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Abstract: Split ring resonators (SRR) are optical nanostructures that have received a lot of
attention for their ability to support magnetic resonance and for their potential use as
materials with negative dielectric constant. In this work, we design SRRs as near-field
transducers (NFT) for generating a nanoscale hotspot in heat-assisted magnetic recording
(HAMR), which is considered a candidate for the next-generation data storage technology.
The underlying mechanisms for the generation of hotspot and the dependence on wavelength
and geometry of the SRR structure are studied. Optical and thermal performance of SRRs
functioning as NFTs in a HAMR device are evaluated. These structures were fabricated using
focused ion beam milling. The focusing capability of the SRR is experimentally demonstrated
using a scattering near field scanning optical microscope.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Generation of a focused optical spot beyond the diffraction limit has received a whole lot of
attention due to its wide potential applications in the field of nanophotonics [1,2]. Heat
assisted magnetic recording (HAMR) is one such area of commercial importance where
nanoscale hotspot plays a significant role in developing the next generation hard disk drives
[3—6]. Contemporary hard disk drives based on perpendicular magnetic recording technology
and shingled magnetic recording have reached the practical limits of data storage density due
to the physical constraint imposed by the superparamagnetic limit of the recording medium
[7]. Further novelties in the recording medium technology to achieve higher density data
storage necessitates the use of a medium with higher coercivity, which helps in stabilizing the
orientations of the magnetic bits at room temperature. But in order to write data into the high
coercivity medium, its temperature needs to be raised temporarily to lower the medium
coercivity [8]. HAMR technology promises to address this challenge by locally heating the
recording medium over a tiny area of tens of nanometers through the use of a plasmonic
antenna, also known as near field transducer (NFT). This localized heating of the recording
medium allows the magnetic writing to occur only at the high temperature region. Hence, the
NFT design needs to be able to generate a tiny hotspot for the proper functioning of a HAMR
device.

Producing a sub diffraction limited hotspot generally requires appropriately designed
subwavelength structures which can be optically excited by properly polarized incident light.
Several different types of antenna-based and aperture based designs have been proposed as
NFTs and their optical and thermal performance have been studied for their usage in a
HAMR device [5,9,10]. NFT designs are geometrically optimized to support localized surface
plasmon resonance at a specific operating wavelength which helps in enhancing the intensity
of the near field spot. Typically, an NFT design contains some sharp features such as notches
and ridges which help in concentrating the electric field through the lightning rod effect for
producing a very tiny spot size in the near field [11-14]. Also, tiny gaps in a metallic
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structure like a cross sectional ridge aperture can be exploited for subwavelength confinement
of the incident light [15].

In this work, we explore the use of a nanoscale split-ring resonator (SRR) for the purpose
of generating a nanoscale hot spot. SRRs have been studied extensively for their unique
capability of generating magnetic resonance and can be used for creating materials with
negative dielectric constant [16—-19]. SRRs have the advantage that they have a very small
size at the resonance condition [20] and the electric field can be concentrated well within a
tiny gap resulting in a very small optical spot. It is also compatible for the placement of a
magnetic write pole in the vicinity of the NFT in a HAMR device. Functionally, the near field
performance of an SRR structure resembles the widely studied C apertures and ridge
waveguides [12,21-24]. Like these structures, the resonant transmission and focusing in an
SRR is influenced by the dimensions of the structures and its ability to support a TE like
mode. In the next section, the SRR structure is described first and the underlying mechanisms
for the generation of a hotspot at different wavelengths are explained. Wavelength dependent
study incorporating the geometric variation of the structure is explored in the presence of a
recording medium through electromagnetic simulations. Subsequent thermal simulations were
also performed to predict the temperature rise and thermal figure of merit for HAMR devices.
For feasibility studies, such structures were fabricated using focused ion beam milling. It
should be noted that for bulk production, other fabrication methods such as planar
lithographic fabrication techniques combined with thin film deposition can be used. Optical
characterization of the near field spot is performed using a scattering near field scanning
optical microscope (s-NSOM). A localized hotspot is demonstrated which prove the focusing
capability of the SRR beyond the diffraction limit.

2. Description of the SRR structure

SRRs are antenna-based optical nanostructures which can either have a single loop or a
double loop. The single loop SRR consists of a metallic ring like structure with a small gap
between the ends of the ring as shown in Fig. 1(a). The optical resonance of the SRR can be
either of a plasmonic origin or an LC-circuit origin. The LC circuit resonance can be
understood by drawing an analogy to the resonance condition of an electrical circuit involving
capacitance and inductance. In the case of an SRR, the small gap acts as the capacitive
portion of the resonant circuit with a capacitance C while the metallic ring constitutes the
inductive portion of the circuit with an inductance L [16,20,25]. The equivalent LC circuit
representation is shown in Fig. 1(b).

(a) (b)

(c) (d) L

Q00
L

Fig. 1. (a) Schematic of a single loop split ring resonator nanostructure, (b) its equivalent LC
circuit, (c) double loop SRR and (d) its equivalent LC circuit.
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On the other hand, a double loop SRR consists of two ring like structures with a single
gap between the two arms as shown in Fig. 1(c) while the equivalent LC circuit representation
shown in Fig. 1(d) has two inductive loops and a single capacitor. The resonance frequency of
SRR LC-circuit is inversely proportional to the square root of the inductance and the
capacitance of the structure. The LC-circuit resonance is defined by a single oscillating
current along the loops of the SRR. Near the resonance, there is a strong electric field across
the capacitive gap of the SRR structure which gives rise to a strong field enhancement. When
combined with the effect of the small gap between the two arms of the SRR, an enhanced and
focused hot spot is formed in the gap of the SRR.

Apart from the LC-circuit resonance, other plasmon resonances are also observed at
different wavelengths depending on the dimensions of the SRR geometry [26-29]. These
plasmon resonances are similar to the resonances which are found in other plasmonic
structures. The SRR design allows both LC type of resonance as well as plasmonic
resonances to be used for generating a localized hotspot.

Initial experiments on the SRR structures demonstrated their capability to support
magnetic resonances and negative permeability in the GHz range following the work of
Pendry et al. [17], and subsequently resonances have been demonstrated in the 100 THz
regime and even in the visible spectral range [16,30,31]. Figures 2(a)—(c) show the possible
propagating directions of the incident light and the orientation of the magnetic field and the
electric field vectors for exciting the resonance modes in the SRR structure [19]. One of the
primary ways for the excitation of the LC resonance mode is ensuring that the magnetic field
vector H, is perpendicular to the plane of the SRR loop as shown in Figs. 2(a) and (b). This
requires that the propagating direction of the incident light is along the plane of the structure.
An alternate way to excite the LC resonance mode is if the electric field vector E, of the
incident light is pointed across the gap between the two arms of the SRR as shown in Fig.
2(c), which introduces an oscillating current around the SRR loop [16,32]. This electric
excitation of the SRR cannot only couple to the LC circuit resonance mode but also to other
plasmonic modes depending on the geometric dimensions of the SRR, which will be
discussed in detail in the next section.

Fig. 2. Possible orientations of the propagation vector of the incident light and the electric and
magnetic field polarizations to excite resonance mode in the SRR structure. (a) The magnetic
field is pointed out-of the plane with the electric field pointed parallel to the gap, (b) The
magnetic field is pointed out of the plane with the electric field pointed across the gap and (c)
The propagation vector is pointed out of the plane with the electric field pointed across the

gap.
3. Design of an SRR for HAMR

The potential of using an SRR as an NFT for a HAMR system is explored in this section. We
consider both a single loop SRR and a double loop SRR, noting that a single loop SRR would
be more suitable for HAMR due to the need of placing a magnetic pole near the hot spot. The
E field can be pointed across the arms of SRR and hence the resonance modes are excited by
the electric excitation as shown in Fig. 2(c). This kind of excitation scheme for a HAMR
system has been demonstrated by Stipe et al. [13] for another type of NFT and has been
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chosen in this study due to its compatibility with the focused ion beam fabrication process.
The SRR geometry also supports other excitation schemes such as in Figs. 2(a) or (b) wherein
the NFT could be located in a plane perpendicular to the recording medium and could be
fabricated through planar fabrication techniques [14]. For an SRR structure, all the
dimensions such as the gap width, g, the horizontal base length, /,, the vertical arm length, /,
and the width of the arms, w, are important for supporting different resonant modes at
different wavelengths [27]. Figure 3 shows the relevant parameters of a single loop SRR as
well as the relative position of the magnetic pole and the recording medium. Full wave 3D
electromagnetic (EM) simulations were performed using ANSYS HFSS. We assume a 600
nm diameter Gaussian beam (which should be achievable using high performing focusing
optics even at longer wavelengths around ~1700 nm) incident on the NFT. The simulation
model consists of different layers within the recording medium and their thickness and
properties are elaborated in Table 1 [10,33]. The dimension in the X-Y plane was considered
to be 3pum x 3um with only half the space along Y direction being simulated by making use of
the symmetry condition. Adaptive mesh sizing was used throughout the model to discretely
mesh the computational area and additionally extra meshing controls such as body sizing and
edge sizing were used to coerce a sufficiently high mesh density in the critical regions such as
NFT and the recording medium.

Magnetic Pole

Recording medium

Fig. 3. Schematic of a single loop SRR showing the relevant parameters and the placement of
the magnetic pole and the recording medium.

The SRR was considered to be made of gold and the recording medium was considered to
be made of FePt. The optical figure of merit was taken as the coupling efficiency into the
recording medium and was calculated as the ratio of the power absorbed in the recording
medium in a disk of diameter 70 nm to the incident power. In the context of a HAMR system,
the spot size is largely dependent on the gap between the two arms of the SRR ring and the
different resonant modes in the SRR NFT give rise to different coupling efficiencies at
different wavelengths. Coupled thermal simulation were done following the EM simulations
using ANSYS Workbench. The absorbed power in the recording medium and the NFT were

1 . . e .
calculated as q"‘=—foa)1m(f)|E|2, where ¢ is the relative permittivity, ¢, is the vacuum
2

permittivity, and @ is the angular frequency. ¢™ is taken as the heat generation term while

solving the heat diffusion equation to calculate the temperature profile of the NFT and the
recording medium. Constant temperature boundary conditions were assumed at the outer
faces of the model. Considering the fact that an NFT is continuously heated, the NFT
temperature is noted at the steady state while the temperature of the recording medium is
noted at the end of 1 ns taking into account the rotation of the recording medium [36].
AT / AT, 1is considered as the thermal figure of merit which is given by the ratio of the

medium
temperature rise of the recording medium versus the temperature rise of the NFT and a higher
number is beneficial for improved reliability of the HAMR device.
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Table 1. Different layers in the recording medium and their properties

Optical Properties Thermal Properties

Material Thick- n k Vertical Lateral Density x

ness [nm] thermal thermal Specific Heat

conductivity conductivity (p*cy) J/m’*-K)
(W/mK) (W/mK) x10°

Heat sink *

100 026 @ 5.28 150 150 33
Interlayer

15 1.7 0 10 10 1.9
Storage Wavelength
medium® 10 dependent 7 1.5 3.2
Media overcoat

2.5 2.3 0 2 2 1.76
Air

2.5 1 0 0.02 0.02 0.001225
Lube

1 1 0 0.02 0.02 0.001225
Head overcoat

2.5 2.5 0 2 2 1.76
NFT — Au°

Variable | Vvavelength 314 314 25

dependent

Substrate Infinite
(quartz) (600 nm 1.5 0 1 1 2

in model)

*Properties of heat sink material was obtained from ASTC (Advanced Storage Technology Consortium)
reference sheet.

"Wavelength dependent optical properties of storage medium obtained from [34].

“Wavelength dependent optical properties of NFT-Au obtained from [35].

3.1. Resonant modes of a single loop SRR

We consider a single loop SRR where, the gap, g is taken as 20 nm, the width of the arms of
the SRR, w is 30 nm, the length of each of the arms, /; and /, is 90 nm, and the thickness of
the gold film is taken to be 60 nm. A fillet of radius 5 nm is assumed at the sharp corners of
the arms of the SRR. The dimensions of the SRR are chosen such that two resonance peaks
are observed in the range between 600 nm and 1700 nm. For the dimensions described above,
two resonance peaks, one near 800 nm and other near 1550 nm are observed as shown in Fig.
4. The two peaks correspond to two different resonance modes supported by the NFT. The
origin of the resonance modes can be explained from the fields at different wavelengths.
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Fig. 4. Coupling efficiency versus wavelength for a single loop SRR.

Figures 5(a)—(c) show field distributions corresponding to the resonance mode at 1550
nm. From the electric field in Fig. 5(a), it is seen that there is only one single hotspot at the
gap between the two arms of the SRR. Figure 5(b) shows the surface current density at the
NFT surface. The white arrow in the figure shows the movement of the surface current along
the top surface of the NFT and the surface current moves in a single oscillatory loop. The
pattern of the surface current flow is strongly related to the magnetic field response from the
structure. Figure 5(c) shows the out-of-plane H field component and it is seen that there is a
strong concentration of the H field in the central gap of the SRR. Even though the incident
field does not have an out-of-plane magnetic field component, the incident electric field
drives an oscillating current which induces a strong magnetic field response from the SRR.
Following Ampere’s circuital law, the out-of-plane magnetic response is directly related to
the surface current flow around the loop of the SRR as denoted by the white arrow in Fig.
5(b). This magnetic field response is a characteristic of the LC circuit mode and hence this
resonance mode can be considered as a LC circuit resonance mode. The SRR structure can
support the LC mode only when the geometric dimensions allow a circular loop flow of
surface current density along the perimeter of the structure and the frequency at which this

1
A" Le,ﬂ" CEﬂ

capacitance of the loop [20]. The values of L, and C, are strongly dependent on the

is the effective inductance and C . is the effective

, where, L o

can happen is @, = o

geometric dimensions of the structures, hence changing the geometric parameters or the
wavelength strongly affects the strength of the LC mode. The peak out-of-plane magnetic
field in the LC mode is 750 Oe for 5 mW incident laser power while the H field that is
typically used in high density perpendicular recording fields is in the vicinity of 20kOe [3].
Hence, the out-of-plane magnetic field from the NFT will not have any significant effect on
the magnetic writing. On the other hand, Figs. 5(d)—(f) correspond to a plasmonic resonance
condition at 800 nm where in addition to the strong hotspot at the gap of the two arms, there
are also field concentrations near the two ends of the base of the SRR. This can be understood
by looking at the surface current density in Fig. 5(e). In this plasmonic resonance mode, it can
be seen that the surface current actually follows a complex path on the surface of the SRR.
There is a portion of the current that flows across the base of the horizontal base of the SRR
and creates a dipole like charge concentration which is similar to a plasmonic mode. This
causes two additional hot spots at the ends of the horizontal base. Besides, the surface charge
also flows along the two vertical arms of the SRR from the ends of its horizontal base and
gives rise to an increased field concentration at the gap region of the SRR. These surface
current flows are related to the magnetic field response from the structure. Figure 5(f) shows
the out-of-plane H field component. The response of the H field from the SRR structure is
quite weak at the center of the structure and hence this mode does not have a strong LC
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circuit origin, but this magnetic field drives the current flows along the vertical arms. Another
stronger magnetic field is near the horizontal portion of the SRR, which causes the surface
current flow at the base of the SRR.
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Fig. 5. (a) Electric field profile at the recording medium at 1550 nm, (b) Current density at the
surface of the NFT at 1550 nm, (c) Out-of-plane magnetic field at the recording medium at
1550 nm. (d) Electric field profile at the recording medium at 800 nm, (e) Current density at
the surface of the NFT at 800 nm and (f) Out-of-plane magnetic field at the recording medium
at 800 nm. Scale bar in these figures is 50 nm.

Higher order plasmonic modes can be observed either by changing the dimensions of the
SRR antenna or by changing the wavelength. The width, w and the arm length /. of the SRR
are varied and the variation of coupling efficiency versus the wavelength is shown in Figs.
6(a)—(d) for different values of /, and w. The appearance of different resonance peaks and
their shift with wavelength is observed. Figure 6(a) shows the coupling efficiency as a
function of wavelength for various values of w for /. = 90 nm and Figs. 6(b)—(d) show the
coupling efficiency for /, = 150 nm, 200 nm, and 250 nm respectively. The numbers in the
figures at the resonance peaks denote the different excitation modes of the SRR antenna.
From Fig. 6(a), it is seen that when /, = 90 nm and w = 30 nm, two different resonance peaks,
(1) and (2) corresponding to two different modes are present. Resonance peak (1) corresponds
to the LC circuit mode as explained earlier and peak (2) corresponds to a plasmonic mode.
When w is decreased to smaller values, the resonance peaks redshift. The likely reason for
this redshift is that with the decrease in w, there is a decrease in current and hence a higher
inductance and a lower resonant frequency. On the other hand, with the increase in /,, the
characteristic length of the SRR increases. It is known that for a plasmonic structure, the
resonance wavelength increases with the length of the structure, hence the resonance peaks
redshift with the increase in /; [37]. In Fig. 6(b), the arm length is changed to /., = 150 nm and
the coupling efficiency is plotted for different values of w at different wavelengths. With the
increase in [, it is seen that there is a substantial redshift of the resonance peak (2) which can
be verified by observing the qualitative nature of the electromagnetic field plots (not shown
here). Also, the resonance peak (3) corresponding to the next higher order plasmonic mode
appears. A high coupling efficiency of 3.1% is obtained at 750 nm corresponding to the
resonance peak (3). When /, is increased further to 200 nm or 250 nm as shown in Figs. 6(c)
and (d) respectively, the resonance peaks redshift further and peak (4) appears. As the size of
the antenna gets bigger, the surface current follows a more complicated pattern and for these
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higher order modes, some additional hot spots can be observed near the edges of the arms of
the SRR antenna.
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Fig. 6. Coupling efficiency into the recording medium versus wavelength for different values
of w and the arm length /.. (a) /. = 90 nm, (b) [, = 150 nm, (¢) Z, =200 nm and (d) /, = 250 nm.

3.2. Resonant modes of a double loop SRR

The characteristics of the resonances of the double loop SRR are quite similar to that of the
single loop SRR. The schematic of the double loop SRR is shown in Fig. 7(a). It consists of
two inductive loops and a single capacitive gap between the two arms. The presence of two
loops allows more surface charges to concentrate near the gaps, making the resonance peaks
more intense. Figures 7(b)—(d) show coupling efficiency into the recording medium as a
function of the wavelength for different widths, w and [, = 120 nm, 150 nm and 250 nm
respectively. In these simulations, /, is taken to be equal to /, From Fig. 7(b), which shows the
coupling efficiency for /, = 120 nm for different values of w, the resonance peaks (1) and (2)
corresponding to different modes are seen. Resonance peak (1) is the LC circuit resonance
mode and the relevant field quantities are shown in Figs. 8(a)—(c).
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Fig. 7. (a) Schematic of the double loop SRR with the relevant dimensions, (b) Coupling
efficiency into the recording medium versus wavelength for different values of w and the arm
length /.. (b) /, = 120 nm, (¢) /, = 150 nm and (d) /, = 250 nm.

Similar to the single loop SRR structure, resonance peak (1), shown in Fig. 7(b), is the LC
circuit resonance mode. The electric field distribution and the surface current movement at
the surface of the SRR are shown in Figs. 8(a) and (b), respectively. The surface current
moves in two separate loops along the arms of the double loop SRR and then they converge
near the gap generating a hot spot. Also, the strong response of the out-of-plane magnetic
field from the structure is seen in Fig. 8(c). The two separate loops of the surface current are
related to the two separate magnetic hotspots seen in Fig. 8(c). The maximum coupling
efficiency reaches to 7% for the resonance peak (2) shown in Fig. 7(b). Due to the effect of
the two loops, the maximum coupling efficiency for the double loop SRR is about twice that
of the single loop SRR. The corresponding electric field distribution, the surface current
movement at the surface of the SRR and the out-of-plane magnetic field plot are shown in
Figs. 8(d)—(f), respectively which denotes a plasmonic mode. The response of the out-of-
plane magnetic field from the structure is weak as seen from Fig. 8(f) and the multipolar
nature of the magnetic hotspots gives rise to the surface current patterns as seen in Fig. 8(e).
From Figs. 7(c) and (d), similar to the trend noticed in the single loop SRR, we find that with
the increase in w, the resonance peaks move to a shorter wavelength regime while with the
increase in /,, the resonance peaks move towards longer wavelengths and higher order
plasmonic mode, denoted by (3) begins to appear. Also similar to the single loop SRR, a
decrease in w causes a redshift of the resonance wavelength.
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Fig. 8. (a) Electric field profile at the recording medium corresponding to mode (1), (b)
Surface current density of the NFT for mode (1), (c) Out-of-plane magnetic field for mode (1),
(d) Electric field profile at the recording medium corresponding to mode (2), (e) Surface
current density at the surface of the NFT for mode (2) and (f) Out-of-plane magnetic field for
mode (2). (Modes (1) and (2) denote the resonance peaks as seen in Fig. 7(b)). Scale bar in
these figures is 150 nm.

3.3. Thermal simulations of SRR

In order to investigate the thermal performance of SRR, we study the single loop and double
loop SRR designs which have been optimized to have the highest coupling efficiency in the
near IR wavelength range (700 nm — 900 nm) since this is the standard wavelength for
HAMR devices. It is noted here that, in this wavelength range, the SRR structures are able to
support mostly plasmonic resonances as can be seen from Figs. 6 and 7. The LC type of
resonances are generally present in longer wavelength regimes. If longer wavelength are used
in HAMR devices there can be significant benefits from using the LC type resonances of
these SRR structures including (i) LC type of resonance mode has a single hotspot at the gap
unlike plasmonic resonances where apart from the hotspot at the gap of the SRR, other weak
secondary hotspots are found at the edges of the structures and (ii) Utilizing the LC resonance
mode in the longer wavelength regime also ensures that less absorption of the incident power
in the NFT. This is due to the decreasing absorptivity of gold with increase in wavelength
[29]. Thus, utilizing the LC type of resonances in the longer wavelength regime can lead to
lower temperature rise of the NFT. In the remaining portion of the thermal simulations we
focus on wavelengths in the 700 nm to 900 nm range due to its current commercial
implications.

First, a single loop SRR design is chosen having dimensions of /, = 150 nm, w = 50 nm
which has the highest coupling efficiency of 3.1% at 750 nm for a single loop SRR based on
Fig. 6(b). Coupled thermal simulations were done to calculate the temperature rise of the
recording medium and the NFT. For an input power of 5 mW, the temperature of the
recording medium at the end of 1 ns is shown in Fig. 9(a) while the steady state temperature
of the NFT is shown in Fig. 9(b). The maximum temperature of the recording medium
reaches 993 K at the end of 1 ns while that for the NFT reaches 875 K at the steady state.
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Accordingly, the thermal figure of merit, AT

medium

/ AT, is 1.2. Next, for the case of the

double looped SRR, we choose a design which has the highest coupling efficiency for a
double loop SRR. Based on Fig. 7(b), a double looped SRR of dimensions: [, = 120 nm, w =
40 nm, wavelength = 800 nm has a coupling efficiency of 7.1%. For an input power of 5 mW,
the temperature of the recording medium at the end of 1 ns is shown in Fig. 9(c) while the
steady state temperature of the NFT is shown in Fig. 9(d). The maximum temperature of the
recording medium is 1166 K while that for the NFT, the temperature is 657 K. It must be
noted that the maximum temperature rise is directly proportional to the input power and
would decrease with decreasing the input power. The thermal figure of meritAT, . /AT, .,

nedium
is 2.40. The two loops of the SRR help in achieving a better coupling efficiency which
translates to an improved thermal figure of merit. Also, greater size of the NFT for the double
loop SRR helps in dissipating heat over a larger volume leading to a lower rise in the
temperature of the NFT and hence, a better thermal figure of merit.

(a) (b)
Temperature [K] Temperature [K]
h . . H "
295 SO 906
(c) (d)
Temperature [K] Temperature [K]
1166 657
100 nm
295 _ 636

Fig. 9. For a single loop SRR, temperature plots of (a) recording medium at the end of 1 ns and
(b) the NFT at steady state. For a double loop SRR, temperature plots of (c) recording medium
at the end of 1 ns and (d) the NFT at steady state.

4. Fabrication and experimental characterization of SRR using s-NSOM

The near field focusing characteristics of the fabricated single looped SRR structures are
studied using scattering near field scanning optical microscope (s-NSOM). Since s-NSOM
experiments are performed without the nearby recording medium, the resonance conditions
for the generation of an enhanced hot spot will be different from that in the presence of a
recording medium. Additional simulations were done to find the dimensions of the SRR in air
which has a strong enhanced field at the gap of the SRR. It was found that for the dimensions:
w, = 50 nm, [, = 220 nm, g = 20 nm and thickness = 100 nm, a resonance peak is observed
near 800 nm (which is the wavelength of interest for HAMR applications and matches closely
with the 785 nm laser used for the s-NSOM measurements). Accordingly, SRR structures of
these dimensions were fabricated. First, gold of 100 nm thickness was deposited on a glass
substrate by e-beam evaporation after a deposition of 5 nm titanium for adhesion. Then
focused ion beam milling (FIB) was used to mill away the portion of the gold so that we are
finally left with the shape of the SRR. A minimum FIB current of 1 pA was used to ensure
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fine resolution of the feature size and to produce structures with a very small size. Figures
10(a) — (c) show a series of SRR structures formed by this method.

Fig. 10. (a), (b) and (c) SEM images of SRR structures fabricated through FIB milling. Scale
bar is 200 nm.

The s-NSOM characterization studies of the SRR structures were carried out in the
transmission mode. In an s-NSOM measurement, the structure is scanned in an AFM in the
tapping mode. At the same time, the structures are optically excited by a focused laser beam
(wavelength - 785 nm) with a polarization across the gap of the SRR structures. The
oscillation of the tip relays the near field radiation pattern of the structures to the far field
where it is collected by a photodetector. A lock-in amplifier-based detection scheme is used
to demodulate the collected photo diode signal at the tip oscillating frequency and its higher
harmonics. Higher harmonics such as 2™ and 3™ harmonic demodulation helps in reducing
the background noise and unravelling the true near field spot [34,35,39]. The measured spot
size approaches very close to that of the actual near field profile for demodulation between
third and fifth order components [38]. However, considering the signal-to-noise ratio which
decreases with increasing harmonic order, third harmonic demodulation is used here as
representative of the near field spot. Details of the experimental setup and the related
detection scheme is described elsewhere [34]. The s-NSOM results are shown in Fig. 11.
Figure 11(a) shows the SEM image of the fabricated SRR structure, (b) the topography
measured by AFM, and the s-NSOM images taken at 2™ and 3™ harmonic of the tip
modulation frequency are shown in Figs. 11(c) and (d) respectively. The field concentration
and enhancement at the gap of the SRR is clearly seen from Figs. 11(c) and (d) and the spot
size as measured from the 3™ harmonic image is 30 nm x 65 nm. Due to the finite size of the
AFM tip, the SRR image obtained from the AFM measurement in Fig. 11(b) has larger
dimensions by about 10 nm (the nominal radius of the AFM tip apex), than what is observed
from the SEM image. The actual near field spot size is also affected by AFM tip effects and
when compensated for the tip dimension by using a Gaussian sharpening filter of mask size of
20 nm (based on the AFM tip diameter), the calculated spot size comes out to be 25 nm x 54
nm. The spot size from the simulation at the exit plane is 15 nm x 50 nm and hence is close to
the calculated spot size after compensating for the tip effect. It is also noted that the
dimensions of the fabricated structure as determined from Fig. 11(a) are [, = 264 nm, /, = 237
nm, w, = 62 nm and w, = 66 nm, and the gap size being 28 nm x 45 nm, which are slightly
different from the intended dimensions of /. = [y = 220 nm and w, = w),, = 50 nm and gap
dimension of 20 nm x 50 nm. However, this slight deviation does not affect the near field
focusing ability of the structure as seen from the s-NSOM results.
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Fig. 11. s-NSOM results of SRR structure. (a) SEM image of an SRR structure, (b) AFM
topography, (c) 2™ harmonic image of s-NSOM signal, and (d) 3™ harmonic image of s-NSOM
signal.

5. Conclusions

In this study, SRRs are investigated as potential nanostructures for their use as NFTs in a
HAMR device. The different resonant modes including the LC circuit mode and higher order
modes can be used to design structures which are resonant at a particular wavelength and can
serve as a guideline for designing near field transducers with high coupling efficiency.
Through the study of both single loop and double loop structures, the optical and thermal
functionalities of these optical nanostructures were explored and a high coupling efficiency of
7.2% was found to be achievable through the use of double loop structures. In addition, in
order to characterize the near field concentration and the spot size of the SRRs, SRRs were
fabricated and then characterized using s-NSOM. Optical characterization shows the presence
of a focused near field spot, consistent with the numerical design. Further simulation studies
would include the placement of the magnetic pole near the vicinity of the NFT and its effect
on the overall performance. Overall, it can be concluded that SRRs structures can potentially
serve as alternate designs of NFT structures due to their ability to achieve high coupling
efficiencies and support different type of resonances at different wavelengths.
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