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and d) height profile ŚCŠ from 90◦ AFM image. . . . . . . . . . . 144

Figure 6.15: TOF-SIMS fluorine maps of a) the worn slider from Fig. 6.12 a),
and b) the unused slider from Fig. 6.9. . . . . . . . . . . . . . . . . 145

Figure 6.16: TOF-SIMS iron nickel maps of a) the worn slider from Fig. 6.12 a),
and b) the unused slider from Fig. 6.9. . . . . . . . . . . . . . . . . 146

Figure 6.17: TOF-SIMS iron nickel maps of a) the worn slider from Fig. 6.12 a),
and b) the worn slider from Fig. 6.12 d). . . . . . . . . . . . . . . . 147

Figure 6.18: TOF-SIMS images of lubricant fragments C2F5
+ and CF+ on the
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Experimental studies of the head-disk interface from a tribological and controls
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Since the introduction of the IBM 305 RAMAC system in 1956, performance

and storage capacities of hard disk drives have improved tremendously. To reliably

read and write data, the slider must follow the data stored on the magnetic disk closely

enough while maintaining a near constant spacing. Currently, the spacing between the

recording and the magnetic disk – the flying height – is on the order of 1-2 nm during

reading and writing. At such low spacings, intermittent contacts are inevitable, giving

rise to wear and degradation of the head-disk interface. Flying heights of 1-2 nm are

achieved using thermal flying height control (TFC) technology. TFC recording heads,
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or TFC sliders (the terms (recording) head and slider are used interchangeably in this

dissertation), feature thin-film resistive heater elements near the read and write elemesnt.

Actuating the heater element heats up the nearby material. The material expands due to

the heat which causes the slider to (thermally) protrude towards the disk at the location

of the read and write element. An increase in heater power increases this protrusion, thus

locally reducing the slider flying height. In this dissertation, we focus on experimental

investigations of the interface between a TFC slider and a magnetic disk from both a

tribological and controls point of view.

First, contact and temperature rise between thermal flying height control (TFC)

sliders and magnetic disks were studied. Head-disk contact was established by gradually

increasing the power input to the resistive heater element of a TFC slider. Laser Doppler

vibrometry was employed for studying the dynamics of the vertical gimbal velocity. The

gimbal is part of the suspension which the slider is attached to. The temperature rise

upon head-disk contact was estimated from the resistance change at the read element

via auxiliary calibration measurements.

Next, wear of TFC sliders was studied. Head wear was determined by measuring

the change in the heater touch-down power before and after wear testing. The touch-

down power denotes the power input to the heater of a TFC slider at which the onset of

slider-disk contact occurs. After wear testing, selected heads were examined using scan-

ning electron microscopy to identify regions of wear on the write shields. Furthermore,

atomic force microscopy images of worn and unworn recording heads were acquired to

determine changes in surface roughness. The effect of bonded fraction of the lubricant,

relative humidity, and temperature on head wear was investigated.

In addition, we studied head wear as a function of relative humidity and DC bias

voltage applied across the head-disk interface. Wear tests were performed at < 8 %,

30 %, and 52 % relative humidity. Similarly, head wear was determined by measuring

xxvii



the change in the heater touch-down power before and after 10 minute wear tests. After

wear testing, selected recording heads were examined using atomic force microscopy

to identify regions of wear or deposit formation on the slider surface, and the deposits

were analyzed using time of flight secondary ion mass spectrometry (TOF-SIMS).

A new approach for predicting the touch-down power of a TFC slider is pre-

sented. The method utilizes the thermal contact sensor to sense head-disk proximity

prior to actual head-disk contact. Impeding contact was predicted based on a change in

dynamics from heater input to sensor output with decreasing flying height. The dynam-

ics between the heater and the contact sensor were identified from experimental step

response measurements using the step-based realization algorithm. The effect of step

height was investigated and it is shown that the coefficients of the transfer function can

be used to predict the onset of head-disk contact without having to perform a complete

touch-down measurement.

Finally, an algorithm is proposed for minimizing low-frequency variations in

flying height of thermal flying height control (TFC) sliders. The method utilizes the

resistive heater element of a TFC sliders for spacing adjustment and the embedded ther-

mal contact sensor for estimating changes in flying height. Data based modeling was

carried out to identify the dynamics of the thermal actuator. The optimal feedforward

heater input profile was calculate via convex optimization techniques. The feedforward

approach was verified experimentally on a spin-stand tester.
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Chapter 1

Introduction to digital data storage

1.1 Trends in the market of data storage

The ability to store, retrieve and distribute information has contributed majorly

to the development of modern knowledge-based societies. Knowledge – the driver of

technological and societal progress – could not have been developed to such an extent if

there were no means for storing data. Up until the middle ages, the majority of the pop-

ulation in Europe was illiterate and knowledge was controlled by religious powers [3,4].

It was not until the invention of the printing press in 1439 by Johannes Gutenberg that

mass production of printed book was possible [4, 5]. Gutenberg’s invention introduced

an era of mass communication, a sharp increase in literacy, and allowed the nearly un-

restricted circulation of data – including revolutionary ideas – threatening the power of

religious and political institutions [6]. The following centuries were marked by numer-

ous scientific discoveries and inventions, known as the scientific revolution. Important

achievements took place in astronomy, biology, mathematics and physics, for example,

Copernicus’ formulation of the universe and Sir Isaac Newton’s publication Principia

on the three laws of motion and the law of universal gravity [6].
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The 20th century marks the start date of a new kind of era: The era of digital

mass communication. Digital mass communication followed the invention of comput-

ers, the internet, and digital data storage (e.g., tape drives, hard disk drives, solid state

drives). Fast-forward to the year 2013, humankind generated an astonishing amount of

4.4 Zettabyte (ZB)1,2 of digital data within one calendar year alone [8]. From 2013 to

2020, this amount is predicted to increase tenfold to 44 ZB.

Figure 1.1: Future trends in the data storage market. Data from [8, 9].

Trends leading to such an enormous growth in data generation are related to dig-

ital entertainment (e.g., movies and TV), social media, scientific investigations (e.g., the

Human Genome Project), and big data [10]. In recent years, there has also been a trend

away from local data storage solutions to a more centralized approach: Cloud comput-

ing. Cloud computing is defined by the National Institute of Standards and Technologies

(NIST) as a

"model for enabling ubiquitous, convenient, on-demand network access to a shared

1 1 ZB = 1021 bytes = 1 billion 1 TB hard disk drives = 100 billion high-definition (HD) movies at
1080 p resolution

2 For comparison, a 500 page book in plain text format requires approximately 625 kbyte (kB) of
digital storage. The library of congress has collected about 525 Terabyte (TB) of web archive data as
of March 2014 [7], corresponding to 840 million books or 0.0000001 % of all data generated in 2013,
respectively.
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pool of configurable computing resources (e.g., networks, servers, storage,

applications, and services) that can be rapidly provisioned and released with minimal

management effort or service provider interaction" [11].

In 2013, about 25 % of storage devices shipped went into the cloud, which is expected

to increase to 56 % by 2020 [9]. This tremendous growth in data generation calls for

cheap, fast and reliable storage solutions.

Trends in data storage are summarized in Fig. 1.1 and an overview of current

storage technology will be provided in the upcoming section.

1.2 Comparison of storage technologies

Data generation will continue to grow tremendously and a large portion of this

data is expected to be stored in the cloud. In cloud computing, data is stored in data

centers which handle both ’hot’ and ’cold’ data [10]. ’Hot’ data refers to especially

valuable information for which fast and reliable handling is needed. ’Cold’ data on the

other hand refers to less time critical data for which cost-effectiveness is a priority. In

other words, the kind of data handled by the data center dictates the requirements on the

storage devices being used. Desirable characteristics of digital storage devices are:

• High Performance: Fast writing and reading of data.

• Low cost: Low acquisition and operating cost (e.g., power consumption).

• Others: High storage capacity, secure data storage, and reliability.

In reality, there exists a trade-off between the above mentioned criteria, espe-

cially in terms of cost, storage capacity and performance [10]. Fig 1.2 compares the

most commonly used storage devices in terms of their cost per Gigabyte (GB) and their

relative performance.
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Figure 1.2: Comparison of relative cost and relative performance between tape drives,
hard disk drives (HDDs), hybrid drives, solid-state drives (SSDs), dynamic random
access memory (DRAM) and central processing unit (CPU).

It can be seen Fig 1.2 that central processing units (CPUs) are among the fastest

but also the most expensive ’storage’ devices. CPUs are electronic circuits carrying out

the instructions of computer programs by performing basic operations. CPUs operate at

speeds in the Gigahertz (GHz) range and only a few bytes are processed and stored at

a time. Dynamic random-access memory (DRAM) provide fairly large memory blocks

at much lower cost compared to CPUs. Both CPUs and DRAM are volatile, meaning

that the data is lost after electrical power is withdrawn. Tape drives on the other hand

provide extremely large capacities3 at low cost. As tape drives are relatively slow, they

are mainly used for backing up data. As of today, hard disk drives (HDDs) and solid

state drives (SSDs) best bridge the gap in terms of cost and performance. HDDs are

lower in cost and provide larger storage capacities compared to SSDs, which perform

3 In 2014, Sony developed a tape drive with a storage capacity of 185 Terabyte (TB) provided by a
single cartridge.
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faster and are more reliable. To combine the advantages of HDDs and SSDs, hybrid

drives were introduced. Hybrid drives are hard disk drives with an added on solid state

portion. The SSD portion acts as a cache and keeps copies of the most frequently used

data which significantly improves the overall performance.

1.3 Hard disk drives vs. solid state drives

There has been the perception that hard disk drives (HDDs) will eventually be

replaced by the much faster and more reliable solid state drives (SSDs). However, the

cost per bit of HDDs is significantly lower compared to that of SSDs. As of April

2015, 1 Terabyte (TB) of storage can be purchased for $40 in form of a HDD or for

$230 in form of a SSD. This makes HDDs cheaper by a factor of 5.75 compared to

SSDs. This comparison also highlights that SSDs have become inexpensive enough

to replace HDDs in the mobile device market (e.g., laptops). The share of the mobile

device market, however, constitutes less than 10 % of the revenue of the total storage

market [9]. In recent years, the cost per GB has been falling steadily at a similar rate for

both HDDs and SDDs. This trend is expected to continue [12], indicating that HDDs

are not going to disappear from the market in the near future.

Historically, the number of HDDs shipped has been growing steadily starting

from 1975 [13]. This trend started to reverse in recent years as SSDs are becoming

more popular due to decreasing prices: HDD sales fell from 794 million units in 2012

to 755 million units in 2013 while the shipment of SSD grew by 82 % to 57 million

units [14]. Still, SSDs only make up a small portion of the total number of units sold.

This comparison becomes even more drastic when comparing the total capacity shipped

rather than the number of units sold as HDDs provide significantly larger capacities

compared to SSDs.
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1.4 Conclusion

SSDs are clearly advantageous compared to HDDs in terms of performance but

lack in providing large capacities at low cost. As of now and in the near future, it is

less of a question of ’Who will win?’ than a realization that both SSDs and HDDs have

their own unique applications and can coexist. The choice between SSDs and HDDs

depends on the type of data to be stored, the requirements by the end user, and the cost.

It is already common praxis that data centers organize data into tiers. Top tear data is

typically stored on DRAM or SSD whereas lower tier applications run on slow, typically

5400 revolutions per minute hard disk drives [10]. There are, however, companies which

exclusively use SSD for their data storage solutions.

Overall, it is important that HDDs maintain their relative cost advantage com-

pared to SSDs in order to stay relevant in the storage market. In order to do so, larger

capacities need to be provided at lower cost while ensuring reliability.



Chapter 2

Introduction to hard disk drives

2.1 History of hard disk drives

On May 6th, 1955, IBM announced that a small team of engineers at their San

Jose site had developed a new magnetic disk storage technology [15]. Sixteen months

later, the first IBM 350 RAMAC disk file became commercially available. The disk

file was part of the IBM 305 RAMAC system which also included a card reader, cen-

tral processor and printer. RAMAC stands for random access method of accounting

and control and its introduction to the market started a new era of interactive computer

applications such as airline reservation systems, automated banking and personal com-

puting [16]. To highlight the significance of this invention it shall be noted that prior to

1952, only punch cards, magnetic tapes and magnetic drums were available for storing

information [15]. A photograph of the IBM 350 is shown in Fig. 2.1. The IBM 350

disk file consisted of fifty disks that were 24 inches in diameter, providing a total ca-

pacity of 5 million seven bit characters [15]. Mounted on a rotating shaft, the disks

spun at 1,200 revolutions per minute (rpm). A single head assembly with two heads was

used for accessing all 50 platters at an average head to media spacing of 20 micrometer

7
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(µm) [15,17]. The IBM 350 provided a data rate of 8800 bytes per second (bytes/s) and

an access time of 600 milliseconds (ms) [18]. The RAMAC 350 file system was not for

sale; one megabyte of storage could be rented for $130 a month which corresponds to

$1,122 in 20151 [15].

Figure 2.1: 305 RAMAC system with 350 disk file, central processor, card reader and
printer [15].

In June 1961, the IBM 1301 Disk Storage Unit was announced as the next gener-

ation disk storage technology. The IBM 1301 introduced the usage of self-flying sliders

which ’fly’ over the disk supported by an air bearing – a technology which is still used

in today’s hard disk drives. Furthermore, separate read/write heads for each disk sur-

face were used for the first time. Each IBM 1301 module was comprised of 25 disks

that provide a total storage capacity of 25-28 million characters [18,19]. The disk stack

spun at 1800 rpm and the head to media spacing was 6 µm.

With each following generation, hard drives became smaller, faster and had

larger areal densities2. The most common form factors of modern hard drives are

1Accounted for inflation according to the Bureau of Labor Statistics, available at http://www.bls.gov/
data/inflation_calculator.htm

2 Areal density refers to the number of bits stored per unit area and is typically measured in bits per
inch squared (Bit/in2)

http://www.bls.gov/data/inflation_calculator.htm
http://www.bls.gov/data/inflation_calculator.htm
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3.5 inch drives for desktop computers and 2.5 inch drives for laptop computers. In

early 2007, the first 1 Terabyte (TB) hard drive was introduced by Hitachi GST [20] and

in 2014, Western Digital Corporation announced a 10 TB helium filled hard drive [21].

2.2 The principle of magnetic recording

In hard disk drives, data is stored in the form of bits in the recording layer of a

hard disk. The magnetic recording layer consists of very fine grains and several grains

form one bit. The bits have either positive or negative magnetization and are written in

circular data tracks on a rotating disk. Data is written onto the disk using a magnetic

coil and read using a resistive element. This section discusses magnetic materials and

the write and read process.

2.2.1 Magnetic materials

Since electrons carry a negative charge, they produce a magnetic field as they

circle around the atom’s nucleus. If a material is exposed to an external magnetic field,

the magnetic field of the material’s electrons will be affected. However, most atoms

have electrons that occur in pairs. Paired electrons spin in opposite directions which

causes their magnetic fields to cancel each other. Contrary, materials with unpaired

electrons have a net magnetic field. Thus, external magnetic fields can have quite differ-

ent effects on a material depending on whether or not the material’s electrons occur in

pairs. Depending on the induced magnetic field, materials can be categorized into dia-

magnetic, paramagnetic and ferromagnetic. Diamagnetic materials are slightly repelled

by an external magnetic field and no changes in magnetic properties are retained after

the external magnetic field is removed. The majority of elements in the periodic table

such as copper, gold and silver are diamagnetic. Paramagnetic materials on the other
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hand are slightly attracted by an external magnetic field. Similar to diamagnetic mate-

rials, no changes in magnetic properties are retained after the external magnetic field is

removed. Examples for paramagnetic materials are magnesium, lithium and tantalum.

Ferromagnetic materials exhibit a strong attraction to external magnetic fields and are

able to retain their induced magnetic changes after the external field is removed. This

is because ferromagnetic materials have unpaired electrons which allow the atoms to

gain a net magnetic moment and also because ferromagnetic materials are organized in

magnetic domains. When unmagnetized, the domains are organized randomly, resulting

in a zero net magnetic field for the material as a whole. As ferromagnetic materials are

exposed to an external magnetic field, the domains become aligned and produce a mag-

netic field within the material. The internal magnetic field becomes stronger, the more

magnetic domains are aligned. Once all magnetic domains are aligned, the material is

saturated and no additional amount of external magnetic field can increase the level of

internal magnetization. Examples of ferromagnetic materials are iron, nickel and cobalt.

In hard disk drives, a single bit consists of several magnetic domains or grains

and each bit has two stable states. The orientation of magnetization of the magnetic

domains can be flipped by applying a proper external magnetic field. The process of

demagnetization of ferromagnetic materials is not the inverse of the magnetization pro-

cess, which is known as hysteresis. The hysteresis curve of ferromagnetic materials is

shown in Fig. 2.2.

The magnetization M of a ferromagnetic material is zero before any external

magnetic field H is applied. This state corresponds to point 0 in Fig. 2.2. Increasing

the external magnetic field H increases the magnetization of the material until satura-

tion level +MS is reached (point 1). Subsequent removal of the external magnetic field

reduces the internal magnetization of the material to Mr (point 2), known as remanent

magnetization. By reversing the magnetic field and slowly increasing its magnitude,



11

Figure 2.2: Hysteresis loop of magnetic materials. Binary recording as it is used in
hard disk drives requires two stable states of magnetization which correspond to the
two points of remanence +MR and −MR.

zero magnetization is reached which corresponds to point 3 in Fig. 2.2. The external

field needed for achieving zero magnetization is called the coercivity Hc of the material.

If the reversed external field is further increased in magnitude, a negative state of sat-

uration −MS is reached (point 4). Subsequent removal of the magnetic field increases

the internal magnetization to −MR (point 5). The two points of remanent magnetization

+MR and −MR represent the two stable states needed for binary recording.

For hard disk drives, it is important to choose materials with large enough coer-

civity HC to ensure thermal stability. Thermal stability is needed for preventing spon-

taneous demagnetization and subsequent data loss. A detailed discussion on thermal

stability of the magnetic grains is given in 2.6.1.

2.2.2 The write process

The magnetic orientation of a single bit can be either parallel or perpendicular to

the disk surface; this is referred to as longitudinal or perpendicular magnetic recording,
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respectively. Until 2005, the majority of hard disk drives used longitudinal magnetic

recording (LMR) technology to store information [22–24]. However, soon the super

paramagnetic limit in longitudinal magnetic recording was reached: If the grains in the

recording layer become so small that they interfere with neighboring grains, they lose

the ability to retain their magnetic orientation which results in data loss [25,26]. To over-

come the super paramagnetic limit of longitudinal magnetic recording, the hard drive in-

dustry transitioned from longitudinal to perpendicular magnetic recording (PMR) tech-

nology starting in 2004 [23, 27]. Other advantages of perpendicular magnetic recording

include a better signal to noise (SNR) ratio and a higher saturation magnetization which

allows for thinner recording layers [23].

The fundamental differences between longitudinal magnetic recording and per-

pendicular magnetic recording are illustrated in Fig. 2.3 a) and b), respectively. A unique

feature of perpendicular magnetic recording is the existence of a softmagnetic under-

layer below the recording layer.

When writing data, the information to be recorded is received by the write chan-

nel in the form of ’1’s and ’0’s. This information is converted into an alternating current

which is passed on to the write element. The write element consists of an inductive coil

wrapped around a ferromagnetic yoke. Applying a current to the write coil produces a

magnetic stray or fringe field in the gap of the yoke which is used to change the mag-

netic orientation of the bits in the recording layer. In longitudinal magnetic recording,

the stray field passes through the magnetic medium below the gap of the magnetic core

and magnetizes the bits parallel to the disk surface (see Fig. 2.3 a)). For perpendicular

magnetic recording, a slightly different write head geometry is used which is similar to

that of a horseshoe with one small and one large end (see Fig. 2.3 b)). When writing

data, the magnetic flux passes through the small end, called the monopole, through the

recording layer to magnetize bits perpendicular to the disk surface. The magnetic flux
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Figure 2.3: The principle of a) longitudinal magnetic recording (LMR), and b) perpen-
dicular magnetic recording (PMR). In LMR, the orientation of the bits is parallel to the
disk surface whereas the bit orientation in PMR is perpendicular to the disk surface.
PMR allows for higher areal densities.
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continues on through the softmagnetic underlayer back to the larger end of the horse-

shoe, the return pole. Because of the much larger return pole, the density of the magnetic

flux returning to the magnetic coil is reduced so that no bit is re-magnetized.

Over the years, the technology of the write head has not changed fundamentally

except for a significant reduction in size and the transition from longitudinal to perpen-

dicular magnetic recording as described above.

2.2.3 The read process

In the early years of hard disk drive technology, the read and write elements were

combined into a single ferrite inductive read/write head. When reading data, a change

in magnetization seen by the read/write head causes a change in magnetic flux in the

ferrite core. According to Faraday’s law, a change in magnetic flux Φ induces a voltage

Vind as follows

Vind =−N
dΦ

dt
(2.1)

where N is the number of windings.

As the bit size decreased over time to achieve higher storage densities, the read-

back signal amplitude of inductive heads became so small that the signal-to-noise ratio

(SNR) became too low. In the 1990s, magnetoresistive (MR) heads were introduced

which use a different principle for reading data. Magnetoresistive heads contain a small

electrical resistor whose resistance changes in the presence of an external magnetic field.

There are three types of MR heads [28]: Anisotropic magnetoresistive (AMR) heads

which were first introduced in 1990, giant magnetoresistive (GMR) heads which were

introduced in 1997, and tunneling magnetoresistive (TMR) heads which were intro-

duced in 2004. Giant magnetoresistive heads are multi-layered structures of magnetic

and non-magnetic conductive materials. When neighboring layers are magnetized in
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parallel, the resistance is decreased compared to the case where layers are magnetized

in opposite directions. The effect of giant magnetoresistance was discovered by Albert

Fert and Peter Grunberg in 1988, and they were recognized for their discovery by the

Nobel Prize in Physics in 2007. The principle of tunneling magnetoresistive heads is

based on tunneling magnetoresistance: Electrons move through an insulating layer be-

tween the magnetic layers which results in an even larger change in electrical resistance.

Tunneling magnetoresistive heads are still used in today’s hard disk drives.

2.3 Inside a hard disk drive

2.3.1 Component overview

A typical hard disk drive with its top cover removed is presented in Fig. 2.4.

Figure 2.4: Typical commercially available hard disk drive [1] with its top cover re-
moved. Data is stored in concentric tracks on both the top and bottom surface of the
magnetic disks. Radial positioning of the recording heads is provided via a voice-coil
motor. The sliders are parked on a ramp when no data is written or read to provide
protection against accidental shock or vibration.

Hard disk drives usually contain a stack of disks which is spun by a spindle
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motor. Data is written onto the disk in concentric tracks using a write coil and read

from the disk using a read element. The write coil and read element are contained in

the trailing edge of the slider which is also referred to as the slider. The slider hovers or

’flies’ over the rotating disk supported by an air bearing. Since data is stored on both the

top and the bottom surface of a magnetic disk, two recording heads per disk are used.

The slider is mounted to the suspension via the dimple-gimbal interface as shown

in Fig. 2.5. The dimple is a spherical protrusion on the suspension that allows the slider

to pitch and roll. The suspension applies a pre-load to the slider body in the vertical (z)

direction that is in equilibrium with the air bearing pressure at the head-disk interface.

The suspension is rigidly attached to the E-block as shown in Fig. 2.4. The E-block

is moved radially across the disk using a voice-coil motor (VCM) whose position is

controlled using a servo control loop.

Figure 2.5: Dimpel-gimbal interface. The slider is attached to the suspension via the
dimple gimbal interface. This interface allows the slider to pitch and roll independent
of the suspension motion.

When a hard drive is not in operation, the sliders are ’parked’ on a ramp as

shown in Fig. 2.4). In earlier disk drive generations, the sliders were ’parked’ at the

inner diameter of the disk in the so-called landing zone [26]. The area of the landing
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zone was solely reserved for parking the slider and could not be used for storing data.

However, improvements in materials and manufacturing techniques lead to smoother

surfaces which gave rise to larger stiction forces between the slider and the disk. Large

stiction is undesirable during disk spin-up. To prevent these large stiction forces, laser

textured landing zones were introduced to increase the surface roughness in the landing

zone and hence decrease the real area of contact between the slider and disk when the

slider was parked. It was found, however, that laser textured landing zones introduced

friction induced tribo voltages during disk spin-up [29]. The presence of large voltage

potential differences across the head-disk interface is undesirable because electrostatic

damage of the sensitive read element may occur. For example, Wallash found that tun-

neling magneto resistive (TMR) read elements can be damaged at only 1 V [30]. To

prevent voltage build-up during disk spin-up and maximize the disk area dedicated to

disk storage, ramps were introduced.

The base cover of hard disk drives is sealed with a top cover. Small holes allow

for equalization of air pressure between the inside and the outside of the hard disk drive.

A filtration system prevents contaminants from entering the drive and controls moisture

within the drive. In 2013, HGST introduced the first helium filled hard disk drive [31].

The advantage of helium is that its density is much less compared to that of air and that

its Reynolds number is much smaller. As a consequence, spinning the disks causes less

fluid friction and turbulence and hence, the drive runs cooler and less electrical power

is required for spinning the disks stack. In addition, air-induced vibration of the slider

and suspension are reduced which allows for higher track densities and for packing

disks closer together, thus increasing the overall storage capacity of the drive. Helium-

filled hard disk drives need to be sealed hermetically to prevent helium molecules from

escaping the drive.
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2.3.2 The head-disk interface

From a magnetic point of view, zero spacing between the read/write element

and the magnetic recording layer is desired to achieve maximum strength in the read-

back signal. However, from a tribological point of view, contact between the slider and

the disk is undesirable as wear and degradation of the head-disk interface may occur.

Hence, the question arises how low can one fly safely to ensure that data is read and

written reliably while preventing damage to the slider and the disk.

Figure 2.6: Head-disk interface (HDI). The slider flies over the disk supported by an
air bearing. The nominal head-disk spacing, or flying height, is on the order of 10 nm.
During reading and writing, the flying height is reduced to 1-2 nm. To minimize wear
and friction during intermittent head-disk contacts, both the slider and the disk are
coated with a thin layer of diamond-like carbon (≤ 3 nm) and a thin lubricant layer is
present on the disk (≤ 2 nm).

In today’s hard disk drives, the spacing between the read and write element and

the magnetic disk is on the order of 1-2 nm during read and write operation. Such a

low spacing is achieved using thermal flying height control (TFC) technology which

will be discussed in section 2.3.3. When flying at 1–2 nm head-disk spacing, it may be
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of no surprise that intermittent contacts between the recording head and the magnetic

disk occur. To prevent corrosion and damage from intermittent head-disk contacts, the

surface of the magnetic disk is covered with a molecularly thin layer of diamond-like

carbon (≤ 3 nm) and lubricant (≤ 2 nm). Similarly, the bottom surface of the slider

is coated with a thin film of diamond-like carbon (≤ 3 nm) for wear and corrosion

protection. A schematic of the recording head and the layered structure of the magnetic

disk is presented in Fig. 2.6.

Diamond-like carbon coatings

In early hard disk drive generations, amorphous carbon (a-C) was sputtered onto

the disk to provide protection against corrosion [32] and later, hydrogenated amorphous

carbon (a-C:H) was used to also protect against mechanical wear [33]. In recent years,

amorphous nitrogenated carbon (a-C:N) has been widely used since it provides high

hardness, high wear resistance and low friction [34–41]. Amorphous carbon that con-

tains nitrogen has an increased surface energy which improves bonding of the lubricant

to the disk carbon [33,42]. Current diamond-like carbon (DLC) layers are less than 3 nm

thick and their primary purpose is to provide a corrosion and diffusion barrier [33]. To

fulfill this requirement, it is important that the deposited carbon layer is continuous.

In recent years, tetrahedral amorphous DLC (ta-C) and hydrogenated tetrahedral amor-

phous DLC (ta-C:H) films were introduced because their deposition process allows for

smoother films with higher densities [33].

He et al. [43] studied wear on the recording head resulting from a) contact with

a single asperity on the disk surface and b) contact with the bulk surface of the disk.

Contact with the disk asperities causes scratching on the recording head, whereas con-

tact with the bulk surface results in smoothening or ’burnishing’ of the the carbon film.

It was shown that the scratched and burnished regions exhibit an increase in sp2 bonds,
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indicating that localized graphitization of the DLC film took place due to high contact

stresses and frictional heating. A general introduction to DLC coatings and plastic de-

formation of surface coated materials is given in 2.4.7, respectively.

Disk lubricant

The disk lubricant plays a critical role in ensuring reliability and longevity of the

head-disk interface. As the applied lubricant film is very thin (≤ 1-2 nm), it is important

to choose an adequate lubricant type and proper application method. Desired lubricant

properties are [44]:

• Good boundary lubrication to prevent wear of the recording head and the disk.

• Good surface affinity towards the disk to prevent lubricant displacement via

slider-disk contacts.

• Mobility of lubricant molecules to replenish disk areas depleted of lubricant.

• Low volatility to reduce lubricant evaporation.

• Low surface tension to reduce stiction forces in case of slider-disk contact and

minimize the absorbtion of contaminants onto the lubricant.

• Thermal and chemical stability to prevent lubricant degradation.

Obviously, some of the criteria mentioned above are contradictory, hence, the

main challenge lies in finding a lubricant that represents the best compromise for a

particular head-disk combination. The most commonly used class of lubricants used for

hard drive lubrication are perfluoropolyether (PFPE) type lubricants. The advantage of

this type of lubricant is its high thermal stability, low viscosity and low vapor pressure

[45]. Popular examples of PFPE lubricant are lubricants with Fomblin Z or Demnum
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backbone [46]. The Fomblin Z backbones can be terminated with a variety of functional

end groups at both ends, whereas the Demnum backbone can only be terminated with

one functional end group [46]. Representatives of the Fomblin Z family are Fomblin

Z-dol and Fomblin Z-tetraol which have two and four hydroxyl end groups, respectively

[47]. The structure of Z-dol, Z-tetraol and Demnum is shown in Fig 2.7.

Figure 2.7: Chemical structure of Fomblin Z-dol, Fomblin Z-tetraol and Demnum. R
denotes the (functional) end group to be added.

To simultaneously provide surface affinity and lubricant mobility, part of the lu-

bricant is bonded onto the disk surface whereas the remaining part of the lubricant is

said to be free or ’mobile’. Lubricant bonding is achieved by annealing the lubricant

end-groups at elevated temperatures to the carbon overcoat on the disk. Bonding the

lubricant to the disk carbon minimizes lubricant evaporation, disk spin-off and lubricant

displacement during slider-disk contacts, respectively. The mobile portion of the lubri-

cant is believed to reflow and replenish the lubricant depleted disk portions, thus ’repair-

ing itself’ [48]. The ratio between the bonded lubricant divided by the total amount of

lubricant is defined as the bonded lubricant ratio (BLR). Typical bonding ratios are on

the order of 60 % to 90 %.

It has been proposed that lubricants with a high lubricant diffusion coefficient

improve the wear durability of hard drives [49]. A number of studies has been con-
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ducted that investigate the effect of humidity and temperature on lubricant diffusivity

and wear [48, 50–56]. For example, Min et al. [50] studied the effect of relative humid-

ity on the diffusivity/spreading characteristics of thin liquid films of PFPE on silica sur-

faces. They found that the surface mobility of PFPE lubricants with functional hydroxyl

end groups increases with increasing relative humidity. Nakazawa and Kawakubo [51]

measured the decrease in head pad height using optical profilometry and found that head

wear decreases with increasing relative humidity. Karis et al. [48] performed contact

start/stop tests and found that the durability of disks increases with increasing relative

humidity. It is known that water can be adsorbed onto the lubricant or the disk carbon,

thus acting as a lubricant [52–54]. However, durability of PFPE lubricants was found

to be decreased at very high levels of relative humidity (e.g., 80 %). It was suggested

that water molecules might displace or permeate the lubricant film, thus resulting in a

nonuniform lubricant layer [54,55]. Concerning the effect of temperature, Ma et al. [56]

reported that temperature has little effect on the spreading characteristics of Fomblin lu-

bricants. However, Nakazawa and Kawakubo [51] found that head wear increases with

increasing temperature even though the diffusion coefficient was increased. They pro-

posed that a change in the bonded lubricant characteristics leads to increased head wear

at high temperatures.

Intermittent contact between slider and lubricant can result in lubricant rippling,

lubricant pick-up and lubricant transfer from the disk to the slider and vice versa [57,58].

Lubricant can also transfer to the slider in the absence of slider-disk contacts [59, 60].

As lubricant is redistributed over the disk, the lubricant thickness becomes non-uniform

[61]. It has also been found that lubricant contact excites vertical, down- and off-track

vibrations of the slider with the largest displacement in the off-track direction [62–67].

It is critical that the disk remains fully lubricated at all times to reduce wear and

friction. There are several mechanisms that contribute to degradation or loss of lubri-
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cant. Lubricant loss or degradation may be initiated by mechanical shearing [68], high

temperatures arising from mechanical friction [69] or laser heating [70, 71], catalytic

reactions [68, 72], tribo-emission [73–75], and possibly electrostatic fields [76]. It has

been suggested that lubricant degradation is dominated by triboelectrical reactions and

mechanical scission [54, 68].

Sliders

The sliders are fabricated using a wafer process similar to that used for integrated

circuits. During manufacturing, numerous layers of conductors and insulators are cre-

ated to form the write coil, write shield, read element, read shield etc. The slider trailing

edge consists of aluminum oxide (Al2O3) whereas the slider main body consists of alu-

minum oxide titanium carbide (Al2O3TiC, also called ’AlTiC’) (see Fig. 2.6). Electrical

access to the write coil and read element is provided via copper traces that are embed-

ded in a laminated flexure. The flexure extends away from the trailing edge of the slider,

runs along the suspension and terminates at electrical connection points at the flexure

tail as shown in Fig. 2.8.

The bottom surface of the slider facing the disk is referred to as the air bearing

surface (ABS). The air bearing surface in today’s hard disk drives is fairly complex and

consists of multiple recessed areas at various depths, generating high and low pressure

regions as the slider flies over the disk. The air bearing surface of the slider is designed

so that the slider flying height is independent from the radial position and the disk ve-

locity. A typical air bearing surface is depicted in Fig. 2.9.
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Figure 2.8: Close-up image of bottom surface of the slider, suspension, copper traces
and flexure. The copper traces establish an electrical connection to the read and write
element inside the slider.

2.3.3 Actuators in hard disk drives

Spindle motor for spinning the disk stack

The spindle motor spins the disk stack at disk velocities ranging from 5,400 rpm

to 15,000 rpm. Hard drives spinning at 5,400 rpm are typically used in laptops, whereas

7,200 rpm hard drives are reserved for desktop applications. Higher spindle speeds allow

for faster read/write access, but this advantage comes at a price: At high spindle speeds,

more electrical power is required for spinning the disk stack, the drive runs louder, and

out-of-plane suspension motion and slider off-track motion are increased [77].

The spindle motor plays a crucial role in the overall performance of a hard disk

drive. It is important that the speed of the spindle motor is controlled precisely as vari-

ations in spindle speed affect the flying height and bit position during writing [26].

The motion of the spindle with respect to its center of rotation is defined as spindle
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Figure 2.9: Air bearing surface of the slider showing the trailing edge at the top and
the leading edge at the bottom. The air bearing surface is the bottom surface of the
slider that faces the disk. The shields of the read and write element are located at the
center of the trailing edge. Dark areas are recessed in height and result in sub-ambient
air pressure as the slider flies over the disk compared to the elevated regions of the air
bearing surface which result in above ambient air pressure.

run-out. Run-out can be repeatable (RRO) or non-repeatable (NRRO). Due to its de-

terministic nature, repeatable run-out can be compensated. Non-repeatable run-out on

the other hand occurs randomly and can cause the recording head to go off-track, thus

contributing to track mis-registration and limiting the overall achievable track density.

Up until the early 2000s, ball bearing spindle motors were widely used in hard disk

drives, but the need for increased spindle speeds, noise reduction and higher areal den-

sities required a transition to fluid bearings [78–80]. A schematic of the cross-section of

a ball bearing and a fluid bearing is presented in Fig. 2.10. Ball bearings produce non-

repeatable run-out on the order of 2.5 nm (0.1 µ-inch) due to imperfections in the race

ball interface geometry [79, 81]. By contrast, non-repeatable run-out in fluid bearings

is 0.25 nm (0.01 µ-inch) due to higher viscosity of the lubricant between the stator and

the sleeve [79]. Other advantages of fluid bearings are greater speed control, reduction

in noise, improved shock resistance and reduced frequency resonance [78, 79].
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Figure 2.10: Cross-sectional view of a) ball bearing and b) fluid bearing. Compared to
ball bearings, fluid bearings operate under less run-out, provide greater speed control,
cause less acoustic noise and show improved shock resistance.

Voice coil motor for radial positioning of the recording head

Data tracks are accessed by radially moving the recording head over the disk

surface. This is done using a rotary voice coil motor whose main functional principle is

shown in Fig. 2.11. The coil of the actuator is surrounded by a magnetic field produced

by a pair of permanent magnetics fixed to the casing of the hard drive. Applying a

current to the coil causes the coil to move according to the Lorentz force law given by

~F = I · (~l×~B) (2.2)

where ~F denotes the Lorentz force, I is the applied current,~l refers to the vector of the

coil wire exposed to the magnetic field, and ~B denotes the density of the magnetic flux.

The direction of motion of the E-block is determined by the direction of the current I

applied to the coil. Equation 2.2 shows that the generated force is proportional to the

applied current.
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Figure 2.11: Working principle of a voice coil motor (VCM). The voice coil motor
is used for radial positioning of the recording head to access different data tracks.
Schematic courtesy of [82].

Thermal flying height control technology for flying height adjustment

Since the write element is comprised of a material with a higher thermal expan-

sion coefficient, it expands and shrinks more rapidly compared to the remaining slider

body as temperature changes. Thus, during writing when a high frequency current is ap-

plied to the write coil, the write element heats up and generates a protrusion towards the

disk. This results in a lower head-to-media spacing during writing compared to reading.

However, to ensure proper reading and writing of data, the spacing between the read

element and the disk during reading needs to be the same as the spacing between the

write coil and the disk during writing. Hence, a method is needed to rectify the static

flying height loss due to write coil induced pole tip protrusion.

A reduction in clearance between the read or write element and disk surface can

be achieved by lowering the flying height of the slider as a whole, for example by reduc-

ing the disk velocity or changing the air bearing design of the slider. It is also possible to

reduce the head-to-media spacing locally only when needed, that is, during reading and
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writing. The first proposals based on this idea were introduced in 1986 and involved the

use of piezoelectric elements [83–86]. Integrated in the slider, these piezoelectric ele-

ments were used to adjust the position of the read and write element in the trailing edge

of the slider (see Fig. 2.12 a)). However, sliders with integrated piezoelectric elements

were difficult to fabricate at the time and therefore, their development was not pursued

further.

Figure 2.12: Early proposals for head-disk spacing adjustment using a) integrated
piezoelectric actuators [84], and b) integrated heater element [87].

A different approach, based on an integrated resistive heater element, was first

introduced by Meyer et al. [87] in 1999 (see Fig. 2.12 b)). The heater element is located

in the trailing edge of the slider near the read and write element. Energizing the heater

element heats up the nearby material and as a consequence, the bottom surface of the

slider near the read and write element protrudes towards the disk, thus reducing the

flying height locally. An increase in heater power increases this protrusion and a large

enough heater power results in contact of this protrusion with the disk lubricant and/or

the disk surface as illustrated in Fig. 2.13. The heater power at which contact occurs

is commonly referred to as touch-down power (TDP). The nominal flying height of

current slider designs without energizing the heater element is about 10-12 nm. Head-
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disk spacings of 1-2 nm during reading and writing are achieved by setting the power

input to the heater a few mW below the touch-down power.

Figure 2.13: Schematic of thermal flying height control sliders for various heater pow-
ers expressed in terms of the touch-down power (TDP). An increase in heater power
increases the slider protrusion. For a large enough heater power slider-disk contact
occurs. This heater power is referred to as touch-down power. H denotes the heater
element, R the read element, W the write coil and CS the contact sensor.

Sliders with micro heaters are commonly referred to as thermal flying height

control (TFC) sliders [88, 89]. TFC slides were first implemented in 2007 with a linear

actuator’s stroke of 2.5 nm per 50 mW and a time constant of 1 ms [88,90]. To improve

performance, numerous investigations were carried out concluding that:

• A shorter distance between the heater and air bearing surface results in a larger

temperature rise at the read element, larger stroke, and reduced time constant [91].

• The performance of TFC sliders can be improved using thermal insulator [92].

The thermal insulator should be as large as possible and should have a low thermal

conductivity.

• TFC sliders with two heater elements, each of them with an insulator, show a

better response time and allow for more accurate positioning of the read and write

element [89].
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TFC sliders are now a standard component in hard disk drives [88, 93]. As of

today, thermal flying height control sliders are mainly used in a ’static’ sense to achieve a

consistent spacing during reading and writing independent from changes in environment

(relative humidity, temperature) and disk operation (reading vs. writing).

2.3.4 Geometric aspects

Bit aspect ratio and linear, track and areal density

A single bit is typically much larger in width compared to its length due to

limitations on the write head geometry (see 2.6.1 for more details). The number of

bits per inch (BPI) in the down-track direction is a measure of the linear density and

the number of tracks per inch (TPI) relates to the track density. The ratio between BPI

and TPI is defined as the bit aspect ratio (BAR) and the areal density is determined by

multiplying the linear density with the track density [26].

Over the years, areal densities have increased dramatically. The first disk storage

system, the IBM 350 (see 2.1), provided areal densities of 3.1 Bit/mm2 (2,000 bit/in2)

[26], compared to current densities on the order of 1.24 GBit/mm2 (800 GBit/in2) for

perpendicular magnetic recording technology. This corresponds to an increase in areal

densities by a factor of 400 million! Higher areal densities are achieved by increas-

ing the track density, i.e., packing data tracks closer together, and reducing the bit size

which allows for higher linear densities and smaller track width. Smaller bits require a

reduction in head-disk spacing and precise head-positioning. Key elements that lead to a

reduction in flying height are related to advances in manufacturing and material science

(smoother surfaces, improved coatings and lubricants, smaller read and write head ge-

ometries), the invention of thermal flying height slider, better air bearing technology and

improved read head sensitivity. The head-disk spacing of the IBM 1301 (see 2.1), the
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first storage unit with self-flying heads, was 6 µm compared to 1-2 nm during reading

and writing in today’s hard-disk drives.

Skew angle

The skew angle is defined as the angle at which the recording head is oriented

relative to the data track as shown in Fig. 2.14. The existence of such a skew angle is due

to the use of rotational actuators for head positioning rather than linear actuators. The

skew angle typically ranges from +15 ◦ at the inner diameter to -15 ◦ at the outer diam-

eter. There are several undesired effects associated with skew angles such as read/write

offset. During intermittent slider-disk contacts, slider vibration is found to be largest in

the off-set direction [62] which is enhanced at large skew angles.

Figure 2.14: The skew angle is defined as the angle between the current track and the
centerline of the recording head.
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2.4 Tribological aspects

The term tribology, derived from the greek root tribo (’to rub’), was first intro-

duced by British physicist Dr. H. Peter Jost in 1966 [94]. Jost was asked to form a

committee to investigate the economic value of tribology to industry in a request made

by Lord Bowden, the former british Minister of State for Science. In their final report,

the committee stated that a better application of tribological principles could result in

savings of over £515 million per year. In the Oxford dictionary, tribology is defined as

"the study of friction, wear and lubrication; the science of interacting surfaces in relative

motion". Tabor provides a more general definition by describing tribology as the study

of ”How surfaces interact when they are placed together and what happens when they

slide".

Friction is the resistance that one surface or object encounters when moving

over another [95]. Wear is the removal of material from either one of the two surfaces.

There are several techniques available for reducing friction and wear such as the use of

special materials, coatings, or lubricants. Lubrication refers to the practice of applying

a lubricant such as oil or grease between two surfaces in relative motion to avoid direct

contact, thus reducing friction and allowing smooth movement. The field of tribology is

very interdisciplinary as it deals with surface and material science, contact mechanics,

lubrication theory, etc.

At the head-disk interface in hard disk drives, tribological considerations are of

uttermost importance and play a critical role in terms of reliability: As discussed in

2.3.2, zero spacing between the read and write element and the recording layer are de-

sired from a magnetics point of view. However, such a configuration would result in

accelerated wear and failure of the head-disk interface. Therefore, the slider is designed

to fly over the disk at close proximity, thus preventing wear and degradation of the inter-
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face. This situation is referred to as hydrodynamic lubrication. Nonetheless, intermittent

head-disk contacts are likely to occur as the flying height is very small (≤ 1-2 nm during

reading and writing) compared to the surface roughness of the slider and the disk (2 nm

peak-to-peak value). To reduce friction and wear during intermittent head-disk contacts,

molecularly thin layers of diamond like carbon are applied to the slider and the disk and

a thin layer of lubricant is present on the disk surface.

In the following, a brief historical perspective on tribology will be given, fol-

lowed by a discussion on surface roughness, friction, wear and lubrication. Contact

between rough surfaces and the effect of surface coatings are also discussed.

2.4.1 Historical perspective on tribology

Phenomena related to friction, wear and lubrication have been known since an-

cient times. However, as tribology is very complex in nature, its development as a

scientific discipline was hindered until proper analytical and experimental tools became

available. For example, quantitative surface roughness measurements via a stylus be-

came available only in the 1940s [96]. The motion of the stylus was amplified electron-

ically and provided a distorted cross-section of the surface. Atomic force microscopy

used for imaging surface roughnesses on the micro scale was invented in 1986 [97].

Hence, early studies were based on intuition and macroscopic observations.

Da Vinci can be seen as the father of modern tribology. He studied numerous

tribological subtopics such as friction, wear, lubrication and bearings [96]. Da Vinci

discovered that friction is dependent on normal load and independent of the apparent

contact area. However, his work had no historical influence as his findings remained

unpublished.

Roughly 200 years later, Amontons rediscovered what da Vinci already knew

and published his own theories on friction. Amontons believed that friction results from
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dragging one surface over the roughness of the other, and from deforming and wearing

the opposite surface. The idea that friction was caused by surface roughness shaped the

theories of tribologists for many centuries.

Amontons findings were later confirmed by Euler and Coulomb. Euler studied

the mechanics of a weight on an inclined plane and was the first to differentiate between

static and kinetic friction [98]. He concluded from his experiments that static friction,

i.e., the force needed to initiate sliding, is always larger than kinetic friction. Coulomb

studied the sliding of materials under different sliding conditions [98]. He concluded

that the friction force is also independent of the sliding velocity.

Da Vinci’s, Amontons’ and Coulomb’s findings established the three macro-

scopic laws of friction3 [98]:

1. Independence of the area of contact: Friction is independent of the contact area

2. Amontons’ Law: The force of friction Ff is directly proportional to the applied

normal load Pn: Ff = µPn where µ denotes the coefficient of friction.

3. Coulomb’s Law: Kinetic friction is independent of the sliding velocity v.

Desaguliers proposed adhesion as an element of friction. Following Amontons’

work he noted that "as surfaces are made smoother they ought to slide more easily, yet

it is found by experience that the flat surfaces of metals or other bodies may be so far

polished as to increase friction" [104]. He believed that this observation was caused

by adhesion. However, Desaguliers was unable to relate the concept of adhesion to

the laws of friction since molecular adhesion was known to be proportional to contact

3 The classical laws of friction are remarkably true for most tribosystems. However, in 1981, Tabor
changed our understanding of friction by realizing that the three main factors involved in friction are 1)
the real area of contact, 2) the strength of the interfacial bonds, and 3) the deformation processes involved
when these interfacial bonds are broken during sliding [99]. Today we know that classical laws of friction
are only true for non-adhering surfaces and that they are invalid over a large range of loads [100]. Later
work by Molinari et al. [101], Müser [102] and Braun [103] also showed that the friction force is indeed
velocity dependent.
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area whereas friction was not. It took nearly 200 years until Desaguliers observation

on adhesion - which appeared to be contradicting at the time - could be explained by

Bowden and Tabor.

It has been well known since ancient times that lubrication improves friction and

wear. However, it was not until the 1880s when the theory of fluid film or hydrodynamic

lubrication was established by Petrov and Reynolds. The effectiveness of the lubricant

film is mainly determined by the ratio of the film thickness over the combined surface

roughness. Depending on this ratio, different lubrication schemes can be distinguished

which is expressed in the Stribeck curve, named after Richard Stribeck [105, 106]. For

ultra-thin lubricant films, lubricants were found to behave solid-like which led to the

theory of boundary lubrication proposed by Hardy in 1919.

Bowden and Tabor published their book on ’The friction and lubrication of

solids’ in 1950 which became the standard work for many decades [98]. Bowden and

Tabor were the first who distinguished between the real area of contact versus the ap-

parent area of contact. Given that engineering surfaces are rough, they realized that

contact between two surfaces only occurs at the tips of the highest asperities. These

regions define the real area of contact. The real area of contact is significantly smaller

than the apparent area of contact, and the two are completely independent from each

other. Bowden and Tabor suggested that the presence of a normal load causes the tips of

the highest asperities to deform plastically. Plastic flow is believed to continue until the

real area of contact was large enough to support the normal. Hence, Bowden and Tabor

proposed that

Ar =
Pn

p
(2.3)

where Ar denotes the real area of contact, Pn represent the normal load, and p is the com-

pressive yield stress [96]. Equation 2.3 shows that the real area of contact is proportional

to the normal load. Bowden and Tabor also proposed a model for explaining the origin
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of friction. This model is known has the Bowden and Tabor adhesion model or plastic

junction model [98]. Their model assumes that the friction force Ff is proportional to

both the real area of contact Ar and the shear strength of the junctions formed σ , i.e., the

mean lateral force per unit area, as expressed by

Ff = σAr (2.4)

The term ’adhesion model’ arises from the fact that friction force in equation 2.4

is proportional to the real area of contact, similar to adhesion. Friction is believed to

originate from energy losses due to plastic deformation of the contacting asperities,

hence the name plastic junction model. By distinguishing between the real and apparent

contact area, Bowden and Tabor showed that both Amontons and Desaguliers were right:

Friction and adhesion are proportional to the contact area, but it is the real contact area

that they are proportional to.

Calculating the real area of contact is in general quite difficult. One of the first

attempts were undertaken by Hertz who studied non-adhesive, elastic contact between

two spherical lenses [107]. He formulated the well-known equations on the Hertzian

contact stress [107] which provide the foundation for many problems in modern contact

mechanics. However, the contact spot size depends on the radius of the asperity which

is usually unknown.

Bowden and Tabor suggested that when two surfaces are in contact under load-

ing, the individual contact regions increase in size via plastic flow until the contact pres-

sure falls below the ’flow pressure’ [108]. However, Archard pointed out two important

facts: 1) An increase in load primarily increases the number of contact spots rather than

just their size [109], and 2) the asperities may deform plastically at first but they must

reach a steady state in which the load is supported more elastically [110]. Furthermore,
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he went on and showed that the real contact area is proportional to the load even for

purely elastic deformations [111].

In the 1960s, tools for quantitative surface roughness measurements emerged

which allowed the description of 1) asperity distribution, 2) asperity heights, 3) radius

of asperity tips, and 4) slope of asperities [96]. Greenwood and Williamson were among

the first who took advantage of those tools. In their famous publication entitled ’Contact

of Nominally Flat Surfaces’ [110], Greenwood and Williamson showed that the real area

of contact is indeed proportional to the applied normal load. It was demonstrated that

contacting asperities may deform plastically (primarily rough surfaces) or elastically

(primarily smooth surfaces) under normal load. Greenwood and Williamson introduced

the plasticity index Φ which describes the transition from elastic to plastic flow. They

showed that the deformation mode, i.e., elastic versus plastic deformation, is a function

of material and topography properties and rather independent of load. From their sur-

face studies Greenwood and Williamson concluded that 1) the height distribution of the

higher parts of any nominally flat surface may be regarded as Gaussian, and 2) the as-

perities of any nominally flat surface may be treated as having spherical caps [108,110].

2.4.2 Characterization of rough surfaces

Surface properties play a dominant role in tribological applications. All engi-

neering surfaces are complex and have surface roughness as presented in Fig. 2.15.

The high points of a surface are commonly referred to as asperities or protuberances.

Typically, an oxide layer and contaminants are present on the surface, and the material

properties near the surface are different from the bulk material properties away from the

surface due to handling and manufacturing.

The interaction between surfaces is mainly characterized by the interaction of

the surface asperities. The asperities’ physical and chemical properties depend mainly
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Figure 2.15: Example of an engineering surface. Surfaces are typically complex, i.e.,
they consist of multiple layers, and have surface roughness. Figure after [112].

on the manufacturing method and prior use. Physical properties of asperities refer to

the hardness, the surface roughness on a macro level, e.g., waviness and shape, and the

surface roughness on a micro level, e.g., asperity size and asperity distribution. The

surface roughness dictates the contact area, contact stresses and lubricant or debris path

and reservoirs when two surfaces are in contact. Chemical surface properties refer to the

chemical compatibility and shear strength of the intervening layers, and the properties

of the lubricant.

Figure 2.16: Height profile z of a rough surface with length L, showing asperities
and valleys. Note that this is an exaggerated illustration; the vertical scale is typically
smaller by a factor of 1000 compared to the horizontal scale for smooth surfaces.

Several statistical parameters exist for characterizing surfaces such as the peak-

to-peak distance and the four central moments. A typical surface profile with length L

is shown in Fig. 2.16.
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With reference to Fig. 2.16., the peak-to-peak distance zp is given by

zp = |zmax− zmin| (2.5)

where zmax and zmin denote the largest and smallest value of z(x), respectively.

The mean arithmetic surface roughness Ra (1st moment) of a given surface pro-

file z(x) is defined as

Ra =
1
L

L∫
0

|z(x)− zmean|dx (2.6)

where zmean is the mean value of z(x), i.e., zmean =
1
L

L∫
0

z(x)dx.

The root-mean-square surface roughness Rq (2nd moment) is given by

Rq =

√√√√√1
L

L∫
0

(z(x)− zmean)2dx (2.7)

It shall be noted that Ra and Rq do not provide information regarding the lateral

dimensions of the surface. It was also found that surfaces with different profiles can

have similar Ra and Rq values [113]. Hence, additional characteristics are needed to

properly describe surface characteristics. This can be done by means of the skewness

Rsk (3rd moment), and kurtosis Rku (4th moment) which are defined as

Rsk =
1

R3
q
· 1

L

L∫
0

|z(x)3|dx (2.8)

Rku =
1

R4
q
· 1

L

L∫
0

|z(x)4|dx (2.9)

The skewness is a measure of the asymmetry of the distribution curve and the

kurtosis represents the sharpness of peaks on a surface as indicated in Fig. 2.17. Sed-
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lacek et al. suggested that surfaces with higher kurtosis and negative skew correlate with

reduced friction [113].

Figure 2.17: Skewness and kurtosis. Effect of a) the skewness on the asymmetry of
the distribution peak (Rsk = 0 for the Gaussian distribution) and b) the kurtosis on the
sharpness of the distribution peak (Rku = 3 for the Gaussian distribution).

2.4.3 Friction

Friction is defined as the resistance that one surface or object encounters when

moving over another [95]. Friction originates from microscopic forces of molecular

adhesion (such as electrostatic forces, van der Waals forces and metallic bonds), micro-

scopic forces of mechanical abrasion (elastic and plastic deformation), and contaminants

present at the interface (such as oxides, absorbed films and gases, and foreign particles).

There are many mechanical components in hard disk drives that move relative

to each other and give rise to friction. For example, friction is present during accidental

slider-disk contact, in the fluid bearing of the spindle motor for spinning the disk stack,

or when moving the head-gimbal assembly on or off the ramp. Furthermore, the voice-

coil motor used for radial positioning of the recording head results in pivot friction

[114, 115].

For dry friction, i.e., friction between two solids in the absence of lubrication,

friction can be subdivided into kinetic and static friction. Static friction is friction be-

tween two bodies that do not move relative to each other, e.g., static friction can prevent
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an object from sliding down an inclined surface. Kinetic friction occurs when two con-

tacting objects are in relative motion. Kinetic friction is understood to be primarily

caused by chemical bonding between surfaces, rather than interlocking asperities what

Euler proposed. However, there are many cases in which roughness effects are domi-

nant. Static friction is in general - but not always - larger than dynamic friction.

Bowden and Tabor [116] expressed the kinetic friction force Fk in terms of the

real contact area Ar as

Fk = τAr (2.10)

where τ denotes the shear strength. A more general expression for kinetic friction is

given by

Fk = µPn + c0 (2.11)

where µ denotes the coefficient of force, Pn is the normal load and C0 is a term that

depends on the surface properties of both surfaces. The coefficient of friction is the

sum of an adhesion component µa, a deformation component µd and an asperity sum-

mit deformation component µd p caused by particles [117] as expressed in the equation

below

µ = µa +µd +µd p (2.12)

2.4.4 Wear

Wear is the removal of material from either one of the two surfaces. As material

is removed from either on of the two surfaces, the debris might form a lose wear particle

or adhere to a surfaces depending on the surface energy of the surfaces involved. Similar

to friction, wear is a system property. The wear rate depends on the wear mode which

can occur simultaneously or sequentially. Principle types of wear are (1) adhesive wear,

(2) abrasive wear, (3) fatigue wear, (4) erosive wear, (5) chemical or corrosive wear,
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and (6) electrical-arc-induced wear [118]. The two most common types that occur at

the head-disk interface are believed to be abrasive and adhesive wear. In the following,

abrasive and adhesive wear under dry conditions and Archard’s wear equation will be

discussed.

Abrasive wear

During abrasive wear, the softer of the two surfaces undergoes material loss or

deformation. On a microscopic level, the asperities of the harder surface cause plastic

flow or cutting of the softer material. Abrasive wear can result in the formation of wear

particles. There are two types of abrasive wear as indicated in Fig. 2.18: Two-body

abrasion and three-body abrasion. Two-body abrasion refers to the case where the softer

surface is damaged by the harder surface. Three-body abrasion involves a third body

that is trapped at the interface such as small particles.

Figure 2.18: Types of abrasive wear. There are two-body abrasion and three-body
abrasion. The later includes a foreign particle trapped at the interface. During abrasive
wear, material deformation is caused by plastic flow or cutting. Schematic after [119,
120].
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Adhesive wear

During adhesive wear, adhesive junctions are continuously being formed and

broken off as two contacting surfaces are in relative motion under a normal load. Similar

to abrasive wear, adhesive wear involves the plastic flow of the contacting surfaces. If

the shear strength of the adhesive junctions are strong enough to resist sliding, cracks

initiate and propagate.

Archard’s wear equation

Wear mechanisms are generally quite complex and controlling wear is highly

empirical [96]. Archard suggests that the volume of material loss Q due to abrasive and

adhesive wear can be expressed via the following equation

Q =
kPns
H

(2.13)

where k denotes the coefficient of wear, Pn is the normal load, s refers to the sliding

distance, and H is the material hardness of the softer surface.

2.4.5 Lubrication

Lubrication is a technique employed for reducing friction and wear between two

opposing surfaces in relative motion by means of lubricants. The lubricant can be a solid

(e.g., bonded films such as graphite or compounds such as MoS2), a liquid (e.g., oil,

water), a liquid-liquid dispersion (e.g., grease), or a gas [121]. Examples of lubricants

in hard disk drives are the lubricant applied to the disk surface (liquid lubricant) and

the gas film at the head-disk interface (gaseous lubricant, typically air) as the slider flies

over the disk.

Proper lubrication prevents or reduces contact between surface asperities which
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reduces friction, wear and contact stresses, respectively. Furthermore, lubricants trans-

port debris away from the interface and provide cooling. The effectiveness of the lubri-

cant depends on the fluid shear properties (e.g., viscosity), the lubricant chemistry (e.g.,

surface reactivity and shear strength), and thermal properties (e.g., thermal conductivity

and heat capacity) [112].

Lubrication regimes

Depending on the lubricant coverage, three basic lubrication regimes can be dis-

tinguished which are 1) full film lubrication (also called hydrodynamic lubrication), 2)

mixed or thin film lubrication, and 3) boundary lubrication. In the case of hydrodynamic

lubrication, the counter faces are completely separated by the lubricant film. Contacts

between surface asperities are absent and load is entirely supported by viscous shear

forces in the lubricant. During boundary lubrication, the solid surfaces are so close to-

gether that contact between the surface asperities is likely. The load is partly carried by

the contacting asperities, and partly by the lubricant film.

Figure 2.19: The Stribeck diagram describes the coefficient of friction for the three
basic lubrication regimes. Friction is expressed in terms of lubricant viscosity, sliding
speed and applied load. Schematic after [122].

The coefficient of friction of the three regimes is expressed in the Stribeck curve
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(Fig. 2.19), named after Richard Stribeck (1861-1950). Stribeck studied friction in

journal bearing as a function of lubricant viscosity, sliding speed and applied load and

pointed out the existence of a point with minimum friction [123]. As shown in Fig. 2.19,

friction is highest during boundary lubrication, and decreases to a minimum once the

load is fully supported by the lubricant and asperity contacts are absent. In the regime

of fluid film lubrication, friction increases again.

The next section discusses hydrodynamic lubrication and the Reynolds equation.

Hydrodynamic lubrication and the Reynolds equation

In hard disk drives, the slider flies over the rotation disk supported by an air

bearing as described earlier in 2.3.1. The pressure distribution that carries the slider

is generated from viscous forces within the air bearing and is in equilibrium with the

normal load applied to the slider via the suspension. The fundamental equation that

is widely used for describing the air flow at the head-disk interface is the Reynolds

equation [124,125]. The Reynolds equation is derived from the continuity equation and

the Navier-Stokes equation and the following assumptions are made [126]:

• The flow is very thin, laminar and isothermal.

• The flow is Newtonian with constant viscosity.

• Inertia effects can be neglected.

• The gas is an ideal gas.

The two-dimensional Reynolds equation for compressible flow is given by [127]

∂

∂x

(
ph3 ∂ p

∂x

)
+

∂

∂y

(
ph3 ∂ p

∂y

)
= 6µ

(
U

∂ ph
∂x

+V
∂ ph
∂y

)
+12µ

∂ ph
∂ t

(2.14)
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where p denotes the local pressure, h is the local spacing, µ is the viscosity of the fluid,

and U and V are velocity components in the x- and y-direction, respectively, as shown

in Fig. 2.20. It can be seen from equation 2.14 that the pressure forces on the left-hand

side are in equilibrium with the shear forces on the right hand side.

Figure 2.20: Governing channel in pivoted slider bearing. Schematic from [82].

For the derivation of equation 2.14, no-slip boundary conditions are applied at

the head and disk surface. However, this assumption is no longer valid as the fluid film

thickness h becomes smaller than the mean free path λ of the air molecules4. Hence,

rarefaction effects need to be included. The degree of rarefaction is typically defined by

the Knudsen number Kn which is defined as

Kn =
λ

h
(2.15)

The various regimes observed in rarefied gas flow are: Continuum flow (Kn < 0.01),

slip flow (0.01 ≤ Kn < 0.1), transition flow (0.1 ≤ Kn < 10) and free molecule flow

4 The mean free path refers to the average distance traveled by moving particles between successive
collisions. Collisions alter the direction and energy of the particle.
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(Kn≥ 10) [128]. Current head-disk spacings are on there order of 1-2 nm during reading

and writing and the free-mean path of air is 65 nm. This corresponds to a Knudsen

number of Kn ≥ 30 which corresponds to highly rarefied flow. To accommodate for

this situation, the modified Reynolds equation is used together with the energy equation

using velocity slip and temperature jump boundary conditions. Fukui and Kaneko [129]

proposed such a generalized Reynolds equation which is valid for any Knudsen number.

The equation is derived from a linearized Boltzmann equation and given by

∂

∂x

(
Q̄ph3 ∂ p

∂x

)
+

∂

∂y

(
Q̄ph3 ∂ p

∂y

)
= 6µ

(
U

∂ ph
∂x

+V
∂ ph
∂y

)
+12µ

∂ ph
∂ t

(2.16)

where Q = Q(Kn) is the so-called correction factor.

The slider air bearing surface (ABS) is rather complex (see Fig. 2.9) and hence,

the pressure distribution of the ABS may be obtained using a finite element solution of

the Reynolds equation [124]. For steady-state simulations, the time-dependent term in

equations 2.14 and 2.16 can be neglected.

The steady-state slider position – or slider attitude – is calculated numerically

by simultaneously solving the slider equilibrium equations with the Reynolds equa-

tion [130]. This approach ensures that the air bearing forces are in balance with the

preload applied to the slider via the suspension. The slider equilibrium equations in the

z-direction, pitch direction, and roll direction are given by [130]

∫∫
A

p(x,y)dA−Fext
z = kzdh (2.17)

∫∫
A

p(x,y)(x− xp)dA−Mext
α = kαdα (2.18)

∫∫
A

p(x,y)(x− yp)dA−Mext
β

= kβ dβ (2.19)

where p represents the local pressure, Fext
z is the suspension preload, α and β refer to
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the pitch and roll angles, respectively, Mext
α and Mext

β
denote the pitch and roll preload,

respectively, and kz, kα and kβ are the stiffness values in the vertical, pitch and roll

direction, respectively.

The slider attitude is commonly described in terms of its pivot flying height,

minimum flying height, and slider pitch angle as illustrated in Fig. 2.21. The slider

pitch angle is defined as the angle of the slider with respect to the horizontal and is

typically on the order of 100 µrad. The flying height is smallest at the slider trailing

edge near the location of the read and write element. State-of-the art hard disk drives are

predominantly equipped with femto sliders [131]. Femto sliders are 850 µm by 700 µm

large and their nominal flying height5 is on the order of 10-12 nm. In the CMRR steady-

state air bearing simulator, the pivot point is located at the geometric center of the air

bearing surface. The slider can pitch and roll about the pivot point.

Figure 2.21: Steady-state slider attitude expressed in terms of its minimum flying
height, slider pitch angle, and pivot flying height as defined in the CMRR steady-state
air bearing simulator. Nominal flying heights and slider pitch angles are on the order
of 10-12 nm and 100 µrad, respectively.

Using the CMRR steady-state ABS simulator [124], we calculated the pressure

5 Nominal flying height refers to the case where the slider flies at its intended disk velocity and skew
angle without actuating the heater element. See section 2.3.3 for more information on the heater element
of thermal flying height control sliders.
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distribution of the meshed slider surface shown in Fig. 2.22 a) without no heater actua-

tion. The slider was meshed with triangular elements using HyperMesh, a commercially

available finite element preprocessor. For the boundary conditions, ambient pressure

was applied to the nodes along the edges of the slider surface. Figure 2.22 b) shows

the calculated pressure distribution. It can be seen from Fig. 2.22 b) that the pressure

is highest near the location of the read and write element and that several regions exist

with sub-ambient pressure. The pressure at the location of the read and write element is

roughly sixteen times larger than ambient pressure.

Figure 2.22: Slider air bearing surface (ABS) with trailing edge (top) and leading edge
(bottom) showing a) meshed ABS and b) pressure distribution calculated numerically
using the CMRR steady-state ABS simulator [124]. The pressure is highest near the
read and write element. Note that the heater element was not actuated.

Changing the disk velocity affects the slider attitude. Figure 2.23 shows a) the

minimum flying height, b) the pitch angle, and c) the pivot flying height versus disk

velocity. It can be seen in Fig. 2.23 a) that the minimum flying height decreases with

decreasing disk velocity. In fact, if the disk velocity is small enough, the slider will crash

onto the disk. Fig. 2.23 b) and c) illustrate that both the pitch angle and pivot flying

height decrease with increasing disk velocity for this particular air bearing surface.

To calculate the flying height as a function of heater power for thermal flying
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Figure 2.23: Slider attitude as a function of disk velocity, showing a) the minimum
flying height, b) pitch angle, and c) pivot flying height.

height control sliders, an iterative approach is needed [132, 133]. Zheng et al. [133]

used the following procedure: In step 1), the air bearing pressure was calculated across

the entire air bearing surface using the CMRR steady-state air bearing simulator. In step

2), the heat transfer coefficient between the slider and the air bearing was calculated.

These results served as boundary conditions for computing the thermal deformation of

the slider due to heater actuation. Actuating the heater element in the slider trailing edge

heats up the nearby material. The material expands due to the heat, forming a protrusion

at the bottom surface of the slider. Once the new geometry of the air bearing surface is

obtained, the pressure needs to be recalculated. Steps 1) and 2) are repeated until the

flying height converges.

2.4.6 Contact between rough surfaces

When two surfaces are placed in contact, they will touch each other at their high-

est points. The sum of contact spots is referred to as the real or true area of contact. For

most surfaces, the real area of contact is only a small fraction of the nominal or appar-

ent surface area. The real area of contact depends on the surface topography, material

properties and loading conditions. Under the presence of a normal load, the contact-
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ing asperities deform plastically or elastically until the real area of contact Ar is large

enough to support the normal load Pn. An increase in load primarily increases the num-

ber of contact spots and also – but to a lesser extend – their size [109]. Assuming that

asperities are spherical in shape, it was found that Ar ∝ P2/3
n for elastic deformation and

Ar ∝ P1
n for plastic deformation during single asperity contact. Asperities in close prox-

imity result in adhesive contacts originating from interatomic interactions [117]. If the

two surfaces are moved relative to each other, the adhesive contacts and other phenom-

ena contribute to friction. Reoccurring surface interactions cause wear and degradation

of the interface.

Greenwood and Williamson defined a plasticity index which describes if the de-

formation mode is plastic or elastic. Elastic deformation between two spheres was first

described by Hertz. In the following, Hertz’s theory of sphere-on-sphere contact, plastic

deformation and the plasticity index by Greenwood and Williamson will be discussed.

Hertz’s theory for elastic sphere-on-sphere contact

Figure 2.24: Cross-sectional view of two elastic, solid spheres under normal load Pn.
The spheres have radii R1 and R2, respectively, and the radius of the resulting contact
area and total compression are indicated by a and δ respectively.

Placing a spherical lens on top of a flat surface results in an interference pattern
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due to the reflection of light. This phenomenon was first studied by Newton and known

as Newton’s rings. Motivated by Newton’s findings, Hertz became interested in studying

the optical properties of two lenses when stacked together under a normal load. In

particular, he was interested in the contact area and the contact stresses. Hertz’s work on

non-adhesive, elastic contact between two ideal spheres lead to the formulation of the

well-known equations on Hertzian contact stress. Published via "Über die Berührung

fester elastischer Körper" (On the contact of elastic solids) by Hertz in 1881 [107], his

theory provides the foundation for many problems in modern contact mechanics.

During Hertzian sphere-on-sphere contact, friction is neglected and the radius

of the contact area a is assumed to be significantly smaller than the sphere radii R1

and R2 [134]. Based on these assumptions, the effective radius of curvature R∗ and the

effective modulus of elasticity E∗ are defined as

1
R∗

=
1

R1
+

1
R2

(2.20)

1
E∗

=
1−ν2

1
E1

+
1−ν2

2
E2

(2.21)

where E1 and E2 are the moduli of elasticity and ν1 and ν2 the Poisson’s ratios, respec-

tively. Based on the above definitions, the radius of the contact area a is given as

a =

(
3PnR∗

4E∗

) 1
3

(2.22)

with Pn denoting the applied normal load which gives rise to a pressure distribution. The

maximum pressure pmax occurs along a line at the center of the contact area and is given

by

pmax =
3Pn

2πa2 =
3
2

pmean =

(
6PnE∗2

π3R∗2

) 1
3

(2.23)
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The total compression δ between the two spheres is given by

δ =
a2

R∗
(2.24)

Fig. 2.24 illustrates contact between two spheres and shows the radius of the

contact area a and the total compression δ . Since the total contact area A is given by

A = πa2, it follows that

A = π

(
3PnR∗

4E∗

) 2
3

= kP
2
3

n (2.25)

In other words, the contact area for a single contact is proportional to P
2
3

n where

Pn denotes the normal load.

Plastic deformation

Tabor [135] studied plastic deformation during sphere-on-plane contact experi-

mentally. It was shown that the material starts deforming plastically when the maximum

contact pressure pmax between the sphere and the plane reaches a value of 0.6H, where

H denotes the material hardness. Based on this finding, Greenwood and Williamson de-

rived a critical displacement value ωc which describes the onset of plastic deformation

during sphere-on-plane contact

ωc =
(

π

2

)2
(

0.6H
E

)2

R≈ 0.89
(

H
E

)2

R (2.26)

where E denotes Young’s modulus and R is the sphere radius.

Chang et al [136] took volume conservation into account for the plastic defor-

mation of asperities. For displacements ω > ωc, the contact area A and contact load P
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of a plastically deformed asperity are given by

A = πRω

(
2− ωc

ω

)
(2.27)

P = πRω

(
2− ωc

ω
KH
)

(2.28)

Kogut and Etsion studied elastic-plastic contact of a deformable sphere pressed

by a rigid flat [137]. Three distinct stages of elastic-plastic contact were identified based

on the ratio ω/ωc: The contact area is elastic for 1 ≤ ω/ωc ≤ 6, plastic-elastic for

6≤ ω/ωc ≤ 68, and fully plastic for ω/ωc > 68.

Plasticity index by Greenwood and Williamson

The Greenwood-Williamson (GW) model [110] is a classical approach for study-

ing plastic-elastic contacts between rough surfaces. The mode of contact, i.e., predom-

inantly plastic vs. predominantly elastic deformation, is described by the plasticity in-

dex Φ.

For their statistical model, Greenwood and Williamson [110] assume that sur-

faces possess the following properties:

• Surface asperities are spherical in shape near their summits.

• All asperity summits have identical radius R.

• The asperity heights vary randomly; the probability that the height of a particular

asperity is between z and z+dz with respect to some reference plane expressed in

terms of Φ(z)dz.

Considering two rough surfaces at an initial separation distance d. The sepa-

ration distance d is reduced so that the surfaces touch each other. For this situation,
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contact will occur at asperities with heights z taller than d. Hence, the probability of

making contact at asperities with height z is given by [110]

P(z > d) =
∞∫

d

Φ(z)dz (2.29)

and the expected number of contact spots is given by

n = N
∞∫

d

Φ(z)dz (2.30)

where N denotes the total number of asperities. Combining the above equations with the

results from Hertz’ theory on contact between a sphere and a plane, the expected total

area of contact A and the expected total load Ft are given by

A = πNR
∞∫

d

(z−d)Φ(z)dz (2.31)

Ft =
4
3

NE∗R
1
2

∞∫
d

(z−d)
3
2 Φ(z)dz (2.32)

E∗ refers to the effective Young’s modulus as defined in 2.21.

Greenwood and Williamson [110] also studied the properties of numerous sur-

faces and concluded that most engineering surfaces adhere to the following two proper-

ties:

1. The height distribution of the higher parts of any nominally flat surface may be

regarded as Gaussian.

2. The asperities of any nominally flat surface may be treated as having spherical

caps with radii R.
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Based on such a surface, they defined the plasticity index Φ as

Φ =

√
σ

δp
=

E∗

H

√
σ

R
(2.33)

where σ denotes the standard deviation of the asperity height distribution, δp refers to

the criterion for detectable plastic flow at the asperity according to the yield point of the

material, E∗ is the effective Young’s modulus as defined in 2.21, H is the hardness of the

material, and R the radius of the asperity summits. Greenwood and Williamson suggest

that a significant degree of plasticity is reached when 2 % of deforming asperities deform

plastically. For this situation, the plasticity index Φ can be interpreted as follows:

• Contacts are largely plastic if Φ > 1.0

• Contacts are largely elastic if Φ < 0.6

Most surfaces are found to have plasticity indices larger than 1 suggesting that the as-

perities will flow plastically even under very small normal loads. Equation 2.33 demon-

strates that the mode of deformation at the asperities depends only on surface parameters

rather than applied normal load.

In the following, the plasticity index will be estimated for the head-disk interface.

Figure 2.25 shows the height image of the read/write region of a new, unused head

obtained using atomic force microscopy (AFM). The bright regions on the left and right

in Fig. 2.25 a) identify the write and read shields, respectively. Dark areas are recessed

in height and bright areas are elevated in height. A three-dimensional topography image

of the region marked by the black rectangle is shown in Fig. 2.25 b). The following

surface properties were identified: Arithmetic mean of Ra = 0.20 nm, root-mean-

square roughness of Rq = 0.25 nm and an average asperity radius of R = 0.15 nm.

Lu et al. [138] characterized disk surfaces experimentally and determined an average
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Figure 2.25: Topography of read/write region of a new, unused head measured using
atomic force microscopy.

hardness and Young’s modulus of 14 GPa and 100 GPa, respectively. The average root-

mean-square roughness of disks is on the order of Rq = 0.20 nm [139]. Hence, the

plasticity index is calculated to be Φ = 0.87, suggesting that the deformation of surface

asperities on the slider and the disk is in the elastic-plastic range.

2.4.7 Effect of surface coatings on tribological performance

Diamond-like carbon coatings

Carbon may exist in many different configurations as its four valence electrons

are capable of forming either sp, sp2, or sp3 hybridization bonds6 [33]. Well-known

examples of carbon are diamond and graphite. In diamond (sp3 configuration7), each

carbon atom is covalently bonded to four other carbon atoms, forming a tetrahedron. The

6 During hybridization, subshells or orbitals of multiple atoms combine to hybrid orbitals. For carbon,
hybridization involves the s orbitals and p orbitals. Carbon (6C) has six electrons of which two electrons
occupy the s orbital in the first shell (’1s’), two electrons occupy the s orbital in the second shell (’2s’)
and the last two electrons occupy the px and py orbitals of the second shell (’2px’, ’2py’).

7 Each sp3 bond involves the electrons of one 2s orbital and three 2p orbitals. The sp3 orbitals are
arranged in the form of a tetrahedron at angles of 109.5◦
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crystalline structure gives diamond its great hardness. Graphite (sp2 configuration8) is

structurally comprised of parallel layers. In each layer, carbon atoms are arranged in a

honeycomb lattice via covalent bonds and in between the layers, weaker van der Waals

forces are present. This special configuration allows graphite layers to easily slide past

one another.

Diamond-like carbon (DLC) is a type of amorphous carbon possessing some

of the desired properties of diamond, such as hardness. DLC can be manufactured into

many different structures or forms, and different structures correlate with different tribo-

logical properties. In general, DLC coatings possess high hardness, chemical inertness

and excellent tribological, adhesive and corrosion properties [33, 38, 41, 43, 140–142].

Critical parameters that control the tribological properties of DLC are [41, 140–142]:

• The bonding structure or the carbon hybridization states. DLC is composed of

sp3, sp2 and – to a lesser extend – sp bonds. Hardness of DLC films strictly corre-

lates with sp3 content [38,41,43]. On the other hand, the properties of DLC films

with high sp2 content will be more similar to that of graphite. Hence, the sp3/sp2

ratio is an important parameter for characterizing mechanical properties of DLC

coatings. DLC contains about 20-50 % of sp3 bonds [141]. When exposed to high

temperatures, DLC films may undergo a graphitization process, thus reducing the

hardness and sp3 content of the film [143–145]. High temperatures may develop

during unlubricated sliding as a result of frictional heating [146].

• The deposition method and deposition parameters. Common deposition meth-

ods are [33, 38, 139] filtered cathodic vacuum arc (FCVA), chemical vapor depo-

sition (CVD), ion beam deposition, pulsed laser deposition, and magnetron sput-

tering.

8 sp2 bonds involve the electrons of one 2s orbital and two 2p orbitals. The orbitals are oriented in a
plane at angles of 120◦
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• The use of dopants. During the deposition process, DLC may be doped with

nitrogen, hydrogen or other elements.

• Surface properties such as surface termination and surface roughness. The sur-

face roughness depends on the deposition method [33] and the surface roughness

of the underlaying substrate as DLC films typically grow conformal to the sub-

strate surface [142].

• Environmental conditions such as atmosphere, temperature and humidity.

• Test conditions such as the type of motion or counter material.

The wear behavior of DLC films depends on the adhesion strength of the film to

the substrate, the mechanical properties of the film such as hardness and elastic modules,

and the film thickness. Deposition of the DLC film leads to high internal stresses and

these stresses are known to vary with deposition parameters [142]. High internal stresses

results in poor adhesion of the DLC film to the underlaying substrate [140]. In hard disk

drives, a thin layer of silicon is employed between the magnetic layer and the carbon

layer to improve adhesion of the DLC to the substrate material. The hardness of the DLC

coating does not only depend on the sp3/sp2 ratio, but also on the deposition method

and parameters, the source of carbon, the type and amount of dopants used and the

underlaying substrate. The deposition method affects the density of the DLC film [147].

It was suggested that the hardness of the DLC film correlates with an increase in density

[41]. It was also found that an increase in nitrogen content results in decreased hardness,

decreased internal stresses, and an increase in critical load for fracturing [39, 140, 148].

The elastic properties of DLC films correlate with the films’ density and hybridization

[41]. For very thin coatings, the mechanical properties are greatly determined by the

underlaying substrate.
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Friction of DLC coatings [40] may be attributed to adhesive, abrasive and shear

mechanisms. Adhesive friction is related to the microsctructure of the DLC film, the

counterface, and environmental conditions. Abrasive friction is closely related to the

surface roughness of the DLC films. It has been found that wear debris may build up

and form a transfer layer at the interface (the interested reader may refer to [142,143] for

an overview). Friction caused by shearing is related to the shear strength of the transfer

layer and is largely affected by the presence of environmental species, e.g., water, which

might react with the transfer layer [142].

Plastic deformation of surface coated materials

When a single asperity is in contact with a flat surface, the asperity can either

indent the opposing surface or be flattened by it. During contact between coated rough

surfaces, it is generally of interest to know the onset of plastic yield and its location.

Plastic yield can occur either within the coating, in the underlaying substrate, or at the

interface between the coating and the substrate [149].

Chang et al. [150] noted that the tribological performance of surface coatings is

greatly determined by the thickness of the coating and the roughness of the substrate.

McCool [151] extended the Greenwood Williamson model by including the effect of

surface coatings. It was found that the average load at asperities correlates with an in-

crease in coating thickness for the case when the coating is stiffer than the substrate;

when the coating is more compliant with respect to the substrate, the average load de-

creases with an increase in coating thickness.

Goltsberg et al. [149] studied the onset of plastic yielding in a coated sphere that

is compressed by a rigid flat. The effect of coating thickness and material properties

was investigated for the special case of ν = 0.32 and Esu/Ysu = 952 where ν denotes

Poisson’s ratio and Esu and Ysu represent Young’s modulus and the yield strength of
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the substrate, respectively. Goltsberg et al. [149] identified the dimensionless coating

parameter λ ′ given by

λ
′ = (

t
R
)(

Pcco

Pcsu

)−0.507 (2.34)

where t denotes the coating thickness, R refers to the radius of the coated sphere, and Pcco

and Pcsu refer to the critical load of the coating and the substrate material, respectively.

The existence of an optimum coating parameter value λ ′p was found: for λ ′ = λ ′p, the

system’s resistance to failure was maximized. Furthermore, three possible locations of

plastic yield inceptions were identified depending on the ratio of λ ′/λ ′p. For λ ′/λ ′p >

1, i.e., relatively thick coatings, yield inception takes place within the coating slightly

below the contact area. For very thin coatings, yield inception takes place within the

substrate.

Song et al. [152] studied plastic yield inception of a hard coated half sphere

which is indented by a rigid sphere. A dimensionless ’hard coating parameter’ λh was

introduced given by

λh = (
t
R
)(

Pcco

Pcsu

)−0.474(
Esu

Ysu
)1.003 (2.35)

where t denotes the coating thickness, R refers to the radius of the coated sphere, Pcco

and Pcsu refer to the critical load of the coating and the substrate material, respectively,

and Esu and Ysu represent Young’s modulus and the yield strength of the substrate, re-

spectively. Similar to Goltberg et al. [149] who studied flattening of a coated sphere,

an optimal coating thickness (λh)p and three different locations at which plastic yield

inception may occur were identified. Depending on the ratio of λh/(λh)p, the onset of

plastic yield may occur within the coating (for relatively thick coatings), at the interface

on the substrate side, or within the substrate (for relatively thin coatings).
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2.5 Controls aspects

To reliably read and write data, the slider must follow the data tracks on the

recording surface closely enough while maintaining a near constant spacing. More pre-

cisely, variations in clearance between the head and the track center need to be mini-

mized in both the vertical and the horizontal direction.

As indicated in section 2.3.3, hard disk drives are exposed to a variety of distur-

bances that introduce vertical and off-track motion of the recording head [26,153–157].

Hence, the position of the head relative to the data tracks needs to be actively controlled.

Controls problems in hard disk drives can be divided into two main areas:

1. Radial positioning of the recording head: Track seeking and track following.

2. Vertical positioning of the recording head: Flying height control.

In hard disk drives, the position error in the off-track direction is obtained from

special magnetic patterns. These patterns are hard coded in the magnetic layer and

known as servo sectors. In the following, servo sectors, radial head positioning and

flying height control will be discussed.

2.5.1 Servo sectors

Special magnetic patterns are used to identify the radial and circumferential po-

sition of the recording head on the disk. In earlier hard disk drive generations, this

special pattern was written on one disk surface only, meaning that one head was respon-

sible for the position estimate of all the other heads. This technique is referred to as

dedicated servo [26]. This approach, however, is only feasible for low track densities as

each slider has its own dynamics.
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Figure 2.26: Schematic of data zones and servo sectors. Tracks are divided into data
sectors in which data is stored and servo sectors which contain control related informa-
tion. In order to have all data sectors be equal in length, the tracks are organized into
data zones. Each zone has a different number of servo sectors.

In state-of-the art hard disk drives, data tracks are divided into data sectors and

servo sectors along the circumference of the disk as indicated in Fig. 2.26. This tech-

nique is referred to as embedded servo [26]. While data is stored in the data sectors,

servo sectors contain control related information such as a DC gap field, a servo-variable

gain amplifier (SVGA) field, a timing mark, track identification number (ID) and a spe-

cial burst pattern [26]. The burst pattern contains an A, B C and D burst from which

the position error signal (PES) is generated [26]. Towards the outer diameter of the

disk, data tracks become longer and can hold more data. In order to fully utilize disk

space and increase storage capacities, data tracks are grouped into zones. Each zone is

assigned a certain number of servo sectors which increases from the inner to the outer

disk diameter as shown in Fig. 2.26. This technique is called zone bit recording (ZBR).
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Servo information is available at discrete time intervals only. The PES sampling

rate is a function of the spindle speed and the number of servo sectors. Modern hard

disk drives typically contain between 100 and 300 servo sectors. The percentage of

the storage area dedicated to servo sectors is defined as the servo overhead. Clearly, a

trade-off exists between high PES sampling frequency and high storage capacities.

The servo sectors can also be used for calculating variations in flying height.

Boettcher et al. [158] proposed a novel method for estimating changes in flying height

∆z based on the servo sector. Using a modified version of the Wallace spacing loss

formula [159], the following equation was derived

∆z =
λ1

16π
(ln(ΦA1 +ΦB1)−3 · ln(ΦA3 +ΦB3)) (2.36)

where λ1 denotes the wavelength of the first harmonic of the read-back signal, and

ΦA,Bi is the amplitude of the ith harmonic of the read-back signal of the A and B burst,

respectively.

2.5.2 Radial head positioning: Track seeking and track following

As discussed in 2.3.3, the recording head is moved radially across the disk sur-

face using a voice coil motor (VCM). During track seeking, the head needs to be moved

from one track to another within less than one disk revolution. Once the new track is

reached, the recording head must follow the data track within 10 % of the track width to

prevent read and write errors.

During track seeking, the non-linarities of the VCM (i.e., limits on the input and

output) pose a major challenge [160]. A number of different control schemes have been

proposed to address this issue such as:

• Proximate time-optimal servo (PTOS) control [161].
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• Mode switching control with initial value compensation [162, 163].

• Composite nonlinear feedback (CNF) [164].

• Shaped time-optimal servo (STOS) control [165].

• Reference signal shaping [166].

In future hard disk drives the track densities will increase to 1 million tracks

per inch [167]. At such high densities, the head cannot deviate more than 2-3 nm

from the track center in order to prevent track mis-registration (TMR) [167]. Hence,

advanced techniques are required to compensate for repeatable and non-repeatable run-

out in the off-track direction (the interested reader may refer to [82] for an overview). It

shall be noted that the (large) VCM is limited in bandwidth due to its inertia and con-

straints on the control input. These limitations illustrate why the VCM is incapable of

compensating for high frequency disturbances acting on the recording head. Suspen-

sions with dual-stage actuators (DSA) were hence introduced to increase the bandwidth

and improve track following. Dual-stage suspensions are equipped with a secondary

(faster) micro-actuator, typically a piezoelectric transducer. This micro-actuator is em-

bedded either in the suspension base (suspension-based design) or close to the record-

ing head (collocated design) [168]. Dual-stage suspensions are primarily used in high-

performance hard disk drives. High-performance hard disk drives operate at higher than

usual disk speeds and thus, windage induced vibration and disk flutter are of concern.

2.5.3 Vertical head positioning: Flying height control

As the slider flies over the disk, the head-disk spacing is non-uniform — dy-

namic and static variations in head-disk spacing can be observed. Dynamic flying height

variations cause the flying height to be different on different positions on the disk. Disk
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waviness, disk deformation due to clamping, and slider vibration induced by turbu-

lence or external shock and vibration contribute to dynamic variations in head-disk

spacing [169]. Static flying height losses cause the flying height to be reduced by a

constant amount independent of the disk position. Manufacturing tolerances and en-

vironmental variations such as altitude drop [170], changes in temperature [171] and

changes in humidity [172] affect the head-disk spacing in a static fashion.

As discussed in 2.3.3, the head-disk spacing can be controlled using thermal

flying height control (TFC) technology. State-of-the art hard disk drives use TFC tech-

nology in a static fashion, meaning that the heater input is statically controlled by a

constant power supply to the heater [173]. Desired flying heights of 1-2 nm during

reading and writing are achieved by setting the heater input to a power level a few mW

below the point at which the onset of slider-disk contact occurs.

Several techniques have been proposed for minimizing variations in flying height

that utilize the read-back signal of the read element [93, 173–175]. Some authors [93,

173] suggested to write a special magnetic pattern onto the disk and to control the heater

input based on the read-back signal of this special magnetic pattern . Other authors [175]

propose controlling the heater input via an adjustment value generated from the position

error signal. Boettcher et al. [93] proposed a feedforward control algorithm where the

optimal heater input is calculated using convex optimization. The method computes the

optimal heater input based on the read-back signal. The convex optimization procedure

requires knowledge of the dynamics from the heater input to the read-back signal. The

system dynamics are identified from experimental data via the step-realization algorithm

[176].

It shall be noted that using the read-back signal has several drawbacks including:

• The magnetic spacing, i.e., the distance between the read/write element and the

recording layer of the disk, may not be proportional to the actual flying height due
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to thickness variations of the disk lubricant and the carbon overcoat on the slider

and the disk, respectively. Hence, topography effects are neglected.

• Variations in the magnetic properties of the recording layer which affect the read-

back signal.

• Disk space dedicated to servo sectors for control purposes results in less space for

storing data.

• Head-position information via the read-back signal is available at discrete events

only, i.e., the sampling frequency is limited to the number of servo sectors and

disk velocity.

2.6 Current and future technologies

2.6.1 Limitations on perpendicular magnetic recording

The magnetic orientation of a single bit in today’s hard disk drives is perpendic-

ular to the disk surface (see section 2.2.2,). This technology is referred to as perpen-

dicular magnetic recording (PMR). Current areal densities of PMR are on the order of

1.24 GBit/mm2 (800 GBit/in2) and the maximum achievable areal density is estimated

to be 1.55 GBit/mm2 (1 Tbit/in2) on a continuous medium [177,178]. This barrier arises

from a phenomenon known as the superparamagnetic effect. The super paramagnetic

effect commonly refers to a combination of write field limitations and thermal stability

requirements of the magnetic grains in the recording layer [22, 179–182].

A key strategy for increasing the areal density is making data tracks narrower

and packing them closer together. Thinner data tracks can be achieved by reducing the

width of the main pole of the write element and by using side shields. For writing data,

however, a certain minimum write field is required which in turn dictates the minimum
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write head dimensions. This restriction makes it difficult to reduce the track width below

50 nm [178], thus limiting the overall achievable areal density.

Another key strategy for increasing areal density is reducing the bit size. One

bit consists of several grains and a reduction in bit size also requires the grain size to

be reduced [22]. The thermal stability of a single grain is a function of the expression

KV/kBT , where K denotes the anisotropy constant of the magnetic material, V is the

grain volume, kB represents the Boltzmann’s constant, and T the absolute temperature

[179]. This relation shows that the thermal stability decreases with a decrease in grain

volume. It follows that for constant temperature and anisotropy, a certain minimum

grain volume is required in order to guarantee thermal stability.

To overcome the areal densities limitations in perpendicular magnetic recording,

new approaches are needed. Over the years, many technologies have been proposed and

partially realized such as shingled magnetic recording (SMR), two-dimensional mag-

netic recording (TDMR), bit patterned media (BPM), heat assisted magnetic recording

(HAMR), and microwave assisted magnetic recording (MAMR). In terms of maximum

achievable areal density, bit patterned media and heat assisted magnetic recording show

the greatest potential. In fact, storage densities up to 50-300 Terabit per square inch are

theoretically possible from a thermal stability point of view by combining patterned me-

dia for storing data with HAMR for writing data [183]. However, while both technolo-

gies were demonstrated to work successfully, BPM and HAMR pose major challenges in

terms of cost-effectiveness and long-term reliability, respectively [182, 184–186]. From

that perspective, SMR and TDMR, which are both technologies that barely require mod-

ifications from conventional hard drives, are seen as temporary solutions to further en-

sure areal density growth until the technologies of BPM and HAMR are fully developed.
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Figure 2.27: In shingled magnetic recording, data tracks are written sequentially and
overlapped in order to minimize the spacing in between the data tracks. This increases
the overall storage density.

2.6.2 Shingled magnetic recording

In shingled magnetic recording (SMR), higher areal densities are achieved by

slightly overlapping neighboring data tracks and thus eliminating the space in between

them, similar to shingles on a roof (see Fig. 2.27). To ensure high write fields and large

magnetic field gradients in the down-track and off-track direction, corner edge write

elements are used [187, 188]. As a new track is written in shingled magnetic recording,

the old adjacent track is partially overwritten or ’trimmed’. The information stored in the

trimmed data tracks can still be read since the read element is smaller in width compared

to the write element.

When updating or rewriting already existing information, however, not only the

requested data but also the data in all of the following tracks need to be rewritten. This

is because the write element is wider than the trimmed tracks and therefore, overwriting

one track will harm the subsequent track. To better deal with the issue of rewriting data,

data tracks in shingled magnetic recording are organized in data bands. The shingled

track layout is interrupted between the bands, i.e., the bands do not overlap. By organiz-

ing the tracks in bands, rewriting data requires at most a rewrite of one band as opposed

to re-writing the entire disk.
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Seagate was the first hard drive manufacturer to introduce shingled magnetic

recording technology in late 2014 [189]. Compared to conventional hard drives, areal

densities of singled magnetic recording hard drives are 25 % larger.

2.6.3 Two-dimensional magnetic recording

Figure 2.28: Two-dimensional magnetic recording (TDMR) sliders are equipped with
multiple read elements, allowing for a complete read-back image of multiple neighbor-
ing tracks at once. Combined with advanced signal processing, this technology allows
identifying stored in a shingled track layout at extremely small track widths. Schematic
b) after [187].

Two-dimensional magnetic recording (TDMR) combines shingled magnetic record-

ing (SMR) with two-dimensional read-back. As discussed in the previous subsection

(2.6.2), data tracks in shingled magnetic recording overlap each other and are therefore

smaller in width compared to conventional data tracks. As the width of the data tracks

becomes smaller than the width of the read element, the read element will pick up more

noise from neighboring tracks which negatively affects the signal to noise (SNR) ratio.

To counteract this effect, a two-dimensional read-back image of multiple neighboring

tracks is created. This is done by either scanning multiple tracks sequentially using a

conventional slider or by scanning multiple tracks at once using a TDMR slider [182].

TDMR sliders are sliders that contain two or more read heads arranged in parallel as



71

shown in Fig 2.28. However, the realization of TDMR technology poses huge challenges

from a signal processing point of view because of difficulties related to combining the

signals from multiple read channels [187].

By combining shingled writing and two-dimensional read back, areal densities

up to 10 Terabits per square inch may be possible [187].

2.6.4 Bit patterned media

Figure 2.29: Bit patterned media. In bit patterned media (BPM) recording, data is
stored in predefined islands compared to conventional magnetic recording where data
is stored in randomly organized domains. BPM enables higher recording densities and
lower signal to noise ratios.

The fundamental idea of bit patterned media (BPM) is that one bit is represented

by a single pre-defined unit or island, as opposed to multiple smaller grains representing

one bit as shown in Fig 2.29 [25, 181, 190, 191]. In conventional media, the magnetic

layer is continuous and composed of very small, randomly organized single grains as

shown in Fig 2.29 a). Several grains form one bit and the transition between the bits

is not well defined. In bit patterned media (Fig 2.29 b)), the magnetic recording layer
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is composed of well defined, physically isolated islands which are lithographically pat-

terned into a regular array. Since the volume of the individual islands is much larger than

the grain volume in conventional media, thermal stability is ensured as larger grains are

more resistant towards thermal agitation (as discussed in 2.6.1). Thus, the super param-

agnetic limit can be pushed to higher recording densities on patterned media. Another

advantage of bit patterned media over conventional media is that the transition from one

bit to the next is well defined, which results in reduced transition noise and improved

signal-to-noise ratio [190, 192].

There are a number of challenges associated with bit patterned media. The

recording performance of bit patterned media is very sensitive towards variations in

spacing between the bits and variations in magnetic properties of the bits [25]. Hence,

creating a media with well-arranged bits and consistent magnetic properties is of impor-

tance. As of today, researchers have been able to produce media with densities up to 5.12

GBit/mm2 (3.3 Tbit/in2) [193]. In order to be used in commercial products, practicality

and cost-effectiveness of the fabrication process for patterned media is crucial [192].

2.6.5 Energy assisted magnetic recording

Another approach to increase areal density are magnetic materials that possess

a very high magnetic anisotropy. As outlined in 2.6.1, thermal stability of the grains in

the magnetic recording layer is proportional to the media anisotropy. Hence, high media

anisotropy allows for smaller grain sizes while ensuring thermal stability. Materials

with high anisotropy usually have a high coercivity, meaning that additional external

energy is required for bit reversal [184]. To overcome this issue, heat assisted magnetic

recording (HAMR) and microwave assisted magnetic recording (MAMR) have been

proposed [184, 194].

In heat assisted magnetic recording, the additional energy required for writing
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Figure 2.30: In heat-assisted magnetic recording (HAMR), the write process is enabled
by temporarily lowering the media anisotropy via laser heating. High-anisotropy media
allows for higher areal densities.

is provided by a laser which is integrated in the slider. The main principle behind heat

assisted magnetic recording is presented in Fig 2.30. Before writing, the laser is turned

on to temporarily lower the media coercivity by locally heating the media to a tempera-

ture just below the Curie temperature. Next, the bit is written. As the media cools down

quickly after writing, the intended magnetization of the bit is maintained.

A small laser spot size is desired so that neighboring bits are not affected during

laser heating. The high temperatures from operating the laser are associated with various

challenges at the head-disk interface such as damage of the lubricant [70,184,195], large

thermal stresses [184], and damage of the disk surface due to graphitization and oxida-

tion of the disk carbon. [196–198]. As of today, researchers have been able to demon-

strate areal densities of 1.55+ GBit/mm2 (1+ Tbit/in2) experimentally with longterm

reliability remaining a challenge [199].

In microwave assisted magnetic recording (see Fig 2.31), a microwave field is
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Figure 2.31: In microwave-assisted magnetic recording (MAMR), the write process
is enabled by temporarily lowering the media anisotropy via microwaves. High-
anisotropy media allows for higher areal densities.

applied so that the magnetization of the grains precesses at ever larger angles, thus tem-

porarily lowering the coercivity of the material or even reversing the magnetic orienta-

tion of the bit [200, 201]. The microwave field is generated by a spin tunnel oscillator

located in the slider between the read and write element. An advantage of MAMR

compared to HAMR is that microwaves do not produce any heat in the head and the

media, thus preventing reliability issues as seen in HAMR. So far, the feasibility of

microwave assisted magnetic recording has been studied theoretically by several re-

searchers [201, 202]. In 2011, Matsubara et al demonstrated experimentally that mi-

crowaves could be generated in the magnetic media using a spin tunnel oscillator [203].
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2.7 Organization of the dissertation

This dissertation focuses on the head-disk interface with an emphasis on exper-

imental work. The interface between the recording head and the disk is studied from

a tribological and controls point of view. Of special interest are wear on the recording

head and interfacial temperature rise upon head-disk contact. Furthermore, novel meth-

ods for head-disk proximity detection and control approaches for vertical positing of the

recording head are proposed.

Chapter 1 is an introduction to data storage and current trends in the (digital)

data storage market. Currently available technologies for data storage are discussed

with an emphasis on hard disk drives and solid state drives.

In chapter 2, hard disk drive technology is introduced. A strong emphasis is

given to tribological and control aspects as these lie within the main scope of this dis-

sertation.

Chapter 3 gives background information with respect to the experimental work

carried out in this dissertation. Methodologies for monitoring slider-disk interactions

and surface analysis tools are discussed.

In chapter 4 we investigate contact and interfacial temperature rise upon head-

disk contacts of thermal flying height control sliders. The temperature rise during slider-

disk contacts is estimated from the resistance change of the read element via auxiliary

calibration measurements. The motion of the slider is investigated using laser Doppler

vibrometry.

In chapter 5, we study wear of recording heads as a function of lubricant proper-

ties, temperature and relative humidity. Head wear is determined by measuring the wear

induced spacing changes on the recording head by comparing the touch-down power

before and after wear testing. After wear testing, selected heads are examined using
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scanning electron microscopy and atomic force microscopy measurements to evaluated

wear of the write shields and changes in surface roughness.

Chapter 6 discusses the effect of applying a DC bias across the head-disk in-

terface on wear of the recording head. Wear tests are carried out for three different

levels in relative humidity. Similar to chapter 5, head-wear is determined by measur-

ing the change in the heater touch-down power before and after wear testing. Atomic

force microscope (AFM) and electrostatic force microscope (EFM) measurements of the

recording head are taken to identify regions of wear or deposit formation on the slider

surface.

Chapter 7 presents a new approach for predicting the touch-down power (i.e., the

heater power at which the onset of head-disk contact occurs) of a thermal flying height

control slider. Utilizing the contact sensor, head-disk proximity is ’sensed’ prior to

actual head-disk contact. The transfer function between heater input and sensor output

is estimated as a function of head-disk spacing from experimental step-response data

using step-realization. Impeding head-disk contact is predicted based on a change in the

coefficients of the transfer function

Chapter 8 proposes an algorithm for minimizing low-frequency variations in

flying height of thermal flying height control (TFC) sliders. The method utilizes the

resistive heater element of a TFC sliders for spacing adjustment and the embedded con-

tact sensor for estimating changes in flying height. Data based modeling is carried out

to identify the dynamics of the thermal actuator. The optimal feedforward heater input

profile is calculate via convex optimization techniques.

A summary and concluding remarks are given in chapter 9.
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Chapter 3

Experimental techniques

As outlined in chapter 2, intermittent contacts between the recording head and

the disk are inevitable if the spacing decreases to the order of nanometers. Intermit-

tent contacts are undesirable as they can result in wear and degradation of the head-disk

interface. It may hence be of no surprise that numerous publications exist that are con-

cerned with wear of the recording head and how wear is affected by the disk lubricant,

changes in environment, and the diamond like carbon (DLC) coatings on both the slider

and the disk [35, 49, 54, 204–214]. The durability of recording heads is commonly in-

vestigated by deliberately bringing the recording head into contact with the magnetic

disk. For this purpose, methodologies for monitoring contact between the recording

head and the magnetic disk are needed. After wear testing, the wear induced damage on

the recording heads is assessed via surface analysis techniques.

In the following, a brief discussion on methodologies for monitoring of head-

disk interactions and common surface roughness analysis techniques is presented.

78
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3.1 Methodologies for monitoring head-disk interactions

With the introduction of thermal flying height control (TFC) sliders (see 2.3.3),

it has been of interest to know the heater power at which the onset of slider-disk contact

occurs. This heater power is commonly referred to as touch-down power (TDP).

Head-disk contacts need to be detected reliably and on time. That is, no contact

event shall be missed and contact needs to be detected at heater powers neither larger

nor smaller than the touch-down power. If head-disk contact is detected at heater pow-

ers larger than the actual touch-down power, the resulting spacing during reading and

writing will be smaller than intended and the likelihood of intermittent head-disk con-

tacts and subsequent damage increases. If head-disk contact is detected at heater powers

smaller than actual head-disk contact, the resulting spacing during reading and writing

will be larger than intended which results in an increased bit-error rate during reading

and writing.

Common methodologies for detecting head-disk interactions involve acoustic

emission (AE) sensors, Laser Doppler Vibrometry (LDV), and contact sensors (CS).

Whereas contact sensors are embedded in the recording head and thus suitable for in-

drive testing, acoustic emission and Laser Doppler Vibrometry need to be employed

externally.

3.1.1 Acoustic emission (AE)

On a micro scale, deformation of physical structures causes transient elastic

waves inside the structure. These waves are generated by the rapid release of energy

from a localized source within the material [215]. To detect elastic waves in physical

structures, acoustic emission (AE) sensors are widely used. An AE sensor contains a

piezoelectric element that picks up surface movements caused by elastic waves in the
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object that the sensor is attached to. The mechanical vibration of the piezoelectric el-

ement is then converted into an electric voltage signal according to the principle of

piezoelectricity.

AE sensors have been used for studying contacts between the recording head and

the magnetic disk for more than two decades [204, 216–218]. AE sensors are typically

attached to the suspension or mounted onto the suspension holding tool. Head-disk con-

tacts are detected by monitoring the standard deviation of the acoustic emission sensor.

The standard deviation of an acoustic emission sensor is approximately constant in the

absence of slider-disk contacts when the slider flies stably but shows a steep rise with

the onset of slider-disk contacts.

3.1.2 Thermal contact sensors (TCS)

In recent years, contact sensors have been embedded in thermal flying height

(TFC) sliders which allow detection of head-disk contacts and mapping of disk topogra-

phy or disk defects [219]. The contact sensor is located between the read and write ele-

ment. A contact sensor is a resistive element which is sensitive to temperature changes.

It has been shown that the sensitivity of contact sensors for detecting head-disk con-

tact is similar to that of conventional acoustic emission (AE) sensors [220]. Head-disk

contact is usually detected by monitoring the standard deviation of the contact sensor

voltage. Similar to acoustic emission sensors, the standard deviation of a contact sen-

sor is approximately constant in the absence of slider-disk contacts when the slider flies

stably but increases suddenly with the onset of slider-disk contacts.
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Figure 3.1: Operating principle of laser Dopppler vibrometry (LDV). LDV is a non-
contact vibration measurement technique. Measurements are taken by focusing the
laser beam of an LDV on the object of interest. The vibration amplitude and fre-
quency are determined based on the Doppler effect and the principles of interferometry.
Schematic from [221].

3.1.3 Laser Doppler vibrometry (LDV)

Laser Doppler vibrometry (LDV) is an optical, non-contact measurement tech-

nique for determining the velocity of a vibrating object. Measurements are taken by

focusing the laser beam of an LDV onto the object of interest as shown in Fig. 3.1. The

object reflects or scatters the light from the laser beam. Information about the vibration

amplitude and frequency of the object are obtained using the principles of interferometry

and the Doppler effect.

The Doppler effect states that monochromatic laser light undergoes a frequency

shift as it is backscattered from a vibrating target. The frequency shift as measured by

the LDV is

fDoppler = 2
v
λ

(3.1)
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where v is the velocity of the vibrating object and λ is the wavelength of the emitted

wave [221].

To determine the velocity of an object, the frequency at which the Doppler shift

occurs needs to be known. This is done via laser interferometry inside the LDV by

overlapping an internal laser bream with the reflected laser beam that experienced the

Doppler shift. The intensity of two overlapping coherent light beams with light intensi-

ties I1 and I2 is given by

Itotal = I1 + I2 +2 ·
√

I1I2 · cos(2π
r1− r2

λ
) (3.2)

where r1 and r2 denote the path length of the internal beam and the reflected beam,

respectively [221]. Equation 3.2 shows that the resulting intensity is the sum of the

single intensities I1 and I2, plus an interference term which relates to the difference in

path length between the two laser beams. Constructive interference occurs if the path

length difference is an integer multiple of the wave length lambda. If the path length

difference is equal to half the wavelength, destructive interference occurs.

As shown in equation 3.1, the output voltage of the LDV is directly proportional

to the velocity at which the surface is moving along the direction of the laser beam.

The non-contact nature of Laser Doppler Vibrometry is advantageous in a sense that no

mass-loading of the object of interest occurs during the measurement (i.e., no sensor

needs to be attached). Laser Doppler Vibrometry is capable of measuring displacements

less than 1 nm from near DC to several MHz [222].

Laser Doppler Vibrometry has been used for hard-disk drive related experimen-

tal investigations since the 1980s [62,154,167,223–227]. For example, Zeng et al. [154]

used Laser Doppler Vibrometry to measure flying height modulation of sliders with fly-

ing heights less than 10 nm. Pit and Marchon studied lubricant-slider interactions [226]
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and Canchi and Bogy [62] investigated slider dynamics using Laser Doppler Vibrome-

try.

3.2 Surface analysis techniques

Head-disk contacts can result in both slider and disk wear. However, the area

of the slider that contacts the disk is much smaller than the wear track on the disk:

Assuming a track radius of 20 mm and a contact area of 50 µm2, the ratio of contact

area between the disk and the slider is 2 ·104, suggesting that more wear occurs on the

slider compared to the disk. Hence, it is primarily of interest to study wear induced

surface changes on the recording head rather than the disk.

Commonly used techniques for high-resolution surface analysis are scanning

electron microscopy (SEM) and atomic force microscopy (AFM). Both measurement

techniques allow lateral resolution on the nanoscale, with AFM generally being superior

[228]. SEM provides a two-dimensional projection of a specimen surface, whereas

AFM produces three-dimensional surface profiles. Electrostatic force microscopy is a

technique closely related to AFM and capable of distinguishing between conducting and

non-conducting regions on a sample. In the following, the principles of atomic force

microscopy, electrostatic force microscopy and scanning electron microscopy, will be

discussed.

3.2.1 Atomic force microscopy (AFM)

Atomic force microscopy (AFM), or scanning force microscopy (SFM), is a

high-resolution surface characterization technique developed in the 1980s [97, 229]. A

height profile is gathered by scanning the specimen surface line by line via a cantilever

with a sharp probe tip at its end (see Fig. 3.2). The scanning motion is carried out by
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Figure 3.2: Operating principle of an atomic force microscope. A cantilever beam with
a sharp tip at its end scans the sample surface at close proximity. Near-range forces
(e.g., van der Waals forces) deflect the cantilever towards the sample. The surface
topography is determined from the deflection of the cantilever which is measured via a
laser and a photodiode.

a piezoelectric tube scanner. The scanner moves either the tip relative to the sample or

the sample relative to the tip. Interactions between the surface and the cantilever tip are

monitored by focusing a laser on the back of the cantilever and capturing the reflected

laser light by an array of photodiodes. The change in the photodetector output is a

measure of the cantilever deflection or oscillation amplitude.

The specimen surface can be scanned using contact, tapping or non-contact

mode (see Fig. 3.3). In contact mode, the cantilever tip is dragged across the sam-

ple surface while monitoring the deflection of the cantilever. There are two scanning

modes: Constant height and constant force. In constant height mode, the topography

image of the sample is created from the cantilever deflection. In constant force mode,

the cantilever deflection is kept constant via a feedback loop by moving the scanner up

or down. The vertical motion of the scanner is captured to deliver a height image of

the specimen surface. In non-contact mode, the cantilever beam oscillates close to its

resonance frequency up and down along the z-direction (typically several hundred kHz)

above the sample surface. As the cantilever tip moves closer towards the sample sur-

face, forces at the interface – such as van der Waals, electrostatic, magnetic or capillary

forces – reduce the oscillation amplitude [229]. A feedback loop maintains a constant
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oscillation amplitude. By imaging the forces between the tip and sample surface, sur-

face information of the specimen is gathered. Tapping mode is similar to non-contact

mode, except that the cantilever tip taps the sample surface.

Whereas contact mode delivers the most accurate scanning results, it suffers

from tip and sample degradation. Contrary, sample or tip degradation does not occur in

non-contact mode, making this technique suitable for studying soft specimens such as

biological samples. Tapping mode combines the advantages of both techniques.

Figure 3.3: Atomic force microscopy (AFM): a) contact mode during which the can-
tilever tip is dragged across the sample surface, and b) tapping mode during which
the cantilever oscillates at a frequency near its resonance frequency while tapping the
sample surface. Contact mode is more accurate but also more destructive to the sample
surface and/or the tip.

A secondary imaging technique for tapping mode is phase imaging. Phase imag-

ing monitors the phase lag between the driving signal for oscillating the tip and the

cantilever oscillation output. As the tip touches the sample, the elastic properties of

the material and adhesion forces may affect the movement of the tip, causing a phase

lag [230–232]. Hence, phase imaging can be used to assess the elastic, adhesive and

frictional properties of the specimen. By combining height images with phase images,

surface topography and surface properties can be directly correlated.

Using AFM, cantilever deflections up to 0.1 Å can be measured and typical
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forces between cantilever tip and specimen surface range from 10−11 to 10−6 N [229].

Due to scanning artifacts, the acquired surface topography does not always correspond

to actual surface features, a fact which needs to be taken in consideration when interpret-

ing AFM results. There are "profile broadening’ artifacts due to tip-sample convolutions

and ’height lowering’ artifacts due to elastic deformation of the specimen.

AFM has been used for hard-disk drive related research for more than two

decades [30, 34, 205, 208, 209, 214, 233–237]. Several researchers used AFM to mea-

sure wear on the recording head [214, 235]. AFM has also been used to study surface

features on the magnetic disk such as laser bumps [34] and disk asperities [235]. Fur-

thermore, surface roughness of magnetic disks has been studied using AFM [209].

3.2.2 Electrostatic force microscopy (EFM)

Figure 3.4: Electrostatic force microscopy (EFM) measurements are carried out in a
two step measurement procedure. First (left image), the topography is measured using
atomic force microscopy (AFM) tapping mode in one scan line. Next (right image),
the EFM scan is carried with the tip biased at voltage VEFM. The cantilever oscillates
at a controlled distance z away from the sample surface. Schematic from [238].

Electrostatic force microscopy (EFM) is a type of atomic force microscopy

(AFM, see 3.2.1) where the electrostatic force between the sample and cantilever tip

is probed. EFM makes it possible to identify conducting regions on a specimen surface

compared to AFM which provides a pure height image.

EFM measurements are typically carried out in a two-step measurements proce-

dure in which each EFM scan line is interleaved between AFM topography scan lines



87

as indicated in Fig. 3.4 [238]. First, one scan line is measured in AFM tapping mode

to obtain information about the topography. Next, the tip is lifted off the sample sur-

face and the scan is repeated at a controlled distance z0 (e.g., 10 nm). This time the tip

is biased at the detection voltage VEFM (e.g., 3 V) while oscillating near its resonance

frequency. Two measurement modes are available for measuring the electrostatic force:

1) The cantilever is excited mechanically at a fixed frequency f ′ and the phase shift ∆φ

of the cantilever oscillation is recorded as the EFM signal; 2) Alternatively, the phase

shift ∆φ is kept constant by adjusting the excitation frequency f ′0 via a feedback loop.

Both measurement modes result in qualitatively similar images [238].

EFM measurements are based on electrostatic force gradients [238]. The basic

relation between the cantilever frequency shift ∆ f and the force gradient δF(z0)
δ z acting

on the tip is given by

∆ f
f0

=− 1
2k

δF(z0)

δ z
(3.3)

where k denotes the cantilever spring constant and f0 the resonance eigenfre-

quency [238].

3.2.3 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a technique used for imaging solid sam-

ples using an electron beam. The basic principles of SEM were first established in the

1930s by Knoll and later in the early 1940s by von Ardenne [239]. Surface informa-

tion is gathered by scanning the specimen surface with a focused beam of electrons.

The electrons interact with the atoms in the sample surface, producing various signals

that provide information about the surface topography and composition. The type of

signals produced are secondary electrons, back-scattered electrons, transmitted elec-
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trons, cathodoluminescent light, specimen current and X-rays. Secondary electrons are

most commonly used for imaging. On flat surfaces, the emitted secondary electrons are

mostly contained by the sample, whereas more electrons are emitted if the surface is

tilted. Thus, a topography image of the sample surface can be created by scanning the

sample with an electron beam and detecting the emitted secondary electrons.

In SEM, the electron beam is guided to the sample by a series of electromagnetic

lenses [228]. The depth of field and resolution of SEM images is determined by the final

spot size and the current of the electron beam. The electrons interact with the specimen

up to a few micrometers below the surface. Using SEM, lateral resolutions better than 1

nm can be achieved.

The very thin carbon layer on the slider is not visible in SEM images as it is

penetrated by the high energy electron beam. Hence, SEM cannot be used to study

carbon wear. However, SEM can be used to study wear of the underlying write shield

[209, 214, 236, 237, 240]. Furthermore, SEM has been used to study damage of the read

element after electrostatic discharge-events or severe slider disk [30].

3.2.4 Discussion

The combination of AFM height images, AFM phase images and EFM phase

images allows for in-depth study and comparison of both surface properties and surface

profiles. AFM phase provides information regarding the elastic properties of the spec-

imen and EFM phase identifies conducting regions. Combined, these three techniques

are excellent tools for studying build-up or depletion of material during wear processes.

Both SEM and AFM provide lateral resolution on the nanometer-scale. As the

underlying principles of SEM and AFM are quite different, each method provides differ-

ent information about the surface structure. SEM provides a two-dimensional projection

of a specimen surface with scan sizes up to several mm2. AFM on the other hand pro-
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duces three-dimensional surface profiles with scan sizes up to 150 x 150 µm.

AFM provides higher resolution scans compared to SEM and scans can be taken

in ambient or fluid environments. SEM on the other hand requires a vacuum environ-

ment during scanning. Image acquisition in AFM, however, is much slower compared

to SEM. Slow scanning speeds become problematic if the sample or sample mount un-

dergo thermal drifting. Furthermore, the piezoelectric tube scanner suffers from non-

linearities, hysteresis, creep and cross-talk between the x, y and z directions. The res-

olution of AFM in tapping mode is determined by the oscillation frequency of the can-

tilever, the scan speed and the scan size, and the tip radius. Accurate imaging requires

the radius of the cantilever tip to be smaller than the radius of the features to be scanned.

Contaminated tips result in scan artifacts and the cantilever tip has difficulties following

steep walls.

SEM produces images in almost real-time. However, charging artifacts might

affect the final image and very thin surface coatings are not ’visible’ in SEM images as

they are penetrated by the high energy electron beam of the SEM. Thus, DLC wear on

the slider surface cannot be studied using SEM.



Chapter 4

Contact and temperature rise of

thermal flying height control sliders

The flying height in hard disk drives (HDDs) has decreased to only a few nanome-

ters and intermittent contacts between slider and disk are likely to occur. Currently, the

head-disk spacing in commercially available HDDs is on the order of 2 nm during read

and write operation [220]. To achieve an areal density of 5–10 Terabit per square inch, a

physical spacing on the order of 0.25 nm is required [241]. Intermittent contact between

slider and disk could result in wear, frictional heating, read/write element degradation or

lubricant interactions at the head-disk interface (HDI). Furthermore, local temperature

rise exceeding the Curie temperature due to frictional heating might result in the era-

sure of magnetic information and are therefore of concern [146]. The temperature rise

during contact is of very short duration and generally referred to the term flash temper-

ature [242]. In numerical studies, flash temperatures on the order of 1,000 K have been

simulated [243, 244].

Since the resistance of the read and write element is temperature dependent,

frictional heating due to slider-disk contact causes a change in the resistance of the read
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and write element as well. The read element is a very sensitive sensor and has also

been used for the detection of slider/disk contacts [64, 67, 245]. Hence, the question is

raised, can local temperature rises due to slider-disk contact be estimated by measuring

the change in read element resistance?

As discussed in 2.3.3, thermal flying height control (TFC) sliders have been im-

plemented in commercial HDDs since 2007 [88]. TFC sliders contain a heater element

close to the read and write element in the trailing edge of the slider. Energizing the

heater element causes a thermal deformation of the bottom surface of the slider, thereby

reducing the flying height between the read and write element and the disk. TFC sliders

have allowed a reduction of the head- disk spacing to the order of several nanometers.

In the present study, we investigate contact between a commercially available

TFC slider and a magnetic disk. To achieve contact, the heater element of the TFC

slider is energized with constant and square wave input profiles with increasing bias.

Laser Doppler vibrometry is used to study the dynamics of the vertical gimbal velocity.

The temperature rise during slider-disk contact is estimated from the resistance change

at the read element using auxiliary calibration measurements.

4.1 Experimental set-up and procedure

A schematic of the experimental set-up used in this investigation is shown in

Fig. 4.1. The set-up consists of a commercially available HDD with a cutout in the top

cover, a 3D laser Doppler vibrometer (3-D LDV) and an oscilloscope for high-speed

data acquisition. A printed pre-amp circuit board was designed and built to access the

read, write and heater element. To measure the respective resistance values, the write

element was biased with a current of 20 mA, whereas the read element was biased

with a voltage of 100 mV. The input to the heater of the TFC slider was generated
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using a dynamic signal generator. To monitor the resistance of the heater, the voltage

over a known resistance in series with the heater element was measured as indicated

in Fig. 4.1. For the investigation of the vertical gimbal vibrations and the resistance

change at the read and write element, constant and square wave voltage profiles were

applied to the heater. The resistance changes of the read and write element as a function

of heater power were measured along with the vertical gimbal velocity using an LDV.

In addition, the resistance change of the read element was measured for the following

three cases: a) the slider was removed from the disk, b) the slider was loaded on the

stationary disk and c) the slider was flying over the disk. To estimate the temperature

rise during contact, auxiliary resistance calibration measurements were carried out in a

temperature-controlled environment.

Figure 4.1: Experimental set-up.
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4.2 Experimental results

4.2.1 Contact for constant and square wave heater input profiles

Contact for constant heater input profile

A constant voltage input profile was applied to the heater element of a TFC slider

and increased in small increments. The results for a power input to the heater of 0 mW

(1st column), 82 mW (2nd column), 103 mW (3rd column) and 126 mW (last column) are

depicted in Fig. 4.2. The first and second row of Fig. 4.2 show the resistance of the write

and read element, respectively, as a function of power input to the heater. Figure 4.2 c)

shows the change in the amplitude spectrum of the read element resistance |Y|, obtained

by subtracting the spectrum observed at zero heater power |Y0 |. The frequency spec-

trum of the write element is not shown since no significant changes were observed with

increasing heater input. The vertical gimbal velocity is depicted in Fig. 4.2 d) and the

last row, Fig. 4.2 e), shows the change in the amplitude spectrum of the vertical gimbal

velocity after subtracting the spectrum for the heater input of 0 mW.

We observe from Fig. 4.2 a) and b) that the write and read element resistance

increases with increasing power input to the heater. Furthermore, we observe that the

standard deviation of the read element resistance increases with increasing heater power

(Fig. 4.2 b)). Figure 4.2 c) shows that the spectrum of the read element resistance does

not exhibit any isolated resonance frequencies for a power input to the heater of 0 and

82 mW, while a well-defined frequency peak at 144 kHz is present for a heater input of

103 and 126 mW, respectively. Looking at the frequency spectrum of the vertical gimbal

velocity in Fig. 2e, we observe that frequencies in the 144 kHz range are also absent for

a heater power of 0 and 82 mW, while a well-defined peak is present in the frequency

spectrum at 144 kHz for a heater power of 103 and 126 mW. It is apparent that the

slider is vibrating and that contacts between slider and disk occurs. The amplitude of
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Figure 4.2: a) Write element resistance, b) read element resistance, c) change in fre-
quency spectrum of the read element resistance after subtracting the resistance spec-
trum |Y0 | at 0 mW, d) vertical gimbal velocity and e) change in frequency spectrum of
the vertical gimbal velocity after subtracting the spectrum |Y0 | at 0 mW for a constant
heater input of 0 mW (1st column), 82 mW (2nd column), 103 mW (3rd column) and
126 mW (last column).

the read element resistance and the vertical gimbal velocity at 144 kHz are summarized

as a function of heater power in Fig. 4.3. We observe from Fig. 4.3 that the read element

resistance increases at the same heater power (102 mW) at which a strong increase in

the amplitude of the vertical gimbal velocity is observed (102 mW). It is likely that the

occurrence of a peak in the spectrum of the vertical gimbal velocity is related to contacts

between slider and disk. A frequency of 144 kHz could correspond to the first pitch

mode frequency of the air bearing of the slider or to higher order gimbal vibrations.

The observation that the read element resistance and the vertical gimbal velocity are
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correlated suggests that the resistance change is related to contacts between slider and

disk. Clearly, if the slider makes contact with the disk, frictional heating is expected to

occur which would result in an increase in resistance.

Figure 4.3: Amplitude of the read element resistance and vertical gimbal velocity at
144 kHz as a function of power in put to the heater for a constant heater input profile.

Contact for square wave heater input profile

In a second experiment, a square wave voltage profile with a step size of 1 V was

applied to the heater element and the bias voltage was increased in small increments.

The results for a mean power input to the heater of 5 mW (1st column), 83 mW (2nd

column), 104 mW (3rd column) and 125 mW (last column), respectively, are depicted in

Fig. 4.4. The first and second row of Fig. 4.4 show the resistance of the write and read

element, respectively, as a function of power input to the heater. Figure 4.4 c) shows

the change in amplitude spectrum of the read element resistance obtained by subtracting

the spectrum at 5 mW heater power, denoted as |Y0|. The vertical gimbal velocity is

depicted in Fig. 4.4 d). Figure 4.4 e) shows the change in the amplitude spectrum of the

vertical gimbal velocity after subtracting the spectrum for a heater input of 5 mW. In the

last row, Fig. 4.4 f), the time frequency plot of the vertical gimbal velocity is shown.

Similar to the experiment with constant heater input, we observe an increase in

the write and read element resistance with increasing power input to the heater (Fig. 4.4



96

Figure 4.4: a) Write element resistance, b) read element resistance, c) change in fre-
quency spectrum of the read element resistance after subtracting the resistance spec-
trum |Y0 | at 5 mW, d) vertical gimbal velocity, e) change in frequency spectrum of
the vertical gimbal velocity after subtracting the spectrum |Y0 | at 5 mW, and f) time
frequency plot of the gimbal velocity for a square wave heater input of 5 mW (1st

column), 83 mW (2nd column), 104 mW (3rd column) and 125 mW (last column).

a), b). Also, the standard deviation of the read element resistance increases with in-

creasing heater input (Fig. 4.4 b). In Fig. 4.4 c) we see that frequency peaks are absent

for a heater input of 5 mW, while a well-defined frequency peak at 144 kHz occurs in

the spectrum of the read element resistance for a heater power of 83 mW or higher.

From Fig. 4.4 e) we observe that the same frequency at 144 kHz is also present in the

frequency spectrum of the vertical gimbal velocity. For a heater input of 104 mW, the

gimbal is excited at both 144 and 155 kHz, which can be seen in the third column of



97

Fig. 4.4 e). Looking at the time-frequency plot of the vertical gimbal velocity for a mean

heater power of 104 mW (Fig. 4.4 f), we see that the gimbal is first excited at 155 kHz

and then at 144 kHz. It can be seen in Fig. 4.4 d) that the amplitude of vibrations at

144 kHz is larger than the amplitude of vibrations at 155 kHz. For a heater input of

104 mW, we observe from Fig. 4.4 a), b) that stronger vibrations of the gimbal correlate

with an increase in the resistance of the write and read element resistance, respectively.

Frequencies of 144 and 155 kHz can also be seen in the spectrum of the read element

resistance as shown in Fig. 4.4 c). If the heater input is increased to 125 mW, vertical

gimbal vibrations at 55, 63 and 144 kHz are observed (last picture of Fig. 4.4 e), f).

All three frequencies can also be seen in the frequency spectrum of the read element

resistance as depicted in Fig. 4.4 c).

The amplitudes of the frequencies at 54, 63, 144 and 155 kHz as a function of

power input to the heater are shown in Fig. 4.5. The first row shows the amplitudes spec-

trum of the read element resistance while the second row shows the amplitude spectrum

of the vertical gimbal velocity. We observe from Fig. 4.5 a), b) that frequencies at 54

and 63 kHz occur in the read element resistance if the mean power input to the heater

exceeds 122 mW. Figure 5c shows that a frequency at 144 kHz appears in the amplitude

spectrum of the read element resistance for a heater power larger than 79 mW. This fre-

quency decreases in amplitude for a heater input above 113 mW. From Fig. 4.5 d) we

observe that a new peak at 155 kHz appears in the resistance of the read head for a mean

heater power between 79 and 122 mW. The second row of Fig. 4.5 shows that the same

frequencies occur in the LDV measurement of the vertical gimbal velocity for the same

range of heater power as observed for the read head resistance. Again, this correlation

of frequencies in the resistance and velocity spectrum leads us to the conjecture that

the increase of the read head resistance is related to frictional heating due to slider-disk

contact.
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Figure 4.5: Amplitude of frequencies at 55, 63, 144 and 155 kHz as a function of
heater power for a square wave heater input profile.

4.2.2 Temperature calibration measurement

Figure 6 shows the resistance change of the read and write element as a function

of temperature. The resistance changes are normalized by the initial resistance of 20.9

Ω for the read element and 6.1 Ω for the write element, respectively, measured at 25 ◦C

room temperature.

Figure 4.6: Resistance change of the read and write element as a function of tempera-
ture.

We observe from Fig. 4.6, that a linear relationship exists between resistance

change and temperature for both the read and write element. Furthermore, we observe

that the resistance change in percent is larger for the write element than the read element.

This is related to the different material properties of the read and write elements.
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4.2.3 Read element resistance and temperature rise for unloaded,

loaded and flying slider

Prior to determining the temperature rise at the read element from resistance

measurements, we have studied the resistance change of the read element as a function

of heater power for the following three cases: a) the slider is removed from the disk,

b) the slider is loaded on a stationary disk and c) the slider is flying over the disk. The

results for these resistance measurements are shown in Fig. 4.7.

Figure 4.7: Resistance change of the read element as a function of heater power for a)
unloaded slider, b) loaded slider on a stationary disk and c) flying slider.

From Fig. 4.7 we observe that the resistance change in percent is largest for

the unloaded slider case, when the slider is removed from the disk. The resistance of

the read element increases nearly linearly as a function of heater power. If the slider

is loaded against the stationary disk or is flying over the rotating disk, the resistance

increase is substantially less than for the unloaded case. If the slider is removed from

the disk (unloaded case), a major part of the heat generated by the heater element is

conducted through the slider body to the read element. This temperature increase results

in a resistance increase of the read element. If the slider is in contact with the stationary
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disk or flies over the disk, the slider is cooled by the disk or the air bearing, respectively.

Thus, the resistance increase of the flying slider is smaller than for the unloaded slider.

From the results of Fig. 4.7 we conclude that the cooling effect due to the air bearing and

due to heat conduction into the disk is on the same order. Figure 8 shows the estimated

temperature change of the read element for the unloaded, loaded and flying slider case.

The temperature change of the read element was obtained by dividing the normalized

resistance change measurements shown in Fig. 4.7 by the results from Fig. 4.6. As

shown in Fig. 4.8, the temperature increases 115 K at the read element for the unloaded

case if the heater is energized to 95 mW. If the slider is loaded onto the stationary disk,

the disk acts as a heat sink and the temperature increases only about 38 K. During flying,

the slider is cooled by the air bearing and the resistance of the read element increases by

39 K.

Figure 4.8: Temperature change of the read element as a function of heater power for
a) unloaded slider, b) loaded slider on a stationary disk and c) flying slider.
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4.2.4 Temperature rise for a constant and a square wave heater in-

put profile

Temperature increase for a constant heater input profile

In Fig. 4.9, the maximum temperature rise at the read element during stable

flying conditions is plotted as a function of heater power for a constant heater input

profile.

Figure 4.9: Estimated temperature at the read element as a function of heater power
when the slider was flying stably.

As presented earlier, at a heater power below 99 mW, the slider was flying stably,

i.e., the temperature increase at the read element was entirely caused by heat dissipation

due to energizing the heater. At heater powers above 99 mW, an increase in the LDV

measurement of the vertical gimbal velocity was detected, i.e., the slider was contacting

the disk. If the slider makes contact with the disk, the temperature increase at the read el-

ement is caused not only by energy dissipated in the heater, but also by frictional heating

during slider-disk contact. In order to estimate the temperature increase due to frictional

heating during slider-disk contacts, we proceeded as follows: We first extrapolated the

temperature increase from the stable flying region to the unstable flying region (P [ 99
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mW) using a second order polynomial curve fit. The temperature increase obtained

using this procedure can be assumed to correspond to the temperature increase caused

by heat dissipation from the heater only. We then compared the extrapolated temper-

ature increase to the actual measured temperatures that were obtained when the slider

was contacting the disk, i.e., when heat dissipation and frictional heating effects were

present. The difference between the extrapolated curve and the actual measurements

represents an estimate of the temperature increase due to frictional heating (Fig. 4.10 ).

From Fig. 4.10 we observe that the temperature increase due to frictional heating that

is measured by the read element is only on the order of 1 or 2 K. In other words, the

temperatures measured by the read element are only slightly larger than the extrapolated

temperature increase without slider-disk contact. Therefore, we conclude that the tem-

perature change at the read element is mainly caused by Joule heating due to the heater

element and not by frictional heating. Clearly, flash temperatures are not measurable

using the resistance change of the read element.

Figure 4.10: Maximum temperatures measured during slider-disk contact and extrapo-
lated temperature increase from the stable flying region below 103 mW to the unstable
flying region above 99 mW for a constant heater input profile.
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Temperature increase for a square wave heater input profile

The same procedure as the previous section for estimating the temperature in-

crease due to frictional heating was applied to the experiments with the square wave

heater input profile (Fig. 4.11 ). From Fig. 4.11 we observe that the temperature in-

crease at the read element due to frictional heating during slider-disk contacts is, again,

only one or two degrees Kelvin. This value is far below the expected flash temperatures

that occur during slider-disk contacts. Thus, we conclude again that flash temperatures

cannot be obtained from the resistance change at the read element.

Figure 4.11: Maximum temperatures measured during slider-disk contact and extrap-
olated temperature increase from the stable flying region below 74 mW to the unstable
flying region above 74 mW for a square wave heater input profile.

4.3 Discussion

Comparing Figs. 3 and 5, we observe that the gimbal is excited at only one

frequency in the case of a constant heater input profile while additional frequencies are

excited for a square wave heater input profile. In particular, we observe that the gimbal

is excited at 144 kHz for a constant heater input profile if the power input to the heater
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exceeds a critical level. On the other hand, for a square wave input profile the gimbal

exhibits vibrations at 54, 63, 144 and 155 kHz. In addition, we observe from Fig. 4.3 and

Fig. 4.5 that the critical heater power that results in vertical gimbal vibrations at 144 kHz

is smaller for a square wave profile than for a constant heater input. This is apparently

related to the time dependent changes in the heater power input. Further investigations

of this effect are desirable since time-dependent heater input power changes will be

needed for active flying height control of TFC sliders [93].

In our experiments, we did not observe a sharp resistance increase at the read

or write element that could indicate the occurrence of flash temperatures. There are

several reasons why flash temperatures could not be observed experimentally using the

resistance change of the read or the write element. First, at high disk speeds, flash tem-

peratures occur only for very short time duration on the order of nano-seconds. The

detecting of very short temperature spikes is limited by the sampling frequency at which

the data was acquired. In our experiments, data was acquired at 400 kHz which corre-

sponds to a time resolution of 2.5 µs. Clearly, this sampling rate is too low to capture

a short temperature rise in the nano second range. To capture flash temperatures, sam-

pling frequencies on the order of GHz are required. Secondly, it is apparent that flash

temperatures occur at the peaks of contacting asperities. Thus, the area over which flash

temperatures are present is very small [246]. If the read element is not exactly at the

position where contact occurs, the read element ’sees’ a smaller increase in temperature

compared to the temperature rise at the contact spot. Thus, in addition to the time res-

olution issue there is a spatial resolution issue related to the spatial separation between

the read element and the location of contact.

An approximate expression for the temperature decay over time and space for

an instantaneous heat source was presented by Carslaw and Jaeger (1947) who treated

the case of a finite amount of heat Q being liberated over a vanishingly small volume at
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position (x′,y′,z′) at time t = 0. They showed that the temperature T as a function of

time t and distance r to the heat source can be expressed as

T (r, t) =
Q

8(πκt)3/2 e−
r2
4κt (4.1)

where λ is defined as

λ =
k

ρc
(4.2)

with k representing the thermal conductivity, ρ the density and c the specific heat of the

substrate. It can be seen from equation 4.1 that the temperature decays quickly with

time and distance from the heat source.

Thus, the resistance change at the read element cannot be used for estimating

the interfacial temperature rise if the contact spot is not exactly at the position of the

read element or for sampling rates below the GHz range. Furthermore, the volume of

the contacting asperities at which flash temperatures occur is likely to be much smaller

compared to the volume of the read element. Therefore, the thermal energy that is

generated when flash temperatures occur is most likely too small to cause a sufficiently

large response of the read element.

4.4 Conclusion

Experiments have been performed to investigate contacts and temperature changes

between a TFC slider and a magnetic disk. To achieve contacts, the heater element of a

TFC slider was energized with constant and square wave input profiles with increasing

bias. To estimate the temperature rise during contacts, auxiliary resistance calibration

measurements were carried out in a temperature controlled environment. Using this re-

lationship we estimated the temperature rise at the read and write element as a function
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of heater power. We conclude that:

• Slider disk contacts and vertical gimbal vibrations are detected by LDV measure-

ments if the heater input exceeds a critical level.

• For a square wave heater input profile, gimbal vibrations at 144 kHz were ob-

served for a smaller heater power compared to a constant heater input profile;

furthermore, it was found that additional frequencies were excited compared to

the experiment with a constant heater input profile.

• The resistance of the read and write element increases as a function of tempera-

ture. The temperature rise at the read element is mainly caused by power dissipa-

tion in the heater of the TFC slider.

• The resistance change at the read element cannot be used to estimate the interfa-

cial temperature rise due to frictional heating during contact due to limited time

response of the read element and the spatial separation between the contact spot

and the read element. In addition, the thermal energy at contacting asperities is

too small to cause a sufficiently strong response of the read element.
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Chapter 5

Effect of bonded lubricant ratio,

temperature and relative humidity on

head wear of thermal flying height

control sliders

Thermal flying height control (TFC) sliders are presently used in hard disk drives

to control the spacing between the slider and the disk. As discussed in 2.3.3, actuating

the heater element of a TFC slider locally protrudes the bottom surface of the slider

towards the disk at the location of the read and write element. Using this technology,

flying heights of 1–2 nm are realized during reading and writing which are needed to

guarantee a low bit error rate. However, at such low spacings, intermittent contacts

between the head and the disk are likely to occur. Head-disk contacts are undesired as

they can result in both wear of the slider and wear of the disk.

In this chapter, head wear of thermal flying height control sliders is studied

experimentally by (a) comparing the touch-down power before and after a wear test

107
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consisting of 300 consecutive touch-down cycles, (b) examining scanning electron mi-

croscopy (SEM) images, and (c) investigating atomic force microscopy (AFM) mea-

surements of unworn and worn heads. The effect of bonded lubricant ratio, relative

humidity, temperature, and heater power on head wear is investigated. The experiments

were carried out on a commercial load/unload tester inside an environmental test cham-

ber. A detailed discussion of the head-disk interface including the DLC coating and the

lubricant on the disk is given in sections 2.3.2 and 2.3.2, respectively. In the following,

a brief overview on head wear will be given.

5.1 Head wear and the role of disk lubrication

During contact between the slider and disk lubricant, adhesion forces are present

and shearing of the lubricant film occurs [61, 247]. It has been suggested that adhesion

is dominated by meniscus forces arising from lubricant bridges between slider and disk

[247]. Occasional contacts between slider and disk can result in elastic and/or plastic

deformation and the generation of wear particles. In the event of un-lubricated sliding,

high temperatures might develop from frictional heating. Li et al. [240] studied head

wear for different contact states and reported that head wear is absent if the slider is

in contact with the lubricant and that head wear occurs if the slider is in occasional

contact with disk asperities or during continuous slider-disk contact. Contact between

TFC sliders and so-called thermal disk asperities that are several nm in height can result

in slider wear and high local temperature rise [213, 237, 248, 249]. Singh et al. [234]

proposed a wear-in-pad approach for minimal head-media separation by wearing off the

overcoat and recession of the recording head in a controlled fashion.

The area of the slider that contacts the disk is much smaller than the area of the

wear track on the disk. Assuming a protrusion radius of 2.5 µm and a track radius of
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25 mm, the ratio of the apparent contact area between the wear track area on the disk

and the slider is 104. Consequently, the wear depth on the slider is expected to be much

larger compared to the wear depth on the disk.

Several researchers studied head wear by comparing the change in touch-down

power before and after wear testing [214, 250]. Wang et al. [214] performed a sequence

of 1-min wear tests with constant heater power while measuring the touch-down power

on an adjacent track every minute. Kobayashi et al. [250] studied the effect of lubricant

molecular weight on head wear. Their wear test was composed of four 10 min tests on

separate disk radii with different levels of constant heater power. Although TFC slid-

ers are now in common use, few results have been published on the effect of bonded

lubricant ratio and environmental conditions on head wear. TFC sliders allow the mea-

surement of changes in the head-disk spacing by determining the change in touch-down

power before and after a wear test. Scanning electron microscopy (SEM) and atomic

force microscopy (AFM) measurements are important tools to correlate the measured

changes in head-disk spacing with actual wear on the recording head.

5.2 Experiments

5.2.1 Experimental set-up

A commercially available load/unload tester was used for the head wear study.

The load/unload tester was placed inside an environmental test chamber to control rel-

ative humidity and temperature (see Fig. 5.1). The disk rotated at 5400 rotations per

minute (rpm), and head-disk contact was detected in real time using an acoustic emis-

sion (AE) sensor.
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Figure 5.1: Experimental set-up with load/unload tester and environmental test cham-
ber.

5.2.2 Disks and slider

Two specially made sets of disks were used for the experiments. Set 1 was coated

with a 1.6 nm thick layer of amorphous nitrogenated carbon (a-CNx) and used to study

the effect of bonded lubricant ratio on head wear. Set 2 was coated with a 1.9 nm thick

layer of a-CNx and used to investigate the effect of relative humidity and temperature.

Both sets were covered with a 1.2 nm thick layer of Z-tetraol. The lubricant was applied

by dip coating the disks and exposing the lubricants to UV light. The disks were evalu-

ated about two weeks after UV exposure, i.e., the touch-down power was measured and

wear testing was performed. A commercially available ’femto’ slider [131] was used for

this study. An image of the air bearing surface of the slider is presented in Fig. 2.9. The

read and write shields consist of nickel cobalt iron (NiCoFe), and the material surround-

ing the shields is Al2O3. The bottom surface of the slider was coated with a 20-30 Åthin

carbon film deposited by filtered cathodic arc (FCA) deposition.
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5.2.3 Experimental procedure

To investigate head wear, the following procedure was used (see Fig. 5.2). First,

the head was positioned on track A and the average touch-down power T DPbe f ore was

measured. In step 2, the head was moved to a neighboring track, track B, on which

the wear test was performed. The wear test consisted of 300 consecutive touch-down

cycles. For each touch-down cycle, the heater input was gradually increased in steps

of 1 mW per disk revolution until head-disk contact was detected as shown in Fig. 5.3.

Once touch- down was detected, the heater input was further increased in steps of 1 mW

per disk revolution until a specific additional heater power (AHP), or ’over-push power’,

was reached. The time duration between each touch-down cycle was 300 ms, and the

heater input during this time period was 0 mW. Finally, in step 3, the head was moved

back to track A, and the average touch-down power T DPa f ter was measured.

We then computed the change in touch down-power ∆T DP before and after 300

consecutive touch-down cycles, which is defined as

∆T DP = T DPa f ter−T DPbe f ore (5.1)

Figure 5.2: Wear test procedure. Step 1: Measure touch-down power; step 2: conduct
300 consecutive touch-down cycles; step 3: measure touch-down power.

If wear occurs during the 300 consecutive touch-down cycles, the head-disk
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Figure 5.3: Heater input profile during the 300 consecutive touch-down cycles.

spacing will increase and thus, the heater power at which head-disk contact occurs will

increase as well. Consequently, we hypothesize that a positive change in touch-down

power (∆T DP>0) indicates that head wear occurred during the 300 consecutive touch-

down cycles. In order to verify whether or not wear of the shields occurred, SEM and

AFM images of selected heads were taken. In this study, we focused on damage of the

recording head rather than disk, and hence, we did not perform optical disk roughness

measurements to examine the damage on the disk. It is important to note that the touch-

down power change was measured on a disk radius different from the disk radius on

which the wear test was performed. If the same disk radius was used for steps 1, 2, and

3, the change in touch-down power would be the result of wear on both the head and the

disk. The experiments were carried out about half an hour after the desired temperature

and humidity conditions were reached inside the chamber. Initial experiments showed

that DTDP increases with an increase in touch-down cycles and an increasing time in-

terval. Because we wanted to study the effect of temperature, humidity, and bonding

lubricant ratio on ∆T DP, we chose 300 touch-down cycles and 300 ms time interval

since this combination resulted in a change in ∆T DP large enough to be measured.
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Figure 5.4: Typical experimental result showing the change in touch-down power over
300 consecutive touch-down cycles.

5.3 Experimental results

Fig. 5.4 shows a typical measurement for the change in touch-down power as a

function of touch-down cycles. The additional heater power during the 300 consecutive

touch- down cycles was 30 mW. Z-tetraol lubricant with 90 % bonding ratio was used

(30 řC and 25 % relative humidity). The touch-down power measurement and the wear

test were performed at a radius of 0.95” (24.1 mm) and 0.96” (24.4 mm), respectively.

The average touch-down power before the wear test was 114 mW. We observe from

Fig. 5.4 that the touch-down power increases initially and reaches an asymptotic behav-

ior after approximately 60 touch-down cycles. This behavior is typical for a wear-in

process. After the wear test, T DPa f ter was determined to be 121 mW, corresponding to

a change in touch-down power of 7 mW.

Fig. 5.5 shows an SEM image of the protrusion area of the slider with write

shield (top) and read shield (bottom). The thin layer of carbon on the slider is not

visible in the SEM image since it is penetrated by the electron beam. Therefore, SEM

cannot be used to study carbon wear. Instead, SEM can be used to study whether or not

wear of the write shield occurred. An accelerating voltage of 0.5 kV was used for all

SEM measurements in this study.
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Figure 5.5: SEM image of the head operated at an additional heater power of 30 mW
during the 300 consecutive touch-down cycles. SEM image shows the protrusion area
with write shield (top), read shield (bottom). Bright areas indicate wear.

In Fig. 5.5, we observe bright areas and scratches on the write shield. Bright

and shiny areas in SEM images indicate wear of the shield. In order to estimate the

portion of the write shield that is worn, the SEM image was analyzed by performing a

pixel count of the write shield and a pixel count of the shiny part of the write shield.

Then, the ratio of pixels of the shiny over the total area was computed. The result of

our image analysis is presented in Fig. 5.6. The shiny area is shown in white and the

unworn portion of the write shield in gray. The ratio of the shiny over the total area is

0.057, suggesting that roughly 6 % of the write shield is worn.

Figure 5.6: Post-processed SEM image of the head with 30 mW AHP. Our analysis
suggests that 6 % of the write shield is worn.

5.3.1 Effect of lubricant bonding ratio on change in touch-down

power

Fig. 5.7 shows the change in touch-down power as a func- tion of additional

heater power for lubricant bonding ratios of 75 % (squares), 85 % (circles), and 90 %
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(diamonds) (at 25 % relative humidity and 30 ◦C). In addition, Fig. 5.7 shows the cor-

responding flying height change displayed along a second y-axis (on the right side)

assuming an actuation efficiency of 0.1 nm per 1 mW. Each data point in Fig. 5.7 repre-

sents the average of two or three wear tests. It can be seen in Fig. 5.7 that the change in

touch-down power increases with an increase in additional heater power. Furthermore,

we observe that the change in touch-down power increases with an increase in bonded

lubricant ratio. The maximum observed change in touch-down power for this set of wear

tests is 7 mW, which corresponds to a change in flying height of approximately 0.7 nm.

Figure 5.7: Change in touch-down power versus additional heater power for 75 %
(squares), 85 % (circles) and 90 % (diamonds) bonded-lubricant ratio (temperature of
30 ◦C and 25 % relative humidity).

5.3.2 Effect of relative humidity on change in touch-down power

Our environmental chamber allowed investigating levels of relative humidity

ranging from 12 to 65 %. We performed our wear tests at 15, 25, 35, and 60 % relative

humidity. Fig. 5.8 shows the effect of relative humidity on the change in touch-down

power. The additional heater power during this wear test was 30 mW and each data point

represents the average of two or three experiments (75 % bonded-lubricant ratio, 40 ◦C).

As shown in Fig. 5.8, the change in touch-down power is nearly the same for 25 %, 35 %
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and 60 % relative humidity. However, for 15 % relative humidity, a significant increase

in the change in touch-down power is observed.

Figure 5.8: Change in touch-down power for 15 %, 25 %, 35 % and 60 % relative
humidity at 40 ◦C with an additional heater power of 30 mW after 300 consecutive
touch-down cycles.

5.3.3 Effect of temperature on change in touch-down power

The effect of temperature on the change in touch-down power versus additional

heater power is illustrated in Fig. 5.9 for a temperature of 30 ◦C (squares), 40 ◦C (circles)

and 50 ◦C (diamonds) (25 % relative humidity and 75 % bonded lubricant ratio). This

temperature range lies within the operating range of hard disk drives. Each data point

represents the average result of two or three experiments. We observe from Fig. 5.9 that

the change in touch-down power increases with an increase in additional heater power.

However, the effect of temperature on the change in touch-down power is small.

5.4 SEM measurements

After the wear test, SEM images of selected heads were taken and post-processed

as discussed earlier to estimate the size of the shiny portion of the write shield. Fig. 5.10
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Figure 5.9: Change in touch-down power versus additional heater power for 30 ◦C
(squares), 40 ◦C (circles) and 50 ◦C (diamonds) at 25 % relative humidity.

shows selected post-processed SEM images for 90 % bonded-lubricant ratio and addi-

tional heater powers of 0, 6, 20 and 30 mW, respectively. It can be seen in Fig. 5.10 that

shiny regions on the write shield are absent for additional heater powers of 0 mW and

6 mW (Fig. 5.10 a) and b)). For these two heads, a change in touch-down power of 0 and

2.7 mW was measured after the wear test, respectively. For additional heater powers of

20 and 30 mW (both (∆T DP = 7.0 mW), shiny portions and scratches are present on the

write shield as shown in Fig. 5.10 c) and d). The shiny portion of the write shield was

estimated to be 6 % for both heads.

Figure 5.10: Post-processed SEM images of the write shield for various additional
heater powers (90 % bonded-lubricant ratio). During post-processing the size of the
’shiny’ portion of the write shield was estimated and plotted in white.

Fig. 5.11 shows the results for 75 % bonded lubricant ratio and additional heater
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powers of 0, 6, 20 and 30 mW, respectively. We observe from Fig. 5.11 that visible

wear of the write shield is absent for 0 mW, 6 mW and 30 mW additional heater power.

For these heads, a change in touch-down power of 0, 1, and 5 mW was measured after

the wear test, respectively. However, for an additional heater power of 20 mW (∆T DP

= 1.9 mW), the post-processed SEM image shows that approximately 4 % of the write

shield is shiny (Fig. 5.11 c)).

Figure 5.11: Post-processed SEM images of the write shield for various additional
heater powers (75 % bonded-lubricant ratio). During post-processing the size of the
’shiny’ portion of the write shield was estimated and plotted in white.

Fig. 5.12 shows the post-processed SEM images for 15, 25, and 35 % relative

humidity. Figure 5.12 a) and b) show that shiny areas on the write shield are absent

for 35 % and 25 % relative humidity for which a change in touch-down power of 4

and 4.2 mW was measured after the wear test, respectively. For 15 % relative humidity

(∆T DP = 13.7 mW), the post-processed SEM images indicate wear and scratching of

the write shield.

Fig. 5.13 shows the post-processed SEM images for 30, 40, and 50 ◦C with an

additional heater power of 30 mW. For 30 ◦C (∆T DP = 7.2 mW), approximately 1 %

of the write shield is shiny (Fig. 5.13 a)). For 40 ◦C (∆T DP = 4.2 mW), shiny areas are

absent on the write shield (Fig. 5.13 b)). For 50 ◦C (∆T DP = 6 mW), about 1 % of the

write shield is shiny as shown in Fig. 5.13 c).
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Figure 5.12: Post-processed SEM images for a) 35 % b) 25 %, and c) 15 % relative
humidity. During post-processing the size of the ’shiny’ portion of the write shield was
estimated and plotted in white.

Figure 5.13: Post-processed SEM images for a) 30 ◦C, b) 40 ◦C, and c) 50 ◦C. During
post-processing the size of the ’shiny’ portion of the write shield was estimated and
plotted in white.

5.5 AFM measurements

In order to assess how the surface roughness of the recording head is affected

by head wear, atomic force microscope (AFM) measurements of unused and used heads

were examined using atomic force microscopy (AFM). For this purpose, additional ex-

periments were conducted on a spin stand using a similar wear test procedure. However,

instead of performing 300 consecutive touch-down cycles, a constant heater power was

applied during the wear test. The wear test track and the reference track for measuring
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the touch-down power before and after the wear test were 0.8 mm apart. An overview

over the wear test parameters and the measured change in touch- down power is pre-

sented in 5.1. As given in 5.1, the change in touch-down power increases with increasing

test duration and increasing additional heater power.

Table 5.1: Wear test parameters and measured change in touch-down power ∆T DP of
the wear test conducted for the AFM measurements

Test # AHP [mW] Wear test duration ∆T DP [mW]
1 6 20 s 1.3
2 10 20 s 2
3 6 1 min 1.8
5 6 5 min 3.8
6 10 5 min 5
7 20 5 min 5.8
8 30 5 min 8
9 10 25 min 6.8

10 30 25 min 9

After the wear test, AFM measurements of each head were taken and the AFM

measurements were post-processed using leveling, background subtraction and removal

of small defects. Then, cross-sectional profiles were extracted from the center of the

recording head as shown in Fig. 5.14. The cross-sectional profile represents the average

of 40 neighboring pixels. Furthermore, the arithmetic mean Ra of the surface roughness

was calculated for regions W1, W2, CS, R1, and R2 as indicated by the white boxes in

Fig. 5.14.

Typical cross-sectional profiles of an unused head and two worn heads are pre-

sented in Fig. 5.15 a)–c), respectively. We observe in Fig. 5.15 a) that the cross-sectional

profile of a new, unused head has peaks on the contact sensor shield and on the right end

of the write shield. These peaks are partially worn off for the worn head shown in

Fig. 5.15 b) for which a change in touch-down power of 1.8 mW was measured. Fur-

thermore, the write shield appears overall smoother compared to the unworn head in
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Figure 5.14: AFM image of a recording head showing write shield (left), contact sen-
sor (CS) shield (middle), and read shield (right). This image indicates from which
region the cross-sectional profile (black dashed line) and arithmetic mean of the sur-
face roughness were extracted (white boxes).

Fig. 5.15 a). In Fig. 5.15 c) the cross-sectional profile of a head is shown for which a

change in touch-down power of 6.8 mW was measured after the wear test. Clearly, the

peaks on the write and contact sensor shield are worn off. Furthermore, the write shield

and the left region of the read shield appear smoother compared to the profiles shown in

Fig. 5.15 a) and b).

The arithmetic mean of the surface roughness of various heads with different

changes in touch-down power is presented in Fig. 5.16 a) – e) for regions W1, W2, CS,

R1, and R2. The enlarged data points at ∆T DP = 0 mW represent the average Ra value

of four new, unused heads. It can be seen in Fig. 5.16 a) that the Ra value in region W1

of worn heads is smaller compared to a typical unworn head.

In fact, the Ra value of a head for which a change in touch-down power of

1.3 mW was measured is half the average Ra value of unused heads (0.10 vs. 0.21 nm).

Similarly, the Ra value of worn heads is clearly smaller compared to the Ra value unworn

heads for region W2 (0.06–0.10 vs. 0.20 nm), region CS (0.08–0.20 vs. 0.34 nm), and

region R1 (0.08–0.16 vs. 0.25 nm). On the other hand, there is no significant difference
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Figure 5.15: Cross-sectional profiles through the center of the shields of a) a
new, unused head, b) a worn head with ∆T DP=1.8 mW, and c) a worn head with
∆T DP=6.8 mW.

in the Ra value between worn and unworn heads in region R2 (0.18–0.26 vs. 0.29 nm),

indicating that the disk was not in contact with this region of the head during slider-disk

contact.

Figure 5.16: Arithmetic mean Ra of the surface roughness vs measured change in
touch-down power ∆T DP for a) region W1, b) region W2, c) region CS, d) region R1,
and e) region R2. The enlarged data point at ∆T DP=0 mW represents the average Ra
value of four unused heads.
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5.6 Discussion

5.6.1 Effect of bonded lubricant ratio and relative humidity on head

wear

We observe in Fig. 5.7 that the change in touch-down power increases with an

increase in bonded lubricant ratio. These findings are in accordance with [48]. Lu-

bricants with high bonding ratio have less mobile lubricant that can replenish depleted

lubricant areas. Since mobile lubricant can replenish depleted lubricant areas, lubricants

with high bonding ratio are expected to result in increased wear compared to lubricants

with lower bonding ratios. We observe in Fig. 5.8 that the change in touch-down power

is increased at low relative humidity, indicating increased wear at low relative humidity.

Nakazawa and Kawakubo [51] and Karis et al. [48] also found that head wear increases

with decreasing relative humidity. This observation might be related to the presence of

additional water molecules in the air at high relative humidity. Water molecules can be

absorbed on the lubricant or on the disk carbon [52, 53]. For example, PFPE lubricants

have the ability to retain water molecules at their functional end groups, thus leading

to an increased fraction of mobile lubricant at high relative humidity [251]. Hence, the

effective lubricant thickness increases at high relative humidity, which enhances lubrica-

tion and reduces wear. High humidity, however, may not be desirable from a corrosion

point of view. Stirniman [252] found that the bonded lubricant ratio of Z-tetraol coated

disks exposed to ambient conditions increases within the first 50 days and decreases

thereafter. It has also been shown that the bonding ratio of lubricants increases over

time at elevated temperature [48] and with decreasing relative humidity [253]. On the

other hand, lubricants that are initially fully bonded gradually de- bond over time at am-

bient temperature and ambient relative humidity [48]. These findings suggest that the

increased change in touch-down power at 15 % relative humidity observed in Fig. 5.8
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could also be related to an increase in bonding ratio of the lubricant. From our experi-

mental results, we concluded that a small change in temperature does not affect ∆T DP

for the investigated head-disk combination in the temperature range from 30 to 50 ◦C.

It is likely that a larger change in temperature causes a change in ∆T DP. However,

hard disk drives typically operate at temperatures between 30 and 50 ◦C. In addition,

the accuracy of the touch-down power measurement of our load/unload tester is limited

to approximately 1 mW, making very small changes in DTDP difficult to observe.

5.6.2 Changes in touch-down power versus SEM images

On-track head wear is largely controlled by disk roughness. The authors believe

that the observed behavior in Fig. 5.11 may be attributed to disk-to-disk variations in

surface roughness and asperity distribution. These subtle part-to-part differences may

not be measurable by the mean arithmetic surface roughness, Ra, nor the root mean

square roughness, Rq, but by studying down-track roughness in the frequency or spatial

domain. In addition to disk variations, there are head variations which may explain

discrepancies between the measured change in touch-down power and the size of the

wear scars of the SEM images.

5.6.3 Wear coefficient

Our experimental investigations have shown that wear of the recording head is a

complicated process and that the wear rate depends on many factors including contact

force, lubricant properties, material properties of slider and disk, sliding distance, sliding

speed, as well as environmental conditions and tribochemical processes. In an attempt to

estimate the coefficient of wear for our wear tests, we use Archard’s wear equation [254]
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given by

Q =
kPs
H

(5.2)

where Q represents the wear volume, k is the coefficient of wear, Pn is the normal load,

s is the sliding distance and H is the hardness of the softer surface.

The head shown in Fig. 5.15 c) underwent a wear test of 25 min duration with an

additional heater power of 30 mW at a radial position of 21.8 mm and a disk velocity of

12.3 m/s (5400 rpm). A change in touch-down power of 6.8 mW was measured, and the

sliding distance was calculated to be 18,500 m. The hardness and normal load can be as-

sumed to be within the range of 5-20 GPa [138] and 1-10 mN [255], respectively. Based

on numerical simulations of thermal flying height control sliders and published litera-

ture [255, 256], we assume a slider protrusion with ellipsoidal cross section. Fig. 5.17

shows the cross-sectional profile of a typical slider protrusion in (a) the down-track di-

rection and (b) the cross-track direction [255, 256]. The wear volume is estimated by

fitting the wear scar from SEM images into the cross section of the thermal protrusion

at a depth that matches the wear scar dimensions best. For a head with ∆T DP = 7 mW,

the width of a typical wear scar on the write shield as measured from SEM images is ap-

proximately 17 µm in the cross-track direction (see Fig. 5.10). The wear volume, wear

depth, and contact area can then be estimated to be 2.2 · 10−20 m3, 1.1 nm, and 47.8 µm,

respectively.

Using the above values for the sliding distance s, the wear volume Q, hardness

H, contact load range P, we obtain a wear coefficient on the order of 10−11 to 10−13

for the head shown in Fig. 5.15 c). This value is very small and indicative of the fact

that wear of thermal flying height control sliders is a nanoscale phenomenon. Machcha

et al. [35] studied nano-wear of contact recording sliders and found Archard’s wear

coefficient likewise to be very small, on the order of 10−10 for drag and sweep testing.
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Figure 5.17: Profile of the slider protrusion along a) the down-track direction and b)
the off-track direction.

5.7 Conclusion

We conclude that

1. The change in touch-down power increases with increasing bonded lubricant ratio.

2. Temperature has a minor effect on the change in touch-down power for the tem-

perature range of 30-50 ◦C.

3. The change in touch-down power increases with decreasing relative humidity.

4. AFM analysis revealed noticeable changes in surface roughness of heads with

changes in touch-down power as little as 1.3 mW compared to unworn heads.

These changes in surface roughness are observed across the write shield, contact

sensor shield, and small portions of the read shield.

5. SEM analysis showed wear of the write shield for changes in touch-down power

that are typically larger than 6 mW.

6. The wear coefficient was estimated to be on the order of 10−11 to 10−13
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Chapter 6

Effect of head-disk interface biasing

and relative humidity on wear of

thermal flying height control sliders

As the physical spacing between the recording head, or slider, and the magnetic

disk decreases, intermittent slider-disk contacts become of increasing concern. Slider-

disk contact may occur during slider disk-asperity contacts, or during spacing calibration

of thermal flying height control sliders [257]. Slider-disk contacts are undesirable since

they can result in wear and damage of the head-disk interface (HDI), and, in particular,

the read and write elements.

It has been reported [211,258,259] that the wear rate of the slider can be reduced

by voltage biasing of the HDI. Knigge et al. [211] state that wear occurs primarily on the

disk surface rather than the slider surface when a negative voltage of -0.3 V was applied

to the slider with respect to the disk, compared to +0.3 V or 0 V slider bias. This result

is interesting although it is unclear a priori why a negative slider bias should result

in diminished slider wear. One possibility is the electrochemical action on diamond

128
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like carbon (DLC) protected overcoat surfaces when positively biased [259]. On the

other hand, if slider wear is enhanced by increased slider-disk attraction arising from

electrostatic forces, wear should be independent of the polarity applied to a particular

surface and depend only on the potential difference across the HDI.

Potential differences at the HDI can also affect the slider flying height [227,260],

and cause damage to the sensitive read element [30] or the thermal contact sensor

via electrostatic discharge. Electron bombardment [74] and exposure to electrostatic

fields [76] have also been reported to cause lubricant degradation. This is undesir-

able since the lubricant is supposed to protect the HDI against corrosion and minimize

damage from intermittent slider-disk contacts. The presence of an electric field at the

HDI might also affect the competition between bondable disk lubricants, such as Z-

tetraol and Demnum [46, 76], and polarizable species such as water for the reactive

groups in the protective diamond-like carbon (DLC) layer on the slider and the disk sur-

faces. These considerations motivated us to extend the previous wear studies described

in [211] and [258] by investigating HDI biasing effects over a range of relative humidity

using disks with different types of lubricant.

6.1 Background on electrostatic forces across the head-

disk interface

A ’natural’ potential difference exists between the slider and the disk due to

differences in slider-disk material properties. This inherent potential difference between

the slider and the disk is generally referred to as the contact potential, Vc [227,261,262].

Although both slider and disk are coated with a thin protective layer of DLC (≤ 2-3 nm),

the protective coatings on these two surfaces may be dissimilar due to, for example,

different manufacturing procedures. Furthermore, a thin layer of lubricant (≤ 2 nm) is
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present on the disk surface.

To obtain a first order estimate of the electrostatic force Fel acting across the HDI,

one can approximate the HDI by two conducting plates. For this case, the electrostatic

force is given by

Fel = ε0εr (Vc +ddc)
2
∫∫ 1

2h2 dxdy (6.1)

where ε0 is the dielectric constant of vacuum or absolute vacuum permittivity,

εr is relative dielectric constant or relative permittivity of the gas mixture in the hard

disk drive, Vc is the contact potential, Vdc is the applied DC bias voltage, and h denotes

the distances between the plates. To obtain the exact value of the electrostatic force,

a numerical integration of the force over the air bearing surface is needed. We see

from equation (6.1) that the presence of a potential difference across the HDI creates an

electrostatic force which could decrease the slider-disk spacing, and that the electrostatic

force is zero if the applied DC bias voltage is set to Vdc =−Vc.

6.2 Approach and Experimental set-up

The effect of HDI biasing, relative humidity (RH) and disk lubricant type on

slider wear was investigated using two different experimental set-ups, a load/unload

tester to confirm the findings reported in [211, 258], and a spin-stand tester (Micro-

Physics [2]) with RH control. For both experimental set-ups, slider-disk contacts were

monitored by observing the standard deviation of the amplified voltage output of an

acoustic emission (AE) sensor. A pre-amplifier was used to amplify the AE output volt-

age by 60 dB. After wear testing on the spin-stand tester, the read and write region of

selected sliders were examined using atomic force microscopy (AFM) to identify re-

gions of wear and deposit formation. The deposits were analyzed thereafter using time
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of flight secondary ion mass spectrometry (TOF-SIMS).

6.2.1 Load/Unload tester experiments

Preliminary wear tests were performed at 20 ◦C and 25 % RH while applying

a DC HDI bias voltage to the slider relative to the spindle using a voltage source. The

motor spindle was electrically isolated from the tester ground. This biasing scheme

was opposite to that used during wear testing on the spin-stand tester described in the

following section. Details of the wear test procedure with the load/unload tester are

provided in section 6.2.2 .

6.2.2 Spin-stand experiments

The spin-stand tester was enclosed in an environmental chamber and Faraday

cage as shown in Fig. 6.1. Experiments were performed at 27 ◦C and RH levels of

≤ 8 %, 30 %, and 52 %. The RH in the chamber was controlled by mixing filtered

clean dry air with water saturated air. Disks were mounted on a pressurized air bearing

spindle which was electrically isolated from both spin-stand instrument ground and earth

ground. The head gimbal assembly (HGA), which was also isolated from spin-stand

instrument ground, was operated on the bottom surface of the disk.

DC voltages across the HDI during the spin stand experiments were supplied

by a source meter (Keithley model 2400 [263]), with the meter ’HI’ lead attached to

the spindle, and the ’LO’ lead attached to both leads of the read element; the shorted

reader leads are denoted ’common read’ in this paper. For all spin-stand experiments,

the disk was biased relative to the slider, in contrast to the biasing scheme used during

load/unload tester experiments and the wear tests described in [211] where the slider

was biased relative to the disk.
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Figure 6.1: Schematic of spin-stand (MicroPhysics [2]) enclosed in environmental
chamber.

6.2.3 Disks and sliders

For the load/unload tester experiments, commercially available disks with Z-

tetraol lubricant were used. For the spin-stand test, three different types of disks were

used: two with Demnum based lubricants (lubricant A and B), and one with a Z-tetraol

lubricant (lubricant C). Wear tests were conducted with disks spinning at 5400 rotations

per minute (rpm).

The same type of commercially available slider was used for all wear tests (see

Fig. 6.2). The main body of the slider consisted of Al2O3TiC (AlTiC). The read and

write shields were comprised of nickel cobalt iron (NiCoFe), and sputtered aluminum

oxide (Al2O3) surrounded the read and write shields. The air bearing surface of the

slider was coated with a protective DLC layer of approximately 2-3 nm thickness.

The effects of disk velocity and suspension preload on the flying height for

this particular slider were calculated using a finite element based air bearing simula-

tor (CMRR air bearing simulator, [124]). As shown in Fig. 6.3, the slider flying height
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Figure 6.2: Air bearing contour of the slider. The read/write region is located at the
center of the trailing edge (top). The color bar indicates the recess height.

at zero degree skew angle increases with increasing disk velocity and decreasing sus-

pension preload. At a rotational speed of 5400 rotations per minute (rpm) and a disk

radius of 25 mm, the slider flying height and pitch angle are on the order of 13.6 nm and

73.9 micro radians.

Figure 6.3: Flying height as a function of disk velocity and various suspension
preloads (zero degree skew angle).
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6.3 Wear test procedure

Prior to wear testing, the disks were cleaned by sweeping a new slider from the

inner to the outer diameter several times without actuating the heater. Our wear test

procedure involved using two different disk radii, reference track ’A’ and wear track

’B’, similar to the test procedure used in [264]. Slider wear was determined at reference

track A by measuring and comparing the heater touch-down power (TDP) before and

after wear testing. The touch-down power (TDP) in thermal flying height control slid-

ers denotes the heater input at which the onset of slider-disk contact occurs. TDP was

determined by increasing the power input to the heater in steps of 0.5 mW or 1 mW per

disk revolution until the onset of slider-disk contact was detected using the AE sensor.

The average touch-down power was first measured on reference track A (T DPA,be f ore).

Then, the wear test was performed on neighboring track B (see sections 6.3.1 and 6.3.2).

After completing the wear test, the slider was moved back to reference track A to de-

termine the average touch-down power (T DPA,a f ter). Slider wear was estimated by

computing the average change in touch-down power ∆T DP via:

∆T DP = T DPA,a f ter−T DPA,be f ore (6.2)

Wear tests were performed for various HDI bias voltages, as described below,

using a new slider for each new bias voltage.

6.3.1 Load/Unload tester experiments

The slider was biased at +0.5 V, 0 V, or -0.5 V during wear testing on track B.

Wear tests consisted of 300 consecutive touch-down cycles. During each touch-down

cycle, the power input to the heater was increased in steps of 1 mW per disk revolution

until the onset of slider-disk contact was detected. Once slider-disk contact was detected,
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the power input to the heater was further increased in steps of 1 mW per disk revolution

until attaining 30 mW additional heater power beyond the point of slider-disk contact.

The heater power was then set back to zero, and the next touch-down cycle was initiated

after a 300 ms time delay.

6.3.2 Spin-stand experiments

Prior to measuring T DPA,be f ore, the touch-down power was measured on track A

as a function of HDI DC bias voltage. A second order polynomial curve fit was applied

to the data and the peak of the curve, corresponding to Vdc =−Vc, was denoted V ∗. The

slider was then moved to track B and the average touch-down power was determined

(T DPB). Wear testing on track B was performed for 10 minutes with the heater power

set to T DPB + 30 mW while biasing the HDI at either V ∗ + 1 V, 0 V, V ∗, and V ∗ - 1 V.

Fig. 6.4 shows a typical result for the variation of touch-down power as a func-

tion of HDI DC bias voltage. The solid line represents a second order polynomial fit to

the experimental data. It can be seen in Fig. 6.4 that the touch-down power is largest for a

DC disk bias voltage of V ∗ = 0.11 V. In our experiments we observed slider-to-slider and

disk-to-disk variations in V ∗ from 0.05 V to 0.5 V. These values are in agreement with

results of other researchers [261, 262]. Both Feng et al. [261] and Zhang and Liu [262]

studied the effect of electrostatic forces on slider flying height by measuring the read-

back signal vs HDI voltage. Feng et al. [261] isolated the slider from ground and applied

a voltage to the slider with respect to the disk. They found that the slider -disk spacing

was largest for HDI voltages ranging from -0.9 V to -0.2 V (slider relative to disk), de-

pending on the slider -disk combination. Zhang and Liu [262] grounded the slider and

applied a voltage to the disk relative to the slider. They found that the slider-disk spacing

was largest for an HDI voltage of +0.25 V (disk relative to slider). Fig. 6.4 illustrates

how the presence of an electrostatic force across the HDI reduces the slider-disk spacing
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and hence the touch-down power, which is also expressed in equation 6.1.

Figure 6.4: Touch-down power (TDP) as a function of HDI bias voltage.

We observe from Fig. 6.4 that the touch-down power decreases from 127 mW

to 124.5 mW for an HDI bias of -0.6 V (disk relative to slider). For the slider attitude

calculated earlier and an HDI bias voltage of -0.6 V, the electrostatic force is estimated

to be on the order of 0.73 mN using equation 6.1, corresponding to a reduction in flying

height of approximately 0.25 nm.

6.4 Wear test results

6.4.1 Load/unload tester experiments

A wear test was first performed at -0.5 V DC slider bias at 19 mm disk radius,

followed by wear tests at 0 V and +0.5 V slider bias at 19.8 mm and 20.6 mm disk

radii, respectively. All three wear tests were performed on the same disk at 22 ◦C and

25 % RH. As shown in Fig. 6.5, the change in touch-down power is smallest for negative

slider bias relative to the disk.
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Figure 6.5: ∆T DP vs HDI bias voltage (22 ◦C, 25 % RH).

6.4.2 Spin-stand experiments

The effect of HDI bias voltage on ∆T DP for disks with lubricant A (30 % RH)

is shown in Fig. 6.7. It can be seen in Fig. 6.7 that ∆T DP is smallest for V ∗ + 1 V DC

disk bias. This result is in agreement with the load/unload tester results (Fig. 6.5) where

the opposite biasing scheme was used.

∆T DP results obtained with lubricant B disks are shown in Fig. 6.7 a) and b) for

≤ 6 % RH and 30 % RH, respectively. In the 30 % RH environment, ∆T DP is smallest

for V ∗ + 1 V DC disk bias as observed previously with lubricant A disks. However,

at relative humidity ≤ 6 %, ∆T DP is found to be smallest for V ∗ - 1 V DC disk bias

(Fig. 6.7 a)).

Fig. 6.9 shows that disks with lubricant C produced results similar to those ob-

tained with lubricant A and B disks: ∆T DP is smallest for V ∗ - 1 V at low RH (≤ 8 %

RH), but ∆T DP is smallest for V ∗ + 1 V DC disk bias when tests are conducted in high

RH environments (30 % and 52 % RH).
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Figure 6.6: ∆T DP vs HDI bias voltage for lubricant A disks (30 % RH).

Figure 6.7: ∆T DP vs HDI bias voltage for lubricant B disks at a) ≤ 6 % RH and b)
30 % RH.

Figure 6.8: ∆T DP vs HDI bias voltage for lubricant C disks at a) 8 % RH, b) 30 %
RH and c) 52 % RH.
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6.5 AFM measurements

After wear testing, the read and write (R/W) regions of selected sliders were

examined using AFM. Images were obtained with the fast-scan axis parallel to both

the down-track direction (0◦ AFM images) and the cross-track direction (90◦ AFM im-

ages). The fast scan direction is along the trace and retrace movement of the AFM

cantilever, which is parallel to the horizontal axis of the AFM images. Using different

scan directions helps to identify scan artifacts or loose objects on the specimen surface.

Cross-sectional height profiles were always taken parallel to the fast scan directions.

6.5.1 Unused slider

For reference, an AFM image of a new, unused slider is presented in Fig. 6.9. In

this figure the write shield (W) is on the left, the read shield (R) is near the center and

the Al2O3TiC slider substrate is on the right. The read and write shield protrude about

1-2 nm above the sputtered Al2O3 surrounding the shields.

Figure 6.9: AFM height image of a new, unused slider.
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6.5.2 Wear tests with lubricant A disks

Fig. 6.10 shows AFM height images of typical sliders after wear testing with

lubricant A disks at 30 % RH for various DC disk bias voltages. The scratch diagonally

across the write shield in Fig. 6.10 a) was likely introduced during manufacturing or

post-production testing, and not during wear testing, because its angle is much larger

than the slider skew angle during wear testing. The regions between the write shield

(W) and the read shield (R) centered around the write pole in Fig. 6.10 a)-d) are recessed

compared to the same region on the unused slider in Fig. 6.9, indicating wear of the

DLC and write shield during wear testing. We observe that neither the 0◦ nor 90◦ AFM

images show deposits in the read/write (R/W) regions, except for some deposits for the

slider tested at V ∗ - 1 V DC disk bias voltage (Fig. 6.10 a)). As shown in Fig. 6.11, the

deposits on the latter slider are parallel to the skew angle direction.

6.5.3 Wear tests with lubricant B disks

AFM images showed no significant deposits on the slider surfaces after wear

testing with lubricant B disks at 30 % RH, similar to the results obtained with lubricant

A disks. However, at ≤ 8 % RH, deposits were observed as can be seen in Fig. 6.12.

All six AFM height images in Fig. 6.12 show deposits on top of the write shield and on

the sputtered alumina on the trailing edge side of the write shield. The orientation of

the streaks of the deposits in Fig. 6.12 b)-e) coincides with the skew angle during wear

testing, suggesting that the deposits are a direct result of the wear test. Fig. 6.12 a)-c)

also shows that a DC disk bias voltage of V ∗ - 1 V results in a greater amount of deposits

compared to V ∗ + 1 V DC disk bias (Fig. 6.12 d)-f)). This result is unexpected because

a previous study on the effect of HDI bias voltage on slider wear did not mention any

formation of deposits on the slider at low RH [259].
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Figure 6.10: AFM height images of selected slider after wear testing on lubricant A
disks (30 % RH) for various HDI bias voltages.

The height of the deposit on the trailing edge side of the write shield in Fig. 6.12 a)

(see dotted line ’A’) is approximately 3-4 nm thick as shown in Fig. 6.13. The section

shown in Fig. 6.14 was obtained from the corresponding 90◦ AFM image.

6.5.4 Wear tests with lubricant C disks

Fig. 6.14 a) and b) show AFM height images of a slider after wear testing with

a lubricant C disk at 8 % RH using V ∗ - 1 V DC disk bias voltage. Deposits on the

R/W shields are clearly visible, similar to the sliders tested with lubricant B disks at low
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Figure 6.11: 90◦ AFM height scan of the slider shown in Fig. 6.10 a) (rotated 90◦

counter-clockwise w.r.t. the standard orientation).

RH. The large number of particles in both figures is likely due to external contamination

because the wear tests and AFM measurements were not performed in a cleanroom

environment.

Height profiles of the deposits (transverse and parallel to the shields) are shown

in Fig. 6.14 c) and d), respectively. Deposits on the read shield are approximately 1 nm

thick (Fig. 6.14 c)), based on a comparison of shield areas with no deposits. Deposits

on the alumina at the trailing edge side of the write shield (’C’ in Fig. 6.14 d)) are

approximately 2 nm thick.
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Figure 6.12: AFM height images of selected slider after wear testing on lubricant B
disks (≤ 6 % RH) for various HDI bias voltages.
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Figure 6.13: Height cross-section of the deposit along the dotted line in Fig. 6.12 a)
from the corresponding 90◦ AFM image.

Figure 6.14: AFM height images and associated height profiles of a slider after wear
testing on lubricant C disks (8 % RH). a) 0◦ AFM image, b) 90◦ AFM image (rotated
90◦ counter-clockwise from the standard orientation), c) height profiles ’A’ and ’B’
from 0◦ AFM image, and d) height profile ’C’ from 90◦ AFM image.
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6.6 TOF-SIMS measurements

6.6.1 Analysis of deposits in the read/write region

TOF-SIMS was used to analyze the deposits and carbon wear in the pole region

of the sliders. Because the intensity scale in each TOF-SIMS image is normalized with

respect to the maximum absolute intensity in each image, intensities from multiple TOF-

SIMS images are not comparable.

Fig. 6.15 a) and b) shows the TOF-SIMS fluorine maps of the worn slider from

Fig. 6.12 a) and the unused slider from Fig. 6.9, respectively. The deposit in the AFM

height image from Fig. 6.12 a) coincides with the presence of C2F5
+ and CF+ ions

in the TOF-SIMS image (Fig. 6.15 a)), whereas C2F5
+ and CF+ ions were absent at

the pole region of the unused slider (Fig. 6.15 b)). This clearly shows that the deposits

consist of either fluorocarbon lubricants or, more likely, degraded fluorocarbon lubricant

fragments.

Figure 6.15: TOF-SIMS fluorine maps of a) the worn slider from Fig. 6.12 a), and b)
the unused slider from Fig. 6.9.

The TOF-SIMS nickel iron (Fe + Ni) maps of the worn slider from Fig. 6.12 a)

and the unused slider from Fig. 6.9 are shown in Fig. 6.16 a) and b), respectively. We
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observe a high intensity of Fe and Ni on parts of the write and read shields of the worn

slider (see Fig. 6.16 a)), whereas the intensity of Fe and Ni is uniform across both shields

for the unused slider (Fig. 6.16 b)). Both iron and nickel originate from the read and

write shields which consist of NiCoFe. Because the iron and nickel from the shields

mix with the DLC during deposition of the thin DLC layer onto the slider, the Fe and

Ni intensity is increased at the location of the read and write shields for unused sliders

(see Fig. 6.16 b)). If the DLC protecting the read and write shields is worn, an increase

in Fe and Ni intensity can be observed in the TOF-SIMS image corresponding to the

location of the carbon wear scar. Hence, the regions of high Fe and Ni intensity in the

TOF-SIMS image in Fig. 6.16 a) identifies regions on the slider with worn DLC.

Figure 6.16: TOF-SIMS iron nickel maps of a) the worn slider from Fig. 6.12 a), and
b) the unused slider from Fig. 6.9.

Fig. 6.17 a) and b) show the TOF-SIMS cobalt (Co) maps of the worn slider from

Fig. 6.12 a) and the worn slider from Fig. 6.12 d), respectively. We observe a uniform

intensity distribution of cobalt in Fig. 6.17 a) with a small spot of increased intensity of

cobalt at the center of the image corresponding to the write pole. This slider was biased

at a DC voltage of V ∗ - 1 V during wear testing. In contrast, the slider tested at V ∗ + 1 V
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DC disk bias (Fig. 6.17 b)), shows an increase in cobalt intensity around the write pole

region. The cobalt most likely originates from the magnetic layer in the disk, suggesting

increased wear of the disk DLC during wear testing at V ∗ + 1 V DC disk bias compared

to V ∗ - 1 V DC disk bias.

Figure 6.17: TOF-SIMS iron nickel maps of a) the worn slider from Fig. 6.12 a), and
b) the worn slider from Fig. 6.12 d).

6.6.2 Effect of HDI DC bias on lubricant transfer

To understand the effect of HDI DC bias on lubricant transfer from the disk to

the slider, two ’sweep tests’ using different HDI DC bias voltages were performed. For

test 1, we used -1 V disk bias relative to the slider and a sweep range from 22.5 mm

to 24.4 mm (14.9-11.9◦ skew angle); for test 2, we used +1 V disk bias relative to the

slider and a sweep range of 25.4-27.2 mm (10.6-7.8◦ skew angle). During both sweep

tests the heater of the TFC slider was not activated. Each sweep test was performed at

30 % RH, at a temperature of 27 ◦C, and lasted 54 hours. TOF-SIMS was also used to

characterize the amount of fluorocarbon based lubricant or lubricant fragments present

on the air bearing surface following the sweep tests.
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Fig. 6.18 shows that disk lubricant or lubricant fragments are transferred from

the disk to the slider even at nominal flying heights of 12-13 nm. However, biasing the

disk at -1 V showed a larger amount of transferred lubricant or lubricant fragments to

the air bearing surface of the slider than biasing the disk at +1V.

Figure 6.18: TOF-SIMS images of lubricant fragments C2F5
+ and CF+ on the slider

for a) Ű1 V disk bias , b) +1 V disk bias (intensity plot with red and yellow denoting
low and high intensity of C2F5

+ and CF+, respectively).

6.7 Discussion

Wear tests conducted at RH > 25 % showed that ∆T DP decreases as the disk po-

tential becomes more positive relative to the slider (i.e., as the slider bias becomes more

negative relative to the disk), independent of whether the slider or the disk is biased.

These observation are consistent with previous reports [211, 259] of diminished slider

wear at negative slider potentials. However, at low relative humidity (e.g., RH ≤ 8 %),

the trend in ∆T DP vs HDI bias voltage is reversed and we even observe negative ∆T DP

values for some sliders (see Fig. 6.7). AFM and TOF-SIMS investigations revealed the
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presence of up to 4 nm thick deposits consisting of degraded lubricant fragments in

the pole region of sliders tested at RH ≤ 8 %. Substantially less or no deposits were

observed on sliders tested at RH > 25 %. Electrostatic force microscopy (EFM) mea-

surements also showed that the deposits are non-conducting. Deposits on the pole region

may decrease the head-disk spacing, hence resulting in a lower ∆T DP, giving the im-

pression of less wear. Our results hence demonstrate that ∆T DP as a measure of slider

wear for RH ≤ 8 % should be treated with caution since wear and deposit formation

may occur simultaneously. In contrast, a previous study by Rajauria et al. [259] did not

report any deposit formation on sliders. This may be due to a shorter wear test duration

of 3 seconds [259] compared to our wear tests which lasted 10 min.

For wear tests conducted at 6 % RH, TOF-SIMS analysis suggests increased

DLC wear on the disk for positive disk bias (negative slider bias) compared to negative

disk bias (positive slider bias). A previous study by Rajauria et al. [259] which uses

∆T DP as a measure of carbon wear found similar results for tests conducted at 45 %

RH; however, at 7 % RH, they note high rates of carbon wear for both positive and

negative sider bias. We have already noted that ∆T DP as a measure of wear at low

relative humidity (≤ 8 % RH) should be treated with caution due to deposit formation

on the slider. The differences between Rajauria et al. [259] and our results may again

may be due to different wear test durations (3 seconds in [259] versus 10 min in our

study). Rajauria et al. attribute carbon wear at 45 % RH to the electrochemical oxidation

of the carbon overcoat, and that the applied polarity governs whether the slider or the

disk undergo oxidation [259]. Oxygen in the environment can chemi-absorb onto DLC

surfaces, resulting in the formation of surface oxides [32]. These surface oxides may

then desorb under heat, producing CO and CO2 and hence deplete the carbon surface of

carbon atoms [32].

The most interesting aspects of our results are the effects of relative humidity
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and HDI bias on the extent of deposit formation in the R/W region on the slider. Our

studies have not addressed the issue of whether or not the deposits primarily consist of

unaltered lubricants or their degradation products, but it is reasonable to assume that the

deposits on the slider surface are strongly bonded at the deposit locations because there

was no evidence of spreading while performing multiple AFM measurements in differ-

ent scan directions and during the time period between the first AFM measurements and

subsequent TOF-SIMS analysis. Sliders tested with disks having the Demnum based

lubricants and Fomblin Z-tetraol produced very similar results, suggesting that relative

humidity and HDI bias influence these two types of bondable lubricants in similar man-

ners. At RH > 25 %, deposit formation on the slider appears to be inhibited, but is not

entirely suppressed when the disk has a negative bias with respect to the slider (i.e.,

positive slider bias) as shown in Fig. 6.11. At RH ≤ 8 %, deposit formation is observed

for both positive and negative disk bias (negative and positive slider bias, respectively)

but the deposits are much greater for negative disk bias (positive slider bias). HDI bias

polarity and humidity are therefore both important factors which influence the accumu-

lation of lubricant or degraded lubricant fragments on the slider. This effect is relevant

for HDI reliability because the elevated internal temperatures in operating commercial

disk drive products create a reduced relative humidity environment at the HDI.

Clearly, our wear tests created direct contact between the slider and the disk

which can promote transfer of lubricant from the disk to the slider surface by mechanical

means. However, purely mechanical transfer mechanisms cannot readily account for the

strong influences of HDI bias polarity and RH on deposit formation in the R/W region

reported in this paper. Tani et al. [265] showed that lubricant transfer to the entire air

bearing surface is enhanced by a positive slider bias in the range of 41-52 % RH. These

authors suggest that airflow over the disk surface produces a negative charge on perfluo-

rinated polyether disk lubricant molecules which are then attracted to a positively biased
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slider surface. Our results also show that negative disk bias (positive slider bias) results

in a greater amount of deposits and, notably, that deposit formation in the R/W region

is significantly increased in low relative humidity environments. One possible reason

for increased deposit formation at low humidity may be enhanced electrostatic charg-

ing of the lubricant molecules in the dry environment, creating more charged species

which respond to the electric field between slider and disk. A reduction in the number

of water molecules in the HDI environment may also increase the number of bonding

sites on the slider DLC surface available for bonding with the lubricant end groups. In

contrast, the greater number of water molecules present in the air at high RH would

compete with lubricant or lubricant degradation products for bonding sites on the car-

bon surface on either the slider or the disk [52, 53, 253, 266]. Water molecules can be

absorbed onto the lubricant or carbon overcoat of either the slider or the disk and may

displace lubricant [52, 53, 253, 266]. Hence, in high humidity environments in combi-

nation with E-fields, the presence of water in the air may prevent large accumulations

of lubricant or lubricant degradation products onto the slider surface compared to low

humidity environments.

Our AFM measurements indicate that deposit formation occurs primarily in

close proximity to the portion of the slider that contacts the disk during wear testing.

Nakayama et al. [267] discussed tribochemical reactions at the HDI, distinguishing three

different regions: 1) inside the contact area, 2) near the contact area, and 3) far away

from contact area. Nakayama et al. [267] suggest that inside the contact area, acid-based

reactions take place, perhaps leading to wear; in close proximity to the contact area in the

near contact region, very large E-fields are presents that may decompose the lubricants

via electrons, ions, or radicals; and regions far away from the contact region usually

undergo a limited amount of reactions, perhaps resulting in deposition on bondable sites

of the slider carbon. Spada et al. [268] investigated deposit formation on the surfaces of
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magnetic tape recording heads. Their work suggests that tribochemical reactions need

to be considered in tribological systems in addition to mechanical wear.

Further investigations are required to better understand the mechanisms respon-

sible for the strong influences of HDI bias polarity and relative humidity on deposit

formation both with and without direct slider-disk contact.

Regarding our experimental set-up and the choice of biasing the disk instead of

the slider, it shall be mentioned that the design of our spin-stand tester made it easier to

access and bias the spindle. This is because the spin-stand electronics share the same

electrical ground as the slider, and because the spin-stand electronics cannot be easily

modified without affecting the functionality of the spin-stand. In a hard disk drive, both

the slider and the disk can be individually accessed for biasing. It is, however, more

desirable to bias the slider rather than the spindle in order to avoid an electrical contact

to the spindle with a moving interface.

6.8 Summary

The following observations were made:

1. The change in touch-down power before and after wear testing (∆T DP) decreases

with increasing disk bias (decreasing slider bias) for levels in RH larger than 25 %,

independent of the tester being used (load/unload vs spin-stand tester), lubricant

type and whether the slider or the disk was biased. For 8 % RH, the measured

change in touch-down power was found to increase with increasing disk bias (de-

creasing slider bias).

2. AFM images showed deposits in the R/W region for sliders tested at low relative

humidity (RH ≤ 8 %), and when biasing the disk with a negative bias voltage

independent of humidity. Deposits were found next to the write shield towards the
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slider trailing edge, on top of the write shield, or on top of the read shields. TOF-

SIMS analysis revealed that the deposits consist of either fluorocarbon lubricant

or, more likely, degraded fluorocarbon lubricant fragments.

3. AFM analysis revealed that ∆T DP may not be suitable as an indicator of slider

wear because material removal and deposit formation may occur simultaneously.

The latter is expected to reduce the measured change in touch-down power.

4. TOF-SIMS analysis suggests increased wear on the disk for positive disk bias

(negative slider bias) and that lubricant transfer from the disk to the slider is en-

hanced for -1 V disk bias compared to + 1 V disk bias during sweep testing in the

absence of slider-disk contacts.

The results presented in this paper indicate that both the relative polarity of the

HDI voltage and relative humidity affect wear and deposit formation on the slider.
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Chapter 7

Head-disk proximity sensing of

thermal flying height control sliders

As discussed in 2.3.3, it is crucial to know the touch-down power (TDP) of a

thermal flying height control (TFC) slider accurately to achieve the correct spacing dur-

ing read and write operations. The touch-down power refers to the heater power at which

contact between the thermal slider protrusion and the disk occurs. During reading and

writing, the head-disk spacings is set to 1-2nm which is achieved by setting the power

input to the heater a few mW below the touch-down power. If the resulting spacing is

too large, the likelihood of read and write errors is increased. If the resulting spacing

is too small, intermittent head-disk contacts are likely to occur. Head-disk contacts are

undesirable as they are associated with wear and degradation of the head-disk interface.

Consequently, it would be useful if one could predict the touch-down power by sensing

proximity several milliwatt before actual head-disk contact occurs.

In this chapter, we present a new approach for predicting the touch-down power

of a thermal flying height control slider. The method utilizes the contact sensor to sense

head-disk proximity prior to actual head-disk contact. Impeding contact is predicted

154
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based on a change in dynamics from heater input to sensor output. A step in heater

power with varying DC bias is applied to the heater element and the corresponding

sensor voltage output is measured. An increase in DC bias reduces the flying height.

The transfer function from heater power to sensor voltage output is estimated via the

step realization algorithm. It is shown that the coefficients of the transfer function can

be used to predict the touch-down power without having to perform a complete touch-

down measurement. The effect of step height is investigated and an alternative approach

involving sinusoidal heater modulation is presented.

Figure 7.1: Experimental set-up for predicting impeding head-disk contact. Spindle
speed, radial position and slider skew angle was controlled by the spin-stand system.
A personal computer (PC) and data acquisition box were used for generating the heater
input and acquiring various voltage signals.

7.1 Experimental set-up

A figure of the experimental set-up is shown in Fig. 7.1. The experimental setup

consists of a spin-stand and data acquisition unit. The spin-stand controls spindle speed,

the radial position of the slider, and slider skew angle. The data acquisition unit consists

of a personal computer and a data acquisition box used for acquiring the voltage across

the contact sensor. Data were acquired using a sampling frequency of 1 MHz. The data

acquisition unit was also used to generate the power input to the heater element to adjust
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the flying height of the slider. The contact sensor was biased with a constant current of

1.5 mA.

Commercially available femto [131] TFC sliders and 65 mm glass disks were

used for the experiments. The suspension was a dual-stage suspension designed for disk

speeds of 10000 rpm. The experiments were performed at a radial position of 24 mm

with a slider skew angle of 0 ◦.

7.2 Experimental results

7.2.1 Prediction of touch-down power using the standard deviation

of the contact sensor

The touch-down power of the TFC slider used in this paper was determined by

increasing the power input to the heater in steps of 1 mW/disk revolution. For each

power level, the standard deviation and mean value of the sensor voltage were calcu-

lated. Figure 7.2 shows the standard deviation (dotted line) and mean value (solid line)

of the contact sensor voltage versus heater power.

We observe from Fig. 7.2 that the standard deviation (dotted line) is nearly con-

stant for heater powers up to 97 mW. For heater powers larger than 97 mW, the standard

deviation of the contact sensor increases significantly. Head-disk contact is detected at

a critical heater power of 99 mW, which is indicated by the black dotted vertical line in

Fig. 7.2. In addition to the standard deviation of the contact sensor voltage, Fig. 7.2 also

shows the mean of the contact sensor voltage (solid line), as a function of heater power.

This curve increases initially, reaches a local maximum at 91 mW, and then decreases

thereafter. For heater powers larger than 103 mW, the mean sensor voltage increases

again which appears to be caused by frictional heating during slider-disk contact.
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Figure 7.2: Contact sensor voltage standard deviation (solid line) and mean (dashed
line) versus heater power.

7.2.2 Prediction of touch-down power using transfer function ap-

proach

The step realization algorithm can be used to estimate the transfer function of a

system from step response data [176]. Because of measurement noise, it is expedient

to perform multiple step response measurements and use averaged step response data

to estimate the transfer function. For the purpose of averaging, we apply rectangular

pulses as power input to the heater element rather than steps in heater power.

The procedure for determining the transfer function as a function of DC level in

heater power is shown in Fig. 7.3. The transfer function from heater power to sensor

voltage is determined by first measuring the average sensor voltage in response to rect-

angular pulses in heater power as a function of flying height. Different flying heights

were realized by increasing the DC level of the heater pulses. Thereafter, the averaged

sensor voltage response was normalized. From this data, we estimated the correspond-

ing discrete-time transfer function of the contact sensor using the step realization algo-

rithm. The coefficients of a first-order discrete-time transfer function were determined
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as a function of the DC level in heater power as shown below

G(z,HHeater) =
b0(PHeater)

z+a0(PHeater)
(7.1)

where the time constant and DC gain of the system are given by 1/a0 and b0/a0, re-

spectively. For this paper, pulse widths of 0.5 ms and pulse amplitudes of 4, 6, 8, 10, or

12 mW were used.

Figure 7.3: Procedure used to determine the heater power to contact sensor transfer
function as a function of DC level in heater power.

Fig. 7.4 shows the normalized and averaged sensor voltage response with differ-

ent DC levels in heater power. It can be observed in Fig. 7.4 that the amplitude and time

constant of the measured sensor response is different for different DC levels in heater

power. This observation suggests that the voltage response of the contact sensor to a

step in heater power is different for different flying heights.

Fig. 7.5 shows the coefficients of the estimated first-order discrete-time transfer

functions versus maximum heater power. Here, the maximum heater power denotes the
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Figure 7.4: Normalized and averaged sensor voltage in response to a positive 4 mW
step in heater power starting from DC level in heater powers of a) 77 % of the touch-
down power, b) 92 % of the touch-down power, and c) 97 % of the touch-down power.

maximum power input applied to the heater that results from the pulse, as indicated in

step (1) in Fig. 7.3.

Figure 7.5: Coefficients of the identified first-order discrete time transfer function of
the contact sensor voltage in response to a 4 mW step in heater power versus maximum
heater power.

From Fig. 7.5, we observe that the coefficient a0 is constant for small heater pow-

ers but increases very strongly for heater powers larger than∼60 mW. The coefficient a0

reaches a maximum at 94 mW, followed by a dip at 98 mW maximum heater power. The

coefficient b0 remains approximately constant for heater powers up to 90 mW. For heater

powers larger than 90 mW, the coefficient b0 decreases initially in value but increases

again strongly as the heater power exceeds 101 mW.

In Fig. 7.6, we compare the standard deviation of the sensor voltage and the
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Figure 7.6: Standard deviation of the contact sensor voltage (dotted line) and inverse
of the absolute value of coefficient b0 (solid line) versus maximum heater power.

inverse of the absolute value of the coefficient b0. As discussed earlier in Fig. 7.2,

head-disk contact is detected at a heater power of approximately 99 mW if the standard

deviation of the contact sensor voltage (dotted line) is used. In comparison, the curve

1/|b0| shows a peak at 93 mW heater power which is lower than the touch-down power

of 99 mW.

Figure 7.7: Maximum heater power (average of three measurements) at which head-
disk proximity is sensed using the inverse of the absolute value of coefficient b0 versus
pulse amplitude during heater modulation.

Fig. 7.7 shows the average power levels at which head- disk contact would be

detected when using different pulse amplitudes. Pulse amplitudes of 4, 6, 8, 10, and
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12 mW were used and three measurements were taken for each amplitude. It can be

observed in Fig. 7.7 that the power level at which head-disk proximity is sensed using

1/|b0| increases with increasing pulse amplitude. The maximum heater power is ampli-

tude dependent due to the local maximum of the sensor mean curve, as shown earlier in

Fig. 7.2.

7.3 Alternative method using sinusoidal input

Step-realization involves performing the singular value decomposition of the

shifted Hankel matrix. The shifted Hankel contains the step response of the sensor

voltage of length N and the matrix is of size N by N. Hence, the proposed method is

fairly ’expensive’ from a computational point of view.

Figure 7.8: Procedure for determining the transfer function from heater power to con-
tact sensor as a function of DC level in heater power using sinusoidal heater modula-
tion.

Alternatively, the touch-down power can be predicted by modulating the heater
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input with a sinusoid of amplitude A as shown in Fig. 7.8. Next, the corresponding sen-

sor voltage output is measured multiple times and the average is computed. In step 3),

the first quarter period of the sensor response is normalized and a second order polyno-

mial curve fit is applied given by

y f it = a1x+a2x2 (7.2)

Fig. 7.9 shows coefficients a1 and a2 of the second order polynomial curve fit

of the sensor response as a function of maximum heater power. The maximum heater

power denotes the maximum power input applied to the heater resulting from the sinu-

soidal heater modulation as indicated in Fig. 7.8.

Figure 7.9: Coefficients of the second order polynomial curve fit of the contact sensor
voltage in response to a sinusoidal heater modulation with an amplitude 4 mW.

From Fig. 7.9 we observe that coefficient a1 is constant for small heater powers

but starts decreasing for heater powers larger than 96 mW. Coefficient a1 reaches at

minimum at around 108 mW heater power and increases thereafter. Coefficient a2 is

also approximately constant for small heater powers and shows a noticeable increase for

heater powers larger than 99 mW. A maximum is reached at 108 mW heater power and

thereafter, coefficient a2 decreases. Similar to the case of rectangular heater modulation,
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we found that the inverse of the absolute value of coefficient a1 can be used to ’sense’

impeding head-disk contact.

Fig. 7.10 shows the average heater power at which head-disk contact would be

sensed when using different amplitudes of sinusoidal heater modulation. Amplitudes of

4 mW, 6 mW, 8 mW, 10 mW and 12 mW were used and two measurements were taken

for each amplitude. From Fig. 7.10 we observe that the heater power at which head-disk

proximity is sensed using 1/|a1| increases with increasing modulation amplitude, except

for an amplitude of 8 mW.

Figure 7.10: Maximum heater power (average of two measurements) at which head-
disk proximity is sensed using the inverse of the absolute value of coefficient a1 versus
amplitude of sinusoid during heater modulation.

7.4 Discussion

We have shown that the touch-down power can be predicted before actual head-

disk contact using the coefficient b0 of the heater to sensor voltage transfer function.

The coefficient b0 of the first order, discrete-time transfer function given in equation 7.1

is a measure of the DC gain divided by the time constant. Since the sensor voltage is

proportional to the sensor resistance, which in turn is proportional to the sensor temper-
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ature, we can conclude that changes in the coefficient b0 are related to changes in the

mean temperature of the sensor (dc gain) and changes in the cooling rate of the contact

sensor (time constant). Consequently, the question arises why the cooling of the contact

sensor changes as the slider approaches the disk surface.

Fig. 7.11 compares the resistance change of the sensor versus heater power for

the case that the slider is positioned away from the disk a), and that the slider flies over

the disk b).

Figure 7.11: Change in contact sensor resistance versus heater power for a) slider away
and not in contact with the disk and b) slider flying over the disk.

In case a) as indicated by the dotted line, the increase in contact sensor resis-

tance was solely caused by increasing the power input to the heater. When increasing

the power input to the heater, more heat is generated by the heater element which causes

a change in the resistance of the contact sensor. In case b) (solid line), the resistance

change of the contact sensor is smaller when the slider flies over the disk compared

with the case when the slider is positioned away from the disk. Clearly, the difference

between the two curves is caused by cooling due to the presence of the disk and the air

flow between slider and disk. Possible mechanisms of heat transfer at the head- disk in-

terface are heat conduction from the slider to the disk through the air film, slider cooling

through heat convection by the air film, slider heating through viscous dissipation in the
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air film, and possibly heat radiation from the slider to the disk.

A schematic of the head-disk interface indicating the relative location of the

contact sensor and heater element for different heater powers is shown in Fig. 7.12. For

increasingly larger heater power, the slider protrusion will approach the disk until it

makes contact with the disk lubricant. As the heater power is further increased, contact

between the slider protrusion and disk asperities will occur which should result in a

temperature increase at the air bearing surface (ABS) caused by frictional heating.

Figure 7.12: Schematic of the head-disk interface with relative location of the contact
sensor and heater element for heater powers of a) PHeater = 0*touch-down power, and
b) PHeater = 0.95*touch-down power.

When calculating the heat flux on the ABS of the slider one has to consider that

the airflow between slider and disk is highly rarified. Traditional continuum computa-

tional techniques fail as the thickness of the flow becomes smaller than the mean free

path of the air molecules. The Knudsen number, which is defined as the ratio of the

free mean path λ over the slider-disk spacing, is used to describe the various regimes

observed in rarefied gas flow: continuum flow (Kn < 0.01), slip flow (0.01 ≤ Kn < 0.1),

transition flow (0.1 ≤ Kn < 10), and free molecule flow (Kn ≥ 10) [128]. For current

flying heights of 1–2 nm during reading and writing and a free mean path of 65 nm for

air, we obtain a Knudsen number of Kn ≥ 30 that is far beyond the continuum region.

Thus, the modified Reynolds equation must be used together with the energy equation,
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including velocity slip and temperature jump boundary conditions. Following this ap-

proach, Zhang and Bogy [269] derived an analytical expression for the heat flux q that

includes heat conduction and viscous dissipation as follows

q = qconduction +qdissipation =−k
Tslider−Tdisk

h+
2−σT

σT

4σ

γ +1
1

Pr
λ

+qdissipation (7.3)

where k is the thermal conductivity of air, Tslider and Tdisk are the temperature of slider

and disk, respectively; h denotes the local flying height of the slider; σT is the thermal

accommodation coefficient; γ is the heat capacity ratio of the air, and Pr the Prandtl

number. In order to improve accuracy of the heat conduction term in equation 7.3, sev-

eral researchers proposed modified expressions for the mean free path [8-9]. The viscous

dissipation term in equation 7.3 is small compared to the heat conduction term and has

therefore been neglected in many studies [241, 270, 271]. However, Chen et al. [272]

showed that viscous heating is no longer negligible for near-contact sliders by deriving

an expression for viscous dissipation in the gas film through the energy conservation

equation. Another approach to study heat transfer at the head-disk interface is based on

the Boltzmann equation which assumes that collisions between molecules in the flow

are absent. Shen and Chen [273] analyzed heat transfer using the linearized Boltzmann

equation and showed that heat transfer at the head- disk interface is composed of heat

conduction and viscous dissipation from Couette and Poiseuille flow. All objects loose

energy through the emission of electromagnetic waves. The spectrum of thermal radi-

ation of electromagnetic waves from a black body in thermal equilibrium at a specific

temperature is given by Planck’s law. However, Planck’s law is not valid between bodies

that are maintained at different temperatures if the distance is smaller than a few char-

acteristic wavelengths of the thermally radiated electromagnetic waves. In fact, it was

found that the radiative transport at the nano-scale can be orders of magnitudes larger
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than Planck’s law of black body radiation [274]. Motivated by these findings, Budaev

and Bogy derived an analytical expression for the heat transport coefficient across a

nano-scale vacuum gap [275].

In most heat transfer studies of the head-disk interface the temperature differ-

ence between slider and disk is assumed to be small which allows the assumption of

isothermal flow at the head- disk interface which simplifies derivation of analytical ex-

pressions. The temperature at the ABS can be estimated from the resistance change of

the contact sensor. Assuming that the relationship between the contact sensor resistance

and temperature is linear, we have

∆R = α∆T (7.4)

where R and T are the change in resistance and temperature, respectively, and α denotes

the temperature coefficient of resistance. A common material for contact sensors is NiFe

which has a temperature coefficient of resistance of 0.2 %–0.3 % per ◦C. From Fig. 7.11,

we observe that the contact sensor resistance increases by about 15 %. Thus, we estimate

the temperature increase at the contact sensor to be 50 to 75 K using equation 7.4. This

result suggests that the temperature distribution of the slider and the disk may not be

uniform.

Fig. 7.13 shows the effect of disk velocity on the mean sensor resistance versus

heater power. It can be seen that head-disk contact occurs at smaller heater power as

the disk velocity decreases. Furthermore, we observe from Fig. 7.13 that the decrease

in contact sensor resistance after the local maximum is largest for large disk velocities.

Theoretically, the transfer function describing the sensor voltage in response to

a step in heater power should be of second order. However, we found that the coeffi-

cients of the corresponding second-order discrete-time transfer function are not suited to
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Figure 7.13: Effect of disk velocity on the resistance of the contact sensor versus heater
power.

sense head-disk proximity using the proposed transfer function method. In general, our

approach for sensing head-disk proximity is based on the change in DC gain and time

constant of the contact sensor transfer function which can be described sufficiently via a

first-order system. The transfer function approach described in the previous section was

also performed on a different disk type. Similarly, we found that the touch-down power

could be predicted before actual head-disk contact. This result suggests that the transfer

function approach is not limited to a particular head-media combination.

7.5 Conclusion

A new approach was investigated for predicting the touch-down power of a TFC

slider. A first-order discrete-time transfer function describing the contact sensor voltage

in response to a step in heater power was estimated as a function of DC level in heater

power. We conclude that:

1. The coefficient b0 of the first-order transfer function can be used to predict the

touch-down power several milliwatt before actual head-disk contact.

2. The proposed transfer function approach was used on different media and is not
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restricted to a particular head- disk combination.

3. Knowledge of the transfer function of the contact sensor could be useful for opti-

mizing the heater input to minimize flying height variations.
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Chapter 8

Flying height control using contact

sensors in hard-disk drives

As discussed in 2.3.3, thermal flying height control sliders were originally intro-

duced to correct for the write coil induced pole tip protrusion. Since the write element

is comprised of a material with a higher thermal expansion coefficient compared to the

remaining slider body, it expands and shrinks with a larger magnitude as temperature

changes. Thus, during writing when a large high frequency current is applied to the write

coil, the write element heats up and generates a protrusion toward the disk. This results

in a lower head-to-media spacing during writing compared to reading. A similar phe-

nomenon is observed during reading, however, the electrical power applied to the read

element during reading is significantly smaller compared to the ’write power’. There

are other factors that affect the flying height in a static fashion, for example, manufac-

turing tolerances and environmental variations such as ambient pressure changes [169],

changes in temperature [171] and changes in humidity [172]. Typically, thermal flying

height control sliders are being used in a quasi-static fashion by supplying the heater

with a constant level of heater power to compensate for static spacing variations. The

170
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level of heater power is adjusted according to changes in environment and disk operation

(i.e., reading vs writing). There are, however, several factors that cause the flying height

to change more dynamically around the circumference of the disk. These dynamic flying

height changes result from disk waviness, disk distortions due to clamping, and slider

vibrations induced by turbulence or even external shocks [169]. Since the read-back sig-

nal amplitude decreases exponentially with increasing magnetic spacing, flying height

variations need to be minimized to ensure a low bit error rate [234]. Flying heights

smaller than a particular ’target’ flying height, on the other hand, increase the likelihood

of slider-disk contacts, that also need to be avoided to reduce wear. It is clear that a dy-

namically controlled TFC slider can be used to optimally tune magnetic spacing while

avoiding slider-disk contacts.

Figure 8.1: Schematic depiction of the operation of a thermal flying height control
(TFC) slider. Head-disk interface showing the trailing edge of a thermal flying height
control slider and the disk in a) its default state, and b) under heater actuation. The
schematic depiction shows the resistive heater element (H), the contact sensor (TCS),
the read element (R), and the write coil (W).

Several researchers [93,173] have proposed methods for compensating dynamic

variations in flying height. Shiramatsu et al. [173] proposed two different feedforward

control schemes to compensate for modulations in the magnetic signal seen by the read

element. One of the methods was based on the average read-back signal and the other
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method involved the transfer function of the thermal actuator. However, little informa-

tion was provided regarding the exact procedure and target flying heights were signif-

icantly larger (> 10 nm) compared to today’s hard disk drives. Boettcher et. al [93]

proposed a feedforward approach in which the optimal heater input profile is calculated

using convex optimization techniques. The flying height modulation was estimated from

the read-back signal via the modified Wallace spacing loss formula [93, 276]. The con-

vex optimization procedure required knowledge of the relationship between heater input

and the induced changes in flying height. To identify the dynamics of the system, the

step-based realization algorithm was applied to experimentally obtained step-response

excitation data applied to the TFC slider.

In recent years, thermal contact sensors (TCS), or touch-down sensors (TDS),

have been implemented in TFC sliders, allowing detection of head-disk contacts and

mapping of disk topography or disk defects [219, 249]. Thermal contact sensors are

temperature sensitive resistive elements and located between the read and write element

as indicated in Fig. 8.1. It has been shown that the sensitivity of thermal contact sensors

for detecting head-disk contacts is similar to that of conventional acoustic emission (AE)

sensors [220].

The read-back signal is a measure of the magnetic spacing, i.e., the spacing

between the read element and the magnetic layer on the disk. Dynamic flying height ad-

justment based on the magnetic spacing may have potential drawbacks if there are vari-

ations in the thickness of the layers above the magnetic layer (e.g. the carbon overcoat

and the lubricant). Furthermore, variations in the magnetic properties of the magnetic

layer affect the amplitude of the read-back signal. The algorithm proposed by Boettcher

et al. [93] greatly minimized flying height variations for mean flying heights in the range

of 5 - 9 nm. As the relationship between the thermal actuator and the read-back signal

was found to be non-linear for flying heights less than 2 nm, the method proposed by
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Boettcher et al. may need to be modified for extremely small spacings in the range less

than 2 nm. Thus, dynamic flying height control involving a sensor different than the

read element is warranted.

In this study, we propose a method for minimizing flying height variations of

TFC sliders. The method utilizes the embedded thermal contact sensor to estimate the

flying height error, and model the dynamics of the TFC slider. First, we identify the

static and dynamic behavior of the thermal contact sensor as a function of heater power.

Based on the static and dynamic behavior of the system, the optimal power input profile

to the heater is calculated using a convex optimization technique similar to Boettcher

et al. [93]. The proposed approach is verified experimentally on a spin-stand tester and

used to illustrate how flying height variations can be reduced dynamically.

8.1 Approach and experimental set-up

The paper is organized as follows: First, the static behavior of the thermal con-

tact sensor (TCS; referred to as ’sensor’ in the remainder of this paper) is discussed

in section 8.2. Here, we address the operating range of the sensor, estimate the flying

height error from the voltage output of the sensor by subtracting the effect of heater

power, and determine the sensor gain based on voltage measurements from the sensor.

In section 8.3, we identify the dynamics of the TFC slider based on measurements from

the sensor. The dynamics of the TFC and sensor system is modeled from experimental

step-excitation data using the step-based realization algorithm [93]. In section 8.4.1,

the optimal power input profile to the heater is computed using convex optimization

techniques [93] based on the static and dynamic behavior of the sensor, followed by

experimental verification of the proposed algorithm in section 8.4.2.

The experiments were performed on a commercially available spin-stand tester
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(MicroPhysics, Inc. [2]) as shown in Fig. 8.2. The disk rotates at 10,000 rotation per

minute (rpm) using a pressurized air bearing spindle. Commercially available disks (90

mm in diameter) and recording heads were used for the experiments. Fig. 8.3 shows the

bottom surface of the slider that faces the disk, also called air bearing surface (ABS),

with the slider trailing edge at the top and the slider leading edge at the bottom. The

read/write region is located at the center of the slider trailing edge. The head gimbal

assembly (HGA) was operated on the bottom surface of the disk. The skew angle was

approximately +13 ◦ and -13 ◦ for radial positions of 21 mm and 43 mm, respectively.

Figure 8.2: Experimental set-up. The input to the heater (H) in the TFC slider was
generated using a data acquisition (DAQ) system and an arbitrary waveform generator
(AWG). A constant bias current of 1.5 mA was applied to the thermal contact sensor
(TCS) to measure the sensor voltage signal for detecting resistor variations in the TCS.

Heater actuation was accomplished by supplying a voltage across the heater cor-

responding to the desired heater power. Boettcher et al. [93] demonstrated that the re-

sistance of the heater is not a strong function of the applied power and hence, a constant

heater resistance was assumed for calculating the voltage input to the heater. The DC

and AC component of the heater input were generated using the analog output of a data

acquisition (DAQ) system and an arbitrary waveform generator (AWG), respectively.

Both voltage signals were added using a buffering and summing amplifier circuit with
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Figure 8.3: Air bearing surface (ABS) of the recording head used for flying height
control.

a unity gain and a dynamic response characterized by a settling time of approximately

0.5 ns. The output of both instruments is triggered with the once-around trigger signal

of the spindle.

The thermal contact sensor was biased with a constant current of 1.5 mA and

the resulting voltage across the sensor was acquired using the DAQ device at a sampling

frequency of 1 MHz.

8.2 Static characterization of thermal contact sensors

8.2.1 Mean and standard deviation trends

To illustrate the sensitivity of the TCS, we show the sensor voltage as a function

of heater power in Fig. 8.4 at a radial position of 27 mm on the disk. We observe from

Fig. 8.4 that the standard deviation of the sensor voltage (solid curve) is nearly constant

for heater powers up to 130 mW. For heater powers larger than 130 mW, a sudden

increase in the sensor standard deviation is observed. The onset of slider-disk contact
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occurs at 134.5 mW. This is indicated by the vertical dashed line in Fig. 8.4. The dashed

curve in Fig. 8.4 represents the mean of the sensor voltage. The sensor mean voltage

increases initially, reaches a local maximum at 122.5 mW, and decreases thereafter.

Figure 8.4: TCS voltage output versus heater input power. Head-disk contact is de-
tected at 134.5 mW according to the sensor standard deviation (std) as indicated by the
vertical dashed line.

Fig. 8.4 illustrates that the mean sensor voltage creates a measurable signal and

becomes ’active’ in close proximity with the disk – the exact operating condition where

the flying height should be for minimal magnetic spacing and largest read-back signals.

However, spacing variations need to be reduced as much as possible to avoid intermittent

contact at these spacing levels. The resistance and hence voltage output of the sensor

are temperature dependent. The voltage output of the sensor, VTCS, may therefore be

expressed as a function of

VTCS = f (ITCS,Pheater,q) (8.1)

in which ITCS denotes the bias current for driving the sensor, Pheater is the electrical

power applied to the heater for adjusting the head-disk spacing, and q refers to the heat

flux in the neighborhood of the sensor which is a function of the head-disk spacing.
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Clearly, the sensor voltage is a function of the sensor temperature (’heating’) and the

heat flux at the interface (’cooling’).

8.2.2 Estimation of flying height changes

To use the sensor as an estimate for changes in flying height, we apply a third

order polynomial curve fit to the sensor mean voltage over a specified curve fit range

and subtract the curve fit from the sensor mean voltage. The curve fit y f it is described

by

y f it = a0 +a1Pheater +a2P2
heater +a3P3

heater,

Pheater ∈ [0,k ·T DP] mW
(8.2)

in which a0, a1, a2, a3 are the coefficient of the third order polynomial curve fit and

k denotes the curve fit range expressed as a percentage of the touch-down power TDP

(i.e., the onset of slider-disk contact indicated by the vertical dashed line in Fig. 8.4).

Fig. 8.5 a) shows the sensor mean voltage (dashed line) as a function of heater

power for various third order polynomial curve fits. Curve fitting was performed over a

range starting from 0 mW up to heater powers of k = 70 %, 80 %, 85 %, or 90 % with

respect to the TDP in equation (8.2). Subtracting the extrapolated third order polynomial

curve fit from the sensor mean voltage yields the control curve shown in Fig. 8.5 b).

The control curve compensates for the effect of heater power and as a result is nearly

zero for a heater power up to 122.5 mW and decreases thereafter. The decrease is

caused by cooling of the TCS when reducing the head-disk spacing. The region between

122.5 mW and the touch-down power at 134.5 mW outlines the operating region suitable

for flying height control. To use the sensor as an estimate for changes in flying height,

we investigated polynomial curve fits of several orders. Since we desire a control curve
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that is zero for small heater powers and increases strongly prior to the onset of head-disk

contact, we chose a cubic polynomial curve fit instead of a linear or quadratic fit.

Figure 8.5: a) sensor mean voltage (dashed line) versus heater power and various
third order polynomial curve fits (solid lines) of the sensor mean data; b) control curve
which is obtained be subtracting a third order polynomial curve fit from the sensor
mean voltage. The onset of slider-disk contacts is indicated by the vertical dashed line.

For control purposes it is of interest to know the slope of the control curve

(which is indicated as the sensor gain) at the desired operating power Po (see Fig. 8.5).

The sensor gain is determined by applying a linear fit to the control curve in the range

−1 mW ≤ P0 ≤ +1 mW. Clearly, the sensor gain will depend on the curve fitting re-

sults of equation (8.2) used to eliminate the effect of heater power from equation (8.1),

where k in (2) determines the curve fitting range. Fig. 8.6 shows the sensor gain at an

operating power 4 mW below the onset of slider-disk contact, i.e., P0 = 130.5 mW, at

a radial position of 27 mm. We observe that the magnitude of the slope is not a strong
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function of the curve fit range.

Figure 8.6: Sensor gain at operating power P0 as a function of curve fit range
(R = 27 mm).

For this study, a curve fit range of 85 % is used as this curve fit range appears to

best describe the sensor mean voltage.

8.2.3 Effect of radial position on the disk

The radial position of the recording head over the disk affects the TDP, i.e.,

the heater power at which the onset of slider-disk contact occurs indicated earlier by

the vertical dashed line in Fig. 8.4. This is because the flying height of the slider and

hence the touch-down power increase with increasing disk velocity. As the air bearing

surface of the slider is asymmetric, the flying height and touch-down power are also

skew angle dependent. As a consequence, both the TDP and the coefficients of the

third order polynomial curve fit as defined in equation (8.2) and the sensor gain at the

operating point P0 are also disk radius dependent. With changes in the TDP and thus

changes in the sensor mean and control curves depicted earlier in Fig. 8.5, changes in

the sensor gain are expected. To show this dependency, measurements of TDP were

obtained at different radii on the disk and the results are summarized in Fig. 8.7. In can

be observed that the TDP increases, as expected, toward the outer diameter of the disk.



180

It may therefore be necessary to create look-up tables in order to compensate for the

effect of radial position for flying height control.

Fig. 8.8 shows the effect of disk radius on the sensor gain at operating powers

4 mW below the onset of head-disk contact, illustrating that the magnitude of the sensor

gain is largest close to the middle diameter of the disk.

Figure 8.7: Measured dependency of touch-down power (TDP) on the radial position
of the slider along the disk rotating at the same rpm.

Figure 8.8: Sensor gain at operating power P0 as a function of disk radius.

A change in disk velocity and skew angle causes a change in flying height and

slider pitch angle and thus, the thermal response of the contact sensor. Hence, the ob-

servation that the sensor gain is largest at the middle diameter appears to be related to a

combination of changes in flying height, pitch angle and skew angle of the slider.
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8.3 Dynamic modeling

In order to compute the optimal feedforward heater profile via convex optimiza-

tion, a dynamic model of the thermal actuator is needed. The step-based realization

algorithm [93] allows the estimation of a linear time invariant discrete time model of the

thermal actuator from experimentally obtained step-response data. The step response

data is created via a step wise excitation signal applied to the TFC and measuring the

TCS signal around the operating condition of P0.

As discussed in section 8.2.1, the flying height error is estimated from the voltage

output of the thermal contact sensor. Fig. 8.9 shows again the control curve at a radial

position of 27 mm obtained using a curve fit range of 85 %. P0 denotes the desired

operating power and the dashed horizontal line indicates the corresponding set-point rcc

of the control curve. In this paper, we focus on an operating power 4 mW below the

onset of slider-disk contacts, i.e., P0 = 130.5 mW.

Figure 8.9: Control curve vs heater power with desired operating power P0 and corre-
sponding set-point.

To obtain a measure of the flying height error over one disk revolution, the fol-

lowing procedure was used: First, the average sensor voltage VTCS of 20 disk revolutions

was acquired. Thereafter, the curve fit y f it of the mean voltage (see Fig. 8.6 a)) was sub-

tracted from the instantaneous sensor voltage VTCS via linear interpolation. The resulting

curve was then compared to the control curve set-point rcc (see Fig. 8.9), yielding error
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signal ε

ε = rcc− (VTCS− y f it) (8.3)

The error signal ε of 20 disk revolutions (down-sampled from 1 MHz to at 16.67 kHz)

is shown in Fig. 8.10. The dots represent the average of 20 continuous disk revolutions

and the solid lines indicate the corresponding standard deviation. It can be seen that the

error signal varies repetetively with every disk revolution.

Figure 8.10: Error signal versus time for one disk revolution (average of 20 consecu-
tive disk revolutions).

Next, we estimate the dynamics between heater power and error signal in state

space form

x(k+1) = Ax(k)+Bu(k)

∆ε(k) = Cx(k)
(8.4)

where x(k) ∈ R2×1 denotes the state vector and the state-space matrices A, B, and C

are obtained via the identification procedure described in section 8.3. The following

procedure is used for estimating the state space model: First, the average error signal of

20 disk revolutions, denoted ε0, is acquired while supplying the heater with the desired

DC operating power P0 = 130.5 mW. Next, the experiment is repeated while modulating

the heater input with rectangular pulses, yielding ε∗. We then subtract ε0 rom ε∗ to

obtain the change in error signal due to applying a step in heater power. Fig. 8.11 shows
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the error signal vs time for various steps in heater power. The time duration of each

step was 3 ms. Using the realization algorithm in [93], a second order discrete time

model was identified for each set of step response data. The simulated system response

is indicated by black dashed lines in Fig. 8.11. We observe that the identified second

order systems are in good agreement with the measured step response data. Moreover,

the dynamics of the model characterized by the time constants of the identified systems

appear to be on the same order.

Figure 8.11: Comparison between measured and dynamic simulated error signal re-
sulting from rectangular pulses in heater power (average of 20 consecutive disk revo-
lutions).

Fig. 8.12 shows the Bode plot of the identified second order discrete time models

that follow from applying +2 mW (dashed line) and +3 mW (solid line) steps in heater

power, normalized by the step size for heater modulation. The time constants for the

+2 mW system are 1.7×10−4 s and 9.1×10−4 s and for the +3 mW system 2.3×10−4 s

and 10.1×10−4 s. The dynamics of the TFC actuator are similar for 2 mW and 3 mW

step sizes in the power applied to the TFC, simplifying the control to linear (optimal)

algorithms, as used in this paper, to reduce flying height variations.

The second order discrete time model can be represented in transfer function

form as follows

G(z) =
b1z+b0

z2 +a1z+a0
(8.5)
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Figure 8.12: Bode plot of the identified second order discrete time models that follow
from applying +2 mW (dashed line) and +3 mW (solid line) steps in heater power,
normalized by the step size for heater modulation.

where the model parameters b1, b0, a1 and a0 are given in Table 8.1 for the identified

models.

Table 8.1: Parameters of second order discrete time models

Step height [mW] b1 b0 a1 a0

-2 mW 0.0444 0.0332 0.5079 -0.1899
-1 mW 0.0193 0.0349 0.3302 -0.2871
1 mW 0.1067 0.0999 0.7911 -0.1362
2 mW 0.1046 0.0900 0.5546 -0.0712
3 mW 0.1052 0.0871 0.4952 -0.1269

8.4 Computing the optimal heater input profile

The flying height error can be eliminated by actuating the heater element in a

way so that the induced flying height changes match the inverse of the flying height
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error. As Boettcher et al. [93] pointed out, this problem can be stated as a convex

optimization problem where the flying height modulation is minimized in a 2-norm

sense. In the following, the optimization algorithm will be discussed and thereafter,

experimental results will be presented.

8.4.1 Optimization algorithm – theory

Equation (8.4) can be rewritten recursively as

∆ε(0) = Cx(0)

∆ε(1) = CAx(0)+CBu(0)

∆ε(2) = CA2x(0)+CABu(0)+CBu(1)

...

∆ε(2N) = CA2Nx(0)+
2N

∑
j=1

CA2N− jBu( j−1)

(8.6)

Setting the initial state to zero, i.e., x(0) = 0, we can express equation (8.4) in matrix

form as

∆∆∆εεε = ΨΨΨu (8.7)

in which

ΨΨΨ =



0 0 0 · · · 0

CB 0 0 · · · 0

CAB CB 0 · · · 0
...

...
...

...

CA2N−1B CA2N−2B CA2N−3B · · · 0

CA2NB CA2N−1B CA2N−2B · · · CB


(8.8)

Based on this definition, the objective function of the optimization problem can
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be stated as
minimize

u

∥∥εtarget− (εεε000 +ΨΨΨu)
∥∥

subject to u≤ umax

u≥ umin

(8.9)

In equation (8.9), εtarget denotes the target value of the error signal, εεε000 is the

error signal when supplying the heater with the desired DC operating power P0, and ΨΨΨu

are the contributions of heater modulation on the error signal. Limitations on the heater

modulation are imposed via umin and umax to ensure that the electrical power supplied to

the heater remains within the operating range.

8.4.2 Optimization algorithm – application

The average error signal of 20 disk revolutions in Fig. 8.10 shows significant

high-frequency variations in flying height. As the bandwidth of the thermal actuator

is limited (see Fig. 8.12), accounting for these high frequency variations in the error

signal would result in large high frequency control inputs to the thermal actuator which

is undesirable. A non-causal low-pass filter is therefore applied to limit the bandwidth

of the error signal to 5 kHz as shown in Fig. 8.13.

Figure 8.13: A non-causal filter was applied to the average error signal of 20 disk
revolutions to limit the bandwidth of the signal to 5 kHz in order to avoid large high
frequency control signals.

The optimal feedforward heater input profile for minimizing flying height vari-
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ations was computed after equation (8.9) using the CVX software package [277, 278].

For the optimization procedure, we used the bandwidth limited error signal (Fig. 8.13)

as εεε000 and the mean value of εεε000 was chosen to be εtarget . The state-space matrices A, B

and C followed from applying a 2 mW step in heater power. The operating DC power

was chosen to be 4 mW below the onset of slider-disk contact, i.e., P0 = 130.5 mW.

The nominal flying height without heater actuation is on the order of 10 - 12 nm. If we

assume a linear relationship between heater actuation and flying height change, a 4 mW

back-off power would correspond to a flying height of less than 0.5 nm.

After completing the optimization procedure, the calculated power profile was

applied to the heater element and the corresponding error signal of 20 disk revolutions

was measured. Fig. 8.14 shows a) the heater power versus time, and b) the error signal

versus time over the duration of one disk revolution. The dots in Fig. 8.14 b) repre-

sent the mean of the error signal of 20 continuous disk revolutions, and the solid lines

represent the standard deviation of the error signal.

Figure 8.14: a) Heater power versus time, and b) error signal versus time while ap-
plying the optimal feedforward profile to the heater (average of 20 consecutive disk
revolutions).
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Our feedforward compensation targets the repeatable variations in flying height

up to frequencies of 5 kHz. In fact, the error signal shown in Fig. 8.14 b) shows sig-

nificantly less variations compared to the uncontrolled case shown in Fig. 8.10. In par-

ticular, the difference between the maximum and the minimum value is reduced from

2.1 ·10−4 V to 1 ·10−4 V and the standard deviation of the mean error signal is reduced

from 4.1 ·10−5 V to 1.8 · 10−5 V. These results demonstrate that the proposed method

is a promising technique for reducing variations in flying height in close proximity uti-

lizing the embedded thermal contact sensor.

Fig. 8.15 shows the simulated amplitude of the step response of the identified

models versus step height in heater input. We observe from Fig. 8.15 that the amplitude

of the simulated step response increases with increasing step size in heater modulation,

but the relationship is not linear. Hence, we performed experiments in which we scaled

the heater input according to the curve shown in Fig. 8.15 to minimize flying height

variations rather than using different models (e.g. 1 mW, 2 mW and 3 mW). However,

our experiments did not show any performance improvements (i.e., reduced standard de-

viation or reduced min to max value) of the scaled heater input compared to an unscaled

heater input.

In addition to the feedforward control approach presented in this paper, simula-

tions were carried out to investigate the feasibility of real-time feedback control. Our

simulation results showed that the additional performance improvements due to feed-

back were negligible compared to our proposed feedforward approach which can be

traced back to the noisy nature of the sensor signal. Due to the noisy sensor signal,

averaging of the sensor signal is required for minimizing flying height variations which

makes feedforward control a suitable choice for our current set-up.
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Figure 8.15: Simulated amplitude of the step response of the identified models versus
step height in heater input.

8.5 Summary and conclusions

A modeling and optimization method was proposed and implemented for com-

puting the optimal feedforward heater profile to minimize variations of flying height in

hard disk drives. The method utilizes the resistive heater element of TFC sliders for

adjustment of flying height at the read and write element and the embedded thermal

contact sensor (TCS) as a relative measurement for changes in flying height. The flying

height error is approximated by 1) applying a third order polynomial curve fit to the

sensor mean versus heater power curve; 2) measuring the average sensor voltage over

one disk revolution at the desired DC operating power; 3) subtracting the curve fit ob-

tained in step 1) from 2); and 4) comparing the result to a desired set-point, yielding

the error signal. A model of the system was identified from experimental step excita-

tion data via a realization algorithm utilizing the full dynamic potential of the thermal

flying height actuator. We found that the dynamics can be described using a second

order model. The optimal heater input for minimizing flying height variations was ob-

tained using convex optimization techniques. The optimization approach was verified
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experimentally, showing that the proposed approach reduces the difference between the

maximum and the minimum value of the TFC measurements by a factor of two, indica-

tion a twofold reduction of flying height variations. The touch-down power and voltage

outputs of the thermal contact sensor was shown to depend on the radial position of the

slider over the disk. Look-up tables may therefore be necessary to compensate for radial

and skew effects on the proposed algorithm. The TCS only provides a reliable signal

in close proximity of the disk in the sub-nanometer range. Controlling the variations of

the TCS implies that flying height variations have been reduced at the sub-nanometer

range. Future work will involve independent measurements of the sub-nanometer fly-

ing height variations to verify the validity of using the TCS and control of the TFC for

sub-nanometer flying height control.
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Chapter 9

Summary and conclusions

In this dissertation, we focus on experimental investigations of the head-disk

interface from both a tribological and controls point of view.

First, experiments were performed to investigate contact and temperature rise

between a thermal flying height control (TFC) slider and a magnetic disk. To achieve

head-disk contact, the heater element of a TFC slider was energized with constant and

square wave input profiles with increasing bias. Laser Doppler vibrometry (LDV) was

employed to measure the vertical motion of the gimbal. The temperature rise due to

contacts was estimated via auxiliary resistance calibration measurements. It was found

that the resistance change at the read element cannot be used to estimate the interfacial

temperature rise due to frictional heating during contact, which can be attributed to the

spatial separation between the contact spot and the read element, and limitations in the

sampling frequency during data acquisition. In addition, the thermal energy generated

at the contacting asperities is too small to cause a sufficiently strong response of the read

element.

Next, the effect of bonded-lubricant ratio, relative humidity and temperature on

head wear of TFC sliders were investigated. Head wear was studied by measuring the

191
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change in the heater touch-down power before and after wear testing. The touch-down

power denotes the heater power at which the onset of slider-disk contact occurs. In addi-

tion, scanning electron microscopy (SEM) and atomic force microscopy (AFM) images

of selected heads were taken. It was found that head wear increases with increasing

bonded-lubricant ratio, temperature has a minor effect on head wear for the tempera-

ture range of 30 ◦C to 50 ◦C, and head wear was increased at low relative humidity.

SEM analysis showed wear of the write shield for changes in touch-down power typi-

cally larger than 6 mW. AFM analysis revealed noticeable changes in surface roughness

of heads with changes in touch-down power as little as 1.3 mW compared to unworn

heads.

In addition, head wear was examined as a function of DC disk bias voltage,

relative humidity (RH), and lubricant type. Two different experimental set-ups were

used: First, preliminary experiments were carried out on a load/unload tester under

ambient conditions (22 ◦C and 25 % RH). Second, experiments were performed on a

spin-stand tester at <8 %, 30 % and 52 % relative humidity and 27 ◦C, and three types

of disk lubricants (two Demnum and one Z-tetraol lubricant). Similarly, head-wear was

determined by measuring the change in the heater touch-down power, ∆T DP, before

and after wear testing. After wear testing, selected recording heads were examined

using atomic force microscope (AFM) to identify regions of wear or deposit formation

on the slider surface. It is found that the measured change in touch-down power, ∆T DP,

is smallest when applying a positive DC disk bias voltage for levels in relative humidity

larger than 25 %, independent of the tester being used, the disk lubricant and if the head

or the disk was biased. For the <8 % RH wear tests, the measured change in touch-down

power, ∆T DP, was found to be smallest for negative disk DC bias voltages. The AFM

height images show build-up in the read/write region of heads tested at <8 % RH. Except

for heads tested at negative DC disk bias voltages which showed very small amounts of
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deposit, no deposit was observed on the recording heads tested at 30 % and 52 % RH.

Preliminary electrostatic force microscope images (EFM) suggest that the build-up is

non-conducting. In summary, the results indicate that both the relative polarity of the

voltage across the HDI and relative humidity affect head wear.

A new approach was investigated for predicting the touch-down power of a TFC

slider, i.e., the onset of slider disk-contact. The method utilizes the contact sensor to

sense head-disk proximity prior to actual head-disk contact. Impeding contact was pre-

dicted based on a change in dynamics from heater input to sensor output with decreasing

flying height. A first-order discrete-time transfer function of the thermal actuator was

estimated form experimentally obtained step-response data using the step-based realiza-

tion algorithm. We concluded that the coefficient b0 of the first-order transfer function

can be used to predict the touch-down power several milliwatt prior to actual head-disk

contact. The proposed transfer function approach was experimentally verified using

two different types of disks and hence does not appear to be restricted to a particular

head-disk combination.

Lastly, a method was proposed for computing the optimal feedforward heater

profile to minimize low-frequency variations in flying height. The method utilized the

embedded contact sensor (CS) as a spacing estimate. The flying height error was ap-

proximated by 1) applying a third order polynomial curve fit to the CS mean versus

heater power curve; 2) measuring the sensor voltage over one disk revolution at the de-

sired DC operating power; 3) subtracting the curve fit obtained in step 1) from 2) via

linear interpolation; and 4) comparing the result to a desired set-point, yielding the error

signal. The relationship between heater modulation and error signal was modeled from

experimental step-response data via step-based realization. The optimal heater input for

minimizing flying height variations was obtained using convex optimization techniques.

Experiments showed that the standard deviation of the sensor error was reduced by a
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factor of two when using the optimized heater power compared to the case where a

constant level in DC power was applied to the heater.

In summary, hard disk drives have evolved into highly complex products. Ex-

tremely low flying heights of 1-2 nm during reading and writing give rise to many chal-

lenging and interdisciplinary problems. The work presented in this dissertation suggests

that wear of the recording head is not only driven by purely mechanical phenomena

but also by tribochemistry and electrochemistry. The proposed flying height control

method may reduce the likelihood of intermittent contact events by enabling constant

flying heights, thus improving reliability of hard disk drives. In recent years, the hard

disk drive industry has been threatened by the emergence of the much faster and possi-

bly more reliable solid state drives. It is hence important that hard disk drives maintain

their relative cost advantage compared to solid state drives in order to stay relevant in

the storage market. In order to do so, larger capacities need to be provided at lower cost

while ensuring reliability, warranting further research on this topic.



Appendix A

Step-based realization algorithm

The step-based realization algorithm [93, 176, 279] allows identifying a discrete

time model of a system from experimentally obtained step-response data. In the follow-

ing, the step-based realization is briefly reviewed.

The input-output relationship of a time-invariant, single-input single-output (SISO)

system in state-space form is given by

x(k+1) = Ax(k)+Bu(k)

y(k) = Cx(k)+Du(k)
(A.1)

where x(k) ∈ Rn×1 denotes the n-dimensional state vector, u(k) ∈ R1×1 is the input,

y(k) ∈ R1×1 is measurement output, k refers to the input and output samples at discrete

time events t = k∆T with constant sampling interval ∆T (k = 0, 1, ..., 2N), A ∈ Rn×n

is the state matrix, B ∈ Rn×1 is the input matrix, C ∈ R1×n is the output matrix, and

D ∈ R1×1 denotes the feed-through term.

The output y due to arbitrary inputs u in equation (A.1) can also be rewritten as

y(k) =
∞

∑
j=0

g( j)u(k− j) (A.2)

195
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where g( j) denote the impulse response coefficients (or Markov parameters) given by

g( j) =


D, j = 0

CAj−1B, j > 0
(A.3)

Alternatively, the input-output relationship in equation (A.1) can be expressed via the

following Hankel matrix based representation

HY = HU+E (A.4)

in which HY denotes the Hankel matrix of the output signals

HY =



y(1) y(2) · · · y(N)

y(2) y(3) · · · y(N +1)
...

...
...

y(N) y(N +1) · · · y(2N−1)


N×N

(A.5)

H is the Hankel matrix of the Markov parameters

H =



g(1) g(2) · · · g(N)

g(2) g(3) · · · g(N +1)
...

...
...

g(N) g(N +1) · · · g(2N−1)


N×N

(A.6)
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U denotes the input matrix

U =



u(0) u(1) · · · u(N−1)

0 u(0) · · · u(N−2)
...

...
...

0 0 · · · u(0)


N×N

(A.7)

and E is a row-wise listing of output signals given by

E =



y(0) y(0) · · · y(0)

y(1) y(1) · · · y(1)
...

...
...

y(N−1) y(N−1) · · · y(N−1)


N×N

(A.8)

The Hankel matrix of the Markov parameters can be expressed as

H = Qζζζ (A.9)

where Q and ζ denote the observability and controllability matrices, respectively

Q =



C

CA

CA2

...

CAj−1


, ζζζ =

[
B AB A2B · · · Aj−1B

]
. (A.10)

The generalized realization algorithm allows estimating the state-space matrices

A, B, C, and D by performing a realization on the weighted Hankel matrix R. The
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weighted Hankel matrix R is defined as

R = Y−E = HU. (A.11)

For unit step inputs, the matrix U is an upper triangular matrix containing only ones.

Hence, U has full rank from which follows that rank(R) = rank(H). For noise-free

measurements, the rank of R is on the same order as the order of the system to be

identified. Step response measurements, however, are rarely noise-free and therefore,

rank(R)> n where n denotes the order of the system. To choose the rank of the model,

the singular value decomposition (SVD) is applied to R yielding

R = UΣΣΣVT =

[
Un Us

]ΣΣΣn 0

0 ΣΣΣs


VT

n

VT
s

 . (A.12)

The matrices U and V are unitary, and ΣΣΣ is a diagonal matrix containing the (non-

negative) singular values of matrix R in descending order. ΣΣΣ and is split up into ΣΣΣn and

ΣΣΣs, with ΣΣΣn containing the large singular values, and ΣΣΣs containing the small singular

values. In the case of noise-free measurements, ΣΣΣn is non-zero and all entries in ΣΣΣs are

zero.

After applying the singular value decomposition to R and determining the order

n of the system, the matrix R can be reduced in rank resulting in

Rn = R1R2 (A.13)

where

R1 = Un ΣΣΣ
1/2
n

R2 = ΣΣΣ
1/2
n VT

n

(A.14)
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with expression for the left and right inverse of R1 and R2, respectively, given by

R†
1 = ΣΣΣ

−1/2
n UT

n

R†
1 = Vn ΣΣΣ

−1/2
n .

(A.15)

Comparison with equations (A.10) and (A.13) shows that R1 = Q and R2 = ζζζ U.

It can be shown that the matrix R has the shift property so that

R̄ = R1 AR2 (A.16)

where R̄ denotes the shifted Hankel matrix in which each element is shifted forward in

time by one sample. R̄ is defined as R̄ = H̄Y− Ē in which

H̄ =



g(2) g(3) · · · g(N +1)

g(3) g(4) · · · g(N +2)
...

...
...

g(N +1) g(N +2) · · · g(2N)


N×N

(A.17)

H̄Y =



y(2) y(3) · · · y(N +1)

y(3) y(4) · · · y(N +2)
...

...
...

y(N +1) y(N +2) · · · y(2N)


N×N

(A.18)

Ē =



y(1) y(1) · · · y(1)

y(2) y(2) · · · y(2)
...

...
...

y(N) y(N) · · · y(N)


N×N

(A.19)

It follows from equations (A.13) and (A.16) that the state-space matrices A, B and C
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can be estimated as follows

A= R†
1 R̄R†

2

B= R1(1, :)

C= R2(:,1)

(A.20)

with the left and right inverse as defined in (A.15) and (·)(1,:) and (·)(:,1) denoting the

first row and first column of a matrix, respectively.

The feedthrough D can be estimated from the first output sample after applying

a unit step input, i.e. D = y(0). This, however, may not be a good estimate if the noise

on the system is large. Improved estimates of both B and D may instead be obtained

via least-squares optimization [279]. In the work presented in chapters 7 and 8, one

sample of time delay between heater input and the change in output of the sensor error

is assumed and hence, the D is set to zero.
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