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Continuous device downscaling, growing integration densities of the nanoscale electronics and devel-
opment of alternative information processing paradigms, such as spintronics and quantum comput-
ing, call for drastic increase in the data storage capacity. In this paper we review our recent results
for the design, fabrication and characterization of the near-field optical transducer for heat-assisted
magnetic recording for beyond the 10-Thit/in®> densities. In order to record information, the heat-
assisted magnetic recording system uses not only magnetic but also thermal energy. For this reason
the recording media with the substantially higher anisotropy could be utilized to achieve the ultra-high
recording densities. In this review, we provide details of the design of the near-field transducer capa-
ble of delivering over 50 uW power into a spot with the diameter of 30 nm. Heat-assisted magnetic
recording and spin-based information processing require accurate thermal management of mag-
netic thin films. Here we report the results of our preliminary investigation of thermal transport in
Pd/CoPd/Pd magnetic multilayers with the thickness of individual layers in the nanometer range.

Keywords: Heat Assisted Magnetic Recording, Focused lon Beam, Near-Field Scanning Optical

Microscopy, Heat Diffusion.
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producing 10 nW. To resolve this issue, a laser diode could
be placed with the emitting edge only a few nanometers
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away from the recording media. The light can propagate
through a nano-aperture on the surface of an aluminum-
coated emitting edge.

In this paper we present an overview of our recent
experimental studies focused on recording characteristics

of the various near-field transducers fabricated using the
focused ion beam (FIB) technology.® In order to count the
number of photons emitted in the near field we have imple-
mented a special near-field scanning optical microscopy
(NSOM) system (see Fig. 1). Our experimental results
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indicate that the FIB-fabricated transducers could deliver  results of the thermal conductivity measurements using the
power of over 100 nW into a 35-nm spot. Heat assisted  nano-flash technique.

magnetic recording requires precise control of the heat
propagation in the recording medium and accurate thermal
management of the whole system. In this paper we address
the thermal management issues and present preliminary

1.2. Near-Field Optical Systems for
Ultra-High Data Storage

Achieving the high spatial resolution beyond the diffrac-

Incident Plane wave tion limit was first proposed in 1928 by utilizing the opti-
A=425 488512, 633 nm

cal near field of small apertures in metallic plates.”” Since
then, researchers have made tremendous efforts to apply
the near-field optical systems for the ultrahigh density
data storage,'®'? ultrahigh resolution lithography,'® pro-
tein based memory'* !5 or other applications that require
Absorbed power in the highly localized heating of the sample surface. In the field
coatings of data storage, HAMR is believed to be a promising next-
»Direct Optical Radiation generation technology that could truly benefit from the
................... near-field implementation. However, the development of
' ] Near Field Regime ~5-10nm HAMR and the other applications could be hindered if

Aluminum coating~ 50-75 nm

G B "ol Conduction the design does not overcome a critical problem: inade-
Ermﬁ:::m;‘ , = Absarbed Power quately low power transmission efficiencies through the

2 ==1—= High Anisolropy medium sub-wavelength apertures.
Fig. 1. Schematic of the cross-section of SNOM probe depicting the The most Widely used near-field probe is a metal-coated
heat sources and thermal conduction paths. tapered optical fiber which suffers from the extremely
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low power transmission: ~107® for a 100-nm aperture
size.!® Several probe ideas to circumvent the mode cut-
off problem were proposed. They include the bow-tie
antenna, I-shaped, C-shaped, and L-shaped apertures!’"”
where the last two revealed four to six orders of magni-
tude increase in the power throughput as compared to the
conventional square apertures and fiber-based probes (see
Fig. 1), respectively.

The proposed HAMR concept enables the use of the
smallest possible thermally stable grains, irrespective of
the ultra-large intrinsic anisotropy. It exploits the substan-
tial drop of the medium’s coercivity when the disk tem-
perature is elevated close to its Curie level.’>?> In the
next section we present our design of the heating element
based on the ultra-high-efficiency near-field optics suitable
for extending the area densities beyond 10 Tbit/in>. We
specifically focus on the experimental and theoretical study
of the issues associated with the localization of an ade-
quate amount of heat into a spot size smaller than 60 nm
on the recording media.

2. DESIGN OF HEAT-ASSISTED MAGNETIC
RECORDING SYSTEM

It has been estimated that for HAMR systems to record on
ultra-high anisotropy media such as, for example, FePt—
L10-based and others,? a few hundreds of nano-watts have
to be focused into a 50 nm spot. The contribution of
both the optical energy and magnetic energy will facili-
tate recording on this 3 nm grain size medium to conceive
one terabit of ultra-stable recorded bits on the square of an
inch. Such high power delivery system could be achieved
by utilizing the antenna focusing techniques on a metal-
coated edge of a high power laser diode placed directly
at an air bearing surface (ABS). Among a large number
of proposed designs the one, which is particularly promis-
ing is the “C” shape aperture, which can not only dodge
the diffraction limit by an order of magnitude, but can
also provide a high-power throughput sufficient for HAMR
recording.?*

2.1. Modeling Study of Light Focusing by
Different Apertures

We have used a finite-element method (FEM) to simu-
late the light propagation in the near field for the slit
structures with different geometrical shapes. The govern-
ing Maxwell’s equations for a slit structure are divided
into the transverse magnetic (TM) and transverse electric
(TE) modes. The TM and TE modes correspond to the
s-polarized light and the p-polarized light, respectively.
The metallic (Al) film is 120 nm thick with a slit element
size varying from A/20 to A/10. The refractive indices for
the glass and the Al metal are 1.5, 1.2+ 7.26i, respectively.
A sinusoidal wave with a wavelength of 600 nm that can
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be linearly polarized in the x- and y-directions is excited
from the glass substrate. The area of the simulation domain
is (2.0 wm x 3.0 wm), so the amplitude and the phase of
the focused field do not vary much in the simulation area
allowing the incident plane wave approximation. To avoid
reflections from the boundaries, absorbing boundary con-
ditions are utilized. The objective of the simulation study
is to investigate the dependence of two parameters: trans-
mission power throughput and the intensity near-field dis-
tribution in addition to exploring the effects of polarization
and shape.

The transmission power throughput is defined as the
ratio of the total transmitted power to the total incident
power over the aperture area. The total transmitted power
is calculated by integrating the Poynting vectors over a
surface that completely covers the aperture in the transmis-
sion region. The total incident power over the aperture’s
area is calculated by multiplying the incident power flux
by the physical area of the aperture. This parameter pre-
vails over transmission efficiency, which is defined as the
ratio of the total transmitted power to the total incident
power since the difference of the various aperture areas
have already been accounted for. The results of the simu-
lation for the intensity distribution and coupled power of
the TE mode (p-polarized) and TM mode (s-polarized) for
all the proposed shapes are shown in Figure 2.

Our modeling and numerical simulation study reveal the
following results.

D2Z2mW TEEmWN

Fig. 2. Near field intensity distribution for apertures of various shapes
illuminated with TE (upper panel) and TM (lower panel) polarized light.
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Fig. 3. Power transmission throughput and spot size FWHM as a func-
tion of the “C” shape aperture element size.

(i) The power throughput in an order of magnitude higher
when the “L” shape aperture is illuminated with TE polar-
ized light as compared to TM polarized light.

(if) The bow-tie antenna demonstrated the optimum focus-
ing but not the highest transmission efficiency.

(iii) The “C” apertures demonstrated a superlative combi-
nation between focusing capability and transmission effi-
ciency as compared to the bowtie and L shape antenna.
The “C” shape aperture with a 70 nm element size can
yield a few uWs of power focused into a spot with the full
width at half maximum (FWHM) of 95 nm.

2.2. Optimization of the “C” Shape Aperture
Parameters

Based on the results of our modeling study, we conducted
subsequent analysis for the “C” shape aperture only focus-
ing on its throughput, near-field intensity distribution and
polarization effect. The data presented in Figure 3 ver-
ify that the “C” shape aperture with an element size of
70-80 nm yields the smallest spot size (FWHM of 90 nm)
with transmission power throughput close to 200%. It is
then evident that power throughput can increase to more

MNear -field Intensity Distnibution at Different Displacements from the aperture
250 ——
—8—TEMode lllumination
b Light

200 —=#—TM Mode lllumination
\ Light

Normalized Intensity
2

o E———————trpr———
5 10 15 20 25 50 75 100
Dispalcement (nm)

Fig. 4. Auto-scaled intensity distribution at different distances for the
TM polarized light (upper panel) and the corresponding peak intensity as
a function of distance for the TE and TM polarized light.

than 400% when an aperture with a 100—110 nm element
size is utilized, but under the constraint of an increased
spot size that can reach a FWHM of 150 nm. For sub-
wavelength apertures in resonance, the power transmission
cross section can be larger than the aperture area; therefore
the PT value can be larger than 1. The law of energy con-
servation only requires that the power transmission cross
section be smaller than the illumination area, but not nec-
essarily smaller than the aperture area. For subwavelength
apertures, the illumination area, which is typically at the
diffraction limit, is much larger than the aperture area.

In an effort to determine the optimum head-media sepa-
ration, the intensity distribution was monitored at different
distances in the near-field regime of the aperture. It was
observed that the near-field intensity distribution changes

Fig. 5. Near-field intensity distribution for (a) TE and (b) TM polarized incident light.

J. Nanoelectron. Optoelectron. 3, 44-54, 2008
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significantly along its propagation. At the very close dis-
tance from the aperture, two hot spots start showing at
the edges of the aperture perpendicular to the polarization
direction of the incident light. As the distance increases,
these hot spots merge into one of approximately 20-25 nm,
and to a spot about twice the size of the aperture at 100 nm
(see Fig. 4). The date presented in Figure 4 also explains
the decay of the near-field peak intensity away from the
aperture. It could be noted that the peak intensity drops by
a factor of ~10 between 5 and 100 nm. Away from the
100-nm plane, the peak intensity decays as ~1/z*

The polarization state of the incident light was found
to be another critical factor that substantially affects the
localization of the heat in the recording media. The light
beam interaction with media leads to depolarization, which
results in components with the polarizations different from
the polarization of the incident light. This can be interre-
lated to the abrupt changes in the boundary conditions and
the sub-wavelength inference. As follows from our study
the sides perpendicular to the polarization direction have
a stronger control over the intensity distribution. Various
components can also interact with each other and the res-
onance interference will result in the local field enhance-
ment. Figure 5 profiles the intensity as measured in the
near-field for the two incident wave polarizations, TE and
TM, respectively.

3. FOCUSED ION BEAM FABRICATION

A 120-nm thick aluminum film is firstly deposited on the
glass window of a laser diode via the electron beam vapor
deposition. A novel technique will be utilized in future
work to conventionally focus light to a few microns spot
exploiting classical optics, and subsequently generate the
apertures on the optically focused plane. This method is
expected to increase throughput by two orders of magni-
tude as compared to focusing the beam with very high
divergence. Secondly, the structure is fabricated using the

Fig. 6. Apertures of different geometry defined on the emitting edge of
a laser diode using FIB fabrication.

50

high resolution focused ion beam (FIB) FEI XP 800 sys-
tem with 30 keV Ga't, 1 pA beam current, and Gallium
ion flux of 1.3 x 10" Ga*/s-cm?. The theoretical mini-
mum beam spot size for this case is 8 nm, and the real spot
size is estimated to be 10 nm. The pixel-by-pixel milling
method was used to raster patterns with 10 nm step size.
The milling was subsequent to the numerically estimated
patterns through a personalized developed software codes
based on Matlab to minimize the secondary sputtering and
redeposition effects. The milling rate was measured with
an atomic force microscopy (AFM), and aperture depth
was controlled by total milling time that ranged between
5 and 15 seconds, depending on the shape and deepness
(see Fig. 6).

4. CHARACTERIZATION OF NSOM PROBES

NSOM makes use of a technique where an aluminum-
coated tapered optical fiber probe (see Fig. 1) is placed
at a distance (from an imaged sample), which is a frac-
tion of the wavelength of the emitted light. In this par-
ticular case, the imaged sample is the emitting edge of
a diode laser. The NSOM probe is used to scan the sur-
face of the emitting edge. (see Fig. 6). NSOM probes are
used to collect emitted radiation in the near-field to exam-
ine the evanescent fields of the waveguides (emission pro-
files) or as an illumination source to profile surfaces, excite
local photoconductivity in the semiconductor, locally heat
active devices, etc. In this application NSOM probes pro-
vide a nano-sized aperture through which the light is
coupled.

4.1. Experimental Setup and Measurement Procedure

The simultaneous shear-force measurements provide an
independent measure of the surface topography to main-
tain a fixed proximity (5-10 nm) between a tip and a
sample. The fiber tip is mounted on a quartz tuning-
fork and dithered at its resonant frequency with a small
piezo-element where any tip-surface interaction quenches
the resonance, providing a height measurement with the
nanometer resolution (see Fig. 7). The shear-force topog-
raphy is exploited to correlate various optical profiles with
the physical device structure.

In our experiment, the laser diode is mounted face up on
a piezo actuated flexure stage and scanned in the xy-plane
underneath the probe tip. The collected light is coupled
into the optical fiber and transmitted to be analyzed with
a photo-multiplier tube (PMT) detector. For input power
of 80 wW, output power was measured to be 0.53 uW.
Consequently, for 250 mW of input power, assuming lin-
ear dependence, over 1.65 mW of power would be focused
into a 35-nm radius spot (Fig. 8). This estimation, if vali-
dated, counterparts our simulated results.

J. Nanoelectron. QOptoelectron. 3, 44—54, 2008
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Fig. 7. Experimental setup showing NSOM probe in the collection
mode scanning the emitting surface of the coated laser diode.

4.2. Analysis of Light Losses in NSOM Tips

The transmission of light through an NSOM tip is a lossy
endeavor. The light in the fiber begins to penetrate the fiber
cladding once the core size shrinks (due to the tapered
region) to values below a few wavelengths. The light that
penetrates the cladding is reflected by the metal coating
and thus never reaches the aperture. Due to this process,
only 1 out of 10*~10° photons is transmitted through the
tip. Increasing the power input to the fiber to compen-
sate for this loss can only be done up to a few mW.
If the power input into the fiber is greater than a few
mW, heating at the taper becomes inadequately severe
and damages the metal/glass interface so that the coat-
ing becomes compromised or lost completely in the case
of melting (see Fig. 9).22° Therefore, the upper limit to

1.60V

000 nn

2376 nm

1188nm

Fig. 8. Topography image of the “C” shape aperture (a) and its cor-
responding optical image for the collected light in 2D and 3D contour
representation, respectively (b and c).
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Fig. 9. Snapshot of a melting NSOM probe.

the continuous-wave transmitted power of an NSOM tip
is of the order of 100 nW (10'? photons/s). In practice,
our 100 nm apertures transmit the power of the order of
10 nW (10! photons/s) for an input power of a few mW.!3
This setback limited our collection scanning capabilities
at high input powers and restricted the experiments to the
lower input power, which NSOM probes can tolerate. To
estimate the throughput at the highest input power, we
assumed (extrapolated) the same linear dependence of the
throughput measured at the lowest input power. The over-
heating problem discussed above provides an additional
motivation of the study of thermal conduction in materials
used for HAMR and NSOM tips.

5. THERMAL DIFFUSIVITY OF LAYERED
MAGNETIC MEDIA

Heat assisted magnetic recording requires accurate knowl-
edge of the thermal diffusivity a and thermal conduc-
tivity K of the materials used as recording medium as
well as NSOM probe materials. Transient heat transfer
occurs when the temperature distribution or heating source
power are changing with time. The fundamental quantity
that describes the heat transfer when the system is not
at steady-state is the thermal diffusivity «. The thermal
diffusivity is related to thermal conductivity through the
expression @ = K/pC,, where p is the mass density and
C, is the specific heat of the material. In this section we
give an overview of our preliminary results of the ther-
mal characterization. The long term goal of the study of
the thermal diffusivity and thermal conductivity described
here is to improve the thermal management of the HAMR
systems and develop an optimum NSOM design within the
thermal constrains.

5.1. Instrumentation for Thermal
Diffusivity Measurements

The measurement of the thermal diffusivity of a mate-
rial is usually performed by rapidly heating one side of
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Fig. 10. Schematic of the experimental setup used for measurement of IS
the thermal diffusivity of the magnetic recording media. The “laser flash” \:
type of measurement is based on illumination of the one side of the sam- E 0.424 - - 7
ple and detecting the temperature rise with IR detector on the opposite @ "
side of the sample. 5 0422 = = = I
©
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a sample and measuring the temperature rise as a function < -
of time on the opposite side of the sample (see Fig. 10). 0418 L .
The recorded time that takes for the heat to travel through L L . . . . L .

the sample and cause the temperature rise on the rear face
is used to determine the through-plane diffusivity and cal-
culate the thermal conductivity is the specific heat is know
and mass density of the material are known. The Netzsch
system, which we used for this study, allowed us to mea-
sure the thermal diffusivity values ranging from 0.001 to
10 cm?/s over a temperature range from 20 °C to 160 °C.

5.2. Measured Thermal Properties of
the Substrates and Pd/CoPd/Pd Multilayers

The magnetic recording media, which consists of
Pd/CoPd/Pd multilayers, were prepared on the Corning
0211 glass substrates (Zinc Borosilicate). The total thick-
ness of the multilayers varied from approximately 30 to
65 nm. The first essential step was to accurately deter-
mine the thermal diffusivity and thermal conductivity of
the substrates used. This is required in order to be able to
separate the value of the thermal diffusivity for the thin
multilayers from that of the substrate. Figure 11 shows
the measured thermal diffusivity for the Corning 0211
substrate as a function of temperature. As one can see
from this plot the room-temperature value is a = 4.27 x
1077 m?/s.

The measured value and temperature dependence are in
excellent agreement with the data reported in literature for
glass. For example, in Ref. [30], the thermal diffusivity of
glass, measured using the photopyroelectric signal spectral
analysis, was determined to be ~4.3 x 10~7 m?/s at room
temperature. It also manifested decreasing trend as the
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Fig. 11. Measured thermal diffusivity of the substrates used for
Pd/CoPd/Pd multilayer deposition: single flash measurements (upper
panel) and averaged over many flash measurements (lower panel).

temperature increased from 100 K to 300 K.*® The agree-
ment with the previously published data indicates that our
experimental technique is accurate and fits well the sam-
ples of given geometry and material composition. Using a
reference sample with the known temperature dependence
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Fig. 12. Measured thermal conductivity of the substrate used for
Pd/CoPd/Pd multilayer deposition.
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Table I. Measured thermal diffusivity of the Pd/CoPd/Pd multilayers.

Sample type Pd/CoPd/Pd Pd/CoPd/Pd/CoPd/Pd Pd/CoPd/Pd/CoPd/Pd
Thickness (nm) 40 63 63
a, x107% (m%/s) 10.0 1.1 0.83

of specific heat we were able to determine the thermal
conductivity of the Corning 0211 substrates (see Fig. 12).
The determined thermal conductivity increases with tem-
perature as typical for the amorphous bulk materials or
disordered alloys.>!=?

After the thermal diffusivity and thermal conductivity
values for the substrates have been determined, we focused
on the study of Pd/CoPd/Pd multilayers deposited on the
Corning 0211 substrates. The thermal diffusivity data for
the multilayers revealed much more scatter as compared to
the substrate data. Table I gives a summary of the room-
temperature results obtained for several samples of differ-
ent thickness. The diffusivity values were extracted using
the adiabatic model with the pulse correction.

Although there have been no previous studies of the
thermal diffusivity in such magnetic multilayers it is inter-
esting to compare the obtained results with the previ-
ously reported data for Pd and other related alloys. The
photoacoustic measurements of the thermal diffusivity of
Fe-Co-Al alloys revealed the value of ~11.4 x 107° m?/s
for Fe ,sCoy | Al 45.>* The « value for this alloy was much
smaller than the values of the constituent elements, which
are 22.7 x 107, 26.8 x 107%, and 97.9 x 10~® m?/s for
Fe, Co and Al, respectively.** In another study the room-
temperature thermal diffusivity of the Ag-Pd alloys was
found to be in the range from 10.8 x 107® to 23.1 x
10~ m?/s, which was also smaller than the thermal diffu-
sivity of pure Pd of 24.7 x 107 m?/s.%

The data, which we measured for the Pd/CoPd/Pd
multilayers is consistent with the previous studies of alloys
containing Pd and Co. We also observed a decrease in
the thermal diffusivity of the multilayers as compared to
the thermal diffusivity of Pd (a = 24.7 x 10~ m?%/s) and
Co (a =26.8 x 107® m?/s) metals. There are two possi-
ble effects, which lead to the thermal diffusivity and ther-
mal conductivity reduction. It is well known that heat in
metals and alloys is carried by both electrons and acous-
tic phonons.** The increase acoustic phonon scattering in
alloys can result in substantial reduction of the phonon
thermal conductivity as was found for many materials.?
Electrons can also be scattered by the alloy disorder
with corresponding decrease in thermal conductivity. In
addition, the reduction of the thermal diffusivity can be
the result of the thermal boundary resistance (TBR) also
referred to as Kapitza resistance.”” The Kapitza resistance
at the interface between two solid materials can be rather
large even at room temperature.®® The fact that the ther-
mal diffusivity for the samples with the 63-nm thickness
(which have more different layers) was stronger than that

J. Nanoelectron. Optoelectron. 3, 44-54, 2008

for the samples with 40-nm thickness supports an assump-
tion about strong TBR effect.

Our thermal study revealed that the thermal properties of
the nanometer scale multilayers are different from the ther-
mal properties of constituent elements and conventional
random PdCo alloys. Even further deviation in properties
is expected as the individual layer thickness decreases fur-
ther. In this case, one may expect the acoustic phonon
confinement effects®® and altered electron—phonon inter-
action. The latter deserves a separate study. The accurate
values of the thermal diffusivity and thermal conductiv-
ity can be used in the thermal design optimization of the
layered magnetic recording medium for the HAMR sys-
tems considered in this paper, multilevel three-dimensional
nanomagnetic recording media***! and spin logic circuits
implemented on the basis of Ni-Fe alloy thin films on
semi-insulating substrates.*?

6. SUMMARY

The various nanoapertures with different geometries were
fabricated on the emitting edge of commercial laser diodes
using a focused ion beam system. The geometries of the
apertures were selected subsequent to the numerical anal-
ysis focused on the ultrahigh light transmission through a
“C”-shaped nanoaperture. A state-of-the-art NSOM system
was utilized to scan the apertures in the collection mode
to evaluate the near field performance of the investigated
apertures. A 30-nm-radius spot with the estimated power
reaching more than one hundred of nanowatts was detected
for a “C” aperture with 70-80 nm element size. The lim-
itations for the high power near-field detection have been
discussed. The results of the preliminary investigation of
the thermal diffusivity of the layered magnetic recording
medium using the “laser flash” technique have also been
reported. The thermal management of the nanometer scale
magnetic recording medium is crucial for the develop-
ment of the heat-assisted magnetic recording systems. The
knowledge of heat transport in thin magnetic films is also
important for the implementation of the spin-based logic
circuits.
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