extracted by analyzing the detector signal at the first and the second side band 

𝑈!,! = 𝑈(𝑓 = 𝑛Ω+ 1𝑀) and 𝑈!,! = 𝑈(𝑓 = 𝑛Ω+ 2𝑀), respectively. For illustration, 

these are marked for 𝑛 = 2 with black arrows in Figure 18. We also assume that the 

amplitude 𝛾 of the phase modulation in eq. (27) is set to 𝛾 = 2.63. Then, the tip-

scattered light harmonics (𝜎!",! + 𝜎!"#,!) are obtained according to 
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 𝜎!,! = 𝜎!",! + 𝜎!"#,! = 2.16𝑘 𝑈!,! + 𝑖𝑈!,!   , (32)  

 

where 𝑘 is a complex-valued constant that depends on the adjustment of the 

interferometer. For details on this result, please refer to refs. 130,131. In above equation, 

the background scattering 𝜎!"#,! can be suppressed when selecting a sufficiently high 

demodulation order 𝑛. This is because the near fields show a strong decay away from the 

surface. The tip, vibrating very close to the surface, thus strongly modulates the near 

field scattering 𝐸!", yielding significant values even in high harmonics 𝜎!",!. In contrast, 

most of the energy of the background scattering is located in the DC term and in low 

harmonics 𝜎!"#,! (ref. 130). Therefore, for sufficiently high 𝑛, we can assume that 

𝜎!,! ≈ 𝜎!",! and we can write the amplitude 𝑠! and phase 𝜑! of the Fourier coefficient 

𝜎!",! of the scattered near fields as 130 

 

 
𝑠! = 2.16𝑘 𝑈!,!! + 𝑈!,!!   , 

𝜑! = arctan 2.16𝑘
𝑈!.!
𝑈!,!

   . 
(33)  

 

This is the measured signal in the transmission-mode s-SNOM with pseudoheterodyne 

detection. However, as we will see later in chapter 3.3, full background suppression at 

high 𝑛 is not always possible and eq. (33) is not valid. In this case, the scattered 

background 𝜎!"#,! in 𝜎!,! = 𝜎!",! + 𝜎!"#,! cannot be neglected, and we thus describe the 

recorded signals by the amplitude 𝐴! and phase Φ! of 𝜎!,!: 

 

 
𝐴! = 2.16𝑘 𝑈!,!! + 𝑈!,!!   , 

Φ! = arctan 2.16𝑘
𝑈!.!
𝑈!,!

   . 
(34)  
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3.3. Near-­‐field	
   mapping	
   of	
   metal	
   IR	
   nano-­‐antennas	
  
and	
  analysis	
  of	
  the	
  image	
  contrast	
  

 

In a first experiment, we test the transmission mode s-SNOM by imaging well-defined 

gold nanorods on a Si substrate designed for fundamental dipolar resonance at mid-

infrared frequencies. The rods were fabricated by electron-beam lithography and 

analyzed by far-field extinction spectroscopy by K. Crozier and coworkers in a previous 

work2. The rods measure 1550 nm x 230 nm x 60 nm and were fabricated in arrays with 

an interrod spacing of 10 µm. A 5 nm chrome layer between the Au and Si serves as an 

adhesion layer. Far-field extinction spectroscopy was applied to characterize the 

nanorods in the mid-infrared spectral range. Figure 19 shows the far-field extinction 

spectrum for an array of these nanorods, revealing a fundamental dipolar resonance at 

𝜆 = 9.60  µμm. We note that because of the presence of the Si substrate, this resonance 

occurs at around 𝐿 ≈ 𝜆/6 instead for the expected 𝐿 ≈ 𝜆/2 for a nanorod in vacuum (see 

chapter 1.5.3).  

 

Near-field imaging of the gold nanorods was performed with the CO2 laser operating at a 

wavelength of 9.6 µm. The rods were illuminated from below with the polarization of the 

incident light being parallel to the rod’s long axis. For background reduction, signal 

demodulation needs to be done at 𝑛 = 3 because at 𝑛 = 4, the signal is below the noise 

level. Because we do not know whether the background is fully suppressed for 𝑛 = 3, 

we denote the demodulated signals by the amplitude 𝐴! and phase Φ! of the tip-scattered 

light 𝜎!,! according to eq. (34). Figure 20 shows the topography and infrared near-field 

images of three individual nanorods recorded at their dipolar resonance wavelength. Due 

to the characteristics of our s-SNOM setup (i.e. the polarization of the reference beam is 

parallel to the tip), we expect the z-component of the near fields to be probed79,109,117 (see 

chapter 3.2). The expected dipolar pattern exhibits large near-field amplitude 𝐸!  at the 

rod extremities and a 180° phase jump at the rod center (see the calculated near-field 

pattern in Figure 20a). In the experimental images, however (Figure 20b-d), the near-

field maps of the rods show pronounced differences. The rods c and d exhibit significant 

near-field amplitude 𝐴! at the rod extremities, whereas the rod b exhibits a more intense 

near field at the left hand side. Furthermore, the near-field phase jump, which is 
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accompanied by a minimum in the amplitude image, appears at different positions for the 

three rods. The variation of the near field images allows us to conclude that we do not 

obtain exact maps of the dipolar near-field oscillation.  

 

To analyze the differences in the near-field contrast of the three rods, we recorded 

approach curves (Figure 20e) at three different positions along the third rod (Figure 20d), 

which are marked by L, C, R in the topography image. At the two positions L and R we 

find a steep increase of the signal amplitude 𝐴! at tip-sample distances 𝑧 < 300  𝑛𝑚, 

which is a typical behavior for near-field signals132. At position C, no significant changes 

in the amplitude and phase signals are observed at small 𝑧, thus indicating that no near-

fields are detected. At distances 𝑧 > 300  nm (i.e. beyond the near-field zone of the 

antennas) the three approach curves exhibit significant optical signals. This reveals the 

presence of a residual background contribution 𝑠!"#,!(𝑧) and 𝜑!"#,!(𝑧) in the detected s-

SNOM signals 𝐴! and Ф! which is constant across the sample. Therefore, we can 

conclude that background contributions are not fully suppressed by signal demodulation 

at the higher harmonic 𝑛 = 3 of the tip oscillation frequency 𝛺.  

 
 

Figure 19: Experimental and FDTD-calculated extinction cross section 𝜎!"# of 1.55 µμm  long 
gold nanorods in top of a Si substrate [taken from ref.2]. 
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Figure 20: (a) Calculated z-component of the near fields of a resonant model rod. (b−d) 
Near-field modes of three individual nanorod antennas recorded at their fundamental dipolar 
resonance of λ = 9.6 µm wavelength. The amplitude, 𝐴!, and phase, 𝛷!, signals are shown as 
recorded. The polarization of the incident light is chosen parallel to the rod axis. In the phase 
images, the left rod end was normalized to 0°. The differences in the near-field images are 
due to the presence of residual background. (e) Approach curves showing the amplitude and 
phase signal as a function of distance, z, between the oscillating tip and the antenna surface. 
The approach curves were taken at the positions L, C, and R of the third nanorod (d). 
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3.3.1. Procedure	
   for	
   the	
   removal	
   of	
   residual	
   background	
   in	
  
near-­‐field	
  images	
  

 

We now demonstrate that by subtracting the residual background contribution from s-

SNOM images we can obtain reliable near-field maps of optical antenna structures. By a 

complex-valued subtraction, the background-free near-field amplitude s! x, y  and phase 

𝜑! 𝑥,𝑦  can be obtained through 

 

 𝑠! 𝑥,𝑦 ∙ 𝑒!!! !,! = 𝐴! 𝑥,𝑦 ∙ 𝑒!!! !,! − 𝑠!"#,! 𝑧 = 0 ∙ 𝑒!!!"#,! !!!   , (35)  

 

where 𝐴!(𝑥,𝑦) and Ф!(𝑥,𝑦) are the demodulated signals measured at the pixel position 

(𝑥,𝑦). 𝑠!"#,!(𝑧 = 0) and 𝜑!"#,!(𝑧 = 0) are the residual background amplitude and phase 

obtained in the absence of near fields from approach curve C in Figure 20e. The absence 

of a near-field increase for the approach curve taken at the center of the rod is in 

agreement with the assumption that the z-component of the rods’ near field is probed 

(the calculated z-component at the rod center is zero). We note that such mathematical 

near-field extraction in s-SNOM experiments109,133 requires detection schemes where (i) 

amplitude and phase is mapped and (ii) where the demodulated detector signals are a 

linear, complex-valued sum of near-field and background contributions. Both 

requirements are fulfilled, for example, in heterodyne, pseudoheterodyne or phase 

shifting interferometric detection techniques109,130,133-135.  

 

In Figure 21b-d, we show the background-free near-field images of the three rods from 

Figure 20b-d. After the subtraction of residual background is applied, the optical images 

are uniform for the three rods. We observe high near-field amplitude values at the rod 

extremities in all cases now, whereas the rod center and the substrate show zero near-

field amplitude. The phase-jump occurs at the exact center of the rod and measures 180°. 

Comparing the experimental background-free images with the numerical calculations, 

we obtain an excellent agreement with the calculated z-component of the near fields on 

top of the antenna (Figure 20a). 
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Complex-valued subtraction of the background contribution also yields background-free 

approach curves 𝑠!(𝑧) and 𝜑!(𝑧) (Figure 21e). The approach curves at positions L and R 

in this case were obtained by complex-valued subtraction of curve C: 

 

 𝑠! 𝑧 ∙ 𝑒!!! ! = 𝐴! 𝑧 ∙ 𝑒!!! ! − 𝑠!"#,! 𝑧 ∙ 𝑒!!!"#,! !   . (36)  

 

𝐴!(𝑧) and Ф!(𝑧) are the s-SNOM signals recorded for the approach curves at positions 

L and R, whereas the residual background 𝑠!"#,!(𝑧) and 𝜑!"#,!(𝑧) is given by the 

 
 

Figure 21: (a) Calculated z-component of the near fields of a resonant model rod. (b−d) 
Background-free amplitude and phase images of three nanorods. These images are obtained 
from Figure 20 after a complex-valued subtraction of residual background. The near-field 
patterns are exactly reproduced for the three antennas, showing the expected pattern for the 
fundamental dipolar oscillation mode. (e) Background-free approach curves at positions L 
and R on the third nanorod, obtained by complex-valued subtraction of residual background. 
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approach curve taken at the rod center C, a position chosen because there the z-

component of the near field is zero (see black curves in Figure 20e). As expected, we 

observe an increase of the amplitude signal 𝑠!(𝑧) when the tip approaches the antenna 

positions L and R (decreasing 𝑧). Most importantly, the phase signal 𝜑!(𝑧) is nearly 

constant during approach. At a fixed illumination frequency close to resonance (as in our 

experiment), any resonance shift due to tip-sample interaction would induce a significant 

change of phase. This, however, is not observed in Figure 21e. Thus, we can exclude tip-

induced distortions of the antenna modes. Note that for strong near-field coupling 

between tip and antenna, we would expect spectral shifts of the antenna resonance with 

decreasing distance 𝑧, analogous to near-field coupling of plasmon-resonant 

nanoparticles126,136-141.  

 

 

 

3.3.2. Near-­‐field	
  mapping	
  of	
  extended	
  2D	
  antenna	
  structures	
  
 

In Figure 22, we compare the background-free experimental near-field images with 

numerical calculations (boundary element method, BEM12,13) of a model system 

consisting of a 1.55 µm-long gold nanorod of 230 nm diameter. The calculations were 

performed by A. Garcia-Etxarri at J. Aizpurua’s group at the Centro de Fisica de 

Materiales (CSIC-UPV/EHU) and Donostia International Physics Center (DIPC) in San 

Sebastian. To take into account the experimental situation in which the nanorod is 

situated on top of a silicon substrate with air above, the model nanorod is embedded in 

an effective medium of dielectric value 𝜀!"" = 6.34 (see chapter 1.5.3). This value is 

chosen such that the nanorod is resonant at 9.6 µm wavelength. The x- and the z-

components of the calculated near-field amplitude and phase are shown in Figure 22b. In 

comparison with the experimental images of the nanorod (Figure 22a), we find clear 

evidence that our s-SNOM probes the z-component of the near-field distribution. This 

behavior can be explained by the polarization of the reference beam, which is chosen 

parallel to the tip axis (see arrows in Figure 17). The good agreement between 

experiment and calculation further confirms negligible mode distortion by the probing 

tip, which makes s-SNOM 
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Figure 22: (a) Topography and experimental background-free near-field images of a rod, disk 
and triangle antenna excited close to their fundamental dipolar resonance at λ = 9.6 µm 
wavelength. (b) Numerically calculated near-field distribution of a model rod, disk, and 
triangle antenna with the same dimensions as in the experiment. The maps show the x- and z-
components of the electric field at a height of 51 nm above the rod surface. The boundary 
element method (BEM12,13) was applied to model the rod and the disk, assuming an effective 
medium of 𝜀!"" = 6.34 to match the resonance of the experimental antennas and to take 
account of the Si substrate. The triangle antennas were modeled using the Lanczos 
pseudospectral method combined with the Lippmann−Schwinger approach14. The calculation 
of the triangle accounts explicitly for the presence of the Si substrate. 
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 a powerful tool for characterizing and identifying antenna near-field modes in amplitude 

and phase.  

 

In Figure 22, we also demonstrate the general applicability of transmission-mode s-

SNOM and the residual background subtraction for reliable near-field mapping of 

extended two-dimensional antenna structures. We image disks (1700 nm diameter x 60 

nm height) and equilateral triangles (1560 nm long axis x 60 nm height), which were 

fabricated on a Si-substrate by e-beam lithography. These infrared antennas exhibit a far-

field resonance at a wavelength of about λ = 10.1µμm (ref. 2). Near-field imaging was 

performed close to the resonance at 𝜆 = 9.6  µμm. Residual background contributions 

were subtracted according to eq. (36) described above. We note that the signal-to-noise 

ratio is better in the near-field images of the rod. We assign this to the fact that the rod 

was measured on resonance, whereas the disk and triangle were measured slightly off-

resonance. Furthermore, the near-field images of the rod were recorded with a higher 

pixel resolution and with reduced scanning speed. The background-free near-field 

images (Figure 22a) show again an excellent agreement with the z-component of the 

calculated near-field distribution (Figure 22b). For the triangle, we find in both the 

experimental and the calculated map a higher amplitude signal 𝑠! at the tip than at the 

base of the triangle, which can be explained by the strong field concentration at the tip. 

As for the rod and disk, the near-fields at the tip and base of the triangle oscillate out of 

phase at about 180°. In contrast to the rods and disks, the phase jump on the triangle - 

accompanied by a minimum in the near-field amplitude - does not occur exactly in the 

center of the antenna but is slightly shifted toward the base of the triangle. We note that 

the experimental verification of such detailed near-field information is possible only by 

obtaining background-free near-field maps, as described here. 
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3.3.3. Improved	
  s-­‐SNOM	
  mapping	
  with	
  complete	
  suppression	
  
of	
  residual	
  background	
  

 

In the course of this thesis, we found out that the complete suppression of background 

contributions can be achieved during the near-field mapping of plasmonic structures. In 

this case, a post-processing of the s-SNOM images in form of the procedure described in 

chapter 3.3.1 is not necessary anymore. This finding can be related to slight 

modifications to the transmission-mode interferometer setup, a better alignment of the s-

SNOM setup and to the improved capabilities of the s-SNOM operator. To demonstrate 

that s-SNOM near-field mapping with a full suppression of residual background 

contributions is possible, we show the near-field distribution of a complex structure 

consisting of seven disks arranged in the heptamer configuration (Figure 23). The 

experimental near-field distribution (z-component) shows the typical dipolar pattern on 

all seven disks and is in excellent agreement with numerical calculations11.  

 

 
 

Figure 23: Near-field imaging of a heptamer structure on top of a CaF2 substrate with 
transmission-mode s-SNOM, where background contributions are fully suppressed in the 
experiment and a subsequent removal of residual background is not necessary. (a) 
Topography. (b) Experimental near-field maps showing the amplitude |𝐸!| and phase 𝜑!. 
Imaging has been performed at a wavelength of 9.3 µm. (c) Numerical calculation of the near-
field distribution. For details see ref. 11. 
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3.4. Conclusions	
  
 

We demonstrated that transmission-mode s-SNOM employing pseudoheterodyne 

detection, uncoated silicon tips and complex-valued subtraction of residual background 

enables reliable near-field mapping of infrared antenna modes in both amplitude and 

phase. The presented near-field images of infrared-resonant rods, disks and triangles 

show an excellent agreement with the calculated mode pattern and provide clear 

evidence that the z-component of the near-field distribution is measured. From the good 

agreement between experiment and theory, we can exclude mode distortion by the 

probing tip. This conclusion is further supported by approach curves showing that the 

near-field phase is independent of the probe-sample distance. Background- and 

distortion-free experimental near-field images promise reliable and quantitative near-

field characterization of complex optical antenna structures, which can be used as hosts 

in molecular spectroscopy, transmitters in optical communication and nanodevices for 

energy-transfer. 
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4. Phase-­‐Resolved	
  Mapping	
  of	
  the	
  
Near-­‐Field	
  Vector	
  and	
  Polarization	
  
State	
  in	
  Nanoscale	
  Antenna	
  Gaps	
  

 

 

We demonstrate that the local near-field vector and polarization state on planar antenna 

structures and in nanoscale antenna gaps can be determined by scattering-type near-

field optical microscopy (s-SNOM). The near-field vector is reconstructed from the 

amplitude and phase images of the in- and out-of-plane near-field components obtained 

by polarization-resolved interferometric detection. Experiments with a mid-infrared 

bowtie aperture antenna yield a vectorial near-field distribution with unprecedented 

resolution of about 10 nm and in excellent agreement with numerical simulations. 

Furthermore, we provide first direct experimental evidence that the nanoscale confined 

and strongly enhanced fields at the antenna gap are linearly polarized. s-SNOM vector-

field mapping paves the way to a full near-field characterization of nanophotonic 

structures in the broad spectral range between visible and terahertz frequencies, which 

is essential for future development and quality control of metamaterials, optical sensors, 

and waveguides. 
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4.1. 3D	
  Polarization	
  state	
  of	
  near	
  fields	
  
 

The polarization of light is usually described by the orientation of the electric field. For a 

three-dimensional plane wave with wave vector 𝐤 = (0,0, 𝑘) we can write the electric 

field at position 𝑟 = (𝑟!, 𝑟!, 𝑟!) as 

 

 
𝑬 𝒓 =

𝑎!𝑒! 𝒌∙𝒓!!"!!!
𝑎!𝑒! 𝒌∙𝒓!!"!!!

0
 (37)  

 

where 𝑎!, 𝑎! are the amplitude and 𝛿!, 𝛿! are the phase values of the individual 

components142,143. The phase difference 𝛿 = 𝛿! − 𝛿! between the components 

determines the polarization of the plane wave where a phase difference of 𝛿 = 0° or 

180° defines linearly polarized light, while 𝛿 = ±90° and 𝑎! = 𝑎! yields circularly 

polarized light (Figure 24a-c). In comparison to free-space propagating light, optical near 

fields are usually more complicated. Generally, the local near field at a sample surface is 

described by a three-dimensional vector E = (𝐸! ,𝐸! ,𝐸!), where each near-field 

component 𝐸! is characterized by both a field amplitude |𝐸!| and a phase 𝜑! 143,144. While 

strong field amplitudes at specific sample locations open new avenues for example in 

vibrational spectroscopy of single molecules19-21, it is the phase distribution that is 

essential for nanoscale coherent control applications80,81,87. The phase difference 

𝛿!" = 𝜑! − 𝜑! between individual components is thereby a fundamental quantity as it 

determines the polarization state of the vector near field143. For example, a phase 

difference of 𝛿!" = 0° or 180° (for all 𝑖, 𝑗) defines linearly polarized local fields (Figure 

24d), while 𝛿!" = ±90° and |𝐸!| = |𝐸!| yields circularly polarized near fields. In the 

most general case, the endpoint of the field vector traces out an ellipse143 (Figure 24e). 

Engineering of the individual phases thus can be applied to control145 the near field 

polarization state for novel nanophotonic applications in, e.g., quantum optics146 or solid 

state physics147,148. To this end, it is of utmost importance to develop tools that allow for 

ultrahigh resolution mapping of individual near-field components in both amplitude and 

phase. 
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Figure 24: Top: Polarization states of optical far fields where the condition (a) yields linearly 
polarized, (b) circularly polarized light and (c) describes the general case of elliptically 
polarized light. Bottom: Three-dimensional polarization state of optical near fields where (d) 
illustrates linearly polarized near fields, (e) elliptically polarized near fields. The red lines 
designate the trace of the endpoint of the electric field vector over the oscillation period T = 
2π/ω, the black arrows designate the momentary electric field vector for a given time t. 
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A variety of methods such as interferometric scanning near-field optical microscopy 

(SNOM)72,79,109,112,113,116,117, scattering-type SNOM (s-SNOM)52,79,108-115, two-photon 

induced luminescence (TPL) microscopy55,60,81, electron energy loss spectroscopy 

(EELS)86 and photoemission electron microscopy (PEEM)87 enable the mapping of near-

fields distributions and thus have provided valuable insights into plasmonic antenna and 

waveguide structures (see chapter 3.1 for a short introduction on these techniques). Each 

of these methods relies on an individual physical approach to probe the near fields, 

however, each of them is confronted with specific limitations. For example, TPL 

microscopy is based on an incoherent measurement principle and thus does not provide 

phase information. With aperture SNOM typically the transverse electric near-field 

components (parallel to the sample surface) are probed while scattering-type SNOM is 

considered to be mostly sensitive to the vertical near-field component (perpendicular to 

the sample surface). Indeed, several phase- and polarization-sensitive s-SNOM 

studies79,109,112 report amplitude and phase images of only the out-of-plane near-field 

component. A recent study113, however, shows that amplitude and phase of both 

components can be measured with elongated tips, but the vector field was not 

reconstructed because of the unknown scattering characteristic of the tip. Vector field 

microscopy based on polarization-resolved intensity detection of light scattered from 

metal particle and aperture tips has been reported recently149. Because of non-

interferometric detection, however, essential phase information is lost with such a 

technique, and thus the polarization state could not be fully characterized.  

 

In this chapter, we demonstrate nanoscale resolved imaging of near-field vector 

components with the use of our transmission-mode s-SNOM presented in chapter 3.2, 

employing a dielectric tip as scattering probe. By analyzing the tip-scattered light with a 

linear polarizer, we map the amplitude and phase of the in-plane (transverse) and out-of-

plane (vertical) component of nanoscale confined fields at the gap of an infrared antenna. 

After characterizing the scattering tensor of the tip, we succeed to reconstruct for the first 

time the local polarization state of antenna near fields. Our results provide direct 

experimental evidence that the gap fields are linearly polarized.  
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4.2. Polarization-­‐	
   and	
   phase-­‐resolved	
   s-­‐SNOM	
  
mapping	
  

 

We demonstrate polarization- and phase-resolved near-field mapping with an inverse 

bowtie antenna (bowtie aperture)22,150 which was designed to exhibit a dipolar resonance 

in the mid-infrared region at a wavelength of about 9 µm (Figure 25a). The topography 

of the antenna is depicted in Figure 25b, showing the two triangular holes that were 

milled by focused ion beam (FIB) into a 40 nm thick Au film evaporated on a Si 

substrate. The gap of the inverse bowtie antenna has a width of approximately 80 nm. 

The bowtie antenna was fabricated by J. Alkorta at the Centre of Studies and Technical 

Research of Gipuzkoa (CEIT) and TECNUN (University of Navarra, San Sebastian).  

 

Distortion-free imaging of the antenna near fields was performed with our transmission-

mode s-SNOM109,110 (chapter 3.2), employing the sharp dielectric tip of conventional 

silicon cantilevers (Nanosensors, PPP-RT-NCHR). The antenna is illuminated from 

below at a wavelength of 𝜆 = 9.3  µμm. Note that in contrast to normal bowtie antennas, 

the polarization of the incident field has to be chosen perpendicular to the long axis for 

resonant excitation (Babinet’s principle144,151), i.e., parallel to the x-axis (see Figure 25a). 

The tip-scattered light is analyzed by passing it through the polarizer P1 and detected 

with an interferometer. The polarization of the reference arm of the interferometer is 

fixed to +45° in all experiments by means of the polarizer P2 (see schematic of the 

transmission-mode s-SNOM in Figure 17 on page 58). Suppression of background light 

is achieved by vertical tip oscillation (about 100 nm amplitude) at the cantilever’s 

mechanical resonance frequency 𝛺   =   300  kHz and demodulation of the detector signal 

at higher harmonics 3𝛺. A pseudoheterodyne interferometric detection technique130 

(www.neaspec.com) yields the near-field optical amplitude |𝐸| and phase 𝜑 

simultaneously109,110. Note that for better reading and consistency with the related 

publication152, in this chapter we use the symbols |𝐸| and 𝜑 in order to refer to the 

amplitude 𝑠! and phase 𝜑! of the Fourier coefficient 𝜎!",! of the scattered near fields as 

defined in eq. (33). 
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Figure 25: Near-field vector mapping of an inverse bowtie antenna. (a) Sketch of the 
experimental setup showing a silicon tip scattering the local fields of an inverse bowtie 
antenna. (b) Topography image of the inverse bowtie antenna (1600 nm length × 800 nm base 
× 40 nm thickness). (c) Numerically calculated near-field distribution of the inverse bowtie 
antenna, showing amplitude and phase of the z- and the x-component of the electric field 30 
nm above the Au surface at λ = 9.3 µm. (d) Experimental near-field images (raw data) of the 
inverse bowtie antenna recorded at λ = 9.3 µm. Vertical polarizer setting detects the p-
polarized light and yields the near-field amplitude !𝐸!! and phase 𝜑!  . Likewise, a horizontal 
polarizer setting detects the s-polarized light and yields the near-field amplitude |𝐸!| and 
phase 𝜑!. The phases 𝜑! and 𝜑! were arbitrarily set to 0° at the gap center. The phase 
difference between s- and p-polarization was determined by line scans across the gap where 
both polarizations were measured with a constant reference phase (Figure 27b). 
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In Figure 25d we demonstrate that polarization- and phase-resolved s-SNOM enables the 

mapping of amplitude and phase distribution of individual near-field components. We 

show the experimental near-field images of the bowtie antenna obtained for a vertical 

and horizontal orientation of the polarizer, corresponding to the detection of the p- and s-

polarized tip-scattered light, respectively. Detecting the p-component, we observe high-

amplitude signals 𝐸!  on top of the metal film near the rim and particularly at the two 

edges forming the gap. Inside the gap no amplitude signal is observed but instead a phase 

jump of exactly 180° (as already observed with IR gap antennas109). By rotating the 

polarizer to a horizontal orientation, we select the s-component of the tip-scattered light. 

We can immediately see that the amplitude image |𝐸!| exhibits a completely different 

pattern (right-hand side of Figure 25d), featuring a highly localized, intense spot inside 

the gap and a spatially constant phase. To analyze the near-field contrast in our images, 

we performed FDTD calculations (www.lumerical.com, FDTD solutions) of the fields of 

a bowtie aperture antenna on top of a Si substrate. Figure 25c shows the amplitude and 

phase of the near field components 𝐸! and 𝐸! calculated at a height of 30 nm. The 

experimental images ( 𝐸! , 𝜑!) and (|𝐸!|, 𝜑!) are in excellent agreement with the z- and 

x-components of the calculated near-field distribution, respectively. We conclude that by 

selecting the p-polarized scattered field (vertical polarizer setting), the signal amplitude 

|𝐸!| yields the out-of-plane field |𝐸!|. The signal phase 𝜑! yields 𝜑!. Analogously, we 

map |𝐸!| and 𝜑! by a horizontal polarizer setting (s-polarized). Remarkably, the spot 

size observed in the s-polarized image is about 50 nm (FWHM), providing direct 

experimental evidence that gap antennas generate in-plane fields of extreme 

subwavelength scale confinement (𝜆/200). 

 

For further insights into the nature of the gap fields, we imaged the gap region at higher 

spatial resolution and with different polarizer angles 𝛽. The topography image of the gap 

region is shown in Figure 26a. The high-resolution near-field images in Figure 26c taken 

at the polarizer angles of 𝛽 = 90° and 0° (corresponding to the detection of p- and s- 

polarizer light, respectively) clearly reproduce our results from Figure 25. Rotating the 

polarizer clockwise from 90° toward 0°, interestingly, we observe asymmetric near-field 

patterns. While the amplitude signals at the right side of the gap become increasing 

extinguished, the localized spot on the left rim of the gap continuously moves toward the 

gap center. This observation can be understood with a sketch of our experimental 

configuration (Figure 26b), showing a cross section of the gap with electric field lines 
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and the polarization-resolved near-field detection scheme. Clearly, the amplitude images 

taken at arbitrary polarizer angles β highlight the antenna regions where the near fields 

point in the direction of β. We note that the experimental images show a much stronger 

field confinement at the gap center which can be explained by the fact that the tip 

follows the surface topography. Our results unambiguously show the capability of s-

SNOM with standard Si tips to map the vectorial nature of nanoscale antenna fields. 

 

 

 

 

4.3. Reconstruction	
   of	
   the	
   vectorial	
   near-­‐field	
  
distribution	
  and	
  polarization	
  state	
  

 

From our experimental results in Figure 25 we can conclude that the transfer of the 

antenna near field 𝐄 = (𝐸! ,𝐸! ,𝐸!) into the s-SNOM signal (𝐸!,𝐸!) can be described in 

Cartesian coordinates by a diagonal tensor 𝛔  :  
 

 𝐸!
𝐸!

∝
𝜎! 0
0 𝜎!

𝐸! 𝑒!!!
𝐸! 𝑒!!!

  . (38)  

 

The tensor 𝛔 essentially describes the scattering characteristics of the probing tip. 𝐸! and 

𝐸! are the complex-valued signals that are measured when selecting the s- and p-

polarized components of the tip-scattered light with the use of the polarizer P. 𝐸!,! are 

the local antenna near fields in x- and in z-directions expressed by their amplitudes |𝐸!,!| 
and phases 𝜑!,!. We note that generally the tensor 𝛔 connects the three-dimensional 

near-field vector (𝐸! ,𝐸! ,𝐸!) with the two-dimensional far-field vector (𝐸!,𝐸!). Due to 

the symmetry of the bowtie antenna, however, we can neglect the y-component of the 

electric field. Numerical calculations confirm that 𝐸! ≪ 𝐸!,!. We test eq. (38) by a 

numerical simulation of the experimental image series shown in Figure 26d. We 

calculate the recorded near-field amplitude and phase images, 𝐸!"# and 𝜑!"#,  
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Figure 26: Polarization-resolved near-field study of the gap region. (a) Top: Topography 
image of the gap region marked by the red dashed square in Figure 25b. Bottom: 
Superposition of the near-field amplitude image |𝐸!| on top of the topography image. (b) 
Illustration of the experiment, showing the cross section of the gap region. Polarization-
resolved near-field detection is performed by analyzing the tip-scattered light with the 
polarizer P. (c) Experimental nearfield images of the gap region, recorded at different 
polarizer angles beta between 90° and 0°. (d) Calculated near-field images 𝐸!"#  based on eq. 
(39) for the different polarizer angles beta, using the calculated near-field distribution of 
Figure 25c and relative tensor components 2𝜎!   =   𝜎!. 
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according to 

 

 𝐸!"# 𝑒!!!"# ∝ 𝜎! 𝐸! 𝑒!!! ∙ cos𝛽 + 𝜎! 𝐸! 𝑒!!! ∙ sin𝛽 (39)  

 

where |𝐸!|, |𝐸!|, 𝜑! and 𝜑! are the calculated near field amplitude and phase of the x- 

and z-component shown in Figure 25c. We find a good agreement between experiment 

and calculations when taking 2𝜎! = 𝜎!. The result of this calculation is shown in Figure 

26d. We explain the anisotropy of tensor 𝛔 by the elongated shape of Si tip. Note that the 

tensor components 𝜎! and 𝜎! are found to be real-valued numbers. Thus, no phase shift 

is introduced by the tensor 𝛔 when the near-field components are transferred to the far-

field signals 𝐸! and 𝐸!. We explain the real-valued tensor components by the dielectric 

(non-resonant) material properties of the Si tip. 

 

In the following we demonstrate that knowledge of the tensor σ allows for reconstruction 

of the vectorial near-field distribution and the polarization state of the gap fields. In 

Figure 27b we plot amplitude and phase of the x- and z-component of the gap fields 

across the gap center according to 

 

 𝐸! 𝑒!!!
𝐸! 𝑒!!!

=
1

𝜎!!! 𝐸! 0
∙
𝜎!!! 𝐸! 𝑒!!!
𝜎!!! 𝐸! 𝑒!!!

   (40)  

 

with 2𝜎! = 𝜎!. The experimental values for (𝐸!,𝜑!) and (𝐸!,𝜑!) have been extracted 

from line scans across the antenna gap (along the dashed line in Figure 26a) for the 

polarizer angles 𝛽 = 0° and 𝛽 = +90°. It is important to note that the reference phase in 

this experiment is constant for both polarizer settings, thus yielding the phase difference 

between the individual polarizations. We also note that in this experiment the measured 

signals are not referenced to the incident field. Thus, we measure the ratio between the 

field components rather than the field enhancement compared to the incident field. For 

comparison, we show in Figure 27c the numerically calculated near-field components 

(normalized to |𝐸!(0)|) along the dashed line in Figure 27a, thus taking into account that 

the tip follows the surface topography. In both experiment and calculations we observe 

strong in-plane field amplitudes inside the gap (𝑥 = 0) which exceed the maximum out-

of-plane fields by a factor of about 2.5. Remarkably, also the double-peak structure of 
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Figure 27: Characterization of the near-field polarization state at the antenna gap. (a) Cross 
section of the antenna gap showing the numerically calculated total electric field |𝐸!"!|. The 
direction of the local fields (white arrows) is plotted along the height contour that the tip 
follows in the experiment (dashed line). (b) Experimental amplitude and phase of the in-plane 
(|𝐸!|, 𝜑!) and out-of-plane (|𝐸!|, 𝜑!) near-field components across the antenna gap 
reconstructed with eq. (40) from experimental line scans (along the black dashed line in 
Figure 26a). A spatially constant phase shift (equal for both components) has been added to 
the phase data 𝜑! and 𝜑! in order to obtain absolute phase agreement with the numerical 
calculation. (c) Calculated amplitude and phase of the in-plane (|𝐸!|, 𝜑!) and out-of- plane 
(|𝐸!|, 𝜑!) components of the near field along the dashed line shown in (a). The phase 𝜑!  was 
set to 0° at the gap center. (d) Polarization state of the near fields at positions x = -30, 0, and 
30 nm obtained from eq. (41). The green line displays the polarization state obtained from the 
experimental near-field components shown in (b). The black lines display the polarization 
state obtained from the numerically calculated near-field components shown in (c). The green 
arrows indicate the instantaneous orientation of the experimental near field at time t = 0. 
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the x component inside the gap can be visualized with a resolution of about 10 nm. It 

reveals that the infrared fields are not localized in the center of the gap but rather at the 

two metal edges, as also predicted by the numerical calculations in Figure 27a. The 

phase measurement (right-hand side of Figure 27b) reveals a phase difference between 

the x and z components amounting to 𝛿!" = 𝜑! − 𝜑! ≈ 180° for 𝑥 > 0 and 𝛿!" ≈ 0° for 

𝑥 < 0. 

 

The polarization state of an optical field can generally be visualized by a parametric plot 

of the electric field vector E(𝑡) as a function of time t  

 

 

 
E 𝑡 = 𝑅𝑒 𝐸! 𝑒! !!"!!!

𝐸! 𝑒! !!"!!!
  , (41)  

 

where 𝜔 is the angular light frequency144. In Figure 27d we display the polarization state 

of the antenna gap fields at the positions 𝑥 = −30, 0  and  + 30  nm using the 

experimental and numerically calculated near-field amplitude and phase values taken 

from Figure 26b,c. The experimental plots (green curves) yield strongly elliptical (nearly 

linear) trajectories, providing direct evidence of linearly polarized near fields. This 

finding is confirmed by plots of the numerically calculated electric field vector (black 

lines), which show a perfect linear polarization state of the gap fields. We note that the 

slight discrepancy between experiment and calculation is due to experimental 

uncertainties in the phase measurement. Furthermore, we can measure the local field 

direction. While inside the gap (𝑥 = 0  nm) the fields are horizontally oriented, we find a 

field orientation of about ±30° at positions 𝑥 = ±30  nm relative to the sample surface. 

 

We note that all three components of antenna vector fields could be measured by a 

rotation of the sample and of the polarization of the incident light. Because of the 

transmission-mode setup, the antenna illumination and thus the near-field distribution are 

unaffected by such rotation. This is an essential advantage compared to s-SNOM with 

side illumination79,112,117 where the antenna illumination is dependent on the sample 

orientation. However, in the case of structures with two non-negligible in-plane 

components, a mixture of in- and out-of-plane components will be measured with the 

present experimental setup (detection of the tip-scattered light at an angle of 30° relative 
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to the sample surface). Thus a more sophisticated image analysis or a modification of the 

present setup is required, allowing for the separation of the individual near-field 

components. For example, mixing of the components could be avoided by detection of 

the tip-scattered light at small angles relative to the sample surface. 

 

 

 

 

4.4. Conclusions	
  
 

In conclusion, we succeeded to map the in- and out-of-plane components of the vector 

field of an IR antenna by employing standard dielectric atomic force microscopy tips as 

scattering-type near-field probes. In contrast to nanoparticle tips149 – with typical 

diameters of about 100 nm – we are able to access and probe the fields inside narrow 

antenna gaps with nanometer resolution. Because generally the phase can vary 

considerably across nanoantennas109, the separated acquisition of near-field amplitude 

and phase is a requirement for a full and reliable characterization of the polarization state 

of local near fields. Phase-resolved vector-field mapping thus paves the way to a 

complete characterization of nanophotonic structures, analogous to a vector analyzer at 

radio frequencies, which will play an important role for future engineering of 

metamaterials, optical sensors and waveguides operating at visible, infrared, and 

terahertz frequencies. 
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5. Bridging	
  the	
  Gap:	
  Controlling	
  the	
  
Near-­‐field	
  Oscillations	
  of	
  Loaded	
  

Plasmonic	
  Nanoantennas	
  
 

 

Optical and infrared antennas2,16,27,55,69,70 enable a variety of cutting-edge applications 

ranging from nanoscale photodetectors17 to highly sensitive biosensors21. All these 

applications critically rely on the optical near-field interaction between the antenna and 

its ‘load’ (biomolecules or semiconductors). However, it is largely unexplored how 

antenna loading affects the near-field response. Here, we use scattering-type near-field 

microscopy to monitor the evolution of the near-field oscillations of infrared gap 

antennas progressively loaded with metallic bridges of varying size. Our results provide 

direct experimental evidence that the local near-field amplitude and phase can be 

controlled by antenna loading, in excellent agreement with numerical calculations. 

Modeling the antenna loads as nanocapacitors and nanoinductors9,73,76, we show that the 

change of near-field patterns induced by the load can be understood within the 

framework of circuit theory. Targeted antenna loading provides an excellent means for 

engineering complex antenna configurations in coherent control applications80 , 

adaptive nanooptics87 and metamaterials153. 
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5.1. Introduction	
  
 

In chapter 1.5.4, we described the structure of an efficient optical antenna that consists of 

two adjacent metallic segments (i.e. nanorods) separated by a nanoscopic gap (gap 

antenna). With this structure, the near-field coupling across the gap can generate 

extremely strong and localized fields, which are essential for applications such as single-

molecule surface-enhanced Raman spectroscopy (SERS)21 or extreme-ultraviolet (EUV) 

generation71. However, the antenna response is very sensitive to small environmental 

changes at the gap138-140. Thus, the presence of molecules or semiconductors in the gap 

(as usually is the case in spectroscopy or detector applications) can dramatically affect 

the antenna’s far-field optical response with the possibility of degrading the antenna 

performance. On the other hand, we can take advantage of this effect for versatile tuning 

of the antenna response. In chapter 2.3, we discussed briefly the work of Alù et al. 9,73 

which described the possibility of tuning the response of optical antennas by antenna 

loading, a concept adapted from radio frequency (RF) technology. Following the RF 

design rules, they theoretically demonstrated that the scattering response and resonance 

frequency of optical antennas can be tuned by loading the antenna gap with either metals 

or dielectrics acting as inductors or capacitors, respectively. In this chapter, we present 

an experimental study of how loading of antenna gaps affects the near-field response 

using scattering-type scanning near-field optical microscopy (s-SNOM)24. We provide 

experimental evidence that the local near-field amplitude and phase response can be 

controlled by antenna loading. 
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5.2. Experimental	
   near-­‐field	
   maps	
   of	
   loaded	
   gap	
  
antennas	
  

 

Our experiments were performed with antennas based on gold nanorods designed for 

fundamental dipolar resonance at mid-infrared frequencies. The rods (1,550 x 230 x 60 

nm) were fabricated on a silicon substrate by electron-beam lithography and show a far-

field resonance at a wavelength of 𝜆 = 9.6  µμm (spectrum was shown in Figure 19 on 

page 64). The fabrication had been performed by K. Crozier et al. in a previous work2. 

The topography of such a rod is shown in Figure 28a. To study how the progressive 

loading of an antenna gap affects the near-field distribution, we used focused ion beam 

(FIB) milling to prepare gaps of different shapes and sizes at the centre of the rods. By 

introducing a complete cut at the center of the nanorod, we fabricated gaps of 80 nm 

width that isolate both nanorod segments (see topography image in Figure 28d). In order 

to fabricate loaded gap antennas, we only partially cut the nanorod center, leaving a 

small metal bridge inside the gap that still connects the two nanorod segments. The 

topography images in Figure 28b,c show two nanorods with a small metal bridge of 

different diameters inside the gap. We used our transmission-mode s-SNOM which was 

described in chapter 3.2 to record amplitude and phase images of the nanorods (see 

schema in Figure 16). The s-SNOM was operated at the resonance wavelength of the 

unmodified nanorod (see topography image in Figure 28a), at 𝜆 = 9.6  µμm. A residual 

background contribution in the optical images shown in Figure 28 has been removed 

using the procedure described in chapter 3.3.1. 

 

In a first experiment with well established dipole antennas2 (Figure 28a) we demonstrate 

that transmission-mode s-SNOM equipped with dielectric tips allows for reliable 

mapping of antenna near-field modes. Figure 28a shows the infrared near-field amplitude 

and phase images of a continuous (unmodified) nanorod. The images reveal strong-

amplitude signals at the rod extremities and a phase jump of about 180° at the rod centre, 

providing direct experimental evidence of an anti-phase field oscillation as expected for 

the dipolar near-field mode. To analyze the image contrast, we perform numerical 

calculations of the x- and z-components of the near-field distribution of a 1,550-nm-long 

nanorod in resonance at a wavelength of 9.6 µm (see chapter 3.3.2 for further  
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Figure 28: Near-field images of progressively loaded nanoantennas at a wavelength 
𝜆 = 9.6  µμm. (a) Continuous rod antenna (b) Low-impedance loaded antenna where a thick 
metal bridge connects the two antenna segments. (c) High-impedance loaded antenna where a 
tiny metal bridge connects the two antenna segments. (d) Fully-cut antenna where the two 
antenna segments are completely separated. Top: Experimental results showing topography 
and near-field amplitude 𝑠! and phase 𝜑! images. Bottom: Theoretical near-field distribution 
of a model system, a 1550 nm long Au rod with d = 230 nm diameter and an 80 nm gap in its 
center, embedded in an effective medium of dielectric value 𝜀!"" = 6.34. The gap is bridged 
by gold disks of 80 nm length with diameter (a) b = 230 nm, (b) b = 80 nm, (c) b = 40 nm 
(amplitude image) and b = 30 nm (phase image), (d) b = 0 nm. The near-field images show 
the z-component of the electric field in amplitude 𝐸! and phase 𝜑!  in a height of 50 nm above 
the rod surface. In all phase images, the phase is set to 0° at the left antenna extremity.  
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information). Comparison with the experimental data clearly shows that the amplitude 

and phase of the z-component, 𝐸!  and 𝜑!, are probed117 (Fig. Figure 28a, bottom). 

 

In Figure 28d we study a nanorod that was fully cut in its centre, representing an 

unloaded gap antenna. The topography image clearly reveals the two closely spaced 

segments separated by a central gap of about 80 nm. The near-field images show that 

both antenna segments oscillate in a dipolar-like mode, featuring high amplitude signals 

at the antenna extremities and near the gap, as well as a phase jump of 180° near the 

centre of each segment and inside the gap. This is in good agreement with numerical 

calculations assuming an 80-nm gap in the rod centre (Figure 28d, bottom). 

 

The near-field patterns of the gap antennas are completely changed when a metal bridge 

(representing the load) connects the two antenna segments (Figure 28b). Near the gap, in 

contrast to the fully-cut rod (Figure 28d), no significant near fields are observed. The 

topography clearly reveals the deep, wedge-like cut through the rod center and also 

shows the metal bridge at the lower rim of the rod. Obviously, the small metal bridge 

(about 10% of the total cross section of the nanorod, estimated from the topography) 

suffices to restore the fundamental dipolar near-field mode of the continuous rod (Figure 

28a). We attribute this effect to a current flow through the bridge that prevents charge 

pile up at the gap. A highly interesting near-field distribution is observed in Figure 28c 

where a much thinner metal bridge connects the nanorod segments. The bridge cross 

section is estimated from the topography to be about 2% of the total rod cross section, 

thus being significantly reduced compared to Figure 28b. The near-field images show 

striking differences to both the continuous and fully-cut rods. We observe a significant 

amplitude signal along the total length of each segment and a considerable phase 

gradient of about 80°. 

 

To further illustrate this interesting behavior, we monitored the near-field oscillations of 

the antennas in space and time. Owing to the simultaneous acquisition of amplitude 

𝑠! 𝑥,𝑦  and phase 𝜑! 𝑥,𝑦  signals, we can represent the near field at a sample position 

𝑥,𝑦  and at time 𝑡 by 

 

 𝑓 𝑥,𝑦, 𝑡 = 𝑅𝑒 𝑠! 𝑥,𝑦 𝑒!!! !,! !!!!"/!   , (42)  
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where 𝑇 is the oscillation period. A series of snapshots of 𝑓  for all four antennas is 

shown in Figure 29. For the continuous rod (Figure 29a, obtained from data in Figure 

28a) the snapshots clearly show the time evolution of a single dipolar oscillation, 

whereas the result for the fully-cut rod (Figure 29d) reveals two closely spaced dipolar-

like modes evolving simultaneously in time. In the case where the tiny metal bridge 

connects the antenna segments (Figure 29c), however, we observe a significant time 

delay between the near fields at the gap and the antenna extremities. 

 

Please note that it can be assumed that the FIB-modified nanorods were measured off-

resonance. Nevertheless, the near-field spectrum of typical metal nanorods exhibits 

significant amplitude values at wavelengths well above the fundamental dipolar 

resonance which can be attributed to the lightning rod effect (long-wavelength tail, see 

 

 
 

Figure 29: Time evolution of the antenna’s near-field distribution f calculated with the 
experimental data from Figure 28. (a) Continuous rod antenna. (b) Low-impedance 
(inductive) loaded antenna (thick metal bridge). (c) High-impedance (inductive) loaded 
antenna (tiny metal bridge). (d) fully-cut antenna. T denotes the oscillation period.  
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chapter 1.5.2). Therefore, it can be expected that near-field imaging at long wavelengths 

still yields sufficiently strong signals. 

 

 

 

 

5.3. Numerical	
   study	
  of	
   gap	
  antennas	
  with	
  different	
  
bridge	
  sizes	
  

 

To analyze the near-field behavior of the metal-loaded antennas (Fig. 2b,c), we calculate 

the z-component of the near-field amplitude 𝐸!  and phase 𝜑!, assuming an 80-nm gap 

in between the antenna segments, loaded with 80-nm-long cylindrical gold bridges of 

diameters between 𝑏 = 0  nm and 𝑏 = 230  nm. These calculations were performed by 

A. Garcia-Etxarri at J. Aizpurua’s group at the Centro de Fisica de Materiales (CSIC-

UPV/EHU) and Donostia International Physics Center (DIPC) in San Sebastian. The 

results are shown in Figure 30 and reveal that by progressive antenna loading (increasing 

bridge diameter 𝑏) the near-field pattern of the fully cut rod (𝑏 = 0) evolves towards the 

fundamental dipolar mode of the continuous rod. Comparing experiment and theory, we 

can assign to each s-SNOM image a calculated near-field pattern. For the antenna in 

Figure 28b we obtain good agreement for a bridge diameter 𝑏 = 80  nm, which 

corresponds to 12% of the rod’s cross section. This is consistent with the bridge size 

estimated from the topography image. The s-SNOM images in Figure 28c match well 

with calculated near-field patterns for 𝑏 between 30 to 40  nm (~2% of the rod cross-

sectional area), thus confirming that indeed a tiny metallic bridge is connecting the two 

segments in our experiment. It is interesting to note that the variation of the single 

parameter 𝑏 is sufficient to reproduce all the experimentally observed near-field patterns 

(Figure 28a–d). 

 

To provide further theoretical insights, we calculate the extinction spectra of the gap 

antennas for bridge diameters between 0 nm and 100 nm, which are summarized in the 

contour plot of Figure 31. These calculations were performed by A. Garcia-Etxarri at J. 

Aizpurua’s group at the Centro de Fisica de Materiales (CSIC-UPV/EHU) and 
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Figure 30: Near-field distribution of two Au nanorod segments of 230 nm diameter and 
separated by an 80 nm gap. The gap is progressively loaded with 80 nm long Au disks of a 
diameter 𝑏 between 0 nm and 230 nm (antenna length L = 1550 nm, diameter d = 230 nm, 
effective medium 𝜀!""   =   6.34). Amplitude |𝐸!|   and phase 𝜑! of the z-component of the 
electric field are shown (normalized to the incident field).  
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Donostia International Physics Center (DIPC) in San Sebastian. For large bridge 

diameter 𝑏, we observe a first-order dipolar mode (D1) of the antenna at around 

𝜆 ≈ 10  𝜇𝑚 (according to the experimental and theoretical near-field distributions shown 

in Figure 28b) and a weaker second-order dipolar mode (D2) at 𝜆 = 3.5  µμm. With 

decreasing bridge diameter 𝑏, we observe a slight red shift of both modes. Reaching 

small bridge diameters 𝑏 < 50  nm, the behavior changes significantly. The first-order 

mode (D1) experiences a divergent red-shift at 𝑏 ≈ 20  nm while being increasingly 

damped. This can be explained by the restriction of the charge flow across the gap that is 

necessary to build up a mode structure compatible with D1 (for information on the mode 

structure see Figure 5 on page 21). Thus, in the limit of very small bridge diameters, the 

first-order mode (D1) cannot be excited anymore. The second-order mode (D2), in 

contrast, is enhanced with decreasing 𝑏 and turns into the first-order mode of the coupled 

nanorods (C1), owing to the compatible structure of both modes. Considering now the 

antenna response at the fixed wavelength 𝜆 = 9.6  µμm, we clearly observe a transition 

from the first-order dipolar mode (D1) of a continuous rod (large 𝑏) towards the mode of 

 
 

Figure 31: Extinction cross section calculated for the antennas considered in Figure 28 as a 
function of the bridge diameter b, normalized to the projected area of the antenna. The dashed 
black lines trace the extinction resonances. The first-order and the second-order mode of the 
continuous rod are marked by D1 and D2, respectively. For antennas with 𝑏   =   0 (isolating 
gap), C1 is the first-order mode. The zero-order mode C0 is unphysical because it would have 
finite charge on each antenna segment6. 
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the coupled nanorods (C1) when b is decreasing. At a given bridge diameter of 30 nm 

(corresponding to our experimental situation where a tiny bridge connects the antenna 

gap, Figure 28c) the antenna response at 𝜆 = 9.6  µμm wavelength lies in between the two 

branches coming from D1 and D2. Thus, the near-field distribution of the antenna 

comprises contributions of both branches, yielding the strong phase shift on each antenna 

segment, an effect that we clearly identify in both the experimental and calculated near-

field images.  

 

 

 

 

5.4. Modeling	
   the	
   antenna	
   loading	
   with	
   circuit	
  
theory	
  

 

In the radio frequency (RF) range, circuit theory is an essential tool for the efficient 

design of antenna devices. Adopting RF concepts, we now show how the behavior of our 

loaded infrared antennas can be explained within the framework of optical circuit theory, 

which has been recently introduced by Engheta et al.9,73,76 (see chapter 2.3). We can 

describe the impedance of the antenna load 𝑍!"#$ as a parallel circuit composed of the 

inductive impedance of the metallic bridge 𝑍!"#$%& and the capacitive impedance of the 

effective medium filling the gap 𝑍!"# , given by 

 

 1
𝑍!"#$

=
1

𝑍!"#$%&
+

1
𝑍!"#

 (43)  

 

with 

 𝑍bridge =
𝑖𝑔

𝜔𝜀Au𝜋
𝑏
2

!  , (44)  

 𝑍gap =
𝑖𝑔

𝜔𝜀eff𝜋
𝑑
2

!
− 𝑏

2
!   . (45)  
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Here, 𝑔 is the gap width (80nm), 𝜔 the infrared frequency, 𝜀Au the dielectric value of 

gold and 𝜀eff the dielectric value of the effective medium filling the gap of our model 

antennas considered in Figure 28 and Figure 31.  

 

In Figure 32a we display a contour plot that shows the value of the load reactance 𝑋!"#$ 

(given by 𝑍!"#$ = 𝑅!"#$ − 𝑖𝑋!"#$) as a function of bridge diameter 𝑏 and wavelength 𝜆, 

highlighting regions of inductive (blue) and capacitive (red) behavior. Comparing the 

evolution of the antenna modes (Figure 31) with the behavior of 𝑋!"#$ (Figure 32a), we 

find an interesting connection: The first-order mode D1 strongly shifts to longer 

wavelengths when 𝑋!"#$ increases (more inductive, displayed in darker blue). The region 

of capacitive 𝑋!"#$, however, does not support the D1 mode. The intensity of the D2 

mode in contrast strongly increases when the load becomes mainly capacitive. 

 

We can describe the load-induced spectral shifts of the antenna modes by modeling our 

infrared dipole antennas as a series combination of the load impedance 𝑍!"#$ 
9,73 and the 

dipole intrinsic impedance 𝑍! = 𝑅! + 𝑖𝑋! (Figure 32b). We evaluate the dipole intrinsic 

impedance 𝑍! using eqs. (18), (19) in chapter 2.2. To this end, we assume a wave vector 

𝑘 = 2𝜋/(𝜆/𝑛!"") using the wavelength 𝜆/𝑛!"" in the effective medium 𝑛!"" = 𝜀eff =

2.52 and assuming a wave impedance of the effective medium of 𝜂 = 𝜇!/𝜀!""𝜀! =
150  Ω. In this equivalent circuit consisting of the antenna and its load, the antenna 

resonance occurs when the load reactance cancels the dipole intrinsic reactance, 

𝑋!"#$ = −𝑋!. Evaluating this condition, we obtain the resonance wavelength as function 

of the bridge size 𝑏. The result is shown in Figure 32a by dashed lines. For large 𝑏, the 

circuit resonance appears at about 9.3 µm wavelength, which is in good agreement with 

the resonance wavelength obtained from the extinction spectrum (Figure 31). With 

decreasing 𝑏, still in the inductive region, we find that the circuit resonance is red-shifted 

owing to an increase of the load reactance 𝑋!"#$ (darker blue). Below the critical bridge 

size 𝑏! – which we define as the turning point where the load changes from inductive to 

capacitive nature – the circuit resonance suffers an abrupt change, shifting to shorter 

wavelengths owing to the change of sign of 𝑋!"#$, and correspondingly of 𝑋!. 

Comparing the evolution of the circuit resonances (dashed lines in Figure 32a) with the 

spectral behavior of the antenna modes (dashed lines in Figure 31), we find a remarkable 

agreement considering the simplicity of the model based on classical antenna theory. We 
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Figure 32: (a) Top: Contour plot displaying the load reactance 𝑋!"#$ as a function of b and 
wavelength λ. Regions of capacitive reactance (negative 𝑋!"#$) are shown in red, regions of 
inductive reactance (positive 𝑋!"#$) in blue. The black dashed lines trace the first-order 
antenna resonances calculated by means of circuit theory. Bottom: Load resistance 𝑅!"#$ and 
load reactance 𝑋!"#$ displayed as a function of b, calculated for λ = 9.6 µm. (b) Intrinsic 
resistance 𝑅! and reactance 𝑋! of a cylindrical dipole antenna as a function of wavelength. 
The calculation is based on standard equations of antenna theory1 and assumes a 1550 nm 
long antenna of 230 nm diameter embedded in an effective medium with 𝜀!"" = 6.34. 
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expect an even better agreement by taking into account plasmonic effects7 that are 

already present at infrared frequencies16,57. 

 

 

Finally, we address how the role of the load impedance affects the near-field distribution 

of the antennas. At 𝜆 = 9.6  µμm the dipole intrinsic impedance amounts to 𝑍! = (17+
2𝑖)  Ω (read out from Figure 32b). For large bridge diameters (𝑏 > 80  nm) we find that 

the load impedance 𝑍!"#$ is considerably smaller than 𝑍!, thus facilitating current flow 

through the load. Consequently, accumulation of charges at the gap is very low, yielding 

negligible near fields in its vicinity (Figure 28b). Below the critical bridge size 𝑏!, the 

load impedance is of capacitive nature. Therefore, charges are piled up at the gap, which 

generate strong near fields, as observed both in experiment and calculations (Figure 

28d). Interestingly, the deviation of the near-field patterns from dipolar-like modes 

(Figure 28c) occurs close to the critical bridge size (see also Figure 30), thus confirming 

that the change of the near-field distribution is a consequence of the transition from 

inductive to capacitive load impedance. 

 

 

 

 

5.5. Conclusions	
  
 

In conclusion, the near-field images of gap antennas presented here provide direct 

experimental evidence that the local near-field amplitude and phase distribution can be 

controlled by antenna loading. This opens the door for designing near-field patterns 

without the need to change antenna length, which could be highly valuable for the 

development of compact and integrated nanophotonic devices. 
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6. Nanofocusing	
  of	
  Mid-­‐Infrared	
  
Energy	
  with	
  Tapered	
  Transmission	
  

Lines	
  
 

 

Mid-infrared radiation allows to analyze a wide range of different material properties 

including chemical composition and structure of matter154,155. Infrared spectroscopy is 

thus an essential analytical tool in many sciences and technologies. The diffraction limit, 

however, challenges the study of individual molecules and nanostructures, as well as the 

development of highly-integrated mid-infrared optical devices156. Here we 

experimentally demonstrate mid-infrared nanofocusing by propagating a mid-infrared 

surface wave along a tapered two-wire transmission line. The tapering yields a 

compression of the electromagnetic energy carried by the surface wave. Employing 

vector near-field microscopy157,158, we directly visualize the evolution of the energy 

compression into a nanoscale confined infrared spot of 60 nm diameter (λ/150) at the 

taper apex. Our work opens avenues for the development of not yet existing chemical and 

biological sensing tools based on infrared surface waves, including miniaturized 

spectrometers and lab-on-a-chip integrated (bio)sensors.  
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6.1. Introduction	
  
 

An efficient route to circumventing the diffraction limit of conventional optical elements 

is based on the use of plasmonic antennas and waveguides27,55,109,159,160. These elements 

allow for the focusing, guiding and controlling of light on the nanometer scale and have 

therefore opened the door to optical imaging with nanoscale resolution27, single-

molecule Raman spectroscopy21 and the development of metamaterials161 and compact 

optical circuits77. As we have described in the introduction in chapter 1, one of the most 

common types of plasmonic antennas used for nanofocusing light are metal nanoparticles 

and nanorods. Tuned to be in resonance with the illuminating light wave, they convert 

propagating free-space radiation into highly concentrated near fields (hot spots) at the 

rod extremities or in nanoscale gaps between them21,27,55,136,157,159,160. Alternatively, 

nanofocusing of light can be achieved by the compression of surface plasmon polaritons 

(SPPs) propagating along tapered metal nanowires162-167 or slot waveguides168-170. In 

contrast to antenna focusing, a propagating surface wave (rather than a free-space 

propagating wave) is focused. For example, in case of the tapered nanowire, the SPP 

mode would be efficiently excited at the broad end of the tapered metal wire, e.g. by a 

grating coupler164,165. When the SPP mode propagates along the wire, the SPP fields are 

more and more localized at the wire surface as the wire width steadily decreases, leading 

to a strong energy concentration on the nanoscale171. A nanofocus (hot spot) is then 

created in a very small volume at the tip of the tapered wire. Applied in near-field 

microscopy172 and tip-enhanced Raman spectroscopy166, this mechanism offers an 

improved signal-to-background ratio, because the SPP excitation and the nanofocus at 

the taper apex are spatially separated. Waveguide focusing will also be an essential 

building block in future integrated plasmonic circuits18,166, where SPPs are the carriers of 

optical energy. 

 

For the development of nanoscale-resolving infrared (IR) and terahertz (THz) probes and 

ultra-sensitive miniaturized spectrometers, however, one faces the problem that the 

surface waves are weakly guided in this spectral range because of the large negative 

dielectric permittivity of metals173 (see Figure 2 on page 11). An improved guiding of 

SPPs at THz frequencies can be achieved by patterning metal surfaces, supporting 
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surfaces waves called spoof SPPs174. The patterning (i.e. perforating) of the metal surface 

changes strongly the dispersion relation of the surface mode, yielding a dispersion 

relation similar to that of SPPs. Particularly, the bending of the SPP dispersion can be 

mimicked at far lower frequencies, yielding a strong coupling to the surface even at THz 

frequencies. Also the surface of tapered metal wires can be patterned, allowing for the 

concentration of THz radiation with spoof SPPs175. However, nanoscale dimensions are 

difficult to achieve. A different route with which to focus radiation is based on slot 

waveguides176,177 where the electromagnetic energy is bound between two metal 

surfaces. It was predicted that tapered coaxial waveguides which are terminated by 

funnel-type adiabatic tapers allow for a nanoconcentration of THz radiation176. There, the 

smallest achievable focus size is limited by the skin depth effect in metal (around 30 to 

60 nm). A similar concept has recently been demonstrated experimentally with tapered, 

two parallel metal plates178, achieving a subwavelength THz focus of ~ 10 µm. 

 

In the mid-infrared spectral range - being in the transition range between strong 

plasmonic and nearly ideal metallic behavior - surface wave guiding is a widely 

unexplored terrain from both fundamental and applied perspectives. Recently, it has been 

demonstrated that mid-infrared energy can be guided with two-wire transmission 

 
 

Figure 33: Concept of infrared nanofocusing with a tapered transmission line.  
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lines179,180. This concept is adapted from radio frequency technology, where two-wire 

transmission lines have been used in the past to carry radio frequency (RF) signals in 

television and radio applications (see Chapter 2.1).  

 

In this chapter, we predict and experimentally verify mid-infrared nanofocusing with 

tapered transmission lines by using compression of mid-infrared surface waves, as 

illustrated in Figure 33. We propose and realize a novel design including tapering of both 

the gap and the metal wires. Such architecture is essential for providing a nanofocus at a 

sharply pointed extremity that can be used as a scanning probe tip or local sensing 

device. To verify experimentally the extraordinarily strong lateral confinement of the 

surface wave, we applied polarization- and phase-resolved scattering-type near-field 

optical microscopy (s-SNOM) which we have recently developed to measure the 

vectorial field distribution of nanoscale optical fields (chapter 4). 

 

 

 

 

6.2. Verification	
   of	
   energy	
   transport	
   in	
   two-­‐wire	
  
transmission	
  lines	
  

 

In this work, the transmission line consists of two parallel metal wires. A dipole antenna 

is attached to the non-tapered end of the two-wire transmission line. Infrared illumination 

with polarization parallel to the antenna can therefore launch a surface wave on the 

transmission line. This coupling mechanism is well known from radio frequency 

technology (chapter 2.2) and has been studied theoretically in the optical regime5 

(chapter 2.3). The launching of a surface wave and its propagation along mid-IR 

transmission lines have been demonstrated recently180. In Figure 34a–c, we first verified 

and characterized mid-infrared energy transport in untapered two-wire transmission lines 

to serve as a reference for the following nanofocusing experiments. To that end, we 

fabricated a transmission line consisting of two flat Au wires of 200 nm width and 40 nm 

height, separated by a 300 nm gap. The length of the wires is 15 µm, a 2 µm long dipole 

antenna is attached to the left end for the excitation of the mid-IR surface mode. The 

structures were fabricated by high-resolution electron-beam lithography and metal lift- 
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off on double-side-polished silicon substrates. A bilayer polymethyl methacrylate (with 

495,000 molecular weight at the bottom and 950,000 molecular weight at the top) was 

used as electron-sensitive polymer. A 40 nm Au film was thermally evaporated in high 

vacuum on top of a 3nm thick Ti layer, e-beam evaporated for adhesion purposes. 

Design of the structures was done by P. Alonso-Gonzalez from the nanooptics group at 

CIC nanoGUNE Consolider. The structures were fabricated in a collaboration with the 

nanodevices group at CIC nanoGUNE Consolider. We then imaged the transmission line 

with our s-SNOM at a wavelength of 𝜆 = 9.3  µμm. To visualize the field distribution and 

the mode structure of the surface wave, we show in Figure 34b the real part of the 

vertical near-field component, Re(𝐸!) = |𝐸!|𝑐𝑜𝑠(𝜑!), where |𝐸!| is the near-field 

amplitude and 𝜑! the phase. We observe two dipolar-like modes on the antenna 

segments with strong fields at the antenna ends and at the gap, as expected for a mid-IR 

gap antenna109. The fields extend along the two wires, periodically changing their 

polarity. This provides direct experimental evidence of a propagating surface wave. We 

find a decreasing field strength with increasing distance x from the antenna (source), 

indicating propagation losses. From the oscillation period and the field decay we 

determine an effective wavelength 𝜆!"" = 3.5 µm and a propagation length 𝐿 ≈ 8  µμm 

 
 

Figure 34: Energy transport in two-wire transmission lines. (a) Topography image of an 
antenna-coupled two-wire transmission line. Its calculated mode profile is shown in Figure 
35b, case (A). (b) Experimental near-field image taken at 𝜆   =   9.3  µμm, showing Re(𝐸!) =
|𝐸!|cos(𝜑!). (c) Numerically calculated near-field image showing Re(𝐸!) = |𝐸!|cos(𝜑!). 
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(defined as the 1/𝑒 decay of the field amplitude). The experimental image is in excellent 

qualitative agreement with numerical simulations of the near-field distribution (Figure 

34c) when we assume for the Si substrate a refractive index of 𝑛!" = 3.07. Our results 

show that indeed mid-IR energy can be transported in our transmission lines of 

subwavelength-scale width 𝑊 = 𝜆/13. 

 

 

 

 

6.3. Numerical	
  study	
  of	
  the	
  surface	
  mode	
  properties	
  
 

Basic insights about the field confinement and propagation of mid-infrared energy 

(𝜆 = 9.3  µμm) in two-wire transmission lines were obtained by a numerical study using a 

finite-element mode solver (Figure 35a–c). We considered infinitely long transmission 

lines of total width 𝑊   = 2𝑤 + 𝑔, consisting of two parallel gold wires (width, 𝑤; 

height, 40 nm) on a silicon substrate, separated by an isolating gap of width 𝑔 (Figure 

35a). In Figure 35b, the antisymmetric mode solutions (cross section of the near-field 

distribution) for three different transmission lines (A-C) are shown. We find that the near 

fields associated with these modes are strongly confined on the scale of the transmission-

line width 𝑊, even for the extremely narrow transmission line C with 𝑊 = 90  nm 

(𝜆/100). We analyze the propagation properties of the modes in Figure 35c, showing the 

effective wavelength 𝜆!"" and the propagation length 𝐿 when both the wire and gap 

widths (𝑤 and 𝑔) are reduced, following the cases A-C. With decreasing width 𝑊, both 

the wavelength and the propagation length decrease, which can be attributed to the 

increasing amount of energy propagating inside the metal (skin depth effect)176. 

Interestingly, even for extremely small widths W (lines B and C), the propagation length 

is still of the order of one wavelength 𝜆!"". This indicates the potential to compress the 

mid-IR mode by propagating it along a tapered transmission line. Note that the extreme 

confinement of the surface mode in case C (𝑊 = 𝜆/100) is not accompanied by a strong 

reduction in the effective wavelength 𝜆!"" (Figure 35c). This finding differs from the 



6.3 Numerical study of the surface mode properties 

107 

 

  

 
 
Figure 35: Propagation properties in two-wire transmission lines. (a) Schematics showing the 
cross section of the two-wire transmission line, consisting of two 40 nm thick parallel gold 
wires of width w, which are separated by a nanoscale gap of width g. (b) Numerically 
calculated mode profiles (logarithmic scale) for transmission lines with (A) w = 200 nm and g 
= 300 nm, (B) w = 56 nm, g = 100 nm, and (C) w = 20 nm and g = 50 nm. (c) Wavelength 
𝜆!"" and propagation length L as a function of the total transmission-line width W = 2w + g, 
while the wire width w and gap width g are decreased simultaneously from w = 200 nm to 20 
nm and g = 300 nm to 50 nm, respectively.  
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plasmon compression in tapered metal nanowires at visible frequencies, where the 

energy accumulation and field enhancement is associated with a significant reduction of 

the plasmon wavelength164.  

 

 

 

 

6.4. Nanofocusing	
   of	
   mid-­‐infrared	
   energy	
   with	
  
tapered	
  two-­‐wire	
  transmission	
  lines	
  

 

In Figure 36, we demonstrate experimentally our concept of mid-infrared nanofocusing 

with a tapered transmission line. The transmission line shown in Figure 36a consists of 

two Au wires (200 nm wide, 6 µm long) that are separated by a 300 nm air gap. The 

right end of the transmission line is tapered on a length of 1 µm, with the Au wire width 

and the gap width being linearly reduced to 20 nm and 50 nm, respectively. This tapering 

corresponds to a decrease of the total width 𝑊 of the transmission line from 700 nm 

(mode profile A in Figure 35) to 90 nm (mode profile C in Figure 35). We visualize the 

propagating mode by imaging the vertical near-field component, analogously to Figure 

34b. It is clearly seen that the field distribution on the transmission lines narrows with 

decreasing width 𝑊, while the asymmetric mode structure (opposite charges on the two 

wires) is fully retained (Figure 36b). Remarkably, even close to the taper apex no fields 

are observed outside the line, providing experimental evidence of strong field 

confinement and the absence of leakage fields. In order to visualize the energy 

compression, we show in Figure 36c the intensity of the vertical near-field component, 

𝐸! !. A continuous intensity enhancement can be observed along the taper as well as 

intensity modulations along the parallel wires. We attribute the latter to back reflections 

from the tapered part of the transmission line, in analogy to a non-terminated 

transmission line at radiofrequencies (see Figure 9 on page 35). At the taper apex, at 

𝑥 = 6  µμm distance from the dipole antenna, two extremely confined peaks are observed. 

The intensity at the peak position is significantly enhanced, by a factor of 30 when 

compared to the intensity measured at 𝑥 = 6  µμm on the untapered line (Figure 34b). Our 



6.4 Nanofocusing of mid-infrared energy with tapered two-wire transmission lines 

109 

 

 
 

Figure 36: Nanofocusing of infrared energy with a tapered two-wire transmission line. (a) 
Topography image of the transmission line. (b) Experimental near-field image showing 
Re(𝐸!) = |𝐸!|cos(𝜑!). (c) Experimental near-field image showing the intensity of the 
vertical field component, |𝐸!|!. (d) Numerically calculated near-field image showing the 
intensity of the vertical field component, |𝐸!|!.  
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near-field images are confirmed by a numerical simulation (Figure 36d) assuming a 5.3 

µm long transmission line and provides first experimental evidence that mid-infrared 

energy can be compressed along a tapered transmission line. 

 

To study the vectorial field distribution of the mid-infrared nanofocus, we recorded high-

resolution images of both the vertical and horizontal near-field components of the taper 

region (Figure 37a). The image of the vertical (out-of-plane) near-field component 𝐸! ! 

reveals two intensity maxima (bright spots) at the taper apex. These maxima appear 

exactly at the wire tips, as we prove by the superposition of the topography and near-

field image (Figure 37b). The existence of two maxima can be explained by the mode 

profile (Figure 35b), showing that the vertical near-field component essentially appears 

on top of the metal wires. Note that the difference in the peak intensities can be assigned 

to the slight asymmetric shape of the taper apex. Mapping the horizontal (in-plane) near-

field component 𝐸!
!
, we find a single intensity peak inside the gap, located at the taper 

apex, as predicted by numerical calculations (Figure 37c). From the line profile across 

the peak (Figure 37d, extracted at the position indicated by the white arrows in Figure 

37a), we measure an intriguingly small spot size, amounting to about 60 nm (𝜆/150). 

The high-resolution near-field images provide first direct experimental evidence that 

mid-infrared energy can be nanofocused using tapered transmission lines. Remarkably, 

mid-infrared energy can be nanofocused to a spot size comparable to what has been 

achieved by plasmon compression in the visible range. 

 

Note that in this experiment the entire transmission-line structure is illuminated. To 

exclude the possibility that the near-field focus at the taper apex is generated by a local 

antenna or lightning-rod effect, we compare the tapered transmission line with an 

isolated taper (Figure 38). This experiment clearly shows that the isolated taper (Figure 

38, right) does not generate strong fields at the taper apex. It is only when a propagating 

transmission-line mode is fed into the taper (Figure 38, left) that strong fields are 

observed at the taper apex. 
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Figure 37: Vectorial field distribution 
of the nanofocus. (a) High-resolution 
experimental near-field images of the 
taper apex, showing the intensity of the 
vertical and transverse near-field 

components, |𝐸!|! and !𝐸!!
!
. (b) 

Superposition of near-field intensity and 
topography. (c) Numerically calculated 
near-field image showing the intensity 
of the horizontal field component, 

!𝐸!!
!
. (d) Line profile through the 

nanofocus at the taper apex, 
experimental data (red circles) and 
calculated data (black line) extracted at 
the position indicated by the white 
arrows in (a) and (c), respectively. 
 
 
 

 
 

 

 

Figure 38: Control experiment 
comparing a tapered transmission line 
with an isolated taper. (a) s-SNOM 
topography image (b) Topography and 
near field image (𝜆   =   11.2  µμm) 
showing the intensity of the vertical 
field component, |𝐸!|!. 
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6.5. Conclusions	
  
 

We have experimentally demonstrated our concept of nanofocusing of mid-infrared 

radiation with tapered transmission lines. To this end, we first verified that a mid-IR 

surface wave propagates on a two-wire transmission line of only 700 nm width. With the 

tapered two-wire transmission line structure, our near-field images and calculations 

revealed that the surface wave is compressed by propagating it into the transmission-line 

taper. We achieved a focus spot of only 60 nm diameter at the taper apex, corresponding 

to the extreme sub-wavelength scale dimension of λ / 150 at λ = 9.3 µm wavelength. 

Nanofocusing of mid-infrared energy with transmission lines opens new avenues for 

nanoscale imaging and sensing. It enables the development of integrated mid-infrared 

circuits and devices based on energy transport mediated by surface waves, which will be 

critical for example in future infrared-spectroscopic lap-on-a-chip applications. We also 

stress that both the gap and metal wire widths are tapered, providing an infrared 

nanofocus at a sharply pointed transmission-line apex. Such a structure could be realized 

on scanning probe tips, allowing for simultaneous high-resolution imaging of sample 

topography and infrared properties. Furthermore, the near-field images demonstrate the 

potential of our imaging technique (vector-field nanoscopy157) to verify novel 

fundamental predictions and technological concepts in nanophotonics, plasmonics and 

metamaterials research. Offering wavelength-independent resolution, it can be used at 

visible, infrared and terahertz frequencies. 
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