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Abstract 

Study of Dynamics and Nanoscale Heat Transfer of Head Disk 

Interface in Hard Disk Drives 

By 

Yuan Ma 

Doctor of Philosophy in Engineering-Mechanical Engineering  

University of California, Berkeley  

Professor David B. Bogy, Chair 

Since its introduction in 1956, hard disk drives have become one of the dominant 

products in the industry of data storage. The capacity of the hard disk drives must 

keep evolving to store the exploding data generated in the era of big data. This 

demand pushes the development of technologies including heat assisted magnetic 

recording (HAMR), microwave assisted magnetic recording (MAMR) and bit-

patterned media (BPM) to increase the areal density beyond 1Tb/in2. In the 

development of these technologies, it is essential to have a clear understanding of the 

dynamics and nanoscale heat transfer behavior across the head-disk interface. 

In this dissertation, dynamics and nano-scale heat transfer in the head disk interface 

are discussed. Experimental study of nano-scale heat transfer is conducted with the 

specifically designed static touchdown experiment. Simulation strategy that 

incorporates the wave-based phonon conduction theory was also developed. 

In the flying condition, correlation between the temperature and head disk spacing 

was found at both passive flying stage and modulation stage. When the flying height 

increases due to either disk surface microwaviness or contact induced modulation, 

head temperature will increase, with a slight time delay, indicating the existence of a 

cooling effect as the head approaches the disk.  

The static touchdown experiment, which decouples the complicated air bearing from 

the nano-scale interface was further designed and performed. The heat transfer 

behavior across a closing nano-scale gap between head and disk was observed and 

measured. Experimental and simulation results showed general agreement with the 
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theoretical predictions of the wave based theory for radiation and phonon conduction. 

The effect of different factors including humidity, air pressure, lubricant layer and 

disk substrate in the static touchdown experiment were also studied separately.  

Furthermore, the dynamics of HAMR condition was studied with waveguide heads. 

The laser induced protrusion was found to be around 1~2 nm in height. 

The findings of this dissertation could be applied to future HAMR head/media design, 

and the static touchdown experiment could be potentially improved to be a new 

approach to measure material conduction coefficient and emissivity with high special 

resolution. 



i 

 

Table of Contents 
 

List of Figures .............................................................................................................. iv 

List of Abbreviations ............................................................................................... viii 

Acknowledgements...................................................................................................... ix 

Chapter 1 Touchdown Characterization with touchdown sensor and 

electromagnetic signal.................................................................................................. 1 

1.1 The basic structure of hard disk drives and its evolution ..................................... 1 

1.2 The thermal fly-height control technology and touchdown sensor ...................... 6 

1.3 Heat assisted magnetic recording and its challenges ............................................ 7 

1.4 Wave based phonon conduction theory ................................................................ 8 

1.5 Objective of this work .......................................................................................... 9 

1.6 Organization of the dissertation............................................................................ 9 

Chapter 2 Touchdown Characterization with touchdown sensor and 

electromagnetic signal................................................................................................ 10 

2.1 Introduction ........................................................................................................ 10 

2.2 Experimental setup ............................................................................................. 11 

2.2.1 Experimental setup for drive-level testing ................................................... 11 

2.2.2 Experimental setup for component-level testing ......................................... 12 

2.3 Methodology....................................................................................................... 13 

2.3.1 TDP measurement ........................................................................................ 14 

2.3.2 Head disk spacing measurement .................................................................. 14 

2.3.3 Experimental Scheme .................................................................................. 15 

2.4 Results and discussion ........................................................................................ 15 

2.4.1 Touchdown stage identification ................................................................... 15 

2.4.2 Correlation between head-disk spacing and head temperature .................... 19 

2.4.3 Measurement of temperature response time using the correlation method . 21 

2.5 Summary and conclusion ................................................................................... 23 



ii 

 

Chapter 3 Measurement of nano-scale heat transfer with static touchdown 

experiment .................................................................................................................. 25 

3.1 Introduction ........................................................................................................ 25 

3.2 Methodology....................................................................................................... 27 

3.2.1 Implementation of static touchdown experiment ......................................... 27 

3.2.2 Environmental control ................................................................................. 29 

3.2.3 Lubricant removal ........................................................................................ 31 

3.3 Results and discussion ........................................................................................ 31 

3.3.1 Static touchdown experiment on silicon wafer ............................................ 31 

3.3.2 Comparison to touchdown experiment on a flying disk.................................. 36 

3.3.3 Effect of humidity ........................................................................................ 38 

3.3.4 Effect of air and vacuum .............................................................................. 43 

3.3.5 Effect of lubricant layer ............................................................................... 44 

3.3.6 Effect of disk substrate ................................................................................. 47 

Chapter 4 Simulation of nano-scale heat transfer behavior in static touchdown 

experiment with wave-based heat transfer theory .................................................. 52 

4.1 Introduction ........................................................................................................ 52 

4.2 Integrating wave-based heat transfer theory into FEM ...................................... 53 

4.3 Finite element modeling and simulation strategy ............................................... 55 

4.4 Calibration with TFC protrusion profile ............................................................ 58 

4.4.1 Measurement of TFC protrusion .................................................................. 58 

4.4.2 Simulation of TFC protrusion ...................................................................... 60 

4.5 Results and discussion ........................................................................................ 61 

4.5.1 Simulation of the static touchdown experiment........................................... 61 

4.5.2 Influence of substrate material in static touchdown simulation .................. 63 

4.6 Summary and Conclusion ............................................................................... 65 

Chapter 5 Dynamical and thermal response of wave guide heads ........................ 66 

5.1 Introduction ........................................................................................................ 66 

5.2 Experimental setup ............................................................................................. 66 

5.3 Methodology....................................................................................................... 68 



iii 

 

5.3.1 Measurement of laser induced protrusion .................................................... 68 

5.3.2 Evaluation of dynamical response ............................................................... 69 

5.4 Results and discussion ........................................................................................ 69 

5.4.1 Volt-ampere characteristics of laser diode ................................................... 69 

5.4.2 Characterization of laser induced protrusion ............................................... 71 

5.4.3 Transient dynamics response of the head disk interface during laser on/off 

events .................................................................................................................... 74 

5.5 Summary and Conclusion .................................................................................. 78 

Chapter 6 Conclusions and future research direction............................................ 80 

6.1 Summary ............................................................................................................. 80 

6.2 Future research directions................................................................................... 81 

6.2.1 Experimental study of nano-scale and Angstrom-scale heat transfer .......... 81 

6.2.2 Probing technology of material conduction coefficient and emissivity ...... 81 

6.2.3 Nano-scale heat transfer Simulation of flying condition and HAMR 

condition ............................................................................................................... 81 

Bibliography ............................................................................................................... 82 

 

 

 

  



iv 

 

List of Figures 
Fig. 1.1.1 Structure of a current commercial hard disk drive ........................................ 2 

Fig. 1.1.2 HGA under scanning electronic microscope (SEM): (a) top view and (b) 

side view ................................................................................................................. 3 

Fig. 1.1.3 Air bearing surface of a PMR head ............................................................... 4 

Fig. 1.1.4 IBM 305 RAMAC [5] ................................................................................... 5 

Fig. 1.1.5 Comparison of a Winchester drive, a current 2.5 in hard disk drive, and a 

read-write head of the Winchester drive ................................................................. 5 

Fig. 1.4.1 Structure of the material-gap interface. The left half space is the hot surface 

and the right half space is the cold surface. ............................................................ 8 

Fig. 2.2.1 Experimental setup containing (a) test drive, (b) test pin and (c) 

Oscilloscope .......................................................................................................... 11 

Fig. 2.2.2 Component-level experiment setup ............................................................. 12 

Fig. 2.2.3 Wiring diagram of (a) TFC power supply and (b) TDS power supply. ...... 13 

Fig. 2.4.1 HMS and TDS signal comparison at different stages: (a) passive flying 

stage, (b) transitional stage and (c) modulation stage. .......................................... 16 

Fig.2.4.2 Standard deviation of HMS and TDS signal as TFC power increases during 

the passive flying stage ......................................................................................... 17 

Fig. 2.4.3 Normalized TFC power-frequency spectrum contour of touchdown sensor 

signal ..................................................................................................................... 18 

Fig. 2.4.4 HMS and TDS signals during passive flying .............................................. 19 

Fig. 2.4.5 Correlation coefficient between HMS and TDS signal with different phase 

shift........................................................................................................................ 20 

Fig. 2.4.6 HMS and TDS signal correlation at the best phase shift ............................. 20 

Fig. 2.4.7 Spacing (integrated LDV signal) and temperature (TDS) signal at 120% 

TDP over push stage ............................................................................................. 21 

Fig. 2.4.8 Co-correlation coefficient between the spacing and temperature signals at 

different time shifts ............................................................................................... 22 

Fig. 2.4.9 Contour plot of Co-correlation coefficient as a function of time lag and 

TFC power ............................................................................................................ 23 



v 

 

Fig. 3.1.1 Under side of the head and suspension ........................................................ 26 

Fig. 3.2.1 Schematic of static touchdown experiment ............................................. 27 

Fig. 3.2.2 Photo of experimental setup ..................................................................... 28 

Fig. 3.2.3 TFC and TDS voltage supply in a typical static touchdown experiment

 ............................................................................................................................... 29 

Fig. 3.2.4 Experiment setup of the environment chamber: (a) whole setup and (b) 

mechanical fixture for positioning control in the chamber ................................... 30 

Fig. 3.2.5 Humidity control through saturated salt solution method ........................... 31 

Fig. 3.3.1 TDS temperature change vs TFC power for the slider resting on the wafer

 ............................................................................................................................... 32 

Fig. 3.3.2 Transient TDS response at (a) first heating region, (b) early cooling region, 

(c) late cooling region and (d) second heating region........................................... 35 

Fig. 3.3.3 Load-unload experiments showing the onset of contact; the TDS 

temperature scale is for the bottom curve. The other curves are uniformly shifted 

up for clarity. ......................................................................................................... 36 

Fig. 3.3.4 TDS resistance change with increasing TFC on (a) a rotating disk and its 

air-cooling-based explanation and (b) a static disk with tis phonon-cooling-based 

explanation ............................................................................................................ 38 

Fig. 3.3.5 Static touchdown experiment results at 760 Torr in (a) 16% RH, (b) 31% 

RH, (c) 75% RH and (d) 100% RH at 20 ℃. ....................................................... 39 

Fig. 3.3.6 Realigned static touchdown experiment results of 16% RH, 31% RH and 75% 

RH to compare the cooling region ........................................................................ 40 

Fig. 3.3.7 Transient response of the TDS temperature at (a)first heating region, (b) 

first cooling region, (c) second cooling region and (d) second heating region .... 42 

Fig. 3.3.8 Comparison of static touchdown experiment in high vacuum and standard 

pressure (a) contact process and (b) standby comparison ..................................... 44 

Fig. 3.3.9 Repeated static touch-down experiments on: (a) lubed disk, and (b) de-

lubed disk .............................................................................................................. 45 

Fig. 3.3.10 Transient response of TDS change during static touchdown experiment on 

(a) a de-lubed disk and (b) a lubed disk ................................................................ 47 

Fig. 3.3.11 Static touchdown experimental results on a Si wafer, PMR disk with 

aluminum substrate and PMR disk with glass substrate ....................................... 48 



vi 

 

Fig. 3.3.12 Comparison of an overpush process on (a) PMR disk with glass substrate 

and (b) PMR disk with aluminum substrate ......................................................... 50 

Fig. 4.2.1 Heat transfer coefficient as a function of (a) gap size, (b) temperature of the 

cold surface and (c) temperature difference .......................................................... 55 

Fig. 4.3.1 Finite element model of (a) the slider and (b) the disk ................................ 56 

Fig. 4.3.2 Flow chart of the simulation strategy .......................................................... 58 

Fig. 4.4.1 Zygo NewViewTM 100 observing a PMR slider .......................................... 59 

Fig. 4.4.2 TFC protrusion at 50 mW TFC power, measured with Zygo interferometer

 ............................................................................................................................... 60 

Fig. 4.4.3 Measured TFC protrusion height as a function of TFC power.................... 60 

Fig. 4.4.4 Simulate TFC protrusion rate ...................................................................... 61 

Fig. 4.5.1 Simulated TDS temperature change in a static touchdown process ............ 62 

Fig. 4.5.2 TFC Protrusion height as a function of TFC power .................................... 62 

Fig. 4.5.3 Temperature distribution on the head during static touchdown at (a) first 

heating region, (b) early cooling region, (c) late cooling region and (d) second 

heating region ........................................................................................................ 63 

Fig. 4.5.4 Combined head-disk model for contact simulation ..................................... 64 

Fig. 4.5.5 Simulated TDS temperature as a function of TFC power at the contact 

condition with different disk materials ................................................................. 64 

Fig. 4.5.6 Temperature distribution on the disk at contact condition .......................... 65 

Fig. 5.2.1 Schematic of the experimental setup for the waveguide head..................... 67 

Fig. 5.2.2 Mechanical fixture for the waveguide head ................................................ 67 

Fig. 5.2.3 Wiring diagram of laser diode connection .................................................. 68 

Fig. 5.4.1 The laser current as a function of voltage applied to the laser diode .......... 70 

Fig. 5.4.2 Observation of laser diode on and off through a microscope camera: (a) 

laser on and (b) laser off ....................................................................................... 71 

Fig. 5.4.3 TDP decrease of a wave guide head on a PMR disk with a glass substrate 72 

Fig. 5.4.4 TDP decrease of a wave guide head on both glass disk and aluminum disk

 ............................................................................................................................... 73 



vii 

 

Fig. 5.4.5 Reflective index of the disk surface after flying the wave guide head with 

laser on .................................................................................................................. 74 

Fig. 5.4.6 TDP decrease with different touchdown duration times ............................. 75 

Fig. 5.4.7 Time-frequency analysis of LDV and AE signals for (a) passive flying, (b) 

contact proximity and (c) heavy over push induced by both TFC and laser power

 ............................................................................................................................... 76 

Fig. 5.4.8 Time-frequency analysis of LDV and AE signal contact proximity at 

different TFC power and laser current .................................................................. 78 

 

 

   

 

  



viii 

 

List of Abbreviations 
ABS Air bearing surface 

AE Acoustic Emission 

AFM Atomic Force Microscope 

BPM Bit Patterned Media 

CML Computer Mechanics Lab 

DLC Diamond-Like Carbon 

EB Exabytes 

FEM Finite Element Method 

FFT Fast Fourier Transform 

HAMR Heat Assisted Magnetic Recording 

HDD Hard Disk Drive 

HDI Head Disk Interface 

HGA Head Gimbal Assembly 

HMS Head Media Spacing 

LDV Laser Doppler Vibrometer 

MAMR Microwave Assisted Magnetic Recording 

MB Megabytes 

NFT Near Field Transducer 

PCB Printed Curcuit Board 

PID proportional–integral–derivative 

PMR Perpendicular Magnetic Recording 

RAMAC Random Access Method of Accounting and Control 

RH Relative Humidity 

SEM Scanning Electron Microscope 

SNR Signal to Noise Ration 

TB Terabytes 

TDP Touchdown Power 

TDS Touchdown Sensor 

TFC Thermal Flyheight Control 

ZB Zettabytes 

 

  



ix 

 

Acknowledgements 
August 2013 was the time I first arrived at the United States to start my pursuit of 

doctoral degree at University of California, Berkeley. My life over the last five years 

has been an exciting adventure and I would like to express my gratefulness to all the 

people who have supported me throughout the journey. 

I would like to first express my sincere gratitude to my advisor Prof. David B. Bogy. 

This dissertation is only possible because of Prof. Bogy’s unconditional 

encouragement and support. Prof. Bogy has provided me with precious insights and 

perspectives throughout the whole process. I learned from him that in research, bold 

assumptions and careful verification are both essential to reveal the facts that are not 

yet understood. Prof. Bogy’s philosophy of life and lab management also influenced 

me greatly. These knowledges will certainly benefit me greatly in my future career. I 

could not have imagined having a better advisor and mentor for my Ph.D study.  

Besides my advisor, I would like to thank the rest of my dissertation committee: Prof. 

Papadopoulos and Prof. Neaton. My gratitude also goes to Prof. Steigmann and Prof. 

Ma for serving on my qualifying exam committee. 

Research in HDD is closely related with industry advancement. The experiment 

design would have been almost impossible without the support from HDD companies. 

I thank Western Digital Corporation (WDC) for providing important experimental 

materials and devices. My special thanks go to Dr. Jih-Ping Peng for being the 

principal investigator and coordinator from WDC. Jih-Ping has been very easygoing 

and helpful in sharing his expertise in HDD. I would also like to thank CML alumni, 

Shaomin Xiong and Yung-Kan Chen from WDC for their help in securing 

experimental materials and valuable discussions. 

I thank all my fellow lab mates for the precious discussions and support. When I first 

came to Berkeley, senior lab members, Shaomin Xiong, Yung-Kan Chen, Alejandro 

Rodriguez Mendez and Soroush Sarabi provided me with their resourceful solutions 

and suggestions. Yung-Kan Chen and Shaomin Xiong shared with me their excellent 

experimental skills and knowledge. I also learned a lot through the discussions with 

other CML students, Haoyu Wu, Amin Ghafari, Siddhesh Sakhalkar, Yuying Wu and 

Qilong Cheng. I especially enjoyed sharing my staging and experimental experience 

with Qilong Cheng. 



x 

 

During the summers in CML, I was fortunate enough to work with several 

enthusiastic interns in CML: Yirui Zhang, Akhilesh Somani and Nicola Ganter. I 

thank them for giving me the opportunity to be their mentor. 

Life in Berkeley is enjoyable with all my friends: Dongchi Yu, Junwen Zhong, Yuxu 

Han, Yumeng Zhang, Yuguang Tong, Shengxi Wang Ruonan Liu and Xiaoyue Jiang. 

Finally, I thank my parents and my girlfriend Ran Xin for their love and support 

throughout my life in Berkeley. 

This work is supported in full by the Computer Mechanics Laboratory at the 

University of California, Berkeley. 



1 
 

Chapter 1 Touchdown 

Characterization with touchdown 

sensor and electromagnetic signal 
In the big data era, the amount of data that we have created is astonishing. By 2016, 

human beings had generated around 16 zettabytes (ZB, 1 ZB=109 TB) of data and 

according to a prediction by Seagate, this number will reach 163 ZB in another ten 

years[1]. On one hand, big data could benefit us in every way of life including health 

care, education, media, Internet of things (IOT), etc. but on the other hand, it is posing 

a severe challenge on the data storage industry. Hard disk drives, with its advantages 

in high areal density, reliability and low price, are one of the dominant products for 

data storage. Currently, hard disk drive manufactures including Western Digital 

Corporation, Seagate and Toshiba are producing data storage capability on the order 

of exabytes (EB, 1 EB=106 TB) every year and this number is still increasing[1]. To 

meet this ever increasing demand of data storage, it is essential to keep developing 

new technologies that could increase the areal density of the hard disk drives [2]. 

In this chapter, the evolution of hard disk drives and its basic structure is first 

introduced, followed by a more specific description on thermal fly-height control 

technology and touchdown sensor. Next, the heat assisted magnetic recording 

technology and its necessity and challenges are introduced. Finally, the objective and 

organization of this thesis are listed 

1.1 The basic structure of hard disk drives and its evolution 

In general, the current hard disk drives are consisted of hard disks with magnetic 

layers rotating at high speed, read-write heads that fly on both surfaces of each disk 

and servo controllers that controls the location of the heads on the disk (Fig. 1.1.1). 

The glass or aluminum alloy disk substrates are covered with lubricant, diamond-like 

carbon (DLC) overcoat, magnetic layer and inter layers. The lubricant and DLC 

overcoat protects the head-disk interface (HDI) from contacts that occasionally 

happens during operation. The disks are installed co-axially on a motor and rotate at 

velocities ranging from 5000 rpm to 15000 rpm. 
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Fig. 1.1.1 Structure of a current commercial hard disk drive 

The read-write head is manufactured on a slider which is further installed on the head-

gimbal assembly (HGA) (Fig. 1.1.2). Multiple sets of HGA are mechanically 

connected to the servo controller and the servo controller performs accurate track 

seeking over the hundreds of thousands of tracks on the disk within the time scale of 

microseconds.  
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Fig. 1.1.2 HGA under scanning electronic microscope (SEM): (a) top view and (b) 

side view 

On the surface of the slider is the air bearing surface. A unique pattern is etched on 

this surface to allow the head to stably fly on the disk with specifically defined head 

disk spacing (Fig. 1.1.3). This pattern also requires the head disk spacing to maintain 

almost a constant value at different radii on the disk. When the head is flying on the 

disk, it has a small pitch angle and the minimum head disk spacing point is located at 

the trailing edge of the slider. In a current perpendicular magnetic recording (PMR) 

drive, the minimum gap size between the head and disk during passive flying is 

around 10 nm. This value is further reduced to 1~2 nm during data writing with the 

thermal fly height control (TFC) technique. This technique will be further described 

in Section 1.2.  
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Fig. 1.1.3 Air bearing surface of a PMR head 

In a currently available commercial drive, the magnetic bits are arranged 

perpendicular to the disk plane in the magnetic layer of the disk (Perpendicular 

Magnetic Recording, PMR). During a writing event, the writer pole located at the 

center of the trailing edge of the slider flips the bit direction to record either ‘0’ or ‘1’. 

Similarly, during a reading event, the reader located next to the writer reads the 

magnetic signal and transfers it to the control circuits on the drive. 

Introduced in Sept. 1956, the IBM 305 RAMAC (Random Access Memory 

Accounting) system was the first hard disk drive (Fig. 1.1.4) [3]. This drive was 

configured with 50 magnetic disks and rotated at 1,200 rpm. It had a capacity of 5 

million characters, which is around 3.75 MB. It used electronic and pneumatic 

controls for track seeking and the average seeking time are around 600 milliseconds. 

A small air compressor was used to control the 20 µm air bearing. Self-acting 

hydrodynamic air bearings, which control the air bearing spacing by forcing ambient 

air flow through the designed air bearing surface (ABS) on the head, were later 

introduced in IBM 1301 in 1962, and Winchester in 1973 (Fig. 1.1.5)[4]. The 

principle of this air bearing control method has been the foundation of today’s hard 

disk drives. 
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Fig. 1.1.4 IBM 305 RAMAC [5] 

 

Fig. 1.1.5 Comparison of a Winchester drive, a current 2.5 in hard disk drive, 

and a read-write head of the Winchester drive 

The Winchester drives laid the foundation of air bearing control technique. Since then, 

technologies in the hard disk drive continues to develop in structure, material and 

manufacturing: thin film inductive heads and media significantly reduced the size of 

the head and improved manufacturing efficiency[6, 7]; giant magnetoresistive 

material (GMR) enabled higher areal density and smaller read transducers [8, 9]; 

PMR replaced horizontal magnetic recording [10, 11]; thermal fly-height control 
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(TFC) technique further reduced the head-disk spacing while maintaining the flying 

stability [12, 13] and helium filled drives enables higher areal density and faster track 

seeking [14-17]. 

While these aforementioned technologies have shaped the hard disk drives to what we 

currently have, more technologies are being developed to further increase the areal 

density. Shingled magnetic recording (SMR) [18, 19], heat assisted magnetic 

recording (HAMR) [20], microwave assisted magnetic recording (MAMR) [21, 22], 

two-dimensional magnetic recording (TDMR) [23-25] and bit-patterned media (BPM) 

[26-28] are some of the examples.   

1.2 The thermal fly-height control technology and touchdown 

sensor 

With higher areal density on the disk, the signal-to-noise ratio (SNR) would decrease 

unless other dimensions are also reduced. To achieve stable read-write performance, 

it is necessary to reduce the head- disk clearance. On a Winchester drive, the head 

disk clearance was 20 μm [4] and this number was decreased to 1/1000 of its original 

value in the next few decades by altering the ABS design on the head and improving 

the disk surface quality [11, 29]. While it could be possible to further reduce the head 

disk spacing down to a couple of nanometers by an improved ABS design, such a 

small gap over the whole length of the trailing edge would greatly compromise the 

flying stability and increase the chance of head disk contact [30]. 

To balance the need of nano-scale head disk clearance and flying stability, thermal 

fly-height control technology (TFC) was developed [12, 13]. In a TFC slider, a 

resistive heater element is located inside the head, right above the writer. When 

supplied with a bias current or voltage, the heater will heat up the local region around 

it and generate a protrusion on the ABS surface. The protrusion is around 10 μm in 

diameter and 1~30 nm in height, depending on the power supplied to it. A detailed 

TFC protrusion shape on a PMR head is measured and simulated in Chapter 4.  

Touchdown sensor (TDS, also known as embedded contact sensor, ECS or thermal 

asperity sensor) is a thin-film resistive sensor that is sensitive to its temperature 

change [31, 32]. It was first proposed by Shimizu et al. for defect mapping on disks. 

The TDS is located on the surface of the ABS near the writer pole. During the TFC 

protrusion, it is usually located at the highest protrusion point. 
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With the combination of TFC and TDS, it is possible to study the thermal-mechanical 

behavior of the head-disk interface. While the heads used in this paper only have one 

TFC and one TDS, sliders with double TFC and multiple TDS are under development 

for future drives. 

1.3 Heat assisted magnetic recording and its challenges 

As the size of the bits in the current HDDs keeps decreasing, it is facing the super-

paramagnetic limit on SNR, stability and writabiligy [20, 33, 34]. All these factors 

pose an upper limit of areal density achievable by PMR. The areal density of current 

PMR disks has reached about 1Tb/in2 and this is believed to be close to the limit. To 

overcome this limitation and achieve even higher areal density, heat assisted magnetic 

recording (HAMR) is being developed. During a writing event, HAMR lowers the 

media coercivity by temporarily heating the media. The magnetic write field needed 

for data writing after heating can be much lower, which further allows smaller bit size 

and higher areal density. Locally heating the media is done by applying a laser beam 

from a laser diode installed on top of the slider. The laser beam travels through a 

waveguide onto the nearfield transducer (NFT), which is located at the ABS surface 

and focuses the laser spot size below the diffraction limit.  

While HAMR could potentially provide areal density up to 20 Tb/in2, there still 

remains many challenges to overcome before the HAMR drives are ready for 

commercial market. One of the most important issues currently is the reliability of 

components under high temperature. Failures due to high temperature and 

contamination on the lubricant, overcoat and substrates have all been observed [35-

37].  

To address these issues, it is necessary to understand the heat transfer behavior in the 

nano-scale head disk interface. However, heat transfer through a nano-scale gap is 

still not fully understood. Theories and experiments have predicted an enhanced heat 

flux at nano-scale gap [38, 39]. But these theories could not be applied to the head-

disk interface directly due to the complicated thermal-mechanical design of the head 

and disk. Moreover, the dynamics of the HDI adds even more complexity to the 

problem. Therefore, it is necessary to study the dynamics and heat transfer behavior 

in the HDI through experimentation and simulation. 
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1.4 Wave based phonon conduction theory 

The wave based phonon conduction theory is based on the extension of Planck’s Law 

[38-42]. Consider the simple material-gap interface structure shown in Fig. 1.4.1. 

Assuming the temperatures are different at the two surfaces, the heat flux across the 

gap can be divided into two portions: radiation and phonon conduction. The radiation 

heat transfer is based on electromagnetic waves. The distribution of energy 

transferred is determined by extending the Planck law to non-equilibrium systems that 

have a net heat flux. The reflection coefficient R can be calculated for any layered 

structure by known means and the radiation heat flux is governed by the following 

equation:  

𝑄(𝑇𝐴, 𝑇𝐵) =  𝑁 ∫ ∫ {(1 − |𝑅(𝜔, 𝜃)|2) [𝑃 (𝜔, 𝜃; 𝑇𝐴,
𝑄

𝑄𝐴
) − 𝑃 (𝜔, 𝜃; 𝑇𝐵 , −

𝑄

𝑄𝐵
)]

𝜃𝐴
∗

0

𝜔𝐷

0

− 2|𝑅𝐴(𝜔, 𝜃)|√1 − |𝑅(𝜔, 𝜃)|2𝑃𝐴𝐵(𝜔, 𝜃; 𝑇𝐴, 𝑇𝐵, 𝑄 ) 𝑐𝑜𝑠 𝜒 }  𝑑𝛺 

where Q is the heat flux, N is the number of polarizations, R is the reflection 

coefficient, and P is the distribution of emitted energy as a function of angle and 

frequency of the waves, and 𝜒 is a random phase shift. A similar equation holds for 

phonon conduction, as shown in [42]. For the structure considered here, R is 

sufficiently small that the last term in the calculations can be ignored. Using this 

approach, the total heat flux for the structure in Fig. 1.4.1 can be calculated for 

various materials, temperatures and gap sizes. 

 

Fig. 1.4.1 Structure of the material-gap interface. The left half space is the hot 

surface and the right half space is the cold surface. 
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1.5 Objective of this work  

The objective of this work aims to understand the dynamics and nano-scale heat 

transfer behavior in the head disk interface. Research works are conducted in the 

following four aspects: 

1). Characterize different stages of head-disk interaction at contact proximity and 

correlate the dynamical response of the head with its temperature change. 

2). Experimentally study the nano-scale heat transfer behavior between a head and a 

static disk under controlled condition and environments. 

3). Incorporate wave based phonon conduction theory (the Extension of Planck’s law) 

into a finite element model to simulate the experimental condition and examine the 

theory. 

4). Study the more complicated dynamic response of the wave guide heads. 

1.6 Organization of the dissertation  

The dissertation is composed of 6 chapters. Chapter 1 offers a brief introduction of 

the structure and history of hard disk drives, with some emphasis on TFC, TDS and 

HAMR technology and why it is necessary to study the dynamics and nano-scale heat 

transfer between the head-disk interface. Chapter 2 discusses the head dynamics and 

temperature change when flying on a disk at different stages of touchdown and how 

these two factors are correlated with each other. In Chapter 3, the experimental setup 

and methodology of the static touchdown experiment are introduced, followed by a 

detailed discussion on how factors including air, humidity and disk substrates could 

affect the nano-scale heat transfer behavior. Chapter 4 describes how the wave based 

phonon conduction theory is incorporated into a finite element analysis model to 

simulate the static touchdown experiment and how the simulation results are 

compared with experiments. Chapter 5 presents the dynamic study of wave guide 

heads. All the experimental and simulation results are concluded in Chapter 6. 
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Chapter 2 Touchdown 

Characterization with touchdown 

sensor and electromagnetic signal 

2.1 Introduction 

TFC sliders are widely used in current HDDs because of their capability to reduce the 

local spacing between the head and the disk in a small region around the transducer 

while maintaining the spacing greater than 10 nm over the rest of the slider [12, 43-

46]. With TFC, the flying height of the slider can vary from its designed value to 

contact. Controlling the flying height of the slider can provide insights into the 

characteristics of the HDI, especially at contact proximity [43, 47]. At both 

component level and drive-level, dynamics of thermal protrusion-induced slider-disk 

contacts have been studied theoretically, experimentally, and by simulations. Acoustic 

emission (AE) and laser Doppler vibrometer (LDV) measurements are used in 

component level to observe the slider’s dynamics at disk proximity and contact [48-

51]. In drive-level testing, on the other hand, the means to evaluate the HDI mainly 

focus on head-media spacing (HMS) signals, servo control signals and external AE 

sensors [52, 53].  

The recently introduced touchdown sensor (TDS) (also known as an embedded 

contact sensor or a thermal asperity sensor) has provided another insight to the HDI 

dynamics. Shimizu et al.[31] proposed the embedded contact sensor for defect 

mapping on disks. This sensor is a thin film element that changes its resistance in 

proportion to its temperature. Through thermal-mechanical analysis, simulation, and 

component-level testing, researchers are able to identify different HDI characteristics, 

including asperities, pits, lube moguls, disk clamping distortions, and surface 

microwaviness with TDS [54-57]. However, there have been few reports regarding 

TDS response to HDI spacing and its application in touchdown (TD) stage 

identification in the drive-level testing. Understanding how the head temperature and 

head-disk spacing signal are correlated is crucial for the head/media design, tribology 

design and failure analysis in hard disk drives. 
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In this chapter, the correlation between the temperature signal from TDS and the 

spacing signal is experimentally measured at the drive-level and component-level. 

Different stages of touchdown are further identified in touchdown detection from 

these signals in both time and frequency domains. 

2.2 Experimental setup  

2.2.1 Experimental setup for drive-level testing 

Drive-level experiments were performed on commercially available PMR hard disk 

drives operating at 7200 rpm. The test drive is connected to the test computer, which 

controls the heads to fly on specific tracks and the TFC power supplied to each head. 

The TDS and HMS signals are obtained from the PCB connection board on the back 

of the test drive (Fig. 2.2.1). These signals are further acquired by a Lecroy 8620A 

Oscilloscope.  

 

Fig. 2.2.1 Experimental setup containing (a) test drive, (b) test pin and (c) 

Oscilloscope 

Lecroy 8620A is a 4 channel, 6GHz digital oscilloscope that can operate either on 

standalone mode or controlled by a test computer. In this set of tests, the oscilloscope 

is controlled by a MATLAB script to acquire index, TDS or magnetic read back 

signals for further analysis. Due to technical limitations, the TDS and HMS signals 

were not acquired simultaneously. 
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2.2.2 Experimental setup for component-level testing 

Component-level experiments were performed on a Candela Optical Surface 

Analyzer (OSA 5100) spin stand. This experimental setup includes LDV, AE and 

TDS for dynamical and temperature measurement (Fig. 2.2.2).   

 

Fig. 2.2.2 Component-level experiment setup 

The LDV used in this study was manufactured by Polytech and consists of three 

components: the main controller (OFV-5000), the interferometer (OPV-512) and the 

laser probe head (OFV-130). LDV measures vibration by directing a beam of laser 

onto a reflective surface. The velocity of the test point along the laser beam is 

calculated from the Doppler shift of the reflected signal. Laser spot size of the LDV 

differs with different probe head, and the one used in this study has a diameter of 3~4 

μm. The output of the LDV is an analog voltage signal, which is proportional to the 

measured velocity. 

The AE sensor is a piezoelectric sensor capable of sensing high frequency (>10 kHz) 

elastic waves. Since the output level of the sensor is very low, a preamplifier is 

necessary to amplify the output signal so that it is detectable by the data acquisition 

system. The AE sensor and preamplifier used in this dissertation is manufactured by 

Acoustic Emission Technologies (AET).  

The data acquisition system on the component-level experimental setup consists of 

two data acquisition boards manufactured by National Instrument (NI): PCI-6115 and 

USB-6211. PCI-6115 is a high speed data acquisition board with 4 analog input 

channels and 2 analog output channels. Its maximum input rate is 4MS/s, enabling it 

to capture the high frequency signals from LDV, TDS and AE. USB-6211 has a 



13 
 

relatively lower input/output ratio and is used to generate the driving voltage for TFC. 

The wiring diagram of the electrical connection for TFC and TDS are both depicted in 

Fig. 2.2.3. 

 

Fig. 2.2.3 Wiring diagram of (a) TFC power supply and (b) TDS power supply. 

With the signals acquired from the data acquisition board, the TFC power (PTFC) and 

TDS resistance can be calculated as below. 

  /TFC TFC total TFC dummyP V V V R                                     (2.1) 

The resistance of the TDS is calculated according to equation 2.2, where Ics is the 

current provided by the current source. In this set of experiment, the current varies 

from 0.1 mA to 1mA, depending on specific experiment.  

/TDS TDS csR V I                                                    (2.2)  

2.3 Methodology 

To study the dynamics and temperature response of HDI at contact proximity, 

experiments at drive-level and component-level are both performed. At drive-level, 

the setup is relatively simpler, but dynamical measurements including AE and LDV 
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are not applicable. Component-level, on the other hand, allows implementation of AE 

and LDV direct measurements with the price of lower SNR. 

2.3.1 TDP measurement 

To analyze the TDS signal and its relationship with head disk spacing at different 

stages of touch down, it is necessary to first determine the touch down power (TDP) 

of the head on the test track.  

At drive-level, TDP was measured through a dithering process. During this process, 

the TFC power is turned on and off at the first pitch frequency of the ABS (the 

dithering frequency). The servo position error signal is monitored and transferred to 

the frequency domain using a Fast Fourier Transform (FFT) in real time. When the 

dithering frequency peak is observed from the servo position error signal spectrum, 

the head is considered to be in contact with the disk. The lowest TFC power at which 

the dithering frequency peak can be observed is defined as the TDP. 

At component-level, TDP detection is achieved with the AE sensor. Firstly, the head 

passively flies on a specific track. The RMS of AE signal at this state is recorded as 

the AE baseline. Then the TFC power is turned on and increased by 1mW per step (4 

revolutions for each step). The RMS of AE is monitored through the process. When it 

increases beyond 105% of AE baseline, the TFC power of this step is considered to be 

the TDP. 

2.3.2 Head disk spacing measurement 

Measuring head disk spacing is achieved with different methods in drive-level and 

component-level.  

At the drive-level, head disk spacing is determined through a combination of the 

HMS signal, which is calculated from the first and third harmonics of the read back 

signal by use of the Wallace equation, and touchdown detection [58, 59]. HMS 

measures the relative fly height variation and touchdown determines the HMS value 

at which contact happens. 

At the component-level, the relative head disk spacing is determined by subtracting 

the disk profile from the head displacement. Both the disk profile and head 

displacement are integrated from the LDV velocity signal. To measure head 

displacement, the LDV laser beam is directed to the back of the slider over the trailing 

edge center to record the head displacement. For disk profile, the laser beam shines 

directly on the same track with the slider removed. After integrating these two signals, 
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the disk profile is subtracted from the head displacement to calculate the head disk 

spacing. touchdown detection is also necessary here to determine contact.  

2.3.3 Experimental Scheme 

In both drive-level and component-level experiments, the experimental schemes are 

similar. After detecting the TDP on the specific track, the head first flies passively on 

this track with TFC power turned off. Then, the TFC power was increased step by 

step until it reaches 135% of TDP. The spacing signal (either HMS or LDV integrated 

signal) and TDS data are then recorded in each step for further comparison.  

2.4 Results and discussion 

2.4.1 Touchdown stage identification 

At different levels of TFC power, the HMS and TDS signals showed different 

patterns (Fig. 2.4.1(a)–(c)). All of the HMS and TDS signals in Fig. 2.4.1 were 

triggered at the same location on the disk.  
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Fig. 2.4.1 HMS and TDS signal comparison at different stages: (a) passive flying 

stage, (b) transitional stage and (c) modulation stage. 

Passive Flying Stage: In this stage, the HMS and TDS signals are both stable, 

repeatable and display irregular wave patterns (Fig. 2.4.1(a)). They are both related to 

the disk surface properties and correlate somewhat with each other. As the TFC 

power was increased, the standard deviation of the TDS signal was observed to 

increase exponentially, while the standard deviation the HMS signal showed a 
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tendency to decrease (Fig. 2.4.2). The passive flying stage corresponds to TFC power 

from 0% TDP to 95% TDP. 

 

Fig.2.4.2 Standard deviation of HMS and TDS signal as TFC power increases 

during the passive flying stage 

Transitional Stage: When the slider was flying at proximity, a transitional stage could 

be observed. In the transitional stage, the HMS signal showed a relatively low-

frequency oscillating pattern added to the original HMS signal that shows disk surface 

information. The TDS signal at this stage also shows a ringing effect at the same 

frequency (Fig. 2.4.1(b)). Since the HMS signal is only related to the head–disk 

clearance, this wave pattern indicates that the head starts a vertical vibration in the 

transitional stage. In addition, the amplitude of vibration is still comparable with the 

surface microwaviness. In the TDS signal, however, the irregular wave pattern 

representing disk surface information is replaced by the modulation. This is probably 

because the temperature change caused by contact is much larger than the temperature 

change due to surface properties including microwaviness and moguls and the earlier 

pattern is suppressed. Combining the HMS signal and the TDS signal, it can be 

inferred that the air bearing surface (ABS) modulation starts in this stage, but the 

amplitude is much smaller than in the next stage. It may be concluded that the head is 

only in contact with the disk in some isolated regions instead of during the whole 

revolution, resulting in a comparably smaller amplitude of modulation. This stage 

usually appears when the TFC power is between 95% TDP and 110% TDP. 

Over Push Modulation Stage: For the case of the TFC power above the transitional 

stage, apparent modulation can be observed from both the HMS and TDS signals. The 

HMS signal reveals periodic spikes, meaning that the head is bouncing on the disk 
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surface. Between the HMS spikes, wave patterns of the disk can still be observed. In 

the TDS signal, however, the wave pattern is no longer observable (Fig. 2.4.1(c)). A 

possible explanation is that the contact-generated heat contributes much more to the 

temperature change than the microwaviness-generated air cooling effect. It was also 

observed that the frequencies of the TDS and HMS modulations increase with the 

increase of TFC power, indicating a change in the ABS modulation modes. In Fig. 

2.4.1(c), the TDS signal showed a beating effect, meaning that at least two 

modulation frequencies are present. This modulation stage has also been reported in 

[49, 60]. 

In Fig. 2.4.3, the aforementioned stages can also be identified. 

 

Fig. 2.4.3 Normalized TFC power-frequency spectrum contour of touchdown 

sensor signal 

(a).When the TFC power is lower than 95% TDP, no obvious frequency exists in the 

frequency spectrum. 

(b). A broadband amplitude rise in the frequency spectrum before touchdown 

corresponds to the transitional stage of TD. 
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(c). A modulation frequency and its second and third harmonics rise as the TFC 

power increases. More peaks in the frequency spectrum appear later, resulting in the 

beating effect in the time domain in Fig. 2.4.1(c). 

2.4.2 Correlation between head-disk spacing and head temperature  

When the head was flying with TFC power lower than the TDP, a repeatable pattern 

of TDS signal (index triggered) was observed. By comparing the TDS and HMS 

signals for the same time interval, we can observe similarities between the wave 

forms (Fig. 2.4.4). To quantitatively measure the similarity and the relative phase 

difference, we calculated the correlation coefficient between the HMS and TDS data 

points at each phase shift step (Fig. 2.4.5). In Fig. 2.4.5, it is seen that at a certain 

phase shift, the correlation coefficient between the HMS and TDS signals reaches a 

maximum of 0.748, and this number decays rapidly when the TDS signal is shifted 

either forward or backward. A clear correlation can also be seen in a scatter plot of 

the TDS and HMS data points at the optimum phase shift (Fig. 2.4.6). 

 

Fig. 2.4.4 HMS and TDS signals during passive flying 
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Fig. 2.4.5 Correlation coefficient between HMS and TDS signal with different 

phase shift 

 

Fig. 2.4.6 HMS and TDS signal correlation at the best phase shift 

In Fig. 2.4.6, both TDS and HMS signals are linearly shifted to the maximum 

correlation coefficient and normalized so that their minimum value during 

measurement is zero and maximum values are one. The positive correlation indicates 

that the temperature of the head rises as the spacing between the head and disk 

increases. This correlation between the TDS and HMS signals can be explained by the 

heat conduction dynamics in the HDI: when the flying height increases, the air 

cooling effect is less prominent on the slider, resulting in a slight temperature rise of 

the TDS, which is detected as a rise in the TDS signal. Similarly, a reduction in flying 

height - represented by a fall in the HMS - enhances the effect of air cooling and thus 

leads to a fall in the TDS signal. 
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This correlation demonstrates the possibility of using the TDS to identify and measure 

the HDI characteristics, including disk microwaviness and lube moguls. This result 

coincides with the result reported in [57]. 

2.4.3 Measurement of temperature response time using the correlation 

method 

Since the TDS and HMS information could not be measured simultaneously at drive-

level, another set of experiments were conducted on the component-level spin stand 

to further reveal the time delay in between the temperature response and flying status 

(Fig. 2.2.2). A challenge at the component-level is that the SNR is relatively lower, 

making it hard to correlate the TDS signal and LDV signal at the passive flying stage. 

Therefore, the over push modulation stage was chosen in this experiment because it 

had much more significant displacement and temperature response. 

At over push stage (> 110% TDP), modulation is observed from both the spacing 

signal and temperature signal (Fig. 2.4.7). It is clear that these signals share the same 

modulation frequency, with a certain time shift. 

 

Fig. 2.4.7 Spacing (integrated LDV signal) and temperature (TDS) signal at 120% 

TDP over push stage 

To determine whether the spacing signal and temperature signal are positively 

correlated or negatively correlated, and the time delay between these two signals, the 

co-correlation coefficient between these two signals with different time shifts were 

calculated (Fig. 2.4.8). 
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Fig. 2.4.8 Co-correlation coefficient between the spacing and temperature signals 

at different time shifts 

Since both the integrated LDV signal and the TDS signals were sinusoidal with 

identical frequency, the co-correlation coefficient was also a sinusoidal curve. In Fig. 

2.4.8, all of the maximum co-correlation coefficient points indicate a positive 

correlation at a specific time shift and the minimums indicate negative. Apparently, 

co-correlation between a single pair of signals is not enough to determine the real 

time shift, it is necessary to make use of the fact that the modulation frequency at over 

push will increase but the time lag between the signals should remain the same. In Fig. 

2.4.9, the co-correlation coefficient as a function of time shift and TFC powers is 

plotted. From this contour, the change of the dominant modulation frequency at 

different TFC power is very clear. The fact that only one red stripe at around -1 μs is 

continuous from 100 mW to 135 mW in the contour clearly shows that the real 

correlation between spacing and temperature has a time delay of around 1 μs, and that 

these signals are positively correlated. A negative time shift means that the LDV 

signal happens earlier than the TDS signal in the time domain. 
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Fig. 2.4.9 Contour plot of Co-correlation coefficient as a function of time lag and 

TFC power 

2.5 Summary and conclusion 

In this chapter, the drive-level and component-level touchdown tests with high spatial 

resolution data acquisition were performed, and they were found to be an effective 

method for investigating different touchdown stages. Passive flying, transitional, and 

modulation stages were identified by TDS and HMS measurements from both the 

time domain and frequency domain. In the passive flying stage, both signals were 

repeatable and a correlation was observed between the two signals. This correlation 

proved that the TDS responds to the surface characteristics actively and sensitively. In 

the transitional stage and modulation stage, both the TDS and HMS lost their 

repeatability in the time domain due to modulation, but the frequency spectrum 

remained repeatable under the same TFC power. Along with the increase of TFC 

power during over push, the modulation frequency also increased, which was due to 

the change of ABS modulation mode. Meanwhile, identifying different touchdown 

stages with the TDS response can provide supporting details for failure analysis and 

tribology design in hard disk drives. 

Establishing a correlation between the fly height and the temperature response can 

provide insights into the heat transfer model for the HDI. Both drive-level and 

component-level testing results showed that when TFC power remains constant, head 

temperature and flying height are positively correlated. When the flying height 
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increases due to either disk surface microwaviness or contact induced modulation, the 

head temperature will increase as well, with a time delay of the order of  

microseconds. This further indicates a cooling effect as the head approaches the disk. 

This phenomenon will be studied in the following chapters. 

  



25 
 

Chapter 3 Measurement of nano-

scale heat transfer with static 

touchdown experiment 

3.1 Introduction 

Many applications in nanotechnology require the understanding of heat transfer 

across nano-scale gaps between two bodies at different temperatures [20, 61-65]. In 

connection with the emerging data storage technology including HAMR and MAMR, 

CML has undertaken over the last decade both theoretical and experimental studies in 

nano-scale heat transfer. 

As discussed in recently published papers [38-42, 66-68] classical methods[69] of 

calculating heat transfer are not valid at the nano-scale, because the underlying 

theories do not hold for nano-scale dimensions. The theories in Refs. [38] and [39], 

which are based on the wave character of both thermal radiation and phonon thermal 

conduction, have been shown to satisfy all known requirements for heat transfer 

across a closing gap as opposed to other presented theories[70-72], and it also is in 

agreement with such observed phenomena as Kapitsa resistance[73] of interfaces and 

the asymmetric phenomenon known as thermal rectification. 

In Chapter 2, it has been shown that the head temperature is sensitive to the spacing 

between the head and disk and that a cooling effect is enhanced when the head disk 

spacing decreases. In order to further analyze the cooling effect and to test the validity 

of the published theories in Refs. 3 and 4, we sought an experiment for measuring 

heat flux across a gap between two bodies as the spacing between them closes in a 

controlled manner from 10 nm down to contact. While such a controlled experiment 

is notoriously difficult to perform, it is of great importance to measure the heat flux in 

such a nano-scale. Previous experimentalists have been striving to make 

measurements down to 20 nm [63, 74-76], and a recently published result which was 

able to control the spacing as close as 2 nm [77] was very well received. However, to 

fully verify the published theory, it is necessary to close the last 2 nm gap because 

according to the theory, the heat transfer coefficient will increase drastically when the 

gap size is within only a couple of nanometers. 
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In our effort to close the last 2 nm gap, the static touchdown experiments are designed 

with the read-write head (Fig. 3.1.1). In the read-write head, the TFC element is 

embedded in the end structure of Fig. 3.1.1(c). Placed near and a few microns above 

the write transducer, and between the read and write transducers nearer to the surface 

is the TDS. All of these transducers and sensors are connected to the wire harness 

shown in Figs. 3.1.1(a) and (b), and they are connected to various electronic 

instruments for measurements and control. 

 

Fig. 3.1.1 Under side of the head and suspension showing (a) the slider-

suspension structure; (b) the slider’s air bearing design pattern, its 

suspension mounting, and its wire harness that connects to the various 

transducers. The dimensions of the slider block are about 820 x 700 x 230 μm. 

Its material is Al2O3-TiC. (c) is a zoom in of the right 20μm that carries the 

read-write transducers. The reader with shields is the left white portion; the 

writer is the right white portion. The transducers are embedded in Al2O3 and 

are made of such metals as Fe, Ni, Cu, and Cr. 

This chapter presents a series of static touchdown experiments that was first 

performed on a silicon wafer to observe the temperature change of the interfaces 

during the process of closing the gap by supplying power to the TFC. Then the static 

touchdown experiments were performed under different conditions including vacuum 

and humidity environments and with different substrates with or without lubricant. 

These experimental results provided insights on the nano-scale heat transfer behavior 

in head media interfaces.  
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3.2 Methodology 

3.2.1 Implementation of static touchdown experiment 

A side view sketch (not to scale) of the experimental system and its photo are shown 

in Fig. 3.2.1 and Fig. 3.2.2. As depicted, the TFC is used to induce thermal expansion 

of a localized region for nano-scale spacing control, and the TDS is used to measure 

its temperature change due to the heat flux across the gap that occurs because of a 

temperature differential between the hotter TDS and the opposing plate. The slider 

block has a designed and fabricated crown of about 7 nm on its surface that opposes 

the plate. This crown together with the suspension connection and the TDS is critical 

for control of the gap. 

During the experiments, the TFC heater shown in Fig. 3.2.1 raises the temperature in 

the structure that contains the TDS. This temperature increase causes a thermal 

protrusion that results in a spacing reduction between these elements and the surface 

on which the block is placed. The block can be rocked back and forth on its crown by 

use of a micrometer stage to move the wafer and thereby achieve a coarse adjustment 

of the initial spacing between the TDS and the test surface. According to our 

calculation from the geometry of the block, the maximum gap size change from 

rocking is 50 nm, which is sufficiently small when compared with the TFC protrusion 

size. 

 

Fig. 3.2.1 Schematic of static touchdown experiment 
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Fig. 3.2.2 Photo of experimental setup 

Electronically, the configuration of the experiment is identical to that in Fig. 2.2.3. 

In the static touchdown experiment, after setting the initial gap with the crown and 

micrometer stage, voltage is supplied to both TFC and TDS step by step. In each step, 

the TDS voltage is turned on 10 µs prior to TFC power to capture the transient 

temperature response of the TDS as the TFC turns on. Each step lasts 0.1 s to allow 

the head-media interface to establish static heat transfer. After each step, both the 

TFC and TDS are turned off to avoid accumulated system error. Fig 2.2.3 depicts a 

typical TFC and TDS voltage supply as the TFC power increases step by step from 10 

mW to 100 mW. 
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Fig. 3.2.3 TFC and TDS voltage supply in a typical static touchdown 

experiment 

3.2.2 Environmental control 

The existence of air molecules and an absorbed water layer affect the nano-scale heat 

transfer experiment extensively. It is necessary to control the temperature, pressure 

and humidity of the static touch down experiment to ensure a reliable experimental 

result.  

By placing the whole setup in a vacuum chamber, pressure control can be achieved 

(Fig. 3.2.4). The chamber is connected in sequence to a turbo pump and a mechanical 

pump. When operating together, the chamber can reach high vacuum (HV, <10-4 

Torr). At such a pressure, the mean free path of air molecules is around 0.5 m. Thus 

we assume that no air molecule exists in the gap during the static touch down 

experiment. 
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Fig. 3.2.4 Experiment setup of the environment chamber: (a) whole setup and (b) 

mechanical fixture for positioning control in the chamber 

Temperature control of the test material is also important to further remove organic 

contamination and absorbed water molecules. A flat heater is located underneath the 

sample plate where the test material is located. A thermo-couple temperature sensor is 

located next to the test material to monitor the temperature of the test material in real 

time. Both the heater and the thermos-couple are connected to a temperature 

controller that controls the test material temperature using a proportional–integral–

derivative (PID) algorithm. 

Besides vacuum experiments, the chamber can also be used to control relative 

humidity (RH). To monitor RH, a RH sensor (HIH-5030-001) is installed inside the 

chamber. Higher RH is controlled with saturated salt solutions. With different 

saturated salt solutions, different relative RH can be achieved inside the chamber. For 

example, with a saturated sodium chloride solution inside the chamber, the 

equilibrium RH is 75% (Fig. 3.2.5). Lower RH is achieved by a series of flushing 

processes. First, the mechanical pump lowers the pressure of the chamber down to 

less than 1 Torr. Then, dry clean air filtered by desiccants is allowed to flow into the 

chamber. These two steps are repeated several times to reach a low RH (<5% RH). 
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Fig. 3.2.5 Humidity control through saturated salt solution method 

3.2.3 Lubricant removal 

Magnetic disks with multidented lubricants were supplied by Western Digital 

Corporation. To study the effect of lubricant in the static touchdown experiment, 

some disks were de-lubed with 3M HFE-7100 solvent.  

3.3 Results and discussion 

3.3.1 Static touchdown experiment on silicon wafer 

Fig. 3.3.1 shows several static touchdown experimental results. The top curve is the 

free space heating result for the case when the influence of the Si wafer is not present. 

It shows the rate at which heat is lost to the surroundings when the TDS is spaced at a 

distance sufficiently far from the wafer. This heat loss, which is mainly due to air 

convection from surfaces of the block, is treated as a baseline to be compared with 

heat loss due to phonon conduction when the gap size decreases. 
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Fig. 3.3.1 TDS temperature change vs TFC power for the slider resting on the 

wafer as shown in Fig. 3.2.1. The slider tilt can be adjusted on its crown by a 

micrometer so that the initial spacing between the TDS and the wafer is only 

a few nm. 

The next lower curves represent TDS heating experiments for different initial 

separations between the TDS and the Si wafer. The top most of these curves 

corresponds to a case where the initial separation was about 10–12 nm. According to 

an empirical TFC power – protrusion size relationship, 10 mW of TFC power 

corresponds to 1 nm of TFC protrusion. This ratio will be studied more carefully in 

chapter 4. The lower curves correspond to results for smaller initial separations. As 

can be seen, all of the curves initially show a linear increase of TDS temperature with 

an increase of TFC applied power. The TDS signal reaches a maximum (first heating 

region) and then reduces to a minimum (first cooling region) before again increasing 

linearly with TFC power (second heating region). The rate of TDS increase with TFC 

power in the second heating region is determined by the rate of increase of 

temperature when the TDS is in contact with the Si wafer. The amount of TFC power 

required for the TDS to reach a peak depends on the initial gap that is controlled by 

the initial positioning of the Si wafer by use of the micrometer stage. 

The shapes of the curves in Fig. 3.3.1 show that the heat transfer coefficient increases 

drastically when the gap size reduces down to 1–2 nm. This accounts for the first part 

of the cooling region in the TDS vs TFC curves in Fig. 3.3.1 followed by the rapid 

decrease in TDS temperature until the contact condition is reached. 
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Still, there remains some question as to where contact occurs in the experimental 

results shown in Figs. 3.3.1. Indeed, there is a fundamental question about contact. 

We assume that contact does not mean that atoms of one surface touch atoms of the 

other surface, or that they are chemically connected to molecules or a crystalline 

structure. We understand that reaching contact is a continuous process, which starts 

when the surfaces become affected by intermolecular forces acting across a gap, and 

ends when a further increase of the pressure causes a disproportionally smaller effect 

on the observed properties of the structure. Because all of the curves in Fig. 3.3.1 

drop to the same line that shows a linear increase with continued increase in TFC 

power, it is reasonable to conclude that this linear line represents the rate at which the 

TFC can increase the temperature of the TDS when the latter is in contact with the Si 

wafer. 

The transient temperature responses in each step of static touchdown experiment are 

also worth investigating. In Fig. 3.3.2, the transient TDS signal at different stages of a 

static touchdown experiment are plotted.  
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Fig. 3.3.2 Transient TDS response at (a) first heating region, (b) early cooling 

region, (c) late cooling region and (d) second heating region 

In 3.3.2 (a), the TDS temperature increases to a higher step when the TFC power is 

turned on. This value remains constant until the TFC is turned off. In 3.3.2 (b), 

however, after rising to a peak value when TFC is turned on, the TDS temperature 

gradually decreases to a static value. When TFC is turned off, the TDS temperature 

shows a slight second spike up before dropping back. This change of curve shape can 

be explained by the process of TFC heating and TFC protrusion. When the TFC 

voltage is suddenly supplied to the head, the heat starts dissipating across the head 

and heats up the contact sensor; meanwhile, the TFC is protruding towards the disk 

and is losing heat to it. As the protrusion develops, more heat is lost to the disk, 

thereby reducing the protrusion process. As a result, the time interval between the 

maximum head temperature point and the constant value represents the time required 

to establish a steady state. In 3.3.2 (c) and (d), the same spikes still exists, but at 

higher TFC power, the time required to establish steady state reduces significantly. 

Another series of experiments, called here load-unload experiments, was conducted to 

shed more light on this contact question. In these experiments, the TFC power was 

linearly increased to a certain value and then decreased at the same rate. The results 

are displayed in Fig. 3.3.3, where the initial starting position was only about 3 nm 

from the Si wafer. As shown in Fig. 3.3.3, the TDS temperature increased and 

decreased along the same line as the TDS protrusion was increased up to about 3.2 

nm. If, however, the TFC protrusion was increased slightly more to about 3.5 nm, 

there occurred a hysteresis loop in the load-unload curve. This loop was more 

pronounced if the maximum TFC protrusion was about 3.7 nm, and substantially 
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more pronounced if the TFC protrusion reached 4 nm. Finally, when the TFC 

protrusion reached 4.2 nm, the unload curve first traversed a short segment of the 

linear contact curve of Fig. 3.3.3 in its unload path. The hysteresis loop is caused by 

the van der Waals force. When the protrusion approaches the wafer, the protrusion 

will first be within the range of van der Waals force before full contact. During the 

unload process, however, the van der Waals force will keep pulling the slider, 

therefore causing the hysteresis loop. It is remarkable that these experiments are 

repeatable, and show distinctive differences when one realizes that the protrusion 

differences are only about 0.2 nm between them. We conclude from this series of 

experiments that the lower linear TDS temperature versus TFC protrusion envelope 

curve defines the contact conditions for the sequence of experimental results shown in 

Fig. 3.3.3. 

 

Fig. 3.3.3 Load-unload experiments showing the onset of contact; the TDS 

temperature scale is for the bottom curve. The other curves are uniformly 

shifted up for clarity. 

3.3.2 Comparison to touchdown experiment on a flying disk 

For comparison purposes, a touchdown experiment was first conducted on a rotating 

disk, followed by the static touchdown experiment, with the same head and disk. The 

changes of contact sensor resistance with TFC power in the two experiments are 

plotted in Fig. 3.3.4. It is clear that in both cases, the TDS resistance goes through the 

first heating region, the first cooling region and the second heating region. 
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According to [57], the first and second heating region of the curve in Fig. 3.3.4(a) 

obtained from a flying experiment are caused by TFC heating and sliding contact 

frictional heating, and the cooling region is solely due to air cooling. However, this 

explanation fails for Fig. 3.3.4(b), because on a non-rotating disk, there is no air flow 

and no extra pressure in the HDI. Under this static condition, a conventional air 

conduction model for the gap cannot be applied because even in normal room air, 

there are not enough air molecules within the 2 nm gap to support the convection 

model. 
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Fig. 3.3.4 TDS resistance change with increasing TFC on (a) a rotating disk and 

its air-cooling-based explanation and (b) a static disk with tis phonon-cooling-

based explanation 

From the wave-based phonon conduction theory [38, 42], the heat transfer coefficient 

across a closing gap increases drastically when the gap size is within only a couple of 

nanometers. As the clearance between the head and disk reduces to around 1 or 2 nm, 

the heat flux between the head and the disk increases rapidly, causing this drop in 

head temperature. After the head is completely in contact with the disk, the head 

temperature again increases due to further TFC heating. 

It is also noticeable in Fig. 3.3.4(b) that the starting slope of the curve is higher than 

the ending slope of the curve. This is because at lower TFC power, the head is not in 

contact with the disk and heat loss to it is comparatively small. When the TFC power 

is high enough to drive the head into contact with the disk, heat loss to the disk is 

much higher and the same amount of TFC power increment causes less temperature 

rise in the head. The cooling region between these two heating regions corresponds to 

the drastic increase of heat flux when the head disk clearance falls to 1-2 nm. 

3.3.3 Effect of humidity 

In studying nano-scale effects, one of the most important factors that may affect the 

results is the existence of air molecules and humidity. Therefore, static touchdown 

experiments were conducted in both humid environments and dry environments. 

Single crystal Si wafers are used as the test material in this set of experiments. 
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Static touchdown experiments are performed at different RH levels including 16%, 

31%, 75% and 100% (Fig. 3.3.5).  

 

 

Fig. 3.3.5 Static touchdown experiment results at 760 Torr in (a) 16% RH, (b) 31% 

RH, (c) 75% RH and (d) 100% RH at 20 ℃. 

In all of the four subplots of Fig. 3.3.5, the top blue curves are the free heating curve, 

obtained when the head is located sufficiently far away from the Si wafer. The bottom 

green curves are obtained when the TDS is directly in contact with the wafer. While 

the transitional curves indicating the closing gap process in Fig. 3.3.5 (a), (b) and (c) 

have identical slopes at the first and second heating regions, the cooling regions are 

slightly different: as the RH increase from 16% to 75%, the curve of the cooling 

region deforms from a smooth fall to a two-stage fall, depicting a hump in the middle 

of the cooling curve. Fig 3.3.5(d) is further discussed seperatly at the end of this 

section. 

According to the load-unload experiment in section 3.3.1, the head contacts the wafer 

at the local minimum temperature point. To better compare the shape of the curves in 

the first cooling region, these three curves are aligned with each other at the contact 
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point and replotted in Fig. 3.3.6, which shows that at 75% RH, the heat transfer from 

the head to the disk is first impeded and then accelerated, depicting two cooling 

regions with different dropping slopes: when compared with the case of 16% RH, the 

first cooling region of 75% RH has a lower temperature decreasing rate as the TFC 

power increases, but after the turning point at around 124 mW TFC power, the 

temperature decreasing rate becomes larger and the TDS temperature drops rapidly to 

the local minimum temperature.  

 

Fig. 3.3.6 Realigned static touchdown experiment results of 16% RH, 31% RH 

and 75% RH to compare the cooling region 

The transient response of the process is also investigated. For the 75% RH case, the 

transient response of the TDS temperature at the first heating region, first cooling 

region (cooling region where the TFC power is less than 124 mW), second cooling 

region (cooling region where the TFC power is larger than 124 mW) and second 

heating region are separately plotted in Figs. 3.3.7 (a)~(d).  
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Fig. 3.3.7 Transient response of the TDS temperature at (a)first heating region, 

(b) first cooling region, (c) second cooling region and (d) second heating region 

In Fig. 3.3.7 (c) a step temperature drop after the exponential drop is clearly visible. A 

possible explanation of this result is that before the turning point at 124 mW TFC 

power, the TDS is not in contact with the water layer, and the water layer acts as an 

impedance of heat transfer between the head and disk. After the TFC protrusion is 

high enough to drive the TDS into the water layer, the water layer accelerates the heat 

loss from the head.  

In the case with 100% RH (Fig. 3.3.5 (d)), although the curves still depicts two 

heating regions and one cooling region, the slope of the first heating region is 
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apparently lower than the other three subplots. It is believed that at this humidity, the 

water layer is thick enough to fill the initial gap between the head and disk, therefore 

the heat loss curve of the TDS is completely different from the other cases. Previous 

studies have shown that absorbed water layers can form on silicon wafers and disks 

and that the thickness of the water layers change with RH [78-80]. It is also 

mentioned in the paper that at 100% RH, the water layer, at the thickness of 3 nm, 

behaves more like liquid whereas at lower RH, the absorbed water layer behaves ‘Ice 

like’ [78]. 

3.3.4 Effect of air and vacuum 

A static touchdown experiment result in vacuum and its comparison with a standard 

pressure experiment result are plotted in Fig. 3.3.8. 
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Fig. 3.3.8 Comparison of static touchdown experiment in high vacuum and 

standard pressure (a) contact process and (b) standby comparison 

Fig. 3.3.8 (a) was acquired through the following process. First, a static touchdown 

experiment was performed in high vacuum environment with a specific initial gap. 

Then, the chamber is instantly ventilated with dried clean air. The result for the 

standard pressure was captured within less than one minute from the high vacuum 

experiment. From Fig. 3.3.8, two significant differences can be observed between the 

curves.  

1).In high vacuum, the slope of the first heating region is larger than in the standard 

pressure case. This difference corresponds to the heat loss through free air convection. 

2).In high vacuum, the cooling region appears earlier than the standard pressure case, 

with a lower maximum temperature. Since free air convection is not present in high 

vacuum, the same amount of TFC power could generate a slightly larger protrusion in 

high vacuum. Therefore, both the first cooling region and the second heating region 

appear earlier in high vacuum case. 

3.3.5 Effect of lubricant layer 

The static touchdown experiments were performed on both lubed and de-lubed 

magnetic disks. While the head temperature goes through a similar heating-cooling-

heating cycle in both cases, several differences can be observed in the experimental 

results to demonstrate the effects of the lubricant. 
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After setting a relatively small initial head-disk clearance on a disk with lubricant, a 

series of touchdown experiments were performed within a short period of time (< 10 

mins) and the results are plotted in Fig. 3.3.9 (a). Similarly, a set of results on the de-

lubed disks are plotted in Fig. 3.3.9 (b).   

 

 

Fig. 3.3.9 Repeated static touch-down experiments on: (a) lubed disk, and (b) de-

lubed disk 

 

In Fig. 3.3.9(a), a descending trend of the touchdown curves can be observed. In the 

first static touch down experiment, the first heating region, cooling region and the 

second region are very distinct. In the last experiment, however, there is almost no 
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observable cooling region. On the de-lubed disk (Fig. 3.3.9(b)), such a descending 

trend could not be observed over repetitions of the experiments. Therefore, a possible 

explanation is that through repeating the experiments, the head picks up more and 

more lubricant during each contact, changing the interface throughout the series of 

experiments.  

Significant difference can also be observed from the transient response of the TDS at 

the cooling region. On a de-lubed disk, the head temperature first rises and then 

gradually drops to a lower constant value (Fig. 3.3.10 (a)). The time duration of the 

drop portion decreases with increasing TFC power. On a lubed disk, the dropping 

period is replaced by a step (Fig. 3.3.10 (b)). Similar to the case on de-lubed disks, the 

duration of the step narrows with increasing TFC power until it becomes a sharp drop. 
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Fig. 3.3.10 Transient response of TDS change during static touchdown 

experiment on (a) a de-lubed disk and (b) a lubed disk 

A possible explanation for the sharp drop in the lubed disk case is that the heated head 

is first supported by the lubricant for a short period until it ‘melts through’ the 

lubricant or possibly in combination with a water molecule layer in the vicinity and 

gets into direct contact with the disk. How the lubricant layer deforms and recovers is 

not exactly clear at this point. 

3.3.6 Effect of disk substrate 

On different substrates, the slope of the second heating region in the static touchdown 

experiment is significantly different. With a better heat conductor (higher heat 

transfer coefficient), the slope of the second heating region will be lower, because at 

the second heating region, the TFC power not only needs to locally heat up the head, 

it also needs to heat up a small portion of the disk that is in contact with the disk. If 

the disk is a good heat conductor, the same amount of TFC power will correspond to 

a low TDS temperature at contact. Static touchdown experimental results on a Si 

wafer, PMR disk with aluminum substrate and PMR disk with glass substrate are 

plotted in Fig. 3.3.11. 
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Fig. 3.3.11 Static touchdown experimental results on a Si wafer, PMR disk with 

aluminum substrate and PMR disk with glass substrate 

As can be observed from Fig. 3.3.11, the Si wafer is a better conductor than both the 

PRM disk with aluminum substrate and glass substrate. While aluminum itself has a 

higher heat transfer coefficient than silicon, the existence of the DLC layer and 

magnetic layer impedes heat transfer through the disk. The PMR disk with a glass 

substrate shows a very small drop at the head-disk contact, indicating that the glass 

substrate disk has poor performance on heat conduction. It is also noticeable that the 

slope of the first heating region on the glass disk is slightly higher than on the other 

two. Since heat loss of the head in the first heating region is not yet dominated by 

phonon conduction, this result indicates that radiation heat transfer between the head 

and disk already exists when the gap size between the head and disk is around 10 nm, 

and that radiation heat transfer is also sensitive to the materials. These observations 

lay the foundation for utilizing the static touchdown experiment as a standard method 

to measure the material properties, including heat transfer coefficient and emissivity. 

Since the TFC protrusion size is on the scale of 10 μm and the TDS is even smaller, 

this method could be improved to measure the heat transfer coefficient of small 

features including grains, thin films or other micro-scale structures that are usually 

challenging to measure with conventional methods. 

The influence of the disk substrate can also be compared with the flying experiments. 

In Fig. 3.3.11, TFC power is increased from 60 mW to 150 mW on a rotating disk on 

the same track at 7200 RPM. The cooling effect on a PMR disk with a glass substrate 

is much less significant than that with an aluminum substrate. The second heating 

region is also different: on a glass substrate, this region is relatively smooth, with a 
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larger slope than the first heating region, whereas on the aluminum substrate, this 

heating region is wiggly, with an average slope smaller than the first heating region.  

From chapter 2, it was shown that at the over push stage, modulation appears at the 

head disk interface. With such complicated head-disk spacing change, the temperature 

response at such stage is affected by not only frictional heating, but also heat flux 

variation with respect to the head-disk spacing change during modulation. According 

to Fig. 3.3.12, heat flux increases significantly on a static PMR disk with aluminum 

substrate, but it is not significant on a static PMR disk with glass substrate. Meaning 

that on an aluminum substrate disk, the head temperature is more sensitive to the 

head-disk spacing than on a glass substrate disk. This could explain why the second 

heating region on a glass substrate disk is smoother than the aluminum substrate disk, 

and with a higher slope. 
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Fig. 3.3.12 Comparison of an overpush process on (a) PMR disk with glass 

substrate and (b) PMR disk with aluminum substrate 

 

3.4 Summary and conclusion 

In this chapter, the methodology of the static touchdown experiment is introduced and 

the heat transfer behavior is observed across a closing nano-scale gap between a head 

and disk in which the spacing is controlled in the nano-scale range down to less than 

one nanometer and into contact. The observations of enhanced heat transfer at the 

closing gap are in general agreement with the theoretical predictions of the wave 

based theory for radiation and phonon conduction. And the measured results compare 

well with the theoretical development that can explain the experiments without some 

ad hoc adjustments for each individual case. 

Different factors, including humidity, air pressure, lubricant layer and disk substrate 

and their influence on the head-disk nano-scale heat transfer are studied separately. 

With higher humidity, the existence of an absorbed water layer impedes the heat 

transfer between the head and disk when the gap size is less than a couple of 

nanometers. 

Comparison between the experimental results in high vacuum and standard pressure 

showed that while the influence of air convection on the head-disk heat transfer is 

clear enough to be observed under this controlled experiment, it does not affect the 

shape of the temperature-TFC protrusion curve. 
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Experiments on lubed and de-lubed disks showed that the lubricant affects the static 

touchdown experiments in two ways with different head temperatures. When the head 

temperature is relatively low, the head picks up lubricant in repeated heating and 

cooling cycles; when the head temperature is high, the head appears to “melt through” 

the lubricant.  

Experimental results with different disk materials are also compared. While these 

static touchdown curves all exhibits one cooling region between two heating regions, 

the slopes of the two heating regions are distinctively different. The difference in 

slope of the first heating region reflects the radiation heat flux difference and the 

slope of the second heating region reflects heat transfer coefficient. This experimental 

observation lays the foundation to utilize the static touch down experiment as a 

standard material property characterization method. 
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Chapter 4 Simulation of nano-scale 

heat transfer behavior in static 

touchdown experiment with wave-

based heat transfer theory 

4.1 Introduction 

In Chapter 3, static touchdown experiments showed that the wave based phonon 

conduction heat transfer coefficient in a nano-scale gap like the HDI is much larger 

than traditionally expected, and it can cause significant heat transfer across the HDI 

[81-84]. Qualitatively, these experimental observations match the theoretical 

prediction of the wave based phonon conduction. However, the wave based phonon 

conduction theory and most other near-field radiation theories are based upon very 

simple geometries like infinite half spaces. These theories can not be readily applied 

to the complicated geometries of a real head disk interface. In the static touchdown 

experiment, the shape of the TFC protrusion greatly affects the overall heat flux from 

the head to the disk. So the two half-spaces simplification is not accurate enough. 

Determining the head-disk clearance in a static touch down experiment is also crucial 

for interpreting the experimental results. Previously we only have the estimation of 

0.1 nm/mW TFC protrusion rate based on flying heads. It is known that when flying, 

the TFC protrusion will cause a ‘push back’ to the whole slider [85]. Meanwhile, the 

results in Chapter 2 and 3 showed that at contact proximity, heat loss from the head is 

more severe, indicating that the TFC protrusion is not a perfect linear function of TFC 

power. Considering all these factors, it is necessary to develop a simulation method 

that incorporates both the heat transfer theory and the complicated head disk 

geometry. 

Previously, many numerical methods to analyze the HDI dynamics and heat transfer 

behavior have been developed to simulate the head deformation [86-88], lubricant 

deformation [89-91], dynamical response [92, 93], temperature change [85] and shock 

response [94-96] of the HDI. However, these methods do not take into account the 

increased heat flux due to phonon conduction and are not applicable to static 

touchdown experiments.  
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Therefore, to improve our understanding of the heat transfer behavior in the HDI, it is 

necessary to build a numerical model of the HDI that takes into account both the 

wave based phonon conduction theory and the complexity of head disk interface. In 

this chapter, the method for incorporating the wave based phonon conduction theory 

into the FEM is first introduced, followed by the simulation strategy. Next, the 

simulation parameters are calibrated by a free TFC protrusion measurement. Finally, 

results generated by this simulation are presented and compared to the experimental 

results. This simulation method also has the potential to be applied to analyze the 

transient response of the TDS temperature, the static TDS response of flying heads 

and head temperature distribution in HAMR conditions. 

4.2 Integrating wave-based heat transfer theory into FEM 

To calculate the heat flux between two infinite half spaces with different temperatures, 

both radiation and phonon conduction contributions are considered. The total heat 

flux is calculated according to [82, 83] in Section 1.4. 

While implementing this full equation into FEM is possible, the calculation is too 

time consuming. Therefore, the heat flux calculation is equivalently converted to a 

convectional heat transfer process and the equivalent heat transfer coefficient between 

the two half spaces is approximated by a function of gap size (h), temperature of the 

cold surface (T0) and the temperature difference between the two surfaces (ΔT) (Fig. 

4.2.1). In Fig. 4.2.1, the equivalent heat transfer coefficient is linear in h and ΔT on a 

log-log plot: with smaller gap size and temperature difference, the heat transfer 

coefficient increases drastically. The equivalent heat transfer coefficient is a linear 

function of T0.  
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Fig. 4.2.1 Heat transfer coefficient as a function of (a) gap size, (b) temperature 

of the cold surface and (c) temperature difference 

The finite element analysis was performed in the ANSYS APDL platform. On each 

surface node of the slider, the equivalent heat transfer coefficient is interpolated from 

its own temperature, the gap size and temperature difference between this node and its 

counterpart according to Fig. 4.2.1.  

To simulate the static touchdown experiment, alumina is chosen as the material of the 

hot surface and a silicon wafer is the cold surface. Heat sources from both the TFC 

and TDS are considered in the simulation.  

4.3 Finite element modeling and simulation strategy 

Finite element analysis is performed in the ANSYS APDL platform and MATLAB. 

The model consists of two separate geometries: the slider and a small portion of the 

disk (Fig. 4.3.1). The mesh of the slider is refined at the TFC protrusion area to 

accurately simulate the deformation and temperature distribution in this region. 

Another layer of surface elements is modeled on the entire bottom surface of the 

slider to apply the wave based phonon conduction boundary condition in the form of 

convection. The surface mesh of the disk contains an area that has identical mesh to 

the surface mesh on the head. This enables the surface nodes from the head and disk 

to form node-pairs that will further allow the calculation of heat flux between the disk 

and head on a node-to-node basis. On the other surfaces of the slider body and the top 

surface of the disk model, a convection boundary condition of 100 W/(m2K) was 
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applied with the ambient temperature set at 25oC. Since the disk model is large 

enough, the other surfaces of the disk model are defined with adiabatic boundary 

condition. Simple-support displacement constraints are applied on the four corners of 

the bottom surface. The lubricant layer on the disk was ignored in the current analysis. 

 

 

Fig. 4.3.1 Finite element model of (a) the slider and (b) the disk 

  

To simulate the steady state TFC protrusion and temperature of the head, an iteration 

process is employed to solve the problem in a decoupled sequence on the two 

geometries while accommodating the wave based phonon conduction boundary 

condition and providing quick convergence. The simulation process of each given 

TFC power consists of the following steps (Fig. 4.3.2): 



57 
 

1). On the head model, the initial boundary conditions on all head surfaces are set at 

free air convection. TFC power and TDS power are applied as heat generation 

constraints. The initial temperature and deformation are sequentially calculated under 

this condition. 

2). From the initially defined head-disk clearance and the previously calculated TFC 

protrusion shape, the gap size between each pair of surface nodes is calculated. The 

heat transfer coefficients between the node-pairs are calculated according to Fig. 4.2.1 

with the gap size and temperature difference (T0 is 25 oC at this step). 

3). On the disk model, the heat transfer coefficient calculated in step 2) is applied as 

the boundary condition to calculate the disk temperature profile. 

4). According to the disk temperature profile, the equivalent convection heat transfer 

coefficient is adjusted to keep the heat flux constant. 

5). On the slider model, the temperature and deformation is calculated again with the 

adjusted equivalent convection boundary condition. 

6). The deformation of the slider model is saved and steps 2)~5) is repeated until the 

maximum displacement difference between the two iterations are smaller than the 

convergence criteria (0.01 nm in this study). 
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Fig. 4.3.2 Flow chart of the simulation strategy 

Since the temperature rise on the disk is much smaller than the head, the deformation 

of the disk is ignored in this simulation.  

To simulate a complete static touchdown experiment curve, a MATLAB script is 

written to call ANSYS in batch mode and calculate the final TFC protrusion and TDS 

temperature for each given TFC power. 

4.4 Calibration with TFC protrusion profile 

To ensure the accuracy of the simulation, the TFC protrusion profile is measured 

experimentally with Zygo NewViewTM 100 interferometer and simulated by ANSYS. 

4.4.1 Measurement of TFC protrusion 

The Zygo interferometer (Fig. 4.4.1) uses white light coherent scanning 

interferometry to achieve angstrom level resolution in the z axis. The in-plane 

resolution differs with the different subject lenses, and with the 40 X subject lens, the 

resolution in the x and y directions can reach 150 nm. Since the TFC protrusion size 
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is around 20µm in diameter and the protrusion height is less than 100 nm, the 

measuring scale of the Zygo fits the purpose perfectly. 

 

Fig. 4.4.1 Zygo NewViewTM 100 observing a PMR slider 

The measured TFC protrusion profile at 50 mW TFC power is plotted in Fig. 4.4.2, 

where the ABS surface feature near the trailing edge center is clearly visible. The 

TFC protrusion height can be calculate by subtracting the base height from the 

highest protrusion height. The TFC protrusion height at different TFC powers are 

plotted and linearly fitted in Fig. 4.4.3. It can be observed that the TFC protrusion rate 

in air is larger than 0.1 nm/mW.  
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Fig. 4.4.2 TFC protrusion at 50 mW TFC power, measured with Zygo 

interferometer 

 

Fig. 4.4.3 Measured TFC protrusion height as a function of TFC power 

4.4.2 Simulation of TFC protrusion 

A head model is simulated in ANSYS to compare the protrusion shape and protrusion 

rate with the measured results. The simulated protrusion rate is plotted in Fig. 4.4.4. 
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Fig. 4.4.4 Simulate TFC protrusion rate 

From Fig. 4.4.4, the fitting of the experimental result within the range of 0 mW to 100 

mW is compared with the simulation. The simulated TFC protrusion curve is parallel 

to the experimentally measured results.  

4.5 Results and discussion 

4.5.1 Simulation of the static touchdown experiment 

The simulation result for a 10 nm initial gap static touchdown experiment is plotted in 

Fig. 4.5.1. Clearly, the simulation successfully simulated all three stages of the static 

touchdown experiment. Due to the lack of detailed head design and material 

properties, there is still some error between the simulation result and the experimental 

result.  

From the simulation, it is also noticeable that the TFC protrusion does not grow 

linearly with the TFC power during the static touchdown process (Fig. 4.5.2). In Fig. 

4.5.2, the first 7 nm TFC protrusion height increase linearly with the TFC power, but 

when the gap size reduces down to less than 2 nm, the slope of the curve decreases, 

indicating the increased heat transfer at this scale. This coincides with the drastically 

increasing heat flux at such a gap size.  
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Fig. 4.5.1 Simulated TDS temperature change in a static touchdown process 

 

Fig. 4.5.2 TFC Protrusion height as a function of TFC power 

The temperature distribution and protrusion shape on the head during the static 

touchdown experiment are plotted in Fig. 4.5.3.  
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Fig. 4.5.3 Temperature distribution on the head during static touchdown at (a) 

first heating region, (b) early cooling region, (c) late cooling region and (d) 

second heating region 

According to Fig. 4.5.3, during the first heating region, the temperature profile on the 

surface of the slider exhibits a Gaussian distribution. However, in the late cooling 

region, the hottest spot shifts away from the original hottest spot, while the TFC 

protrusion shape does not change significantly.  

4.5.2 Influence of substrate material in static touchdown simulation 

Simulations on contact heat transfer with different substrate materials are also 

performed. The model (Fig. 4.5.4) includes both the head and disk in single geometry. 

These two bodies are in contact, with a heat resistant layer in between. The simulated 

results are plotted in Fig. 4.5.5 
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Fig. 4.5.4 Combined head-disk model for contact simulation. Different color 

represent different materials in the model: Blue region are allocated with disk 

material properties, purple regions stand for the overcoat of the slider (Al2O3) 

and the green regions are the slider body with Al2O3-TiC 

 

Fig. 4.5.5 Simulated TDS temperature as a function of TFC power at the contact 

condition with different disk materials 

Clearly with disk that has a higher conduction coefficient, the slope of the curve is 

lower. This simulation further shows the possibility of utilizing the static touchdown 

experiment as a way to distinguish different disks by conduction coefficient. 
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The temperature distribution on the disk model is plotted in Fig. 4.5.6. Since the 

region with temperature elevation on the disk is only less than 200 µm in diameter, 

this simulation further demonstrates the potential of using the static touchdown 

experiment as a probe testing method to measuring conduction coefficient on a very 

small region, since it is only influencing a very small region. 

 

Fig. 4.5.6 Temperature distribution on the disk at contact condition 

4.6 Summary and Conclusion 

The static touchdown experiment is simulated using wave based phonon conduction 

theory in ANSYS. The two heating regions and one cooling region in a typical static 

touchdown experiment are all successfully simulated. The simulation parameters are 

calibrated with the TFC protrusion shape, which is measured by Zygo white light 

interferometry. From the simulation, the TFC protrusion height is found to be a non 

linear function of the TFC power due to increased heat loss to the disk as the gap size 

reduces. The influence of the substrate is considered and analyzed. 

This simulation is the first step towards integrating the wave based phonon 

conduction theory into the HDI analysis in flying cases and under HAMR conditions. 
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Chapter 5 Dynamical and thermal 

response of wave guide heads 

5.1 Introduction 

As is introduced in Chapter 1, HAMR is the new technology to further boost the areal 

density of hard disk drives with the help of laser heating. Currently, for HAMR 

technology, a laser diode is installed on the back of the HAMR head and a beam of 

laser light shines through the waveguide inside the slider body and onto the NFT. The 

NFT further focuses the laser spot size down to about 20 nm to locally heat the disk 

and facilitate magnetic recording [97]. 

Since the laser travels through the waveguide, part of the energy gets absorbed by the 

slider body, and it generates unwanted temperature elevation and additional 

protrusion [86, 87, 98, 99]. These effects can influence the slider’s flying stability, 

and so it needs to be studied carefully [100-102]. However, HAMR heads with the 

laser diode, waveguide and NFT are not yet available for testing, so a waveguide head, 

a type of read-write head with the laser diode and waveguide is used in the current 

setup of experiments. Apart from the NFT, the waveguide heads have identical design 

and component with normal HAMR heads, and therefore, they are perfect devices for 

studying laser induced protrusion on the head and dynamical/thermal responses. 

In this chapter, the experimental setup and methodology for waveguide head 

dynamical and thermal transient response measurements are first introduced. Then, 

the laser diode voltage-ampere characterization are performed to determine the 

optimum experimental scheme and parameters. Laser induced protrusions at different 

driving voltages are then measured by use of the touchdown process. Then, the 

transient dynamical responses of the head-disk interface during laser on/off events are 

also studied. Finally, the observations from the experiments are summarized. 

5.2 Experimental setup 

The experimental setup for waveguide head flying testing is similar to the PMR head 

flying testing setup (Fig. 5.2.1). The mechanical fixture (Fig. 5.2.2) and electrical 

connection (Fig. 5.2.3) are configured to accommodate the waveguide head.  
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Fig. 5.2.1 Schematic of the experimental setup for the waveguide head 

 

Fig. 5.2.2 Mechanical fixture for the waveguide head 
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Fig. 5.2.3 Wiring diagram of laser diode connection 

Experiments on the waveguide head were performed on the candela OSA spindle at 

7200 RPM. The lubricant deformation right after flying the head with their laser on 

was also recorded. The LDV laser beam is directed onto the back of the laser diode to 

monitor the trailing edge dynamics of the head, and the AE sensor is used to detect 

touchdown. 

5.3 Methodology 

5.3.1 Measurement of laser induced protrusion 

While the most direct method of measuring the laser induced protrusion is through 

profiling measurement including a surface profiler, Zygo interferometer or AFM, 

these methods each has its own limitations. With a waveguide head, the typical laser 

power is around 60mW and most of that power is dissipated in the form of laser 

emission. Therefore, the size of the laser induced protrusion should be much smaller 

than the TFC protrusion. Therefore, a stylus profiler or Zygo interferometer with 

micrometer scale lateral resolution is not ideal for this measurement. While the AFM 

can measure nano-scale features, the laser emitted from the laser diode could affect 

the detecting laser in the AFM and heat up the AFM tip as well. These factors could 

affect the accuracy of an AFM measurement and therefore AFM is also not used. 

Since the traditional ways of measuring the laser induced protrusion are not 

applicable here, this protrusion is measured using the TDP decrease method. The 

assumption of this method is as follows: when the waveguide head is flying on the 

disk with the laser on, the laser induced protrusion will reduce the clearance between 

the head and disk. If a touchdown detection process is performed, less TFC power is 

required to achieve touchdown than in the laser off scenario. Therefore, the decreased 

amount of TDP reflects the height of the laser induced protrusion. When combined 
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with the measurement results in Chapters 3 and 4, the reliability of the estimation can 

be improved significantly. Unless otherwise mentioned, the touchdown detections in 

this chapter are performed in a flying duration of 30 ms. 

Since the laser induced protrusion on the disk might also contribute to the TDP 

decrease, the experiment is conducted on disks with different substrates. Different 

disk substrates have different material properties including thermal expansion 

coefficient, conduction coefficient and specific heat capacity. Therefore, the same 

laser power can induce protrusions of different heights on different disks. If, however, 

the amounts of TDP decrease on different substrates are identical, this would indicate 

that the TDP decrease is mostly due to the protrusion on the head. 

5.3.2 Evaluation of dynamical response 

To evaluate the dynamical response of the head when the laser is turned on suddenly, 

both LDV signals and AE signals are considered. In this set of experiments, after 

determining the TDP of the head with laser off, the head is first set to fly at 5 mW 

back off (TDP - 5mW). Then the laser is turned on and off at a time interval of around 

10 ms. The LDV and AE responsees to the laser on/off events are recorded for further 

analysis. 

5.4 Results and discussion 

5.4.1 Volt-ampere characteristics of laser diode 

Before conducting experiments with wave guide heads, it is necessary to first study 

the volt-ampere characteristics of the laser diode. The laser diode is connected in 

series with a standard 50 Ω resistor, and the current running through the laser diode is 

plotted as a function of Vtotal (Fig. 5.4.1).  
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Fig. 5.4.1 The laser current as a function of voltage applied to the laser diode 

Fig. 5.4.1 shows that when the voltage applied on the laser diode is less than 1.4 V, 

the resistance of the laser diode is very high. When the voltage increases beyond 1.4 

V, however, the equivalent resistance of the laser diode reduces to around 50 Ω.  

While the laser diode is supposed to direct the laser onto the disk, some light leakage 

can still be observed from the back of the laser diode when the laser is turned on. In 

Fig. 5.4.2 (a), a bright streak along the side of the laser diode can be observed when 

the laser is turned on. Through this observation, it is found that 1.4 V is the critical 

voltage at which the laser is turned on.  
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Fig. 5.4.2 Observation of laser diode on and off through a microscope camera: (a) 

laser on and (b) laser off 

5.4.2 Characterization of laser induced protrusion 

To study the laser induced protrusion, the TDP decrease effect is measured with the 

slider flying at the outer radius of a 2.5” PMR disk with glass substrate rotating at 

7200 rpm for three times (Fig. 5.4.3) 
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Fig. 5.4.3 TDP decrease of a wave guide head on a PMR disk with a glass 

substrate 

From Fig. 5.4.3, it can be observed that when the laser current is less than 15 mA, the 

TDP of the head remains almost constant at around 130 mW. As the laser current 

increases, a more significant TDP decrease can be observed. At 45 mA laser current, 

the TDP is 10 mW less than the laser off case, because when the laser is off, 10 mW 

of TFC power corresponds to 1nm of fly height change. Combining this with the 

simulation results in Chapter 4, the laser induced protrusion at 45 mA is around 

1~2nm in height. 

To rule out the effect of disk protrusion, the TDP decrease results on glass disks and 

aluminum disks are compared (Fig. 5.4.4). 



73 
 

 

Fig. 5.4.4 TDP decrease of a wave guide head on both glass disk and aluminum 

disk 

In Fig. 5.4.4, it is clear that the TDP decrease curve of the aluminum disk is almost 

parallel to those of the glass disk. As is discussed in Section 5.3.1, this indicates that 

the laser induced protrusion on the disk has almost no contribution to the TDP 

decrease. This is probably because the protrusion on the disk is much smaller or that 

the protrusions on the head and the disk are not aligned over each other. 

The lubricant deformation after flying the wave guide head is measured with a 

Candela OSA (Fig. 5.4.5). Fig. 5.4.5 shows the reflective index of the disk surface, 

where the darker regions corresponds to thinner lubricant. It can be observed that 

moguls form mostly under both the outer and inner edge of the slider. Some moguls 

or debris and a slight sign of lubricant depletion can also be seen in the center of the 

track.  
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Fig. 5.4.5 Reflective index of the disk surface after flying the wave guide head 

with laser on 

5.4.3 Transient dynamics response of the head disk interface during laser 

on/off events 

While it is clear from Fig. 5.4.3 and Fig. 5.4.4 that TDP decreases when the laser is 

on, there remains a question as in how long does it take to form the laser induced 

protrusion. Therefore, another set of experiments were performed. Instead of a 

touchdown detection duration of 30 ms (4 revolutions of disk rotation), the laser-on 

time was changed from 2.2 ms to 60 ms. Since each revolution takes 8.3 ms, different 

starting angle were chosen for cases with 2.2 ms, 4.4 ms and 6.6 ms laser-on detection 

time. 

The results are plotted in Fig. 5.4.6. From this plot, it can be observed that longer 

laser-on time (60 ms) leads to a slightly larger TDP decrease than shorter laser-on 

time. The difference between 2.2 ms, 4.4 ms, 6.6 ms, 8.8 ms and 10 ms are not very 

significant. This indicates that an initial laser-induced protrusion can form within less 

than 2.2 ms, but it could still develop and protrude more within the next 20 to 40 ms.  
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Fig. 5.4.6 TDP decrease with different touchdown duration times 

To further study the transient dynamics response of the wave guide head when the 

laser is turned on, time-frequency analysis of both LDV signal and AE signal are 

performed. The signals were acquired at different TFC power and laser current (Fig. 

5.4.7). 
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Fig. 5.4.7 Time-frequency analysis of LDV and AE signals for (a) passive flying, 

(b) contact proximity and (c) heavy over push induced by both TFC and laser 

power 

 

In Fig. 5.4.7(a), no clear event could be observed from either the LDV or the AE 

signal, indicating no significant head-disk contact is happening at this stage. In Fig. 

5.4.7 (b), a slight signal at 220kHz can be observed in the LDV response around 1 ms 

after laser-on. These signals can still be observed after turning off the laser, indicating 

that this contact happens at specific locations on the disk (probably higher peaks), and 

that the laser might also have induced contamination build-up on the disk, which did 

not disappear instantly after turning the laser off. At an even higher TFC power and 

laser current, (Fig. 5.4.7 (c)), head-disk contact changes from point-to-point contact to 

continuous contact, marked by the continuous band of frequency at 220kHz from both 

the LDV and AE signals.  
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To further demonstrate the long-time laser induced protrusion development, another 

set of experimental results with finer steps of laser current and longer duration of laser 

power are compared in Fig. 5.4.8. In Fig. 5.4.8 (a), a modulation frequency of 190kHz 

appears around 8ms after laser turn on, while 210kHz frequency appears around 18ms 

after turning on the laser. According to the conclusion in Chapter 2, as over push 

power increases, the modulation frequency should increase. Therefore, this figure 

demonstrates that laser induced protrusion developed during the 18ms period. When 

the waveguide voltage is increased slightly from 4.2 V to 4.3 V, strong modulation at 

210 kHz can be observed 8ms after turning on the laser. On the other hand, if 

waveguide voltage is maintained at 4.2 V but TFC voltage is increased to 5.6 V, a 

continuous, strong signal of contact can be observed at around 8 ms after laser on. 
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Fig. 5.4.8 Time-frequency analysis of LDV and AE signal contact proximity at 

different TFC power and laser current 

On the basis of Fig. 5.4.7 and Fig. 5.4.8, it is clear that a short time response of the 

laser induced protrusion can take place within 1ms after turning on the laser, but the 

protrusion keeps developing over the next 10 to 20 ms. This observation is consistent 

with the conclusion drawn from Fig. 5.4.6. 

5.5 Summary and Conclusion 

In this chapter, the experimental setup and methodology for studying the dynamic 

response of wave guide heads are described. The laser induced protrusion on the wave 

guide head is measured using the TDP decrease method to be around1~2 nm in height. 

Comparison between the TDP decrease on disks with different substrates showed that 

it is not likely to be caused by the protrusion on the disk. 
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The dynamics of the head disk interface when turning the laser on is also studied. It is 

found that laser induced protrusion could forms within 1 ms after turning the laser on, 

but it keeps developing in shape and size over the next 10 to 20 ms. These 

observations build the foundation for further studies of the dynamics and heat transfer 

with wave guide heads and HAMR heads.  
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Chapter 6 Conclusions and future 

research direction 

6.1 Summary 

In this dissertation, the dynamics and nano-scale heat transfer behavior in the head 

disk interface is discussed. Experimental study of nano-scale heat transfer is 

conducted with a specifically designed static touchdown experiment, and a simulation 

strategy that incorporates the wave-based phonon conduction theory to simulate the 

static touchdown experiment was developed. The dynamics of a waveguide head was 

also studied. 

In the flying condition, touchdown experiments were performed at both the drive-

level and component-level. During the touchdown process, passive flying, transitional, 

and modulation stages were identified. More importantly, correlation between the 

temperature and head disk spacing was found at both the passive flying stage and 

modulation stage. It was found that when the flying height increases due to either disk 

surface microwaviness or contact induced modulation, the head temperature also 

increases, with a slight time delay, indicating the existence of a cooling effect as the 

head approaches the disk.  

By conducting the static touchdown experiment, the nano-scale heat transfer is 

successfully decoupled from the complicated air flow in the flying condition. The 

heat transfer behavior across a closing nano-scale gap between the head and disk was 

observed and measured. Experimental results showed general agreement with the 

theoretical predictions of the wave based theory for radiation and phonon conduction. 

The effect of different factors including humidity, air pressure, lubricant layer and 

disk substrate in the static touchdown experiment were also studied separately.  

A simulation method for studying the static touchdown experiment was further 

developed using the wave based phonon conduction theory in ANSYS and MATLAB. 

The typical temperature change in a static touchdown experiment was successfully 

simulated. From the simulation, it was also found that the TFC protrusion height is a 

nonlinear function of the TFC power due to increased heat loss to the disk as the gap 

size reduces.  
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In addition, the dynamics of a waveguide head and its laser induced protrusion was 

studied. The laser induced protrusion was measured using the TDP decrease method 

to be around 1~2 nm in height. Comparison between TDP decrease on disks with 

different substrates showed that this measured TDP decrease is not likely caused by 

the protrusion on the disk. The dynamics of its HDI when turning the laser on and off 

was also studied. It was discovered that a fast responding laser induced protrusion 

forms within 1 ms and a slower responding protrusion forms in the next 10 to 20 ms.  

6.2 Future research directions 

6.2.1 Experimental study of nano-scale and Angstrom-scale heat transfer 

While the static touchdown experiment could achieve heat flux measurement through 

nano-sized and angstrom-sized gaps, the limited choice of experimental materials 

(specifically on the head) has made it hard to draw definite conclusions about a near-

field heat transfer theory. In a future study, the nano-scale thermal protrusion 

actuation method in the static touchdown experiment can be improved with 

microfabrication technology to achieve more reliable results with a wider variety of 

material choices.  

6.2.2 Probing technology of material conduction coefficient and emissivity 

The static touchdown experiment has shown its capability of distinguishing different 

materials by their heat exchange coefficient. Since the diameter of the TFC protrusion 

is only on the scale of micrometers, this method is capable of measuring heat 

exchange coefficient on tiny structures such as grains and thin film structures.  

6.2.3 Nano-scale heat transfer Simulation of flying condition and HAMR 

condition 

The simulation method introduced in this dissertation can be further improved to 

simulate the flying condition and HAMR condition. In a flying condition, the 

variation of head disk spacing can be simulated with CML Air, along with the 

pressure distribution. Both the air cooling effect and phonon cooling effect can be 

considered and their contribution to the final head temperature can be compared. In 

the HAMR condition, the back heating effect can be further included in the model to 

predict the temperature distribution on the head. These simulation studies should help 

improve the design of HAMR heads and media.  
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