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Hard Disk Drives (HDD) are perhaps the unsung heroes of
today’s information technology. The rise and growth of the
Internet search engines, social media, and cloud computing
have been enabled, in part, by the inexpensive and massive
storage capabilities that HDD technology provides. Less than
60 years after its invention by IBM in San Jose in 1956, the
hard disk drive has seen an unrelentless, Moore’s Law-like
growth in storage density, as well as a concomitant decrease
in price and form factor.The first HDD ever commercialized,
IBM’s RAMAC, had a mere 5 megabytes of storage, cost over
a million dollar in today’s currency, and weighted over a ton.
Today’s largest capacity disk drives hold 4 terabytes of data
in a small 3.5 inch form factor and at a price similar to that
of small household appliances such as a coffee maker, a hair
dryer, or a toaster.

Unlike other components of modern computers, the disk
drive has moving parts, with a read/write head flying over a
rotating disk. The thickness of the air gap between the flying
head and the disk is now of the order of a nanometer or
so, for velocities greater than 10m/s, thus making the head-
disk interface (HDI) one of the most advanced tribological
systems available to the consumer in today’s marketplace.
As a result, great advances have been made over the last
few decades in the field of nanotribology (the tribology of
nanoscale systems), both in a fundamental, and an applied
point of view.

This special issue contains 10 papers of great interest
to the field, touching on an array of relevant topics, and
research papers as well as review papers. A useful backdrop

to this issue is a review of the HDI roadmap to an areal
density of 4 terabit-per-square inch, discussed by researchers
from the two largest HDD companies. Three papers attempt
to describe and model the frictional behavior of head-disk
contacts when they occur. H. Tani et al. present experimental
friction data from a pin rubbing against a disk and discuss
how it is affected by the roughness of the contact as well as the
chemical nature of the lubricant end-group functionalities. S.
Itoh et al. use a “fiber wobbling” method to understand the
viscoelastic properties of the lubricant film under confine-
ment. They provide evidence of a transition from a viscous
to a viscoelastic behavior when the film becomes molecularly
thin. Finally, P. Jones et al. present some molecular dynamics
simulations of two hydrogen-terminated diamond surfaces in
sliding contact and demonstrate a JKR/DMT-like behavior at
the molecular scale.

As far as the dynamics of the flying head is concerned, S.
Canchi et al. discuss the behavior of the thermally actuated
head when it contacts the disk, a topic of great importance
as such a scheme is used in all disk drives today in order
to calibrate the head-to-disk clearance. K. S. Myo et al., on
the other hand, elaborate on how the use of Heat-Assisted
Magnetic Recording (HAMR) will affect the head air-bearing
characteristics.

On the topic of disk lubricant, R. Waltman and H. Deng
offer new evidence that using a low molecular weight disk
lubricant enhances head-disk clearance, owing to energetic
considerations, but perhaps at the expense of small evapora-
tion losses. Furthermore, M. S. Jhon et al. present a review of
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multiscale molecular dynamics, allowing the modeling and
prediction of the lubricant behavior and spanning orders
of magnitude in time and length from nano- to meso- and
to macroscales. Finally, the issue of HDD reliability is also
addressed with a paper by J. He that describes a novel
instrumentation for nanoscale disk defect detection and
characterization, as well as a paper by K. Sonoda discussing
how organic contamination affects the dynamics of the flying
head.

We would like to thank the authors of all these papers
for publishing such a valuable set of papers that provide an
important scientific backdrop to the state of the head-disk
interface technology in today’s disk drives. We hope that
this issue will stimulate further fundamental insight in this
topic, to enable the HDD industry to keep delivering high-
performance storage solutions to our digital world.

Bruno Marchon
Norio Tagawa

Bo Liu
Tom Karis

Jia-Yang Juang
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The challenges in designing future head disk interface (HDI) demand efficient theoretical modeling tools with flexibility in
investigating various combinations of perfluoropolyether (PFPE) and carbon overcoat (COC) materials. For broad range of time
and length scales, we developedmultiscale/multiphysical modeling approach, which can bring paradigm-shifting improvements in
advanced HDI design. In this paper, we introduce our multiscale modeling methodology with an effective strategic framework for
the HDI system. Our multiscale methodology in this paper adopts a bottom to top approach beginning with the high-resolution
modeling, which describes the intramolecular/intermolecular PFPE-COC degrees of freedom governing the functional oligomeric
molecular conformations on the carbon surfaces. By introducingmethodology for integrating atomistic/molecular/mesoscale levels
via coarse-graining procedures, we investigated static and dynamic properties of PFPE-COC combinations with various molecular
architectures. By bridging the atomistic and molecular scales, we are able to systematically incorporate first-principle physics into
molecular models, thereby demonstrating a pathway for designing materials based on molecular architecture. We also discussed
future materials (e.g., graphene for COC, star-like PFPEs) and systems (e.g., heat-assisted magnetic recording (HAMR)) with
higher scale modeling methodology, which enables the incorporation of molecular/mesoscale information into the continuum
scale models.

1. Introduction

The continuous increase in the areal recording density spec-
ification beyond 1 Tb/in2 has led to ever decreasing head
media spacing (HMS) requirements at the head disk interface
(HDI). The key material components of the HDI are the
carbon overcoat (COC) and lubricant layers, which protect
the magnetic media from corrosion and tribological dam-
age. Perfluoropolyethers (PFPE) with both functional and
nonfunctional groups are standard HDI lubricants due to
their low vapor pressure and low surface tension as well
as good chemical and thermal stability. To make a more
reliable product, improved lubricant andCOCmaterialsmust
have self-healing capability and lubricant-COC adhesion in
addition to molecularly thin spreading layer thickness.

The challenges involved in designing improved HDI
materials require efficient theoretical modeling tools which

allow flexibility in investigating various pairs of PFPE-COC
materials. Due to the broad range of time and length scales of
interest in the HDI components, a multiscale/multi-physical
modeling approach can be utilized to produce paradigm-
shifting improvements in advanced HDI design [1–13].
We believe that the multiscale modeling methodology as
described in this paper is an effective strategy for this
system, although it is far from being complete. The essence
of multiscale modeling involves integrating low- and high-
resolution models of a system so that information is
passed seamlessly between adjacent scales. This can be
accomplished via either a top to bottom, bottom to top,
or middle-out approach supplemented by optimization as
illustrated in Figure 1. In the top to bottom approach, low-
resolution descriptions are established, and inputs from
lower-scale descriptions are incorporated to pass information
to the upper-scale model. An advantage of this approach is
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Figure 1: An illustration of the several multiscale modeling methodologies.

that it is often more practical to construct a model closer
to the device/macroscopic scale first so that the device
performance determines the lower scale information that is
needed. However, it may be more difficult to make funda-
mentally significant changes in material design in the top
to bottom procedure with the present modeling paradigm.
In the inverse approach (bottom to top), the detailed, high-
resolution descriptions are constructed first, and via coarse-
graining procedures, the outputs from the model are inputs
for the development of lower resolution descriptions. This
multiscale integration style is particularly useful in impacting
device performance via nanoscale materials science and
engineering, since the molecular architecture is at the root of
material properties. A unique middle-out approach employs
an intermediate scale model and outputs information to
models at adjacent scales above and below the primarymodel
allowing for a flexible integration strategy.

For theHDI system, constructing amultiscale description
involves establishing an integrated model for both lubricant
and overcoat materials. In this paper, we adopt a bottom to
top approach to outline our methodology, although top to
bottom or middle-out approaches with optimization are also
suitable forHDI design. Due to the polymeric structure of the
PFPE system, we begin at the high-resolution, fully atomistic
scale with the construction of models which describe the
intramolecular PFPE degrees of freedom governing the chain
conformations. We transition to intermolecular interactions
between PFPEs as well as between PFPE-COC combinations
to predict lubricant self-healing (mobility) and adhesive
behavior. We then discuss methods for integrating the atom-
istic models with molecular/mesoscale models via coarse-
graining procedures. The coarse-grained descriptions allow
us to approach the time and length scales most relevant

for HDI operation. By bridging the two scales, we are
able to systematically incorporate first-principle physics into
molecular models, thereby demonstrating a pathway for
designing materials based on molecular architecture. This
approach allows us to describe the conformations, dynamics,
morphology, rheology, and thermal performance of HDI
materials.

We begin the paper with an overview of intramolecular
and intermolecular studies of PFPE and COC materials
at the fully atomistic scale where ab initio methods have
been utilized. The atomistic review is followed by a survey
of works investigating the HDI at the molecular/mesoscale
via molecular dynamics simulations. This is followed by an
overview of novel integrationmethods and a discussion of the
perceived impact of multiscale modeling on the challenges
facing advanced HDI design.

2. Atomistic Scale Models

The atomistic scale models include the most physically
detailed description necessary for linking material perfor-
mance with molecular architecture. Investigations at the
atomistic scale have included the intramolecular and inter-
molecular PFPE interactions as well as PFPE-COC inter-
actions. The intramolecular study is motivated by the need
to describe the conformational behavior of PFPEs. In the
study reviewed here, Z-dol and Z-tetraol serve as examples
of this method, although similar treatment can be applied to
other lubricants.This is followed by a PFPE-PFPE interaction
energy study, since the strength of the intermolecular inter-
actions influences the dynamic behavior of the molecules
and thereby, the mobility and self-healing capability of
the PFPE in the event of head-disk contact or lubricant
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pick-up by the head. To determine the PFPE-COC combina-
tions which promote strong adhesion, an interaction energy
study for various PFPEs on COCs is given.

2.1. Intramolecular PFPE Potential Energy. The intramolecu-
lar study [14] provided bond stretching, angle bending, and
torsional potential energy parameters for PFPEmolecules for
use in atomistic MD simulations. In this paper, we start with
a detailed ab initio treatment of the functional PFPE (Z-dol
and Z-tetraol as benchmark examples) intramolecular force
field as the foundation for larger scale models so that the
fundamental physics of the microscopic scale is linked with
themacroscopic. Here Z-dol and Z-tetraol are chosen for this
analysis due to their prevalence in PFPE research; however,
this method will be extended to other lubricants with var-
ious functionalities and molecular architecture. In order to
investigate the oligomers with computationally intensive ab
initio methods, model Z-dol (HOCH

2
CF
2
OCF
2
CF
3
) and Z-

tetraol (HOCH
2
HOCHCH

2
OCH
2
CF
2
OCF
2
CF
3
) molecules

are utilized which preserve the end-group structure.
The relaxed structures are calculated via geometry opti-

mizations, followed by the intramolecular force field parame-
ters using themethod of Seminario [15].We developed a code
which uses LAPACK [16] routines for eigenvalue analysis
of the ab initio second-derivative tensor (Hessian) and
calculates stretching and bending parameters for harmonic
potentials:

𝑈
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(1)

where 𝑈
𝑟
and 𝑈

𝜃
are the stretching and bending potentials,

respectively, 𝐾
𝑟
is the stretching force constant, 𝐾

𝜃
is the

bending force constant, 𝑟
0
is the equilibriumbond length, and

𝜃
0
is the equilibrium angle. The stretching interactions take

place between two bonded atoms, while the bending accounts
for the bending of the angle formed by two adjacent bonds.
The torsional potential parameters, describing four bonded
atoms, were calculated by generating the torsional energy
profiles via a series of constrained geometry optimizations.
The form of the torsional potential is

𝑈
𝜙

=

𝑁−1

∑

𝑛=0

𝐴
𝑛
cos𝑛𝜙, (2)

where 𝑈
𝜙
is the torsional potential, 𝐴

𝑛
are the torsional

potential coefficients, 𝑁 is the truncation order, and 𝜙 is the
torsional angle. These potential energy forms were selected
due to their widespread use in popular MD codes.

Selected equilibrium bond lengths and angles and the
corresponding Hessian-derived force constants are displayed
in Table 1 for Z-dol. The study reveals the stiffness of short
polar bonds such as H–O as well as the higher frequency
of bond stretching modes in comparison to angle bending
modes. In general, the bond and angle force constants we
calculate are lower than those given in a force field such as the
General AMBER Force Field [17]. These differences are due

Table 1: Selected parameters for the intramolecular Zdol atomistic
model.

Bonds 𝐾
𝑟

(kJ/mol Å2)
𝑟
0

(Å) Angles 𝐾
𝜃

(kJ/mol rad2)
𝜃
0

(rad)
O–H 4850.4 0.9677 H–O–C 619.6 1.857
C–O 2656.1 1.404 O–C–H 720.5 1.883
C–H 3081.5 1.101 O–C–C 886.8 1.939
C–F 2689.2 1.354 H–C–H 454.7 1.895
C–C 2289.8 1.527 C–O–C 1329.3 2.077

Table 2: The torsional parameters calculated from the ab initio
energy profiles for the five-term (𝑁 = 5) truncation of the potential
energy function of (2). The coefficients 𝐴

𝑛
have units of kJ/mol.

Atoms 𝐴
0

𝐴
1

𝐴
2

𝐴
3

𝐴
4

F–C–C–F 9.986 −29.852 0.996 39.724 −0.791
F–C–C–H 10.798 −32.389 0.000 43.187 0.000
H–O–C–C 6.971 −20.913 0.000 27.884 0.000
H–C–C–O 9.303 −24.761 –5.309 33.390 4.338

to the different methods used in the calculation. As shown
in Table 2, torsional parameters for Z-dol were calculated for
four torsional angles that would describe twisting along the
chain: F–C–C–F, F–C–C–H,H–O–C–C, andH–C–C–O.The
potential was parameterized to predict the energy barrier as
well as the behavior of the profile near equilibrium.The F–C–
C–F and F–C–C–H angles had the highest energetic barrier
to rotation at ∼20 kJ/mol indicating less twisting relative to
the H–O–C–C and H–C–C–O (∼15 and ∼17 kJ/mol, resp.).
Similar energy torsional behavior can be expected for Z-
tetraol.

The type of intramolecular analysis described here is
necessary for accurately simulating an atomistic system with
the numerous degrees of freedom of PFPEs. It provides the
basis for atomistic molecular dynamics useful in validating
higher scale models as will be described in a later section on
integration.

2.2. Intermolecular PFPE Interactions. Although the func-
tional PFPE end-groups are designed to have strong COC
surface adhesion during disk rotation, the dynamic property
of lubricant replenishment, or self-healing, capability must
be addressed to ensure consistent surface coverage during
intermittent head-disk contact and lubricant pick-up by
the head. Superior lubricant replenishment requires rapid
molecular mobility which is influenced by the strength of
intermolecular interactions. In essence, lubricants with the
strongest molecular interaction may have more sluggish self-
healing performance. In determining the best lubricant to
meet HDI performance criteria, we introduce the concept of
PFPE nanoblends to obtain optimal material performance.
This allows flexibility in designing lubricants which can
adhere to theCOCwhile simultaneously having superior self-
healing properties. Thus, we evaluated interactions between
lubricants of the same type (pure) and between lubricants
of different forms (blend). The blended PFPEs with different
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Figure 2: Model PFPE and COC materials for atomistic scale study.

forms could be a novel concept in designing the optimal
lubricant. Our work on atomistic intermolecular interactions
can be found in [18]. Several previous studies used molecular
and mesoscale simulation techniques to model lubricant
films at the HDI [19–23]. However, in this work we evaluated
the intermolecular interaction as a function of end-group
structure using ab initio theory to make inferences regarding
the lubricant replenishment performance. End groups were
truncated into model structures, as in the previous section,
retaining the characteristic functionality. The summary of
model structures used for the analysis is shown in Figure 2.
Here, Z-dol, Z-tetraol, and dipropylamine (DDPA) are used
as benchmark PFPE structures for the calculations allowing
us to compare hydroxylated and nonhydroxylated functional
forms. Dimers composed of two PFPE structures are relaxed,
and a frequency analysis is performed to classify the station-
ary point as a minimum on the potential energy surface. The
uncorrected interaction energy represented by the potential
energy of the configuration is calculated as

𝑈int = 𝑈
(𝐴−𝐵)

− 𝑈
𝐴

− 𝑈
𝐵
, (3)

where 𝑈int is the energy of the dimer and 𝑈
𝐴
and 𝑈

𝐵
are

the energies of isolated monomers 𝐴 and 𝐵, respectively. In
simulating each case, a fixed position of the lubricant is used
as a starting point, and a geometry relaxation was performed
to obtain the energy at the equilibrium structure along with a
frequency analysis to ensure that the result is neither a saddle
point nor a transition state but rather a minimum on the
potential energy surface.

The finite basis sets used in the calculations cause each
monomer to share basis functions with other monomers in
the dimer calculation, which is known as basis set supersti-
tion error (BSSE). As a consequence, the interaction energy
is overestimated by (3). Thus, to reduce the BSSE associated

with our computational techniques, a counterpoise correc-
tion (CP) [24] is utilized for (3):

𝑈
CP
int = 𝑈int + BSSE,

BSSE = 𝑈
(𝐴−0)

− 𝑈
(𝐴−𝑋)

+ 𝑈
(𝐵−0)

− 𝑈
(𝐵−𝑋)

,

(4)

where 𝑈
(𝐴−0)

is the energy of monomer 𝐴 at the dimer
geometry and 𝑈

(𝐴−𝑋)
is the energy of monomer 𝐴 at the

dimer geometry with the added basis functions of monomer
𝐵, with an analogous treatment for monomer 𝐵.

Figures 3 and 4 give the relaxed configurations for the
PFPE dimers. The shortest intermolecular bond among the
hydroxylated end groups is between the hydrogen andoxygen
of the OH groups. This indicates that interaction between
the monomers is influenced by hydrogen bonding where the
positively charged hydrogen is attracted to the electronegative
oxygen. For DDPA, the shortest intermolecular bond occurs
between the propyl group’s hydrogen and the fluorinated
group pointing toward an attraction between hydrogen and
the electronegative fluorine.

Table 3 shows the counterpoise corrected energies of
interaction for the dimers. For the pure complexes cor-
responding to Figure 3, the Z-dol and Z-tetraol have the
strongest interactions of −34.4 kJ/mol and −59.0 kJ/mol,
respectively, where the negative value denotes a stable inter-
action. A much weaker interaction is observed for the DDPA
dimerwith a value of 3.97 kJ/mol.The shortest intermolecular
bonds are among the hydroxylated end-groups for Z-dol
and Z-tetraol occurring between the hydrogen and oxygen
of the OH groups. For DDPA, the shortest intermolecular
bond occurs between the hydrogens of the propyl groups.
Compared to DDPA, the hydrogen bonding among the
hydroxylated end groups gives them a greater capacity to
form strongly bound dimer complexes.This indicates that the
hydroxylated PFPEs would have sluggish mobility compared
to the DDPA forms due to the strong intermolecular inter-
actions. However, condensed phase molecular simulation
must be performed to establish a more concrete linkage
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(a) (b) (c)

Figure 3: Pure relaxed lubricant dimers for (a) Z-dol, (b) Z-tetraol, and (c) DDPA. Red: oxygen, purple: nitrogen, blue: fluorine, grey: carbon,
and white: hydrogen.

(a) (b) (c)

Figure 4: Blended relaxed lubricant dimers for (a) Z-dol-Z-tetraol, (b) Z-dol-DDPA, and (c) Z-tetraol-DDPA. Red: oxygen, purple: nitrogen,
blue: fluorine, grey: carbon, and white: hydrogen.

Table 3: The interaction energies for pure and blended PFPE end
groups. All units are in kJ/mol.

Pure 𝑈int Blended 𝑈int

Z-dol −34.4 Z-dol-Ztetraol −35.6
Z-tetraol −59.0 Z-dol-DDPA 5.23
DDPA 3.97 Z-tetraol-DDPA −6.53

between the strength of end-group interaction andmolecular
diffusion, particularly in the presence of finite temperature.

For the blended structures in Figure 4, the closest inter-
molecular bond for the Z-dol-Z-tetraol dimer is between

the hydrogen and oxygen of the hydroxyl group simi-
lar to the pure Z-dol and Z-tetraol cases. This similarity
in orientation between the pure and blended cases indi-
cates that the mechanism of interaction is still driven by
hydrogen bonding when the hydroxylated lubricants are
blended. The Z-dol-DDPA complex in Figure 4(b) shows
that the closest interaction takes place between fluorines
on each monomer. The orientation of the dimer repre-
sents the case where the portion of the end group clos-
est to the backbone interacts. Alternatively, as shown in
Figure 4(c), the Z-tetraol-DDPA dimer has a close con-
tact between the hydrogen of the first OH group and the
DDPA fluorines. This type of orientation is expected to
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(1)

(2)

(a)

(4)

(3)

(b)

(5)

(c)

Figure 5: The relaxed PFPE-DLC dimers for (a) Z-dol, (b) Z-tetraol, and (c) DDPA. White = hydrogen, red = oxygen, grey = carbon, blue =
fluorine, and violet = nitrogen.

produce a more stable interaction than the Z-dol-DDPA
orientation.

As given in Table 3, consistent with the configuration
of Figure 4(a), the Z-dol-Z-tetraol dimer has the strongest
interaction of−35.6 kJ/mol.This is also similar to the strength
of the interaction for the Z-dol and Z-tetraol pure dimers
providing further support for the point that hydrogen bond-
ing is the key binding mechanism in both the pure and
blended cases. Thus, there are no significant changes in the
interaction when going from the pure case to the blended
case for the hydroxylated end groups. As the orientation
in Figure 4(b) indicates, the interaction for the Z-dol and
DDPA is unstable with a value of 5.23 kJ/mol. In contrast, the
dimer of Figure 4(c) has a stable interaction of −6.53 kJ/mol
most likely due to the interaction between the fluorines
and hydrogens. Thus, we have obtained both weakly repul-
sive and more strongly attractive dimer configurations for
hydroxylated end groups with DDPA. In order to translate
the strength of the end group functionality to lubricant self-
healing performance, we are developing intermolecular force
field parameters for molecular dynamics simulation where
temperature effects can be evaluated.

We have examined intermolecular interactions among
various model PFPE lubricants which augment our earlier
studies of intramolecular interactions. For the pure lubricant
complexes, we found superior intermolecular interaction
between lubricant end groups with hydrogen bonding capa-
bilities. However, the pure DDPA complex displays longer
intermolecular bond lengths as well as a slightly repulsive
interaction.The binary lubricant blends demonstrated strong
interaction between blended hydroxylated lubricants and
diminished strength of interaction when adding DDPA to
hydroxylated lubricants. Therefore, we have identified the
ability to tune lubricant interaction by introducing blends of
various functional end-group types. This result indicates that

Table 4: Counterpoise corrected interaction energies for relaxed
PFPE-COC dimers. All units are in kJ/mol.

PFPE COC
DLC Diamond Graphene

Z-dol −104.2 −38.0 −80.2
Z-tetraol −126.4 −63.8 −86.9
DDPA −76.0 −39.9 −73.5

self-healing properties may be tailored by selecting optimal
blend ratios which can be investigated using optimization
formulations. Our capabilities in determining force constants
that govern both intermolecular and intramolecular degrees
of freedomallowus tomake a linkage between ab initio atom-
istic descriptions and molecular/mesoscale many-molecule
models via coarse-graining procedures.

2.3. PFPE-COC Interactions. Although the interaction
strength between PFPE functional groups is one component
which governs lubricant behavior, the PFPE-COC inter-
actions are also key, since lubricants need strong COC
adhesion to prevent spin-off and resist head pick-up. The
details of the PFPE-COC interaction analysis can be found
in [25]. To simulate PFPE adhesion on conventional COC
material, we construct amodel DLC structure which includes
both sp3- (diamond-like) and sp2- (graphitic) type carbon as
in Figure 5. Figure 5 gives the relaxed geometries for Z-dol-,
Z-tetraol-, and DDPA-DLC dimers. The configurations
indicate a stronger attraction for the sp2 bonded carbon
compared to the sp3 form. The interaction energies are
summarized in Table 4. All three PFPEs have large attractive
interactions with the DLC where the highest value of
−126.02 kJ/mol is observed for the DLC-Z-tetraol dimer.
The closest contacts for Z-dol and Z-tetraol are between
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Figure 6: The relaxed PFP-diamond dimers for (a) Z-dol, (b) Z-tetraol, and (c) DDPA. White = hydrogen, red = oxygen, grey = carbon,
blue = fluorine, and violet = nitrogen.
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Figure 7: The relaxed PFP-graphene dimers for (a) Z-dol, (b) Z-tetraol, and (c) DDPA. White = hydrogen, red = oxygen, grey = carbon,
blue = fluorine, and violet = nitrogen.

the PFPE and graphitic carbons, while for DDPA, the
fluorines and DLC hydrogens. Based upon the interaction
energies, it is predicted that Z-tetraol would adhere more
strongly to DLC with potentially less spin-off. In addition
to the chemical composition of the DLC, the dimensional
characteristics could also contribute to enhanced adhesion
since the structure the PFPE encounters is not smooth. One
may expect a less smooth structure in the DLC case than in
the case of pure graphene or diamond due to the processes
used in manufacturing the sp2/sp3 hybrid.

Although the PFPE-DLC relaxations indicate that the
PFPE is more strongly attracted to the graphitic form of car-
bon, we systematically examine the effect of carbon structure
on PFPE adhesion by independently calculating interactions
with diamond and graphitic carbon. To simulate PFPE
interaction with pure diamond without periodic boundaries,
we choose a simplified structure of sp3 bonded carbons with
hydrogens terminating all dangling bonds. Figure 6 gives the
relaxed PFPE geometries with pure diamond. Table 4 shows

that the interactions for all three PFPE-diamond dimers are
attractive. As with the PFPE-DLC dimers, Z-tetraol has the
highest interaction energy of−63.8 kJ/mol with similar values
of−38.0 kJ/mol for Z-dol and−39.9 kJ/mol forDDPA. For the
diamond case, the Z-dol and Z-tetraol hydroxyl groups have
the closest contact with the diamond hydrogens. For DDPA,
the fluorines have the closest contact with the diamond
hydrogens. All three PFPEs exhibit weaker interactions with
the pure diamond than they did with the DLC structure.This
supports the observation in the DLC relaxed structures that
the PFPEs were interacting more strongly with the graphitic
structures as evidenced by their positions.

We utilize a single graphene flake in order to represent
the purely graphitic carbon. Figure 7 shows the relaxed
geometries for the PFPEs with a graphene flake, and the
interaction energies for the PFPEs with graphene are given in
Table 4 where the Z-tetraol has a slightly stronger interaction.
For all three cases, the interaction energies are larger than
those for the PFPE-diamond cases. This again indicates that
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Figure 8: (a) Z-dol-graphene equilibrium geometry, (b) Z-tetraol-graphene equilibrium geometry, and (c) DDPA-graphene equilibrium
geometry. Red = oxygen, violet = nitrogen, blue = fluorine, grey = carbon, and white = hydrogen.

the PFPE end-group structures are more strongly attracted
to the graphitic carbon. The hydroxyl group interacting with
the graphene carbons gives the closest contact in the case of
Z-dol, and the Z-tetraol hydrogens have the closest contact
with graphene. DDPA’s propyl hydrogens have the closest
graphene contact for the complex. For the graphitic carbon,
the high electron density in the sp2 bonds allows for transfer
of charge to the PFPE, which most likely leads stronger bond
than what is possible in the PFPE-diamond complex. The
closest interatomic contacts are between the PFPE hydrogens
and graphene carbons in Figure 7 supporting the existence
of charge transfer between the hydrogens and sp2-bonded
carbons. These results provide evidence that a higher sp2
carbon fraction in COCs could produce stronger PFPE
adhesion. Thus, this analysis demonstrates the power of
molecular architecture to provide guidelines for achieving
the desired material properties such as adhesion. The exact
sp2/sp3 ratio whichmaximizes adhesion could be determined
more precisely via optimization procedures.

Since graphene has the potential to be a paradigm-
shifting overcoat due to the savings in thickness, we investi-
gated in more detail the PFPE-graphene interaction. In the
case of a graphene overcoat (GOC), a few layers may be
necessary to adequately protect the media. The effect of the
number of graphene layers on its properties is a topic that
has been previously investigated in the literature [26, 27].The
interesting phenomenon in these studies is the dimensional
crossover from a two-dimensional structure to a three-
dimensional one. In our context, the dimensional crossover
can be evaluated in terms of the effect of GOC thickness
on PFPE interaction. Thus, we evaluated the effect of single-
versus double-layer graphene on interactions with our model
PFPEs: Z-dol, Z-tetraol, and DDPA.The interaction energies
of each PFPE-GOC dimer in these test cases are examined.

Since the atomically thin graphene structure has never
been utilized as a disk overcoat adjacent to PFPE lubricant, we
studied, for the first time, the interaction between PFPE and
a model graphene. The interaction energy results of Table 5
indicate that all of the end groups have stable interactions
with the model graphene. However, DDPA’s interaction
energy with the GOC is still much lower compared to Z-
dol and Z-tetraol which is consistent with the intermolecular

Table 5: The counterpoise corrected interaction energies for
lubricant-GOC clusters for single-layer (denoted as (𝑠)) and double-
layer (denoted as (𝑑)) graphene. All values are in kJ/mol.

PFPE 𝑈
Cp
int (𝑠) 𝑈

Cp
int (𝑑)

Z-dol −7.75 −10.17
Z-tetraol −6.11 −25.04
DDPA −1.70 −16.37

separations between the structures in Figure 8. To evaluate
the effect of having a two-layer graphene surface on lubricant
adhesion, an additional layer was added to the lubricant-
GOC dimers as shown in Figure 9. The additional layer
was added at the experimental graphene-layer separation of
3.35Å, and the interaction energy of the lubricant at this
geometry was calculated. Table 5 shows that the lubricant
adhesion improves with the introduction of the second layer,
particularly for the Z-tetraol andDDPA forms. For the single-
layer GOC, the Z-dol and Z-tetraol hydroxyl groups have the
closest contacts, while theDDPAhydrogens are the closest for
the DDPA-single GOC layer dimer. Similar close contacts are
observed for the double-layer GOC cases. Thus, in addition
to the extra protection to the magnetic media offered by an
additional layer of graphene, our calculations indicate that
more desirable lubricant adhesion can be achieved as well.

By our atomistic scale investigation, we have demon-
strated a qualitative trend in end-group structure’s influence
on adsorption on graphene. Our feasibility study indicates
that graphene could replace existing COC when using con-
ventional lubricants like Z-dol andZ-tetraol due to significant
adhesive properties, and they may be superior to alternative
lubricantmaterials likeDDPA.However, Z-tetraol andDDPA
exhibit the much stronger adhesion with the addition of
a second layer. We further introduced the novel concept
of a solid-state buffer layer between PFPE and graphene
to add extra lubrication and protection of the GOC. Our
study will eventually lead to rigorous investigation of the
PFPE-PFPE and PFPE-COC interactions that can be tuned
to develop atomistic design criteria in lubricant technology.
Large size graphene sheets with significant defects including
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Figure 9: Two-layer graphene with (a) Z-dol, (b) Z-tetraol, and (c) DDPA. Red = oxygen, violet = nitrogen, blue = fluorine, grey = carbon,
and white = hydrogen.
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Figure 10:The full Z-dol model (above) is mapped onto the reduced Z-dol model (below). Red atoms = oxygen, blue atoms = fluorine, white
atoms = hydrogen, and grey atoms = carbon.

grain boundaries and its interaction with PFPEs are currently
being investigated.

3. Integration of Atomistic and
Molecular Scales

Although our atomistic scale study provides valuable infor-
mation regarding the fundamental role of molecular archi-
tecture on material performance, the oligomeric structure of
PFPE presents a challenge for efficient molecular/mesoscale
computation of the extremely large number of atomic degrees
of freedom in molecular simulations. Therefore, a method to
reduce the number of degrees of freedom in the atomistic
models of oligomeric PFPE is essential from the compu-
tational view point. Extensions beyond the atomistic scale
are necessary to evaluate the lubricant/COC behavior in a
manner more closely linked with realistic HDImaterials.The
power of the multiscale approach is the ability to base the
higher scale descriptions upon the information gleaned from
the lowest-scale descriptions.

Historically, reduced order modeling (ROM) [28] has
been used to describe continuum/device scale models using

fewer degrees of freedom as shown in Figure 10. In this
paper, we describe how the ROM methodology techniques
can be applied in bridging atomistic/molecular scale models
of PFPE. In ROM, the full model (FM) is solved for various
inputs to generate snapshots of the model output spanning
a predefined domain. The dimension of the snapshot set is
then reduced by projecting onto a fewer basis functions and
expanding the output in terms of the reduced basis resulting
in a reduced model (RM).

The atomistic FM introduced here is defined via the
following intramolecular Hamiltonian, ℎ

𝑎
:

ℎ
𝑎

= ∑

𝑖

0.5𝑘
𝑎

𝑖
(𝑟
𝑖
− 𝑟
0
)
2

+ ∑

𝑗

0.5𝑘
𝑎

𝑗
(𝜃
𝑗

− 𝜃
0
)
2

+ ∑ ∑

𝑚,𝑙

𝐴
𝑚,𝑙

𝑃
𝑚,𝑙

.

(5)

Here, 𝑘
𝑎

𝑖
, 𝑘
𝑎

𝑗
, and 𝐴

𝑚,𝑙
are the coefficients of the bond, bend-

ing, and torsional potentials, respectively. The parameters 𝑟
𝑖
,

𝜃
𝑗
, 𝑟
0
, and 𝜃

0
are the instantaneous and equilibrium bond

lengths and angles, respectively. 𝑃
𝑚,𝑙

represents a Legendre
polynomial. These parameters for the FM simulation are
generated via the method of Hessian eigenvalue analysis
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as previously described in Section 2.2. The snapshots are
generated via FM molecular dynamics (MD) simulation
which yields atom trajectories, x = {𝑥

1
, . . . , 𝑥

na
}, x ∈ R𝑡×na

corresponding to the coordinates of an atom, na, over time, 𝑡.
To reduce the dimension of the model, based on the snapshot
data, we incorporate amapping operator whichmaps clusters
of atoms onto single RM sites. Our RM sites have a physical
linkage to the FM. Noid et al. [29] showed that a center of
mass mapping operator

𝑋 =
∑ 𝑚
𝑖
𝑥
𝑖

∑ 𝑚
𝑖

(6)

is sufficient for consistency between an atomistic and coarse-
grained (molecular) model in phase space. Here, we map
x ∈ R𝑡×na onto X ∈ R𝑡×nm, with the new dimension nm < na.
Thus, with this reduction, we have the trajectories of only
nm RM sites over time. From this analysis, for simplicity, we
generate a new RM intramolecular stretching Hamiltonian,
ℎ
𝑚
:

ℎ
𝑚

= ∑

𝑖

𝑘
𝑚

𝑖
(𝑅
𝑖
− 𝑅
0
)
2

. (7)

In our earlier analysis, MD of coarse oligomer models has
been accomplished using a bead-spring model with only
bond stretching constraints which can adequately capture
chain conformational behavior at this larger molecular scale.
The coefficients of ℎ

𝑚
are calculated by fitting the Boltzmann

distribution

𝐶 exp(−
ℎ
𝑚

𝑘
𝐵
𝑇

) , (8)

which describes statistics in the canonical ensemble, into
the probability distribution of the X data set obtained from
mapping x onto reduced space. Here, 𝑘

𝐵
is the Boltzmann

constant, 𝑇 is the absolute temperature, and 𝐶 is a nor-
malization constant. We apply our ROM methodology to
the lubricant PFPE Z-dol, where we reduce 42 atoms to
7 RM sites. Table 6 shows selected bond and angle parameters
for the FM intramolecular Hamiltonian. After the ROM
procedure, as illustrated in Figure 10, we obtain the 6 RM
force constants corresponding to (7)where selected values are
given in Table 6. Compared to the stretching parameters of
the FM, the RM parameters have significantly smaller values
indicating more flexible bonds between the RM sites. Since
the angle bending parameters in the FM are consistently
less than the stretching parameters, it is justified to describe
the RM using the bead-spring approach since RM bending
would be a relatively insignificant constraint. In summary,
we have applied a traditionally continuum/device level ROM
methodology to link atomistic/molecular scale models which
can span the entire scale integration, as shown in Figure 10,
yielding a full scale HDI design.

In the next section, we move our focus to coarse-grained
descriptions of PFPEs established on RM Hamiltonians such
as those described in this section. Based upon this lower
resolution molecular scale model (bead-spring chains), we
investigate the static and dynamic properties of PFPEs via

Table 6: Parameters for reduced model intramolecular Hamilto-
nian.

RM Bond 𝑘
𝑚

𝑖
(kJ/mol Å2) 𝑅

0
(Å)

End-backbone 244.09 2.52
Backbone-backbone 179.20 2.45

both equilibrium and nonequilibrium MD. In this higher
scale approach, the functionality is dependent uponbead type
instead of the detailed atomistic architecture. In addition, the
nanorheology and nanomechanics are explored to determine
the effect of lubricant blend composition and chain structure
on the molecular/mesoscale behavior that is critical in the
HDI application. We also extend our atomistic calculation of
various PFPE/COC combination properties, as was done in
Section 2.3, to the molecular scale by utilizing the atomistic
scale interaction results.

4. Molecular Simulation

4.1. Coarse-Grained Model. PFPE molecules were character-
ized via a coarse-grained MD (CGMD), which simplifies
the detailed atomistic structures by categorizing groups of
atoms with uniform bead size for backbone and end group
based on the dimension of the oligomer. This approach,
nevertheless, retains the essence of molecular structure and
chain flexibility. To implement the atomistic level theory in
MD models, we applied a coarse-graining procedure linking
atomistic potentials and molecular/mesoscale simulations
combining the parameters obtained from quantum mechan-
ical calculation, as illustrated in Figure 11.

A flat and smooth surface was assumed to model the
COC. Coarse-grained bead-spring PFPE is composed of a
finite number of beads with different physical or chemical
properties. For simplicity, we assume that all the beads,
including the end beads, have the same radius. Force field
in this model is constructed by Lennard-Jones (LJ1) and
van der Waals (LJ2) potentials for dispersive bead-bead and
bead-wall interactions, respectively (Figure 12). For polar
interactions, exponential potential functions (EXP1 and 2)
were added to both bead-bead and bead-wall cases. For the
bonding potential between adjacent beads in the chain, a
finitely extensible nonlinear elastic (FENE) model was used.
For example, PFPE Z-dol can be characterized differently
from PFPE Z by assigning the end bead a polarity originating
from the hydroxyl group in the chain end.

Neighboring beads are connected via a FENE spring as
shown in the following equation:

𝑈FENE(𝑙) =

{{

{{

{

−
1

2
𝑘𝑅
2

0
ln[1 − (

𝑙 − 𝑙
0

𝑅
0

)

2

] 𝑙
0
− 𝑅
0
≤ 𝑙 ≤ 𝑙

0
+ 𝑅
0

∞ otherwise,
(9)

where 𝑙 is the bond length, 𝑙
0
is the equilibrium bond length,

𝑅
0
is themaximum extensible range of the spring, and 𝑘 is the

spring constant which quantifies the rigidity of the bond.
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Figure 11: Illustration of coarse-graining procedure by using ROM for PFPE molecular systems.
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Figure 12: Potential energies for the bead-spring model. LJ1:
Lennard-Jones potential, LJ2: van der Waals potential, EXP1 and
EXP2: short-range polar potential, FENE: finitely extensible nonlin-
ear elastic potential.

All beads, including the end beads in PFPEZ-dol, interact
with each other by a pairwise, dispersive, truncated Lennard-
Jones (LJ) potential as shown in the following equation:

𝑈LJ (𝑟) =
{

{

{

4𝜀 [(
𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

] 𝑟 < 2.5𝜎

0 𝑟 ≤ 2.5𝜎,

(10)

where 𝑟 is the distance between beads, 𝜀 represents the well
depth of LJ interaction, and 𝜎 is the bead diameter.

For the dispersive bead- (db-)wall interaction, we used
the attractive potential, 𝑈db−wall(𝑧):

𝑈db−wall (𝑧) =

{{

{{

{

−
𝜀
𝑤

𝜎
3

(𝑧 + 𝜎)
3

𝑧 ≥ 0

∞ 𝑧 ≤ 0.

(11)

Here, 𝑧 is the distance from the wall and 𝜀
𝑤

= 4𝜀 is the
potential depth.

Previous studies have indicated that the coupling between
end groups and their binding to the solid surface is more
like a hydrogen bonding interaction [30] from an ab initio

Table 7: Endbead-endbead interaction (𝜀𝑝) between PFPEs, that is,
Z-dol, Z-tetraol, and DDPA (kJ/mol).

PFPE
Z-dol Z-tetraol DDPA

Z-dol −34.46 −35.63 5.23
Z-tetraol — −59.03 –6.53
DDPA — — –3.98

calculation [31]. While other studies considered the possibil-
ities of hydrogen transfer [32] and esterification as a result of
annealing [33]. In the functional PFPE model, the polarity
interaction is assumed to happen within a short range and
is modeled as an exponential decay function. Equation (12)
describes the potential function among end beads:

𝑈eb−eb (𝑟) = −𝜀
𝑝 exp (−

𝑟 − 𝑟
𝑐

𝑑
) , (12)

where 𝜀
𝑝 represents the interaction strength between end

beads (Table 7), 𝑟
𝑐
is the critical distance between a pair of end

beads, which is defined by the diameter of an endbead, and 𝑑

is the decay length in the exponential function, which must
be small to meet the criteria of the short-range interaction.

Further, end beads interact with the solid wall as

𝑈eb−wall (𝑧) = −𝜀
𝑝

𝑤
exp (−

𝑧 − 𝑧
𝑐

𝑑
) , (13)

where 𝑧
𝑐
is the critical distance of the interaction. Note that

the larger the 𝜀
𝑝

𝑤
(Table 4), the stronger the interaction.

By varying molecular structures and inputting ab initio-
based 𝜀

𝑝, atomistically architectured PFPEs are modeled
in this simulation. Monolayer and multilayer films were
investigated within the simulation box dimensions in the 𝑥
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Figure 13: Radius of gyration as a function of the distance from thewall, 𝑧[𝜎], for𝑁
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and 𝑦 directions of 40𝜎×40𝜎with NVT ensemble, where 𝜎 is
the diameter of the bead. After the system equilibration, the
simulations were performed for 40 000𝜏 with the time step of
0.005𝜏, where 𝜏 is 𝜎(𝑚/𝜀)

0.5, and 𝑚 is the mass of the bead.
Periodic boundary conditions were applied in the 𝑥 and 𝑦

directions.

4.2. Molecular Dynamics. The equation of motion can be
expressed in the following Langevin equation form [34–36]:

𝑚
𝑑
2
𝑟
𝛼𝑖

𝑑𝑡2
= −

𝜕𝑈

𝜕𝑟
𝛼𝑖

− 𝜁 ⋅
𝑑𝑟
𝛼𝑖

𝑑𝑡
+ 𝑓
𝛼𝑖

(𝑡) . (14)

Here, 𝑖 spans 1, 2, . . . , 𝑁 and 𝛼 spans 1, 2, . . . , 𝑁
𝑝
, where 𝑁

and𝑁
𝑝
imply the number of PFPEmolecules andmonomers,

respectively, 𝑚 is the mass of the beads, and 𝑈 is the potential
energy of the system expressed as some of all potential energy
given in (9)–(13).

𝜁 is the frictional tensor.We assume it to be isotropic; that
is, 𝜁 = ΓI (I is unit tensor). f

𝛼𝑖
is assumed to be Gaussian

white noise, which is generated according to the fluctuation-
dissipation theorem [35, 37]

⟨f
𝛼𝑖

(𝑡) f
𝛽𝑗

(𝑡

)⟩ = 2𝑘

𝐵
𝑇Γ𝛿
𝛼𝛽

𝛿
𝑖𝑗
𝛿 (𝑡 − 𝑡


) I. (15)

Here, the angular brackets denote an ensemble average, which
is the same as time average from the ergodic hypothesis.
𝛿
𝛼𝛽

and 𝛿
𝑖𝑗
are Kronecker delta and 𝛿(𝑡 − 𝑡


) is Dirac’s delta

function.

4.3. Static and Dynamic Properties. We examined the molec-
ular conformations of the confined film via the anisotropic

radius of gyration (𝑅2
𝑔

= 𝑅
2

⊥
+ 2𝑅
2

‖
) in parallel (‖) and per-

pendicular (⊥) components:

𝑅
2

‖
=

1

2𝑁
𝑃

𝑁𝑃

∑

𝑖=1

[(𝑥
𝑖
− 𝑥
𝑔
)
2

+ (𝑦
𝑖
− 𝑦
𝑔
)
2

] ,

𝑅
2

⊥
=

1

𝑁
𝑃

𝑁𝑃

∑

𝑖=1

(𝑧
𝑖
− 𝑧
𝑔
)
2

,

(16)

where 𝑥
𝑔
, 𝑦
𝑔
, and 𝑧

𝑔
are the locations of the chain’s center

of mass. The anisotropic radius of gyration as a function of
distance from the wall 𝑧 (Figure 13) demonstrates that the
chain conformation becomesmore oblate as the wall distance
decreases.

The chains in the film extend more in a perpendicular
direction than in a parallel direction, resulting in a layered
structure. However, the endbead interaction does not signif-
icantly affect the conformation of both 𝜀

𝑝

𝑏
= 𝜀
𝑝

𝑤
≡ 𝜀 and

𝜀
𝑝

𝑏
= 𝜀
𝑝

𝑤
≡ 2𝜀, where 𝑅

⊥
oscillates around that of chains with

𝜀
𝑝

𝑏
= 𝜀
𝑝

𝑤
= 0.

The difference Δ𝑅
⊥

≡ 𝑅
⊥

− 𝑅
0

⊥
plotted in Figure 14 shows

that Δ𝑅
⊥
maximizes near 𝑧 = 3 and 𝑧 = 8 and minimizes

near 𝑧 = 5 and 𝑧 = 12 (𝑅0
⊥
represents themean perpendicular

radius of gyration.).This conformational fluctuation is due to
the coupling and orientation of the functional end beads.

Figure 15 shows the density profile as a function of the
distance from the wall. The polymer chains (𝑁

𝑝
= 10) with

functional end beads (𝜀𝑝
𝑏

= 𝜀
𝑝

𝑤
= 𝜀 and 𝜀

𝑝

𝑏
= 𝜀
𝑝

𝑤
=

2𝜀) exhibit pronounced peaks, while the nonfunctional end
beads (𝜀𝑝

𝑏
= 𝜀
𝑝

𝑤
= 0) are monotonic. The end beads are

believed to couple near the peak. Because the end beads in the
first layer attach to the wall due to the attractive functional
interaction, the orientation of end beads is induced in the
second layer, and likewise, the orientation propagates to
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⊥
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[𝜎] for the chains (𝑁

𝑝
= 10) with

functional end beads for (∙) 𝜀
𝑝
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𝑝

𝑤
= 𝜀 and () 𝜀

𝑝

𝑏
= 𝜀
𝑝

𝑤
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(𝑧[𝜎] is the distance from the wall.) Error bars indicate one-half of
the standard deviation and are shown only for 𝜀

𝑝

𝑏
= 𝜀
𝑝

𝑤
= 𝜀.

subsequent layers. In the case of the chains located within
the end beads’ density peak, the functional end beads also
stay within the peak to couple with other end beads resulting
in a flatter conformation. The chains located out of the peak
unfold themselves so that their end beads can reach other
end beads. The characteristic oscillation in the molecular
conformation (Figure 14) and the density profile (Figure 15)
is induced by functional end beads.

To establish a qualitative relationship between orientation
and the layer structure, we examined the number of layers at
𝑧, and the endbead density is plotted in Figure 16 for 𝜀

𝑝

𝑏
=

𝜀
𝑝

𝑤
= 2𝜀. The bead density profile has three peaks: at the wall,

between the second and third layers, and between the fourth
and fifth layers. The adsorption of functional end beads
results in an alternate ordering in the subsequent layers, that
is, up in the second layer, down in the third, and so forth.Our
result provides a direct interpretation of experimental surface
energy data for PFPE films with functional end groups [30].
The nondispersive component of surface energy exhibited
an oscillatory pattern with increasing film thickness and
was shown to be approximately proportional to end-group
density, as demonstrated in our previous study [30, 38]. Our
simulation results also suggest that the density variation of
the end groups is related to the characteristic behavior of the
surface energy of PFPE films.

Furthermore, functional end-group density variation
could qualitatively explain the spreading profiles of PFPE
films. The surface diffusion coefficient obtained from the
experimental spreading profile depends strongly on the layer
positions via end-group orientation [39].That is, the diffusion
coefficient between the second and third layers is smaller
than that between the first and second layers because of the
endbead coupling, which is consistent with the observation
made by Ma et al. [40], who also provided a qualitative
explanation for the anomalous peaks in thickness-dependent
diffusion coefficients.
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Figure 15: Density profiles of the end beads as a function of the
distance from the wall, 𝑧[𝜎]: (a) 𝜀

𝑝

𝑏
= 𝜀
𝑝

𝑤
= 0 and (b) 𝜀

𝑝

𝑏
= 𝜀
𝑝

𝑤
= 𝜀,

and (c) 𝜀
𝑝

𝑏
= 𝜀
𝑝

𝑤
= 2𝜀.

As temperature increases, the layer expands and the
orientation of end beads smears. This is shown in Figure 17.
The observed expansion of layer thickness is attributed
mainly to the temperature dependence of the intermolecular
interaction and excluded volume effect not due to bond
stretching. Temperature dependence, which is pertinent to
the annealing process of thin polymeric lubricant films, has
been carefully examined by Hsia et al. [41].

The steady-state nanoscopic properties were examined,
and the result agrees qualitatively with the simulation
results obtained via the simple reactive sphere (SRS) model
discussed. Our results provide a direct interpretation of
experimental surface energy data for PFPE films with func-
tional end groups [30, 38, 42, 43]. Stable films did not
experience dewetting or film rupture. However, a rougher
surface morphology was observed for smaller molecular
weights (Figure 18(b)) and strong endbead functionality
(Figure 18(c)). Visualizations of surface morphology could
provide powerful tool for describing air bearing stability.

Another noteworthy observation is the segregation, or
localization, of chain-ends at the film surface, which was
found both in the nonfunctional and functional chain-ends.
The endbead density obtained from the MD simulations is
normalized with respect to the total number of beads and
plotted in Figure 19 as a function of endbead functionality.
The segregation of the nonfunctional chain-ends at the
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Figure 17: Temperature effect on the density profiles of end beads
(𝜀𝑝
𝑤

= 2𝜀
𝑝

𝑏
= 2𝜀) as a function of the distance from the wall

(𝑧[𝜎]). 𝑇 = 0.5𝜀/𝑘
𝐵
(dot-dashed line), 𝑇 = 0.8𝜀/𝑘

𝐵
(dashed line),

𝑇 = 1.0𝜀/𝑘
𝐵
(dotted line), and 𝑇 = 1.5𝜀/𝑘

𝐵
(solid line).

surface (𝜀𝑝 = 𝜀
𝑝

𝑤
= 0) assures that the driving force is entirely

entropic. The chains can avoid the decrease in entropy by
having the nonfunctional ends localized at the film surface
where the number of configurations is reduced due to chain
folding. The mildly functional end beads (𝜀𝑝 = 𝜀

𝑝

𝑤
= 𝜀) still

localize at the film surface, which suggests that the entropic
contribution is more dominant, and, as a result, the free
energy of the system is minimized by having the end beads
localized. The strongest functional end beads, on the other
hand, are totally depleted from the surface (𝜀𝑝 = 𝜀

𝑝

𝑤
= 3𝜀).

The contribution of surface enthalpy to the free energy is
too large to be compensated by the entropic component. In
this case, therefore, all of the functional end beads minimize
the energy of their functional interaction by coupling with
other end beads inside the film. In the same manner, the
segregation of small molecular weight fraction at interfaces
was observed from our binary MD simulations.

For the dynamic property, we will examine the self-
diffusion process of a tagged PFPE molecular center of mass
from the simulation to achieve insight into the excitation of
translational motion, that is, spreading and replenishment.
The squared displacement of the center mass of a molecule or
a bead is used as a measure of translational movement. The
self-diffusion coefficient, 𝐷, can be represented as a velocity
autocorrelation function:

𝐷 = lim
𝑡→∞

1

6𝑡
⟨|r (𝑡) − r (0)|

2
⟩

= ∫

∞

0

⟨ ̇r (𝑡) ⋅ ̇r (0)⟩ 𝑑𝑡 = ∫

∞

0

⟨ ̇x (𝑡) ̇x (0)⟩ 𝑑𝑡

+ ∫

∞

0

⟨ ̇y (𝑡) ̇y (0)⟩ 𝑑𝑡 + ∫

∞

0

⟨ ̇z (𝑡) ̇z (0)⟩ 𝑑𝑡

≡ 𝐷x + 𝐷y + 𝐷z = 2𝐷
‖

+ 𝐷
⊥

,

(17)

where ̇r(𝑡) ≡ ̇x(𝑡)𝑖 + ̇y(𝑡)𝑗 + ̇z(𝑡)𝑘 denotes the velocity
vector of the center of mass for a PFPE molecule. Figure 20
illustrates the results for the 𝐷

‖
and 𝐷

⊥
(the components

of the diffusion coefficients in the directions parallel and
perpendicular to the solid surface) obtained from our pre-
liminary MD simulations.

We may also study the molecular relaxation process,
which has been investigated by the autocorrelation function
of normal modes for a linear polymer chain [44]. The
relaxation spectrum can be analyzed by the Kohlrausch-
Williams-Watts function [45]:

𝐶 (𝑡) ≡ 𝐶 (0) exp ⌊−(
𝑡

𝜏∗
)

𝛽

⌋ . (18)

Here, 𝜏
∗ represents the elementary relaxation time and

the stretching parameter𝛽 is descriptive for the nonexponen-
tial decay process (or distribution of relaxation times), or it
physically quantifies the confinement effect; that is, the larger
the 𝛽 is, the stronger the confinement becomes. Figure 21
demonstrates the contribution of the solid surface to the
relaxation process for end-functional PFPEs (𝜀𝑝 = 𝜀

𝑝

𝑤
= 2𝜀)

by comparing the bulk (𝜀
𝑤

= 0) with nanofilm (𝜀
𝑤

= 4𝜀). A
longer 𝜏

∗ is observed for the nanofilm than for the PFPE bulk,
but the MW dependence, that is, 𝜏

∗
∝ (𝑁

𝑝
)
𝜃, is weakened.

For instance, 𝜃 = 2.01 ± 0.05 for the bulk as the Rouse
model predicts [46], but it decreases to 1.84 ± 0.07 for the
nanofilm. In addition, 𝛽 for the nanofilm increased slightly
(about 0.15) withMWas seen from the solid line in Figure 22.
Note that the end-group ratio, 2/𝑁

𝑝
, decreases for higher

MWand that the functional end groups interact stronglywith
the solid surface. Consequently, the higher the end-group
ratio in a PFPE chain is, the stronger the PFPE-solid surface
interaction results. Compared with lower-MW PFPEs, the
effective interaction with the surface reduces for higher MW
PFPEs.

4.4. Various PFPEs and COCs. For the future HDI
design, which increases the stability while reducing the
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Figure 18: Morphology of PFPE films from MD simulations: (a) schematic of simulated surface roughness for (b) molecular weight
dependence (𝑁

𝑝
= 10 (upper), 15 (middle), and 20 (bottom)) and (c) endbead functionality dependence (𝜀𝑝

𝑤
= 𝜀
𝑝

= 1 (upper) and 𝜀
𝑝

𝑤
= 𝜀
𝑝

= 4

(bottom)).

configuration scale to obtain the higher sensitivity of the
head and magnetic layer interactions, we introduced various
COCmaterials including graphene. Due to the advantages of
graphene including the single atomic thickness of graphene
and superior mechanical and thermal characteristics, HDI
with graphene will provide significant reduction in HMS
along with high reliability if we optimize the lubricant
structures (Figure 23). Various PFPEs properties on the
selected COCs were also investigated and compared. As
shown in Figure 24, all PFPEs (Z-dol, Z-tetraol, and DDPA)
show a flat conformation (𝑅

⊥
/𝑅
||

< 1) on three different
carbon surfaces. By comparing the end-group functionalities
listed in Tables 4 and 7, Figure 25 illustrates that the
strength of interactions among end groups and the surface
barely affects the perpendicular molecular conformation as
long as the total number of beads (i.e., molecular weight)
remains constant. Particularly, similar 𝑅

⊥
values for all cases,

which mainly determine the film thickness in a monolayer
lubricant system, indicate that intramolecular factors such as
chain flexibility, molecular weight, or molecular structural
complexity may affect film thickness and conformation more

than intermolecular factors such as end-group functionality
or COC material.

Although the molecular conformations were identical,
we observed that the end-group clusters on the surface vary
for different PFPEs. Figure 26 shows the bottom view of Z-
dol, Z-tetraol, and DDPA, where the end groups are located
on the surface. Both Z-dol and Z-tetraol (Figures 26(a) and
26(b)) exhibit clusters and network structures, and the end
groups of Z-dol form smaller clusters, while DDPA lubricant
film, which has the lowest end-group interaction energy (–
3.98 kJ/mol) between end groups (Table 7), does not display
any clustering. In addition to the PFPEs on the diamond
surface in Figure 26, we also found that PFPEs on the other
surfaces including novel graphene surface (i.e., DLC and
graphene) form similar end-group distributions as those on
the diamond surface.

From this result, we observed that the clusters formed in
PFPE films depend on the interactions between end groups
(Z-tetraol > Z-dol ≫ DDPA) while the interaction between
carbon surfaces and the end groups merely affects the size of
clusters.
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2
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as a function of distance from the surface for nonfunctional (𝜀𝑝
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Figures 27 and 28 compare self-diffusion coefficients of
each component for Z-dol, Z-tetraol, and DDPA on the
diamond, DLC, and graphene. The comparison between 𝐷

‖

and 𝐷
⊥
values indicates that 𝐷

‖
is the dominant diffusion

process since perpendicular diffusion is confined by the
monolayer thickness of PFPE films. The 𝐷

‖
of PFPEs is

ranked in reverse order compared to the interaction strength
between end groups (Z-tetraol < Z-dol < DDPA). Also, the
self-diffusion is affected by the carbon surface structure. Z-
dol exhibits similar mobility on all carbon surfaces, while
Z-tetraol shows minimal mobility which is sensitive to the
carbon surface. DDPA, consisting of a different type of end
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Figure 21: 𝜏
∗
[𝜏] as a function of 𝑁

𝑝
(𝑁
𝑝
: the number of beads per

molecule) for the PFPE (𝜀𝑝 = 𝜀
𝑝

𝑤
= 2𝜀) in the bulk state (𝜀

𝑤
= 0) and

in the nanofilm (𝜀
𝑤

= 4𝜀) with 𝑇 = 1.0𝜀/𝑘
𝐵
.

group fromZ-dol andZ-tetraol (hydroxyl end groups), shows
significantly higher self-diffusion coefficients on the diamond
and graphene structure COC. When the molecular confor-
mation of PFPEs is considered, this result indicates that Z-
tetraol may not be the best choice for the COC beyond the
conventionalmaterials, since a significant disadvantage in the
self-healing ability exists. However, we see that themobility of
DDPA, which is similar to Z-dol on the conventional DLC
overcoat, significantly increases on the graphene as well as
diamond.

Here, we found that the changes in the monolayer film
conformation affected by the perpendicular profile of PFPE
molecular structures on the surface are insensitive to the
kind of end groups or carbon surfaces. However, we observed
that the end-group distributions on the surface depend
on the end-group-end-group interactions. Also, different
chemical types of end groups on PFPEs vary the mobility
of PFPEs with respect to the carbon surface characteristics.
In addition to the various linear functional PFPEs examined
thus far, we investigated different types of PFPEs, which are
atomistically/molecularly architectured functional lubricant
molecules on the existing and novel COC layers (Figure 29).
Since the multiscale methodology provides the advantage
of scale integration, complicated combinatorial problems
of PFPFs and COCs and numerous parameters can be
estimated, and the optimal lubricant design criteria for the
future HDI will be selected by considering the performance
parameters from the bottom scale.

Star-like molecules (TA-30 and QA-40), which prevent
lubricant decomposition at high temperature by eliminating
the acid labile unit (–OCF

2
O–), were also investigated via

coarse-grained model (Figure 30). It has been reported that
an additional functional group in ZTMD affects the film
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Figure 23: HDI configuration and graphene for the COC layer.

conformation by anchoring the backbone [47, 48], which is
adsorbed on the surface so that the structure results in a
smaller film thickness compared to the linear PFPEs. Tani et
al. compared branched PFPEs (e.g., TA-30 and D-4OH) with
Z-tetraol by using the atomic force microscopy (AFM) and
the molecular dynamics, and they found that TA-30 shows
the highest surface coverage and lowest molecular height
among the examined PFPEs [49]. Branches with functional
end groups in star-like PFPEs also form backbones, anchored
on the surface; however, TA-30 and QA-40 may exhibit
different film conformations from the ZTMD due to the

flexible branch backbone. To understand this, we specifically
examined structural effects of anchoring arms on TA-30
and QA-40 on the film thickness. As shown in Figure 31,
star-like PFPEs form similar end-group anchored structures
while QA-40 exhibits more severe network structure due
to the additional functional arm, which may provide the
film stability as well as diminishing mobility (bottom view).
Since QA-40 forms larger clusters inside and at the bottom
of the film, less functional end groups on the surface of
the film represent the reduction of film surface energy,
improving the stability in the near-contact HMS system. The
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flexibility of arms and end-group interactions results in less
flat molecular conformation as well as thicker film as shown
in Figure 32.

4.5. Nanorheology andMechanics. In addition to the inherent
PFPE/COC properties, we further explored the nonequilib-
rium dynamics of HDI operation and PFPE/COC responses.
By adopting the coarse-grained model described in previous
sections to the nonequilibrium MD, we have examined
the nanorheological and nanomechanical responses for the
nonfunctional PFPEs as a function of wall separation/film
thickness and themolecule-solid surface interaction.We also
examined the effect of end-group functionality and further

compared the relaxation time of nanometer thick confined
PFPE films with PFPE bulk.

4.5.1. Nanorheology. There has been great interest in resolv-
ing the rheological and tribological issues of PFPE lubricants
during the intermittent contact between the head and the
disk. We first examined the confinement effect. Figure 33
plots the shear-rate-dependent viscosity of nonfunctional
PFPE (𝜀𝑝

𝑏
= 𝜀
𝑝

𝑤
= 0) nanofilms with three different wall

separation lengths (ℎ), where 𝜀
𝑝

𝑏
and 𝜀
𝑝

𝑤
are endbead function-

alities. As ℎ = 10𝜎, the shear viscosity is slightly larger than
the bulk value. However, as the wall separation gets smaller,
for example, 5𝜎 or even 3𝜎, which contains only 1-2 layers
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Figure 26: Bottomview snapshots of (a) Z-dol (pink: end-group), (b) Z-tetraol (red: end-group), and (c)DDPA (blue: end-group) ondiamond
overcoat surface (light blue: backbone).
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Figure 27: Parallel component of self-diffusion coefficients (𝐷
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/𝜏]) for each component of the material matrix.

of PFPEs, the film shear viscosity increases significantly,
indicating a much stronger external confinement to the
examined films. Thus, the confinement depends nonlinearly
on the wall separation.

We found that the surface confinement plays a vital
role in determining the shear viscosity of PFPE nanofilms.
Nonfunctional PFPE nanofilms confined between two solid
surfaces with a separation of 3𝜎 under different surface
interaction strengths were simulated. The calculated shear
viscosity at the shear rate of 0.1𝜏

−1 as a function of end-
group functionalities is shown in Figure 34, where a second
degree of polynomial dependence is found. Note that this
dependencemay vary with the wall separation and shear rate.

Using the conventional rheometer, Kono et al. [50] exper-
imentally examined the rheological properties of PFPE bulk
systems for the shear rate range of 10−6 ∼103 sec−1. The bulk

rheology examines the dynamic response of PFPE system
under deformation (e.g., shear or elongation) while the
nanorheology for PFPE, for the first time, provides additional
information about PFPE relaxation (or shear viscosity) due
to the nanoscale confinement as well as interaction between
surface and confined molecules. Due to the ease in assigning
external conditions, that is, shear/normal stress into the
simulations, molecular dynamics (MD) turns out to be an
alternative approach to understand the above-mentioned
issues. Here, by modifying our previous simulation model
[22] and incorporating two confined walls, we studied the
rheological responses of PFPE nanofilm as a complementary
tool to estimate the nanoscale lubricant tribological perfor-
mance.

We have examined the viscosity dependence on the end-
group functionality. Figure 35 plots the shear-rate-dependent
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viscosity of both nonfunctional (𝜀𝑝
𝑏

= 𝜀
𝑝

𝑤
= 0) and functional

(𝜀𝑝
𝑏

= 𝜀
𝑝

𝑤
= 3𝜀) PFPE films confined between two solid

surfaces with a separation of 5𝜎. Here, the “shear thinning”
behavior is observed as the shear rate increases. In addition,
when compared to the shear viscosity for the bulk PFPE
system (O(∼101)) [51], the solid surfaces have significantly
confined dynamic behavior of nonfunctional PFPE films
(square symbols), which leads to a huge increase (O(∼104)) in
the shear viscosity at the low shear rate region. On the other
hand, the confined functional PFPE shows less increase in
the steady shear viscosity than the bulk state (O(∼103)) [51].
A similar increase (O(∼102)) in the steady shear viscosity for

the functional PFPE films is also observed (circled symbols).
Therefore, we found that although functional end-group
coupling can slow down the PFPE dynamics, the surface
confinement plays a more dominant role in the rheological
properties of PFPE nanofilms.

4.5.2. Nano-Mechanics. During the HDD operation, the
intermittent contact between the slider and lubricant surface
inevitably results in lubricant pick-up, where the lubricant
molecules could be partially transferred to the air bear-
ing surface due to the horizontal air shear stress as well
as the vertical head-disk interaction and eventually affect
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Figure 30: Coarse-grained bead-spring models of linear PFPEs (Z-dol, Z-tetraol, and ZTMD) and star-like PFPEs with three and four arms
(TA-30 and QA-40), where magenta and red beads represent hydrogenated functional groups.
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Figure 31: Snapshots of multilayer and monolayer TA-30 and QA-30: side and bottom views.
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Figure 32: Schematic description of molecular conformations of
ZTMD, TA-30, and QA-40 on COC.

the tribological performance of the HDI integration, that is,
lubricant depletion and head vertical displacement. There-
fore, nanomechanics of the PFPEfilms, such as “compression”
and “tension” along the normal coordinate, are of technical
significance in the HDI integration. In addition, nanome-
chanics of PPFE films allows us to explore several interesting
nano-lubrication fundamentals, that is, film surface tension,

disjoining pressure, and work of adhesion and separation,
which have been attempted via both experimental [52]
and theoretical [53] tools. Here, using molecular dynamics
(MD) simulation [54], we examined the nanomechanics of
PFPE films, including “compression” and “tension,” where
the lubricant end-group functionality is found to be a key
determining factor in the event of HDI contact. Based upon
the calculated normal stress profile, we further investigated
the rheological property of PFPE nanofilms via the 𝑁-modes
Maxwell model.

In our “thought nanomechanics experiment,” 150 func-
tional PFPE molecules (𝜀𝑝

𝑏
= 𝜀
𝑝

𝑤
= 3𝜀) with the chain

length of 20 beads per molecule were randomly “coated”
onto two solid surfaces facing each other with the horizontal
dimension of 15𝜎 × 15𝜎 and a vertical separation of 25𝜎.
The simulated nanomechanics snapshots are captured in
Figure 36. The MD simulation was first executed to relax
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films with the thickness of 3𝜎 as a function of surface interactions
(𝜀
𝑤
) at the shear rate of 0.1𝜏

−1. Note that 230 functional PFPEs with
𝑁
𝑝

= 10 are confined in the unit cell of 30𝜎 × 30𝜎 × 3𝜎.

PFPE films to the equilibrium state (Figure 36(a)), where
functional end beads in red are either localized near the
solid surface or clustered. The “compression” mode was
then carried out by moving down the top surface at a
constant speed of 0.002𝜎/𝜏. As the separation became less
than the LJ interaction range, interfacial molecules began
to interact with each other (Figure 36(b)) and eventually
merged into single nanoconfined film (Figure 36(c)). During
the “tension” process, while the top surface was retractedwith
the same constant speed, a fluid bridge was found in between
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Figure 35: The shear viscosity of both nonfunctional (𝜀𝑝
𝑏

= 𝜀
𝑝

𝑤
= 0)

and functional (𝜀𝑝
𝑏

= 𝜀
𝑝

𝑤
= 3𝜀) PFPE films confined between two

solid surfaces with a separation of 5𝜎 and with 𝜀
𝑤

= 4𝜀 under 𝑇 =

1.0𝜀/𝑘
𝐵
.

(a) (b) (c) (d) (e)

Compression Tension

Figure 36:The simulated nanomechanics for functional PFPE (𝜀𝑝
𝑏

=

𝜀
𝑝

𝑤
= 3𝜀) films: (a) two well-equilibrated films approach each other,

so-called “compression”; (b) two films are in contact; (c) two films
completely contact and merge into one confined film; (d) the top
surface is retracted, so-called “tension”; and (e) the confined film
is being separated into two parts in the nearly end of the “tension.”
Note that light blue indicates the backbone beads and red represents
the functional end beads.

(Figure 36(d)), became thinner and thinner as the wall sepa-
ration increased (Figure 36(e)), and eventually separated into
two individual films. A similar nanomechanics simulation
was also performed for nonfunctional PFPE nanofilm as
shown in Figure 37,which showed significant difference com-
pared to the functional PFPE nanofilm during the “tension”
process. With the same time interval for data output, no
apparent fluid bridge was observed for nonfunctional film.
Also, the wall separation at the fluid bridge “break” point for
nonfunctional PFPE film (∼24𝜎) is much smaller than that of
functional PFPE film (∼33𝜎).

The corresponding normal stresses, 𝜏
𝑧𝑧

(𝑧 is the coor-
dinate perpendicular to disk surface), during “compression”
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and “tension” processes were further calculated for both
nonfunctional and functional PFPE films. It is shown in
Figure 38 that the film normal stress remains constant as the
top surface moves downwards, but sharply drops when inter-
facial molecular attraction occurs and eventually reaches the
minimum. The normal stress may be significantly increased
afterwards with even a minor compressive strain due to the
strong intermolecular repulsion force, that is, the LJ potential.
In fact, our “compression” mechanics study suggests ∼1𝜎
clearance gain for functional film than nonfunctional film
before the HDI interaction takes place, indicating less lubri-
cant pick-up event for functional PFPEs.During the “tension”
mechanics, an irreversible normal stress profile (hysteresis)
was observed, especially for the functional PFPE film, which
could be relevant to the viscoelasticity and stiction of PFPE
nanofilm and also depends on the retraction rate of the top
surface.

As one of the most classical viscoelastic models for a
polymer system, the Maxwell model with multiple relaxation

Table 8: The elastic moduli and relaxation times for the 𝑁-modes
(𝑁 = 2) Maxwell model for both nonfunctional and functional
PFPE films.

PFPE Nonfunctional Functional
mode 1 2 1 2
𝑔
𝑖
(𝜀/𝜎4) 0.29 0.09 0.44 0.12

V
𝑤,𝑧

𝜆(𝜎) 1.13 1.1 × 1019 1.68 18.36
𝜆
𝑖
(𝜏) 565 Unphysical 840 9180

modes is employed here to understand the viscoelastic
properties of PFPE nanofilms. The Maxwell model can be
represented by a purely viscous dash pot with a viscosity of
𝜂 and a purely elastic spring with the spring constant of 𝑘

connected in series, as shown in Figure 39(a).
The relaxation process of polymeric/oligomeric systems

usually cannot be described by single relaxation time;
therefore, 𝑁-modes Maxwell model is typically preferred
(Figure 39(b): 𝑁 = 2), where the relaxation moduli are given
by

𝐺
𝑁

(𝑡) =

𝑁

∑

𝑖=1

𝑔
𝑖
exp(−

𝑡

𝜆
𝑖

) . (19)

Here, 𝑔
𝑖
and 𝜆

𝑖
(1 ≤ 𝑖 ≤ 𝑁) are the discrete spring con-

stant and the associated relaxation times of the material,
respectively.This idea can be translated from the time domain
to the space domain in that the retraction rate (V

𝑤,𝑧
) of the

top wall remains constant. Therefore, (19) is employed to fit
the simulated film normal stress 𝜏

𝑧𝑧
(𝑧) with V

𝑤,𝑧
= 0.002𝜎/𝜏.

This fit is only limited to the tension process as indicated by
the blue symbols in Figures 40 and 41:

[𝜏
𝑧𝑧

(𝑧) − 𝜏
0
] =

𝑁

∑

𝑖=1

𝑔
𝑖
exp(−

𝑧 − 𝑧
0

V
𝑤,𝑧

𝜆
𝑖

) (𝑧 − 𝑧
0
) . (20)

Here, “0” stands for the reference point, where two films
are completely merged into one confined film before the
repulsion occurs inside the film.

From the “tension” normal stress profiles, we observed
that the PFPE molecules might experience two steps of
relaxation, especially for the functional PFPEs, showing a
sharp slope in the beginning of the “tension” process while
the slope gets compromised once the wall separation is larger
than 20𝜎 in Figure 41. Therefore, 𝑁 is set to be 2 in (19).
The fitted elastic moduli 𝑔

𝑖
and 𝜆

𝑖
via the 𝑁-modes Maxwell

model for both nonfunctional and functional PFPE films are
listed in Table 8, where only one physical mode is observed
for the nonfunctional PFPE film, related to the relaxation
of the backbone beads, while a second mode with weaker
elastic modulus but longer relaxation time is captured for
the functional PFPE film, related to the relaxation of the
functional end beads. Therefore, we believe that in the initial
state of the “tension” process, the relaxation of backbone
beads is dominant. However, the second stage of “tension,”
which shows the apparent long-tail behavior, is mainly
ascribed to functional end beads.
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Figure 39:The schematics of the (a) single mode Maxwell and (b) 𝑁-modes (𝑁 = 2) Maxwell model. Note that 𝑔
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5. Summary and Discussion

In this paper, we have described a multiscale framework for
modeling HDI materials. Beginning with the atomistic scale,
we investigated the effect of detailed atomistic architecture on
intramolecular and intermolecular PFPE degrees of freedom.
The bottom-scale models allow us to investigate the strength
of atomistic interactions between various PFPE/COC mate-
rial pairs motivated by the need to engineermobile lubricants
with strong COC adhesion. Via a bottom to top approach,
the atomistic information is passed to the molecular scale
via coarse-graining procedures.This coarse-graining involves
developing Hamiltonians with reduced degrees of freedom
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Figure 41: The nonlinear square fit of normal stress data using (19)
for functional PFPE (𝜀𝑝

𝑏
= 𝜀
𝑝

𝑤
= 3𝜀) films.

based on atomistic conformations and interaction strengths.
At the molecular scale, molecular dynamics allows for the
investigation of bulk and surface PFPE properties for a
range of functional group compositions. These properties
include diffusion, radii of gyration, film morphology, and
nanorheological performance. Thus, we have demonstrated
a systematic methodology for probing the HDI; however,
this approach can be applied to other physical systems
with phenomena occurring over a range of time and length
scales. Following this same methodology, extensions will be
made to other critical issues in the performance of the HDI
system. As discussed earlier, advancedCOCmaterials such as
graphene have the potential to provide significant savings in
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Figure 42: A schematic of the HDI with fullerene buffer layer
between the PFPE lubricant and graphene. The motion of the
fullerene on graphene can provide additional lubrication.

the COC layer thickness. However, factors such as the
thermo-mechanical properties in the harsh HDI environ-
ment must be well understood.Thus, we apply our multiscale
approach to investigating the mechanical performance of
graphene under stress with various defects and grain bound-
aries via ab initio and molecular dynamics calculations [55].
Other COC configurations are also being considered with
graphene reinforced by fullerenes in a novel solid-state buffer
layer as shown in Figure 42.

Due to significant interest in heat-assisted magnetic
recording (HAMR), we also study heat transfer in graphene
and other nanoscale films via MD and the mesoscale lattice
Boltzmann method (LBM) [56–58]. Consistent with our
multiscale approach, the issue of HAMR’s effect on HDI
materials is also investigated at the atomistic scale using
density functional theory-based ab initio molecular dynam-
ics (AIMD). The AIMD simulation is in the context of
HAMR conditions and is a natural complement to the higher
scale classical MD/LBM studies where the best performing
materials at the bottom, high resolution scale are further
evaluated at higher scales.

In our integration model, we obtained the mesoscale
properties from the coarse-grained model, which enables the
bottom-up approach. This implies that the mesoscale model
can be systematically derived from ab initio simulations via
sequential coarse graining. LBM is the mesoscale/continuum
theory, which can be incorporated to the highest coarse-
grained model (e.g., SRS model [59]) since the LBM is
on particle-based assumption [60–65]. Therefore, LBM can
be used as a fundamental building block for construct-
ing mesoscale/continuum models descriptive for lubricant
as well as air bearing system (ABS). Since the LBM has
the nature of transient physics and simple algorithm for
the parallel calculation, thermal/mechanical models will be
incorporatedwith the integratedmodel also covering adsorp-
tion/desorption kinetics, evaporation, and thermal oxidative
degradation of PFPE lubricant at elevated temperature.
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This paper reviews the state of the head-disk interface (HDI) technology, and more particularly the head-medium spacing (HMS),
for today’s and future hard-disk drives. Current storage areal density on a disk surface is fast approaching the one terabit per square
inch mark, although the compound annual growth rate has reduced considerably from ∼100%/annum in the late 1990s to 20–30%
today.This rate is now lower than the historical, Moore’s law equivalent of ∼40%/annum. A necessary enabler to a high areal density
is the HMS, or the distance from the bottom of the read sensor on the flying head to the top of themagnetic medium on the rotating
disk. This paper describes the various components of the HMS and various scenarios and challenges on how to achieve a goal of
4.0–4.5 nm for the 4 Tbit/in2 density point. Special considerations will also be given to the implication of disruptive technologies
such as sealing the drive in an inert atmosphere and novel recording schemes such as bit patternedmedia and heat assistedmagnetic
recording.

1. Introduction
As the areal density of commercial hard disk drives is quickly
approaching the terabit per square inch milestone [1–5]
(Figure 1), the need to improve the reliability of the head-disk
interface (HDI) and to further decrease the head-medium
spacing (HMS) is becoming eversmore critical [3, 6, 7]. Low
HMS is a necessary enabler to good writability as well as
strong read-back signal integrity [8, 9]. It is estimated that the
HMS will soon need to cross the 7 nmmark in order to reach
this terabit per square inch density point [2, 6]. It is remark-
able to realize that the error rate of the stored digital signal
that is being read back improves approximately by about 2x
for every 0.3–0.5 nanometer of decreased HMS. In addition
to relentless demand for novel, ultrathin protecting films of
overcoat and lubricant, and subnanometer air gap between
the disk and the head, alternative recording technologies
presently being contemplated involve heating the disk to over
500∘C (heat-assisted magnetic recording or HAMR) [10–12]
and/or physically isolating magnetic bits on small islands of
sub-30 nm in physical dimensions (bit-patterned recording
or BPR) [13–16].

In this paper, the roadmap to an areal density of 4 terabits
per square inches will be discussed. Particular emphasis will
be given to the various spacing components that comprise the
HMS budgetand their physical limits. The various implica-
tions of recording technologies incorporating HAMR and/or
BPR will also be addressed.

2. Historical Perspective
Hard drive technology has constantly evolved to achieve
consistent areal density growth. As one technology such as
longitudinal recording has reached its limit, another such
as perpendicular recording has taken over [18]. Along with
advances in heads, media, signal processing, and servo tech-
nology, areal density growth is sustained through improve-
ments in the head-disk interface (HDI). Head-media spacing
(HMS) is the most important HDI parameter related to areal
density growth [6]. Continued developments in the tribolog-
ical design of disk drives havemaintained the reliability of the
head/disk interface despite decreased spacing.

Analysis of long-term trends shows thatHMShas steadily
declined over time (Figure 2). The historical trends indicate
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Figure 2:Historical variations ofHMS versus areal density from [6].
The yellow star is an extrapolation to 4 Tb/in2.

that the HMS of recent products is ∼60% of bit length
(Figure 3) [6]. The HMS for recording demonstrations has
been typically more aggressive, at ∼50% of bit length.

Research consortia such as the Information Storage Ind-
ustryConsortium (INSIC—https://www.insic.com/), Storage
Research Consortium (SRC—http://www.srcjp.gr.jp/), and
the Advanced Storage Technology Consortium (ASTC—
http://www.idema.org/?page id=3193) have included collab-
orations on HDI technology development. For each areal
density, the HMS target has typically been set by the Record-
ing Subsystem (RSS) groups. The past and current HMS
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Figure 3: Historical variations of HMS versus bit length from [6].

trends for the different consortia are shown in Figure 4. The
HMS trends have typically followed the overall trends of
Figures 2 and 3 fairly well. For the HMS roadmaps released
in 2003–2010, the INSIC trend tended to be lower than for
SRC. For the current update (2012), the ASTC trend is higher
than SRC.

For ASTC the main areal density targets are 2 Tb/in2 and
4Tb/in2, with scheduled product introductions of 2016 and
2020, respectively. The current HMS targets for these two
density points is ∼5-6 and 4-5 nm, respectively, that is, less
aggressive than those for INSIC. The 4Tb/in2 HMS goal will
be discussed in more details in Section 4.
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3. Definition of the Head-Media
Spacing Components

As the capacity and performance of disk drives has improved,
the mechanical interface has evolved. The spacing between
the head and the media has steadily decreased to achieve the
rapid improvements in areal density. Figure 5 is a diagram of
head-media spacing (HMS).TheHMS is comprised of the fly
height and coatings (head and disk overcoats, disk lubricant).

In the diagram of Figure 5(b), the surfaces are assumed
to be perfectly smooth—they do not include factors such as
surface topography and variability of the fly height. The fly
height denotes the spacing between the centerline surfaces of
the head and disk.The clearance denotes the spacing between
the close points of the surfaces. The distinction between fly
height and clearance is depicted in Figure 6.

Below are some definitions of terms commonly used by
the HDI/tribology community.

(1) Head-media spacing (HMS): the spacing between
the top of the magnetic layer and the surface of the
transducer.

(2) Flying clearance: difference or margin in fly height
between nominal operation and contact between the
head and disk.

(3) Glide avalanche/touchdownheight (TDH): the lowest
slider flying height above the mean roughness level
without significant slider-disk contact

(4) Flying height = flying clearance + touchdown height

(5) Media lubricant thickness: the average thickness of
the lubricant, assumed to be on top of the media
overcoat

(6) Media cvercoat thickness: the average thickness of the
media overcoat, assumed to follow the topography of
the underlying surface

(7) Head overcoat: head adhesion layer (e.g., silicon) +
diamond-like carbon (DLC)

HMS = head overcoat + TDH + clearance

+media lubricant +media overcoat
(1)

For current hard drives, HMS reductions have been
achieved mostly through reductions in the clearance and
disk and head overcoats. While this trend will continue
for the immediate future, additional HMS reductions will
soon require notraditional HDI designs in order to meet
the demanding recording requirements for areal densities
beyond 1 Tb/in2.

In older drive designs, the air bearing design and passive
topography of the slider determined the fly height and clear-
ance of the transducer. In newer drive designs, the fly height
is actively controlled by a signal that changes the shape of the
slider. The most common method used for this control is to
embed an electrical resistive heater in the slider that will cause
the transducer area to protrude closer to the disk, as is shown
in Figure 6 [19–21]. At some point the interface may need to
be designed to withstand intermittent or continuous contact
[22–27].

Current products have HMS on the order of 10 nm or
slightly below [6]. For the 1 Tb/in2 products under devel-
opment, a Hi-Lo range bracket can be defined, since this
areal density point is no longer precompetitive. For beyond
1 Tb/in2, achievable and stretch values were estimated. The
technological development required to achieve the targets
will be discussed in Section 4. The assessment indicated
that there is promise for achieving 4–6 nm HMS in the
long term. While advancements in HDI design could enable
significant reduction in HMS, new recording schemes could
add to the challenge due to new sources of HMS loss:
heat assisted magnetic recording (HAMR) will experience
effects of high temperature at the interface [28–30], and bit-
patterned magnetic recording (BPR) could have issues with
added disk topography that would add to the touchdown
height [31–34].

4. ASTC HDI Roadmap to 4Tb/in2 and
Major Research Challenges

As shown in Figure 2, a good estimation of the HMS is
∼60% of the length of the bit, and some rationale for this was
recently proposed [6].This offers a convenient way to project
future HMS values, as the following simple equations can be
derived. If one defines areal density (AD) in bits per square
inch as the product of the linear density in bit per inch (BPI)
and track density (TPI), AD = BPI ⋅TPI. Furthermore, the bit
aspect ratio BAR is usually defined as BAR = BPI/TPI; hence,
the bit length (BL), in inches, can be expressed as

BL = (AD ⋅ BAR)−1/2. (2)
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Table 1: Estimated HMS (nm) values as a function of AD and BAR.

BAR
AD (Tb/in2) 3.0 3.5 4.0 4.5
2 6.2 5.8 5.4 5.1
4 4.4 4.1 3.8 3.6

With the HMS approximation of 60% of BL, we now have a
very convenient expression linking HMS (in nanometer) to
AD (in Tb/in2), for a given BAR:

HMS (nm) ≈ 15 ⋅ (AD ⋅ BAR)−1/2. (3)

Numerical HMS values based on (3) are reproduced in Table 1
below.

As shown inTable 1, achieving a 4 Tb/in2 areal densitywill
require an HMS in the vicinity of ∼4.4 nm, assuming a bit
aspect ratio (BAR) of 3. Table 2 offers two scenarios for the
HMS breakdown into its various components. In the table,
the 2010 projection from INSIC is also presented, as well as
a realistic range for the 1 Tb/in2 density point that sponsor
companies are working towards. For the 4 Tb/in2 point, both
“Achievable” and “Stretch” values are offered, corresponding
to roughly 60–100%and<60%chance of success, respectively.
It is clear from the table that achieving the ∼4.4 nm goal
is a high risk, and it will require evolutionary as well as
revolutionary changes in materials, processes, and clearance

control schemes. HDD architecture (e.g., sealing in inert
atmosphere) might also be needed [35]. This is discussed in
the following sections.

4.1. Materials: Disk and Head Overcoat. It is clear from
Table 2 that the biggest contributor to today’s HMS is
the carbon overcoat, both on the disk and on the head.
Combined, they amount to about half of today’s (aka 1 Tb/in2)
HMS budget. Historically, overcoat thickness reduction on
both components has been enabled by denser carbon, as well
as smoother underlying surfaces for the magnetic medium
(disk) and RW elements (head). Head carbon has evolved
from sputtered to plasma-enhanced chemical vapor depo-
sition (PE-CVD) to filtered cathodic arc (f-CAC) carbon
[36–39], which increased the density, sp3/sp2 ratio, and
hardness [40]. On the disk side, f-CAC technology has not
yet been made manufacturable [41, 42], mostly because of
particle and deposition rate challenges, and most if not all
disks shipped today are coated with some sort of PE-CVD
deposited amorphous carbon overcoat. It is believed that
disk deposition tools will soon need to offer new carbon
technologies, able to closely emulate a high sp3 bonded,
f-CAC-type carbon film. On the head side, evolutionary
optimization of the overcoat technology might allow to reach
the 4 Tb/in2 goal of ∼1 nm, believed to be the ultimate
coverage limit of f-CAC. Finally, although many attempts
have been made by disk manufacturers to develop and ship
noncarbon overcoated disks, it remains an open question
whether any thin film materials other than carbon can be
made as hard, dense, and chemically inert as carbon films
[43–47]. The latter issue could be alleviated if HDD’s can be
sealed in an inert environment [35]. It is also believed that
such a drastic change in the drive mechanical platform could
help reduce overcoat thickness on both heads and disks, as
magnetic medium and read/write alloy corrosion could then
be suppressed, or at least drastically reduced. Our estimate
of such benefit is in the range of 0.2–0.3 nm or greater, for
an overall reduction of ∼0.5 nm, that is, a substantial amount
of about 10% of the total HMS. Another potential alternative
is to develop a disk surface modification process such that
the highly corrosion-susceptible media material surface is
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Table 2: HMS breakdown scenarios for 4 Tb/in2.

HMS Budget 1 Tb/in2 4Tb/in2 HMS adder
Components INSIC 2010 Target HMS by ∼2014 INSIC 2010 Target HMS by ∼2020-21 (effect of HAMR, BPM)
Component Hi Lo Medium risk High risk BPM HAMR
TDH 1.8 2.0 1.0 1.4 1.1 0.6 0.3 0.5
Disc overcoat 0.9 2.5 2.0 0.6 1.8 1.5 0.3 0.6
Disk lubricant 0.9 1.2 1.0 0.8 1.0 0.8
Clearance 1.3 1.2 1.0 0.6 0.6 0.5 0.2 0.3
Head overcoat 1.0 2.0 1.5 0.7 1.1 0.9
Total 5.8 8.9 6.5 4.0 5.6 4.3 0.8 1.4
The HMS adder columns corresponding to HAMR and BPM will be discussed in Section 4.

treated or modified without contributing to spacing loss with
a creation of a nonfunctional or weakened layer of magnetic
material on the media surface [48, 49].

4.2. Materials: Disk Lubricant. Table 2 shows that a 0.2 nm
reduction of lubricant thickness from 1.0–1.2 to 0.8–1.0 is
needed. This does not seem like much, but with today’s
extremely tight reliability/HMS margins, this change is
actually significant, and it is believed that inventions will
be needed to reach those goals [50, 51]. The lubricant
industry is now more diversified than before, and new
lubricant structures are now routinely offered by at least
three different companies. It remains to be seen whether
conventional lubricant chemistries (functionalized perflu-
oropolyether) will be able to achieve this thickness goal.
Perhaps unconventional approaches, such as direct surface
treatment/functionalization of the disk overcoat will be
needed [48].

4.3. TDH: Topography. Touchdown height (TDH) globally
defines all residual disk and head topographies that prevent
the head from coming into close proximity to the magnetic
medium (Figure 6). It is affected by waviness (∼1–1000𝜇m
wavelength range) and roughness (<1𝜇m) of the substrate
[52–54], as well as the nanoroughness of the magnetic
film-overcoat structure of the disk [55]. Unlike materials
thicknesses (lubricant, overcoat), TDH is not a requirement
for proper HDD reliability and could, in theory, be brought
to zero. It assumed that engineering evolutionary optimiza-
tion of polishing (disk substrate, slider) and deposition
(media/overcoat) processes will be possible to achieve the
HMS goal. Finally, it has been proposed that disk lubricant
“roughness”, both at the nanoscale (conformation) [56] and
the microscale (thickness modulation or “moguls” [57] and
“ripples” [58, 59]), also contributes to TDH, and lubricant
optimization, as discussed previously, will be needed to also
lower its contribution.

4.4. Head-Disk Clearance. Of all the HMS contributors,
clearance has probably exhibited the largest decrease in the
last 10 years or so, thanks to the advent of thermal flying
height control (TFC-Figure 7) [19, 21]. This revolutionary
approach has allowed the HDD industry to achieve a 10-fold
reduction in clearance fromca. 10 nm ten years ago to∼1.5 nm

Slider
(not to scale)

Disk

Resistive heater
RW element

∼1-2nm

Figure 7: Schematics of the active fly height control scheme using
an embedded resistive heater.

today (Table 2). To achieve the 0.6 nm ASTC clearance goal
and to easily compensate for clearance changes induced
by temperature, altitude, or humidity, further enhancement
of clearance control will be needed such as closed-loop
TFC control. “Surfing” of light contact recording has also
been suggested [26], but it remains to be seen whether this
approach can be made reliable.

5. Tribology and HDI Challenges for
Alternate Technologies

As discussed earlier, to advance HDD magnetic recording
beyond the ∼1 Tb/in2 believed achievable with PMR/SMR,
HAMR and BPM technologies are being developed. It is
believed that HAMR will first be introduced. To go beyond
∼6 Tb/in2, the ASTC roadmap shows that HAMR will be
augmented with BPM recording technology [11]. While these
will enable significant gains in areal density, they will present
challenges for the HDI.

In terms of HMS, the effect of these technologies is
shown in the “HMS Adder” columns of Table 2. The touch-
down height is increased due to added media roughness
for HAMR or residual topography for BPM [32, 60]. The
increased roughness also drives the need for added media
overcoat thickness to maintain adequate coverage. With
regards to clearance, HAMR would require added margin as
a guardband for possible thermal protrusion of the near-field
transducer (NFT) [10], whereas BPM will require clearance
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margin as a guardband against residual topography that could
induce head wear. It is believed that BPM will not require
head overcoat thickness adder.

As the HDD industry moves towards the introduction of
HAMR recording technologies, there is a high demand for
the HDI to demonstrate robustness at higher temperatures
[30, 61–63]. If the current disk overcoat and lubricant films are
not capable of withstanding the high recording temperature
(>500∘C), newmaterials will be needed.On the head side, it is
currently believed that the temperature should be limited to∼
150∘C in order to provide long-term interface reliability to the
current overcoat material. In any event, further development
in tribologicalmaterials for both heads andmedia seem likely
needed in order to insure proper reliability of the HAMR
interface.

The later introduction of BPM recording technology
will present further challenges for HDI design. Residual
topography left behind by the BPM manufacturing process
challenges air bearing designers to design a slider that can
better follow residual topography [34, 64, 65] as well as
media manufacturers to have a uniform overcoat and lubri-
cant coverage of the media surface. Moreover, the residual
media topography could lead to excessive induced lubricant
roughness on the microscale (lubricant moguls and ripples)
unless a new lubricant can be designed.

6. Conclusion
In summary, head-media spacing continues to be an enabler
for continued march to increase the areal density to fend
off the assault and encroachment by nonvolatile solid-state
memory technologies. To maintain HDD leadership and
competitive edge in the data storage arena, the industry must
continue to develop new component technologies to support
this areal density advance. However, to be successful, the
design of the head-disk interface must be an integrated effort
where the component technologies are developed in concert
to solve the system problem. The success of the areal density
growth will depend on how successful we, as an industry, are
in integrating this development.
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We have developed a novel instrument combining a glide tester with anAtomic ForceMicroscope (AFM) for hard disk drive (HDD)
media defect test and analysis. The sample stays on the same test spindle during both glide test and AFM imaging without losing
the relevant coordinates. This enables an in situ evaluation with the high-resolution AFM of the defects detected by the glide test.
The ability for the immediate follow-on AFM analysis solves the problem of relocating the defects quickly and accurately in the
current workflow. The tool is furnished with other functions such as scribing, optical imaging, and head burnishing. Typical data
generated from the tool are shown at the end of the paper. It is further demonstrated that novel experiments can be carried out on
the platform by taking advantage of the correlative capabilities of the tool.

1. Introduction

Media defect control has always been a critical part of the
HDD manufacturing process. It has a direct effect on the
manufacturing product yield which drives the bottom line of
business. In the hard disk drive, high media defect level can
also cause reliability problems resulting in unforeseen eco-
nomic losses. Furthermore, defect-free media is an enabler
for implementing newHDD technologies.On the other hand,
in order to allow high areal density recording necessary for
sustained market growth, the head disk spacing in HDD has
been pushed down to an extremely small margin [1–3]. As a
result, even defects with very small sizes are now becoming
serious performance and reliability challenges.

Defect failure analysis (DFA) which analyzes media
defects on rejected disks from the production lines plays a
central role in the defect process control as it finds the root
causes and provides clues for corrective actions. The DFA is
done separately from the line test, for example, the glide test.
The normal procedure is to send a small portion of the line
rejects to theDFA labwhere the technicians try to relocate the
defects manually, for example, with an optical microscope,
before sending them off for examination with an analytical

tool such as an AFM. As the criteria for the defects of interest
become smaller, manual defect relocation becomes a bigger
problem. There are often cases of missed defects when doing
DFA or not finding the right ones within the contaminations
generated during the handling after the line test, leading to
long frustrating dayswith negative impacts onmanufacturing
progress.

We have developed a tool which combines glide with
AFM. We choose the glide test for its unique sensitivity to
only asperities with height, as these are more likely to be
in the “killer” defect category in the drive [4, 5]. On the
other hand, AFM has been widely used in the medial DFA
labs [6, 7]. It provides critical topographic data with the
nanometer resolution, perfect for analyzing media defects of
the high-density HDD media. AFM has a typical maximum
scan range of 100 𝜇m or less. As a result, the defect has to
be located right in the middle of the AFM scan range which
is oftentimes proven to be difficult to do it manually. This
severely restricts the access of the defect analysis with AFM.

The combination of glide with AFM solves a number of
problems. It enables an immediate in situ analysis with the
AFM after the glide test because the disk sample stays on
the same chuck without losing the coordinates. It enables
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finding the smaller defects more accurately.The combination
also makes the automation possible resulting in orders of
magnitude faster throughput for media DFA.We call the tool
the CorrelativeDefect Analyzer (CDA) becausemultiple tests
or analyses are integrated in a single tool to perform on the
same correlated defects.

2. Design and Construction

The concept of combining AFM with glide is not new. There
was at least one attempt by one of the HDD companies where
an AFM module was added to an existing glide tester. No
specific technical details are known to the author, but there
were reported problems of vibration and weak algorithm,
resulting in low AFM image quality and missed defects. (Pri-
vate communicationwith relevant engineers familiar with the
tool; no commercial product was ever released to the gen-
eral market.)

The CDA tool described in the paper is designed from
the ground up. It consists of four major functional blocks;
see Figure 1. A spindle is mounted on a plate secured to a
granite base by a pair of high rigid precision linear guides. A
high precision ball screw drives the stage in the 𝑋 direction
as the𝑋-stage; see part A of Figure 1. The ball screw provides
a stiffness of 15N/𝜇m, while the guides secure the lateral
movement with a stiffness better than 100N/𝜇m. The high
stiffness is necessary to control the spindle vibration at high
RPM.The granite is chosen for its unique vibration damping
characteristics. The AFM is mounted on a miniature ball
screw stage bolted on a vertical granite arch; see part B of
Figure 1. A𝑍-stage is alsomounted vertically on the arch.The
𝑍-stage is comprised of a pair of linear guides, a ball screw
drivingmechanism, and a housing for the optics.The housing
also provides an attachment plane for an automatic turret; see
part C of Figure 1. The glide head mount is installed on the
automatic turret along with optical objectives, a burnish head
mount, and a scriber; see part D of Figure 1.

The air bearing spindle has a dual mode capable of both
high speed spinning for glide test, the G mode, and high
precision positioning forAFM imaging, theAmode (Chinese
patent pending, 201110142434.1). In the G mode, the spindle
operates with the controller set to run the RPM to a very
low jitter level. In the A mode, the controller is switched to
turn the spindle as a rotatory stage capable of a resolution of
about 3 arc sec. After the desired location is reached, the lower
part of the air support is removed so that the spindle body is
pushed down by the upper air support and sits securely to
the spindle housing; see Figure 2. The solid contact between
the spindle shaft and the spindle housing is necessary for
achieving low-noise high-resolution AFM imaging.

Care has been taken during the design phase to select
the right components with matching material and functional
properties in order to achieve the stringent requirements for
long-term stability and high positioning repeatability. To ver-
ify the performance of the tool, we have designed experiments
to measure the positioning repeatability of the stages. Here in
this paper, we only showone examplemeasurement on the𝑋-
stage. The measurement method on the other stages is simi-
lar.

A

B

C

D

Figure 1: The exploded view of the CDA-101A. Part A, the granite
base with the spindle mounted on the 𝑋-stage. Part B, the vertical
granite arch with the AFM stage and the 𝑍-stage. Part C, the optical
housing with CCD camera and automatic turret mount. Part D, the
automatic turret with glide, burnish, scriber, and optical objectives.
Read the text for further detailed description.

A disk with a micrometer sized defect is clamped on a
chuck driven by the 𝑋-stage. It serves as the target for mea-
suring the repeatability with the stage repeatedly moved to a
predetermined command location. A 50x objective is focused
on the disk sample surface and takes the images whenever
the disk is moved into the predetermined command position.
Images are analyzed automatically by designated software to
determine the offset of the target defect to the center. From
the offset, the equivalent 𝑋-stage position is determined,
where the image of the defect will be centered under the
microscope.

Statistical data is shown in Figure 3 where the frequency
occurrence is plotted against the position of the𝑋-stage with
a bin size of 1 𝜇m.At these𝑋-stage positions, the target defect
is at the exact center in themicroscope view.The scatter of the
defect location is attributed primarily to the minute shift in
the mechanical stage every time it is moved. The two peaks
in the plot indicate the two populations of the stage posi-
tion. For each population, the stage is found to have very high
short term repeatability with a standard deviation of about
50 nm.The reason for the two position population is because
that the experiment is carried out at an elevated room tem-
perature first and repeated after overnight cooling at another
temperature, resulting in two stable positions at the two tem-
peratures. The overnight temperature swing is about 10 deg
Celsius, resulting in a drift of 6𝜇m. With a characteristic
length of 30 cm, this corresponds to 2 ppm/C, a very resp-
ectable figure and sufficiently low enough for current appli-
cations.
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(a) G mode (b) A mode

Figure 2: The dual mode spindle. (a) The G mode. The arrows indicate the flow direction of the air support. In the G mode, the spindle is
supported both radially and axially like a conventional air bearing spindle. The spindle is under speed control circuitry to achieve high speed
spinning with minimal jitter. (b) The A mode. In the A mode, the spindle is under the positioning control circuitry. It functions as a slow
turning rotary table and can be clamped down for imaging when in position. To clamp down the spindle, the bottom axial air support is
removed. As the result, the spindle body is pressed against the housing. The working pressure for the air spindle is 5 bars. Note the spindle
shown in (b) is already in the clamped position.
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Figure 3: The frequency count plot of the 𝑋-stage position, with a
bin size of 0.001mm, that the 𝑋-stage must be moved to in order
for the target defect to be in the middle of the microscope view.
The two peaks correspond to the two highly repeatable positions
of 23.332mm and 23.338mm due to the two stabilized room
temperatures. See text for more detailed description.

The AFM scanner is an OEM component. It has a very
compact body with a size of a typical microscope objective.
The optical interferometry detection scheme has a published
noise level of 10 pm. To realize the full potential, we mount
the scanner with the approach stage on the massive granite
arch to maintain high rigidity.The key is to design the system
with the shortest mechanical loop possible; see Figure 4.
The short mechanical loop reduces the susceptibility of the
scanner to external disturbances. We carry out an effectively
still scan (scan range is 1 nm) to measure the mechanical
noise floor. Since the tip essentially stays at one spot on the
sample, the resulting scan is a measure of the vibration the
tip experiences. The data taken with the tool on a homebuilt
isolation table without an acoustic enclosure and on the

𝑅𝑞 = 58pm

Figure 4: The illustration of the mechanical loop in the AFM. The
mechanical loop in sequence consists of the sample, the sample
chuck, the stage, the linear guides, the granite base, the granite arch,
the approach stage, the scanner body, and the cantilever tip. Test
image for noise floor measurement is shown in the insert. The 𝑧-
scale is ±250 pm.The RMS noise is estimated to be 58 pm.

fourth floor of a building shows the RMS noise floor to be
about 60 pm. The figure of the noise floor is determined
with the commercial application SPIP by using the roughness
calculator (SPIP SPM Image Processor application by Image
Metrology, Horsholm, Demark; the roughness, Sq, calcula-
tion at zero scan range by definition is the direct measure
of the system mechanical RMS noise floor); see the insert in
Figure 4.The image shows overall random signal fluctuation.
The streaking in the image is the result of the low frequency
noise showing up as an artifact from the raster scan and has
no significance towards the calculation of the roughness.



4 Advances in Tribology

(a) Glide trace panel

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

(b) Arrangement schematic

𝑅: 28.165 + 0.460

(c) Trace #1

𝑅: 28.110 + 0.460

(d) Trace #29

Figure 5: Signal analysis panel illustrating the “Glide Edge Finder” algorithm with signal at 42 tracks. The first track with the glide signal is
track no. 15 with a radius of 28.130mm. (a) Glide signal panel showing the signal at each track arranged in descending order of the radius.
(b) Schematic of the track arrangement. (c) Signal trace at track no. 1 with the radius equal to 28.165mm. No signal due to defect is present.
(d) Signal trace at track no. 29 with the radius equal to 28.110mm. Peak signal from defect is present. The starting radius with defect signal
defines the edge, 28.130mm. The value 0.460mm is the glide head edge offset. The angle is obtained from the averaging of the peak angular
position of the data, shown as the red line in (a).

3. Defect Indexing and Unified Coordinate
System (UCS)

The width of a typical glide head is about one millimeter.
Glide headswithwider sensor area can complete a full surface
scan in fewer tracks. This is necessary in order to meet the
throughput requirement on the production lines because
every disk goes through the glide before shipping. Due to
the large sensor width, the uncertainty from the glide test is
about a few hundred micrometers in the radial direction and
a few millimeters in the track direction. We have developed
a “Glide Edge Finder” algorithm that narrows down the
location of the defects to within 5 𝜇m. The algorithm moves
the glide head track by track in very fine steps in the vicinity
of the defect based on results from the prior glide test. It finds
the edge of the glide headwhere the defect firstmakes contact
with the glide head.This method is independent of the shape
of the glide air bearing slider. However, the exact shape of a
glide head does affect the glide head edge offset. As a result,
every new glide head will need to be calibrated for the edge
offset when first installed on the tool.

To help explain the process, we show a screen capture of a
signal review panel of the CDA software for an actual defect
indexing; see Figure 5. The glide signal traces are displayed
for each individual tracks.The transition from the tracks with
no signal to the ones with signal determines the edge. The

angular position is determined by the peak of the signal in
relationship to the encoder position of the spindle. For the
tracks with the glide signal, the angular positions of the peaks
are collected and averaged for statistics. The algorithm has
certain logic built-in to handle small defects with marginal
signals.

The tool also automatically monitors the glide head
position variation, for example, from the time when the glide
head is replaced. We have designed an integrated glide head
holder which has a set of objective lens group to image the
back of the glide head for its exact position. Since it has the
optical function of a 5x objective, it is called a glide objective;
see Figure 6. The image of the glide head is automatically
taken and analyzed by the software for correcting glide head
position shift, as much as 100𝜇m. from head to head. The
dimple in the suspension HGA is chosen as the target for
position calibration with an estimated uncertainty of about
10 𝜇m.We also integrate the glide channel preamplifier inside
the glide objective in order to make the glide head electric
connection to the preamp as short as possible in order to
achieve maximum SNR.

Since there aremultiple tests and sensors correlated in the
same tool, there will be multiple position offsets among them
to be corrected, for example, between glide and AFM, AFM
and optical, AFM and scriber, and so forth. It is one of the
goals for the tool to make the offset calibration as transparent
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(a) Glide objective (b) Glide head back image

Figure 6: Glide objective illustration. (a) shows the internal construction of the glide objective with a 5x lens group enables the imaging on
the back of the glide head. An adjustable spring enables the fine focus on the glide head. The preamplifier is integrated to the glide objective
to achieve short wire length to the glide sensor. (b)The image of the back of the glide head. In the field of the view, only the center part of the
glide head is visible, showing the dimple of the suspension HGA. Glide head position is calibrated against the dimple position.
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Figure 7: Schematic drawing showing the relationship and conversion among various coordinate systems. (a) Offset transformations that
need to be handled if done individually. (b) Unified Coordinate System created to handle the transformation among the various coordinates
with background algorithm and offset table. The parameters are stored in the database and undergo constant update when necessary.

as possible to the users. We have developed a Unified
Coordinate System (UCS) to handle the transformation. The
UCS processes the offset parameters from an offset table.
The initial and current parameters are stored in the database
processed by the UCS algorithm.

Within the CDA tool, there are multiple sets of coordi-
nates: the stage or machine, the AFM, the glide, the burnish,
the scribe, the optical, as well as the external and theUCS.The
stage or machine coordinate system is the special one. The
tool relies on the stage coordinate system to position the sam-
ple. Because of the existing offsets, there will be different stage
coordinates for the same physical spot under different sen-
sors.This creates problems for the user practically and some-
times conceptually. The UCS coordinate system is a defined
one. It has a specific defined offset relationship with the var-
ious sensor coordinate systems, determined bymeasuring the
actual offsets. Under the UCS system, there is only one set
of coordinates to deal with by the user. The UCS can also
interface with external coordinator systems of customized

formats. The function of the UCS is illustrated in the sche-
matics in Figure 7.

4. Example Test

We use a disk from a defunct vintage HDD teardown to
test run the CDA tool. Since we have designed a very easy-
to-operate user interface, the procedure to run the tool is
very straightforward.The sample is loaded and automatically
clamped down by a vacuum disk chuck of the conventional
design but with increased suction area to meet the specific
requirement of the tool. The vacuum chuck is necessary not
only for the easiness of mounting samples, but also for the
absence of the center obtrusion. This allows a full radius
range of the sample for test and analysis and also prevents the
possible collision between the chuck and a sensor close to the
ID radius.

Following the procedure outlined in Figure 8, the sample
goes through the glide test scan first with the CDA in the
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Figure 8: Test flow illustration, from sample load to AFM image. (a) Load the disk sample to the chuck. (b) Glide defect mapping from glide
test. (c) Map of indexed defect from glide defect search. (d) CDA to AFM switch panel. A simple press of the “Auto Scan” button will start the
automatic AFM scan routine. (e) Final AFM image of one of the scanned defects.

G mode. The operator then selects which one, or all, of the
defects for AFM imaging. An indexing run follows on the
selected defects before the tool is switched to the AFMmode
or the A mode. After the indexing run, the selected defects
can be relocated with an uncertainty of±5 𝜇m.TheAFM scan
can be carried out either manually or fully automatically.The
automatedAFMscan procedure includes sample positioning,
tip approaching, scanning, tip retracting, and data saving.

The time it takes to complete the whole process depends
on a number of factors such as disk form factor, glide head
velocity, AFM scanning speed, and the number of scan
lines. In general, the time for the initial glide test portion
is about 100 sec and about 30 sec additional per defect for
the indexing. AFM imaging takes about 130 sec with, for
example, 256 lines and 2Hz scan speed, which produces
images with reasonable qualities. So the overall time needed
from start to end could be under 10 minutes for one defect,
a vast improvement over the traditional DFA involving AFM
imaging.

With the precisely known positions, defects can be fur-
ther analyzedwith other availablemeans in the tool such as an
optical microscope. For the same defect on the sample disk,

the images of the bright field and the dark field optics and the
AFM scan are shown together in Figure 9.Thedefect is visible
in the bright field, but the dark field image shows higher
contrast and also reveals a long scratchmark originating from
the defect. AFM image hasmuchhigh resolution, showing the
defect with a lateral size of about 3𝜇m and a height of about
30 nm.

Not only the same defect can be analyzed with various
sensors,media process specific technology can also be applied
to work on the defect correlatively. In our example test, after
the initial AFM imaging, a burnish head is used to sweep the
defect multiple times. To study the effect of burnishing, the
defect is again imaged with the AFM for the second time.
The after burnish AFM image is shown in Figure 9(d). The
defect retains the same general shape compared with that
before the burnish. But the defect height is reduced from
30 nm to 28 nm. We also estimate the apparent volume of
the defect before and after with the SPIP software. It turns
out the volume number from the software actually increases
slightly from0.080 𝜇m3 to 0.082𝜇m3.We concludewithin the
experiment error, there is no change in defect volume due to
the burnish head sweep. Rather, the contamination on the
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(a) Bright field (b) Dark field
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(c) AFM image before burnish (d) AFM image after burnish

Figure 9: Correlated images of a media defect from a teardown disk sample. (a) Bright field image. The defect is very small but can be seen
as speck of dark spot in the center of the image. (b) Dark field image. The defect is more visible and a scratch is also revealed against the dark
background. (c) AFM images before the burnish sweeps. (d) AFM images after the burnish sweeps.

defect is redistributed. Further more elaborate experiment
can be designed and carried out in order to obtain more con-
crete result on the burnish effect on defects.

5. Conclusion

We have demonstrated a unique tool, combining the glide
with the AFM, which can be used to drastically speed up
the defect failure analysis process. By performing the AFM
analysis in situ, the accuracy of defect relocation and identi-
fication is guaranteed. The precision defect indexing algo-
rithm is shown to be robust. High mechanical precision is
achieved with the careful selection of components during the
design phase. Coupled with the sophisticated software algo-
rithm, a successful correlated defect analysis and a high-resol-
ution low-noise AFM imaging have been demonstrated.With
the transparent UCS coordinate system, the users are free
from the burden of performing tedious coordinate trans-
formations among the various tests available in the tool. A
simple experiment of using the AFM to study the effect of the
burnish on the defect shows the advantage of correlative test
and analysis. Because of the open frame design and the gen-
eral layout of the CDA tool, additional processes can be

considered for integration into the tool.Thiswill open up new
ways of conducting test and analysis by combining various
tools in one single unit correlatively.
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Density functional theory- (DFT-) based ab initio calculations were used to investigate the surface-to-surface interaction and
frictional behavior of two hydrogenated C(100) dimer surfaces. A monolayer of hydrogen atoms was applied to the fully relaxed
C(100)2x1 surface having rows of C=C dimers with a bond length of 1.39 Å. The obtained C(100)2x1-H surfaces (C–H bond length
1.15 Å) were placed in a large vacuum space and translated toward each other. A cohesive state at a surface separation of 4.32 Å that
is stabilized by approximately 0.42 eV was observed. An increase in the charge separation in the surface dimer was calculated at
this separation having a 0.04 e transfer from the hydrogen atom to the carbon atom.TheMayer bond orders were calculated for the
C–C and C–H bonds and were found to be 0.962 and 0.947, respectively. 𝜎 C–H bonds did not change substantially from the fully
separated state. A significant decrease in the electron density difference between the hydrogen atoms on opposite surfaces was seen
and assigned to the effects of Pauli repulsion. The surfaces were translated relative to each other in the (100) plane, and the friction
force was obtained as a function of slab spacing, which yielded a 0.157 coefficient of friction.

1. Introduction

Carbon-based surface films are now ubiquitous as frictional
barriers that lower the wear rates of interacting bodies. They
have found extensive use within the information storage
industry as films for protecting both the hard disk surface
and the sensitive read-write transducers from damage due
friction during incremental and in some instances purposeful
head-to-disk contact [1, 2]. Because of this industrial impor-
tance, a rich and extensive literature exists of both theoretical
and experimental studies probing the fundamental properties
of these complicated and diverse surface films [3, 4]. Within
the range of these studies single crystal diamond surfaces
have been extensively employed asmodels of themore impor-
tant larger-scale industrial surfaces. Insight gained from
these studies has helped the community understand surface
energetic processes, including the recent manifestation of
super lubricity of hydrogen-covered surfaces [5, 6].

Carbon films deposited under energetic conditions
assume complicated amorphous structures, which depend on

the exact conditions of deposition. Specifically, the extent of
surface wear protection has been attributed to film properties
that can be tailored through the manipulation of deposition
parameters, precursormaterials, and postdeposition process-
ing, the combination of which can result in films ranging
from “diamond-like” to softer films. In most instances a
highly dense, diamond-like film is sought [3]. One of the
principal metrics used to predict this attribute is the amount
of tetrahedrally bound carbon-to-carbon atoms contained
within the film. This important metric is found to correlate
to many important mechanical and electronic properties,
including film hardness, density, and optical gap [7, 8].

Recently high quality hydrogenated diamond surfaces
have been proposed for use as cathode materials where their
negative electron (NEA) affinity makes them a highly effec-
tive and robust material [9–11]. Previous ab initio theoretical
studies have elucidated the NEA mechanism as due to the
strong bonding of hydrogen to the surface 𝜋 C=C bonds on
the reconstructed diamond surface [12, 13]. It is believed that
these surface electronic states are also observed in the super
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lubricious state between two hydrogen-covered diamond
surfaces [6, 14]. The mechanism for the marked decrease
in interfacial friction on hydrogenated carbon surfaces has
been further elucidated with surface spectroscopy and tight-
binding quantum mechanical methods [15] showing that the
bonded hydrogen atom passivates the carbon dangling bonds
at the surface, thereby decreasing the adhesive interaction
between surfaces [16]. Fluorination of these surfaces has also
been explored in an effort to further reduce the coefficient of
friction (COF); in particular it was noted that the significant
accumulated negative charge on the surface fluorine atomand
its tight surface structure, due to strong lateral interactions,
lead to a strong repulsive force between interacting surfaces
(larger than when hydrogen terminated) [17]. This decrease
in friction between interacting surfaces can have far ranging
industrial and environmental importance [5, 18, 19].

The frictional properties of diamond and other crystalline
surfaces have been probed with both classical methods
and ab initio-based calculations [6, 14, 20–22]. Typically,
a slab model of the interacting surface is created that
incorporates not only the crystalline features of the surface
facet under investigation but also enough material bulk to
accurately model the desired properties while remaining
computationally tractable. Classical methods usually entail
solving Newton’s equations of motion under time-dependent
conditions and allowing the use of very large material models
that has been extensively and profitably applied to the
hydrogenated diamond surfaces by Harrison and coworkers
[20, 23].The subject of this report is the application of density
functional theory- (DFT-) based ab initio calculations to the
interaction of hydrogenated C(100)2x1 surfaces by probing
the electronic and bonding structure changes during the
frictional interaction of these surfaces. The main thrust of
this work will then be the movement of electronic charge
during the surface-to-surface interaction and the nature of
the commensurate repulsive state between the surfaces.

2. C(100)2x1-H Model
and Computational Method

We start our discussion of the slabmodel used in this calcula-
tion by first considering the relaxed (100) surface of diamond,
which contains unsaturated dimers with significant carbon-
carbon double bond character that has been successfully
functionalized with a Diels-Adler reaction [24]. The C(100)
surface is one of the high surface energy facets and is one of
the growth faces of DLC surface films. Its cleavage energy is
highest amongst the principal diamond surface planes, and
its surface chemistry and interesting electronic structure are
principal reasons for using it as the focus of our study [25, 26].

As preparation for the study of surface-to-surface inter-
actions we assembled a C(100)2x1 slab model of the diamond
surface (before hydrogenation) and calculated its relaxed
geometry and electronic states (model and results are not
shown as this study is focused on the hydrogenated surface).
This model contained eight layers of carbon atoms (not
including the dimer) in a large vacuum space that was set at
forty times the layer spacing to ensureminimal effects of slab-
to-slab interactions. DFT ab initio theory, as implemented in

the DMOL code [27, 28], was used to probe the electronic
and geometric effects important in the interaction of surfaces.
This implementation of density functional theory is a total
electron calculation and does not use pseudopotentials or
frozen electron cores. The three-dimensional cell structure
was sampled using a 4 × 2 × 1 grid in the Monkhorst-Pack
scheme (larger sampling was explored and found not to yield
any important advantage). The local density approximation
(LDA) of Perdew and Wang was used for the exchange-
correlation interaction to make the calculation tractable [29].
We should note that density functional theory does not treat
van der Waals (vdW) interactions properly. In particular, the
use of the LDA approximation for the exchange-correlation
interaction (which assumes the exchange and correlation are
a function of the electron density at the point of evaluation
only) can lead to an overestimation of binding energies.
Conversely, the generalized gradient approximation or GGA
(which takes into account the gradient of the electron density
at the point of evaluation) frequently underestimates the
binding energy and leads to a shallow or flat adsorption
profile [30, 31]. Recent efforts have been made to include
dispersion forces within DFT [32, 33]. The results from
these efforts generally yield an increase in the cohesive
energy when compared to DFT with no correction. Since,
the explicit inclusion of vdW forces increases the binding
energy over the GGA result, the LDA will be used in this
study because we are interested in relative changes with
slab spacing and offset. A numerically derived basis was
used and included polarization functions.The self-consistent
field (SCF) calculations were considered converged when the
largest deviation between cycles was less than 10−6 Hartree.
To improve SCF convergence, charge smearing was allowed
for orbitals within 0.01Ha of the Fermi level. Thegeometry
was considered converged based on the iterative change in
bond length, energy, and force gradient (5.0 × 10−3 Å, 2 ×
10−5Ha, and 1× 10−2Ha/Bohr, resp.).The carbon atoms in the
bottom layer of this model were held fixed for all calculations
while all other carbon atomswere allowed to relax.The results
of this optimization clearly show the presence of the surface
dimer structurewith a calculated bond length of 1.39 Å, which
is approximately the length of the carbon-carbon bond in
C
2
H
4
, and are in good agreement with previous ab initio

calculations that explored this surface [13].
The electronic structure of the hydrogen-covered

C(100)2x1 surface has been previously explored by various
authors who found that the monolayer covered surface
is the most stable [13, 30]. To begin the exploration of
the hydrogen interaction with the C(100)2x1 surface, the
previously optimized dimer surface was saturated with
hydrogen atoms and optimized as described previously. The
obtained optimized (relaxed) surface is shown in Figure 1(a),
which highlights the interaction of the hydrogen atoms
with the surface carbon atoms. The C–H and C–C bonds
lengths of 1.15 Å and 1.61 Å are obtained after optimization;
these lengths are similar to the bond lengths in ethane and
previous calculations [13]. The electronic structure of this
surface changes significantly from that observed on the clean
surface. Whereas, the C(100) dimer surface density of states
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1.
15

 Å
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Figure 1: (a) Surface dimer geometry of the fully relaxed C(100)2x1-H; (b) spacing and geometry of the cohesive state between C(100)2x1-H
surfaces at 4.32 Å dimer carbon-to-opposite surface dimer carbon spacing; (c) geometry of slab-to-slab repulsive state at a 3.24 Å dimer-to-
dimer spacing; (d) DOS of the dimer and first carbon atom layer shown in part (a), solid line is total DOS, dashed line the s-states partial
DOS and the dotted line the p-states partial DOS, VBM = 0 eV; (e) similar DOS of the cohesive state shown in part (b); (f) similar DOS of (c)
the repulsive interaction between surfaces. Gray spheres represent carbon atoms and white are hydrogen atoms, in all figures.

(DOS) contains recognizable 𝜋, 𝜋∗, 𝜎, and 𝜎∗ states, the
monohydride surface DOS (see Figure 1(d), DOS obtained
from the outer hydrogen and first two carbon atom layers)
is well separated with a clear band gap of ∼3.3 eV (DFT is

known to underestimate band gaps). The 𝜎 C–H bonding
states can be readily identified in the DOS peaking in the
−4 eV range measured from the valence band maximum
(VBM) (see Figure 1(d)) and are due to the interaction of
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the hydrogen 1s and the carbon 2p states. The conduction
band is largely composed of states localized on the hydrogen
layer. Maps of the difference in electron density (total density
minus the density due to the separate atoms) enable the
visualization of the concentration or removal of electron
density and are presented in Figure 2(a) as a slice through the
surface carbon-hydrogen bonds parallel to the 𝑐 direction.
An accumulation of electron density between the dimer
carbon and hydrogen atoms defines the C–C and C–H
bonds. The calculated Mayer bond orders, which are 0.962
and 0.942 for the two bonds, respectively, (see Table 1),
further support this visualization and indicate the reduction
in the 𝜋 bond character of the dimers [34]. The calculated
Mulliken charge distribution places a 0.085 e positive charge
on the surface hydrogen atoms and a −0.102 e charge on the
carbon atoms in the dimer (see Table 1) [35]. This charge
separation at the surface yields the well-known dipolar layer
observed in other similar calculations and is the mechanism
behind the NEA observed on this surface. The formation
of the surface dipole moment is also thought to be an
important contributor to the surface reactivity, conductivity,
and wetting characteristics of this surface [36]. The lowest
energy electronic orbital dominantly centered on the dimer
is due to the 𝜎 C–C bond (see Figure 2(d)). The highest
occupied orbital dominantly centered on the C–H bond
(shown in Figure 2(e)) is obviously composed of hydrogen
1s and C 2p components and shows that this orbital overlaps
neighboring hydrogen atoms.

Thus the hydrogen-saturated C(100)2x1 surface contains
a surface dipole layer whose aliphatic nature is revealed
in its electronic structure. The outlined changes in this
surface electronic structure from one dominated by olefinic
character, and its resultant facile chemistry, to a dominantly
aliphatic surface, makes further surface chemistry difficult
and contributes to the known stability of this surface.

3. Results and Discussion

3.1. Approach of the C(100)2x1-H Slabs. To begin our study
of the friction between two C(100)2x1-H surfaces, we have
placed two of the previously described hydrogenated surfaces
facing one another in a large vacuum space to minimize
unwanted interactions. We have frozen the outer carbon
layers in each slab and allowed all other layers, includ-
ing the surface hydrogen atoms, to relax as the slabs are
brought incrementally and commensurately closer together.
Figure 1(b) illustrates the arrangement of the slabs anddefines
the distance between them as the distance between opposing
dimer carbon atoms. The surface charge distribution of
the widely spaced (noninteracting) slabs does not change
from the single slab result (data not shown), supporting the
lack of slab-to-slab interaction at these separation distances.
The DOS of the slab was checked to further assure the
robustness of our scheme (the utilization of large vacuum
spaces). The change in total energy as the surfaces are
brought incrementally together is shown in Figure 3(a).
No interaction of the surfaces is calculated until they are
approximately 6.5 Å apart where a net stabilization begins
and increases in strength until approximately 4 Å when

the interaction becomes rapidly repulsive. The depth of the
calculated stabilization at 4.32 Å is 0.42 eV (total energy of
the slabs at incrementally smaller separation minus total
energy of separated slabs) and is significantly larger than
previous calculations of this interaction [6, 14]. However,
the work of adhesion, defined as the energy to separate
the two surfaces divided by the cell area (in this instance
∼0.133 J/m2), compares favorably with a previous AFM study
using a hydrogen-covered diamond single crystal surface and
a diamond-coated tip having approximately single atom at
its apex (∼0.159 J/m2) and a more recent study on C(111) and
C(001) surfaces [37, 38]. Interestingly, studies of interacting
hydrogenated diamond surfaces using widely divergent ab
initio theories, most using super cell methods along with
pseudopotentials, have found a similar weakly bound state
[6]. In contrast, calculations using small molecules as models
of the surface interaction along with Hartree-Fock methods
yield only a strong repulsive barrier [39]. The divergence in
these calculated results shows the need for an adequate slab
size to correctly model this weak interaction.

Thus, the compression of the C(100)2x1-H surfaces (see
Figure 1(b)) results in a stabilized state at approximately
2.28 Å (hydrogen atom-to-opposing hydrogen atom) sepa-
ration (or 4.32 Å carbon atom-to-opposing carbon atom in
the dimers, see Figure 1(b)) and thereafter a strong interlayer
repulsion.

The surface geometry of the cohesive configuration (see
Figure 1(b)) changes little from the C(100)2x1-H surface. The
C–H bond at 1.11 Å has contracted by approximately 0.04 Å
from the free surface and correlates with the larger charge
separation in the dimer in this configuration (vide infra)
while the C–C bond length remains at its free slab value
of 1.61 Å as does the H–C–C angle 113.4∘. Interestingly, the
angle between C–H bond pairs on opposite slab surfaces is
approximately 9∘ and signals the incipient effects of slab-
to-slab repulsion, especially on the C–H bond. Significant
changes in the distribution of charge near the surface take
place as the slabs have been incrementally brought into
near contact. In this geometry, which is weakly cohesive,
approximately 0.04 e (net +0.125 e) is transferred from the
hydrogen atoms to the carbon atoms in the dimer (net
−0.144 e), thereby increasing the charge separation and hence
the surface dipole moment (see Table 1). The increased
surface dipole has little effect on the peak due to the 𝜎 C–H
states at approximately 4.5 eV below the VBM.The rest of the
valence band (see Figure 1(e)) also changes little from the VB
of the separated state. In contrast, the shape of the conduction
band changes to a distinct two-peak structure with the lower
edge of the band at approximately 3.0 eV. It is dominantly
composed of empty hydrogen 1s states (see Figure 1(e)).
The electron density difference maps shown in Figure 2(b)
portray an increase of density between the carbon atoms in
the surface dimer and an increase centered on the hydrogen
atoms, which is similar to the density map of the separated
slab (see Figure 2(a)). Increasing the range of the displayed
density difference (see Figure 2(b) inset), however, reveals a
somewhat larger increase in density centered between the
dimer carbons for the stabilized configuration and a slightly
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(a)

(d)

(e)

(b)

(c)

(g)

(h)

(i)

(f)

Figure 2: (a) Electron density difference map through the C–H bonds in the dimer parallel to the 𝑐-axis of the C(100)2x1 slab, black = (−10%)
to (−5%), dark gray = (−5%) to (0%) density loss, light gray = (0%) to (5%), and white = (5%) to (10%) density gain, inset is the same map
with −100% to +100% in four equal steps from density loss to gain as in part (a) and shows little density build up; however, some +25% ±25%
density difference light gray areas are slightly visible between the carbon atoms in the dimer. (b) Electron densitymap through the C–H bonds
on the upper and lower slabs dimers when at a separation with a net cohesive stabilization, electron density difference color scheme is the
same as part (a); inset is map through the lower slab dimer C–Hwith color scheme as in inset to part (a), showingmore electron density build
up between the C–C atoms in the dimer than (a). (c) Electron density map through the C–H bonds on the upper and lower slab dimers at a
separation having a net repulsive interaction, electron density difference color scheme is the same as part (a) black patches between opposing
dimer hydrogen atoms, has negative electron density difference, and is assigned to Pauli repulsion at this separation; inset is map through the
lower slab dimer C–H with color scheme as in inset to part (a), showing no electron density build up between the C–C atoms in the dimer.
(d) Map of the highest occupied orbital centered on the dimer on the C(100)2x1-H surface through the C–H bonds and parallel to the 𝑐-axis,
darker colors are negative phase and lighter colors the positive; steps plotted are from −0.02 to −0.01, −0.01 to 0, 0 to 0.01, and 0.01 to 0.02
electron/Å3; orbital is dominantly due to the 𝜎 C–C bond with highest values between the carbon atoms. (e) Map of the highest occupied
orbital centered on the C–H on the C(100)2x1-H surface through the C–H bonds, color scheme is the same as in part (d); orbital is dominantly
due to the 𝜎 C–H bond with some overlap between neighboring hydrogen atoms on different dimers. (f) Similar map of the highest occupied
orbital centered on the dimers on the C(100)2x1-H surface-to-surface interaction at a separation having a net cohesive stabilization, orbital
is dominantly due to the 𝜎 C–C bond that has changed little from part (d). (g) Similar map of the highest occupied orbital centered on the
C–Hwhen slabs have net cohesive stabilization; orbital is dominantly due to the 𝜎C–H bond with no overlap between neighboring hydrogen
atoms on different dimers. (h) Similar map of the highest occupied orbital centered on the dimer when the slabs are experiencing a repulsive
interaction; orbital is dominantly due to the 𝜎 C–C bond now having high orbital values moved from between the carbon atoms to beneath
and outside of the C–C bond. (i) Similar map of the highest occupied orbital centered on the C–Hwhen the interacting slabs experience a net
repulsion; orbital is dominantly due to the 𝜎 C–H bond now with some overlap between neighboring hydrogen atoms on different dimers.
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(Å

)
A
ng

le
Bo

nd
or
de
r

Ch
ar
ge

(e
)

Bo
nd

le
ng

th
(Å
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more density centered on the hydrogen atoms for this
configuration (compare inset in Figures 2(a) and 2(b)). The
orbitals centered on the dimer allow a fuller description of a
potential interaction between the slabs. Figures 2(f) and 2(g)
present the highest occupied level centered on the 𝜎C–C and
theC–Hbonds, respectively. Little change can be seen in the𝜎
C–Cwhen compared to the same orbital on the separated slab
in Figure 2(d).The spatial extent of the 𝜎C–H orbital, shown
in Figure 2(g), appears to be at least qualitatively contracted
so that it no longer overlaps at neighboring hydrogen atoms
on different dimers. This may be due to the previously noted
increase in net positive charge on the hydrogen atom in this
geometry. The Mayer bond order of the dimer C–C bond is
0.962, which is the same as for the separated slab. The C–H
bond order is 0.947, a slight increase from the separate slab.

Thus, as the slabs incrementally approach one another,
a shallow energy minimum is observed at 4.32 Å, which
has a surface geometry similar to that calculated on the
separated slab but with a slightly contracted C–H bond and
an approximately 9∘ angle between C–H bonds on opposite
surfaces. An additional transfer of charge from the hydrogen
atoms to the carbon atoms takes place in the dimer. An
increase in electron density between the carbon atoms in
the dimer is observed along with a more subtle increase at
the hydrogen atoms (compared to C(100)2x1-H). The highest
occupied electronic state centered on the C–H reveals a
decrease in the interdimer overlap at neighboring hydrogen
atoms on the same surface, which we assign to the increased
positive charge at the hydrogen atom center contracting the
spatial extent of the orbital at that site.

Further compression of the layers rapidly decreases the
difference in total energy and becomes highly repulsive (see
Figure 3(a)). Figure 1(c) presents the geometry of a configu-
ration along this repulsive end of the curve at an interslab
distance of 3.24 Å (between opposite dimer carbons) as an
illustrative example. The dimer C–C bond length at 1.60 Å
has changed little; in contrast the C–H bond has further
contracted to approximately 1.08 Å. Perhaps more important
than these bond length changes are the changes in the overall
dimer geometry on the surface. Of these, the most dramatic
is the large increase in the angle between the opposing C–H
bonds (see Figure 1(c) and Table 1) to approximately 34∘ and
shows the effect on the C–H bond due to the compression
of the surfaces. This dramatic effect has been previously
discussed based on molecular dynamics (MD) calculations,
where it was noted that at higher compression the opposing
hydrogen atoms in the C–H bonds “revolve” around each
other to minimize their contact [40]. A significant bending
of the C–H bond in the dimer toward the slab surface (H–C–
C angle increases to 116.7∘, see Figure 1(c) and Table 1) takes
place at this slab-to-slab separation. The Mulliken charges
have changed little (see Table 1). In contrast, the Mayer bond
orders for the dimer C–C and C–H bonds have significantly
decreased to 0.945 and 0.933, respectively, and indicate the
weakening of these surface bonds due to the repulsion under
the compression of the surfaces. A change in the electron
density difference is also observed at this geometry. The
inset in Figure 2(c) presents the difference map for this
slab-to-slab spacing; it reveals no increase in density along the

C–C bond thus supporting its lower bond order. Figure 2(c)
shows the density difference, in a more sensitive range,
where a large decrease in the electron density (black region)
in the vacuum space approximately between the hydrogen
atoms on opposite slab surfaces is observed. We assign this
large decrease, which is not observed in either of the other
geometries (compare Figures 2(a) and 2(b)), to the effects
of repulsion from the Pauli principle and must be centered
on or near the hydrogen atoms of the dimer. The highest
occupied surface state centered on the C–C dimer is shown in
Figure 2(h) where the effects of the bending of the C–H bond
are especially evident.The displacement of high orbital values
from the center of the C–C bond of the dimer to between
the dimer carbon and the first carbon layer (compare Figures
2(d) and 2(f)), decreases the electron density between these
carbon atoms.This decrease in electronic density between the
carbon atom centers weakens the dimer bond and thereby
decreases its bond order. We note that due to the noted
“bending” of the C–H bond toward the surface the overlap
of similarly phased orbitals at neighboring hydrogen atoms
in the highest occupied state centered on the C–H bond in
this slab-to-slab geometry is increased when compared to the
stabilized configuration (see Figure 2(i)).

Thus, for slab-to-slab spacing smaller than∼4.3 Å a strong
repulsion between the slabs is expected. The effect of the
small spacing is to deform the geometry of the dimer by
increasing the angle between pairs of upper and lower H–C
bonds, indicating that the hydrogen atom pairs on opposite
surfaces “revolve” around one another, while the C–H bond
angle is bent toward the slab surface.These geometric changes
are due to the effects of Pauli repulsion, which is clearly
observed as a depleted electron density zone in the vacuum
space between opposing hydrogen atom pairs, weakening the
bonding within the dimer by removing electron density from
the 𝜎 C–C and decreasing the C–C and C–H bonds strength.

3.2. Slab-to-Slab Atomistic Friction. To investigate the
changes of friction with sliding we have adopted the theory
and procedure of Zhong and Tomãnek and have translated
the slabs relative to each other in the (100) plane at different
interslab spacing, while relaxing the entire structure (subject
to the constraints previously discussed) at each step [41].
We assume the entire two-slab structure is at equilibrium
at each step in its translation across the surface by noting
that the range of relative motion is small. Figure 3(b)
assembles the resulting family of interaction curves obtained
by this procedure. Each curve in this figure was obtained
at a fixed spacing and interfacial load. As a prelude to the
analysis of these curves we explored many of them over a
longer sliding distance to convince ourselves that they are
indeed periodic (with period ∼2.5 Å) and have no more
structure than is shown in Figure 3(b). Thus all curves were
obtained over approximately the same relative range, which
encompassed the maximum andminimum of the interaction
curve and therefore represents the full range of the surface
potential corrugation. In general, the curves pass through a
maximum as the hydrogen atoms on opposing surfaces are
aligned. The depth (energy maximum to minimum) of the
curves increases with load and is reflective of the increasing
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Figure 3: (a) The total energy difference (with separated configuration at 25 Å) of two C(100)2x1-H surfaces with incrementally decreasing
separation, a cohesive interaction at approximately 4.5 Å separation is observed with increasingly repulsive interactions at smaller spacing
(distance asmeasured between the carbon atoms of the dimer between upper and lower surfaces). (b) Total energy of interaction of C(100)2x1-
H surfaces at fixed distance and load while surfaces are slid in the (100) plane: open circle load is 0.0326 nN, open square load is 0.4034 nN,
solid circle load is 1.1694 nN, and solid square load is 2.3590 nN. (c) Geometry of interacting surfaces at 3.24 Å (Figure 1(c)) spacing when
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(c) coloration as described in Figure 2(c). (e) Friction force derived from part (b) as a function of applied load, coefficient of friction is 𝜇 =
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Pauli repulsion as the slabs are brought closer together.
Similarly, the decreasing value of the total energy, observed
as an incremental offset in the energy as more load is
applied, reflects this same repulsion mechanism. We will
use the previously discussed high-energy state at 2.36 nN
loading (Figure 3(b)) to illustrate the effect of sliding on the
geometry of the layers in the slab. Note that a significant
relative stabilization is encountered as the slabs are slid
from this position, at a fixed spacing, by approximately
1.2 Å. Figure 3(c) gives the geometry of this configuration. In
contrast to the fully aligned and highly destabilized geometry,
the geometry of this state brings the surface hydrogen atoms
on each slab into positions approximately half way between
those on the opposite face. In this geometry the C–H bond
lengthens to 1.10 Å, and the H–C–C angle decreases to
114.1∘. The net increase in stabilization is therefore highly
correlated to the significant changes in this angle and must
reflect the change in repulsion between the surfaces. It is
well known that the net overlap of the hydrogen 1s orbital
and the carbon sp3 hybrid orbital rapidly decreases as this
angle increases, thus significant changes in the angle directly
contribute to the calculated changes in total energy [42]. The
electron density deformation maps of this geometry, shown
in Figure 3(d), support this view. In contrast to the repulsive
electron density difference observed between hydrogen
atoms in the aligned geometry, the offset of the C–H bonds
and the hydrogen atoms on opposite faces decreases this
effect and allows the small relaxation of the H–C–C angle
toward the equilibrium geometry on the free C(100)2x1-H
surface (113.4∘). In general, as the slabs are translated at
fixed spacing, the noted and discussed interactions abate
and then build with an approximate 2.5 Å period due to the
hydrogen-to-hydrogen spacing on the surface.

The frictional force acting on the sliding surface is
obtained from Figure 3(b) using Zhong’s method [41]. Plot-
ting this force versus the normal load we obtain a coefficient
of friction of approximately 0.157 (see Figure 3(e)). This
value is in surprising agreement with an MD calculation
using a bond order potential method [43] and with AFM
measurements on similar surfaces [2, 39], but is smaller than
that obtained using large-scale MD simulations of Scanning
Force Microscope (SFM) experiments that included an MD
model of a spherical tip [44]. This range of agreement
is understandable as friction at the level modeled here is
velocity dependent; in contrast the present study is assumed
at equilibrium at each incremental step of the opposing
surfaces. Nonetheless, we note that the present results show
that the friction force is linear over the load range studied, in
contrast to force-field based results that are nonlinear albeit
over a wider load range [20]. A residual friction force is
obtained if the friction force versus load curve is extrapolated
to zero in Figure 3(e) [20, 39]. However, we cannot discount
a nonlinear behavior in the friction force below the range of
loads probed in this report.

Regarding the size of the present coefficient of friction
and its relationship to previous results, it is clear that they
are on the lower end. Perry and Harrison found 𝜇 ∼ 0.2;
though they probed a larger load range [40], and the results of
an effort using DFT with pseudopotentials, plane waves, and

GGA did not reveal the presence of an energy minimum at
any slab-to-slab spacing. Additionally, their calculated value
of 𝜇 ∼ 0.05 was noted as “too low” [6]. Another study
that used small discrete models for the hydrogenated surface
along with a Hartree-Fock method and the split valence
basis sets found no energy minimum as the two-slab models
approached, and the authors obtained a friction coefficient of
𝜇 ∼ 0.22 with apparently no residual friction force at zero
load [39].

Regarding the residual friction force at zero load, popular
models of adhesive microscopic friction, the JKR and DMT
for example, that are routinely applied to AFM-based friction
measurements each exhibit a nonzero contact area at zero
load and a minimum normal load which exhibits nonzero
contact [45]. Each of these nanoscale contact formulations
include attractive forces (JKR short-range adhesion andDMT
longer-range surface force) that are missing in the hard-wall
repulsion used to derive Hertz’s model. It is believed that
similar adhesive forces are the source of the nonzero friction
at zero load.

4. Conclusions

DFT calculations using the LDA formalism reveal a cohesive
state between two C(100)2x1 surfaces passivated with a
monolayer of hydrogen (at a spacing of 4.32 Å). This state
is characterized by strong charge transfer from the surface
hydrogen atoms to the first layer of carbon atoms in the
slab and a relative strengthening of the surface C–C of the
dimer. No change in the H–C–C bond angle is observed
due to the lack of repulsion at this slab-to-slab spacing. No
significant change in the highest occupied orbital centered
on the C–H bond is observed. In fact, this state appears as
the superposition of the same states on the single C(100)2x1-
H surface and indicates that no direct surface-to-surface
chemical bonding interaction takes place. In contrast, the
repulsive interaction of the two slabs at spacing smaller than
the cohesive state is characterized by significant changes in
the dimer geometry that can be assigned to the influence
of repulsion at this close proximity. Visualization of the
effect of repulsion on the electron density is facilitated using
electron density difference maps that specifically show a
large decrease in density between the hydrogen atoms on
opposite surfaces. Slabs set at increasingly close proximity
were translated in the (100) plane with the total energy going
through maxima and minima when surface hydrogen atoms
are directed toward each other and between the opposing
C–H bonds, respectively. No bond breaking was observed
as a consequence of these movements. The coefficient of
friction (𝜇 ∼ 0.157) was obtained from the relationship of the
calculated friction force to applied load and was found to be
linear with a residual force at zero load. This residual force is
assigned to the discussed cohesive state between C(100)2x1-
H slabs and is consistent with pertinent theories (JKR and
DMT) of nanoscale contact and friction.

Magnetic recording technology uses a rapidly evolving
set of materials to obtain greater information density on the
surface of the storage disk. Amongst the most important
of these materials is the carbon overcoat on the storage
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medium. This nanothick film protects the recorded infor-
mation from environmental and mechanical degradation.
Significant effort is now focused on the further densification
of this surface film especially in light of the near term adop-
tion of heat-assisted magnetic recording needed to further
extend this recording technology [46]. The current study has
been made as a tractable approximation to these advanced
films. The C(100) surface is one of the principal growth
surfaces of these COC films allowing the transferability of
the principal learning from this study. The deposition of
the COC takes place within a vacuum space that is likely
to have a significant partial pressure of hydrogen, therefore,
as these films grow under energetic conditions hydrogen is
likely to saturate the surface of the finished film. Further, the
C(100) is expected to be enriched at the surface and thus
becomes hydrogenated. Due to the inverted dipole moment
at the surface (positive end out) caused by the passivation
of the dangling bonds by hydrogen and their concomitant
rearrangement on the surface, a large decrease in the wetting
of the surface by the widely used disk surface perfluoro-
lubricant is anticipated [47]. This change will make it more
difficult to stabilize the lubricant on the surface and keep it
at the thickness required. Friction at the interface between
the media COC and the read-write transducer is due to an
adhesion component (modeled here) and the applied load
(and obviously contains a shear component not considered
in this study) [2]. There has been a large reduction in the
surface roughness of each of these interacting bodies as this
recording technology has progressed (now approaching near
atomic smoothness∼1–3 Å average roughness).Thus, amodel
of asperity contact may no longer be a fully accurate model of
this frictional interaction.The interaction of these surfaces at
the loads used in this study donot cause damage to the surface
and reinforces the fundamental role that hydrogenation plays
in this result: keeping the surfaces apart at high applied loads
and passivating the 𝜋 dimer bonds on the reconstructed
diamond surface with a reasonably inert layer.
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Molecularly thin lubricant films are used for the lubrication of head disk interfaces in hard disk drives. The film thickness is reduced
to 1-2 nm to minimize the magnetic spacing, and optimal, precise design is required to obtain sufficient lubrication. However, until
now, there was no generally applicable method for investigating such thin films. Therefore, we developed a highly sensitive shear
force measuring method and have applied it to the viscoelastic measurement of lubricant films coated on magnetic disk surfaces.
In this paper, we review the method and summarize the useful findings we have demonstrated so far.

1. Introduction

High-recoding-density hard disk drives (HDDs) require the
magnetic spacing to be as small as possible. Lubrication of
the head disk interface (HDI) is achieved by a diamond-
like carbon (DLC) overcoat on the magnetic layer and
a liquid lubricant film on the DLC surface. Thus, the
thicknesses of both these thin films must be minimized
to reduce the magnetic spacing. Liquid lubricant films are
typically 1-2 nm thick, which corresponds to a monolayer
thickness. In addition, the magnetic head comes closer
to the surface of liquid lubricant film and recently its
gap was around 1 nm. A further increase in the recording
density of HDDs will require the head to be in contact
with the lubricant film surface. Although air bearing still
plays an important role in maintaining the flying height,
the lubrication regime between the head and disk changes
from hydrodynamic to boundary lubrication. To guarantee
HDD performance, effective design of the lubricant film
becomes a crucial requirement. However, until recently there
was no generally applicable method for characterizing the
mechanical properties of such a thin film. A surface force
apparatus (SFA) is a pioneering method that can measure
the viscoelastic properties of a molecularly thin liquid film
confined in two mica surfaces under shearing motion, and
experiments using the SFA have revealed the thin films have

unique mechanical properties different from those in the
bulk state, such as an enhanced viscosity and prolonged
retardation time [1–3]. Understanding physical properties
of molecularly thin liquid films is one of the important
subjects not only in the HDI tribology but also in the field
of soft condensed matter. Such a thin film is considered
as one type of confinement. The confinement has various
types such as liquids in porous media, and water in a cell,
polymer blends, and so on [4]. The measurement methods
typically used are dielectric spectroscopy, neutron scattering,
NMR, differential scanning calorimetry, ellipsometry, and
so on [4–7]. Jackson and McKenna observed large decrease
of glass transition temperature Tg with liquids confined in
nanometer size pores by using colorimetric measurements
[8, 9]. This result means the mobility of confined liquids
can increase. Similar results were obtained not only with
liquids in pores but also with thin liquid films [10–13]. The
thin films include free standing films and those coated on
substrates. However, to the contrary, increase of Tg or no
effect on Tg were also observed with similar confined systems
[14–19]. These controversial and contradictory results are
due to complexity of the phenomena and wide variety of the
measurement methods and the universal explanation has not
been made. He et al. described through solvation dynamics
experiments that whether Tg increase or decrease depends
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on the condition of confining surface, which is “soft” or
“hard” [20]. In the case of soft surface, Tg decreased. The
hard surface suppressed the molecular mobility and it led to
the Tg increase. Based on the experimental results obtained
by using the fluorescence probes, Torkelson’s group reported
that thin films coated on substrates had Tg gradient from the
free surface to the substrate [21]. The molecular mobility
decreased as the substrate was approached, which led to
the Tg increase. In the case of liquid lubricant films used
in HDI, they are confined in two solid substrates during
shearing. The same type of confinement was realized in the
SFA and the experimental results indicated the decrease of
molecular mobility, which corresponds to the Tg increase.
However, the solid substrates that confine the liquid film
are limited to mica in the SFA measurements. In addition,
dynamic measurements are limited to frequencies below
100 Hz. Many of the experimental results in previous studies
show that the lubrication characteristics of the magnetic disk
surface depend largely on the interaction between the DLC
surface and the lubricant molecules [22, 23]. Therefore, the
liquid lubricant films used for the HDI lubrication must be
characterized on the DLC surface. Additionally, since the
relative speeds between the head and disk are quite high,
highly dynamic measurements are preferred. To measure the
dynamic viscoelastic properties of molecularly thin lubricant
films on the magnetic disk surface, we developed a highly
sensitive shear force measuring method. We call the method
the fiber wobbling method (FWM) [24]. In this paper, we
review our previous research concerning the FWM and
introduce our major results including some new findings.

2. Fiber Wobbling Method

2.1. Concept. There are two major requirements for the
viscoelastic measurements of molecularly thin liquid films
under shearing motion. One is the sensitive detection of the
shear force and the other is the precise control of the shearing
gap width. The FWM concept meets both of these demands.
We use an optical fiber with a spherical end as the shearing
probe and set it to be perpendicular to the sample surface.
During the shearing of the sample by the probe tip, the shear
force acting on the tip can be measured by detecting the fiber
deflection as shown schematically in Figure 1(a). Since the
rigidity of the probe in the axial direction is much higher
than that in the bending direction, we can attain both a high
shear force sensitivity and precise gap control.

In the dynamic viscoelastic measurements using the
FWM, the probe was oscillated sinusoidally at a constant
frequency and amplitude. The amplitude change and phase
shift of the probe tip oscillation was measured, and these
values were used to obtain the viscoelastic properties of the
lubricant films. Since the size of the probe is typically a few
millimeters in length and 100 μm in diameter (Figure 1(b)),
the natural frequency of the probe is higher than a few
kilohertz. This means that dynamic measurements with
frequencies of up to a few kilohertz can be achieved with
the FWM. The spherical end of probe was made by laser

melting and its root-mean-square roughness is typically
around 0.2 nm.

2.2. Shear Force Measurement. The shear force F acting on
the probe tip can be estimated using the following equation
[2]:

F = ηΩU , (1)

where η is the viscosity of the lubricant and U is the
sliding speed. The parameter Ω is a geometrical parameter
determined from the shape and gap of the two sliding
surfaces. When a sphere of diameter d, which represents the
probe tip, moves parallel to the plane surface with a gap h, Ω
is written as:

Ω = 3πd
[

8
15

log
(
d

h

)
+ · · ·

]
≈ 8

5
πd log

(
d

h

)
. (2)

The approximation holds when h � d. Substituting typical
values of η = 0.1 Pa · s, U = 10 mm/s, h = 1 nm, and
d = 200μm into (1) and (2) gives an estimate of F to be
on the order of 1 nN. Since the spring constant of the probe
is around 10 N/m, we have to attain a sensitivity of 0.1 nm
in the displacement measurement of the probe deflection.
To meet this requirement, we developed an original method
as shown in Figure 2. We use the fiber as a lens to focus
the laser onto a position sensitive detector (PSD). The laser
beam is incident in a direction perpendicular to the plane of
probe deflection. When the fiber is deflected, the laser spot
on the PSD moves, and therefore, the amount of deflection
can be obtained from the displacement of the laser spot.
The sensitivity of the measurement strongly depends on the
numerical aperture of the objective lens and the distance
between the lens and probe. The optimal conditions were
determined by a numerical calculation using a ray tracing
method and experimentally verified. The details of the
optical system design are described in [25]. Figure 3 shows
the experimentally obtained relationship between the probe
amplitude and signal-to-noise ratio. In the experiment,
the probe was oscillated sinusoidally with the amplitude
synchronously detected by a lock-in amplifier. The data
represented by the circles, triangles, and squares correspond
to numerical apertures of 0.3, 0.25, and 0.1, respectively. A
least-squares method is used to fit the experimental data,
and the results are shown as the straight lines. From the
fitted functions, we determine the detection limit of the
measurement to be the probe amplitude for a signal-to-
noise ratio of 1. Consequently, the detection limits are 0.006,
0.007, and 0.01 nm for N = 0.3, 0.25, and 0.1, respectively.
This corresponds to a shear force sensitivity on the order of
0.1 nN, and we can thus conclude that the sensitivity of the
FWM is sufficient for the measurement of molecularly thin
films.

2.3. Precise Control and Determination of the Gap Width.
The width of the shearing gap, which is the width of the
gap between the probe tip and substrate, is controlled by
a piezo stage on which the sample is mounted. Since the
longitudinal rigidity of the probe is sufficiently high, the
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Figure 1: (a) Concept of shear force detection in the fiber wobbling method and (b) micrographs of the optical fiber probe.
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Figure 2: Schematic diagram of the fiber wobbling method (FWM).
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Figure 3: Experimental results of the measured relationship
between the probe oscillation amplitude and the signal-to-noise
ratio of the displacement measurement.

change in the gap width is equal to the displacement of
the piezo stage. Therefore, we can control the gap width
with the same resolution as that of the piezo stage, which
is 0.1 nm. However, the absolute value of the gap width
cannot be measured directly. Therefore, we determine the
solid contact point experimentally, define it as the zero
point of the gap width, and the shearing gap is determined
by the displacement of the piezo stage from this point.
Thus, the probe tip must make contact with the solid
substrate at least once in the measurements. The basic
experimental procedure in the FWM measurements is shown
schematically in Figure 4. In the initial state, the gap was
set to be much larger than a nanometer-size gap, such as
1 μm, and the sinusoidal oscillation of the probe at a constant
frequency and amplitude was started. The gap was then
gradually decreased at a constant rate, which is typically a
few nanometers per second. As the gap width decreased,
we synchronously measured the amplitude and phase of
the probe tip oscillation, detected by the optical method
described in Section 2.2, using the lock-in amplifier. The
measurement was stopped when solid contact occurred.

According to the above procedure, the determination of
the gap width depends on the sensitivity of the solid contact
point detection. For this purpose, we developed an original
technique that detects the excitation of the resonant oscilla-
tion of the shearing probe [26]. In the initial stage of solid
contact, intermittent asperity contact occurs between two
sliding surfaces owing to the surface roughness. The asperity
contact causes an impulsive force to act on the probe tip
and excites the resonant oscillation of the probe. We detect
solid contact by monitoring the increase in the resonant
oscillation amplitude. The frequency of the forced oscillation
during lubricant shearing is much smaller than the natural
frequency of the probe, and so two lock-in amplifiers can
be used to measure the forced oscillation component and
the resonant oscillation component separately in different
frequency ranges. This technique enables us to define the
solid contact point with an accuracy on the order of 0.1 nm.
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Figure 4: Gap determination procedure in the FWM measure-
ments. Shearing gap h is equal to the displacement of the piezo stage
until the solid contact occurs, which is represented by hpiezo.

Table 1: Lubricants used in the experiment.

Z03 Zdol2000 Zdol4000

Main chain structure X–CF2(OCF2CF2)m(OCF2)nOCF2–X

End groups (–X) –CF3 –CH2OH –CH2OH

Molecular weight (amu) 4000 2000 4000

Bulk Viscosity at RT (Pas) 0.05 0.15 0.18

3. Viscoelastic Measurement with the
Immersed System

The probe tip was immersed into a relatively thick lubricant
film (e.g., 200 μm), and the gap was decreased to the
nanometer scale [24, 27]. The lubricant film was confined
in the nanometer-sized gap and its viscoelasticity was
measured. In this immersed system, the gap between the two
sliding surfaces is completely filled with the lubricant, and
since the gap width varies with the radius of curvature of
the probe tip, the obtained viscoelastic properties represent
those of the average. However, since the shear force generated
for the narrowest gap plays a dominant role in the measured
mechanical response, we observe a strong dependency of
the viscoelasticity on the gap variance when the lubricant is
confined to the nanometer-sized gap. In immersed-system
measurements, we can investigate the entire viscoelasticity
transition process of confined lubricants as the gap changes
from the micrometer to nanometer scale.

3.1. Materials and Method. We used a magnetic disk as
the solid substrate, and the top layer of the disk is a
DLC overcoat with a surface roughness of 0.59 nm. As the
lubricant, we used three different types of perfluoropolyether
(PFPE) lubricants as listed in Table 1. All have the same main
chain structure but the end groups differ: Zdol2000 and
Zdol4000 (with different molecular weights) have hydroxyl
end groups on both sides of the main chain, making them

polar lubricants, and both ends of the Z03 main chain are
terminated by fluorine, which means that Z03 is a nonpolar
lubricant. The difference in polarity affects the affinity to the
magnetic disk surface. The polar end groups are strongly
adsorbed onto the DLC surface and chemical bonding can
be formed. Lubricant molecules that are chemically adsorbed
on the disk surface are known as immobile molecules or
bonded molecules and those that are physically adsorbed
are known as mobile molecules. The number of bonded
molecules can be controlled by annealing or UV treatment.

We placed one drop of the lubricant on the disk surface
and waited until the lubricant spread spontaneously over
the surface and stabilized. The amount of liquid in the
drop was controlled to produce a wet film with a thickness
of around 200 μm. As mentioned in the previous section,
since the mechanical response obtained during the shearing
of lubricant is dominated by the lubricant confined in the
narrowest gap, any variation in the immersion depth of the
probe will have a negligible effect on the measurements. The
sample was not annealed or UV treated.

A schematic diagram of the experimental setup is shown
in Figure 5. The piezo actuator was used to oscillate the
probe, and the gap between the probe tip and sample
was controlled by the piezo stage. The deflection signal
from the PSD, a current signal, was converted to a voltage
and amplified by the I-V converter. The amplified signal
was divided into two lines; one line was detected by the
lock-in amplifier that used the piezo actuator oscillation
signal as a reference signal and its amplitude and phase
were measured. The other line was detected by another
lock-in amplifier to measure the amplitude of the resonant
oscillation component for the solid contact point detection.
The reference signal was generated by the function generator
with a frequency equal to the natural frequency of the probe.
These three measured values were simultaneously recorded
on the computer via an analog-to-digital converter.

After the probe tip was immersed in the lubricant film
and the shearing gap was set to around 1 μm, we started the
probe oscillating at a frequency of 800 Hz and a peak-to-peak
amplitude of 30 nm. The gap was decreased at a constant
rate of 10 nm/s, and the amplitude and phase of the probe
oscillation was measured until solid contact occurred.

3.2. Calculation of Viscoelasticity. The mechanical model
used to obtain the viscoelastic properties is shown in
Figure 6. The equation of motion is expressed as

m
d2x

dt2
+ c

dx

dt
+ kx = F0e

iωt, (3)

where F0, ω, x, m, k, and c are the driving force, driving
frequency, displacement, effective mass of the spherical tip,
spring constant of the probe, and damping coefficient of the
liquid lubricant, respectively. The solution for (3) is written
as

x = a cos(ωt − δ), (4)
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Figure 6: Mechanical model for the viscoelastic calculation.

where a and δ are the amplitude and phase shift, respectively,
defined as

a = F0[
(k −mω2)2 + ω2c2

]1/2 , (5)

δ = tan−1
(

ωc

k −mω2

)
. (6)

The driving force F0 is obtained by substituting c = 0 and
a = a0 into (5), where a0 represents the forced oscillation
amplitude. The relationship between the damping coefficient
and viscosity of the lubricant is expressed as follows:

c = ηeff Ω. (7)

Here, ηeff represents the effective viscosity since lubricant
confined in a nanometer-sized gap is expected to be non-
Newtonian. In the immersed system, the sliding surfaces
were assumed to be a sphere and plane with the sphere mov-
ing parallel to the plane surface. In this case, the geometric
parameter Ω is given by (2). In our discussion on viscoelastic
properties, the effective viscosity ηeff is represented by a
complex function:

ηeff = η′ − iη′′, (8)

where η′ and η′′ represent the viscosity and elasticity,
respectively. From (3) to (8), we obtain η′ and η′′ as follows:

η′ = a0
(
k −mω2

)
sin δ

aωΩ
,

η′′ = (a0 cos δ − a)
(
k −mω2

)
aωΩ

.

(9)

In these equations, the amplitude a and phase shift δ
are the measured values of the probe tip oscillation. The
other parameters are known values from the experimental
conditions and probe specifications.

3.3. Results and Discussion. Using (9), we calculated η′ and
η′′ of each lubricant. The results are shown in Figures 7, 8,
and 9. The closed circles are the viscosity values and the open
circles are the elasticity values. In all the samples, the viscosity
rapidly increased as the gap was decreased to the nanometer
scale. The maximum value of the viscosity was approximately
several dozen times larger than the bulk-state viscosity (listed
in Table 1). This is caused by the lack of molecular mobility
in the nanometer-sized gap width.

In the bulk state, the Z03, Zdol2000, and Zdol4000
lubricants have no elastic properties. However, elasticity
appeared for gaps of less than a few nanometers. In other
words, the transition from a viscous liquid to a viscoelastic
liquid occurred. The elasticity also increased monotonically
as the gap decreased. In a narrow gap, the physically and
chemically adsorbed molecules on both sides of the confining
surfaces can interact with each other, and it is considered
that the mobility of these adsorbed molecules was extremely
suppressed and thus the lubricants exhibited elasticity. The
elasticity appeared at different gap widths for each tested
lubricant: widths of 6.5, 13.2, and 13.4 nm for Z03, Zdol2000,
and Zdol4000, respectively. These differences are considered
to be due to the higher affinity of the polar lubricants to
the magnetic disk surface; the polar lubricants may have
formed a thicker adsorption layer that led to the appearance
of elasticity at a wider gap width.

4. Viscoelastic Measurement with
the Thin-Film System

The FWM measurements were applied to thin lubricant films
coated on magnetic disks as in the actual HDI [26, 28]. From
the measured mechanical responses, we firstly discuss the
deformation of the lubricant film caused by the approaching
and separating probe tip, which imitates the touchdown and
takeoff behavior in the HDI. Secondly, we discuss the effect
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Figure 7: Effect of the shearing gap on the viscosity η′ and elasticity
η′′ measured with the Z03 lubricant [24].
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Figure 8: Effect of the shearing gap on the viscosity η′ and elasticity
η′′ measured with the Zdol2000 lubricant [24].

of the bonding ratio on the viscoelasticity. Finally, the shear
rate dependence of the viscosity is shown.

4.1. Materials and Method. The Z03 and Zdol4000 lubri-
cants, specified in Table 1, and Ztetraol were coated onto
a magnetic disk to form the samples. Ztetraol has the
same main chain structure as Z03 and Zdol4000, though it
has different end groups that are X = –CH(–OH)CH2OH.
Since Ztetraol has two hydroxyl groups on each end of
the main chain, it has higher affinity to the magnetic disk
surface than Zdol4000. The lubricant films were formed
by the dip-coating method. The disk coated with Zdol4000
was annealed, and samples that had different numbers of
bonded molecules were prepared. The proportion of bonded
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Figure 9: Effect of the shearing gap on the viscosity η′ and elasticity
η′′ measured with the Zdol4000 lubricant [24].

Table 2: Samples prepared for the FWM measurements with the
thin-film system.

Type of lubricant Film thickness, h (nm) Bonding ratio, b

Z03 2.2 0

Zdol4000 2.0 0.2

Zdol4000 2.0 0.5

Zdol4000 1.8 1.0

Ztetraol 1.9 0.3

molecules is represented by the bonding ratio b, which is
defined by

b = hb
h
. (10)

Here, h is the film thickness and hb is the film thickness
measured after the sample has been rinsed with solvent,
which means hb is the thickness composed only of the
remaining bonded molecules. The bonding ratio was mea-
sured after all the viscoelastic measurements were finished,
and an ellipsometer was used to measure the film thickness.
The samples are listed in Table 2; since Z03 does not form
chemically bonded molecules, its bonding ratio is 0.

The experimental procedure was similar to that of the
immersed-system measurement; in this case, the amplitude
change and phase shift of the probe tip oscillation were
measured with decreasing gap rate of 3 nm/s. In the thin-film
system, the probe does not make contact with the sample
at the beginning of the measurement since the initial gap
is set to be much larger than the film thickness. Therefore,
the measured mechanical response is divided into three
sequential stages: noncontact, lubricant shearing, and solid
contact. We also measured the mechanical response as the
gap was increased at a rate of 3 nm/s from the solid contact
point. We call the former procedure the approaching process
and the latter the separating process. The separating process
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Figure 10: Probe amplitude, phase shift, and normalized resonant component measured for (a) Z03 and (b) Zdol4000 with a bonding ratio
of 0.2 in the approaching process [26].

follows the approaching process. In the separating process,
the three sequential stages occur in reverse order. These two
processes imitate the touchdown and takeoff behavior in the
HDI. Although the approaching and separating speeds differ
greatly from the actual speeds, we can observe fundamental
phenomena. In all measurements, we used an optical fiber
probe with a tip radius of curvature of around 8 μm.

4.2. Calculation of the Viscoelasticity. To calculate η′ and η′′

using (9), we need to determine Ω for this system. Since
the gap width will be sufficiently smaller than the radius of
curvature of the probe end, we can assume that the geometric
configuration of the sliding surfaces is two flat plates moving
parallel with a gap of h. In that case, Ω is obtained as follows:

Ω = S

h
, (11)

where S represents the contact area between the probe end
and lubricant film. It is, however, difficult to determine
an accurate value for S experimentally in our setup, which
is a major obstacle in obtaining the absolute values of
the viscosity and elasticity coefficients from the measured

experimental results in the thin-film system. Therefore, we
used the relative viscosity ζ ′ and elasticity ζ ′′ contributions,
defined as follows, to discuss the viscoelastic properties [26]:

ζ ′ = η′(
η′2 + η′′2

) = a0 sin δ

(a0
2 + a2 − 2a0a cos δ)1/2 ,

ζ ′′ = η′′(
η′2 + η′′2

)1/2 =
a0 cos δ − a

(a0
2 + a2 − 2a0a cos δ)1/2 .

(12)

For a quantitative comparison, the damping coefficient
c f and elastic coefficient k f of the samples can be obtained as
follows [28]:

c f = a0
(
k −mω2

)
sin δ

aω
,

k f = (a0 cos δ − a)
(
k −mω2

)
aω

.

(13)

4.3. Results and Discussion

4.3.1. Touchdown and Takeoff Gap. The touchdown gap
width hd was defined by the gap width for which the probe
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Figure 11: Probe amplitude, phase shift, and normalized resonant component measured for (a) Z03 and (b) Zdol4000 with a bonding ratio
of 0.2 in the separating process [26].

tip first touches the lubricant film surface in the approaching
process. The takeoff gap h f was defined by the gap width
for which the probe tip and lubricant film came apart in
the separating process. These touchdown and takeoff gaps
represent the gap range for which the probe end shears the
lubricant film, and they are not necessarily equal to the film
thickness since the lubricant film can be deformed. In the
approaching process, we determined hd by the gap width
for which a decrease in the probe amplitude or an increase
in the phase shift was first seen to exceed the noise levels
of the measured signal. The h f gap was determined by the
gap width for which both an increasing probe amplitude and
decreasing phase shift first agreed in the range of noise levels
with their average values measured when the probe and the
sample were completely apart. The noise levels were obtained
by calculating the threefold variance in the measured data for
a time when the probe was not in contact with the sample.
Typical experimental results from the approaching process
are shown in Figures 10(a) and 10(b) for Z03 (b = 0)

and Zdol4000 (b = 0.2), respectively. The results measured
in the subsequent separating process are shown in Figures
11(a) and 11(b). The touchdown and takeoff gaps are also
indicated in Figures 10 and 11. During the approaching
process, we observed that a decrease in the probe amplitude
and an increase in the phase shift started below a certain
gap width. In contrast, the probe amplitude increased and
the phase shift decreased during the separating process and
reached constant values, which means that the probe end and
the sample came apart. The changes in the probe amplitude
and phase shift were caused by the viscoelastic force acting on
the probe end during the lubricant shearing. The touchdown
and takeoff gaps determined for each sample are summarized
in Figure 12. The oscillation amplitude was 50 nm (peak-to-
peak) and frequency was 1 kHz in all measurements.

While the touchdown gaps of the Zdol4000 and Ztetraol
samples had almost the same value as the film thicknesses,
that of Z03 was almost twice the film thickness. In the case of
Z03, we consider that the intermolecular attraction from the
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Figure 14: Relative viscosity and elasticity of Zdol4000 with a
bonding ratio of 0.2 in the separating process at h < 11 nm [26].

approaching probe tip caused the lubricant film to deform
and a liquid bridge to form between the solid surfaces. This
results in the contact between the probe tip and lubricant
film starting at a gap width larger than the thickness of the
lubricant film. A liquid bridge is unlikely to have formed for
the Zdol4000 and Ztetraol samples since the touchdown gaps
were almost equal to the film thicknesses. We consider these
results to be reasonable because the Zdol4000 and Ztetraol
molecules could form more energetically stable films than
those of Z03 due to the strong interaction of the polar end
groups with the disk surface. Since the polar interaction with
the disk surface can be much larger than the intermolecular
interaction with the probe surface, the Zdol4000 molecules
could not form a liquid bridge.

The takeoff gaps were larger than the film thicknesses
except in the case of Zdol4000 (b = 1.0) and Ztetraol. In
addition, samples with a smaller bonding ratio showed larger
takeoff gaps. The small bonding ratio means there is a large
number of mobile molecules and therefore suggests that the
mobile molecules aggregate near the probe tip during contact
with the lubricant film; the increasing gap elongated the
cluster to form a liquid bridge that was maintained at gap
widths, which were more than a few times larger than the
film thickness.

Nonuniformity of the lubricant film thickness can be
a significant disturbance to the stable movement of the
magnetic head. Our results above indicate that the inter-
molecular interaction with the approaching probe surface
does not cause any deformation in polar lubricant films even
if they contain mobile molecules. In contrast, once the probe
touches the lubricant film surface the mobile molecules
aggregate near the contact region and form a cluster. In
future HDDs, frequent contact between the head and disk
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Figure 15: Relative viscosity and elasticity measured with different samples in (a) approaching and (b) separating processes.

is expected, and thus we suppose that lubricant films with
mobile molecules may not be applied for realizing precise
control of the magnetic spacing in future HDI. In this case,
optimization of the lubricant film design is expected to attain
sufficient lubrication without mobile molecules.

4.3.2. Viscoelasticity. We calculated the relative viscosity and
elasticity for a gap width less than the touchdown gap in
the approaching process and for a gap less than the takeoff
gap in the separating process. Typical results for the Zdol400
(b = 0.2) sample are shown in Figures 13 and 14, with
the circles indicating the relative viscosity and the squares
indicating the relative elasticity. The average values in the
gap rage from 0 to 1.5 nm for all the samples are shown
in Figure 15. As shown in Figure 15, the behavior of the
Z03 (b = 0) sample was dominated by the viscosity in
both the approaching and separating processes because the
Z03 lubricant film is only composed of mobile molecules.
The Zdol4000 samples in the approaching process showed
a decrease in viscosity and an increase in elasticity with an
increase in the bonding ratio. This indicates solidification of
the lubricant film caused by an increase in the number of
bonded molecules. A significant change in the viscoelastic
properties in the approaching and separating processes was
observed for the Zdol4000 samples with bonding ratios
of 0.2. While the viscosity was smaller to the elasticity
in the approaching process, it became prominent in the

separation process. This is caused by the mobile molecules
that aggregate around the probe tip. Ztetraol was elasticity
dominant in both approaching and separating processes.
Although its bonding ratio was 0.3, the viscoelasticity was
qualitatively similar to that of Zdol4000 (b = 1.0). Under
the sliding condition in this study, the mobile molecules
of Ztetraol may behave the same as the bonded ones of
Zdol4000. If they are tested under the higher sliding speed,
results may be different. This must be one of our future
studies. From the results summarized in Figure 15, we can
conclude that our method reveals the strong dependence of
the viscoelasticity on the lubricant affinity to the disk surface.
In addition, the viscoelastic response can be altered locally
due to the behavior of mobile molecules.

4.3.3. Shear Thinning Behavior. To reveal the shear rate
dependence of the viscoelasticity, we conducted measure-
ments at different oscillating amplitudes of 50, 25, 17.5,
10, and 5 nm [28]. The oscillation frequency was fixed at
1 kHz in all of the experiments. The corresponding shear
rate ranged from 102 to 106 s−1. We used a magnetic disk
coated with a 2.0 nm thick Z03 film. We calculated the
damping coefficient c f and elastic coefficient k f from the
measured probe amplitude and phase shift by using (13).
Since the sample was Z03, which is viscosity dominant, the
elasticity k f was quite small and comparable to the noise
level. Therefore, at this point, we are not able to discuss the
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share rate dependence of k f . The shear rate dependence of c f
is shown in Figure 16 on a log-log plot. Plots are shown for
shearing gaps of 0.2, 1.0, 2.0, and 3.0 nm in the approaching
process. The shear rates are calculated from the gap widths
and maximum shearing speed, which were determined by the
oscillation frequency and amplitude. As shown in Figure 16,
c f decreased exponentially with increasing shear rate. This
phenomenon is generally known as shear thinning, and the
behavior is well expressed by the empirical power law

log c f = −α log γ + β, (14)

where α and β are fitting parameters and γ represents the
shear rate. This is shown by the dashed lines in Figure 16.
The shear rate dependence of c f is well represented by the
empirical power law. Such a shear rate dependence has not
been observed for thicker Z03 films [29], and we therefore
consider the shear thinning to be unique to the nanometer-
thick film.

5. Conclusion

We developed the fiber wobbling method (FWM) for
dynamic viscoelastic measurements of molecularly thin
lubricant films coated on magnetic disk surfaces. The FWM
enables us to measure the shear force with a sensitivity of
0.1 nN and control the shearing gap with a resolution on
the order of 0.1 nm, both of which are requirements for
molecularly thin-film measurements.

We revealed in measurements using the immersed system
that lubricants confined in a nanometer-sized gap width had

an enhanced viscosity that was several dozen times larger
than the bulk viscosity. In addition, the elasticity, which is
not observed in the bulk state, appeared at gaps of less than a
few nanometers. The appearance of elasticity is considered to
be due to the interaction between the adsorbed layers formed
on both solid surfaces.

In the thin-film system, we succeeded in measuring the
viscosity and elasticity of molecularly thin films and observed
a strong dependence of the viscoelasticity on the bonding
ratio. In addition, we found that shear thinning caused a
decrease in the viscosity as the shear rate increased. Shear-
thinning viscosity decrease is the opposite effect of the
confinement-induced viscosity increase. Therefore, both the
shearing gap and shear rate must be considered carefully to
predict the friction force acting on the head during contact
with the disk surface. The bonding ratio and type of lubricant
will also affect the friction force. How these factors define the
mechanical properties of the lubricant films must be clarified
for the optimal design of future HDI. So far, the FWM has
two major drawbacks. One is that the shearing speed is much
slower than that in an actual HDI, and the other is that we
cannot determine the contact area between the probe tip and
lubricant films in the thin-film system, which is the biggest
obstacle for a quantitative evaluation of the viscoelasticity.
In our recent work, we succeeded in taking high-speed
measurements using the resonant oscillation of the probe
[30]. Additionally, observation of the contact area in the
FWM measurements is one of our ongoing projects, and the
first report will appear elsewhere. We believe that the FWM
will be a promising and powerful method for improving
our understanding of the basic phenomena concerning HDI
lubrication.
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We fabricated supersmooth probes for use in pin-on-disk sliding tests by applying gas cluster ion beam irradiation to glass convex
lenses. In the fabrication process, various changes were made to the irradiation conditions; these included one-step irradiation
of Ar clusters or two-step irradiation of Ar and N2 clusters, with or without Ar cluster-assisted tough carbon deposition prior
to N2 irradiation, and the application of various ion doses onto the surface. We successfully obtained probes with a centerline
averaged surface roughness that ranged widely from 1.08 to 4.30 nm. Using these probes, we measured the friction forces exerted
on magnetic disks coated with a molecularly thin lubricant film. Perfluoropolyether lubricant films with different numbers of
hydroxyl end groups were compared, and our results indicated that the friction force increases as the surface roughness of the pin
decreases and that increases as the number of hydroxyl end groups increases.

1. Introduction

In magnetic disk storage, the head-disk spacing must be min-
imized to maximize the bit density. Most recently, a spacing
of 4-5 nm has been attained, which is the spacing between
the bottom of the head pole tip and the rigid disk surface.
To further reduce this spacing, the lubricant film coated over
the disk was thinned and strengthened using lubricants with
increased molecular polarity. Some of the commonly used
lubricants are functionalized perfluoropolyethers (PFPE)
with a linear backbone and hydroxyl end groups (–OH)
called PFPE polar lubricants (Solvay-Solexis). The number
of –OH groups has been increased in order to ensure that the
lubricant film has a relatively strong retention function [1, 2].

Recently, the dynamic flying height (DFH) has been
employed during read/write operations. After being heated,
the bottom of the head pole tip protrudes, forming a hem-
isphere-shaped protrusion with a radius of curvature of
several millimeters [3]. Therefore, the evaluation of the tri-
bological features of the protruding head and that of the

disk lubricated with a molecularly thin polar lubricant film
are of significant concern. Shimizu et al. studied the slider
dynamics during the touchdown of sliders by using a laser
Doppler vibrometer (LDV), acoustic emission (AE) mea-
surement, and friction force measurement. They concluded
that the friction force at the head disk interface (HDI)
continues to increase during the touchdown sequence, even
though the slider vibration and the AE signal decrease when
the heater power is increased. The friction force at the HDI
needs to be decreased to further reduce the HDI clearance
[4]. Sonoda et al. studied the tribological properties of two
types of PFPE lubricants on the basis of the component level
and by performing drive level tests. Disks having a lower
friction property and lower surface energy showed better
HDI performances [5].

To date, many experimental studies have addressed the
tribological behavior of monolayer lubricants, employing
surface force apparatus (SFA), friction force microscopy
(FFM), and the fiber wobbling method (FWM). Because each
approach uses an elaborated probe, the direct application
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of the probe to an actual head-disk interface is difficult.
The radius of curvature of the probe for SFA is around
10 mm [6], which is comparable to that of an actual head-
disk interface subject to DFH. For FFM, the radius is around
20 nm, and for FWM, it is around 4–100 µm; the values in
both cases are considerably small [7, 8]. Large differences
are observed between the friction forces measured using
SFA and FFM on PFPE Z and polydimethylsiloxane (PDMS)
monolayer films; these differences are attributed to whether
or not the probe penetrated the film [9]. Recently, friction
coefficients obtained using FFM have been confirmed to be
almost the same when FFM experiments were performed
under a very light load [10]. These methods are based on
ideal conditions without roughness (SFA) or with a very
sharp tip (FFM), which are considerably different from the
conditions of an actual head-disk interface. The friction
force basically consists of two components: one is load-
controlled and the other is adhesion-controlled [11]. The
former component represents the friction linearly varying
with an external normal load, known as Amonton’s law,
and the latter represents the nonlinear friction-versus-load
characteristic, which is typically in proportion to 2/3 of the
power of the loading force. In the case of multiasperity con-
tact, load-controlled friction becomes dominant, whereas
in the case of single-asperity contact, adhesion-controlled
friction becomes dominant. Switching from multiasperity to
single-asperity contact is induced by confining the contami-
nant film that intervenes between the two surfaces [12].

These results suggest that even nanometer-scale rough-
ness profoundly affects the tribological behavior of mono-
layer lubricant films, and thus, a supersmooth probe or
probes with different roughnesses are required. In this study,
to evaluate the tribological behavior of a thin lubricant
film under similar geometric conditions of a practical head-
disk interface, we fabricated supersmooth probes for use
in pin-on-disk sliding tests by applying gas cluster ion
beam (GCIB) irradiation [13, 14] to commercially available
glass convex lenses. We successfully obtained probes with
a centerline averaged surface roughness (Ra) that ranged
from 1.08 to 4.30 nm. Using these probes, we measured the
friction forces exerted on magnetic disks coated with a PFPE
lubricant film having different numbers of –OH groups. The
results indicated that the newly developed probe is useful
for evaluating monolayer lubricant films on a practical scale.

2. Modification and Smoothing of
Glass Sliding Pins

Considering the millimeter-sized radius of curvature of the
protruded head, we selected a BK7 planoconvex lens (Sigma
Koki; SLB-05-10P) with a radius of curvature of 5.19 mm
and a diameter of 5 mm. To modify the surface roughness of
the lens, we applied GCIB processing to its surface. Because
gas cluster ions are composed of thousands of gaseous
atoms, the energy distributed to each atom remains within
ultralow levels, even though the GCIB energy is high. This
permits surface modifications such as etching, smoothing,
and deposition to be performed without strongly damaging
the surface. The smoothing effects obtained using GCIB

processing depend on parameters such as the type of atoms,
electron bombardment energy, ion acceleration energy, and
amount of dosed clusters [13]. Our aim is to optimize these
parameters in order to smoothen the surface of the glass
lens. Based on past research, the electron bombardment
and the ion acceleration energies were fixed at 150 eV and
7 keV, respectively. Ar clusters were employed for the main
processing and N2 clusters for additional processing. Here-
after, Ar cluster irradiation is called one-step irradiation,
and N2 cluster irradiation, after Ar cluster irradiation, is
called two-step irradiation. We also applied GCIB-assisted
diamond-like-carbon (DLC) deposition (Nomura Plating;
tough carbon) [14] to the Ar-GCIB-modified surface as
successive processing from Ar irradiation by sublimating the
C60 fullerenes into the deposition chamber. The thickness of
the tough carbon was fixed at 300 nm. Finally, N2 clusters
were applied to the top surface. All of the conditions for
GCIB processing are listed in Table 1. Two glass pins were
prepared for each condition.

After the GCIB operations, the surface roughnesses of
the top surfaces were measured by atomic force microscopy
(AFM) using Nanoinstrument IIIa. Typical surface profiles of
the original surface and the surface fabricated by the GCIB
irradiation on glass probe surfaces without the DLC film are
shown in Figure 1. Table 1 shows the GCIB conditions and
the average roughness obtained after 3 sets of measurements.
Figure 1(a) shows the original glass surface for pin 1 in
Table 1, Figure 1(b) shows that for pin 2, and Figure 1(c)
shows that for pin 3. For reference, the AFM images are also
shown in Figures 3(a) and 3(c) for the original surface and
the smoothest surface, which correspond to Figures 1(a) and
1(c). Although Figures 1(a) and 1(c) show noise patterns
in subnanometers, these noise patterns were generated by
the external vibration and the measured roughness values
were not affected considerably by the noise. The roughness
of the glass probe surface was reduced by the two-step GCIB
irradiation, although the asperity height of the probe surface
was increased significantly by the one-step GCIB irradiation.
The roughness profiles of the DLC surface on the probes
irradiated by the GCIB are shown in Figure 2. Figure 2(a)
shows pin 4, Figure 2(b) shows pin 5, and Figure 2(c) shows
pin 6. For reference, the AFM images are also shown in
Figures 3(d) to 3(f), which correspond to Figures 2(a) to
2(c). After GCIB irradiation to DLC film surface, there were
more asperities on the surface than the original surface.
Therefore, the one-step Ar GCIB irradiation increases the
asperity height on both glass and DLC surface and the two-
step Ar-N2 GCIB irradiation reduced the surface roughness.

Using these figures, we could compare the changes in
roughness produced by GCIB processing in terms of Ra units,
which are defined as the centerline averaged roughness
over a roughness curve, Rq, which is defined as the root
mean square roughness, and Rp ave which is defined as
the maximum peak height averaged over the three highest
points in a measured area of 25 × 25 µm2. We chose the
Rp ave value as a representative value for determining the
distance of separation between two solid surfaces in contact
with one another. For Figure 2(a), the original glass surface,
sharp peaks were sparsely distributed, which can be seen in
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Table 1: Conditions for GCIB processing and surface roughness.

No.
Dose, ion/cm2 DLC Roughness, nm

Ar × 1016 N2 × 1016 nm Ra Rq Rp ave

1 0 0 0 1.40 3.01 10.26

2 2 0 0 4.30 6.35 34.83

3 1 2 0 1.08 1.40 4.99

4 1 0 300 1.51 2.16 17.33

5 2 0 300 1.07 1.39 7.87

6 4 0 300 1.05 1.37 13.63

Figure 2(a) as white colored spots. Ra was 1.40 nm, a value
that indicated a well-finished surface for optical use, and
Rp ave was 10.26 nm, which was seven times higher than Ra.
For Figure 2(b), one-step GCIB without DLC, the degree of
roughness increased to more than that of the original surface,
which indicated that the Ar clusters were considerably strong.
In the case of Figure 2(c), two-step GCIB without DLC, the
sparsely distributed peaks decreased to Rp ave of 4.99 nm,
which indicated that N2 GCIB was effective in smoothing and
that Ra improved to 1.08 nm. As a result, we obtained a wide
variety of surface roughnesses ranging from 1.08 to 4.30 nm
in Ra units and from 4.99 to 34.83 nm in Rp ave units.

3. Friction Tests

Pin-on-disk-type friction tests were performed using GCIB-
treated planoconvex lenses that were glued to a commercially
available flying head slider and loaded by a slider suspension
spring (with a spring constant of 19.0 N/m) onto a magnetic
disk at a fixed load of 9.8 mN. Friction tests were performed
five times for the same pin on the same sliding track,
which was slightly shifted for each pin from the inside
to the outside at intervals of 1 mm, with slightly varying
disk rotation, to obtain a constant velocity of 2 mm/s. This
rotational velocity was considerably slower than the actual
HDI velocities. However, the friction forces measured by
the pin-on-disk tester using the low rotational velocity were
useful for comparing the basic tribological properties of
lubricant films on magnetic disks because it was obvious that
the friction forces played an important role in the interaction
between the slider and the disk surface, as described in
some references [15, 16]. The pin was cleaned with a solvent
(DuPont; Vertrel XF) when the disk was changed, that is,
before every first rotation for the different lubricant films.

The experimental disks were coated with a nitrogenated,
4 nm thick DLC film with an Ra value of 0.2 nm. The
experimental lubricants were PFPE Z-dol (with a molecular
weight of 2000) with one hydroxyl group (–OH) at each end,
Z-Tetraol (2400) with two –OHs at each end, and Z-Tetraol-
multidentate (Z-TMD; 3000) with an additional four –OHs
on the main Z-Tetraol chain [1, 2], as shown in Figure 4.

The film thicknesses, measured with an ellipsometer
(MARY by Five Lab. Co.), were 1.1, 1.2, and 0.8 nm, and the
bonding thickness were measured one day after the friction
measurements to be 20%, 66%, and 80% for Z-dol, Z-
Tetraol, and Z-TMD, respectively. Here, the bonding ratio
is defined as the ratio of the coated lubricant thickness

to the residual film thickness after rinsing the lubricant-
coated surface with a solvent (Vertrel XF). The monolayer
thickness of Z-dol2000 was approximately 1.4 nm, and that
of Z-Tetraol was approximately 1.7 nm [17]. The monolayer
thickness of Z-TMD was estimated to be of the same order
as that of Z-dol2000 [18]. Note that the coated films in
this study were either as thin as a monolayer or thinner. All
experiments were performed in a clean booth in which the
temperature ranged from 25◦ to 29◦ and the humidity from
55% to 65%.

4. Results and Discussions

The experimental results are plotted in Figure 5, where
Figure 5(a) shows the results for Z-dol, Figure 5(b) for Z-
Tetraol, and Figure 5(c) for Z-TMD. The abscissa indicates
the average peak height Rp ave, and the ordinate denotes the
friction force F. In the figures, the symbols denote the BK7
original glass surface, the BK7 glass surface after Ar-GCIB
processing, the BK7 glass surface after Ar/N2-GCIB process-
ing, and the DLC surface after Ar-GCIB processing. The
range of variation of the five experiments conducted under
the same condition is marked by short bars sandwiching
the symbols. These bars corresponded to the maximum and
minimum values of the measured friction forces.

The data points were fairly scattered because of the
local variations in the surface features, the film thicknesses,
the roughness of the disk surfaces, and the sliding-induced
vibration. In the case of the Z-dol film, the friction force
remained nearly constant with varying roughness. This was
attributed to the fact that the bonding ratio was as low as
20%, and, thus, the mobility of unbonded molecules was
large and the movable molecules with low viscosity between
the probe and the disk surface reduced the friction force in
the same manner as hydrodynamic lubrication, as illustrated
in Figure 6.

In the case of the Z-Tetraol film, the friction was almost
unchanged for an Rp ave of more than 15 nm. However, when
the roughness became smaller than 10 nm (at which point
the Ra value was roughly equivalent to the monolayer film
thickness, as shown in Table 1), the scattering of the data
points increased, but on average, the friction force tended
to increase with decreasing roughness. Nevertheless, the
bonding ratio was as high as 66%, and lubricant molecules
could be removed for the relatively rough probes because
of the high contact pressure; in the case of the relatively
smooth probes, the contact pressure decreased because of
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(c) Two-step CCIB irradiation without DLC

Figure 1: Changes in surface roughness profiles with GCIB irradi-
ation without DLC. The abscissa indicates the scanning distance in
micrometers, and the ordinate indicates the roughness amplitude in
nanometers.

the increased contact area and many bonded molecules
remained inside the contact area after being deformed, as
illustrated in Figure 7, which was the confinement condition.
Confined molecules exhibited a solid-like feature, and thus,
the single-asperity condition became dominant [12]. This
was considered a major reason for increased friction with
decreasing roughness.

In the case of the Z-TMD film, the increase in friction
with decreasing roughness became more pronounced. This
was attributed to the bonding ratio that was as high as
80%, which was considerably higher than that in the case
of Z-Tetraol, and, thus, a large majority of molecules
remained inside the contact area. This strengthened the shift
from the multiple- to single-asperity contact. Note that the
friction forces were nearly equal for different lubricants for
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Figure 2: Changes in surface roughness profiles with GCIB irra-
diation with DLC. The abscissa indicates the scanning distance in
micrometers, and the ordinate indicates the roughness amplitude
in nanometers.

a relatively large roughness range, which is a basic feature of
Amonton’s law followed from multiple-asperity contact. On
the basis of these results, we concluded that the friction forces
measured by the relatively smooth probes might depend on
the dynamic viscosity of the lubricant materials, because the
dynamic viscosity of Z-TMD, Z-Tetraol, and Z-dol2000 was
23 Pas, 3.5 Pas, and 0.153 Pas, respectively, [19, 20]. Further
studies are required to clarify the differences in the friction
property of these lubricants.

With respect to the effect of DLC coating, the effect
reducing the friction forces was estimated to be small,
because the trend of roughness dependence for the DLC-
coated pin agreed with that for the glass pin without
DLC in the case of Z-Tetraol and Z-TMD. The friction
measurements did not show changes at small peak heights
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Figure 3: Comparison of tapping-mode AFM images of planoconvex lens before and after GCIB processing. (a) Original surface of glass
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Z-TMD (MW = 3000)

Figure 4: Chemical structures of PFPE lubricants used in this study.

for Z-dol-lubricated disks in contrast to the other lubricants
evaluated.

On the basis of the Previos experimental tests, we
confirmed the usefulness of GCIB-fabricated probes with a
wide variety of roughnesses for the evaluation of monolayer
lubricant films. However, there is a possibility of a change in
the chemical properties of the probe surface fabricated using
the GCIB fabrication method, for example, the change in the
lubricant affinity on the probe surface by argon and nitrogen
implantation by GCIB irradiation [21] or DLC coating by the
GCIB treatment [22]. Similarly, the DLC coating using the
GCIB treatment might change the mechanical properties of
the probe surface, for example, Young’s modulus or hardness.
The effects on these property changes brought about by

GCIB fabrication need to be studied further in order to
understand them precisely.

5. Conclusions

We fabricated supersmooth probes for pin-on-disk sliding
tests by applying gas cluster ion beam (GCIB) irradiation
to glass convex lenses. Under varying GCIB processing
conditions, we obtained a wide range of surface roughnesses
of the probes, with values that ranged from 1.08 to 4.30 nm in
Ra units. Using these probes, we compared PFPE monolayer
lubricant films with different numbers of hydroxyl end
groups (Z-dol, Z-Tetraol, and Z-TMD). In the case of Z-
dol, the friction force remained nearly constant over the
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Figure 5: Comparison of friction forces among three types of
lubricants with different numbers of hydroxyl end groups.

experimental roughness range. In the case of Z-Tetraol
and Z-TMD, the friction force increased with decreasing
roughness.
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The influence of organic compounds (OCs) on the head-disk interface (HDI) was investigated in hard disk drives. The drives were
tested at high temperature to investigate the influence of gaseous OC and to confirm if the gaseous OC forms droplets on head or
disk. In the experiment, errors occurred by readback signal jump and we observed the droplets on the disk after full stroke seek
operation of the drive. Our results indicate that the gaseous OC condensed on the slider and caused flying instability resulting in
drive failure due to slider contact with a droplet of liquid OC. Furthermore, this study shows that kinetic viscosity of OC is an
important factor to cause drive failure using alkane reagents.

1. Introduction

To achieve 1 Tb/in2 recording density, a head-disk clearance
below 2 nm is required. At this small clearance flying instabil-
ity, which results in a few nanometers of clearance variation,
may cause read/write errors due to the high sensitivity of
magnetic recording performance to clearance. In addition
to direct contact between head and disk, collision between a
lubricant droplet and head may cause vibrations and induce
a read/write “signal jump” such as reported by Li et al.
[1]. Fowler and Geiss [2] observed droplets of OC (alkane)
on the head that can cause the stiction at the HDI with a
visualization setup. With these references, we used model OC
instead of using lubricant for accelerated testing to facilitate
droplet observation as it is difficult to observe the lubricant
droplet on the disk covered with the lubricant film. We found
that OC, specifically hydrocarbons, can also make the flying
head unstable by contact with a droplet of OC during the
write operation, resulting in an unrecoverable read error. In
this study, drive level test was carried out to investigate the
influence of OC on reliability of head disk interface (HDI).

2. Experimental Details

To investigate the influence of OC, we applied 30 mg of
hydrocarbon oil to the inside top cover of test drives.

The drives were placed with the top cover down to avoid
dropping the hydrocarbon oil to disk. This hydrocarbon
oil has a wide distribution of molecular weight from about
100 to 500 grams per mole. For the drive test, several
10000 rpm test drives were built. Tests were conducted at
a controlled temperature of 55◦C to volatilize components
of the hydrocarbon oil. The test sequence is shown in
Figure 1. First, full stroke seeks between maximum outer
radius (OD) and minimum inner radius (ID) without
write/read operation (no dynamic flying height control) were
conducted for 10 hours. The flying height is about 10 nm
during the full stroke seek. Next, a sequential write operation
from OD to ID was conducted. Then, a sequential read
operation similar to the sequential write was conducted. The
flying height is 3.0 nm with dynamic flying height control
in the sequential write and read operation. If a readback
error occurred, Viterbi metric margin (VMM) measurement
(read only) near the error position was performed to map
the error location. VMM is a function conceived as a means
of measuring signal quality during Viterbi decoding. The
margin means the difference between the actually received
data path (continuous 0/1 data) and ideal path. VMM
correlates with sector error rate (SER). When the VMM is
larger, SER is worse. The details of VMM measurement are
shown in [3].
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Full seek
w/o W/R
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write
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∼2.7 m/s at middle radius

Figure 1: Sequence of drive test accelerated by OC. The fly condition is passive (no dynamic flying height control) during the full stroke
seek operation without write/read operation.
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Figure 2: VMM changes near the error position.
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Figure 3: Relative servogain and position error (PE) changes when head may contact droplets.

We also tested drives where 100 µL of alkane (paraffin
or saturated hydrocarbon) solutions were injected into the
inside of the drive enclosure on the base casting near the
motor to understand what component of the OC causes the
error. The test sequence is the same as the above test shown
in Figure 1. Table 1 shows the alkanes we used for test and
amount of volume/weight loaded into the drives. The weight
of icosane, pentacosane, and triacontane excludes hexane’s
weight. In addition, test temperature was varied to investigate
the influence of kinetic viscosity of alkanes.

3. Results and Discussion

3.1. Signal Change Measurement Induced by Flying Instability.
Figure 2 shows an example of VMM changes near the error

position, indicated by red circle. Readback errors occurred
at 2 sectors in a sequential read operation. No errors were
detected in a sequential write operation. If the head cannot
read the servodata and fails to set the positioning, the drive
reports an error in a write operation. To determine if the
errors were caused by a media magnetic defect or scratch
the media was rewritten and VMM was remeasured. The
VMM at the error positions recovered to normal value with
rewriting, so it was concluded that there was no media
magnetic defect or scratch present.

Figure 3 shows servogain and position error (PE) changes
when abnormal servogain variation was detected in write
operation. The large servogain means that the amplitude of
the servo signal is small because automatic gain controller
(AGC) adjusts the gain to maintain the signal level. When
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Figure 4: OSA image of media surface near the error location.
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Figure 5: The droplet observation on the media by AFM.
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Figure 6: Droplet distribution map (a) and OSA image (b) on the media. The droplets in the down-track direction are located progressively
further toward the disk outer radius, consistent with the head travel direction from inner to outer diameter.
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Figure 7: Radial velocity and acceleration of the head in full stroke
seek operation.

the relative servogain changed from about 1.0 to 1.4 by
flying instability, the flying height rise can be calculated to
be around 7.5 nm using the Wallace spacing loss equation
[4]. Although the 64 kHz sampling frequency in this study
is not large enough to identify specific ABS vibration modes,
such as pitch and roll mode, the vibration frequency can be
estimated roughly to be 5 to 10 kHz which may correspond
to that of suspension torsion mode.

On the other hand, PE was not seen to change signif-
icantly at the region where the servogain varied greatly. It
indicates that the vibration does not move the cross-track
direction, but vertical direction. The write operation was
completed with no error being detected even though data
could not be recorded correctly.

3.2. Droplet Observation. To further investigate the cause
of the errors, we performed a drive teardown analysis and
inspected the media and head surfaces for evidence of OC
which may have caused the error. Before the drive teardown,
the media was DC-erased around the error position to
facilitate identification of the error location by an optical
surface analyzer (OSA). No droplet was observed at the error
location on the media surface indicated by red circle in
Figure 4. We speculate that the droplets were removed by
contacts with head during write/read operations. To test this
hypothesis, we measured the media surface from another
drive after full stroke seek operation only. Based on full
surface mapping of the media by OSA, several droplets were
detected. Figure 5 shows one of the droplets measured by
AFM. The shape of this droplet is dome-like. The height of
this droplet is about 100 nm, tall enough to make contact
between the head and the droplet on the media.

Although we attempted to analyze the droplet by Auger
electron spectroscopy and Raman spectroscopy, we did not
succeed because the droplet vanished during their electron
or laser irradiation inherent in the Auger and Raman
techniques. Furthermore, some droplets disappeared when
simply storing the media for a week at room temperature.

Table 1: Alkanes used for tests.

Formula
Volume

(µL)

Density
(g/mL)
at 20◦C

Weight
(mg)

MP∗

(◦C)

Hexane C6H14
100

0.70 70 −95.0

Hexadecane C16H34 0.77 77 18.0

Icosane C20H42 100 0.76 76 36.7

Pentacosane C25H52 (Hexane
Solution)

0.80 80 53.0

Triacontane C30H62 0.78 78 65.8

Density data from International Chemical Safety Cards (ICSCs) or Material
Safety Data Sheet (MSDS).
∗MP: melting point.

These observations suggest that the droplets are volatile
liquid.

Figure 6 shows the location of several droplets and the
OSA image of representative droplets. The path of the
droplets follows a spiral path toward the outer radius. A
radial velocity of about 0.2 m/s is calculated from the path.
This velocity value indicates that the droplets dropped from
head to media at the maximum acceleration in the full stroke
seek operation, as shown in Figure 7.

Figure 8 shows an optical microscopy image of the head
surface after the test. Some droplets were observed at the
slider trailing edge and deposited ends. To identify whether
the droplets are hydrocarbon or not, we analyzed these
droplets on the head surface by Raman spectroscopy. The
droplet on head surface was identified as hydrocarbon since
the Raman spectrum of the droplet matched that of the
reference hydrocarbon oil shown in Figure 9.

3.3. The Influence of Kinetic Viscosity of Organic Compound.
Figure 10 shows the result of the alkane injection test. In
general, melting point of higher molecular weight OC is
higher as shown in Table 1. Therefore, lower molecular
weight and high temperature make the OC more volatile.
However, this result shows that higher molecular weight
is prone to induce the error in spite of the amount of
evaporated OC. In addition, for pentacosane (C25) time to
failure of the test at lower temperature (50◦C) is shorter than
the one at higher temperature (75◦C). It indicates that there
may be another factor, distinct from the amount of gaseous
OC causing the error.

Figure 11 shows examples of VMM changes near the
error position or the position where VMM exceeds 3.8.
Larger and longer VMM change occurred in the test for
C25 at 50◦C compared to other two tests (for C25 at 75◦C
and for C16 at 66◦C). That may be one of the reasons
why the droplets at the test for C25 at 50◦C have higher
viscosity or larger size for. On the other hand, VMM
changes also appeared in the other two tests in Figure 11
even if no error occurred. This implies the existence of the
droplets at the three tests in Figure 11. From these results,
we inferred that the higher kinetic viscosity associated with
lower temperature and higher molecular weight or volume of
alkane droplets are one of the significant factors which cause
drive failure. To clarify the relationship between the kinetic
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Figure 8: Optical microscope images (a) overall picture of ABS; (b) deposited ends of head; (c) enlarged picture of red square area in (a).
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Figure 9: Droplet analysis by Raman spectroscopy.

viscosity of alkanes and occurrence of drive failure, plots of
the test results were made as shown in Figure 12. We deduce
from Figure 12 that there is a critical kinetic viscosity of OC
for inducing drive failure, and the critical kinetic viscosity
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Figure 10: Alkane injection test result. The tests over 300 h were
truncated.

is about 5 cSt in the test. However, we need further study
to separate from the droplet size (or volume) influence on
inducing drive failure.

4. Conclusion

We studied the drive failure caused by the contact between
the droplet of OC (hydrocarbon) and head. From our
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investigations, we speculate the mechanism of the flying
instability induced the OC as follows.

(1) OC evaporated from inside top cover condenses into
a droplet on the head due to the pressurization under
ABS, or is adsorbed to disk surface. The OC adsorbed
on the disk surface is picked up to the head surface
then, the droplet is generated by accumulating the
picked up OC.

(2) Droplets on the head transfer to the media by inertia
force as the head seeks over the media.

(3) A large vibration occurs due to contact between the
head and the droplet in the case of high kinetic
viscosity components of OC or forming large droplet
of OC.
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Accurate touchdown power detection is a prerequisite for read-write head-to-disk spacing calibration and control in current hard
disk drives, which use the thermal fly-height control slider technology. The slider air bearing surface and head gimbal assembly
design have a significant influence on the touchdown behavior, and this paper reports experimental findings to help understand
the touchdown process. The dominant modes/frequencies of excitation at touchdown can be significantly different leading to very
different touchdown signatures. The pressure under the slider at touchdown and hence the thermal fly-height control efficiency as
well as the propensity for lubricant pickup show correlation with touchdown behavior which may be used as metrics for designing
sliders with good touchdown behavior. Experiments are devised to measure friction at the head-disk interface of a thermal fly-
height control slider actuated into contact. Parametric investigations on the effect of disk roughness, disk lubricant parameters,
and air bearing surface design on the friction at the head-disk interface and slider burnishing/wear are conducted and reported.

1. Introduction

In order to realize higher magnetic storage densities in
hard disk drives, it is necessary to reduce and control
the read-write head-to-media spacing, or, equivalently, the
physical spacing/clearance separating the head from the
disk. Current hard disk drive (HDD) products operate
with subnanometer clearances using the thermal fly-height
control (TFC) technology, where the TFC heater locally
deforms the region around the read-write head of the slider
bringing it closer to the disk. The head-to-disk clearance can
therefore be adjusted by changing the power supplied to the
TFC heater.

A touchdown test is used to calibrate the TFC heater
power to the clearance. The heater power required to make
the head contact the disk lubricant surface, that is, the touch-
down power (TDP), is first determined, and the heater power
is then reduced to retract the head away from the disk in
order to achieve a target clearance. Accurate TDP detection
is therefore a key enabling step to using the TFC technology.
Inaccurate TDP detection can severely compromise the drive

performance: if the actual clearance is too high, the recording
performance suffers, and if the actual clearance is too low, it
increases the probability for head-disk contact, which leads
to unwanted head wear, thus compromising drive reliability.

Research studies on the slider-disk contact interactions
and the resulting slider vibrations have been of interest to the
HDD community for a long time. Research investigations on
the traditional (non-TFC) slider dynamics were motivated
by the need to design low flying sliders while mitigating the
contact-induced slider vibrations and slider-lubricant inter-
actions, and extensive literature exists on these topics [1–8].
After the introduction of TFC sliders, several researchers have
tried to understand and explain the contact and touchdown
behavior of TFC sliders owing to its importance in HDD
spacing calibration. It has been shown through experiments
and simulation that in addition to the slider air bearing
surface (ABS) design the disk lubricant and suspension
design play an important role in the slider touchdown
process [9]. Numerical and analytical simulations accounting
for the nonlinear forces at the head-disk interface (HDI) have
also successfully explained the strong vibration dynamics of
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the slider close to the TDP and the subsequent suppression
of vibrations for powers higher than the TDP [10–12], and
they qualitatively support the experimental results reported
for certain ABS designs [12, 13]. A full understanding of the
touchdown behavior of TFC sliders is still lacking, and it
continues to be an active topic of research.

In this work, acoustic emission (AE) sensors and laser
doppler vibrometers (LDVs) are used in spin stand experi-
ments focused on touchdown detection and slider dynamics
studies. The similarities and differences in the touchdown
signature for different slider ABS designs are highlighted.
Parametric investigations are conducted to explain the
dependence of friction and head wear on disk roughness and
lubrication condition. In conjunction with recent work on
the interactions of TFC sliders with the disk lubricant during
touchdown/contact [14, 15], these results help develop a
better understanding of the touchdown process of TFC
sliders and the complex interactions at the HDI.

2. Experiments

Experiments are conducted on a spin stand equipped with
an AE sensor to detect contact and an LDV to detect vertical
flexure motions of the head gimbal assembly. Three different
ABS designs mounted on the same suspension are used in
this study. The TDP (i.e., power required to achieve zero
clearance or contact with the disk lubricant) is determined
experimentally by supplying the TFC heater with a square
pulse lasting 70 ms with increasing power. The AE signal
standard deviation is monitored during each power pulse,
and the power at which the AE signal standard deviation
crosses a specified threshold (set to be 20% above baseline) is
recorded as the TDP.

3. Results and Discussion

3.1. Touchdown Behavior/Characteristics. The touchdown
plots for three different ABS designs are shown in Figure 1
where ABS-3 shows a favorable “sharp touchdown” while
ABS-1 shows an unfavorable “gradual touchdown,” and has
a slow rise in AE signal for increasing TFC power. ABS-2
has touchdown performance which falls between ABS-1 and
ABS-3. A sharp touchdown behavior is preferred as it gives
a well-defined estimate of the exact power at which contact
with the disk lubricant is achieved.

The sharp touchdown for ABS-3 is characterized by
strong individual spikes in the time history of the AE signal
while the gradual touchdown for ABS-1 shows a uniformly
increased AE signal during the TFC pulse as shown in
Figure 2. (The AE signal on these plots have been shifted by
1 V to show them clearly.)

In addition, tests in overpush (i.e., TFC power above the
TDP) reveal that ABS-3 with “sharp touchdown” shows an
“overshoot behavior” with very strong AE signal at powers
slightly above the TDP and a subsequent suppression of AE
signal when the power increases into overpush as seen in
Figure 3. In contrast, ABS-1 with the “gradual touchdown”
shows no “overshoot” behavior but a gradual increase in
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Figure 1: Touchdown plots for the three different ABS designs.

Figure 2: Touchdown signature for the three different ABS designs
(plots offset by 1 V for clarity).

AE detected contact with overpush. ABS-2 has behavior in
between those of ABS-3 and ABS-1.

Simulations for these three ABS designs show that
the increasing sharpness of touchdown correlates with
decreasing pressure under the TFC protrusion at touchdown,
increased TFC efficiency, and lower TDP (Table 1). It is also
observed that lubricant pickup is higher for ABS-3 compared
to ABS-2 or ABS-1.

While an explanation of the physical mechanism behind
the different ABS touchdown signatures requires a further
comprehensive study, important correlations may be drawn
from these results. The strong individual spikes for ABS-
3 are evidence of a snap-in/snap-out behavior, which is
an indication of the spontaneous instability of the slider
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Figure 3: Contact behavior in overpush for the three different ABS
designs.

Table 1: Simulated results for the three different ABS designs.

ABS design
Simulation TFC

efficiency
nm/mW

Touchdown power
mW

Pressure at
touchdown

atm.

ABS-1 0.108 96 60

ABS-2 0.119 91 38

ABS-3 0.145 69 27

during touchdown. It is highlighted that the circumferential
locations of the spikes do not remain fixed upon repetition of
the touchdown test and hence are not caused by disk defects
as such. The snap-in/snap-out process causes a higher level
of head-disk lubricant interaction, which correlates well with
the higher amount of lubricant pickup for ABS-3. It may
also be reasoned that the lower pressure at the TFC bulge for
ABS-3 makes it more susceptible for lubricant transfer from
disk to the slider in comparison to ABS designs with higher
pressure at the TFC bulge, such as ABS-1 and ABS-2.

3.2. Analogous Experimental Results. A separate set of exper-
iments with ABS-2 reveals that the touchdown can be sharp
or gradual depending on the disk RPM (or the linear
velocity) as shown in Figure 4. Specifically, a lower disk RPM
increases the touchdown sharpness and a higher disk RPM
degrades the touchdown sharpness. It is also observed that
the touchdown performance degrades for a burnished slider
(as shown by the dashed lines in Figure 4), where the slider
is burnished in a controlled fashion by increasing the TFC
power above the TDP on a separate disk track. The results
for the 7200 RPM case on Figure 4 highlight the possibility
of false TDP detection: for the same 20% AE threshold,
the unburnished case shows a gradual AE rise until about
95 mW, but the sharp AE rise at 102 mW is the actual TDP.

However, the burnished case reads a false TDP at 93 mW
owing to the gradual rise in AE that occurs before the sharp
AE rise marking touchdown. The time history of the AE
signal is similar to that observed with the different ABS
designs; namely, strong individual AE spikes appear for the
3600 RPM case with sharp touchdown, and a uniformly
increased AE signal appears for the 7200 RPM case with
gradual touchdown (Figure 5). These analogous results for
ABS-2 provide a way to probe the same HDI under different
disk RPM to understand the changes that occur in the AE and
LDV signals for “sharp” and “gradual” touchdown signatures
as well as in overpush.

3.3. LDV Spectrum and AE Signal Content. Experiments are
conducted with ABS-2 to simultaneously capture the AE
signal and the LDV signal in order to identify the frequencies
that correspond to the flexure and slider vertical motions
and to see how they appear in the AE signal. The tests are
conducted with the power increased above the TDP (i.e., into
overpush). For this ABS-2 design, the simulated air bearing
frequencies at 5400 RPM and 1 nm minimum spacing are
142 kHz (roll), 167 kHz (pitch-1), and 324 kHz (pitch-2).

For each of the overpush tests conducted at different
RPM, Figure 6 shows the profile of the applied TFC voltage
and the time history of the LDV signal on one plot, and the
corresponding joint time frequency spectrum of the LDV
signal on a separate plot. As seen on the figures, the TFC
voltage increases from zero to the target overpush value
(between 50 ms to 100 ms), remains at this value (between
100 ms to 200 ms), and decreases back to zero (between
200 ms to 250 ms). During the overpush regime, the slider
vibrations are excited due to contact, and the dominant
excitation frequencies are identified on the plots showing
the joint time frequency spectrum. It is observed that for
3600 RPM the lower frequencies (notably 139, 148, and
165 kHz which are close to simulated roll and pitch-1 air
bearing frequencies) are dominant, while for the 7200 RPM
the higher air bearing frequency 321 kHz (corresponding
to pitch-2 air bearing frequency) is dominant. This result
indicates that the mechanism/nature of touchdown and
contact at the HDI is significantly altered by the disk RPM.
Specifically in this case, the excited vibration modes at
contact are shifted from the lower frequency pitch-1 and roll
modes at lower disk RPM, to the higher frequency pitch-2
modes at higher disk RPM. The pitch-1 nodal line passes
through the trailing end of the slider, and its excitation in
general is associated with stronger motions of the entire
slider body. Such excitation may, in fact, be responsible for
the stronger “sharp touchdown” signature. In contrast, the
pitch-2 nodal line lies closer to the leading end of the slider,
and its excitation only causes the vertical bouncing motion of
the trailing end, resulting only in localized contact at the TFC
bulge location, and, therefore, leading to the weaker “gradual
touchdown” signature. It is surmised that, in an analogous
fashion, the touchdown process excites different vibrations
modes for the three different ABS designs presented in
Section 3.1, hence causing the very different sensitivities at
touchdown.
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Figure 4: Touchdown plots for ABS-2 at different disk RPM
(dashed lines for a burnished slider).
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Figure 5: Touchdown signature for ABS-2 at different disk RPM
(plots offset by 1 V for clarity).

The components of the AE signal at the different frequen-
cies observed in the LDV signal are plotted in Figure 7 to
observe how they change as a function of the TFC power.
(The cumulative effect of adding all these components would
result in the plot shown in Figure 4.) At 3600 RPM the
touchdown is marked by the sharp rise in the 148 kHz
component and there are no components that show gradual
rise. At 5400 RPM, the 148 kHz component shows a gradual
rise, but touchdown is marked by a sharp rise in the 321 kHz
component. At 7200 RPM, there are no components with a
sharp rise, and the 321 kHz component shows a gradual rise.

These results indicate that at 3600 RPM the contact
is dominated by the slider’s pitch-1 and roll motions
(together with any suspension-related motions that give rise
to frequency peaks in the 65–100 kHz region.) At 7200 RPM,
contact is mainly dominated by the vibration of the slider
at the pitch-2 frequency. At 5400 RPM, the interaction is a
combination of the above two modes: as the TFC powers
increase, a gradual rise in the 148 kHz component occurs
first, but a strong vibration in the pitch-2 mode (321 kHz)
eventually marks touchdown.

These results are in agreement with recent studies that
show that at close spacing and at the onset of lubricant-
contact, the in-plane shear forces and friction can destabilize
the slider for certain ABS designs resulting in vibrations
dominantly occurring at suspension and lower air bearing
frequencies (60–200 kHz in our case), while stronger contact
with the disk causes slider vibrations with higher frequency
content (above 200 kHz) [9].

3.4. Friction Measurements in Contact. Friction forces at
the HDI become important during contact conditions and
may in fact play a dominant role in HDI performance and
slider dynamics. Friction-induced slider wear, as well as disk
lubricant redistribution and disk overcoat damage, needs
to be examined carefully to explore future designs that can
accommodate a certain level of head-disk contact.

Experiments are devised to measure the friction forces
in the downtrack direction during contact and overpush
conditions by instrumenting a strain gage on the fixture
which holds the head gimbal assembly on the spin stand.
The voltage signal from the strain gage may be converted
into force measurement by determining the calibration
constant for the strain gage. Such a calibration is performed
using the usual technique: by noting the strain gage voltage
signal corresponding to different standard forces, which are
applied by suspending standard weights from the fixture, and
subsequently fitting a linear curve.

Once the TDP is determined on the test track, the TFC
is powered with a voltage profile having 100 ms dwell time
at the maximum power. It is noted that strain gages have a
low bandwidth, and several experiments reveal that a dwell
time of at least 100 ms is necessary to allow the strain gage
to respond to the friction force and give good, repeatable
measurements. All experiments are conducted with ABS-2
on a reference “standard disk” unless specified otherwise.

3.4.1. Friction, AE, and Slider Bouncing in Contact. Figures
8(a) and 8(b) show the TFC voltage profile and the resulting
slider bouncing (displacement and velocity), AE detected
contact, and the friction force, for 10 mW and 20 mW
overpush, respectively. It is evident that slider bouncing
and AE signal remain high throughout the overpush region
for 10 mW overpush case, and they get suppressed (after
an initial overshoot region) for the 20 mW overpush case.
The friction force measured by the strain gage, however,
continues to increase with the amount of overpush indicating
a higher level of interference and contact for larger overpush
powers even though the AE detected contact and slider
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(c)

Figure 6: Applied TFC voltage profile, vertical velocity time history, and the joint time frequency spectrum of the vertical velocity for ABS-2
at different disk RPM.

dynamics get suppressed. (It is noted that the amplitude of
the AE signal in the suppressed state is noticeably higher than
the baseline AE signal with no TFC power, implying a certain
amount of contact).

3.4.2. Effect of Disk Roughness. Disk roughness plays an
important role in HDI performance. The combined slider
and disk roughness affect the nominal physical spacing at
the HDI, the magnitude of interaction forces (intermolec-
ular/adhesive, etc.), and the actual area of contact, thereby
influencing the magnitude of contact and friction forces. A
parametric study is conducted with three disk types: disks A,
B, and C with decreasing roughness, in that order, and with
surface roughness parameters tabulated in Table 2, where Rq

is the root mean square roughness, Rp is the maximum peak
height, and Rv is the maximum valley depth. These disks are
coated with ZTMD lubricant of nominal 12 Å thickness.

First, several tests are conducted using the same slider
to determine the TDP on a standard disk and on each
of the disks A, B, and C. Table 2 presents the change in

the TDP (i.e., δTDP) on each of the disks A, B, and C
compared to the TDP on a standard disk. The roughness
of the standard disk is similar to that of disk A. This
difference in TDP is converted into a clearance gain value
(i.e. a gain in clearance from that on a standard disk) using
a conversion factor of 0.119 nm/mW, which is the TFC
efficiency estimated for ABS-2 from simulations. Figure 9
shows the same information in graphical form and highlights
the linear relationship between the disk roughness (Rp

or Rq) and clearance gain. Since the thermal protrusion
comes into contact with the peaks of the roughness, the
relationship between the clearance gain and Rp (Figure 9(b))
is of importance, and it is seen that for every 1 nm decrease
in Rp there is a 0.8 nm actual gain in clearance at the HDI
for the range of surface roughness values considered in these
experiments.

Next, the dependence of friction on the disk roughness
is investigated by conducting a “friction test” on each of
the three disk types. A new (unburnished) slider is flown
on a fresh test track, the TDP is determined, and the TFC
heater is then supplied with the power profile with a 100 ms
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Figure 7: AE signal components in the touchdown plot for ABS-2 at different disk RPM.

dwell time (as shown in Figure 8). The peak TFC power is
increased from TDP to a maximum of TDP + 50 mW in
5 mW increments, and it is then similarly decreased back
to TDP. The average friction measured by the strain gage at
each power step is tabulated. All tests are conducted on the
same disk track. The measured friction values are plotted as
those for the “unburnished” case. The same slider, which is
now deemed “burnished” because of the overpush testing, is
flown on an adjacent track and the friction test is repeated to
obtain friction values for the “burnished” case. Figure 10(a)

shows a representative plot for the strain gage measured
friction values as a function of overpush power supplied to
the TFC heater.

A quadratic curve passing through the origin is fit
to the friction measurements for the “unburnished” and
“burnished” cases, and the slope of this curve at the 10 mW
overpush point is used to obtain the “friction (μN) per
milliwatt of overpush power” value. Figure 10(b) plots these
friction values measured on the three disk types (A, B, and
C) based on experiments conducted with three new sliders
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Table 2: Disk roughness parameters and its effect on TDP/clearance
gain.

Disk Rp

nm
Rq

nm
Rv

nm
δTDP
mW

Clearance gain
nm

A 2.02 0.49 1.87 0.08 0.01

B 1.89 0.36 1.47 0.97 0.12

C 1.00 0.24 1.11 6.71 0.84

on each disk type. While there is no particular trend relating
the measured friction and surface roughness, the friction is
higher for the burnished slider compared to the unburnished
slider in all tests. Slider burnishing wears and smoothens
the slider surface, increasing the actual contact area between
the thermal protrusion and the disk, thereby resulting in the
slightly higher friction force.

In order to directly compare the friction values between
the three disk types, another set of experiments is conducted
by flying the same “burnished” slider on the three disk
types in succession. The slider is burnished in a controlled
fashion separately before use in this test. The friction against
the overpush power is plotted in Figure 10(c) using data
from two “burnished” heads. It is concluded based on these
results that within the range of disk roughness considered
in this work there is no significant effect of the disk surface
roughness on the measured friction.

3.4.3. Effect of Lubricant Parameters. Friction tests are con-
ducted to determine the effect of lubricant type/bonding on
the friction in contact. Disks with three different lubricant
type/bonding ratios are used: Lube A (61% bonded ratio,
10.5 Å), Lube A (69% bonded, 10.5 Å), and Lube B (82%
bonded, 12 Å). Figure 11(a) shows the friction measured for
the three media for the “unburnished” and “burnished”
slider cases (based on three experiments each). The friction
values are comparable for the unburnished sliders on all
three disks types. While the friction values for the burnished
and unburnished sliders are comparable on the disks with
Lube A 61% and 69% bonded ratio, the friction for the
burnished slider on the disk with Lube B 82% bonded
ratio is relatively higher than that for the unburnished
slider. This result is consistent with results for the change
in TDP occurring because of a friction test, where the TDP
change after and before a friction test is a measure of slider
burnishing. As shown in Figure 11(b), the highest burnishing
(indicated by highest δTDP) occurs to a new “unburnished”
slider on the Lube B 82% bonded disk. As a result of greater
slider burnishing on this disk, the friction is higher when a
subsequent test is conducted with this burnished slider.

A direct comparison of friction values is reported in
Figure 11(c) based on tests conducted in succession on the
three different disks using two “burnished” sliders, and it
shows marginally higher friction values on the disk with Lube
B 82% bonded ratio.

Friction tests are conducted to understand the effect of
the mobile part of the lubricant on friction and slider bur-
nishing. The disk with Lube A 10.5 Å 61% bonded fraction is
delubed by immersing it in a solution of Vertrel XF solution

Table 3: Effect of TFC efficiency (ABS/heater design) on friction.

ABS design
Simulation TFC

efficiency
nm/mW

Friction
unburnished
μN/mW

Friction
burnished
μN/mW

ABS-A (ABS-1) 0.108 9 17

ABS-B 0.111 24 31

ABS-C (ABS-2) 0.119 37 54

ABS-D (ABS-3) 0.145 56 67

to remove the mobile lubricant. The delubed disk has a
lubricant thickness of 6 Å (bonded lubricant). Figure 12(a)
shows the measured friction on the lubed and delubed
disks for the unburnished and burnished slider cases. The
friction values for the unburnished as well as burnished
slider on the lubed disk are similar and comparable to the
friction value measured for the unburnished slider on the
delubed disk. However, the friction is substantially higher
for the burnished slider on the delubed disk. Figure 12(b)
shows that slider burnishing (indicated by δTDP after a
friction test) is higher for tests conducted on the delubed
disk implying that an unburnished slider is substantially
burnished on this disk type, and the friction is higher for
the subsequent test conducted with such a burnished slider.
These results highlight the important role of the mobile part
of the lubricant in reducing friction and slider burnishing,
thereby increasing the reliability of an HDI with contact.

3.4.4. Effect of TFC Efficiency. The thermal protrusion size
and shape make a significant difference in the slider’s touch-
down and contact behavior. The friction during contact for
different slider ABS/heater designs is plotted in Figure 13
for the unburnished and burnished cases, and the same
data is tabulated in Table 3 together with each design’s TFC
efficiency estimated from simulations. It is observed that the
friction forces increase as the TFC efficiency increases and
may be explained by the following argument. For the same
amount of overpush power, a higher TFC efficiency slider
will have greater level of interference (because of a larger
protrusion). As a result, the effective contact area is larger
for the higher TFC efficiency case, reflecting in a higher
measured friction.

3.4.5. Effect of Disk RPM. The similarities between the
touchdown plot and contact signature of ABS-2 at different
disk RPMs to those of ABS designs with different TFC
efficiencies are highlighted in Section 3.2. Particularly, it is
shown that at a higher RPM ABS-2 behaves like a design with
low TFC efficiency (showing a gradual touchdown plot), and
at a lower RPM ABS-2 behaves like a design with high TFC
efficiency (showing a sharp touchdown plot).

The friction results from tests with ABS-2 at different
RPM are consistent with the above analogy and with the
results presented in Section 3.4.4. Figure 14 shows that the
friction increases as the disk RPM decreases; that is, when
ABS-2 is made to behave like a slider with high TFC
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Figure 8: Time history of TFC power, vertical displacement, vertical velocity, AE signal, and friction. (a) 10 mW overpush, (b) 20 mW
overpush.
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Figure 9: Effect of disk roughness on clearance.



Advances in Tribology 9

Overpush (mW)

Fr
ic

ti
on

 (
m

N
)

Burnished Unburnished

Poly. (burnished) Poly. (unburnished)

y = −0.0005x2 + 0.0646x

R2 = 0.97

y = −0.0003x2 + 0.049x
R2 = 0.9696

−0.5

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

(a)

0

10

20

30

40

50

60

70

A B C

Disk

Unburnished
Burnished

Fr
ic

ti
on

 (
μ

N
/m

W
 o

ve
rp

u
sh

)

(b)

0

0.5

1

1.5

2

2.5

3

0 10 20 30 40 50 50 40 30 20 10 0

Overpush (mW)

Fr
ic

ti
on

 (
m

N
)

Disk A
Disk B

Disk C

−0.5

(c)

Figure 10: Effect of disk roughness on friction.

efficiency by decreasing RPM, it exhibits the characteristic
sharp touchdown plot and higher friction.

4. Conclusion

The touchdown behavior of TFC sliders is investigated
through experiments. Certain sliders exhibit a sharp rise of
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Figure 11: Effect of lubricant parameters on friction and slider bur-
nishing.

AE signal at touchdown when the power is increased in
milliwatt steps while others show a gradual rise making it
difficult to exactly define the TDP to milliwatt resolution. An
analogous behavior occurs when the disk RPM is changed
for a particular slider ABS. It is found that the dominant
modes/frequencies of excitation at touchdown are signifi-
cantly different in these cases leading to the very different
touchdown signatures. Particularly, the sharp touchdown
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Figure 12: Effect of mobile lubricant on friction and slider
burnishing.
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Figure 13: Effect of TFC efficiency (ABS/heater design) on friction.

case is characterized by strong individual contact events
as observed in the AE signal, and the dominant excitation
occurs at frequencies that correspond to the slider’s first pitch
and roll modes in addition to suspension related-frequencies.
In contrast, the gradual touchdown case is characterized by
a uniform rise in AE signal over the duration of the TFC
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Figure 14: Effect of disk RPM on friction for ABS-2.

pulse, and the dominant excitation occurs at the slider’s
second pitch mode. The pressure under the TFC protrusion
at touchdown, the TFC efficiency, and the propensity for
lubricant pickup show correlation with touchdown behavior
and may be used as metrics for designing sliders with good
touchdown features. Experiments are devised to measure
the friction at the HDI during TFC-induced contact, and
several parametric investigations are carried out. In the range
of parameter values considered, the disk surface roughness
does not significantly affect the friction during contact. The
mobile part of the lubricant plays an important role in
reducing friction as well as slider burnishing. A burnished
slider shows a higher friction value than an unburnished
slider because of an increase in effective/actual contact area,
and, for the same reason, sliders with higher TFC efficiency
show higher friction compared to sliders with lower TFC
efficiency.
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Lower molecular weight Z-Tetraol films exhibit increased mechanical spacing in the slider-disk interface due to a lower z-profile.
An increased resistance to lubricant disturbance on the disk surface (e.g., lube moguls) with decreasing film thickness is attributed
to an increasing contribution from the polar component of the disjoining pressure. Evaporative loss at temperatures typically
encountered in a hard-disk drive also increases with decreasing molecular weight but is strongly dependent on the initial bonded
fraction.

1. Introduction

In order to keep pace with the higher areal storage density
requirements of hard-disk drives (HDDs), the spacing
between the read-write element of the slider and the
surface of the rigid magnetic disk has been reduced to
1-2 nm. Perfluoropolyether (PFPE) boundary lubricant films
having reduced dynamic expansion perpendicular to the disk
surface (“low z-profile”) have allowed lower flying. Low z-
profile PFPEs can be attained by reducing the film thickness,
the main chain molecular weight, and its flexibility [1–3].
Based on these studies, a useful mnemonic relating slider-
disk mechanical clearance, Δclearance, to these PFPE main
chain properties is given in (1) as follows:

Δclearance ∝ 1(
MW1/2

)
(h)
(
f
) . (1)

MW is the molecular weight, h is the film thickness, and f
represents the main chain flexibility.

In this report, we compare the boundary lubrication
properties of lower MW Z-Tetraols for their potential use
in HDDs. Thus the effect on mechanical clearance, surface
energy, lubricant dewetting, and lubricant evaporation at
drive temperatures is quantified.

2. Experimental

The substrates used in these studies were 65 mm diameter
glass disks of nominally 2 Å RMS roughness as measured
by a Dimension 5000 AFM using a standard AFM tip in the
tapping mode. The typical scan size for these measurements
was 1μm × 1μm with a scan rate of 0.5 Hz and 256 lines
of resolution. Atop the substrates a cobalt-based magnetic
recording layer (CoPtCr) was sputter deposited, followed
by CVD deposition of 30 Å of an amorphous nitrogenated
carbon film (called “CNx”) comprised of nominally 15 at
% N. Z-Tetraol-GT of 1200 and 2200 dalton (MW) were
purchased from Solvay-Solexis (Italy) and used directly
(Figure 1). The NMR compositions of the samples are
quantified in Table 1.

Specular reflection FTIR (Nicolet Magna Model 560,
Thermo Fisher) was used to quantify the film thicknesses
of the applied PFPEs. The main IR absorption band near
1280 cm−1, due to the combination of C–F and C–O stretch-
ing vibrations, was related to film thickness as determined
by XPS (Physical Electronics Instruments) [4]. Thin films
from 0.7 to 1.8 nm provided the film thickness calibration.
A standard (XPS) takeoff angle (45 ± 15◦) and an electron
mean-free path of 2.5 nm were used to determine the PFPE
film thicknesses.
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Figure 1: Chemical structure of Z-Tetraol.

Table 1: NMR data for the PFPE lubricants.

Lubricant Mn Tetraol dol bis

Z-Tetraol 1200 1200 0.98 0.02 0.00

Z-Tetraol 2200 2200 0.95 0.05 0.00

The mechanical clearance of the PFPE lubricants was
quantified by measuring the acoustic emission (AE) gen-
erated at the head-disk interface as a function of slider-
disk clearance. In these experiments, lubricated disks were
placed on a spin stand and rotated at a constant 7200 RPM
under ambient conditions. At the start of the experiments,
the slider was allowed to fly over the rotating disk surface
at a height of ∼8 nm, and the slider was heated to protrude
the read-write element, that is, pole tip protrusion (PTP).
During this procedure, the AE signal was continuously
monitored, and the onset of an AE signal was interpreted
as the occurrence of slider-disk interaction. The slider fly
height versus (thermal fly height control) TFC power was
used to calibrate the clearance based on the touchdown
detection. The measurements were interleaved to minimize
test variables. Each experiment was repeated 12–14 times,
and the reproducibility of the data, despite the fairly large
distribution, was taken as evidence that the slider flying
characteristics were constant.

Lubricant moguls were induced on the disk surface by
flying a slider on-track at a fly-height of 8 nm with no pole tip
protrusion, under ambient conditions. A Vena VS-90 spin-
stand tester was used. After 20 min of on-track flying, the
disks were immediately interrogated by an optical surface
analyzer (Q-phase image using a Candela Model 6120) and
the lubricant mogul thicknesses were quantified.

3. Results

Representative data showing the AE signal as a function of
the slider-disk clearance is shown in Figure 2(a) for Z-Tetraol
2200 and 1200 MW. A summary plot showing the average
and distribution of all clearance data is shown in Figure 2(b)
where the clearance values are plotted relative to 11.5 Å Z-
Tetraol 2200. A positive clearance value therefore represents
an increase or a gain in mechanical clearance. The lower MW
Z-Tetraol shows approximately 0.8 nm improved clearance
between the slider and disk surfaces, and this result is fully
expected on the basis of (1); that is, a reduction in MW
and a slightly thinner film (by 0.5 Å) allows lower flying
before onset of slider-disk interference. The contribution to
the clearance gain from the 0.5 Å film thickness difference
is deconvolved from the inset figure (∼0.6 nm/Å) to provide
∼0.5 nm clearance gain by the Z-Tetraol MW reduction from

2200 to 1200. The details are provided in the caption of
Figure 2.

Figure 3 shows the lubricant disturbance on the disk
surface as a function of MW and film thickness after head-
flying. The lubricant disturbance leads to an accumulation
of lubricant material in excess of the nominal film thickness
that is shown as dark spots on the disk surface, and these
are referred to as “lube moguls” [5]. The lighter spots in
the images represent areas on the disk surface that has lost
lubricant film thickness presumably to the moguls. It appears
that the Z-Tetraol 1200 exhibits less lube moguls than the Z-
Tetraol 2200 and may originate from the increased clearance
(Figure 2). The reduction in lube moguls as a function of
decreasing film thickness (Figure 3) has been attributed to
increased adhesion with decreasing film thickness [6].

4. Discussion

According to (1), mechanical clearance from PFPE lubricants
may be harvested by decreasing: (a) the film thickness, (b)
the MW, and (c) the main chain flexibility. The extent to
which each of these adjustments can be utilized is also limited
because they can impact the HDD interface deleteriously. For
example, reducing the film thickness to ≤∼8 Å increases the
surface energy significantly (Figure 4) thereby increasing the
probability for contamination adsorption in the HDD. Since
the focal point of this paper is the effect of MW reduction as a
means to gain mechanical clearance, limitations attributable
to decreasing the MW are now discussed.

Valuable information on PFPE MW effects is readily
realized by measuring the surface energy as a function of
film thickness and of MW. Information relevant to the
adhesive strength, propensity for contamination adsorption,
the lubricant monolayer thickness, and thus the critical
dewetting thickness may be quickly assessed. Figure 4(a)
shows the dispersive surface energy, γds , as a function of
film thickness for Z-Tetraols on CNx. The γds decreases
monotonically with increasing film thickness in all cases,
approaching what is expected to be the bulk dispersive
surface energy near 14 mJ/m2. There does not appear to be a
significant MW effect on γds . Quantitatively, the dependence
of γds on the applied lubricant film thickness h, that is, γds (h),
can be described using γds (h) = γd1 + Δγd(h), where

2Δγd(h) = 1
12π

A∗

(do + h)2 . (2)

do is a constant, and A∗ is the “effective” Hamaker constant
[7]. The do values used to fit the dispersive surface energy
curves via (1), do = 2.5 ± 0.5 Å, is indicative that the
interaction between the PFPE main chain and the underlying
carbon film is relatively weak and hence cannot provide
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Figure 2: (a) Representative data plotting the rms acoustic emission (AE) as a function of slider-disk clearance for 11.5 Å Z-Tetraol 2200 and
11.0 Å Z-Tetraol 1200. The Δclearance is defined as the distance between the thermally protruding read-write element of the slider and the
disk surface. (b) The slider-disk clearance data plotted relative to Z-Tetraol 2200. Open circles are the individual data points. Average data
are represented by the blue points with 1 sigma standard deviation. The inset figure plots the Δclearance as a function of film thickness for
Z-Tetraol 2200, providing a slope of 0.58 nm/Å. Thus, approximately 0.3 nm of the clearance difference between 11.5 Å Z-Tetraol 2200 and
11.0 Å Z-Tetraol 1200 can be attributed to the thickness difference.

significant adhesion. The corresponding A∗ are equal to
1.9 × 10−19 J and 2.1 × 10−19 J for Z-Tetral 2200 and
1200 MW, respectively. The larger A∗ for the lower MW Z-
Tetraol is expected to provide a relatively better adhering film
to the underlying carbon surface.

The corresponding polar surface energy, γ
p
s , as a function

of film thickness is also shown in Figure 4(b). The distinct
oscillations in γ

p
s as a function of film thickness are indicative

of molecular layering in the PFPEs induced by the polar
interactions with the underlying surface, much as observed
previously for Zdols [8]. As shown in the figure, the structur-
ing is propagated through several or more monolayers. The
first minimum corresponds to the film thickness at which
the surface becomes saturated with lubricant, that is, the
monolayer film thickness, which is approximately 13 Å for
1200 MW and 20 Å for 2200 MW. Since HDDs today utilize

PFPE films near 10–12 Å, a reduction to a 1200 MW may
not provide enough of a thickness margin to prevent moguls
formation under HDD conditions unless thinner films are
utilized.

While the identification of the monolayer film thickness
is important for optimizing the boundary lubricant film
properties, its resistance to the effects of the low-flying slider
including air shear effects and chemical and physical forces
[9] is another important aspect that can be addressed by
the surface energy measurements. Surface energy-derived
disjoining pressures [10], computed in Figure 5 as a function
of the Z-Tetraol MW, provide a good comparison of antici-
pated lubricant reliability in the HDD interface. In the sub-
monolayer film thickness regime, the total disjoining pres-
sure gradient is larger for the lower MW Z-Tetraol due to the
comparatively larger contribution from its polar component.
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Π
(M

Pa
)

(b)

Figure 5: Surface energy-derived disjoining pressure (Π) as a function of Z-Tetraol film thickness.

0 10 20 30 40 50
12

14

16

18

20

22

24

γ
d s

(m
J/

m
2
)

15 at % N

10 at % N

Z-Tetraol thickness (Å)
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s ) surface energy of Z-Tetraol 2200 as a function of film thickness and carbon film composition.

Therefore the lower MW film is expected to be more resistant
to lubricant disturbance and moguls formation for thinner
films (≤∼10 Å). However, since the monolayer thickness of
lower MW Z-Tetraol is also thinner, the ability to resist
film disturbance will decrease more rapidly than higher
MW Z-Tetraol as the disjoining pressure converges towards
zero. This would occur at approximately 14 and 22 Å for
Z-Tetraol 1200 and 2200, respectively, (Figure 5). Thus the
film thickness employed at the MW of choice is a significant

determinant. The monolayer thicknesses for Z-Tetraol 1200
and 2200, very useful quantities indeed, are summarized in
Table 2.

A relevant observation regarding the quantification of
the Z-Tetraol monolayer thickness by surface energy mea-
surements is herewith disclosed. In particular, it has a pro-
nounced dependence on the composition of the underlying
carbon film. Figure 6 shows that the Z-Tetraol monolayer
film thickness increases with increasing atomic % N, as
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Table 2: Monolayer thicknesses for Z-Tetraols on CNx (Å).

Z-Tetraol
γ
p
s

(Figure 4)
Π = 0 MPa
(Figure 5)

1200 13 14

2200 20 23

previously observed for Zdol [11]. We therefore note that the
film thickness of choice in HDDs can be influenced by factors
other than the PFPE MW itself, and some compensation by
the underlying film appears to be possible.

Another limitation of utilizing lower MW lubricants
is the increased evaporative loss expected under HDD
conditions. Figure 7 shows the film thickness loss as a
function of time and of Z-Tetraol MW near the HDD
temperature of 60◦C. With decreasing MW, significant film
thickness loss can occur leading to degraded performance in
the HDD due to the lack of lubricant film coverage. Post-
lubrication treatment such as annealing or UV curing may be
employed to improve the bonded fraction and hence reduce
evaporative loss of lower MW components in the lubricant
film. Figure 7 shows decreased evaporation with increased
initial bonded ratio (BR).

5. Conclusion

Lower MW Z-Tetraol films at the same total film thickness
provide more mechanical clearance than higher MW Z-
Tetraol due to its smaller z-profile. The increased resistance
to lubricant disturbance on the disk surface (e.g., lube

moguls) is attributed to its increased molecular polarity;
however, this behavior is strongly film thickness dependent
and approaching the monolayer will quickly dissipate this
advantage. The monolayer film thickness for the same Z-
Tetraol MW may be manipulated by either increasing or
decreasing the nitrogen content of the underlying carbon
film.
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This paper reports the effects of slider posture on the slider bearing in a heat-assisted magnetic recording (HAMR) system with the
direct simulation Monte Carlo (DSMC) method. In this HAMR system, the heat issues on the slider bearings are assumed to be
caused by a heated spot on the disk and/or slider body itself at various pitch angles. The simulation results show that with a heated
spot on the disk, the air bearing pressure and air bearing force that acted on the slider surface will increase when the pitch angle
becomes larger. It is also found that the bearing force increases with the heated spot size and the effects of a heated spot become
more obvious at a larger pitch angle. On the other hand, the slider body temperature is observed to have a noticeable effect on air
bearing pressure and force. The smaller pitch angle enlarges the tendency of bearing force variations with the slider temperature
and makes the slider more sensitive to its temperature changes.

1. Introduction

With the increasing demands for large amount of stor-
age nowadays, higher density recording technologies are
required in hard disk drive industry. Heat assisted magnetic
recording (HAMR) is one of the promising technologies to
push the recording areal density of magnetic disk drives
towards 10 Tb/in2 and beyond. An HAMR system requires
using a focused laser beam to heat up the media so as
to reduce the media coercivity. It makes magnetic writing
possible over high anisotropy magnetic media [1]. Perform-
ing the laser heating process requires the optimized slider
designs integrating with the near field optical system inside
for precise heating and recording. The integrated slider with
an optical heating device normally requires flying at an
extremely low head media spacing, which is only around few
nanometers nowadays, to provide a high field at heated spot
position for successful recording [2, 3]. With this spacing
allowance, the Knudsen number, which represents the level
of rarefaction effect in the flow, will be much larger than
1.0 and the flow in the head disk interface region can no

longer be assumed as a continuum one. Some modifications
of continuum equations with appropriate slip boundary
conditions are usually required.

However, it is very challenging to study the slider air bear-
ing in a HAMR head disk interface with the current modified
continuum equations due to the heat transfer issues involved
in the HAMR system. Although some previous studies [4–
6] proposed some heat transfer models for addressing such
problems, these models cannot be used directly with the
air bearing model to study heat effects on the slider air
bearing. Therefore, we proposed to use direct Monte Carlo
simulation (DSMC) method instead to solve the air bearing
problems of HAMR application in our previous paper [7]
because DSMC method has been used widely for modeling
gaseous flows under rarefied conditions similar to the flow
in the head disk interface. In that paper, the applicability
of DSMC method in studying the air bearing effects of a
HAMR slider was validated and the effects of heated spot size
and slider body temperature to the slider air bearing were
studied. Recently, Fukui et al. [8] studied the bearing pressure
characteristics with a heated spot using both DSMC method
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and the conventional molecular gas-film lubrication (MGL)
equation with consideration of thermal creep flow. They
observed that the results using both methods are agreeable
[8].

In this paper, we will continue our works with the focus
on the slider’s posture effects on the air bearing in a HAMR
system. We will investigate how the heat energy from a heated
spot on the disk or high temperature slider body itself could
contribute to the air bearing along with the slider posture
changes.

2. DSMC Method and Code Verification

The DSMC method was introduced by Bird in the early
1970s [9] and it is a particle-based simulation method for
rarefied gas flow problems. It uses a stochastic algorithm to
calculate the molecule collision probabilities and scattering
distributions conforming to kinetic theory. As for high-
density recording, the head media spacing is reduced to
few nanometers. Consequently, the flow in the head disk
interface has the rarefaction effect. In the current head disk
interface, the Knudsen number falls between 1 and 10.
Therefore, the gas flow in the interface is considered as a
transition flow or free-molecule flow and DSMC method
offers a promising tool for numerical simulation of the
interface gas flow.

Similar to what we have studied in our previous paper
[7], the slider air bearing problem in DSMC simulations is
simplified as a two-dimensional, microchannel flow with a
stationary, slightly inclined surface (slider) above a horizon-
tal plane (disk) moving in the x-direction with the tangential
velocity Ub, as shown in Figure 1. The constant ambient
temperature of T0= 273 K and a pressure of P0 = 1 atm are
maintained at inflow and outflow boundaries by adaptively
adjusting the appropriate molecular velocity of particles at
boundaries. Both slider and disk surfaces are assumed as
fully accommodated ones and the collision model uses the
variable hard sphere (VHS) particles. In order to facilitate
the simple computation, argon gas is used in all simulation
case studies in this paper because it is a simple monoatomic
molecule gas with zero internal degrees of freedom. Besides,
since the argon gas has similar mean free path and potential
energy as those of the air, the bearing characteristics in argon
gas should be close to that in air. Therefore, many previous
air bearing studies [10, 11] regarded argon gas as a good
candidate to replace air and used it in the DSMC simulations.

As for validating the DSMC simulation code, the results
from Liu and Ng [10] were used to compare with the
outcomes of our simulation tests. The channel length (L) is
set as 5 μm and the minimum channel height (Ho) is 50 nm
with disk moving velocity of Ub = 25 m/s. In the validation
tests, various pitch angles (α) from 0.004 to 0.016 rad are
placed. The comparison of pressure distributions on the
slider surface is shown in Figure 2 and it illustrates that
they are in good agreement. Furthermore, the generalized
lubrication equation solution of Fukui and Kaneko [12]
using α = 0.01 rad is included for better evaluation and it also
agrees with the DSMC result.

Slider

Disk

Heat spot

Ub

Hi = 0.1 μm

L = 5 μm

α

Ts

Ho = 0.05 μm

Figure 1: The slider and disk layout in the bearing interface.
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Figure 2: Comparison of pressure distributions on the slider
surface from the present DSMC code, Liu and Ng [10] and the
generalized lubrication equation solution of Fukui and Kaneko
[12].

The streamwise locations of forces with three different
pitch angles (α) are compared for validation purpose as
shown in Figure 3 and they are also comparable. Here the
stream-wise location of the bearing force acted on the slider
surface is defined as

Xc =
∑n

i=1(Pi − P0)Xi∑n
i=1(Pi − P0)

, (1)

where n is the cell number along the x-direction, Xi is the
individual cell position in x-direction, Pi is the localized
pressure, and P0 is the atmospheric pressure.

From Figure 3, we can see that Xc is nearly fixed at a
constant value when the pitch angle changes. Our DSMC
results are also quite comparable with those of Liu and Ng
[10].

After validating our DSMC code, we will use it to study
the heat effects caused by a heated spot on the disk or, slider
body itself at various pitch angles. The thermal distribution
shape of a heated spot on the disk is assumed as a positive
half-sine waveform with the peak temperature of 500◦C
(773 K) as shown in Figure 4. The slider body temperature
(Ts) is assumed to be uniform across the surface of air
bearing slider.
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3. Simulation Results and Discussions

In the simulation tests, the minimum channel height (Ho)
is fixed at 5 nm instead of 50 nm as for reflecting extremely
low head-disk spacing in today’s hard disk drives. With the
fixed Ho, the growing pitch angles allow more molecules to
come into the interface region. As a result, more molecule
collisions happen and the velocities of molecules increase to
build up higher pressures acted on the slider surface. The
resulted pressure profiles increase with the slider pitch angles
as shown in the main diagram of Figure 5.

From our previous study, it was observed that a heated
spot on the disk causes the slider bearing pressure and force
to increase with its size at the particular pitch angle. However,
the heated spot size which is less than 0.05 μm does not
affect the air bearing substantially [7]. In this paper, the
tests were conducted by varying pitch angle (α) from 0.04
to 0.16 rad with the 0.05 μm heated spot located on the disk.
The heated spot center is situated 0.45 μm away from the flow
exit in all tests. As in the main diagram of Figure 5, since
the overall bearing pressure increases with the larger pitch
angle, the amount of pressure hump due to a heated spot is
elevated even with the fixed heated spot size. Hence, it assists
increasing the bearing force acted on the slider surface.

It is also found that the base area of pressure hump
around the heated spot location is wider in small pitch
angle than that in the large one. This might be due to the
narrower spacing between the slider and disk at a lower
pitch, which causes the impact widely from the heated spot
to its surrounding. In insert chart of Figure 5, it is observed
that the increasing pitch angle enlarges the air bearing
force almost in a linear way and the existence of a heated
spot increases total bearing force at each posture position.
Furthermore, the larger pitch angle causes the higher bearing
force on the slider with the same size of a heated spot. Hence,
the results suggested that the slider posture affects the air
bearing performance with a heated spot which is 0.05 μm or
larger size in HAMR application.

Figure 6(a) shows the variation of the normalized total
force acted on the slider with the heated spot size for different
pitch angles. Here we define a normalized force value so that
we could evaluate the effect of pitch angle on the total force
more clearly. It is found that the variation of normalized
bearing force with the heated spot size for a larger pitch
angle is higher than that for a smaller one, which means that
pitch angle effect becomes more and more important as its
value increases. This is because the amount of pressure hump
produced by a heated spot, as shown in Figure 5, increases
with the pitch angle. Therefore, at a larger pitch angle, the
slider bearing force will be more sensitive to the variation of
heated spot size.

The stream-wise locations of bearing forces on the slider
surface, as shown in Figure 6(b), move closer to the trailing
edge as compared with those for largerHo (50 nm) case. They
will shift further towards the trailing edge of slider when
a localized heated spot size, that is, larger than 0.05 μm, is
involved in the interface.

Next, as the head disk spacing could be reduced further-
more for higher density recording in HAMR application, it
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Figure 6: The variations of (a) total bearing force acted on the slider surface and (b) positions of resultant force with the heated spot size for
different pitch angles. The normalized total force represents the respective total force with a heated spot divided by the total force without a
heated spot.
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Figure 7: Comparison of air bearing pressure profiles on the
slider surface with a 0.05 μm heated spot on the disk for different
minimum channel heights (Ho) with a fixed pitch angle (α) of
0.01 rad and (insert) the comparison of bearing forces at different
minimum channel heights with a 0.05 μm heated spot.

is useful to study the effect of smaller gap spacing on the
air bearing behavior. In order to study the gap effect, the
minimum channel height (Ho) is decreased from 5 nm to
1 nm with a fixed pitch angle at 0.01 rad. The results are
shown in Figure 7. It is found that the bearing pressure
increases significantly and its peak position moves away
from the pressure bump caused by a heated spot when the
minimum spacing Ho decreases. From the inset chart of
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Figure 8: Comparison of air bearing pressure profiles on the slider
surface with varied slider body temperatures for a fixed pitch angle
(α) of 0.004 rad.

Figure 7, it is observed that the bearing force also increases
proportionally as Ho decreases.

Finally, we study the effect of slider body temperature
on the air bearing. We assume that the temperature on the
slider surface is higher than the ambient one and it is uniform
across the slider surface. Such high temperature on the slider
body may be caused by the heat dissipation in the HAMR
optical head, electrical heater, writer, or other components.
Figure 8 shows that both bearing pressure and force increase
gradually as slider body temperature (Ts) changes from 0◦C
to 100◦C at α = 0.004 rad. This is because the thermal energy
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Figure 9: Comparison of total bearing forces acted on the slider
surface with different slider temperatures and slider pitch angles.

released from the slider body goes into the interface and
affects the bearing pressure and force. In other words, the
surrounding gas molecules in the interface gain more energy
from the heat transfer of a heated spot or slider body and
exert stronger pressure on the slider surface when the gas
molecules strike on it. As a result, the bearing force, which is
derived from the pressure distribution on the slider surface,
will increase as the temperature of heated spot or slider
body increases. Based on the simulation results with other
pitch angles, it is also observed that the total bearing force
increments due to slider temperature rises are quite uniform
at any slider pitch angle as shown in Figure 9. This suggests
that the heat energy from the slider has similar effects on the
bearing pressure and force regardless of the pitch angle of the
slider.

Figure 10(a) shows the variation of the normalized total
force acted on the slider with the slider temperature for
different pitch angles. Here we also define a normalized force
value to evaluate pitch angle effect at various slider body
temperatures. The results show that the normalized bearing
force gradient increases with the falling pitch angle, which
means that the pitch angle effect becomes less important
at its higher values. This is because the total bearing force
increment with the slider temperature is almost the same
at each pitch angle, but the absolute total force value at
Ts = 0◦C will increase with the pitch angle, as shown
in Figure 9. Therefore, the normalized force value, which
represents the relative change of bearing force at various
slider temperatures, will become smaller as pitch angle
increases; that is, the air bearing total force is insensitive to
the variation of slider temperature at a higher pitch angle.

Figure 10(b) shows the relation of the pitch angle with
the slider stream-wise location of force. It is found that
the stream-wise location of bearing force shifts towards
the leading edge with higher slider temperature. The effect
of slider temperature on the location shift is found to be
opposite to that of the heated spot.
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Figure 10: The variations of (a) total bearing force acted on
the slider surface and (b) positions of resultant force with varied
slider temperatures for different pitch angles. The normalized total
force represents the respective total force divided by the total force
resulted from the test with Ts = 0◦C.

4. Conclusions

From the simulation studies in this paper, it is concluded
that the slider posture effects on the air bearing should be
carefully considered in a HAMR system. The conclusions are
drawn as follows.

(1) Both air bearing pressure and total bearing force will
increase with the slider pitch angle and the stream-
wise location of bearing force shifts closer to the
trailing edge with the growing pitch angle.

(2) The pressure and force increment caused by a heated
spot with a larger pitch angle is higher than that with
a lower pitch angle. The slider bearing force will be
more sensitive to the variation of heated spot size at a
larger pitch angle.
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(3) With a low pitch angle, the effect of a heated spot is
small on the air bearing but slider temperature effect
will become larger. The slider bearing force will be
more sensitive to the variation of slider temperature
at a smaller pitch angle.

(4) The stream-wise location of bearing force moves to
the trailing edge with a larger heated spot while it goes
to the opposite direction as the temperature on the
slider body increases.
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