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Abstract

Thermal Transport, Thermal Protrusion, and Thermally-Induced Material Transfer in the
Head-Disk Interface of Heat-Assisted Magnetic Recording

by

Qilong Cheng

Doctor of Philosophy in Engineering - Mechanical Engineering

University of California, Berkeley

Professor David B. Bogy, Chair

As data generated worldwide are growing explosively, it is crucial to increase the areal den-
sity of traditional storage devices to satisfy the requirements. Conventional hard disk drive
(HDD) technology, perpendicular magnetic recording (PMR), has reached the superparam-
agnetic limit of � 1 Tb/in2. To realize the areal density over 1 Tb/in2, the size of the media
bits must be further decreased to tens of nanometers, which requires high coercivity magnetic
media. The high coercivity can avoid superparamagnetism and thus store data safely at the
small bit size under room temperature, but it makes data writing challenging. To assist
the writing process, energy is input to the media to lower its coercivity temporarily. Cur-
rent technologies such as heat-assisted magnetic recording (HAMR) and microwave-assisted
magnetic recording (MAMR) utilize two different methods to lower the coercivity. HAMR
integrates a laser to locally heat the media to its Curie temperature (400–500 �C), while
MAMR uses a spin torque oscillator to induce ferromagnetic resonance in the media grains.

In the HAMR head-disk interface (HDI), a recording head flies over a rotating disk with
a relative velocity of 5–40 m/s and an initial spacing of 10–15 nm controlled by an air
bearing. Then, the spacing is reduced by energizing a joule heater inside the head. The
heater generates a protrusion on the head surface to lower the initial spacing to 1–2 nm so
that data reading/writing can be performed using the read/write transducers in the head.
The head is also integrated with a laser diode, a waveguide (WG) and a near-field transducer
(NFT) for laser delivery. The laser beam is launched from the recording head and is focused
on the recording disk to locally heat the disk (400–500 �C), which is even hotter than the
head temperature (150–250 �C). Therefore, the head-disk interface of HAMR is a system
that combines nanoscale spacing (< 15 nm), high temperatures (head � 150–250 �C, disk
� 400–500 �C), steep thermal gradient (� 10 K/nm), and a high-speed sliding condition
(5–40 m/s). Furthermore, the introduction of the laser affects thermal transport and thermal
protrusion, and causes thermally-induced material transfer in the interface, which needs to
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be investigated both for fundamental understanding and for practical applications such as
HAMR and other microelectronics devices.

To study the thermal transport across a closing gap between the head and the disk, we
conducted static touchdown experiments using a custom-made setup where the disk is not
rotating to exclude the air cooling effect. The head temperature rise was measured as a
function of the heater power under various conditions such as different substrate materials,
relative humidity and laser on/off. An enhanced thermal transport due to phonon heat
conduction is observed for the gap < � 2 nm. The thermal transport across the gap becomes
stronger when a better thermal conductor is used as the substrate or when the humidity is
higher than 75%. With the presence of the laser, the head undergoes a joule heat dissipation
inside the head and a back-heating from the hot spot on the substrate.

In the HAMR operations, the laser delivery involves energy loss, which leads to a localized
angstrom-level laser-induced protrusion (LIP) and a fly height change (FHC). They need to
be considered and compensated in the spacing control. Flying touchdown experiments were
performed to evaluate their overall effect on the spacing change, then they were separated
using their different time constants in microseconds and milliseconds. In addition, HAMR
operations may utilize two heaters in the head. It is demonstrated that the head protrusion
shape can be modulated by use of the dual heaters, and that the touchdown area can be
controlled precisely.

During the laser exposure under HAMR operations, material transfer also happens due to the
high level of thermal transport. The temperature of the hot spot on the disk is much higher
than the lubricant evaporation temperature, so the lubricant is evaporated from the disk and
then condenses on the head surface. The material accumulation on the head surface, also
known as smear, is a challenging reliability issue for HAMR. We experimentally investigate
the smear formation mechanism and propose two smear mitigation strategies. The results
show that the smear forms when the lubricant evaporation occurs for a certain time, and that
the smear can be mitigated by a mechanical burnishing approach or a thermal approach.

Next, we report a thermal mapping technique using a phase change material Ge2Sb2Te5.
Ge2Sb2Te5 undergoes a crystalline transition at 149 �C with changes in its density and optical
reflectivity. By use of these changes, we can map surface temperatures from nanoscale to
microscale with minimal calibration, which is demonstrated using a recording head.

Finally, we propose a near-field thermal transport based scheme for lubricant thickness mea-
surement. The thermal effect of the lubricant is investigated when the head approaches the
disk in the flying touchdown experiments, which is then used to determine the lubricant
thickness. Most previous lubricant measurements require an ex-situ tool such as optical
surface analyzer (OSA), but the proposed scheme is an in-situ method with a sub-angstrom
resolution and a faster response time. Using the scheme, we performed in-situ measurements
of the lubricant depletion and reflow dynamics under HAMR operations.
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Chapter 1

Introduction

Human history has shifted from industrial production to an era where everything is relevant
to information and computerization, which is also known as the Information Age. Data is
indispensable and plays an essential role in people's lives. Meanwhile, the data generated
worldwide are growing explosively and are expected to grow more rapidly in the future.
According to the International Data Corporation, the global datasphere, which refers to the
total amount of data created and consumed, will increase from 40 ZB in 2019 to 175 ZB in
2025 (1 ZB (zettabyte) = 109 TB (terabyte)) [1]. The storage for such a huge amount of
data can be roughly classi�ed into two categories - hard disk drives (HDDs) and NAND 
ash
(including NAND 
ash based solid state drives (SSDs), memory cards, USB 
ash drives, etc.)
An IBM report shows that the price-per-GB of HDD is one ninth that of NAND in 2018,
and that the percentages of total manufactured storage for HDDs and NAND in 2018 were
76% and 20%, respectively [2]. Despite SSDs' increasing popularity in personal data storage
such as laptops and smartphones, HDDs are still the major storage medium in data centers
due to their low cost and longevity.

Conventional HDD technology, perpendicular magnetic recording (PMR), has reached
the superparamagnetic limit of� 1 Tb/in 2 (areal density). To satisfy the storage require-
ments for worldwide explosive data growth, a new technology called heat-assisted magnetic
recording (HAMR) has been proposed to realize a higher areal density [3{6]. HAMR tech-
nology uses high coercivity magnetic media with the bit size as small as tens of nanometers,
and it integrates a laser to heat the media to assist data writing. The head-disk interface
(HDI) of HAMR is a system that combines nanoscale spacing, high temperatures, steep
thermal gradient, and a high-speed sliding condition. Furthermore, the introduction of the
laser a�ects thermal transport and thermal protrusion, and causes thermally-induced mate-
rial transfer in the interface. In this dissertation, experiments were performed to study these
issues for fundamental understanding and for practical applications.

This chapter serves as an introduction to the dissertation. Section 1.1 discusses the basics
of HDDs. Section 1.2 introduces HAMR technology and its existing reliability issues. The
objective of this dissertation is demonstrated in Section 1.3. The organization and novel
contributions of this dissertation are presented in Section 1.4.
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1.1 Hard disk drive

The internal view of an HDD is shown in Figure 1.1 (image by cabrard on pixabay.com,
with permission of Pixabay License). An HDD consists of a spindle, a head attached to a
suspension, an actuator arm, a disk, a voice coil motor (VCM), etc. The spindle rotates
the disk at a designed speed (typically 5400{10000 RPM). The disk stores binary data in
the form of magnetic bits, which contain tens of grains with \up" or \down" magnetic
orientation. The head 
ies over the rotating disk and contains read/write transducers (also
termed as reader/writer) to perform data reading/writing. Data reading determines the \up"
or \down" magnetic orientation in the magnetic bits, while data writing magnetizes the bits
to \up" or \down" orientation by use of the head magnetic �eld. The head is attached to the
end of the suspension, which is connected to the actuator arm. The data reading/writing
commands in the HDD are sent and processed via the VCM.

Figure 1.1: Internal view of a hard disk drive (HDD).
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The data are stored in circular tracks on the disk. Figure 1.2 shows the data read-
ing/writing process in the HDD. During this operation, the computer gives commands of
data reading or writing to the circuit board that includes the VCM. Then the circuit board
instructs the actuator arm to move to the exact radial location, and assigns the head to read
the data from the disk or write the data to the disk. The signals acquired by the head are
sent back to the computer via the circuit board.

Figure 1.2: Data reading/writing process in HDD.

The data reading and writing are performed using the recording head. Figure 1.3 shows
optical images of a recording head and its air bearing surface (ABS). The device in Fig-
ure 1.3(a) is also called a head gimbal assembly (HGA), which consists of 
exible cables, a
suspension and a slider. The 
exible cables connect the components in the head with the
circuit board in the HDD. The suspension is attached to the actuator arm such that the
head can move with the arm. The slider is a small block that 
ies over the rotating disk.
The slider is coupled to the suspension through a gimbal assembly, allowing its pitch and roll
motions to follow the topography of the disk surface [7]. The surface of the slider facing the
disk is called the air bearing surface (ABS) as shown in Figure 1.3(b). The ABS is specially
designed with complex patterns to control the nanoscale spacing from the disk. When the
slider comes closer to the rotating disk, the air between the slider and the disk is compressed



CHAPTER 1. INTRODUCTION 4

and forms an air bearing with a pressure distribution determined by the ABS pro�le. The
high-pressure air bearing lifts the slider from the disk surface and thus the slider can 
y over
the rotating disk. The disk moving direction is denoted in Figure 1.3(b). The bottom edge
of the slider that faces the oncoming disk is called the leading edge, while the opposite edge
is called the trailing edge. The spacing between the trailing edge of the ABS and the disk
surface is� 10{15 nm in current HDDs. The read/write area is also located near the trailing
edge on the ABS.

Figure 1.3: Optical images of (a) a recording head and (b) the air bearing surface (ABS).

Figure 1.4 shows the multilayer disk structure. The disk has a magnetic layer that is
� 100 nm thick on an AlMg or glass substrate. The magnetic layer is coated with a carbon
overcoat (protective layer,� 2 nm thick) and a molecular layer of per
uoropolyether (PFPE)
lubricant ( � 1 nm thick) [4, 8]. Common PFPE lubricants used on the disk are Zdol, Ztetraol
and Ztetraol multidentate [9{12]. They have a Z-type backbone chain, but with di�erent

Figure 1.4: Multilayer disk structure.
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end groups. The lubricant improves the high-speed tribological performance by passivating
the surface against contamination, minimizing friction, and preventing corrosion [4, 13, 14].

The interface between the head and the disk is called the head-disk interface (HDI).
Figure 1.5 shows a schematic diagram of the HDI. With the increasing areal density of the
HDD, the sizes of the components in the head and the bits in the disk must shrink. The
spacing between the head and the disk also reduces from micrometers to nanometers [15, 16].
Nowadays, the initial head-disk spacing is� 10{15 nm controlled by the air bearing design.
The spacing is further reduced by energizing a joule heater in the head [17]. The heater
generates a microscale protrusion on the head surface (the bulge in Figure 1.5) by thermal
expansion to achieve a physical spacing of� 1 nm between the protrusion surface and the
disk surface, which is called the 
y height. Therefore, the heater is also known as the thermal

y-height control (TFC). With the physical spacing reduced to � 1 nm, data reading/writing
can be performed using the read/write transducers (reader/writer) in the head. The heater
actuation and the resultant 
y height dynamics have been extensively investigated [18{22].
There is also a thermometer near the head surface, which is called the touchdown sensor
(TDS) or embedded contact sensor (ECS). The thermometer is a metal wire that measures
the head temperature [23{26]. It is typically used to detect the head-disk contact from
the head cooling e�ect when the head protrusion approaches the disk or from the frictional
heating induced by the head-disk contact [27, 28].

Figure 1.5: A schematic diagram of the head-disk interface (not to scale).

Head-media spacing (HMS), another commonly used term in the industry, di�ers from
the 
y height. The HMS is the distance between the bottom of the reader in the head and the
top of the magnetic layer in the disk [29], while the 
y height refers to the physical distance
between the two bodies in the HDI. Thus, the HMS is the sum of the head carbon overcoat
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thickness, the 
y height, the lubricant thickness and the disk carbon overcoat thickness. It
is noted that the reader performance can improve approximately by a factor of two when
the HMS decreases by 0.3{0.5 nm [29]. Therefore, the HDD industry devotes much e�ort to
the development of ultrathin protective �lms and further reduction of the 
y height.

1.2 Heat-assisted magnetic recording (HAMR)

Conventional HDD technology, called perpendicular magnetic recording (PMR), has reached
the superparamagnetic limit of� 1 Tb/in 2 [30]. If the magnetic bit size in the disk is further
reduced to realize a higher areal density, the bits' magnetization can be randomly reversed
by thermal 
uctuations under room temperature without any external �eld, which is called
superparamagnetism [31]. Then, the data can not be stored stably on the disk. If higher
coercivity magnetic layers are used in the disk, the magnetic bits in the disk can be thermally
stable, but data writing becomes more challenging. To address the dilemma between the
high areal density and the data writing challenge, heat-assisted magnetic recording (HAMR)
has been proposed [3{6].

The HAMR principle is shown in Figure 1.6 [4]. HAMR utilizes a high coercivity magnetic
layer which can avoid superparamagnetism and store the data stably at room temperature.
During the data writing operations, HAMR uses a laser to heat the disk to lower the magnetic
layer's coercivity temporarily such that the data can be written on the disk using the head
write �eld. The write temperature is usually in a narrow temperature range below the mag-
netic layer's Curie temperature [32]. Then, the disk cools down naturally (in nanoseconds)
and the coercivity becomes high again to ensure stable data storage.

Figure 1.6: An illustration of HAMR principle. Inspired by Fig. 1 of Ref. [4].
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Figure 1.7 shows a schematic diagram of a typical HAMR head-disk interface. Compared
to conventional PMR technology, HAMR contains additional components such as a laser
diode, a waveguide (WG), a near �eld transducer (NFT) in the recording head and a heat
sink in the recording disk [6, 33]. As shown in Figure 1.7, a laser beam is launched from the
laser diode and travels through the WG and the NFT (NFT omitted in Figure 1.7). The
laser is �nally focused on the recording disk to locally heat the disk to its Curie temperature
(400{500 � C) with a spot size� 25 nm [4, 34]. Thus, the coercivity of the magnetic layer in
the disk is lowered and data writing can be performed. The head is also heated to 150{250� C
by the laser during this process [34]. Therefore, the HAMR head-disk interface is a system
that combines nanoscale spacing (< 15 nm), high temperatures (head� 150{250 � C, disk
� 400{500 � C), steep thermal gradient (� 10 K/nm), and a high-speed sliding condition
(5{40 m/s) [4, 14]. The HDI performance directly determines the lifetime of the HAMR
product [14, 29].

Figure 1.7: A schematic diagram of the HAMR head-disk interface (not to scale). The
reader, writer and NFT are omitted.

The introduction of the laser brings several reliability issues to the head-disk inter-
face [14, 29, 35]. First, the laser heats the head to 150{250� C and heats the disk to
400{500 � C, which produces thermal transport across the head-disk interface. The laser
heating may cause overheating issues at the NFT, and thus a�ects laser energy delivery and
causes head failure [36, 37]. Therefore, understanding the thermal transport across the HDI
is of great importance to the HAMR technology. In addition, the laser delivery proceeds with
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energy loss [38], which leads to a localized angstrom-level laser-induced protrusion (LIP) and
a 
y height change (FHC) [34]. The LIP may cause material failure, leading to the degra-
dation of the HDD performance [39]. Hence, the LIP and the FHC need to be considered
and compensated in the spacing control [40]. During the laser exposure, material transfer
also occurs due to the high level of thermal transport. The temperature of the hot spot on
the disk is much higher than the lubricant evaporation/decomposition temperature [41{43],
so the lubricant is evaporated/decomposed from the disk and then condenses on the cooler
head surface. The material accumulation on the head surface, also known as smear, is a
challenging reliability issue for HAMR [14, 36]. The smear can a�ect the head's 
yability
as well as the thermal transport and the NFT e�ciency of laser delivery in the HAMR
head-disk interface, which may �nally lead to the device failure [36]. These reliability issues
on thermal transport, thermal protrusion, and thermally-induced material transfer need to
be investigated both for fundamental understanding and for practical applications such as
HAMR or other microelectronics devices.

This dissertation focuses on HAMR, but there are other emerging technologies besides
HAMR such as energy-assisted perpendicular magnetic recording (ePMR) and microwave-
assisted magnetic recording (MAMR). To assist data writing, ePMR applies a bias current
to the writer and generates an additional magnetic �eld, while MAMR uses a spin torque
oscillator to induce ferromagnetic resonance in the media grains [44]. The spin torque oscil-
lator in MAMR undergoes a high current density (� 108 A/cm 2) during writing, so MAMR
also has the head overheating problem (> 200 � C) [45].

1.3 Objective of this dissertation

HAMR, as one of the most promising technologies to boost the areal density of hard disk
drives over 1 Tb/in2, is approaching commercialization. However, since the HAMR drive is
still in the early stage as a product, there still remain some important reliability issues to
be studied such as thermal transport, thermal protrusion, and thermally-induced material
transfer, as described in Section 1.2. In this dissertation, experiments were performed to
investigate these issues for fundamental understanding and for practical applications. The
objectives of this dissertation are as follows:

ˆ Provide a better understanding of the thermal transport across the head-disk interface
under various conditions

ˆ Measure the angstrom-level laser-induced protrusion and modulate the head protrusion
shape by use of dual heaters for protrusion management

ˆ Investigate the smear formation and the smear mitigation, and develop a head cleaning
scheme for smear management

ˆ Propose a thermal mapping technique and a scheme for lubricant thickness measure-
ment, and give new insights into thermal measurements and thin �lm measurements
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1.4 Organization and novel contributions of this
dissertation

The organization and novel contributions of this dissertation are presented in this section.
Chapter 1 introduces the basics of HDDs and HAMR, and describes several HAMR reliability
issues that need to be addressed.

Chapter 2 presents thermal transport experiments across a closing gap between a record-
ing head and a substrate. A nanoscale gap is realized between the two macroscopic surfaces
using a custom-made experimental setup. The gap is further reduced to zero by energizing
a heater in the recording head. Meanwhile, a thermometer in the head is used to measure
its temperature when the head surface approaches the substrate. The experiments were per-
formed under various conditions to investigate e�ects of substrate material, relative humidity
and laser current on the thermal transport.

In Chapter 3, we performed 
ying touchdown experiments using a component-level
HAMR test stage. First, we present a touchdown-based method to measure the angstrom-
level laser-induced protrusion (LIP). The e�ect of laser heating on slider dynamics is also
investigated and analyzed. Then, we performed experiments to demonstrate that the head
protrusion shape can be modulated by use of dual heaters, and that the touchdown area can
be controlled precisely.

In Chapter 4, smear formation and smear mitigation in HAMR are investigated exper-
imentally. E�ects of disk temperature and laser exposure time on the smear formation
are studied, and the smear formation mechanism is revealed. Then, two smear mitigation
strategies are presented. One is a mechanical approach where the smear can be mitigated
due to frictional interactions induced by the heaters in the head, and the other is a thermal
approach by reversing the direction of temperature di�erence in the head-disk interface.

Subsequently, Chapter 5 presents a versatile thermal mapping technique based on a phase
change material Ge2Sb2Te5. By use of the change of its properties before/after the phase
transition, the technique can spatially resolve devices' surface temperature from nanoscale
to microscale with negligible temperature interference and minimal calibration, which is
demonstrated using a recording head.

Chapter 6 presents a near-�eld thermal transport based scheme for lubricant thickness
measurement. The e�ect of the lubricant on the near-�eld thermal transport between the
head and the disk is studied. Then, we propose an in-situ scheme to measure the lubricant
thickness, and report the �rst quantitative measurements of sub-angstrom depletion and
re
ow dynamics of the nanometer-thick PFPE lubricant on the disk when exposed to high-
temperature HAMR-type operations.

Chapter 7 concludes this dissertation and presents potential future work.
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Chapter 2

Thermal transport across a closing
gap

2.1 Introduction

Nanoscale thermal transport between two bodies at di�erent temperatures is a broadly stud-
ied topic [46{58]. As the microelectronics industry pushes the physical size of components
in devices down to nanoscale dimensions, the nanoscale thermal transport leads to mass
transfer and overheating problems that a�ect the e�ciency of the devices and introduce re-
liability issues [4, 36, 37, 59]. Therefore, understanding the nanoscale thermal transport and
its tunability is of fundamental signi�cance and holds high economic value for various indus-
trial applications such as hard disk drives [4, 5, 33], nanolithography [60, 61] and near-�eld
thermophotovoltaics [62{64].

The thermal transport between the two separated macroscopic bodies strongly depends
on the size of the air gap between them. For a larger gap (� � m), the thermal transport
includes air conduction and radiation that follows the Stefan-Boltzmann law. At a smaller
gap (� � m to � few nm), the radiative thermal transport between the macroscopic bodies
increases strongly, as a result of evanescent electromagnetic �elds [50, 55, 65{67]. Further,
for a narrower gap (< � few nm), the thermal transport sharply increases and is dominated
by additional mechanisms such as phonon heat conduction [68, 69]. Recent experimental
observations, along with the theoretical framework of 
uctuational electrodynamics, have
shown that the thermal transport across nanoscale gaps exceeds the Planck's blackbody
limit by several orders of magnitude [50, 55, 66, 67, 70].

In this chapter, static touchdown experiments were conducted under various conditions
using a custom-made setup to study the thermal transport across a closing gap. Section 2.2
introduces the experimental setup for the static touchdown. Section 2.3 presents experimen-
tal results and discussion of the results. Speci�cally, e�ects of substrate material, relative
humidity and laser current are investigated. Section 2.4 concludes this chapter.

This work was completed jointly with Siddhesh Sakhalkar, Amin Ghafari and Yuan Ma.
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Siddhesh Sakhalkar performed simulations to predict the head/disk temperature and the
head-disk spacing during the static touchdown. Amin Ghafari computed the thermal coef-
�cient of phonon heat conduction. Yuan Ma built the experimental setup. I performed the
static touchdown experiments under various conditions and measured the head temperature
rise versus the heater power.

2.2 Experimental setup: static touchdown

In the static touchdown experiments, we study the nanoscale thermal transport across a
closing gap between a recording head and a substrate in ambient conditions. The head
contains a well-understood embedded microscale heater [71] and a metal wire of� 100 nm
wide, as shown in Figure 2.1. Traditionally, the heater is used to adjust the spacing between
the recording head and a rotating disk. The metal wire, also known as the touchdown sensor
(TDS) or embedded contact sensor (ECS), is located near the read/write transducers and
is surrounded by metal shields. It is typically used to detect head-disk contact [27]. In this
chapter, the metal wire functions as a resistance based thermometer that has a constant
temperature coe�cient of resistance (TCR). In the experiments, the resistance change of the

Figure 2.1: (a) An optical image of a recording head showing its ABS. (b) The simulated
temperature �eld when the heater power is 80 mW while the head-substrate gap is around
2 nm. (c) An atomic force microscopy (AFM) image of the head surface showing the ther-
mometer.
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thermometer was used to measure the temperature rise due to the heater by:

R(T) = R(T0)(1 + � (T � T0)) ; (2.1)

where R(T) and R(T0) are the resistances of the thermometer at any temperatureT and
room temperatureT0 and � is the TCR. Figures 2.1(b-c) show that the temperature �eld
near the thermometer is uniform since the heater has a microscale heated area. Thus,
the thermometer can accurately measure the temperature of the head surface. Therefore,
this recording head provides an excellent platform for conducting such experiments of the
nanoscale thermal transport between two bodies.

Figure 2.2 shows the calibration details of the thermometer. The thermometer has a TCR
of 0.003/K, which was determined using a 4-probe measurement, as shown in Figure 2.2(a).
When measuring the head temperature, the thermometer was biased using a small enough
DC voltage for its overall self-heating to be ignored (� 0.1 � C rise according to Figure 2.2(b)).
The resolution of the thermometer is� 0.1 � C, which is estimated from the resolution of
resistance measurement� 0.02 
.

Figure 2.2: (a) Calibration of the thermometer showing that its TCR is 0.003/K. (b) The
temperature rise versus the self-heating power of the thermometer (slope: 162� C/mW).

The experimental setup for static touchdown is shown in Figure 2.3. The ABS of the
head was loaded onto a substrate. The substrate was �xed on a metal heat sink, so the
bottom surface of the substrate was kept at room temperature. Then the heater in the
head was energized and a microscale protrusion formed on the head surface due to thermal
expansion. Thus, the gap between the head surface and the substrate decreased with the
heater power until they were into contact with each other. Meanwhile, the thermometer
located at the center of the protrusion surface measured the protrusion's temperature as
it approached the substrate. The thermal transport between the head protrusion and the
substrate is dominated by air conduction and phonon heat conduction, where radiation is
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Figure 2.3: A schematic diagram of the experimental setup (not to scale). Several cases:
(a) a gap between the head and the substrate; (b) direct contact between the head and the
substrate; (c) with presence of the laser.

negligible [57]. Figures 2.3(a-b) show that the initial gap between the two bodies can be
adjusted by movement of the substrate. The curvature of the ABS was used to adjust the
initial gap between the thermometer and the substrate. For example, when the substrate
moves left, the friction between the crowned ABS and the substrate forces the head to tilt
and hence the gap size is decreased. Even direct contact can be realized as an initial condition
as shown in Figure 2.3(b). Figure 2.3(c) shows the case with a built-in laser using a HAMR
head. The heater, the thermometer and the laser were controlled by a data acquisition
(DAQ) system that consisted of two synchronized Multifunction I/O Devices manufactured
by National Instruments (NI): PCI-6115 and USB-6211. They have multiple analog output
channels and analog input channels with high sampling rate (� MHz).

The experimental setup is in an environment with relative humidity (RH) control as
shown in Figure 2.4(a). The entire setup was put into a sealed chamber with a dry air inlet
and a vacuum pump, which were used to achieve low humidity conditions. For higher RH,
di�erent types of saturated salt solutions (NaCl, KNO3, K2SO4, etc.) or pure water were
put into the chamber to keep the relative humidity at di�erent levels [72]. Figure 2.4(b)
shows the measured RH data in two cases, and their �ttings using the exponential function
RH = A � Be� t

� , whereA, B , � are the �tting parameters. The experiments were conducted
after the humidity reached equilibrium in the chamber (� 12 h according to Figure 2.4(b)).
It is noted that the pressure inside the chamber was always 1 atm.
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Figure 2.4: (a) A diagram showing how the relative humidity is controlled. (b) The relative
humidity in the chamber over time with pure water or NaCl aq.

2.3 Results and discussion

2.3.1 E�ect of substrate material

The e�ect of substrate material on the thermal transport is investigated in this subsection.
Three substrates with various thermal properties (silicon/GaAs/glass wafers) are chosen
instead of the multilayer disks that are broadly used in the HDD industry. Figure 2.5 shows
the measured temperature rise as a function of the heater power in the cases of free heating,
closing gaps and contact on silicon wafer and GaAs wafer. Free heating is the case where the
initial gap between the head and the substrate is larger than the protrusion that 200 mW

Figure 2.5: The temperature rise as a function of the heater power in the cases of free
heating, closing gaps and contact on (a) silicon wafer and (b) GaAs wafer.
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heater power can produce, so the gap is not closed and thus no cooling due to near-�eld
enhanced thermal transport occurs, which makes the curve always linear. Contact case is as
shown in Figure 2.3(b) with the initial gap being zero, so a smaller heating slope appears
due to heat conduction through contact (contact heat conduction). The curves between
the free heating case and the contact case correspond to closing gaps but with di�erent
sizes. With a larger initial gap, more heater power is required to close the gap, so the
local maximum/minimum of the curves both occur at larger heater powers. Figure 2.5
demonstrates that the initial gap can be controlled using the static touchdown setup.

Figure 2.6: The temperature rise as a function of the heater power in the case of a closing
gap or direct contact on silicon/GaAs/glass wafers under the condition of indoor humidity
around 35%.

Figure 2.6 shows the measured temperature rise as a function of the heater power using
the three substrates (silicon/GaAs/glass wafers, surface roughnessSq � 0.1 nm). The solid
lines present the results of cases for which the initial gap size is around 21.3 nm (from
simulation as shown in Figure 2.7) while the dashed lines show the cases with direct contact
as the initial condition. The measured temperatures �rst increase linearly with the heater
power where the air conduction across the gap dominates to almost 2 nm, which is called free
heating stage. With the decrease of the gap, enhanced phonon heat conduction dominates
and causes a drop in the temperature (cooling stage). Finally, the head protrusion makes
contact with the substrate and a much smaller heating slope is observed due to contact heat
conduction (contact stage). Figure 2.7 shows that the enhanced phonon heat conduction
begins to take e�ect when the gap is within around 2 nm, which is close to the prediction of
another approach using an atomic formalism [68]. The detailed description of the simulation
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Figure 2.7: The measured temperature rise and the simulated gap size versus the heater
power in the case of silicon wafer.

model used to determine the temperature �eld in Figure 2.1(b) and the gap in Figure 2.7
can be found in Ref. [57].

Comparing the cases of 21.3 nm initial gap (solid lines) and the cases of initial direct
contact (dashed lines), we see that the contact stages of the curves with 21.3 nm gap overlap
with the dashed lines. Comparing among the three substrate materials, we �nd that the
material thermal conductivity plays an important role. The thermal conductivities of the
substrates are listed in Table 2.1. During the free heating stage of each curve, the glass
curve has the largest heating slope because the glass has the smallest thermal conductivity
(1.3 W/(m �K)) and hence the glass substrate undergoes a higher temperature rise compared
to the silicon and the GaAs substrates (148 W/(m�K) and 56 W/(m �K)). Figure 2.8 shows
the simulation results of the head/substrate temperature rise, along with the experimental
results. It is found that the glass substrate undergoes a temperature rise� 120 � C before
contact occurs, while the silicon substrate only has an increase� 20 � C, which is due to its

Substrate Thermal conductivity (W/(m �K))
Silicon 148
GaAs 56
Glass 1.3

Table 2.1: Thermal conductivity of the substrates.
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Figure 2.8: The simulation results of temperatures at both the thermometer and the top
surface of the substrate (disk).

high thermal conductivity. In Figure 2.6, the GaAs also shows a similar free heating slope to
the silicon because the air conduction dominates the free heating stage and the GaAs/silicon
both have a thermal conductivity much larger than air (� 0.02 W/(m�K)).

After contact occurs, the heating slope is totally determined by the thermal conductivity
of the substrate. When using a better thermal conductor such as silicon, the heating slope
becomes smaller because the heat conduction becomes stronger through contact. Therefore,
the temperature drop (cooling) between the free heating stage and the contact stage is essen-
tially dependent on the material thermal conductivity. The steepness of the drop depends
on the van der Waals (vdW) force and the thermal coe�cient of the phonon heat conduction
across the gap. The vdW force between the head protrusion and the substrate causes a
steeper drop in the curve of the temperature rise versus the heater power, as demonstrated
in Ref. [57]. The thermal coe�cient of the phonon heat conduction a�ects the total HDI
thermal conductance and thus a�ects the heater power required to produce the last 2 nm of
the gap until contact.

Moreover, the thermal transport experiments were also conducted in vacuum to exclude
the air conduction. Figure 2.9 plots the results of static touchdown on silicon wafer in air
and in vacuum (< 10� 4 Torr). Due to the absence of the air conduction, the vacuum curve
has a larger heating slope in the free heating stage and an earlier local maximum (� 2 nm
gap from Figure 2.7) than the air curve, which makes sense because the same amount of the
heater power can produce a higher temperature and a larger thermal protrusion when the
cooling across the interface becomes less. Finally, the two cases present the same heating
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slope in the contact stage where the contact heat conduction dominates regardless of the air
conduction.

Figure 2.9: The results of static touchdown on silicon wafer in air/vacuum.

2.3.2 E�ect of relative humidity

In this subsection, the e�ect of relative humidity (RH) is investigated for further understand-
ing the thermal transport across the closing air gap. Figure 2.10 shows the experimental
results of the temperature rise as a function of the heater power under di�erent RH condi-
tions using a silicon substrate. The case of direct contact on silicon which is independent
of humidity is also added in Figure 2.10 for comparison. The curves show no change in the
measurement when the RH� 75%. When the RH> 75%, the curves of the temperature rise
versus the heater power show a smaller temperature rise and a more gradual temperature
drop. The last linear stages of all curves, namely the contact stages, still overlap with the
black dashed line, which was measured in the case of direct contact as the initial condition.
Thus, we have shown that the nanoscale thermal transport depends on the ambient humidity
for RH > 75%.

Figure 2.10 shows that the nanoscale thermal transport is enhanced when the humidity
is beyond 75%. One of the potential explanations is that a thin water layer forms under
high RH conditions. The water layer reduces the gap between the head protrusion and the
substrate, and absorbs a portion of heat. A previous study shows that the thickness of the
absorbed water layer remains smaller than 1 nm when the RH is low and increases to 3 nm
under the high RH conditions [73]. This trend matches the results in Figure 2.10 in that the
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Figure 2.10: The temperature rise as a function of the heater power under di�erent RH
conditions with the substrate of silicon.

water layer takes e�ect when its thickness is comparable to the gap, namely under high RH
conditions.

To further investigate the reason why the high RH a�ects the thermal transport, we need
to pay attention to the transient data. Figure 2.11(a) shows the steady result on silicon
wafer and Figure 2.11(b-d) show the transient data at three heater powers in the three
stages. The data points in the steady curve are the average of the corresponding transient
data. At the heater power of 63 mW, the curve in Figure 2.11(a) is in the free heating
stage, so the temperature signal in Figure 2.11(b) ramps up and falls when turning on/o�
the heater. When the heater power is 101 mW in the cooling stage, two peaks are observed
in Figure 2.11(c), one when the heater is turned on and the other when it is turned o�, which
can be explained by the proposition that the dynamic response of heater protrusion is faster
than the heat dissipation. For example, the head protrusion can be temporarily larger than
expected when the heater is energized, then more cooling caused by smaller gap (or contact)
decreases the head temperature until equilibrium is reached. With a higher heater power
133 mW in the contact stage, Figure 2.11(d) shows that the observed peaks become steeper
due to the contact heat conduction and the steady temperature decreases in accordance with
Figure 2.11(a).
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Figure 2.11: (a) The static touchdown result on silicon wafer. (b-d) The transient tempera-
ture rise at the heater power of 63 mW, 101 mW and 133 mW, respectively.

Figure 2.12: The transient temperature rise for the heater power of (a) 70 mW (b) 80 mW
under di�erent RH conditions.
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Returning to the RH e�ect, Figure 2.12 shows the transient measurement of the temper-
ature rise when the heater power is 70 mW or 80 mW. At the heater power of 70 mW, the
gap size is a little larger than 2 nm according to Figure 2.7, but the transient curve of 100%
RH shows that the water layer �lls the gap and that the heater heats the layer continuously,
resulting in the lower temperature at the thermometer, which is not observed for all other
curves. When the heater power is 80 mW, the low RH curves in Figure 2.12(b) show an
increase and then a gradual drop, similar to Figure 2.11(c). However, the 100% RH curve
does not show such a dynamic evolution, indicating that the head protrusion is already into
contact with some layer, which is assumed to be a thin water layer absorbed from the high
RH environment. Therefore, the interaction between the water layer and the gap accounts
for the smaller temperature rise when the RH increases. The more gradual temperature drop
in Figure 2.10 can also be explained by the water layer as water has a large heat capacity
(4.2 � 103 J/(kg �� C)) and acts as a bu�er.

Figure 2.13: (a) The static touchdown result on AlMg-substrate disk and (b) its transient
data at the heater power of 113 mW. (c) The static touchdown result on silicon under 75%
RH and (b) its transient data at the heater power of 109 mW.
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Figure 2.13 presents another evidence of the water layer's existence. During the cooling
stage of the AlMg-substrate disk case in Figure 2.13(a), the transient data at the heater
power of 113 mW shows a bump in Figure 2.13(b), which is due to the head protrusion's
interaction with the lubricant layer. The head protrusion comes into contact with the disk
surface and the lubricant's low thermal conductivity (0.1 W/(m�K) [74]) temporarily rises
its temperature. The same phenomenon also appears in the silicon case under 75% RH as
shown in Figure 2.13(c-d), which further veri�es the explanations based on the water layer.

2.3.3 E�ect of laser current

To study the e�ect of the laser current on the thermal transport across the closing gap,
HAMR heads with a built-in laser are used. It is noted that this type of HAMR head has a
laser spot size� 300 nm and no near-�eld transducer (NFT). Figure 2.14 shows the plots of
the thermometer temperature rise versus the heater power during static touchdown on the
silicon wafer and the AlMg-substrate disk, with the laser current varying from 0 to 50 mA.
Comparing between the two cases of silicon wafer/AlMg-substrate disk, they show a similar
heating slope in the free heating stage because the gap is over several nanometers and air
conduction dominates the thermal transport, which is also observed in the silicon/GaAs
cases in Figure 2.6. In the contact stage, the silicon wafer case shows a much smaller
heating slope than that in the AlMg-substrate disk case because silicon is a better thermal
conductor. First, silicon (148 W/(m�K)) has a higher thermal conductivity than AlMg
(117 W/(m �K)) [75]. Also, the multilayer structure of the disk makes the disk a much
poorer thermal conductor. The disk has a lubricant layer (0.1 W/(m�K)), carbon overcoat
layer (1 W/(m �K)) and a magnetic layer on the AlMg substrate [36, 74]. These layers and the
interface thermal conductances between them make the overall e�ective thermal conductivity

Figure 2.14: The temperature rise as a function of the heater power and varying laser currents
in two cases of (a) silicon wafer and (b) AlMg-substrate disk.



CHAPTER 2. THERMAL TRANSPORT ACROSS A CLOSING GAP 23

of the disk smaller than 117 W/(m�K), leading to the larger heating slope during contact in
the static touchdown. During the cooling stage, the AlMg-substrate disk presents a smaller
temperature drop than the silicon wafer case, which is caused by the total HDI thermal
conductance (3� 107 W/(m 2�K) in the AlMg-substrate disk case versus 5� 107 W/(m 2�K)
in the silicon case due to roughness) [57]. With a lower HDI thermal conductance, a smaller
heater power increase is needed to �ll the last� 2 nm of the gap until contact. Thus, the
cooling stage in the AlMg-substrate disk is short in terms of the heater power.

Figure 2.15: The laser-induced touchdown power change (�TDP).

As the laser current increases, both cases in Figure 2.14 show that the two critical heater
powers, corresponding to the local maximum/minimum of the temperature rise, decrease due
to the laser. The reason for this change is that the laser heating causes extra protrusions
on the head surface and the disk surface, which reduce the air gap. Hence, smaller heater
powers are needed for the two critical points. Additionally, the laser diode in this HAMR
head has a thresholdI th � 13 mA, which means that there is no laser coming out in the case
of 10 mA laser current. Therefore, the change of the critical heater powers in the case of
10 mA indicates that the laser-induced protrusion does form on the head surface. Figure 2.15
plots the laser-induced touchdown power change (�TDP) in the two cases of silicon wafer
and AlMg-substrate disk. Here, the touchdown power refers to the heater power at the
local minimum of the temperature rise, which is exactly between the cooling stage and the
contact stage. The �TDP indicates the gap change due to the laser-induced protrusions.
When the laser current is low (< 13 mA), no laser comes out from the head, so there is only
an extra laser-induced protrusion on the head surface and the �TDP accordingly rises slowly
versus the laser current. When the laser current goes beyond 13 mA, another laser-induced
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protrusion also forms on the silicon surface or disk surface, and as a result, the �TDP rises
linearly with a larger slope.

The thermometer temperature rise in Figure 2.14 is due to both the heater's joule heating
and the laser heating. This rise grows linearly with the heater power in the free heating stage
and in the contact stage. Thus, the laser heating e�ect can be obtained by subtracting the
laser-o� curve from the laser-on curves, which is called laser-induced temperature rise and
is plotted in Figure 2.16. The laser-induced temperature rise is as small as 1{2� C in the
case of 10 mA laser current (belowI th ) due to the laser's joule heat dissipation inside the
head. Also, the two stages in the silicon case have smaller laser-induced temperature rises
than the AlMg-substrate case due to the silicon's high thermal conductivity as discussed in
Subsection 2.3.1.

Figure 2.16: The laser-induced temperature rise in the free heating/contact stages.

Speci�cally, in the case of the silicon, the laser heating e�ect in the contact stage (red
bars) is always� 65% smaller than that in the free heating stage (blue bars), which is due to
the contact heat conduction since silicon is a good thermal conductor and dissipates the heat
e�ectively. However, the AlMg-substrate disk displays an opposite result with the presence
of the laser. In the cases of 20 mA{50 mA laser currents, the laser heating e�ect in the
contact stage (purple bars) becomes� 40% larger than that in the free heating stage (yellow
bars), which indicates that a hot spot forms on the disk due to the laser and in turn heats
the head (back-heating [25]) through contact. Under such circumstance, the disk surface
is hotter than the head, and hence no longer cools the head when they come into contact
with each other. Furthermore, in the case of 10 mA laser current (belowI th ) without laser
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output, the laser heating e�ect in the contact stage (purple bar) is only a little smaller than
that in the free heating stage (yellow bar) because of less contact heat conduction from the
disk (compared to silicon) and the absence of back-heating. Therefore, the back-heating
e�ect from the hot spot on the disk is directly observed on the AlMg-substrate disk using
the static touchdown experiments.

It is noted that the static touchdown experiments di�er from the actual HAMR drives in
that the disk is not rotating and the air cooling is excluded. In the actual HAMR case with
the rotating disk as shown in Figure 2.17, the thermal transport becomes more complicated
because the air cooling and frictional heating are involved as compared to the non-rotating
case (static touchdown results in Figure 2.14). The heater power change of the critical points
�TDP as shown in Figure 2.15 is dependent on the ABS design because the introduction
of the laser-induced protrusion is likely to change the ABS pressure distribution and the
spacing under the 
ying condition. More investigations are needed to fully understand the
thermal transport in the actual HAMR case with the rotating disk.

Figure 2.17: The temperature rise in the 
ying cases of a rotating (a) glass-substrate disk
and (b) AlMg-substrate disk.

2.4 Conclusion

We performed static touchdown experiments under various conditions to study the thermal
transport across a closing gap between the recording head and the non-rotating substrate.
Using the custom-made experimental setup, a nanoscale air gap can be realized between the
head and the substrate. The joule heater in the head was energized to generate a protrusion
to reduce the gap until contact occurred. The temperature rise of the thermometer that is
positioned near the head surface was measured along with the heater power. Particularly,
e�ects of substrate material, relative humidity and laser current were investigated.
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The thermometer temperature rise versus the heater power undergoes three stages: free
heating, cooling and contact. The heating slopes in the free heating stage and contact stage
depend on the thermal conductivity of the substrate material. The thermal transport across
the gap becomes stronger when the substrate material has a larger thermal conductivity.
During the cooling stage, an enhanced thermal transport due to phonon heat conduction is
observed for the gap< � 2 nm. The steepness of the temperature drop depends on the vdW
force and the thermal coe�cient of the phonon heat conduction across the gap.

It is also discovered that the thermal transport becomes stronger when the RH is higher
than 75%, along with a more gradual temperature drop in the cooling stage. A thin water
layer is assumed to form under high RH conditions. The interaction between the water layer
and the gap accounts for the stronger thermal transport. The more gradual temperature
drop can also be explained since the water layer has a large heat capacity and can act as a
bu�er.

With the presence of the laser, the laser-induced protrusions form on the head surface
and the disk surface, which contributes to the gap reduction and the �TDP. The laser
also provides extra heating to the head, and the laser-induced temperature rise is separated
from the experimental results. Besides the laser's joule heat dissipation inside the head, a
back-heating e�ect from the hot spot on the disk can be directly observed in the case of the
AlMg-substrate disk, while the silicon case shows no back-heating or less back-heating.

This chapter includes work published inApplied Physics Lettersin 2020 (reproduced
from [76], with the permission of AIP Publishing) and work presented atISPS-2019 [77]
and ISPS-2021[78] (with the permission from ASME).
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Chapter 3

Thermal protrusions in HAMR

3.1 Introduction

HAMR operations utilize a laser that travels through a waveguide (WG) and a near �eld
transducer (NFT) and shines on the rotating disk to locally produce a nanoscale hot spot
and lower the coercivity of the magnetic layer, as shown in Section 1.2. However, the laser
delivery involves energy loss as shown in Figure 3.1 [38]. The laser diode has an e�ciency
of around 50%, and the WG-NFT interface undergoes multiple coupling losses [33, 79, 80],
so only 0.5% of the input energy arrives at the disk to assist the HAMR writing.

Figure 3.1: Energy loss during the laser delivery. Inspired by Fig. 3 of Ref. [38].

The energy loss at the laser diode heats the whole body of the recording head, leading to a
crown/camber change and a broad 
y height change (FHC) [34]. The rest of the energy that
passes through the waveguide is partially absorbed by the head carbon overcoat, forming an
extra localized angstrom-level protrusion, which is called laser-induced protrusion (LIP), as
shown in Figure 3.2. The LIP forms in the short term (� � s) and the FHC happens in the
longer term (� ms) due to the crown/camber change. They need to be considered in the
HDI spacing control and compensated during 
ying in the HAMR conditions [40]. The LIP
may also cause material failure, leading to the degradation of the HDD performance [39].

In the previous studies, HAMR reliability issues such as thermal transport and material
transfer were broadly investigated [26, 57, 58, 81{83]. Only a few studies focused on the LIP
at the head surface. An atomic force microscopy (AFM) technique was used by Schrecket al.
to measure the NFT protrusion in the static condition and the result was combined with
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Figure 3.2: A schematic diagram (not to scale) showing the laser-induced protrusion (LIP)
in the HAMR head-disk interface.

modelling to extend to the 
ying condition [34, 84]. A burnish method was utilized by
Zhang et al. to characterize the LIP through contact with the rotating disk and AFM to-
pography scans [85]. Xionget al. came up with a timescale-based burst writing method to
evaluate the NFT protrusion and the spacing in HAMR [86]. The LIP has hitherto been mea-
sured based on burnishing or readback signal. In this chapter, a touchdown-based method
is proposed to measure the LIP.

In addition, HAMR operations may involve two heaters in the head to realize di�erent
and independent 
y heights at the read and write transducers, respectively [87, 88]. By use
of the dual heaters, a larger 
y height reduction at the transducers can be achieved, and the
heater actuation e�ciency (ratio of 
y height reduction to the maximum thermal protrusion)
can be improved [18, 89{93].

In this chapter, 
ying touchdown experiments were performed to evaluate the LIP and the
protrusions of the dual heaters. Section 3.2 introduces the experimental setup for the 
ying
touchdown. Section 3.3 describes a touchdown-based method to measure the angstrom-level
LIP and studies slider dynamics under laser heating. The overall e�ect of the LIP and the
FHC on the spacing change is investigated, and then they are separated using their di�erent
time constants. The slider dynamics is characterized using acoustic emission (AE) and laser
Doppler velocimetry (LDV). Section 3.4 demonstrates that the head protrusion shape can
be modulated by use of the dual heaters, and that the touchdown area can be controlled
precisely. Section 3.5 concludes this chapter.

This work was completed jointly with Haoyu Wang and Siddhesh Sakhalkar. Haoyu Wang
assisted with the LIP measurement. Siddhesh Sakhalkar performed simulations of minimum

y height during touchdown. I proposed the LIP measurement method and performed the

ying touchdown experiments to study the slider dynamics and the dual heaters.
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3.2 Experimental setup: 
ying touchdown

In the 
ying touchdown experiments, a component-level HAMR test stage was built as shown
in Figure 3.3. A HAMR head 
ies over a rotating disk with the components (the heaters,
the laser and the thermometer) controlled by PC via a data acquisition (DAQ) toolbox (two
synchronized NI devices: PCI-6115 and USB-6211). It is noted that the HAMR heads used
in this study contain the waveguide (� 500 nm on the head surface) but no NFT. The
heater and the laser were energized to perform the touchdowns on the rotating disk. The
heater generated a protrusion by thermal expansion to reduce the head-disk spacing. Contact
between the head and the disk was realized by increasing the heater power. The thermometer
measured the head temperature rise, which is the same as Section 2. The touchdowns,
namely the contact between the head and the disk, were indicated by an acoustic emission
(AE) sensor that was attached to the head �xture as shown in Figure 3.3(b). There was also
a laser Doppler velocimetry (LDV) beam above the head with the LDV spot focusing on the
back of the slider, exactly on the laser diode. The optical surface analyzer (OSA) controlled
the spindle speed.

Figure 3.3: (a) A schematic diagram and (b) an overview picture of the experimental setup.

3.3 Laser-induced protrusion

3.3.1 Measurement method

The e�ect of laser heating on the spacing change is measured using the following touchdown-
based method. When the laser is switched from OFF to ON, the touchdown power (TDP),
indicated by an acoustic emission (AE) sensor, decreases due to spacing loss that results from
laser heating. The touchdown power change (�TDP) is measured to study the LIP. We focus
on the millisecond timescale e�ect of the laser heating during 
ying, and the measured �TDP
is the overall outcome of the localized laser-induced protrusion (LIP, time constant� 1 � � s)
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and the broad 
y height change (FHC, time constant� 2 � ms, not drawn in Figure 3.2) [86].
The �TDP's dependence on laser-on time, laser current and linear velocity is investigated.

The laser is biased using a constant DC current and the heater power is increased in
steps (0.25 mW) to perform the touchdowns. The resolutions are 0.1 mA and 0.01 mW for
the laser current and the heater power. Figure 3.4 shows a typical implementation of the
heater power and the laser current. In each sampling period (120 ms), the laser is turned
OFF in the �rst half of the sampling time (laser-o� regime) and turned ON in the other
half (laser-on regime). When the laser is turned ON, the laser passes through the waveguide
and directly shines on the rotating disk. The TDPs measured in the laser-o� regime and the
laser-on regime are di�erent due to the laser, and hence, the di�erence �TDP is measured
to study the LIP. Since the heater power and AE signal are measured simultaneously in
each sampling period, this implementation ensures identical initial conditions for both the
laser-o� regime and the laser-on regime, regardless of smear from the laser heating or wear
from overpush touchdowns. Then di�erent 
ying parameters such as laser-on time, laser
current and linear velocity are controlled to study their e�ects.

Figure 3.4: Sampling patterns in the experiments (inset: zoom in of one sampling period).

Figure 3.5 shows the AE signal results at di�erent heater powers when 
ying at the
linear velocity V = 18 m/s. Notice that the left and right halves, divided by the vertical red
dash line in the sub-�gures, correspond to the laser-o� regime and the laser-on regime as
demonstrated in Figure 3.4. When the heater power is 168.90 mW, the AE signal remains at
its baseline value in both of the two regimes, so the head 
ies normally with the laser OFF
and ON. Then, when the heater power is 170.90 mW or 173.90 mW, the appearance of the
spikes in the right half indicates that contact occurs in the laser-on regime, but no contact is
observed in the laser-o� regime. At these two heater powers, the head keeps 
ying without
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Figure 3.5: AE signals at the heater powers of (a) 168.90 mW (b) 170.90 mW (c) 173.90 mW
(d) 175.40 mW (e) 175.90 mW (f) 176.90 mW when the laser current is 33.9 mA.

the laser, but turning on the laser induces spacing change (the LIP and the FHC), resulting in
contact between the head protrusion and the rotating disk. Furthermore, Figure 3.5(b) does
not show the contact until the laser remains ON for tens of milliseconds, which matches the
time constant � 2 of the FHC. When the heater power increases to 175.40 mW, 175.90 mW
and 176.90 mW, the AE signals also indicate contact in the laser-o� regime as well as in the
laser-on regime. At these three heater powers, contact occurs even without the laser because
the heater protrusion alone is too large compared to the head-disk spacing.

Figure 3.6 plots the root mean square (RMS) of the AE signal versus the heater power in
the laser-o� regime and the laser-on regime, which are also called touchdown curves, at the
same 
ying conditions as in Figure 3.5. The two curves were measured simultaneously in
each sampling period, so the only di�erence between them is the laser OFF/ON condition.
The TDP is de�ned as the heater power where the AE RMS signal ramps up beyond 105%
of its baseline value [94]. With the laser turned ON, the TDP decreases by several milliwatts
due to the laser. In the following experiments, the �TDP is measured and the LIP is isolated
using the time constants. Note that three states are observed in both the touchdown curves,
which are termed \
ying state", \bouncing state" and \sur�ng state" [95].

Assume that the transient responses of the LIP and the FHC can be described as

PLIP = A1(1 � e� t
� 1 ) � A1 (t � ms)

PFHC = A2(1 � e� t
� 2 )

�TDP = PLIP + PFHC = � A2e� t
� 2 + A1 + A2

(3.1)
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Figure 3.6: The result of �TDP due to laser heating (inset: zoom in of �TDP).

wherePX refers to the �TDP induced by the factor X (the LIP or the FHC) and A1; A2; � 1; � 2

are the amplitudes and the time constants of the LIP and the FHC, respectively. Figure 3.7
shows the relationship between the �TDP and the laser-on time with the linear velocity of
12, 18 and 24 m/s (3600, 5400, 7200 RPM) and the laser current of 40.8 mA, along with the
exponential �ttings. The �tting parameters can be found in Table 3.1. Figure 3.7 shows that
the �TDP increases with the laser-on time, which matches the transient development of the
LIP and the FHC at the surface of the recording head [86]. Table 3.1 indicates that the LIP
and the FHC have similar contributions, and that the FHC time constant� 2 is � 5.6 ms in
average. Thus, the �TDP needs � 28 ms to reach steady state in all three cases. Actually
the laser also results in a disk protrusion, however, which can be neglected because it is much
smaller compared to the LIP and has a time constant in nanoseconds [34].

Velocity (m/s) A1 (mW) A2 (mW) � 2 (ms)
12 2.979 2.908 4.799
18 2.829 2.797 6.513
24 2.698 2.563 5.556

Table 3.1: Fitting parameters for the transient �TDP.
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Figure 3.7: Relationship between the �TDP and the laser-on time when the laser current is
40.8 mA.

Figure 3.8: Relationship between the �TDP and the laser current (inset: the optical power
versus the laser current [96]).
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Figure 3.8 shows the relationship between the �TDP and the laser current at the same
velocities. The laser-on time is �xed at 60 ms, which is long enough for the �TDP to become
stable according to the experimental results in Figure 3.7. The �TDP has a two-stage linear
relation with the laser current, which matches well with the previous calibration of the optical
power with the laser current as shown in Figure 3.8 inset [96]. The LIP and the FHC are
formed by the absorption of the output laser power and the thermal di�usion in the head.
Hence, the �TDP caused by the laser is supposed to be proportional to the output laser
power (optical power), which presents two slopes versus the laser current before/after the
current threshold I th .

So far, the touchdown power change (�TDP) has been used to evaluate the LIP, but the
LIP size is not obtained yet. To do so, we need the heater e�ciency (nm/mW) to convert the
�TDP (mW) into absolute spacing (nm). Simulations based on CMLAir were performed
using a similar slider [37]. Figure 3.9 shows the simulation results of minimum 
y height
versus the heater power at the three linear velocities. Since the �TDP is measured using
the touchdown scheme, the heater e�ciency near disk proximity, namely close to contact, is
of interest. A constant heater e�ciency near contact is assumed. The boxes in Figure 3.9
show that the heater e�ciency is 0.0517, 0.0346 and 0.0281 nm/mW near disk proximity at
V= 12, 18, 24 m/s, respectively. When 
ying at a higher velocity, the same amount of the
heater power change corresponds to a smaller spacing change due to stronger air cooling and
air pressure [40].

Using the heater e�ciency (nm/mW) from the simulations, the �TDP (mW) can be

Figure 3.9: The simulation results of minimum 
y height versus the heater power.
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converted into the spacing change (nm), which arises from the LIP and the FHC. The LIP's
portion is isolated by assuming a constant ratioA1=A2 at the same linear velocity. Figure 3.10
shows the separated LIP size versus the laser current. In the case of 40.8 mA laser current,
the �TDPs measured in the three cases are 5.85, 5.51 and 5.21 mW with standard deviation
� 0.12 mW as shown in Figure 3.8, which can be converted by the heater e�ciency into
3.02, 1.91 and 1.46�A with standard deviation � 0.05 �A. Considering the ratiosA1=A2 in
Table 3.1, the separated LIP sizes are 1.53, 0.96, 0.75�A for the three velocities. Therefore,
the LIP reduces by around half when the linear velocity increases from 12 m/s to 24 m/s,
which is also caused by the stronger air cooling and air pressure.

Figure 3.10: The measured LIP size as a function of the laser current and the linear velocity.

3.3.2 E�ect on slider dynamics

This subsection investigates the e�ect of laser heating on slider dynamics. The 
ying touch-
down experiments were performed with the laser turned ON. When the heater power in-
creased beyond the TDP, contact occurred and the AE signal and LDV signal were recorded.
The AE sensor was mounted on the head �xture as shown in Figure 3.3(b) and it detected
the elastic vibrations produced by the head-disk contact events [97]. The LDV spot focused
on the laser diode at the back of the slider. Therefore, the vibrations that happen during
the head-disk contact can be evaluated from the AE and the LDV data.

Figure 3.11 shows the typical results of the temperature rise measured by the thermometer
and the AE RMS signal during the 
ying touchdown achieved by increasing the heater power.
As the head surface approaches the disk, the thermometer temperature increases �rst due
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Figure 3.11: The temperature rise and the AE signal during the 
ying touchdown.

to the heater heating, then drops due to the enhanced thermal transport by phonon heat
conduction (gap< 1 nm), and �nally increases again due to the frictional heating caused
by the head-disk contact. The AE RMS signal remains at its base value during 
ying, then
undergoes a steep ramp-up at the start of the bouncing state and an oscillation during the
bouncing state, and �nally levels o� to a value that is larger than the base value in the sur�ng
state. It is observed from the AE RMS signal (the vertical dashed line) that the contact
onset occurs at 168.0 mW, but the thermometer is still in the cooling stage at this moment,
illustrating that the contact between the head and the disk is not complete and thus the
frictional heating does not take e�ect yet. At this contact onset indicated by AE, contact
only happens between the head protrusion and the disk surface asperities in terms of surface
roughness. In the bouncing state, the head protrusion bounces on the rotating disk where
the head's vibration is strong enough for its protrusion to randomly touch the disk surface
regardless of the disk surface asperities [98]. With further increase of the heater power, the
head protrusion comes into contact with the lubricant layer on the disk, featuring a second
stable state besides the conventional 
ying state, which is called sur�ng state [95]. During
the bouncing state and the sur�ng state, the frictional heating caused by the head-disk
contact outweighs the thermal transport due to contact heat conduction, and this increases
the thermometer's temperature again.

Using fast Fourier transform, the spectra of the AE signal and the LDV signal during the

ying touchdowns are obtained and plotted in Figure 3.12 with the laser current of 0, 20.3
and 40.6 mA. The three states (
ying, bouncing and sur�ng) are denoted in Figure 3.12(a1).
When the laser is OFF, both the AE and the LDV spectra in Figure 3.12(a1,b1) show
vibration modes near 210 kHz, 240 kHz and 300 kHz in the bouncing state and a 312 kHz
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Figure 3.12: (a) AE spectra at the laser current of (a1) 0 mA (a2) 20.3 mA (a3) 40.6 mA.
(b) LDV spectra at the laser current of (b1) 0 mA (b2) 20.3 mA (b3) 40.6 mA.

mode in the sur�ng state. The AE spectrum in Figure 3.12(a1) also shows the second
harmonic of the modes near 240 kHz in the bouncing state. It is noted that the AE spectra
in Figure 3.12(a1-a3) show modes near 160 kHz and 120 kHz even in the 
ying state, which
should be inherent frequencies of the AE sensor because no physical contact occurs during

ying. When the laser current increases from zero to 40.6 mA, Figure 3.12(a1-a3) show that
more modes appear near 240 kHz and its second harmonic 480 kHz, and that a 390 kHz mode
appears in the sur�ng state, which is also observed in the LDV spectra in Figure 3.12(b1-b3).
The reason is likely that the localized laser-induced protrusion (LIP) comes into play and
its interaction with the moving disk surface leads to more frequency modes.

3.4 Protrusions of dual heaters

HAMR operations may utilize two heaters to achieve di�erent 
y heights at the reader and
the writer locations to improve the device e�ciency as shown in Figure 3.13(a). Heater-1
is the commonly used heater that is embedded near the reader, while heater-2 is near the
writer (if not stated explicitly, the term \heater" refers to heater-1). They can generate two
thermal protrusions respectively shown as the black dashed lines drawn in Figure 3.13(a).
The red dashed line is the sum of the two protrusion pro�les, and it corresponds to the
actual total protrusion. Figure 3.13(b) shows an AFM image of the head surface, where
the thermometer is located at the center. By changing the dual heaters' powers, the total
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Figure 3.13: (a) A schematic diagram (not to scale) showing the dual heaters and their
protrusion pro�les (black dashed line: respective protrusion pro�les; red dashed line: total
protrusion pro�le). (b) An AFM image of the head surface showing the thermometer.

protrusion shape can be modulated. This section demonstrated that the thermometer can
be at the peak of the total protrusion when using proper powers for the dual heaters.

The 
ying touchdown experiments were performed using the dual heaters in the follow-
ing way. One heater was biased at a prescribed constant power, and the other heater was
energized with an increasing power in steps such that the head-disk spacing was reduced to
zero. Figure 3.14 shows the temperature rise measured by the thermometer and the AE RMS
signal during the 
ying touchdown with increasing heater-1 power and a constant heater-
2 power. Figure 3.14(a) shows that the thermometer undergoes a temperature translation
� 97.8 � C when the heater-1 is OFF and the heater-2 power increases by 100.0 mW (heater-2

Figure 3.14: (a) The temperature rise and (b) the AE RMS signal as a function of the
heater-1 power during the 
ying touchdown with a constant prescribed heater-2 power.
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