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Abstract—

Localized radiative energy transfer from a near-field emitter to a magnetic thin film structure is
investigated. A magnetic thin film stack is placed in the near-field of the plasmonic nanoantenna
to utilize the evanescent mode coupling between the nanoantenna and magnetic thin film stack. A
bow-tie nano-optical antenna is excited with a tightly focused beam of light to improve near-field
radiative energy transfer from the antenna to the magnetic thin film structure. A tightly focused
incident optical beam with a wide angular spectrum is formulated using Richards-Wolf vector
field equations. Radiative energy transfer is investigated using a frequency domain 3-D finite
element method solution of Maxwell’s equations. Localized radiative energy transfer between
the near-field emitter and the magnetic thin film structure is quantified for a given optical laser
power at various distances between the near-field emitter and magnetic thin film.

1. INTRODUCTION

Emerging nano-scale plasmonic applications, such as heat-assisted magnetic recording (HAMR),
require localized radiative energy transfer that can be achieved using intense optical spots beyond
the diffraction limit [1, 2, 3]. When objects are separated by less than a subwavelength scale,
the radiative energy transfer between the surfaces can be several orders higher than predicted
by Planck’s blackbody radiation. The drastic improvement of the radiative energy transfer has
potential applications in emerging technologies including heat-assisted magnetic recording [1, 2, 3],
thermophotovoltaic energy devices [4, 5], and optically-assisted nanomanufacturing [6, 7].

Recently, there has been increasing research on the radiative energy exchange between object
separated by less than a subwavelength scale. In recent studies, Francoeur et al. [8, 9] and Shen
et al. [10] demonstrated that the surface phonon polaritons improve the radiative energy transfer
between two surfaces at small gaps. Rousseau et al. [11] investigated an experimental setup that
can measure the conductance when the objects are separated by varying the distances between 30
nm and 2.5 µm. The experimental data by Rousseau et al. [11] confirms the theoretical results that
the near-field radiative energy transfer can be substantially improved at the nanoscale. These stud-
ies have demonstrated the potential for engineering near-field emitters for potential applications.
Additionally, it has been shown that the radiative energy transfer can be tuned via multiple thin
films supporting surface plasmon polaritons [12, 13, 14, 15]. Laser-induced radiative energy transfer
involving a scanning probe microscope tip has also been investigated in the literature [16, 17].

An optical nano-antenna can be utilized as a near-field emitter for radiative energy transfer to
an object placed in the close vicinity. Antennas have been an efficient means to couple incident
electromagnetic energy with small scale electronic devices. A similar coupling mechanism is ap-
plicable at optical frequencies between nano-antennas operating at optical frequencies and objects
with feature dimensions below the diffraction limit [18, 19, 20, 21, 22, 23]. At optical frequencies,
a nanoscale metallic antenna can be utilized to couple an incident optical beam to length scales
much smaller than the diffraction limit.

In this study, the radiative energy transfer from a gold bow-tie nano-antenna to a magnetic thin
film layer is investigated. A tightly focused beam of light with a wide angular spectrum illuminates
the near-field emitter. In Section 2, the formulation for the focused beam model based on Richards-
Wolf vector field theory and details of the numerical calculations are presented. In Section 3, the
radiative energy transfer between the near-field emitter and the magnetic thin film structure is
studied. Localized radiative energy transfer between the emitter and the thin film structure is
quantified for a given optical laser power at various distances between them. Concluding remarks
appear in Section 4.
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2. THEORY

For enhanced localized radiative energy transfer to a magnetic thin-film stack, a bow-tie antenna
is used in this study. A bow-tie antenna in the vicinity of the magnetic thin-film structure is
illustrated in Fig. 1. An oblique view of the problem geometry is illustrated in Fig. 1(a). Details of
the magnetic thin-film stack and some physical parameters regarding the antenna geometry that
will be investigated in this study are shown in Fig. 1(b). The bow-tie antenna consists of two
triangular gold particles that are separated with a distance of G as shown in Fig. 1. The physical
separation between the antenna and the magnetic thin film is D.
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Figure 1: (a) An oblique view of the problem geometry involving a bow-tie antenna and a magnetic thin-film
stack. (b) A cross section shows the details of the magnetic thin-film and the antenna’s geometry.

The nano-antenna in this study is excited using a focused beam of light from an optical lens.
The propagating direction of the incident beam is in the ẑ-direction. To model the incident focused
beam, we used the Richards-Wolf theory [24, 25]. A tightly focused beam of light has a wide angular
spectrum. The Richards-Wolf theory [24, 25] provides an accurate representation of an incident
beam near the focus of an aplanatic lens. Using the Richards-Wolf vector field representation [24, 25]
the total electric field in the vicinity of the focus is given as

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 cos φpx̂ + rp sinφpŷ + zpẑ (2)

and

k =
2π

λ
(sin θ cos φx̂ + sin θ sinφŷ − cos θẑ). (3)

In Eqs. (2) and (3) λ is the wavelength, rp =
√

x2
p + y2

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

is the weighting vector, which is given as

a(θ, φ) =





cos θ cos2 φ + sin2 φ
cos θ cos φ sinφ − cos φ sinφ

sin θ cos φ





√
cos θ, (4)

The power of the incident beam propagating in the ẑ direction is given by the Poynting’s vector

Pz = Re

[

∫ ∫

S1

(

1

2
Ei(r) × Hi∗(r)

)

· n̂1dS

]

(5)

where Ei(r) is the incident electric field given by Eq. (1) and the Hi(r) is obtained using Maxwell’s
equation. The integration surface S1, shown in Fig. 1(b), is perpendicular to the direction of
propagation.
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The incident electric field, given by Eq. (1), represents the optical beam generated by the
lens system in the absence of the nano-antenna and magnetic thin film stack. Once the incident
electric field interacts with the antenna and the magnetic thin film stack, scattered fields Es(r) are
generated. The total electric field Et(r) is composed of two components

Et(r) = Ei(r) + Es(r) (6)

where Et(r), Ei(r), and Es(r) are the total, incident, and scattered electric field components,
respectively. In this study, to obtain the scattered field, Es(r), we used a 3-D finite element
method (FEM) based full-wave solution of Maxwells equations. To represent the scattering geome-
tries accurately, tetrahedral elements are used to discretize the computational domain. Radiation
boundary conditions are used in FEM simulations. On the tetrahedral elements, edge basis func-
tions 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 and large field
gradients. Adaptive mesh refinement helps to obtain accurate results for different types of ge-
ometries. Once the scattered field is solved via the FEM, the total field can be obtained using
Eq. (6).

Conversion of the field quantities into power quantities is achieved by applying the Poyntings
theorem [27, 28] to the geometry given in Fig 1. The dissipated power within the sample due to
the near-field electromagnetic radiation can be obtained by utilizing Poynting’s theorem [27, 28]

∫ ∫ ∫

VM

σ|E(r)|2dV =

∫ ∫

S1

(

1

2
E(r) × H∗(r)

)

· n̂1dS −
∫ ∫

S2

(

1

2
E(r) × H∗(r)

)

· n̂2dS

−
∫ ∫ ∫

VA

σ|E(r)|2dV − 2iw

∫ ∫ ∫

V

(

1

4
ǫ|E(r)|2 +

1

4
µ|H(r)|2

)

dV (7)

where VM represents the magnetic layer, VA represents the antenna particles, and S1 and S2 are
the surfaces perpendicular to the direction of propagation shown in Fig. 1. The term on the left-
hand side of the equation represents the optical power dissipated over the magnetic film. The first
and second terms on the right hand side of the equation represents the optical power entering and
exiting the structures from surfaces S1 and S2, respectively. The third term represents the optical
power dissipated over antenna particles and the last term represents the complex reactive energy
stored in the volume between S1 and S2. Eq. (7) along with Eq. (1) and Eq. (6) will be utilized to
obtain the optical dissipated power profiles over the magnetic film.

3. RESULTS

In this study, the power of the incident optical beam on the antenna is taken as Pz = 100 mW and
the operating wavelength is 700 nm. The half-beam angle α is selected as 60◦, which corresponds
to a numerical aperture of about 0.86. The intensity distribution of the incident optical beam
onto the nanoantenna is illustrated in Fig. 2(a) for an input power of 100 mW. The optical beam
shown in Fig. 2(a) is linearly polarized in the x̂ direction. The direction of the polarization of
the incident radiation and the orientation of the antenna geometry play an important role in the
radiative energy transfer process. If the incident polarization is along the long-axis of the antenna
as shown in Fig. 1, then the incident electromagnetic radiation creates induced currents along this
axis in the antenna. These induced currents are the source of charge accumulation at the ends of
the antenna. The charges created across the gap separating the metallic parts of the antenna have
opposite polarity. The oscillation of the charges with opposite polarity is the source of localized
radiative energy transfer to the magnetic thin film stack.

The thickness of the gold antenna is selected as 20 nm and the antenna particles are separated
by 20 nm. The magnetic thin film stack is composed of a 10 nm magnetic layer, 2 nm insulator
layer, 100 nm heat-sink layer deposited over a substrate. The dielectric constants of metals at
different wavelength are obtained from Palik [26]. The dissipated optical power density profile in
the magnetic recording medium is given in Fig. 2(b) when the antenna is placed 10 nm away from
the magnetic thin film stack. The results indicate that a strong localized radiative energy transfer
is obtained between the antenna and magnetic thin film.

An important parameter in the radiative energy transfer from the antenna to the magnetic thin
film stack is the distance between the antenna and magnetic thin film. In Fig. 3, localized radiative
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Figure 2: (a) Intensity distribution [V2/m2] of the incident optical beam onto the nanoantenna. (b) Dissi-
pated optical power density profile [mW/nm3] in the cobalt magnetic recording medium.

energy transfer between the near-field emitter and the magnetic thin film structure is quantified at
various distances between the near-field emitter and magnetic thin film. The results show the sharp
drop in the radiative energy transfer from the antenna to the magnetic thin film. The gold bow-tie
nano-antenna primarily utilizes evanescent waves to couple optical energy to the magnetic thin
film stack. As the distance is increased from 4 nm to 15 nm, the dissipated power density reduces
from 2.4 × 10−5mW/nm3 to 1.3 × 10−5mW/nm3. It is obvious that the evanescent component
of the electromagnetic field is particularly important in large radiative energy transfer from the
nanoantenna.
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Figure 3: Dissipated optical power density [mW/nm3] in the cobalt magnetic recording medium as a function
of distance from the nanoantenna.

4. CONCLUSION

Radiative energy transfer from a nanoscale bow-tie optical antenna to a magnetic thin film stack was
investigated. The dissipated optical power density profile in the magnetic thin film stack shows a
strong localized radiative energy transfer from the nanoantenna. Localized radiative energy transfer
between the near-field emitter and the magnetic thin film structure was quantified for a given optical
laser power at various distances between the near-field emitter and magnetic thin film.
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