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Abstract Nano-antennas in functional plasmonic applica-
tions require high near-field optical power transmission. In
this study, a model is developed to compute the near-field
optical power transmission in the vicinity of a nano-antenna.
To increase the near-field optical power transmission from a
nano-antenna, a tightly focused beam of light is utilized to
illuminate a metallic nano-antenna. The modeling and sim-
ulation of these structures is performed using 3-D finite ele-
ment method based full-wave solutions of Maxwell’s equa-
tions. Using the optical power transmission model, the in-
teraction of a focused beam of light with plasmonic nano-
antennas is investigated. In addition, the tightly focused
beam of light is passed through a band-pass filter to iden-
tify the effect of various regions of the angular spectrum to
the near-field radiation of a dipole nano-antenna. An exten-
sive parametric study is performed to quantify the effects of
various parameters on the transmission efficiency of dipole
nano-antennas, including length, thickness, width, and the
composition of the antenna, as well as the wavelength and
half-beam angle of incident light. An optimal dipole nano-
antenna geometry is identified based on the parameter stud-
ies in this work. In addition, the results of this study show
the interaction of the optimized dipole nano-antenna with a
magnetic recording medium when it is illuminated with a
focused beam of light.
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1 Introduction

Existing and emerging nano-optical applications, such as
scanning near-field optical microscopy [1], data storage [2],
nano-lithography [3], and bio-chemical sensing [4] have
two main requirements: an optical spot beyond the dif-
fraction limit and a high transmission efficiency. Nano-
antennas [5–7] can be used in nano-optical systems due to
their ability to obtain very small optical spots. Optical an-
tennas have a long history and there are many experimental
works in the literature including early optical rectification
works [8–10] and more recent resonant antennas [11–14].
The ability of nano-antennas to obtain optical spots beyond
the diffraction limit is not sufficient for their utilization in
practical plasmonic applications. In addition to a very small
optical spot, a nano-antenna should provide high transmis-
sion efficiency for practical applications. The transmission
efficiency of a nano-antenna determines the data transfer
rate of storage devices and the scan times of near-field op-
tical microscopes. Therefore, the transmission efficiency of
nano-antennas should be quantified and optimized for po-
tential utilization in practical applications. A thorough as-
sessment of the near-field transmission efficiency of nano-
antennas is crucial for understanding their potential and lim-
itations for emerging plasmonic applications.

Metallic nano-antennas hold the promise of providing
high transmission efficiency [5] that can enable emerging
plasmonic applications. Therefore, the extension of the de-
tailed understanding of antennas at the macroscale to that
of the nanoscale is of great interest. The interaction of an-
tennas with electromagnetic waves has been thoroughly in-
vestigated at microwave frequencies. Simple scaling rules
that were obtained at microwave frequencies, however, do
not hold at optical frequencies [15]. There are two main dif-
ferences between the underlying physics of the interaction
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of light with metallic nano-antennas at microwave and opti-
cal frequencies: (1) contrary to their behavior at microwave
frequencies, at optical frequencies metallic antennas support
surface plasmons [15–18], and (2) the skin-depth of metals
at optical frequencies is significantly larger than those at mi-
crowave frequencies in terms of electrical dimensions.

Previous works in the literature have considered power
transmission efficiency and focused beams [2, 19–22]. In
previous works, the focused beams were treated as linearly
polarized plane waves and Gaussian beam profiles [2, 19–
21]. Plane waves and Gaussian beams become less accu-
rate approximations for a focused beam of light as the beam
becomes more tightly focused. The angular spectrum of a
plane wave is composed of a single point in k-space. In
other words, the angular spectrum of a plane wave is in-
finitesimally narrow. A tightly focused beam of light, on
the other hand, has a wide angular spectrum. As a result,
a plane wave approximation becomes less accurate as the
beam becomes more tightly focused. A Gaussian beam ap-
proximation is valid in the paraxial limit. As the beam be-
comes more tightly focused, the paraxial approximation is
no longer valid. At this point, the Gaussian beam approx-
imation also becomes an inadequate model of a highly fo-
cused beam [23]. Richards-Wolf theory [24, 25] provides an
accurate representation of an incident beam near the focus
of an aplanatic lens. Therefore, it is desirable to quantify
the associated near-field optical power transmission of di-
pole nano-antennas, particularly when the structures are il-
luminated with a tightly focused beam of light as described
by Richards–Wolf theory. It is also desirable to identify the
effects of various regions of the angular spectrum on the
near-field radiation of a dipole nano-antenna. This can be
achieved by applying a band-pass filter to the tightly focused
beam of light to suppress undesired components.

In this study, a detailed derivation of the near-field op-
tical power transmission in the vicinity of a nano-antenna
is given. The findings of this study allow the assessment of
the suitability of nano-antennas for potential use in practical
plasmonic applications. Using the power transmission cal-
culations, a comprehensive and detailed analysis of the pa-
rameters affecting the near-field radiation of a nano-antenna
is provided. An optimal dipole nano-antenna geometry is
identified based on the parameter studies conducted in this
study. In addition, the tightly focused beam of light is passed
through a band-pass filter to identify the effect of various re-
gions of the angular spectrum to the near-field radiation of a
dipole nano-antenna. In Sect. 2 we present the mathematical
formulations for the near-field optical power transmission
of nano-antennas when they are illuminated with a focused
beam of light. The incident electric field is obtained from the
numerical aperture of the lens system and operating wave-
length. The scattered and total components of the electric
fields are obtained using the interaction of the incident field

and the nano-antenna. The field quantities are transformed
into power quantities using the method described in Sect. 2
along with 3-D finite element method based1 [26] full-wave
solutions of Maxwell’s equation. In Sect. 3, an extensive
parametric study is performed to quantify the effects of ma-
terial and geometrical parameters on the near-field power
transmission of dipole nano-antennas. The optimum geom-
etry and the corresponding power transmission are studied
for various parameters including length, thickness, width,
and composition of the antenna, as well as the wavelength
of incident light. The near-field distributions are presented
for the optimized structures in Sect. 3. Concluding remarks
appear in Sect. 4.

2 Near-field optical power transmission

An important criterion when assessing the performance of a
nano-optical antenna for potential utilization in a functional
plasmonic application is the near-field optical power trans-
mission. In a functional plasmonic application, the transmis-
sion efficiency can be defined as the ratio of power transmit-
ted to the sample over the optical power input to the system.
A nano-antenna with low transmission efficiency may pre-
vent its use in a practical applications since it determines key
metrics in a system, such as the data transfer rate of storage
devices and the scan times of near-field optical microscopes.
One method of increasing the power transmission is to in-
crease the input power, however, it is limited by the power
of the laser diodes that are available. In addition, high input
power usually results in power dissipation in the metallic
parts, which can cause significant heating and structural de-
formation of the nano-optical transducers [27]. Therefore, a
nano-antenna with high transmission efficiency is more fea-
sible to increase the transmitted output power in practical
applications.

One possible method of further improving the transmit-
ted power to the sample is to utilize a tightly focused beam
of incident light onto the antenna. As the incident electro-
magnetic radiation becomes more tightly focused, the spot
size of the diffraction limited radiation incident onto the
nano-antenna reduces. Reducing the spot size of the inci-
dent radiation increases the magnitude of the incident elec-
tric field illuminating the nano-antenna. Since the incident
electric field illuminating the nano-antenna increases, the
near-field radiation from the nano-antenna also increases.
Therefore, a tightly focused beam of incident light exciting
the antenna can be used to further improve the near-field op-
tical power transmission.

1All the FEM calculations in this report are performed with High Fre-
quency Structure Simulator (HFSSTM) from Ansoft Inc. with the in-
house developed focused beam models integrated into it.
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Near-field optical power transmission is not only a func-
tion of antenna parameters such as geometry and material
properties, but is also related to the focused beam parame-
ters such as the numerical aperture of the beam and operat-
ing wavelength. Although there has been much effort to un-
derstand the effect of various parameters related to near-field
radiation from nano-antennas, the studies in the literature do
not include detailed descriptions of a focused beam of light.
In the literature a plane wave is usually used to represent the
incident beam of light to understand the interaction of inci-
dent beam and nano-antennas. If the incident optical beam
becomes more tightly focused, a plane wave representation
becomes inaccurate for modeling a focused beam of light.
Therefore, near-field transmitted optical power calculations
involving focused light are of great interest to assess the per-
formance of nano-antennas in functional plasmonic applica-
tions.

In this section, we first present a brief summary of the
incident focused beam model based on the Richards–Wolf
theory [24, 25]. After that, we present a model to compute
the near-field transmitted power starting from the incident
optical beam definition and nano-antenna parameters.

The Richards–Wolf theory [24, 25] provides an accurate
representation of an incident beam near the focus of an apla-
natic lens. Using the Richards–Wolf vector field representa-
tion [24, 25], the total electric field in the vicinity of the
focus is given by

E(rp) = − i

λ

∫ α

0
dθ sin θ

∫ 2π

0
dφ a(θ,φ) exp(−ik · rp),

(1)

where α is the half angle of the beam, rp is the observation
point

rp = xpx̂ + ypŷ + zpẑ = rp cosφpx̂ + rp sinφpŷ + zpẑ (2)

and

k = 2π

λ
(sin θ cosφx̂ + sin θ sinφŷ − cos θ ẑ). (3)

In (2) and (3) λ is the wavelength in the medium, rp =√
x2
p + y2

p , and φp = arctan(yp/xp). In (1), a(θ,φ) is the

weighting vector, which is given as

a(θ,φ) =
⎡
⎣ cos θ cos2 φ + sin2 φ

cos θ cosφ sinφ − cosφ sinφ

sin θ cosφ

⎤
⎦√

cos θ. (4)

To obtain the electric field distributions, (1) can be evaluated
using a numerical integration [28]. Sample electric field dis-
tributions can be found in the literature [23, 28, 29].

Fig. 1 A schematic illustration of a dipole antenna and sample object
illuminated with a focused beam of incident light from a lens system.
The sample object is in the near-field of the nano-antenna. V1 is an
semi-spherical volume that will be utilized in the power calculations

A typical nano-antenna configuration with respect to the
lens system and sample is illustrated in Fig. 1. The nano-
antenna is in the near-field of the sample object. The nano-
antenna is illuminated with a focused beam of light that is
obtained using a lens system. In this figure, V1 is a semi-
spherical volume that will be utilized in the power calcula-
tions. V1 can either be a vacuum or a high-index transparent
material. If a far field excitation is utilized, then V1 is rep-
resented as a vacuum. To further increase the incident elec-
tric field, a solid immersion lens can be utilized on top of a
nano-antenna. In this case V1 is composed of a high-index
transparent dielectric. In this figure S1 represents the curved
hemispherical surface, and S2 represents the planar surface
that forms the bottom surface of volume V1. As shown in
Fig. 1, n̂1 and n̂2 represent the normal directions to the sur-
faces S1 and S2, respectively.

The total electric field Et (r) is composed of two compo-
nents,

Et (r) = Ei (r) + Es(r), (5)

where Ei (r) and Es(r) are the incident and scattered electric
field components, respectively. The incident electric field
can be defined as the electric field propagating in space in
the absence of the scattering object. In this problem, the in-
cident field is the optical beam generated by the lens system
in the absence of the nano-antenna and sample in Fig. 1. In
other words, the incident field can be considered as the fo-
cused beam propagating in free space as show in Fig. 2. The
scattered electric field Es(r) in (5) represents the fields re-
sulting from the interaction of the incident field Ei (r) with
the scattering objects, which in our case, are composed of
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the nano-antenna and sample. As shown in (5), the total field
is the summation of the incident and scattered field compo-
nents.

For the power conversion, scaling factors will be based
on the incident fields. These scaling factors will later be uti-
lized to adjust the electric field magnitudes of scattered and
total electric field quantities. The incident field geometry is
shown in Fig. 2. By utilizing Poynting’s theorem [30, 31] for
the incident field geometry we obtain

Pz = Re

[∫ ∫
S1

(
1

2
Ei(r) × Hi∗(r)

)
· n̂1 dS

]

−
∫ ∫ ∫

V1

σ
∣∣Ei(r)

∣∣2
dV. (6)

In (6), Pz is the power propagating in the ẑ-direction. In this
equation, Ei

x(r) is the electric field defined by (1) for vac-
uum and the second term is zero since σ = 0 in vacuum.
In the case where V1 represents a solid immersion lens, the
electric field representation by Ichimura et al. [32] should be
utilized instead of (1).

To obtain the scattered field, Es(r), we used a 3-D
finite element method (FEM) based full-wave solution
of Maxwell’s equations [26]. To represent the scattering
geometries accurately, tetrahedral elements are used to dis-
cretize the computational domain. Radiation boundary con-
ditions are used in FEM simulations. On the tetrahedral ele-
ments, edge basis functions, and second-order interpolation
functions are used to expand the functions. Adaptive mesh
refinement is used to improve the coarse solution regions
with high field intensities.

Once the scattered field is solved via FEM, the total field
can be obtained using (5). Finally, to convert the Et (r) to the

Fig. 2 A schematic illustration of the incident field Ei (r) in the ab-
sence of any scattering objects

correct power quantities, the fields should be multiplied by

√
Actual Input Optical Power

Pz

. (7)

This power conversion will be utilized in the results to ad-
just the power quantities to express the actual input power
entered into the system. Once this power conversion is per-
formed, the total power dissipation in the sample can be ob-
tained by

Dissipated Power in the Sample =
∫ ∫ ∫

Vs

σ
∣∣Et(r)

∣∣2
dV,

(8)

where Vs represents the hot spot in the sample volume. As-
suming V1 in (6) is vacuum, then the transmission efficiency
is given as

Transmission Efficiency =
∫ ∫ ∫

Vs
σ |Et(r)|2 dV∫ ∫

S1
( 1

2 Ei(r) × Hi∗(r)) · n̂1 dS
.

(9)

3 Dipole nano-antennas

To couple incident electromagnetic energy with small scale
electronic devices, antennas have been utilized. The anten-
nas achieve this coupling by localizing the incident radia-
tion to dimensions smaller than the wavelength. The cou-
pling mechanism between small scale electronic devices and
antennas at radio and microwave frequencies has been well
understood. A similar coupling mechanism is applicable be-
tween nano-antennas operating at optical frequencies and
objects with feature dimensions below the diffraction limit.
At optical frequencies, nanoscale metallic antennas can be
utilized to couple incident optical beams to length scales
much smaller than the diffraction limit.

A metallic dipole nano-antenna, shown in Fig. 3, primar-
ily utilizes evanescent waves to couple electromagnetic en-
ergy to a sample in the near-field. The direction of the polar-
ization of the incident radiation and the antenna geometry
play an important role in this process. If the incident po-
larization is along the long-axis of the antenna as shown in

Fig. 3 A schematic illustration
of a dipole antenna and its
dimensions. The antenna is
illuminated with incident
electromagnetic radiation shown
as E(r)
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Fig. 4 Incident |E|2
distribution in the absence of
antennas. The fields are plotted
at the focal plane x̂–ŷ for
various half-beam angles α of
the incident beam: (a) α = 5◦,
(b) α = 15◦, (c) α = 30◦,
(d) α = 45◦, (e) α = 60◦, and
(f) α = 75◦

Fig. 3, then the incident electromagnetic radiation creates
induced currents along this axis in the antenna. These in-
duced currents are the source of charge accumulation at the
ends of the antenna. The charges created across the gap sep-
arating the metallic parts of the antenna have opposite polar-
ity. The oscillation of the charges with opposite polarity is
the source of localized near-field electromagnetic radiation.
This localized near-field radiation is composed of propagat-
ing and evanescent components. If a structure is brought into
the near-field of this gap, then the electromagnetic fields ra-
diating due to this charge oscillation interact with the struc-
ture. The evanescent component of the electromagnetic field
is particularly important in achieving high power transmis-
sion from the antenna.

The interaction between the antenna and the sample
structure at visible and optical frequencies leads to interest-
ing applications, including near-field optical microscopy [1]
and data storage [2]. At visible and infrared frequencies,
however, the underlying physics of the interaction of light
with metallic nano-antennas is complicated due to surface
plasmon effects [15–18]. In addition, at these frequencies
the incident electromagnetic field interacts with the entire
antenna structure due to the large skin-depth of metals at
optical frequencies (in terms of electrical dimensions). As
a result of the geometry-dependent plasmonic effects, the
antenna shape and composition play an important role. If
the shape and composition of the metallic structures and the
wavelength of the incident radiation are appropriately cho-
sen, then it is possible to excite plasmon resonances over
the metallic particles that form the nano-antenna. Size- and
shape-dependent surface plasmon resonances of nanoparti-
cles [33, 34] can be excited if the frequency of the inci-

dent radiation matches the frequency of the oscillation of
the free-electron gas of the metal forming the nano-antenna.
Surface plasmon resonances are associated with large elec-
tric field enhancement, which is of particular interest for ap-
plications that require high transmission efficiency.

Figure 4 illustrates the focused incident |Ei |2 distribu-
tions onto the dipole nano-antennas. The fields are plotted
at the focal plane x̂–ŷ for various half-beam angles. For
small α, the field distribution is similar to that of a plane
wave. As α increases, the beam becomes more tightly fo-
cused. In Fig. 5, the total |Et |2 distribution for a dipole an-
tenna is shown on the x̂–ẑ cut plane when it is illuminated
with the focused beams shown in Fig. 4. For this particular
simulation, the sizes of the antenna are L = 110, T = 20,
W = 20, and G = 20 nm. In this simulation, the incident fo-
cused beam is polarized in the x̂-direction, and propagates
in the negative ẑ-direction. The wavelength of the incident
light is 850 nm. The antenna is placed at the focus of the
incident beam, which is also the global origin for the sim-
ulations. The optical properties of metals used in this study
are retrieved from the literature [35]. The peak value of the
graphs in Fig. 5 represents the intensity enhancement, which
is defined as

Intensity enhancement = |Et(0,0,0)|2
|Ei(0,0,0)|2 . (10)

In other words, total intensity |Et |2 at the antenna gap cen-
ter is normalized to the value of the incident intensity |Ei |2
at the focus. The results in Fig. 5 show a confined electric
field close to the gap region of the antenna. A large electric
field enhancement is also observed for all the half-beam an-
gle values α. The intensity enhancement at the center of the
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Fig. 5 Total |E|2 distribution in
the presence of nano-antennas.
The fields are plotted on the x̂–ẑ

cut plane for various half-beam
angle α of the incident beam:
(a) α = 5◦, (b) α = 15◦,
(c) α = 30◦, (d) α = 45◦,
(e) α = 60◦, and (f) α = 75◦

Fig. 6 A band-pass filter suppresses the θ < θmin and θ > θmax part of
the angular spectrum. The dark regions indicate the parts of the angular
spectrum that are suppressed. Point O represents the focal point of the
lens and point C represents the center of the lens

antenna is about 1200 for small α. The intensity enhance-
ment slowly reduces to 1100 as α is increased.

The results in Fig. 5 indicate that the contribution from
the rays with large incident angles is less than the contri-
bution from the rays with small incident angles. To pro-
vide further evidence for this observation, the incident beam
is separated into angular spectral bands. The contribution
due to each spectral band is then calculated separately. To
achieve this, the incident beam is passed through an angular

Fig. 7 Intensity enhancement as a function of θmin. In this calculation
the cut-off angle is selected as θmax = θmin + 5◦

band-pass filter as shown in Fig. 6. The filter suppresses the
θ < θmin and θ > θmax part of the angular spectrum. In this
calculation, spectral bands with 5◦ intervals are considered,
which corresponds to θmax = θmin + 5◦. Intensity enhance-
ment is plotted as a function of θmin in Fig. 7. The results
suggest that the intensity enhancement due to rays with large
incident angles is less than the intensity enhancement from
the rays with small incident angles.

As mentioned above, the results in Fig. 5 indicate that the
intensity enhancement is almost preserved as α increases.
The output power, however, not only depends on the inten-
sity enhancement but also on the intensity of the incident
focused beam. As shown in Fig. 8, the intensity of the in-
cident focused beam |Ei(0,0,0)|2 increases with increas-
ing α. The incident beam becomes more tightly focused with
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increasing α, which increases the incident electric field in-
tensity, as shown in Fig. 8. As a result, the output intensity
increases as α increases. This suggests that significant gains
can be achieved by increasing the α despite a small reduc-
tion in the transmission efficiency.

We next plot the electric field at the center of the an-
tenna as a function of the incident wavelength and antenna
length. To achieve this, we performed simulations by vary-
ing the incident wavelength from 400 to 2000 nm by in-
tervals of 50 nm. At each wavelength, we performed sim-
ulations by changing the antenna length. The intensity at
the center of the gap, |E(x = 0, y = 0, z = 0)|2, is calcu-
lated for each wavelength and antenna length. By recording
the intensity over the rectangular grid shown in Fig. 9, we
formed the surface graphs. In this simulation, an incident
optical beam with a power of 100 mW is used. The numeri-
cal aperture of the lens system is assumed as 0.86. In Fig. 9
it should be noted that the |E(x = 0, y = 0, z = 0)|2 values

Fig. 8 Incident intensity per mW incident power as a function of
half-beam angle for λ = 850 nm

do not correspond to the intensity enhancement. The large
|E(x = 0, y = 0, z = 0)|2 values are a results of both inten-
sity enhancement and large incident field value correspond-
ing to 100 mW incident power and 0.86 numerical aperture.
In Fig. 9, the intensity, |E(x = 0, y = 0, z = 0)|2, is plot-
ted as a function of wavelength and antenna length for a
gold antenna with other parameters set as T = 10, W = 10,
and G = 20 nm. Figure 10 shows the results for T = 20,
W = 20, and G = 20 nm and Fig. 11 for the parameters
T = 50, W = 50, and G = 20 nm.

The important information found on the surface plots is
the optimum length of the antenna and the corresponding
intensity values at various wavelengths. Figures 12(a) and
(b) illustrate the optimum length and corresponding inten-
sity values extracted from surface plots for gold dipole an-
tennas with various cross sections. In Fig. 12(a), the opti-
mum length of the antenna is plotted as a function of wave-
length, and in Fig. 12(b) the corresponding intensity values
are plotted as a function of wavelength. The simulations are
repeated for a dipole antenna made of silver with the same
dimensions. The optimum length and the corresponding in-
tensity values for a silver dipole antenna are plotted as a
function of wavelength in Figs. 13(a) and (b), respectively.

The results in Figs. 12 and 13 point to some important
conclusions regarding optimum antenna length and thick-
ness as a function of wavelength. Lopt versus wavelength
graphs in Figs. 12(a) and 13(a) suggest that the optimum an-
tennas are longer for thicker antennas. This result can best
be interpreted with the effect of the geometric aspect ratio of
nanoparticles on plasmon resonances. As discussed by Kelly
et al. [33], the plasmon resonances of nanoparticles shift to-
ward longer wavelengths as the aspect ratio of the particle is
increased. Such a trend agrees with the findings observed in
dipole nano-antennas, which are composed of two nanopar-
ticles. A thin nano-antenna is composed of nanoparticles

Fig. 9 The intensity at the gap
center, |E(x = 0, y = 0,
z = 0)|2, for a gold dipole
antenna as a function of
wavelength and antenna length.
The dimensions of the gold
dipole antenna are selected as:
T = 10, W = 10, and
G = 20 nm
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Fig. 10 The intensity at the gap
center, |E(x = 0, y = 0,
z = 0)|2, for a gold dipole
antenna as a function of
wavelength and antenna length.
The dimensions of the gold
dipole antenna are selected as:
T = 20, W = 20, and
G = 20 nm

Fig. 11 The intensity at the gap
center, |E(x = 0, y = 0,
z = 0)|2, for a gold dipole
antenna as a function of
wavelength and antenna length.
The dimensions of the gold
dipole antenna are selected as:
T = 50, W = 50, and
G = 20 nm

Fig. 12 (a) Optimum gold dipole antenna lengths as a function of frequency are plotted for various antenna thicknesses. (b) Optimum intensity
values |E(x = 0, y = 0, z = 0)|2 for optimum antenna lengths are plotted as a function of wavelength for various antenna thicknesses



Near-field optical power transmission of dipole nano-antennas 333

Fig. 13 (a) Optimum silver dipole antenna lengths as a function of frequency are plotted for various antenna thicknesses. (b) Optimum intensity
values |E(x = 0, y = 0, z = 0)|2 for optimum antenna lengths are plotted as a function of wavelength for various antenna thicknesses

with a larger aspect ratio than a thick nano-antenna. This
results in a shift of resonances toward longer wavelengths,
which result in a less steep Lopt versus wavelength curve as
shown in Figs. 12(a) and 13(a). The corresponding optimum
|E(x = 0, y = 0, z = 0)|2 values in Figs. 12(b) and 13(b)
show that the optimum thickness for the nano-antennas is
around 20 nm. The corresponding |E(x = 0, y = 0, z = 0)|2
is higher for 20 nm compared with antenna thicknesses of
10 and 50 nm. This is due to the interaction of surface plas-
mons associated with the top and bottom surfaces of the
nano-antennas. The surface plasmons can be excited on both
surfaces of thin films, causing the surface plasmons on both
surfaces to interact with each other [17]. This interaction re-
sults in an optimum antenna thickness around 20 nm to ob-
tain the best power transmission as shown in Figs. 12(b) and
13(b).

The Lopt versus wavelength graphs in Figs. 12(a) and
13(a) show linear behavior, as initially predicted by Novot-
ny [15]. In Fig. 12(a) the Lopt versus wavelength graph for
gold shows deviations from the linear behavior around a
wavelength of 500 nm due to intraband transitions of gold,
which are at similar wavelengths predicted in the litera-
ture [15]. For silver, the transitions occur below 400 nm,
therefore, it is not observed in Fig. 13(a). There is an-
other deviation from linear behavior in Figs. 12(a) and 13(a)
around 1200 nm. These deviations from linear behavior are
not present in the literature [15]. We found that the main rea-
son for this deviation from linear behavior around 1200 nm
is due to the frequency-dependent experimental material
properties that were used in our model. The refractive in-
dex of gold and silver are obtained from the experimental
data from Palik [35], which shows a discontinuity around
1200 nm. This is the main reason for the deviation from the
linear behavior in Figs. 12(a) and 13(a). This deviation is

not predicted in the literature by a Drude model [15], which
extrapolates the single frequency measurement to other fre-
quencies.

The Lopt versus wavelength graphs in Figs. 12(a) and
13(a) show smaller Lopt values than those predicted in the
literature [15]. There are two primary reasons for this dif-
ference. The results in the literature only consider plasmon
propagation when predicting the optimum points, neglect-
ing the poles generated at the ends of the antenna due to the
finite size of the structures. These poles impact the plasmon
resonance conditions. The presence of the poles at the end
of the nano-antenna creates a depolarizing field due to the
surface charges at the end of the antenna. Surface charges
that accumulate at the interface between the nano-antenna
and the surrounding vacuum result in a shape-dependent
field. As a result, the charge distribution within the nano-
antenna realigns so that it opposes the shape-dependent de-
polarizing field. This causes the frequency of the charge os-
cillation to increase, which results in the optimum antenna
length becoming shorter since the optimum antenna length
corresponds to half of the period of the charge oscillation.
This is the main difference between the results in Figs. 12(a)
and 13(a) as compared to the literature. Another factor that
causes the difference is the finite size gap between the metal-
lic structures. The effect of the gap can be neglected in an-
tenna applications in microwave frequencies, since it is very
small in electrical dimensions. However, for optical and in-
frared frequencies, the impact of the gap cannot be neglected
since its electrical dimension is considerable. When the gap
is extremely small, the metallic particles that form the an-
tenna are strongly coupled. They act together resulting in a
longer resonant structure. As the gap dimension gets elec-
trically larger, which is the case at optical frequencies, the
response of the particles starts to decouple. This results in
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shorter resonant structures, and therefore, shorter optimum
lengths observed in Figs. 12(a) and 13(a).

Thus far, the results for the Lopt values at various wave-
lengths have been presented. The results, however, do not
provide sufficient information to decide which of these
Lopt and wavelength pairs provide the best conditions for
strong near-field radiation. To reach this conclusion, the
|E(x = 0, y = 0, z = 0)|2 corresponding Lopt were plotted
in Figs. 12(b) and 13(b), which provide the near-field ra-
diation from the antenna at various frequencies. This data
is complementary to the Lopt data presented in Fig. 12(a)
and 13(a). The Lopt at various wavelengths are obtained
from Fig. 12(a) and 13(a), however, the information with
regards to the best wavelength for near-field radiation is ob-
tained from Figs. 12(b) and 13(b). The |E(x = 0, y = 0,

z = 0)|2 data complement our previous Lopt versus wave-
length graphs and the literature [15].

Due to the different material properties of gold and silver,
their viability for use in nano-antennas is affected. A com-
parison of the results for gold and silver nano-antennas
in Figs. 12(a) and 13(a) suggests that the optimum length
for silver nano-antennas suggest slightly shorter optimum
lengths compared to that of gold nano-antennas. The rea-
son for this minor difference between the optimum length
of silver and gold nano-antennas is not clear. A compari-
son of the results Figs. 12(b) and 13(b) suggest that silver
nano-antennas provide a slightly better optical power trans-
mission compared to gold nano-antennas. Although silver
has slightly better optical power transmission performance,
it is also reactive and can tarnish on the scale of nanome-
ters. Since the difference between the optical performance
is not drastically different, gold seems to be a better choice
for nano-antennas in practical plasmonic applications.

In the literature, the field enhancement is typically used
to assess the performance of a nano-antenna. Although high
field enhancement is desirable in various applications, in-
formation about the field enhancement is not sufficient to
assess the capability of a nano-antenna in some applica-
tions. The optical power transmission from a nano-antenna
to a sample is a more suitable assessment metric for nano-
antennas, since it is used as the driving force in other physi-
cal processes.

Next, we calculate the optical power transmission to the
sample by obtaining the dissipated power distribution in a
sample object when it is placed in the vicinity of an opti-
mal dipole nano-antenna with parameters selected accord-
ing to the results of this study. The geometry of the prob-
lem is shown in Fig. 1. Based on the results of this study,
we selected a gold dipole nano-antenna operating at a wave-
length of 1100 nm with the following dimensions: L = 175,
T = 20, W = 20, and G = 20 nm. For the sample struc-
ture we selected a 20 nm cobalt layer, which is a metal typ-
ically utilized in near-field data storage. The sample is lo-
cated 10 nm away from the antenna. Figure 14 illustrates the

Fig. 14 Dissipated power per 1 mW incident power [W/(m3 mW)] in
the sample when the nano-antenna is 10 nm away from the sample

power distribution dissipated in the sample, i.e. σ |E(r)|2.
The volume for the transmission efficiency calculation is se-
lected as the 35 nm×35 nm×10 nm cobalt volume, which
is immediately under the optical hot spot. By integrating the
dissipated power distribution in that volume, we found that
about 0.1% of the incident power is transferred to the sam-
ple. As a point of reference, the power transfer efficiency
for the case of a focused beam without the antenna is calcu-
lated as 0.024% for the same 35 nm×35 nm×10 nm cobalt
volume.

4 Conclusion

In this work, a formulation was provided to convert elec-
tric field quantities to optical power quantities for nano-
antennas starting from Poynting’s theorem. This formulation
was used to quantify the near-field optical power transmis-
sion of optimum dipole antenna structures when the incident
beam is a tightly focused beam of light. To find an optimal
dipole nano-antenna, an extensive parametric study was per-
formed to quantify the effects of material and geometrical
parameters on transmission efficiency. The near-field optical
power transmission was studied for various parameters in-
cluding length, thickness, width, and composition of the an-
tenna as well as the wavelength of incident light. Our results
suggest that the optimum antenna lengths are smaller than
suggested in the literature [15] due to the effects of inter-
acting poles and the finite gap between metallic structures.
Based on the parameters studied in this work, an optimal
nano-antenna was identified. The dissipated power density
distribution within the near-field sample was presented for
an optimal dipole antenna.
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