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Abstract

Head-disk interface study for Heat Assisted Magnetic Recording (HAMR) and
Plasmonic Nanolithography for Patterned Media

by
Shaomin Xiong

Doctor of Philosophy in Engineering - Mechanical Engineering
University of California, Berkeley

Professor David B. Bogy, Co-Chair
Professor Xiang Zhang, Co-Chair

The magnetic storage areal density keeps increasing every year, and magnetic
recording-based hard disk drives provide a very cheap and effective solution to the ever
increasing demand for data storage. Heat assisted magnetic recording (HAMR) and bit
patterned media have been proposed to increase the magnetic storage density beyond 1
Tb/in?.

In HAMR systems, high magnetic anisotropy materials are recommended to break
the superparamagnetic limit for further scaling down the size of magnetic bits. However,
the current magnetic transducers are not able to generate strong enough field to switch the
magnetic orientations of the high magnetic anisotropy material so the data writing is not
able to be achieved. So thermal heating has to be applied to reduce the coercivity for the
magnetic writing. To provide the heating, a laser is focused using a near field transducer
(NFT) to locally heat a ~(25 nm)? spot on the magnetic disk to the Curie temperature,
which is ~ 400 C-600 °C, to assist in the data writing process. But this high temperature
working condition is a great challenge for the traditional head-disk interface (HDI). The
disk lubricant can be depleted by evaporation or decomposition. The protective carbon
overcoat can be graphitized or oxidized. The surface quality, such as its roughness, can be
changed as well. The NFT structure is also vulnerable to degradation under the large
number of thermal load cycles. The changes of the HDI under the thermal conditions
could significantly reduce the robustness and reliability of the HAMR products.

In bit patterned media systems, instead of using the continuous magnetic granular
material, physically isolated magnetic islands are used to store data. The size of the
magnetic islands should be about or less than 25 nm in order to achieve the storage areal
density beyond 1 Tb/in?. However, the manufacture of the patterned media disks is a
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great challenge for the current optical lithography technology. Alternative lithography
solutions, such as nanoimprint, plasmonic nanolithography, could be potential candidates
for the fabrication of patterned disks.

This dissertation focuses mainly on: (1) an experimental study of the HDI under
HAMR conditions (2) exploration of a plasmonic nanolithography technology.

In this work, an experimental HAMR testbed (named “Cal stage”) is developed to
study different aspects of HAMR systems, including the tribological head-disk interface
and heat transfer in the head-disk gap. A temperature calibration method based on
magnetization decay is proposed to obtain the relationship between the laser power input
and temperature increase on the disk. Furthermore, lubricant depletion tests under various
laser heating conditions are performed. The effects of laser heating repetitions, laser
power and disk speeds on lubricant depletion are discussed. Lubricant depletion under the
optical focused laser beam heating and the NFT heating are compared, revealing that
thermal gradient plays an important role for lubricant depletion. Lubricant reflow
behavior under various conditions is also studied, and a power law dependency of
lubricant depletion on laser heating repetitions is obtained from the experimental results.
A conductive-AFM system is developed to measure the electrical properties of thin
carbon films. The conductivity or resistivity is a good parameter for characterizing the
sp2/sp3 components of the carbon films. Different heating modes are applied to study the
degradation of the carbon films, including temperature-controlled electric heater heating,
focused laser beam heating and NFT heating. It is revealed that the temperature and
heating duration significantly affect the degradation of the carbon films. Surface
reflectivity and roughness are changed under certain heating conditions. The failure of the
NFT structure during slider flying is investigated using our in-house fabricated sliders. In
order to extend the lifetime of the NFT, a two-stage heating scheme is proposed and a
numerical simulation has verified the feasibility of this new scheme. The heat dissipated
around the NFT structure causes a thermal protrusion. There is a chance for contact to
occur between the protrusion and disk which can result in a failure of the NFT. A design
method to combine both TFC protrusion and laser induced NFT protrusion is proposed to
reduce the fly-height modulation and chance of head-disk contact.

Finally, an integrated plasmonic nanolithography machine is introduced to fabricate the
master template for patterned disks. The plasmonic nanolithography machine uses a
flying slider with a plasmonic lens to expose the thermal resist on a spinning wafer. The
system design, optimization and integration have been performed over the past few years.
Several sub-systems of the plasmonic nanolithography machine, such as the radial and
circumferential direction position control, high speed pattern generation, are presented in
this work. The lithography results are shown as well.
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Chapter 1: Introduction

The volume of data generated per day has increased exponentially in recent decades.
As of 2013, an estimated four zettabytes (2'%) of data were created [1]. Easy access to
Internet devices, mass storage and computers drive the explosion of data. Mass data
storage devices, such as solid state, magnetic, and optical storage for digital electronic
systems, provide major non-volatile storage and rapid access to data. As a result, there is
an ever increasing capacity requirement for those mass data storage systems. Among
those mass data storage systems, magnetic recording-based hard disk drives (HDDs) play
the largest and most critical role in mass data storage because of their high capacity and
low cost [2].

This introductory chapter provides an overview of the hard disk drive technology
developments that are pushing storage capacities in future products. Next, the two main
approaches for the next generation HDDs, heat assisted magnetic recording (HAMR) and
bit patterned media (BPM) are introduced. Finally, the motivation and objectives of this
dissertation are given.

1.1 Technology Developments for HDDs

A continuous goal for HDDs is to increase the storage areal density without raising
the cost significantly. In the past two decades, magnetic storage areal density has
increased at a rate of more than 25% per year, as shown in Figure 1. 1 [3]. As the areal
density increases, the cost for storing data continues to drop (Figure 1. 2). Compared to
solid state drives (SSDs), HDDs still provide a larger capacity for a lower price. Currently,
the cost per gigabyte of data for HDDs is about 1/10 of that for SSDs.
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Figure 1. 1 Areal density increase curves for HDD and flash SSD in the past decades [3]
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Figure 1. 2 Cost for per GB for HDD and flash SSD in the past two decades [3].

Technical innovations contribute to the continuing increase of areal density and cost
reduction for HDDs. The innovative story of HDDs started 58 years ago with the
invention of the 5 MB expensive and giant IBM disk. Currently, a 3.5 inch HDD provides
a total storage capacity of 5 TB with a price lower than $100.

The first HDD, RAMAC (random access method of accounting and control), was
introduced in 1956 for the IBM 305 computer [4]. The RAMAC’s cabinet was 60 inches
long, 68 inches high and 29 inches wide. The data was stored in fifty 24-inch disks with a
total storage capacity of about 5 MB (Figure 1. 3). The pressurized air was used to
control the spacing between the head and disk, and it took a room full of compressors to
supply the air needed to float the flying sliders to keep them from contacting the rotating
disk surface. The cost of the RAMAC unit was about $ 57,000.
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Figure 1. 3 IBM RAMAC 350 Magnetic Disk Drive, 1956 [4]

In 1973, IBM introduced the IBM 3340 "Winchester" disk drive [5], the first
significant commercial use of low mass and low load heads with lubricated platters, as
shown in Figure 1. 4. The IBM 3340 drive featured a small read/write head that flew
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closer to the disk surface. The air gap was 18 millionths of an inch. The disk size was
about 14-inches. The IBM 3340 drive had an areal density at about 1.7 Mb/in?. The
“Winchester” drive had almost all the same major functional parts as the modern HDDs.

Figure 1. 4 Structure of “Winchester” HDD [5]

Small HDDs based on magnetic recording storage first appeared in 1980 when
Seagate designed and announced a 5 MB hard disk ST-506 in a 5 1/4 inch form factor, as
shown in Figure 1. 5 [6]. One of the main advantages of this HDD was that it could be
integrated into the body of a personal computer. The ST-506 could be connected to a
computer system through a disk controller.

(a) ST-506 hard disk drive (b) controller interface
Figure 1. 5 Small integrated HDD (ST-506) in a PC

Modern HDDs have a similar internal structure design as the “Winchester” HDD.
The major parts are shown in Figure 1. 6. The HDD is mainly composed of a few
magnetic disks on a spinning spindle, an actuator arm with several flexible suspensions,
one flying head for every face of each disk attached to the suspension, and some
electronic boards for the signal processing and communication with a computer. The
magnetic transducer with magnetic reading and writing parts are carried by the flying
heads. Figure 1. 6b shows a typical head with the air bearing surface and magnetic
transducer.
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(a) Structure of the current HDDs (b) Air bearing surface
Figure 1. 6 Structure of the modern HDD and microscope image of the air bearing surface

In the past few decades, great effort has been made to improve the performance and
storage density of HDDs. One fundamental requirement to increase the storage areal
density is to reduce the size of a magnetic bit so more data can be stored on a fixed area
disk. However, shrinking a magnetic bit brings other changes for the HDDs. For example,
to get stable and strong enough readback signals with an acceptable signal to noise ratio
(SNR), the gap between the head and disk should be reduced, or the gain of the magnetic
readback sensor should be enhanced. The position of the head should be controlled more
precisely because the track width is also reduced.

In 1989, the giant magneto-resistance (GMR) sensor was announced, which
provided a huge improvement of the performance of the magnetic reader. With a GMR
reader, the field sensing effect was far superior to the conventional MR head so that the
readback signal was much stronger. The first head with a GMR sensor was introduced for
HDDs in the late 90s [7]. The implementation of a GMR in a HDD enabled greatly
increased storage densities in the next few decades.

The data (user information) in a HDD is recorded to the disk and retrieved from the
magnetic orientation of magnetic bits. There are two basic directions of the magnetic
orientations: in-plane and out-of plane of the disk, which are referred to as longitudinal
magnetic recording (LMR) and perpendicular magnetic recording (PMR), as shown in
Figure 1. 7 [8]. Figure 1. 8 top and bottom shows a magnetic image of the magnetic bits
from a LMR and PMR disk, respectively. The magnetic image was obtained by a
magnetic force microscopy (MFM).

LMR dominated in HDDs for several years and successfully extended the areal
density to about 100 Gb/in?. PMR was first proposed to have advantages over LMR in
1970s by Shun-ichi Iwasak [9, 10]. But it was not commercially implemented until 2005.
The LMR was replaced by the PMR because there was a thermal stability limit of the
LMR at an areal density of about 100 Gb/in? [11, 12, 13].
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Figure 1. 7 Longitudinal recording diagram (top)

and perpendicular recording diagram (bottom) [8]

Figure 1. 8 MFM image of the LMR disk (left) and servo zone of the PMR disk (right)

As the storage areal density increased, the head to media spacing (HMS) between
the slider and the recording disk has been reduced from microns to a few nanometers in
order to get a strong readback signal and small error rate. Figure 1. 9 shows the HMS
trend as the areal density increases [14]. Some novel air bearing designs have been
proposed. With those new designs, the head can fly lower than 10 nm. However, at a gap
of several nanometers, the intermolecular force starts to affect the stability of the slider’s
flying status [15].
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Figure 1. 9 Trend of head media spacing (HMS) as areal density. Green: Actual HDD data,
Red:Earlier predictions [14]

In 2007, a new technology called thermal fly-height control (TFC) [16, 17] was
introduced to HDDs to reduce the fly-height without losing the fly stability, as shown in
the sketched drawing (Figure 1. 10). An electric heater is integrated into the head body at
the location close to the magnetic reader and writer. When electrical power is applied to
the heater, its temperature increases, and thermal expansion of the material close to it
occurs. Due to the mismatch of the coefficients of thermal expansion of the heater
material and head material, a local thermal protrusion is generated. This thermal
protrusion is about tens of microns wide and several nanometers high towards the disk
surface. The dimension of the local protrusion can be adjusted by the power input to the
heater. The magnetic transducer is at or very near the tip of the protrusion, and so it is
closer to the disk surface compared to other surface areas on the slider. The gap between
the magnetic transducer and disk is reduced while a large portion of the head body is still
relatively far away from the disk. The minimum fly-height can be reduced to less than 5
nm with the TFC technology while the slider still flies stably [18, 19].

Jspension-
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Write coil

Thermal expansion
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Figure 1. 10 Sketch-up of TFC technology for slider [17]



1.2 New approaches

In the past few years, PMR has successfully increased the areal density of magnetic
recording by shrinking the size of the magnetic bits and magnetic grains. Current PMR
drives reach a maximum areal density of about 800 Gb/in’>. However, as the storage
density is increased beyond 1 Tb/in?, there is a trilemma that prevents the further scale up
for PMR technology, as illuminated in Figure 1. 11.

Media SNR
SNR~ log(N)

Media therma
stability Writability
E,=K,V~40-60 KgT H.<head field

Figure 1. 11 Magnetic trilemma for the PMR technology

Billions of bits are stored on a magnetic disk. As the storage density increases, the
size of each magnetic bit must shrink without degrading other performances (e.g. the
reading, writing and storage stability). For a continuous granular magnetic media, each
magnetic grain has random easy axis orientation. One magnetic bit is composed of some
number of highly packed magnetic grains. The magnetic orientation for one bit is
determined by the overall orientations of all of the magnetic grains in this bit. The SNR
for magnetic recording is approximately given by the equation 1.1 [20]. For the
continuous perpendicular magnetic media, the number of grains in one bit should be
almost a constant in order to get an acceptable SNR. There is not much margin to reduce
the size of the bit by cutting the number of magnetic grains. Therefore, using finer
magnetic grains is the preferred option for reducing the size of a magnetic bit for the
continuous magnetic media.

SNR oc 10 log( N) dB (1.1)

A finer grain has a smaller volume. However, the volume of a magnetic grain affects
its thermal stability [21], as shown in equation 1.2. Here, P is the switching probability of
a magnetic grain under thermal activation. Ep is the energy barrier to switch the
orientation of a magnetic grain. E, approximately equals K.V, where K. is the magnetic
anisotropy, and V is the volume of a grain. Ky is the Boltzmann constant, and T is the
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absolute temperature. KyV/KyT normally, must be larger than 40 to maintain adequate
thermal stability of the magnetic bits for several years at room temperature [21].
Poc o BolksT _ oK /ksT (12)
It can be seen from equation 1.2 that the magnetic switching probability is inversely
proportional to the energy barrier of the grain. At higher temperatures, the orientation of a
magnetic grain is easier to switch. At room temperature, the thermally stable recording
for 5 years requires that K,V be larger than 40K, T. However, as the volume of a magnetic
grain is reduced for a higher areal density, K,V is no longer larger than 40K,T if K, is not
raised. In this situation, magnetic storage is not thermally stable at room temperature
because the orientation of the magnetic grain fluctuates randomly under thermal
activation, known as superparamagnetism. So K, should be raised to make the magnetic
grain thermally stable. A magnetic material with higher anisotropy is recommended to
reach magnetic thermal stability.

The higher anisotropy means that the material has higher magnetic coercivity. A
material candidate, the Lio-FePt based magnetic thin film [22] has a magnetic coercivity
greater than 1.5 Tesla. The magnetic writer needs to generate a switching field with a
magnitude more than 3 Tesla to switch the magnetic grains. As indicated by equation 1.3,
a higher switching field is needed if the anisotropy of the material is higher [23].

_ 2K,
M

s

H,

(1.3)

It is challenging to generate such a strong magnetic switching field with current
magnetic transducers. The high-density perpendicular writing field is limited to about 2
Tesla for current PMR technology [24]. What is more, as the size of the writer shrinks to
write smaller magnetic bits, the magnetic writing field will further decrease. So data
writing is more difficult to achieve if a magnetic material with higher anisotropy is used
as the storage layer.

This trilemma among the thermal stability, SNR and writability for PMR essentially
blocks the further scaling up of the areal density for present HDDs. However, a few
approaches have been recently proposed to break the trilemma.

Among those approaches, heat assisted magnetic recording (HAMR) [25, 26] and
bit patterned media (BPM) [27, 28] are proposed to extend the areal density to over 1
Tb/in>. HAMR uses high anisotropy materials to break the superparamagnetism limits
and introduces a new writing method to reach writability. BPM breaks the limits of the
grain number in a bit while still withholding an acceptable SNR.

In HAMR systems, as the name implies, thermal heating is employed during the
data writing. The temperature of a high anisotropy recording medium is locally elevated
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to facilitate the writing process by significantly reducing the required magnetic switching
field. Then, the temperature drops abruptly to room temperature, and the magnetic
information is frozen in a stable state. As shown in Figure 1. 12, a laser is placed in front
of the magnetic writer. The writing is performed after the local temperature of the disk is
raised to near the Curie point of the magnetic material. At the Curie point, the coercivity
drops to almost zero, and the orientation of the magnetic grain can be easily switched. In
order to avoid the data erasure to the adjacent tracks or bits, the size of the heating spot
should be close to the size of a magnetic bit.

\ | Laser source

Store % e ¢ i
Nano- Here | \
- focusing | Cool
| structure [ Media \
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Coercivity

__________

(R : -:_ — =—Heat spot | \
| v m v I;:il . _t_ ¥ L — ¢ 1 Available Heald Field ~Write
[ i i ! "' ‘Dielectric| " He
------- H ééi'{.;k / soft underlayer Temperature
(a) Schematic of the data writing; (b) Magnetic coercivity vs. temperature [29]

Figure 1. 12 Concept of HAMR.

Equation 1.4 shows the relationship between the effective writing field gradient and
thermal gradient. It indicates that increasing the thermal gradient can equivalently
increase the effective writing field gradient. A larger writing field gradient benefits the
maximum down-track recording density in a given medium. Meanwhile, a high
cross-track gradient also helps to reduce the adjacent track erasure effects. So HAMR
scales more favorably than the conventional PMR for higher areal density recording:
higher anisotropy for more thermal stability and higher effective field gradient for better
writing performance [29]

dH

write

_dH, dT (1.4)
dx dT dx

Quite different from the HAMR technology, BPM technology mainly breaks the
limits of the SNR for a continuous granular material. The transition noise for continuous
granular films, originating from irregularities or jaggedness in the magnetization
transitions, mainly depends on the boundaries between the magnetic bits. Instead of using
continuous films, BPM prefers discrete magnetic islands to store the information as
shown in Figure 1. 13 [30]. The grains within each patterned island are coupled so that
the entire island behaves as a single magnetic domain. By physically separating the
magnetic islands, transition noise is eliminated because there is no transition boundary
between the two islands. The SNR for the BPM does not need to follow equation 1.1. The
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number of grains in a magnetic island in BPM can be much less than that in the
traditional PMR. So the volume of the magnetic grains in the BPM can be increased thus
it is thermally stable.

Conventional e Patterned Magnetic Media
Multigrain Media, =" >\ - %//
O\ o /

0+ magnetization

magnetic % R\
transition itce Oop\’ NA

Figure 1. 13 Comparison of conventional PMR continuous granular media with BPM [30]

Those approaches can be combined together to further increase the areal density. As
demonstrated in reference [26], HAMR can work on a patterned media as well. The
combination of BPM and HAMR provides even more benefits for data writing. The total
power absorption by an island of BPM is four times larger than that of a flat continuous
media, as shown in Figure 1. 14. It has been said that heat assisted writing on the
patterned media has the capability to extend the areal density to 100 Tb/in? [31]

a b

Island/l

Figure 1. 14 Comparison of antenna coupling to continuous and bit patterned media. a, Top
view of disk surface absorption profile on continuous medium. Peak value = 1.4. b, Top view of
disk absorption profile on bit-patterned medium. Peak value = 16.5. ¢, Side view of a. Peak value
= 2.8 (in notch). d, Side view of b. Peak value = 7.9 (in island). Scale bar, 50 nm (a—d). The
colour scale in b applies to a, and the colour scale in d applies to ¢ [26].
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1.3 Motivation

Current HDDs rely on a floating slider that flies above the recording disk without
contacts. The slider, the disk and the air gap between the slider and disk compose the
head-disk interface (HDI). There are several functional layers on both the disk and slider
to make the HDI reliable, as shown in Figure 1. 15.

Slider {

Fly height/

Magnetic transducer clearance/
air gap

Magnetic transducer

Overcoat
head-media
spacing

(HMS)

TFC heater

TFC protrusion —>

<\ Lubricant
Overcoat

Disk

Substrate

Substrate

(a) A general HDI in current HDDs (b) zoom at the TFC protrusion.
Figure 1. 15 Schematic drawing of the HDI for a PMR drive (figures are not to scale).

The top surface of a disk is a perfluoropolyether (PFPE) lubricant layer, including
bonded and mobile parts, with a total thickness of about 1 to 2 nm. Lubricants like Z-Dol
or Z-Tetraol are currently used in HDDs to reduce the friction and wear during head-disk
contacts [32]. It can also reduce the surface energy, thus reducing the intermolecular
forces between the head and disk. The mobile part of the lubricant allows the lubricant to
recover if some change happens at high air pressures or after contact.

The layer below the lubricant is a diamond like carbon (DLC) overcoat, which is
about 2 to 4 nm thick [33]. The DLC overcoat can function as a protective layer because
of its relatively high hardness and high resistance to corrosion. The strong mechanical
properties of DLC can be attributed to the highly concentrated SP3 hybridization of the
carbon atoms, which exists in the diamond material.

The storage layer is underneath the DLC overcoat. It is made from magnetic
material for storing data. The thickness of the storage layer is about 20 nm. The data is
permanently lost if the storage layer is damaged. Current PMR media uses granular
continuous materials for the storage layer, such as CoPt alloys. For a HAMR system, a
material with higher coercivity will be used as the storage layer to reach the thermal
stability. Lio-FePt alloy is one of the more promising candidates for HAMR systems [22].
In a BPM system, the magnetic storage layer is discrete rather than continuous.
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As the fly-height (FH) of the slider drops to less than 5 nm, the surface of the disk
should be smooth enough to avoid intermittent contacts between the slider and disk.
Currently, the surface RMS roughness of the disk is about 0.1 to 0.2 nm.

On the slider side, the main body of the slider is made from AITiC and alumina. In
order to protect the head from contact and corrosion, a DLC overcoat is deposited on the
surface. A TFC heater is embedded at a particular place in the slider to generate a local
protrusion towards disk.

The structure of the HDI for HAMR systems is slightly different from that in PMR
because of some unique requirements of HAMR systems. A schematic diagram of a
typical HAMR HDI structure is illustrated in Figure 1. 16. Many of the components are
also commonly used in perpendicular recording media (PMR) technology, such as an
embedded TFC heater in the slider, a lubricant layer, a carbon overcoat (COC), a
recording layer, a properly designed soft underlayer (SUL), and an interlayer for
magnetic property and microstructure control. However, there are many unique aspects of
HAMR systems. A laser diode is integrated into the slider. The light is delivered to a near
field transducer (NFT) structure by an optical waveguide. The NFT structure is usually
made from some metals located at the air bearing surface of the slider. Moreover, a heat
sink layer is suggested underneath the storage layer in order to optimize the thermal
response of the media and provide a larger thermal gradient [29]. These new functions
make the HDI in HAMR systems more complicated than in PMR.

Overcoat—

SUL/Heat sink

Figure 1. 16 Schematic drawing of HDI for HAMR systems

In HAMR systems, a laser is used to locally heat the disk to the Curie temperature of
the magnetic material, which is about 400 to 600 °C. This thermal environment brings
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challenges for the stability and reliability of the HDI. A successful HAMR drive has more
stringent requirements for the thermal stability of the HDI compared with the current
PMR technology. A full evaluation of the HDI thermal stability of the current PMR is
necessary when the HDD industry moves to HAMR.

The lubricant changes under the HAMR conditions by various mechanisms,
including thermal desorption, decomposition, depletion, evaporation. These processes can
cause the lubricant’s thickness to change. The failure of the lubricant can cause instability
of the air bearing slider’s flying and serious wear of the head and disk after the contact.

The carbon overcoat on both the disk and slider can be graphitized and/or oxidized
under high temperatures. When the DLC becomes graphitized or oxidized, its mechanical
properties degrade as well. Thus, the overcoat loses its ability to protect other layers
underneath it. The surface can also become rougher under the high temperature
environment, which increases the likelihood of the head-disk contact.

It has been found that the temperature increase of the metal layer for the NFT can be
several hundred degrees [25]. A noble metal such as gold is preferred in the NFT because
of its good properties in the near field optics. However it has a relatively low melting
point, around 1000 °C, which indicates it could be easily changed at the media Curie
point after applying the thermal load [34]. And it is very ductile, so that the geometry
could be changed during the heating. Moreover, the cyclic thermal condition can make
the damage to the NFT metal film more serious due to the material fatigue.

With the exception of material failure or geometry changes of the NFT structure, the
mismatch of the coefficient of thermal expansion among different materials around the
NFT can cause a local thermal protrusion [35]. The size of the thermal protrusion has
been experimentally measured by AFM [36]. It is about a few microns large and 1 nm
high. This NFT protrusion superposes on the TFC protrusion, thus reducing the minimum
space between the slider and disk. With such a protrusion, the slider has a higher risk of
contacting the disk at the tip of the protrusion. The contact can damage both the NFT
structure and the disk surface, leading to the failure of a HAMR drive.

The study and analysis of the HDI for HAMR is more complex than in PMR. There
are multiple physical couplings among the optical, thermal, mechanical, and magnetic
phenomenon in the HDI for HAMR systems. Figure 1. 17 shows some possible couplings
among different aspects of the HDI. Thermal energy from a laser diode is delivered to the
NFT by an optical waveguide. Some of the light energy is absorbed and dissipated as heat
in this process, thus raising the bulk temperature of the slider, behaving as an optical
thermal coupling. The light is also focused to a small spot on the disk by the NFT. A large
fraction of the energy is dissipated around the NFT because the energy efficiency of the
NFT is usually limited to less than 10% [37]. Thermal deformations of the NFT and slider
lead to a change of the minimum fly-height, which can be treated as a
thermal-mechanical coupling. Furthermore, the thermal deformation of the NFT structure
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affects the optical performances of the NFT, such as light transmission efficiency, peak
intensity and intensity profile. In this way, there is an optical-mechanical coupling for the
NFT. From the disk side, the light energy is finally transmitted to the disk surface and
gets absorbed by multi-layers of the disk. Thermal deformation of the disk and depletion
of the lubricant occurs as the local temperature of the disk is raised. It is a
thermal-mechanical process. Magnetic switching can be achieved by the magnetic
transducer when the temperature of the magnetic layer approaches or reaches the Curie
point. The thermal-magnetic coupling dominates in this switching process.

—
aser pulse
Slider < Optical-thermal Qi cal mechanical
s (opfical profile distorted
(heat dissipation/
: . NFT structure change)
light absorption) =
| 8
Thermal-mechanical SO o 4
(thermal deformation of NFT —
and slider) heat fl Optical-thermal

(light absorption)

Lubricant/OC :Thermal-mechanical (thermal déformation and depletion)

Magnetic layer: Thermal-optical (light absorption)
Themal-magnetic (thermal assisted magnetic switching)

Disk

Figure 1. 17 Multiple physical couplings among light, heat, mechanical deformation and
magnetics inside the HDI of HAMR systems

In addition to the multi-physics characteristics of the HDI in HAMR, the study of
the HDI involves different scales in both length and time, as listed in Table 1.1. The
timescale covers more than seven orders of magnitude. The fastest is on the order of a
couple of nanoseconds. The length scale covers about 6 orders, while the smallest is
around a few nanometers.
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Table 1. 1 Length and time scales in HDI for HAMR

Length Time
Slider dimension ~1 mm Life time of HDD ~ 5 years
TFC protrusion ~10 um by Air bearing ~10 ps
~ 10 nm resonance
NFT dimension ~0.5 pm TFC response ~ms
NFT protrusion ~ 1 pm by Laser on for data ~20 us
~1nm sector writing
Heating spot on disk ~ 50 nm NFT thermal ~10 ps
response
Grain size of magnetic ~7 nm Disk heating and ~1ns
layer cooling
Disk protrusion ~0.1 nm Disk deformation ~1ns
Fly-height < 5nm Magnetic switching ~1ns

As for the BPM technology, one of the main challenges for its commercial
application is the large volume manufacturing of the patterned media disks. The patterned
media fabrication has to use available lithography tools. The minimum feature size of the
patterned island is about or less than 25 nm for 1 Tb/in? [38]. Meanwhile, the
conventional optical lithography technology for the semi-conductor industry does not
provide an in-time and cheap solution for the BPM. As shown in the international
technology roadmap for semiconductors (ITRS, Figure 1. 18) [39], it still will be a couple
of years for the semiconductor industry to move to a full production extreme ultraviolet
lithography (EUV) which creates a feature size less than 20 nm. But even in 2011, a
complete UV lithography machine cost more than 20 million dollars. New cheap
alternative lithography approaches with a resolution better than 20 nm are needed for the
fabrication of the patterned media.
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Figure 1. 18 DRAM and MPU Metal Level Potential Solutions for ITRS

1.4 Objective

In this dissertation, the changes of the HDI under the HAMR conditions are
experimentally investigated with the assistance of a HAMR testbed and numerical
models. Different mechanisms of the HDI changes are discussed. The possibility of
developing a cheap nanolithography tool for the fabrication of BPM disk is explored as
well.

Chapter 2 introduces a method of obtaining the relationship between the temperature
increase and distribution and laser power input. It is the first step in studying the HDI in
HAMR systems since HAMR writing is very sensitive to the temperature increase of the
disk. The data writing can only be achieved when the temperature of the magnetic media
approaches or exceeds the Curie point of the magnetic material.

In Chapter 3, the design of the HAMR testbed is introduced. The specifications and
functions of this HAMR testbed are also given.

Chapter 4 focuses on the thermal behavior of the lubricant. The lubricant depletion
and reflow under various HAMR conditions are investigated experimentally.

Chapter 5 mainly discusses changes in the carbon films under the HAMR conditions.
The surface reflectivity and topography changes of the carbon films under various
heating methods are discussed.
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In Chapter 6, the changes of the NFT under laser heating are discussed. A two-stage

heating scheme is proposed to reduce the thermal load to the NFT. With reduced thermal
load, the lifetime of the NFT can be extended.

In Chapter 7, the dynamic response to the disk waviness of the HAMR slider with a
TFC protrusion and a NFT protrusion is discussed. A new slider design method of
combining the TFC and NFT protrusion is proposed for minimizing the flying height
modulation (FHM) and reducing the possibility of contact between the NFT and the disk.

In Chapter 8, a plasmonic nanolithography machine is introduced to assist the
fabrication of the master disk for BPM. The key specifications and technical details of
this lithography machine are also given.

Chapter 9 presents a summary of this dissertation and some suggestions for future
studies.
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Chapter 2 Temperature calibration based on magnetization

decay for perpendicular media

2.1 Introduction

In HAMR systems, a more thermally stable magnetic material than the current PMR
media will be used as a recording layer to break the limit of superparamagnetism.
However, the coercivity of this material is so high that it is difficult for the magnetic
transducers to switch the magnetic orientations at room temperature. For example, one of
the HAMR media candidates, a Lio-FePt based magnetic layer, has a coercivity greater
than 1.5 Tesla [22], which requires a switching field more than 3 Tesla from the magnetic
transducer. However, the high-density perpendicular writing field is limited to about 2
Tesla for the current PMR technology [24]. In order to achieve data writing in HAMR,
the temperature of the media should be raised because the coercivity of the magnetic
material drops sharply at high enough temperatures. When the temperature is close to the
Curie temperature of the magnetic material, the coercivity reduces to almost zero.

In HAMR systems, a laser is proposed as a means to heat the media to the Curie
point. Simultaneously, a magnetic field is applied from the magnetic transducer to switch
the magnetic bits. The success of the magnetic switching is very sensitive to the media
temperature [29]. If the temperature is too low compared with the Curie point, the
magnetic transducer will not be able to write any information into the media. Conversely,
heating the media over the Curie point requires more energy and may bring a greater
challenge for the head-disk interface (HDI). It is therefore very important to understand
the local temperature increase during the laser heating and to calibrate the laser power
input for HAMR writing. The maximum temperature and the temperature profile are two
critical factors for determining the performance of writing. The maximum temperature
determines the writeability because the success of writing depends on getting the local
media temperature to the Curie point. The size and shape of the magnetic writing bit
depends on the temperature profile.

Some studies have been reported that evaluate the temperature increase by use of
numerical and experimental methods [40, 41, 42]. Tagawa et.al. [40] observed disk
refractive index changes during the laser heating and compared it with the change under
conventional oven heating. Their method can be used to get the average temperature
during the laser heating. But it has some limitations for getting accurate temperature
distributions because of the strong averaging effect for the refractive index measurement
by the ellipsometry.
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The magnetic Kerr effect combined with optical probing technology [42] has
recently been used to study the material’s kinetic response under the local laser heating in
HAMR systems. The optical measurement of the magnetization by this method is also
limited because the size of the laser beam is much larger than the magnetic bits.

Phase change materials can be used to study the relationship between the laser
energy input and material temperature [43, 35]. Laser-induced fluorescence has been
widely used to measure the instantaneous temperature field [44]. However, the thermal
properties of both phase change materials and fluorescent materials are quite different
from those of the magnetic layer in HDDs. So the methods based on phase change and
fluorescence are not exactly suitable for investigating the thermal behavior of HAMR
systems.

In this study, we propose another method to investigate the local temperature
increase under the laser heating based on the magnetization decay [45]. This method has
the capability of providing the maximum local temperature increase and the temperature
history. In Section 2.2, the Arrhenius-Neel (A-N) model is introduced, which is used to
simulate the magnetic decay under local laser heating. Section 2.3 provides the
experimental conditions and procedure. The experimental results are discussed in Section
2.4. In Section 2.5, a finite element model is built to explain the data. The numerical
simulation results are compared with the experimental results. Finally we present our
conclusions in Section 2.6.

2.2 Numerical model for the magnetic thermal decay

The magnetization decays at high temperatures, as described by the Arrhenius-Neel
model [46].

dM E,
——=—f,exp(— ;

dt Jo exp( K,,T)

E, =KV (1)

where dM/dt is the time derivative of the magnetization, M. fp is the driving
frequency, set to be 1 GHz. E; is the energy barrier to switching the orientation of a
magnetic grain. £, approximately equals K.V, where K, is the anisotropy and V is the
volume of a grain. K is the Boltzmann constant and 7 is the absolute temperature.
K.V/K»T normally must be larger than 40 in order to maintain adequate thermal stability
of the magnetic bits for several years at room temperature. K, also depends on the
temperature, dropping as the temperature increases. The relationship between the
saturation magnetization, the anisotropy and temperature can be obtained from the mean
field theory as determined by the equations [23].
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where X is a dimensionless number, called the Callen-Callen parameter, and it is
proportional to the temperature averaged magnetization. My is the saturation
magnetization and K; is the first order anisotropy constant. The total uniaxial anisotropy
K. is composed of the first order anisotropy and other higher orders. Typically, the second
order anisotropy is 3 to 10 times smaller than the first order, and its reduction due to the
temperature increase is shaper. So the second order anisotropy is neglected, and we can
set K,=K; to simplify the calculation [47].

X can be obtained from the second and third parts of equation (2) and then K, and M,
can be calculated from the first and second parts of (2). Furthermore, the energy barrier
E) can be obtained from the K, for a fixed volume magnetic grain at a certain temperature.
Thus the magnetization decay at a certain temperature can be obtained from equation (1).
Finally, the magnetic decay behavior of the magnetic media under laser heating in
HAMR systems can be simulated after the temperature history is known.

Figure 2. 1 shows the temperature dependency of the saturation magnetization and
the magnetic anisotropy predicted from the Callen-Callen model for the PMR media. The
Curie point was set to be 1000 K.
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(a) Dependency of anisotropy on temperature from equation 2
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(b) Dependency of M, on temperature from equation 2
Figure 2. 1 Temperature dependency of the magnetic properties

The magnetization decay was accurately measured by a magnetic force microscopy
(MFM) and quantitatively defined from statistical analysis of the MFM images. The
thermal response of the media was obtained from a 3D finite element method (FEM)
model using the ANSYS thermal solver. The temperature history from the thermal model
was used as an input for the calculation of the magnetization decay behavior in the A-N
magnetic model.

2.3 Experimental procedure

A PMR disk was used in this study because a HAMR disk is not available to us at
this time. The PMR disk had an aluminum substrate. In order to quantitatively analyze
the magnetization decay, we pre-recorded the magnetic disk with uniform single tone
magnetic patterns. The track width was about 80 nm and the track pitch was about 200
nm. The disk was exposed by the laser in the HAMR test stage, shown in Figure 2. 2. The
Gaussian radius (e?) of the laser spot was close to 700 nm, and the power was varied
from 15 mW to 51 mW in the experiments. The wavelength was 355 nm. Table 2.1 shows
the laser power levels and densities for the experiments. The experimental procedure for
the laser heating was carried out as follows: the laser beam was focused onto the disk
surface, while the disk was rotated at 1500 RPM. The laser beam was moved radially at
0.125 mm/s toward the inner tracks of the disk. Thus, the pitch of the spiral laser heating
track was 5 pum, which was much larger than the laser spot size. So the thermal
interference between two adjacent exposed tracks could be neglected. Different laser
powers were applied at different radii. After exposure, the disk was scanned by a MFM to
get the magnetic images.
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Table 2. 1 Laser power levels and densities for exposure on the aluminum substrate PMR disk

Power (mW) | 20 25 30 36 42 51
Density 26.0 32.5 39.0 46.8 54.6 66.3
(mW/um?)

The MFM is a special mode of a scanning probe microscope. It has been widely
used to map the magnetic field distribution of samples by detecting the magnetic
interaction between the magnetic tip and sample. MFM has two scans in order to get the
magnetic field distribution, as shown in Figure 2. 3. The tip scans the sample first with
the tapping mode and obtains the surface topography in the first scan. Then the tip is
lifted by a constant height with respect to the topography and scans again. At the lifted
height, the intermolecular/atomic force interaction is very weak and can be neglected,
while the magnetic interaction is the major interaction between the tip and sample. The
magnetic information can be obtained from this second lift scan.
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Figure 2. 2 Schematic plot of the experimental setup for HAMR study
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2.4 Experimental results and discussion

Figure 2. 4a shows a typical MFM image of the magnetic media after laser exposure.
The fast scan direction (horizontal) was along the down-track direction. The exposed
track is highlighted by the dashed box. Two line profiles were extracted from the
magnetic image, as shown in Figure 2. 4b. The first line was from an unexposed area, and
the second line was from an exposed area. The first line shows a periodic signal from the
pre-recorded magnetic pattern. The amplitude of the second line is smaller than that of
the first line, and the second line does not show any periodic characteristic because the
magnetic pattern was thermally erased under the laser heating. The statistical analysis of
these two profiles indicates that the root mean square (RMS) amplitude of the first profile
is 0.49, while that of the second profile is 0.15. The RMS value of the scanning line can
be used to represent the magnetic strength of the magnetic pattern and quantitatively
define the magnetization decay.
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Figure 2. 4 A typical MFM image of the magnetic media after laser exposure

Figure 2. 5 shows the surface topography for different laser power densities. At a
power density of 26.0 mW/um? there was no observable change of the surface
topography. But when the power was increased to about 66.3 mW/um?, an obvious
surface change of the exposed track was observed from the topography.

Figure 2. 6 shows the MFM images of the PMR media after laser exposure at
different power densities. At the power density of 26.0 mW/um?, there was no observable
change of the magnetic pattern. But if the power was increased to about 39.0 mW/um?,
an erased track was observed from the magnetic image. As the power density increased
further, the erased area became larger due to the thermal diffusion, shown in Figure 2. 6d.
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