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Abstract

This report investigates the kinetics of lubricant molecules in the HAMR air bearing to understand the initiation and growth
of PFPE contamination on the head surface. The collisions with the air bearing induce three forces—drag, thermophoresis,
and lift. Of these, we find that lift forces are negligible. Then, a sensitivity analysis of the remaining two forces reveals the
conditions where they dominate. Further, a hybrid simulation strategy is utilized to track their movements. The results show
that the contaminations (smear) highly depend on the interplay between the thermophoresis and drag forces. We then explain
the mechanism of the formation of the various observed patterns. Finally, we offer some recommendations to exploit the air

bearing to contain smear on the head.
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1 Introduction

Hard disk drives (HDD) are the leading technology for data
center storage [1]. As the demand for data grows, the need
to increase the storage density grows. In HDDs, a slider
(head) writes data on a rotating disk. The sliding motion
between the head and the disk forms a nano-tribological
system where a thin layer of air and lubricant provide hydro-
dynamic lubrication to ensure consistent spacing and reli-
able operation. In conventional HDDs, read/write operations
occur near room temperature. However, due to the super-
paramagnetic limit, increasing the density requires the use of
materials with higher coercivity. However, it is not possible
to write data in such materials at room temperature. Heat-
Assisted Magnetic Recording (HAMR) overcomes this by
embedding a laser in the head that heats a nanoscale spot
on the recording disk to its curie temperature to write data
[2]. However, the high temperature significantly impacts the
lubricant layer, and contaminations start to accumulate on
the head, which can lead to the head crashing on the disk.
Therefore, controlling this contamination, called smear,
remains an important technical challenge for the successful
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deployment of HAMR drives [3-5]. Figure 1 shows two
AFM images of smear on a representative HAMR head.
The study of smear is challenging as the head—-disk
interface is multiscale and complex. It stretches hundreds
of microns in the down-track and cross-track directions but
only a few nanometers in the vertical direction. The presence
of the TFC (Thermal fly-height control) heater and NFT
(Near-field transducer) on the head raises the temperature
above 700 K with temperature gradients exceeding 10° K/m.
Further, the NFT forms a local protrusion [6] and induces
electric field gradients exceeding 10'® V/m? [7]. The space
between the head and the disk forms an air bearing of helium
or air. The combination of these fields induces phenomena,
such as thermal decomposition [8], thermophoresis, air shear
[9], evaporation, condensation [10], and mechanical contact
[3]. The disk is also composed of several materials, includ-
ing Iron, Platinum, PFPE (perfluoropolyether) lubricants,
and carbon overcoats [5]. Therefore, the contaminants can
originate from a variety of sources by a variety of mecha-
nisms. Numerical studies to understand these mechanisms
take one of two approaches: a continuum mechanics-based
approach [10-12] or a molecular dynamics (MD)-based
approach [13, 14]. The former aims to model smear using
bulk properties. It can reliably and quickly simulate smear
patterns. However, since the head—disk spacing is often less
than 10 nm, it does not account for the molecular effects.
Further, it is cumbersome to characterize and couple the
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Fig.1 AFM image of smear
pattern on HAMR heads

properties from different fields, such as the electrical and
thermal fields. The MD approach overcomes this problem by
calculating the force on every molecule using an appropriate
potential function. This ensures that all bulk and molecu-
lar phenomena are accounted for. Nonetheless, this process
requires large computational power even to simulate up to a
few nanoseconds. To our knowledge, none of these methods
has yet replicated the streak-like features seen in Fig. 1b.

In this study, we are able to explain these streak-like
features by focusing on the interaction between the air-
bearing molecules to PFPE molecules. We employ a novel
simulation methodology to simulate the kinetics of these
molecules. First, we generate a force field using particle
mechanics. This force represents the time-averaged force
that a molecule experiences at a given point. Then, we track
the trajectory of many lubricant molecules under the influ-
ence of this force field. Those that adsorb on the head are
recorded and a density map is generated. This map can be
visualized to see the growth of head lubricant over time. In
section 2, we list the assumptions, derive the equations for
the different forces arising from the air bearing, and pre-
sent the simulation methodology. In section 3, we conduct
simulations under various initial conditions and explain
the mechanics of smear formation. Finally, in section 4, we
apply the observations from the study to present some prin-
ciples to control smear.

2 Numerical Model

We postulate that the air-bearing contribution to smear
formation is a three-step process. The first step is the
breaking of PFPE-to-surface bonds. In this case, they adhere
to the disk by van der Waals (vdW) forces. The rise in the
local temperature breaks this bond. The second step is the
transport of PFPE molecules toward the head. This can be
due to various factors, such as thermophoresis. The third
step is lubricant condensation/adsorption, where the van der
Waal’s forces from the head capture these molecules to form
smear in patterns as seen in Fig. 1.

@ Springer
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(b) Smear Streaks

2.1 Quantifying air-related forces

To quantify the air bearing-related forces experienced by
a particle in the head—disk interface, we assume that they
are composed of PFPE lubricants of varying lengths and
thicknesses. The shape is approximated to be a cylinder
defined by its length and radius. Helium-sealed drives are
the industry standard for enterprise applications as they
consume less power than corresponding air-filled drives
[15]. Hence, the air bearing is assumed to be composed
of helium atoms and, therefore, approximated as spheres.
Although air contains negligible helium, we still use
the term “air bearing” throughout the paper to maintain
convention in this field. We also assume that the laser
that heats the system has sufficient power to instantane-
ously bring the temperature of each particle to the local
temperature.

Since the forces on a PFPE molecule arise due to col-
lisions with the helium atoms, we begin by determining
the velocity distribution of the helium atoms. Kinetic the-
ory predicts that in a stationary container with uniform
temperature, the velocity distribution of an ideal gas is
given by the Maxwell-Boltzmann distribution. However,
there are large velocity and temperature gradients in the
head-disk spacing. The Chapman—-Enskog (CE) distribu-
tion is able to account for these gradients. The first-order
expansion of the CE distribution is given by [16]

f=fo<1 - l(ziiT>2A -V(nT) - %B : Vv0> (D

n

Here, n, m, T, and v, are the number density, mass,
temperature, and mean molecular velocity of the helium
atom, respectively. f, and kg are the Maxwell-Boltzmann
distribution and the Boltzmann constant, respectively. A and
B are expansion terms. The CE distribution contains three
terms. The first term is simply the Maxwell-Boltzmann
distribution. The second and third terms are the correction
terms to account for the temperature and velocity gradients,
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respectively. Therefore, these three terms can give rise
to three different forces in the head—disk spacing. In the
literature, they are called the drag, thermophoresis, and
Saffman lift forces. If x and v are the thermal conductivity
and molecular velocity of helium, the full expansion of these
terms yields [16]:

3/2 2
B m _m(v)
fo= n<27rkBT> P < 2kgT > , ?
_ 2mk [ mv? 5
4m*k 1 .

where f, corresponds to drag force, f; corresponds to ther-
mophoresis, and f, corresponds to lift force. Further, the
thermal conductivity of the gas can be calculated from the
mass and diameter of the gas by [16]

BT
o= D BT ()
64d§ m

where d, is the diameter of the gas particle. The next step
in calculating the force is to define the PFPE-helium inter-
actions. We assume that the helium atoms are chemically
inert and undergo no adsorption to the PFPE molecule.
In other words, the collision is purely specular. Then, the
PFPE-helium interaction is modeled using a Lennard—Jones
potential. For an n-alkane chain and helium, the potential
function is given by [17]

U(r)=e[0.676<r_5rc>_“ - 1.031(r_5r”>_5]. ©)

Here, r is the distance center to center between the alkane
chain and the helium atom and r. is the radius of the alkane
chain. The terms 0.676 and 1.031 are fitted from the general
Lennard—Jones potential function summed from the indi-
vidual atom—atom interactions. Further, ¢ = 3.404 x 102!
J and 6 = 0.354nm are appropriate Lennard—Jones param-
eters [17]. Due to the lack of literature about the interaction
energy parameters of PFPE particles and considering the
mutual cylindrical shape, we assume that the same poten-
tial function of n-alkanes applies to PFPE particles for this
study.

Next, we calculate the momentum imparted by a helium
atom to a PFPE molecule upon collision. By applying the
principle of conservation of momentum, we assume that the
net momentum gained by a PFPE molecule is the momentum

lost by the helium atom. Since the collision is assumed to
be specular, the change in momentum of the helium atom
can be characterized by the scattering angle, y, which is the
angle by which the atom changes its direction upon collision.
We assume that the length of the PFPE molecule is much
greater than the radius of the helium atom, so there will be no
deflection along the length of the cylinder. Therefore, we can
reduce the system to a set of two circles—a thin slice of the
PFPE molecule and the helium sphere. Then, the scattering
angle is given by [18]

o[ 4
)((g,b)=7r—2/r [%(1

min

w0y o

2
m.g

where g is the in-plane relative velocity between helium and
the PFPE molecule, m, is the reduced mass of the helium-
PFPE system, U(r) is the helium-PFPE potential, and b is
the impact parameter, which is the closest distance between
the undisturbed trajectory of the helium and PFPE molecule.
Tnin 18 the distance of the closest approach, which is the larg-
est root of the integrated of Eq 7. The reader can refer to
Chapman (1991) [16] and Liu (2016) [18] for the detailed
derivations. The net collision integral is given by

0, =1 [ (-cos o . ®)

where L’ is the maximum distance beyond which the helium
atom cannot collide with the PFPE molecule. Integrating
Q,,(g) over the range of the velocities defined by the CE dis-
tribution, we calculate the three forces on a PFPE molecule
as follows [18-20]:

Fi,J_ =m, /f;'ggJ_Qspdv’ i= O’ 1’2 ’ (9)
v

where the subscript L refers to the component perpendicu-
lar to the axis of the PFPE molecule. The subscript i refers
to the drag (i = 0), thermophoresis (i = 1), and lift (i = 2)
forces. Since we made no assumption on the size and mass
of the helium atom, Eq. 9 can be used for any spherical atom
or molecule using an appropriate U(r). Further, in addition
to these forces, other effects such as optical forces [7] and
ballistic jumps [21] can influence PFPE molecules. How-
ever, the conditions where they are significant, such as the
presence of metallic nanoparticles or sub 4-nm spacing, are
not present in this study. Hence, we focus only on the forces
originating from the interaction between the helium atoms
and PFPE molecules.
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Table 1 Baseline values for sensitivity analysis

Parameter

Value

Mass of helium molecule ()

6.6395 x 1072 kg

Diameter of helium molecule (o) 260 pm
Temperature, T’ 700 K
Air-bearing velocity (v) 15 m/s
Velocity gradient (Vv,) 020
000
000 x10°/s
Temperature gradient, VT’ 5x 10° K/m
Length of PFPE molecule 5 nm
Radius of PFPE molecule 0.5 nm
PFPE monomer mass 91 amu
PFPE monomer length 350 pm

Table 2 Relative contribution of the three different forces

Type of force Absolute Force Relative
Contribu-
tion

Drag force 1.76 pN 1

Thermophoretic Force 2.56 pN 1.46

Lift Force 1 x10719pN 0

2.2 Sensitivity Analysis of Forces in the Head-Disk
Interface

Next, we calculate and compare the magnitude of the three
forces using the baseline values from Table 1. The results,
tabulated in Table 2, show that the drag and thermophoretic
force can be comparable, whereas the lift force is virtually
zero. Therefore, we ignore the lift force for the remainder
of this study.

Fig.2 Comparison of thermo-

(a) Force vs Radius of smear particle

Then, we conduct a sensitivity analysis of the relevant
parameter space. Using the baseline values from Table 1,
we individually vary each parameter for the thermophoresis
and drag forces. The results are compared and analyzed to
understand the conditions for which each force dominates
in the head—disk interface. We start with the dimensions
of the PFPE molecule—the radius and length. The radius
primarily affects the potential function (Eq. 6), whereas the
length is used to calculate the reduced mass for Egs. 7 and 9.
The comparisons are plotted in Fig. 2. In both cases, we see
that there is a linear relationship between the force and the
parameter for both thermophoresis and drag force. However,
the thermophoresis force increases at a greater rate than the
drag force. This indicates that for larger molecules, the ther-
mophoresis force is more likely to be the dominating force.

Then, in order to study how the air-bearing composition
affects these forces, we vary the properties of the gas. We
considered the mass and the diameter of the gas molecule
as the key parameters to investigate. The mass and diameter
of the helium molecules is crucial in the Chapman—Enskog
distribution (Eqs. 3—4). Further, the mass also influences the
reduced mass in Eq. 7. The results are plotted in Fig. 3. By
increasing the mass of the gas particle, the thermophoresis
force remains approximately the same, whereas the drag
force increases non-linearly. For the baseline case in Table 1,
the drag force in heavier atoms is greater than in lighter
atoms. Since the drag force aids in clearing the smear from
the head, a gas medium with larger atoms/molecules appears
to be more suitable for reducing smear. As a function of the
molecular diameter, the drag force essentially remains the
same, whereas the thermophoresis force decreases. This is
because the diameter of the gas is only used in calculating
the thermal conductivity (k) which is relevant only for ther-
mophoresis and lift force. Therefore, both graphs together
show that the drag force tends to dominate for larger and
heavier gas molecules, such as air. Meanwhile, for smaller

(b) Force vs Length of smear particle
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Fig.3 Comparison of ther-

(a) Force vs Mass of gas particle

mophoresis and drag force for
various gas particle parameters.
a Variation with the mass of the
gas particle keeping a constant 6
diameter of 260 pm and b varia-
tion with the diameter of the gas
particle keeping a constant mass
of 6.6395 x 10~*" kg
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and lighter particles, such as helium, the thermophoresis
force tends to dominate.

Next, we consider the force dependence on the param-
eters in the head—disk interface. Four parameters are
considered—the pressure, temperature, velocity of the
disk, and temperature gradient. The results are plotted
in Fig. 4. For the case of varying pressure (Fig. 4a), the
thermophoresis force remains constant, whereas the drag
force increases linearly. This indicates that in areas of low

Velocity (m/s)

pressure, the thermophoretic force dominates. For the case
of varying temperature (Fig. 4b), the thermophoresis force
remains constant, whereas the drag force weakly increases
with temperature. In the case of varying the temperature
gradient (Fig. 4c), the drag force is constant, whereas the
thermophoretic force increases linearly, which is expected
since the temperature gradient drives thermophoresis. In
the case of varying disk velocity (Fig. 4d), the drag force
linearly increases, and the thermophoretic force remains

@ Springer



51 Page 6 of 11

Tribology Letters (2024) 72:51

constant. This is also expected since the moving disk gen-
erates drag force on a PFPE molecule.

2.3 Smear Growth Simulation Methodology

Now that we can calculate the forces acting on a PFPE mol-
ecule, we can simulate smear growth on a HAMR head.
We take a modified molecular dynamics approach [22]. The
simulation box contains two plates. The top plate is station-
ary and represents a portion of the head. It has a dimension
of 600 nm in the cross-track and down-track directions. The
bottom plate moves at the velocity of 20 m/s in the down-
track direction as it represents the disk. The dimensions of
the bottom plate extend infinitely in both directions. How-
ever, the simulation is done only for locations directly below
the head. This is possible because the forces are negligible at
all other locations. The schematic of the resulting air bear-
ing is shown in Fig. 5. Solving the transient heat conduction
equation calculates the temperature profiles at the head and
disk surfaces. The laser heating was represented as a circular
heat source with a diameter of 10 nm, and the TFC heater
was represented using joule heating of an element on the

600 nm

Fig.5 A schematic of the simplified air bearing. It consists of flowing
helium molecules at 20 atm pressure. Near the disk, the stream veloc-
ity is about 20 m/s, which then linearly tapers away to O m/s near the
head. A reasonable assumption of the pitch is about 1 x 10~ rad,
which is less than 0.1-nm variation of spacing (h,) over the length.
Hence, we assume the air bearing to the uniform along the track

Fig.6 Prescribed temperature

(a) Temperature along down-track direction

head. The head and the disk surface temperatures are shown
in Fig. 6. The peak temperature at the disk is about 800 K
due to the heating from the laser, whereas the head has a
peak temperature of 500 K due to the losses from the NFT/
WG and the TFC heating. At points near the center, the disk
is hotter than the head. However, toward the edges, the head
is hotter because the TFC heating occurs over a much larger
area [3]. The temperatures at points between the disk and
the head are linear interpolations between the corresponding
points at the two ends. Thus, there is a temperature gradient
in the vertical direction as well as in the in-plane directions.
In the vertical direction, the force can be divided into two
zones. First, near the NFT at distances < 200 nm from the
hotspot, the thermophoretic force is directed from the disk
to the head. Second, at locations far from the NFT, the ther-
mophoretic force is directed toward the disk as the head is
slightly hotter there than the disk. The former is the smear
formation zone, and the latter is the smear removal zone.
It is so named because, in the smear formation zone, the
molecules tend to move toward the head, forming smear,
whereas, in the smear removal zone, the molecules tend to
detach from the head and fall back to the disk. Furthermore,
in the in-plane direction, the temperature gradient causes the
molecules to drift away from the hotspot center.

The dimensions of the lubricant molecules that form
smear can vary depending on the number of monomer units,
end groups, and whether it has undergone thermal decom-
position. We can take Waltman'’s estimation for Tetraol-GT,
which has a monomer weight of 91 amu and length of 345
pm [23] with a molecular weight of 1200 - 2200 amu [24].
Assuming the monomers lie flat, then the estimated length
is between 4.5 nm and 8.3 nm. The physical lower limit for
the diameter of a PFPE lubricant chain is 0.7 — 0.8 nm [25].
However, the effective monolayer thickness is found to be
up to 2 nm [24]. Therefore, the actual radius of a lubricant
molecule can be anywhere between 0.35 nm and 1 nm. In
order to simplify the simulation, we specify the lubricant

(b) Temperature along cross-track direction
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molecule to have a fixed length of 5 nm and a radius of 0.5
nm. The disk is then coated with a layer of these molecules.

Then, the van der Waals (vdW) interaction energy and
the associated force between the lubricant molecule and the
head or the disk are given by [26]:

-
-
e (10)

Aham r
dew = 3 V ﬁl ’ (11)

where Ay, is the Hamaker constant, r, [ are the radius and
length of the smear particle, and d is the distance between
the center of the molecule and the surface. The Hamaker
constant is approximated to be around 1 X 10720 J, similar
to Marchon and Saito [27]. The particles initially possess
kinetic energies defined by the Maxwell-Boltzmann distri-
bution. As the disk moves, the particles move to locations
with different temperatures. We adjust the energy by a cor-
responding amount given by

h
B = 5"

Epew = Epa + %kBAT’

new
where AT is the temperature change. Therefore, we can
define a particle’s adsorption and desorption criteria by
comparing its kinetic and vdW energy. If the vdW energy
exceeds the kinetic energy, then the particle adsorbs,
whereas if the kinetic energy exceeds the vdW energy, the
particle desorbs.

The simulation starts with a layer of smear particles
attached to the disk by vdW forces. The initial particle den-
sity of the smear particles on the disk is about 70000 parti-
cles/um? or 25000 particles over the 600 nm X 600-nm disk
inside the simulation box. As the simulation progresses in
time, new portions of the disk enter the simulation domain,
and new particles are created to fill it using the same particle
density. If the disk has a velocity of 20 m/s, 840 particles are
created every nanosecond At each time-step, the forces on
each lubricant molecule are calculated, the adsorption/des-
orption criteria checked, and Newton’s equation of motion
determines the new position of each nanoparticle. Their ori-
entation is assumed to be random. Finally, the molecules that
adsorb on the head are recorded and a density map is used
to visualize the smear pattern.

3 Results and Discussion

Our simulation consists of a clean helium-filled interface at
a pressure of 2 MPa. The spacing varies from 4 to 35 nm.
The total time of simulation is 3 us with a 10-ps time-step
(The trial runs showed that the choice of the time-step had

little effect on the results). We simulate two diameters of
laser heaters, 10 nm and 20 nm. To study the mechanics of
its formation, we plotted the smear patterns of the head at
two timestamps: 100 ns and 3000 ns. The former represents
the smear onset phase, and the latter represents the smear
growth phase.

The results for the smear onset phase are plotted in Fig. 7.
In Fig. 7a and c, we see a bright spot in the center (Features
A and D). This occurs because the lower spacing-to-hot-
spot ratio does not allow molecules to move around in the
interface. The vertical thermophoretic force dominates and
causes most particles to accumulate in the center. On the
other hand, for Fig. 7b and d, we see multiple interesting
features. Instead of having a centralized bright spot, there
are two peaks with a slight offset from the center (Features
B and G). Furthermore, in Fig. 7d, there is a streak in the
cross-track direction (Feature E). These offsets arise because
the spacing allows the in-plane thermophoretic force to sepa-
rate the molecules from the center. In addition, we can also
see two more spots farther away from the center (Features
C and F). The trajectories that these particles take are more
complicated. They arise from a delicate interplay between
the thermophoretic and drag forces in different zones. After
the molecule evaporates, it moves toward the head due to
the vertical thermophoretic force. At the same time, since
the molecule is upstream of the hotspot, the in-plane ther-
mophoretic force pushes the molecule further upstream.
As the molecule travels in this direction, it exits the smear
formation zone and enters the smear removal zone. This
effectively reverses the flow of the molecule, and it starts
moving back to the disk. As it approaches the disk, it experi-
ences the drag force and moves downstream. This causes the
molecule to re-enter the smear formation zone and change
its course toward the head. This time, the distance to the
head is smaller, and the vertical thermophoretic force is
sufficient to cause the molecule to reach the head. During
this process, the molecule constantly faces an unhindered
cross-track thermophoretic force. Since this process takes
considerably longer, the molecule moves farther from the
center, forming these additional spots. In our simulations,
these additional dots were only observed for specific con-
ditions. For the 10-nm hotspot, it was found to occur at a
spacing between 8 to 10 nm. And for the 20-nm hotspot, it
was found to be between 30 and 40 nm.

The results for the smear growth phase are plotted in
Fig. 8. They show the evolution of the streak from the dots
seen in Fig. 7. In the case of a lower spacing-to-hotspot ratio
(Fig. 8a—c), there is only one thick streak. Other published
experiments, such as that by Kiely et al. [3] and Xiong
et al. [28], with smaller hotspot sizes and spacing show
similar thick streaks. This qualitative similarity highlights
the effectiveness of the simulation strategy in reproduc-
ing accurate patterns. Furthermore, in the case of a higher
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Fig.7 Smear onset patterns for various parameters. a 10-nm hotspot and 4-nm spacing, b 10-nm hotspot and 10-nm spacing, ¢ 20-nm hotspot

and 10-nm spacing, and d 20-nm hotspot and 30-nm spacing

spacing-to-hotspot ratio (Fig. 8d), multiple streaks are
observed. Near the center, it is filled with smear as in the
other three cases. However, farther downstream, the streak
diverges into two thick streams. They originate from the
nanoparticles evaporating normally (Features B and G in
Fig. 7). The thickness of these streaks for the larger hotspot
is greater than those from the smaller hotspot since the area
covered by the smear formation zone is greater if the hotspot
is larger. Furthermore, Fig. 8b and d shows additional thin-
ner streaks at the ends originating from the additional dots
(Features C and F in Fig. 7). The length of these thinner
streaks was also found to be much greater. The presence of
multiple streaks with varying thicknesses is consistent with
the results of the experiments from Fig. 1.

One important aspect to consider in the simulations is
that we observe smear within a microsecond. However, in
experiments, smear is observed only after a few seconds [29].
This disparity can be explained for two reasons. First, in the

@ Springer

experiments, the smear volume measurements are taken after
the disk and slider cool down. We know from simulations that
the NFT temperature cools much slower than the disk [28].
Thus, it is possible that during this brief period, many of the
particles loosely stuck to the head fall back to the disk. This
means that the smear seen on an actual head is lower than the
real-time smear in simulations. Also, in our evaporation cri-
teria, we did not consider the bonding between the polar ends
of the PFPE lubricant and the disk. We also did not consider
the pressure caused by the helium molecules pressing down
on the lube. These factors can reduce the evaporation rate and,
subsequently, the smear volume.
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Fig.8 Smear growth pattern for various parameters. a 10-nm hotspot and 4-nm spacing, b 10-nm hotspot and 10-nm spacing, ¢ 20-nm hotspot

and 10-nm spacing, and d 20-nm hotspot and 30-nm spacing

4 Conclusion

We know that in an actual head—disk interface, various
parameters, such as pressure, temperature, and head—disk
spacing, vary greatly at different locations. Since the sensi-
tivity analysis and smear growth simulation show that these
parameters are critical in determining the dominant force and
growth characteristics, proper tuning can aid in controlling
the growth of smear. Since thermophoresis grows faster than
drag force with PFPE molecule dimensions, mechanisms
such as thermal decomposition that break smear particles
can help reduce smear buildup. Further, larger and heavier
gas molecules show a net decrease in thermophoresis and
an increase in drag force. Therefore, having such molecules
can suppress smear buildup. Next, since pressure increases
the drag force, designing the air-bearing surface (ABS) to
give higher peak pressures in areas with higher susceptibility
for smear will be helpful. Further, reducing the temperature

gradient and increasing the speed of disk rotation can also
reduce smear. Finally, from the smear simulation study, we
notice that the smear streaks caused by the oscillations in
temperature gradient are much thinner than central streaks.
Therefore, designing such oscillations may be helpful. How-
ever, care must be taken to avoid other secondary effects
from such oscillations.
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