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Abstract The high temperature laser heating during
Heat-Assisted Magnetic Recording (HAMR) causes the
media lubricant to deform and transfer to the head
via evaporation/condensation. The ability of the lubri-
cant to withstand this writing process and sufficiently
recover post-writing is critical for robust read/write
performance. Moreover, the media-to-head lubricant
transfer causes a continuous deposition of contaminants
originating from the media at the head Near Field Trans-
ducer, challenging the reliability of HAMR drives. Most
previous studies on the effects of laser exposure on lu-
bricant depletion have assumed the lubricant to be a
viscous fluid and have modeled its behavior using tradi-
tional lubrication theory. However, Perfluoropolyether
lubricants are viscoelastic fluids and are expected to ex-
hibit a combination of viscous and elastic behavior at the
timescale of HAMR. In this paper, we introduce a modi-
fication to the traditional Reynolds lubrication equation
using the Linear Maxwell constitutive equation and a
slip boundary condition. We study the deformation and
recovery of the lubricant due to laser heating under
the influence of thermo-capillary stress and disjoining
pressure. Subsequently, we use this modified lubrication
equation to develop a model that predicts the media-
to-head lubricant transfer during HAMR. This model
simultaneously determines the deformation and evapo-
ration of the viscoelastic lubricant film on the disk, the
diffusion of the vapor phase lubricant in the air bearing
and the evolution of the condensed lubricant film on the
head. We investigate the effect of viscoelasticity, lubri-
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cant type (Zdol vs Ztetraol), molecular weight, slip and
disjoining pressure on the lubricant transfer process.
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1 Introduction

Heat-Assisted Magnetic Recording (HAMR) is one of the
leading technologies that is essential to achieve storage
densities beyond 1 Tbh/in? in hard disk drives. However,
reliability of the head-disk interface (HDI) during high
temperature transient laser heating still remains a major
challenge that needs to be addressed before HAMR can
be made into a robust commercial product [1].

One critical component of the HDI is the lubri-
cant coating on the disk (typically from the Perfluo-
ropolyether (PFPE) family) that protects the disk and
the head from damage during intermittent contacts.
During HAMR, a complex laser delivery system exposes
the magnetic media to a high temperature in order to re-
duce its coercivity during writing. The high temperature
gradient on the media causes the lubricant to deform
and deplete under the influence of driving forces such
as thermo-capillary stress, evaporation and degradation.
The lubricant must be able to withstand this writing
process and sufficiently recover the depletion and accu-
mulation zones so as to allow for stable flying heights
and reliable read /write performance.

Numerous works in the literature have investigated
lubricant behavior during HAMR using continuum mod-
els, while assuming the lubricant to be a purely viscous
material [2-5]. However, experiments show that PFPE
lubricants are viscoelastic fluids [6-8] and can behave
like viscous fluids or elastic solids or a combination of
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both depending on the flow timescale [9]. Sarabi & Bogy
studied the effect of viscoelasticity on lubricant behavior
during HAMR using a Finite Element implementation
of the Linear Maxwell model in ANSYS [10]. They
found that the lubricant exhibits elastic behavior with
instantaneous deformations. However, this model solves
the complete 3D equations of motion, failing to take
advantage of the lubrication approximation. Moreover,
disjoining pressure was linearized to ease computation
speed and the effect of evaporation was not included. In
this study, we introduce a modified Reynolds lubrication
equation (2D) for the viscoelastic fluid using the Linear
Maxwell model and demonstrate similar results to the
3D ANSYS model. Our model uses non-linear disjoin-
ing pressure and includes evaporation. Experiments by
Mate et al. on lubricant migration on the slider suggest
that slippage might be a dominant mechanism when
the lubricant is subjected to high shear stresses [11].
Accordingly, we also investigate the effect of inclusion of
a slip boundary condition on lubricant behavior under
high thermo-capillary stress during HAMR.

Another major tribological challenge in HAMR is
the formation of write-induced head contamination at
the near field transducer (NFT) [12-17]. Kiely et al. [12]
reported measurements of contamination thickness as
a function of write time for a variety of different heads
in different operating conditions. They observed that
the contamination begins soon after the laser is turned
on (< 1 s) and grows until the contamination height
reaches the head-disk clearance. Once the head con-
tamination contacts the media surface, the disk motion
generates a smear down-track of the NFT. Xiong et
al. [13] also reported deposition of materials on the head
after HAMR writing. One possible mechanism that has
been proposed for this contamination is lubricant desorp-
tion from the disk and adsorption on the head through
thermodynamic driving forces [12]. During HAMR, the
media is locally heated to its Curie temperature (~ 500
°()), causing the disk lubricant to evaporate and form
vapor in the air bearing. The peak temperature of the
head is lower than that of the disk (~ 300 °C). This
temperature difference causes the lubricant to evaporate
from the disk and condense on the relatively cooler head.
The lubricant acts as a carrier, causing a continuous
deposition of media contaminants at the NFT. Tani et
al. used a pin-on-disk test to demonstrate smear growth
on the pin surface when lubricated disk with adsorbed
contaminant, siloxane was exposed to laser heating [17].

Understanding the mechanism of media-to-head lu-
bricant and contaminant transfer is crucial in order to
eliminate or control its effect and develop reliable HAMR,
drives. Lubricant transfer at the head-disk interface has
been studied using molecular dynamics (MD) [18-21].

Dai et al. predicted the formation of a lubricant bridge
between the disk and the slider due to HAMR heating us-
ing MD simulations [18]. Marchon & Saito [4] presented
fluid dynamics simulation results of unfunctionalized
lubricant Z on the disk under HAMR laser heating that
agreed well with much more computationally expensive
MD simulations. Moreover, experiments on unfunction-
alized and functionalized lubricant behavior under air
shear by Mate et al. and Scarpulla et al. [22, 23] show
that flow of molecularly thin films can still be described
by continuum theory with the adoption of an effective
viscosity. Continuum mechanics offers a cost-effective
yet accurate method to study lubricant behavior with
realistic domain sizes and simulation times.

In our previous study [24], we developed a viscous
continuum model that predicts the media-to-head lu-
bricant transfer during HAMR for Zdol. This model
determines the thermo-capillary stress driven deforma-
tion and evaporation of the lubricant film on the disk,
the convection/diffusion of the lube vapor in the air
bearing and the evolution of the condensed lubricant on
the head. We found that several angstroms of lubricant
transfer occurs after 2 ns of laser heating. Starting with
a 1.2 nm film on the disk, the disk and head lube thick-
nesses after 2 ns at the NFT were 0.59 nm & 0.83 nm,
respectively. The equilibrium vapor pressure of Zdol at
0.59 nm & 500 °C (disk conditions) is 0.3 MPa and at
0.83 nm & 310 °C (head conditions) is 5 x 10+ MPa [24].
The partial pressure of the lube vapor at the NFT at
405 °C was 0.07 MPa. Thus, the partial pressure of the
lube vapor in the air bearing is smaller than equilibrium
vapor pressure of the disk lubricant, but larger than
the equilibrium vapor pressure of the head lubricant.
This drives the evaporation of lubricant from the disk
and subsequent condensation on the head. However,
this model assumes a viscous constitutive law for the
lubricant, which in reality is a viscoelastic fluid. In this
study, we improve this model to include the effect of
viscoelasticity and slip on lubricant transfer. We study
the effect of lubricant type (Zdol vs Ztetraol), molecular
weight and disjoining pressure on the transfer process.

2 Rheology
2.1 Linear Viscoelasticity and Deborah Number

Under small deformation gradients, viscoelastic fluids
exhibit linear behavior. The most basic model for a linear
viscoelastic fluid is the Linear Maxwell model (single
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stage), which is described by the following equation:

o=—-pl+T
T 10t T (1)
E‘i’aa—V’U‘F(V’U)

Here o is the Cauchy stress, p is the pressure of the
incompressible fluid, 7 is the extra stress and v is the
velocity. Viscosity n and shear modulus G are related
to Maxwell relaxation time A by n = GA.

A viscoelastic fluid can exhibit viscous or elastic
behavior depending on the flow timescale. In order to
characterize this behavior, the non-dimensional parame-
ter ”Deborah number” is introduced by normalizing the
maxwell relaxation time by the flow timescale: De = %
When De < 1, the material behaves like a viscous fluid,
when De > 1 it behaves like an elastic solid and for
De ~ 1 the material has both viscous and elastic charac-
teristics. For the lubricant under HAMR, the flow time
scale may be defined as t; = %, where L is the laser
FWHM (set as 20 nm in this study) and U is the disk
velocity (~ 10 m/s), thus De = 27 [10].

2.2 Bulk Lubricant Rheology

Bulk rheological properties of PFPE lubricants have
been studied by measuring their viscosity (n), stor-
age modulus (G), loss modulus (G") via steady-shear
and dynamic oscillation measurements using rotational
rheometers [6-8]. Kono et al. investigated the rheological
properties of PFPEs with different molecular weights
and end-groups [6]. Karis measured the dynamic moduli
of several PFPEs including Zdol 2500 and Ztetraol 2000
between 1 and 100 rad/s at temperatures from -20 to 100
°C [8]. The PFPEs were found to be linear viscoelastic at
these conditions (dynamic strain amplitude of 5%). The
data measured at low temperatures was transformed to
high frequency through time-temperature superposition
with Williams Landel Ferry (WLF) Coefficients:

log(a) = G T )

Here reference temperature Tg is the glass transition
temperature of the PFPE and C; and Cy are WLF
coefficients with respect to Tp. Upto 3 linear Maxwell
elements (i.e. 3 sets of shear moduli G; and Maxwell
relaxation times 7;) were derived for each PFPE from
the data for G, G" versus war,. The measurements
for 7; and G; show that for these multistage models,
one of the stages is dominant (11 > 79, 73). To simplify
calculations, we consider only the dominant stage and
reduce Karis' model to a single-stage one (i.e. Linear

Maxwell model - Eq. (1)) with shear modulus Gk
(= G4) and viscosity Mpyix. Accordingly the viscosity as
a function of temperature is given by:

Moutk (T) = Myuir.(To)at, (T') (3)

where 1k (To) is the viscosity at the reference temper-
ature Ty and ar, (T) is given by Eq. (2). The Maxwell
relaxation time can be obtained as: Ay = gﬁli . The
Maxwell relaxation time and viscosity have the same
temperature shift function and thus the shear modulus
is independent of temperature. Ty, C1, Ca, Mpuir(T0),
Gpuk for Zdol 2500 and Ztetraol 2000 are tabulated in
Table 1. Viscosity of Ztetraol as a function of tempera-

ture using Eqs. (2), (3) is plotted in Fig. 1.

Lubricant Zdol 2500 Ztetraol 2000
To -113.6 °C -112.2 °C

Ch 13.62 23.22

Cs 59.72 45.81

Mouik (T0) 4.16 e+8 Pa-s | 2.34 e+17 Pa-s
Goulk 51.9 kPa 36.6 kPa

Table 1: Glass transition temperature Ty, WLF coeffi-
cients C7, Cy, viscosity mpuix at Ty and shear modulus
Gpuir for Zdol 2500 and Ztetraol 2000 [8]

Viscosity (Pa-s)
=

0 100 200 300 400 500 600
Temperature (deg C)

Fig. 1: Bulk Ztetraol viscosity (Pa-s) versus temper-
ature (°C) using oscillatory measurements and time-
temperature superposition (Egs. (2), (3)) [§]

2.3 Thin Film Lubricant Rheology

Ruths & Granick measured the dynamic moduli G',
G" of thin unfunctionalized and functionalized PFPE
films (2.8 nm 703, 3.3 nm Zdol 2100, 6.6 nm Zdol 4000)
at normal pressures of 1 and 3 MPa and shear rates
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of 1072 to 10° s~! [25]. The properties were measured
by shearing the films between two mica surfaces using
a surface force apparatus (SFA). They found that the
unfunctionalized Z03 displayed elastic behavior in the en-
tire frequency range of 1.3-130 Hz with large, frequency
independent moduli (in the regime of linear response
i.e. small-amplitude oscillatory shear). Zdol 2100 also
exhibited elastic behavior with frequency independent
moduli (G/ ~ 1 MPa, G" was one order of magnitude
smaller) at higher normal pressure of 3 MPa. Under
large deformations, the moduli dropped significantly
due to shear thinning/slip. These results suggest that
the Maxwell relaxation time and zero-shear viscosity of
nano-scale films are several orders of magnitude higher
than the bulk values. More recently Itoh et al. measured
the dynamic moduli of Z03 and Zdol at higher frequen-
cies using a Fiber Wobbling Method (FWM) [26, 27].
They found that as the film thickness decreases, both
the viscosity and elasticity of the lubricant increase.

Mate & Marchon studied the shear response of sim-
ilar unfunctionalized PFPE films when subjected to
air shear stress of 20 - 200 Pa (comparable shear rates
to SFA) using a blow-off technique [22]. They found
that molecularly thin films partially confined by a single
solid surface do not solidify (unlike SFA results) and
display viscous behavior. They attributed the ”solid
like behavior” in the SFA experiment to confinement of
molecules between two solid surfaces with applied pres-
sure. Scarpulla et al. [23] studied the shear properties
of molecularly thin films of the functionalized lubricant
Zdol using blow-off and found that its flow can be de-
scribed by an enhanced effective viscosity (larger than
the bulk viscosity for functionalized lubricants). Karis
et al. studied lubricant spin-off from magnetic disks and
reported that the effective viscosity of Zdol increases
exponentially with decrease in thickness [28].

More recently Marchon et al. [29] and Mate et al. [11]
studied the migration of the functionalized lubricant
Ztetraol on the head under higher air shear stresses (~
500 kPa in [29], ~ 10 kPa in [11]). They found that the
effective thin-film viscosity is either similar to or smaller
than the bulk viscosity (in contrast with previous stud-
ies [23,28] where the effective viscosity was larger than
the bulk viscosity). Moreover, the effective viscosity was
found to decrease with decreasing lubricant thickness.
This apparent discrepancy was attributed to slip caused
by high shear stresses. As the film thickness is reduced,
slip becomes a more dominant migration mechanism,
which would manifest itself within the viscous flow sim-
ulation as a lower viscosity.

Experiments on lubricant films on a solid substrate
under air shear demonstrate that the behavior of thin
films confined by a single solid and confined between

two solids are significantly different. Dynamic properties
from SFA/FWM experiments cannot be directly used
to study the behavior of lubricant under HAMR laser
heating (confined by a single solid - the disk). Hence
we use the bulk rheological properties from Table 1
with appropriate thin-film enhancement factors. Karis
et al. [28] found a viscosity enhancement factor of ~13
for 1 nm thick Zdol 4000. Accordingly, we assume that
the effective viscosity for both Zdol and Ztetraol is 13
times the bulk viscosity determined using Eq. (3) (i.e.
Neff = 13 X Mpuir). To account for slippage caused by
high shear stresses, we apply the Navier slip boundary
condition, which assumes that the slip velocity vg;p is
directly proportional to the wall shear stress Twair:

b
Vslip = —Twall (4)
P

Here b is the slip length. Other non-linear slip boundary
conditions are also available such as power-law depen-
dence on wall shear stress or a threshold-type slip [30].
However, the Navier slip boundary condition is the sim-
plest one and is commonly used to study the combined
effect of slip and viscoelasticity on thin polymer film
evolution [31,32]. Since no quantitative data is available
in literature about the effect of confinement (by a single
solid) on the Maxwell relaxation time, we assume that
Geps = 13 X Gy and Mg = Apyir in the baseline
simulation (so that ners = GepsAers). We also perform
a sensitivity analysis to see how the lubricant behav-
ior changes if the enhancement factor of 13 is partially
absorbed by Acsr and Gepy (Refer Section 3.3.5).

3 Effect of Viscoelasticity on Disk Lubricant
Deformation during HAMR

3.1 Lubrication Theory based on Linear Maxwell Model
3.1.1 Lubrication Equation Derivation

We consider the generic problem of a thin lubricant
film of thickness h(x,y,t) on a flat substrate, moving
at a constant linear speed U. The frame of reference
is moving along with the substrate (so that the sub-
strate appears to be rest). The co-ordinate system is
defined such that the z axis is along the lubricant thick-
ness and the x axis is along the direction of the sub-
strate velocity. The top surface of the lubricant (z = h)
is free to evolve under the influence of external shear
stress T (2, y,t) = Ty g€z + Ty y€y and external pressure
py(z,y,t). We assume that the characteristic dimension
in the z direction, hg is much smaller than the char-
acteristic dimension in the x and y directions, L. The
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inertial terms in the equation of motion are assumed to
be small compared to the extra stress terms. We also
assume that the stresses T,z, Tuy, Tyy, Tz2 are smaller
than or comparable to 7., 7,,. With these assumptions,
the Cauchy equation of motion, the constitutive law (Eq.
(1)) and the continuity equation simplify to [9]:

Op | OTes 0

Oz 0z

5‘p oty

ay 0z =0 (5)
op

9, = 0

Tez | 1 OTyz  Ovg
n TGt 0x "
Tyz 1 0r,.  0Ov,
n G ot 0z

oh 3qm 8qy B
at Or * 8y =0

h
qx:/ vydz (7
0

h
qy:/ vydz
0

Eq. (7) is obtained by integrating the continuity equa-
tion across the film thickness. Here p is the lubricant
density and 1 is the evaporation mass flux per unit
time. v, v, are the lubricant velocity components along
x and y respectively and p is the lubricant pressure. Inte-
grating Eq. (5) subject to boundary condition at z = h
(Twzlz=hn = To2s Tyzlz=n = Toys Plo=n = p(2,4,1) = po),
we obtain these shear stress profiles:

0
Tez = Fp('z - h) + T,z

9 (8)
Tyz = a—y(z —h)+ Ty

We consider the linear Navier slip boundary condition
(Eq. (4)) at z = 0 (with constant slip length b)

b b 0
vw'zzo = *Twz|z:O = = (_ph + T z)
U n\ o

b b 19)
77—yz‘z:O = (_;;h"_Tb y>

Inserting the shear stress profiles from Eq. (8) into Eq.
(6) and integrating using the boundary condition at

(9)

vy|z:0 = n

z = 0, we obtain the following velocity profiles:

0
Uy = {35 ( —hz—bh) + Tha (Z-l-b)}

_|_l 82 i_h _@% _|_8Tb7x
G | otor 2 )Tz ot ©
dp

]_ 32 dp Oh omp
2 _p I Y
TG {&fay ( Z) oy ot” T o Z}
Inserting the velocity profiles from Eq. (10) into the

integrated continuity Eq. (7), we arrive at the governing
equation for the viscoelastic lubricant:

(10)

Uy =

8}14—8(—};’8}) h27’b —thap-l-@Tb >
dx \ 3nox Ty Oz -
h® 0%p h? OpOh  h? 5'77,7,7
a< 3G otdr  2G oz ot ' 2G Ot >
3 2 2
0 h3 9%p h2 Op Oh  h? 8Tb,y
8y< 3G atdy 2G oy ot = 2G ot >
m —
p =

3 .
(fg—n% + —Tb x) 18
the viscous volumetric flow rate per unit w1dth (orig-
inating from the viscous part of the constitutive Eq.

(6))7 Qslip,x = ( B’ 8p+

n Ox
flow rate per unit width due to slip (originating from
the slip boundary condition: Eq. (9)) and geiastic,s =
(,fﬁﬁ _ 12 0pdh 4 hZ 0T
3G otox 2G 9z Ot 2G Ot

ric flow rate per unit width (originating from the elastic
part of the constitutive Eq. (6)). In the limit De < 1
and b = 0, i.e. gelastic,e = 0 and qgip,. = 0, this equation
reduces to the classical Reynolds lubrication equation
for viscous, incompressible fluids [3, 24].

In this equation, Guiscous,

T x) is the volumetric

) is the elastic volumet-

8.1.2 Lubricant Driving Forces during HAMR Writing

The deformation of the lubricant under HAMR is driven
by the thermo-capillary shear stress caused by the spa-
tial temperature gradient. Assuming that surface tension
~ decreases linearly with temperature, the external shear
stress Ty = Ty z€2+Tp y€y in Eq. (11) for a quasi-parallel
film (JVh| < 1, n = e,) is given by

87 Oy <8T or >

y = —¢C €y

Ty = 8x x + 87ye %em + 87y
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We assume ¢ = —g—% = 0.06 mN/(m°C) [3]. The co-
ordinate system is attached to the moving disk. In this
frame, the disk appears to be stationary and the scan-
ning thermal spot moves with speed U. Thus, the disk
temperature profile is assumed to be a Gaussian curve
with FWHM of 20 nm, moving with linear speed U. To
keep the time derivatives finite, we apply the initial rise
in temperature as a ramp of 2 ns.

Next, we consider contributions to external pressure
Pp. Since lubricant pressure p is independent of z, p = p,.
The normal pressures applied to the film are the air bear-
ing pressure, disjoining pressure and laplace pressure. Of
these, the disjoining pressure has a dominant effect on
lubricant diffusion. The timescale of lubricant deforma-
tion during HAMR is of the order of ns, while the effect
of the air bearing pressure is expected to be on the order
of seconds [33] and can be ignored. The laplace pressure
can also be ignored unless the surface profile shows a
sharp spatial variation. The van der Waals component of
disjoining pressure is given by 1,4, (h) = (mf‘h‘/ﬁ [34].
Here Ay 1s is the Hamaker constant for the vapor-liquid-
solid system. dj is a constant introduced to account for
the finite size of the atoms and molecules within the
lubricant film. We use the following values in this study:
Ayrs =1 x 1077, dy = 0.3 nm [34]. For lubricants
with reactive end-groups, the total disjoining pressure
also has electrostatic and structural components [34].
However, for thin films (< 1 nm, far from the typi-
cal dewetting thickness), the van der Waals component
becomes dominant. Thus, p in Eq. (11) is given by

Avrs

P = G o

(13)

Finally, high temperatures during HAMR writing
cause lubricant depletion due to evaporation and degra-
dation. These effects are not considered in this section.
The effect of evaporation will be discussed in Section 4.

Eq. (11) along with Egs. (12), (13) describe the evo-
lution of the lubricant height h(zx,y,t) under HAMR
writing. We first discretize the time derivatives in Eq.
(11) using the Implicit Euler method. The spatial deriva-
tives are then discretized using the second order accurate
finite difference schemes [35].

3.2 Non-linear Viscoelastic Effects

The Linear Maxwell model is not frame invariant and
is valid only for small deformation gradients [36]. It is
not clear if the linear model is a reasonable approx-
imation to predict the lubricant deformation during
HAMR. In order to convincingly answer this question,
one would have to simulate the lubricant behavior us-

ing a non-linear viscoelastic constitutive equation (for
example, differential model like the upper-convected
Maxwell model [37] or integral model like the K-BKZ
model) and compare the results with the linear model.
When De > 1, Tanner suggests using a non-linear elas-
tic model to predict the rapid deformation behavior of
the viscoelastic material [9]. In fact, most non-linear vis-
coelastic models including the upper-convected Maxwell
model and K-BKZ model reduce to some non-linear
elastic model when De — co. Hence, as a quick check,
we compare the results of the Linear Maxwell model in
the elastic limit (viscous terms suppressed), with the
simplest non-linear elastic model - the incompressible
neo-hookean model, which is described by the following
equation:
P=—pF T4+GF (14)
Here P is the first Piola-Kirchhoff stress tensor and F
is the deformation gradient. G is the shear modulus and
p is the pressure (Lagrange multiplier). Eq. (14) along
with the Cauchy equation of motion (in referential form)
and the incompressibility condition form the governing
system of equations for the neo-hookean solid:

poa = DivP (15)
detF =1
Here pg is the referential density, a is the acceleration.
Body forces are ignored. We simulate the behavior of the
neo-hookean lubricant under HAMR using an ANSY'S
FEM model. We compare the results of this model with
the prediction of the modified lubrication equation for
the Linear Maxwell fluid, with viscous terms suppressed.
The idea is to check if the prediction of the Linear
Maxwell model (in elastic limit) is close to the neo-
hookean result. If this is the case, it would be some
justification for the assumption that the effect of the
non-linear terms in the general viscoelastic case is small.

3.3 Results

8.8.1 Lubricant Deformation during HAMR: Viscous vs
Viscoelastic Behavior

For the baseline simulation, we assume an initially uni-
form film of Ztetraol of thickness hg = 1 nm on the disk.
The slip length b is set to 0. The lubricant is subjected
to a moving laser spot of FWHM 20 nm at 10 m/s. At t
= 0 the laser spot is centered at x = 0, y = 0, hence at
t = 20 ns, the laser spot is at x = 200 nm, y = 0. The
resultant temperature profile on the disk is a Gaussian
with a peak of 500 °C. We plot the lubricant profile in
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the down-track (x) direction (h vs x at y = 0) at 10 ns
and 20 ns in Fig. 2. The lubricant profile is composed
of a trough of depth 0.43 nm centered at the instanta-
neous laser position, with a trail of depth 0.1 nm. As
the laser moves forward from x = 100 nm (at 10 ns)
to x = 200 nm (at 20 ns), the trough follows the laser
instantaneously, thus displaying an elastic behavior. The
trail length keeps increasing as the laser moves forward,
displaying a characteristic viscous behavior.

1.2
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0.8

Lubricant Height (h) (nm

0.5 : : : :
50 0 50 100 150 200 250

Down-track (X) direction (nm)

Fig. 2: Down-track lubricant (Ztetraol) profile (at y =
0) after 10 ns and 20 ns of laser irradiation. T},q, = 500
°C, U =10 m/s, FWHM = 20 nm, b = 0.

In order to distinguish between these two contrast-
ing behaviors, we performed simulations for the viscous
limit (elastic terms artificially suppressed: gejqstic = 0
in Eq. (11)) and elastic limit (viscous terms artificially
suppressed: ¢yiscous = 0 in Eq. (11)). We plot the down-
track (x) and cross-track (y) profiles of the viscoelastic,
viscous and elastic solutions in Figs. 3a & 3b at the end
of 15 ns of laser heating. The down-track profile (h vs x)
is plotted at y = 0 and the cross-track profile (h vs y)
is plotted at x = 150 nm (i.e. at the instantaneous posi-
tion of the laser at t = 15 ns). The down-track profile
shows that the purely elastic solution is composed of an
instantaneously moving trough with no trail, whereas
the purely viscous solution has no instantaneous trough
(just a trail). The viscoelastic solution is a combination
of both. The cross-track profile shows that the deformed
lubricant width for the elastic/viscoelastic solution is
much larger (almost twice) the width of the purely vis-
cous solution. The purely elastic solution leaves behind
a small residual trough of depth 0.05 nm between x =
-10 nm and x = 40 nm. This trough was found to be a
consequence of the initial temperature ramp from t = 0
to t = 2 ns. However, this trough does not affect the so-
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(a) Down-track lubricant profile (at y = 0)
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(b) Cross-track lubricant profile (at x = 150 nm)

Fig. 3: Lubricant profile (Ztetraol) after 15 ns of laser
heating - viscous, elastic and viscoelastic profiles. Tj,qz
=500 °C, U = 10 m/s, FWHM = 20 nm, b = 0.

lution at later times (the trough moves instantaneously
with no trail apart from this initial residual trough) and
thus can be ignored for the long term solution.

3.8.2 Comparison with Sarabi & Bogy

Sarabi & Bogy [10] used a Finite Element ANSYS model
to describe the lubricant evolution during HAMR using
the integral form of the Linear Maxwell model (Fig. 4).
This model solves the complete 3D Cauchy equations
of motion without the simplifications arising from the
lubrication approximation. Here we compare the results
of our modified lubrication equation (11) with the AN-
SYS model proposed in [10]. The ANSYS model uses a
lagrangian description of the equations of motion with
the initial undeformed lube as the referential configu-
ration. Combining this approach with the lubrication
approximation in Section 3.1.1, we arrive at the follow-
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Fig. 4: 3D mesh used for FEA of the HAMR problem.
Reprinted by permission from Springer Nature (Tribol-
ogy Letters) [10], Copyright (2018).

ing Lagrangian description of lubricant height h(X,?)
(assuming no slip i.e. b = 0, no evaporation):

oh 9 [ hKiop K2
at+<—+rb,m

0X 3noX  2n
L0 (LH Py 18 o
0X 3G OtoX  2G Ot

0 h3 dp  h3

"oy (_?may Ty
9. _ig »Pp | hi on, —0
oy \ 3G oy ' 2G ot )

Here hyg is the initial uniform (undeformed) lubricant
height and X, Y are the spatial co-ordinates in the ref-
erence configuration (as opposed to x, y from Eq. (11)
which are the spatial co-ordinates in the current config-
uration). We simulate the deformation of a 1 nm (= hyg)
lube under a Gaussian temperature profile with a peak
of 500 °C and FWHM of 20 nm, moving at a linear
speed U of 10 m/s. Lubricant profiles in the down-track
direction (at y = 0) at the end of 10 ns using Eq. (11),
Eq. (16) and the ANSYS model from [10] are plotted
in Fig. 5. The disjoining pressure (given by Eq. (13)) is
modeled as a linear spring with constant stiffness per
unit area of 1.95e+16 N/m? (= value of % at h = 0.65
nm) in all three models [10]. The ANSY'S solution and
the solution of Eq. (16) agree almost exactly, which con-
firms the validity of the lubrication approximation. The
solution of Eq. (11) has a smaller width and depth than
Eq. (16). This difference is attributed to the additional
approximations involved in deriving Eq. (16) as opposed
to Eq. (11). (Eq. (16) assumes that 6% R~ %).

3.8.8 Comparison between Linear Mazwell Model in
Elastic Limit and Neo-hookean Model

In order to estimate the magnitude of non-linear vis-
coelastic effects, we study the lubricant deformation dur-
ing HAMR, using the neo-hookean model and compare

—_
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Lube theory Eq. (11)
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Down-track (X) direction (nm)

Fig. 5: Down-track lubricant (Ztetraol) profile (at y =
0) after 10 ns of laser irradiation - Comparison between
3D ANSYS solution [10] and lubrication theory solution
using Eqs. (11) and (16). Tynae = 500 °C, U = 10 m/s,
FWHM = 20 nm, b = 0.

the results with the solution using the Linear Maxwell
model, in the limit De — oo (i.e. viscous terms artifi-
cially set to 0). To simplify the calculations, we consider
a 2D form of the actual 3D problem (in the X-Z plane),
where all quantities are assumed to be uniform in the Y
direction. The effects of slip, evaporation and disjoining
pressure are also ignored for simplicity. Accordingly, the
governing equation for lubricant height h(x,t) using the
Linear Maxwell model is given by:

oh 0 (K om.
ot dx \2G at )

(17)

We simulate the deformation of a 1 nm lube for a peak
disk temperature of 500 °C and laser FWHM of 20 nm.
The laser speed U is kept high (30 m/s) so that the
Deborah number is high and the error by setting the
viscous terms to 0 is small. The lubricant profile in the
down-track direction (x) at the end of 5 ns using Eq. (17)
and the 2D neo-hookean ANSYS model is plotted in Fig.
6. We see that both solutions show the same behavior
- an elastic trough centered at the instantaneous laser
spot, with no trail. The only difference is that the Linear
Maxwell solution leaves behind a small residual trough
of depth ~ 0.1 nm between x = -10 nm and x = 40 nm,
as explained in section 3.3.1. Both solutions have nearly
the same trough width (~ 30 nm) and similar trough
depths (min h is 0.77 nm for Linear Maxwell solution vs
0.74 nm for neo-hookean solution). The height of the side
ridges is slightly larger for the neo-hookean model (max.
h is 1.29 nm for Linear Maxwell solution vs 1.19 nm for
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Fig. 6: Down-track lube profile (Ztetraol) after 5 ns of
laser heating. Comparison between ANSY'S neo-hookean

solution and lubrication theory solution using Eq. (17).
Tinaz = 500 °C, U = 30 m/s, FWHM = 20 nm, b = 0.

neo-hookean solution). These differences are expected
to be even smaller after including disjoining pressure
in both models. We thereby argue that the modified
lubrication Eq. (11) is a reasonable approximation to
predict lubricant deformation during HAMR.

3.8.4 Effect of Slip

In this section, we investigate the effect of slip length
b on the lubricant behavior. The viscous and the slip
volume flow rate (per unit width) terms in the governing
Eq. (11) can be coupled together as: ¢y net—viscous =

(—%3% (2+2)+ %QTW (3 + %)) We observe that b
increases the magnitude of the viscous terms and does
not (explicitly) affect the magnitude of the elastic terms.
This is because the slip boundary condition (9) assumes
that the slip velocity depends linearly on the wall shear
stress Ty.|.—0, Tyz|»=0 (and not on the shear stress rate
8522 [ ag%b:o). A memory slip boundary condition
in which slip velocity depends on the history of the wall
shear stress would affect both the viscous and elastic
terms [38]. We plot the lubricant thickness after 10 ns of
laser irradiation for four values of slip length: 0, 1, 3, 5
nm in Figs. 7a & 7b. As b is increased, we observe larger
deformations, in particular, a larger viscous trail in the
down-track profile, as expected. The cross-track profile
depth also increases (i.e. larger deformation) on increase
in b, but the profile width reduces. The reduction in
cross-track profile width is another indicator of a change
from elastic to viscous behavior (Refer Fig. 3b), on
increase in slip length.

Lubricant Height (h) (nm)

50 0 50 100 150
Down-track (X) direction (nm)

(a) Down-track lubricant profile (at y = 0)
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o
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o
w
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(b) Cross-track lubricant profile (at x = 100 nm)

Fig. 7: Lubricant profile (Ztetraol) after 10 ns of laser
heating. Slip Length b is varied from 0 to 5 nm. T},q.
=500 °C, U = 10 m/s, FWHM = 20 nm.

3.3.5 Effect of Shear Modulus

In this section, we keep the thin-film viscosity 75 ¢ (1)
fixed (Mefs = 13 X Myuir) and vary the shear modulus
Gesy from 0.5 MPa to 0.1 MPa. A shear modulus of 0.5
MPa assumes that the maxwell relaxation time of the
thin film lubricant is the same as the bulk lubricant (i.e.
Neff = 13 X Myuik, Gers = 13 X Gyutk, Aeff = Aoulk)-
As Gy is decreased, the enhancement factor of 13 is
partially absorbed by the Maxwell relaxation time and
partially by the shear modulus. In particular, for Gefry =
0.1 MPa, Geff = 2.8 X Gbulk and >\eff = 4.6 X Abulk)'
As the shear modulus is decreased and the maxwell
relaxation time is increased, the elastic deformation
increases significantly (Fig. 8).
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Fig. 8: Down-track lube (Ztetraol) profile (at y = 0) after
10 ns of laser heating. Shear Modulus Gy is varied
from 0.1 to 0.5 MPa with 7es;(T) kept fixed. Top =
500 °C, U = 10 m/s, FWHM = 20 nm, b = 1 nm.

8.3.6 Effect of Disk Velocity

Here we study the effect of varying the laser speed (i.e.
disk velocity) on the lubricant profile, a consequence of
varying the disk rotational speed. All other parameters
such as disk temperature (i.e. laser power), laser FWHM
and slip length were kept fixed. As the laser speed
increases, the Deborah number increases (De = %)
and hence the lubricant is expected to behave more
elastically and less viscously. Fig. 9 shows plots of the
lubricant profiles for four laser speeds: U = 5 m/s, 10
m/s, 20 m/s, 40 m/s after 232 ns (U in m/s) of laser
heating. As U is increased, the depth of the viscous
trail behind the elastic trough decreases. At lower disk
speeds, the lubricant has more time to respond to the
laser excitation and hence leaves a larger viscous trail

behind the moving laser spot.

4 Effect of Viscoelasticity on Lubricant
Transfer from Media to Head during HAMR

During HAMR writing, the media is locally heated to its
Curie Temperature (Tyqz,4 ~ 500°C'), causing the disk
lubricant (thickness hg) to deform and evaporate. Evap-
oration increases the partial pressure of the lubricant
vapor in the air bearing, p,,. Some of this vapor condenses
on the relatively cooler slider surface (Thnaq,s ~ 300°C),
depositing a film of thickness hs. Thus, we have three
unknown profiles - hy(z,y,t), hs(x,y,t) and p,(x,y,t).
A schematic of this media-to-head lubricant transfer is
shown in Fig. 10. We consider two frames of reference:
frame 1, which is attached to the disk and frame 2,

Down-track (X) direction (nm)

Fig. 9: Down-track lube (Ztetraol) profile (at y = 0)

after % ns of laser heating, U is varied from 5 to 40

m/s. Ty = 500 °C, FWHM = 20 nm, b = 1 nm.

which is attached to the slider. In frame 1, the disk is
stationary and the head (and the laser spot) move with
speed U along the down-track (x) direction (Fig. 10).
In frame 2, the head is stationary and the disk moves
(backwards) with speed U. In this study, we investigate
lubricant transfer of two PFPEs - Zdol (M,, = 1.5, 2,
2.5 kg/mol) and Ztetraol (M, = 2.7 kg/mol).

U

Frame 2 JZ Slider/Head
Ly
h.§ 1

S

h Air Bearing | fh

Disk/Media

IZ_ X Frame 1

Fig. 10: HAMR lubricant transfer schematic (as seen
from frame 1, which is attached to the disk): Disk lu-
bricant of thickness hg is subjected to a scanning laser
spot of speed U. The disk lubricant evaporates to form
vapor having partial pressure p, in the HDI. The vapor
condenses on the slider to form a film of thickness hg.
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4.1 Governing Equation for Disk Lubricant

The governing equation for the disk lubricant profile
ha(z,y,t) is given by Eq. (11), along with Eqgs. (12),
(13) in frame 1 (h replaced by hy). The net evaporation
rate mig from the disk in Eq. (11) is determined using
the Hertz-Knudsen-Langmuir law:

= )
mq = a_ o \Pua in — Pv
d 9w RT, Puap,th p

Here M, is the lubricant molecular weight, R is the
molar universal gas constant, Ty is the disk lubricant
temperature, Pyqp thin 1S the equilibrium vapor pressure
of the thin-film lubricant, p, is the partial pressure of
the lubricant vapor in the air bearing. pyap, thin is given
by the following equation: [3]

(18)

M,
Puap,thin = Pvap,co€TP <_ pRTd 7T(hcl)) (19>

Here pyap,c is the bulk vapor pressure of the lubricant.
The equation for p, will be discussed in section 4.2.
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Fig. 11: Bulk equilibrium vapor pressure py,qp oo versus
temperature for Zdol 2000 [8] and Ztetraol 2700 [39,40].

Karis gives the bulk vapor pressure pyqp oo of Zdol
as a function of temperature and molecular weight using
the Clausius-Clapeyron equation [8]. This evaporation
model for Zdol has also been used in previous numerical
studies [3,24]. The temperature dependent p,qp, o for
Ztetraol 2700 is obtained with parameters extracted us-
ing the Clausius-Clapeyron equation and the measured
data in ref [39], which yields a heat of vaporization of
68.112 kJ/mol and a pre-exponential term of 685,415
Torr. This model was used by Jones et al. [40] to predict
lubricant depletion in Ztetraol 2700 and was found to

agree well with experimental data. p,qp oo for Zdol and
Ztetraol is plotted versus temperature in Fig. 11.

4.2 Governing Equation for Lubricant Vapor

Consistent with the lubrication approximation, we as-
sume that the density of the lubricant vapor in the air
bearing, p, is independent of z, i.e., p, = py(x,y,t).
The governing equation for the lubricant vapor can be
obtained by integrating the continuity equation along z
and applying Fick’s Law of Diffusion [24,41].

0 0 0
&(pvha) + %(Pu%) + @(pv%) =

0 Op, 0 0py ) .
% (Dhaar> + 87y (Dhaay) +mg + mg

Here hy = (fh—hs — hg) is the air bearing height where

fh is the constant head-disk spacing at the NFT (Refer

Fig. 10). ¢, = :dd+h“ Vazdz and ¢, = :frh” Vg ydz

are the volume flow rates per unit length in the x and
y directions, obtained by integrating the air bearing
velocity v, » and v,y (in frame 1) along z across the air
bearing clearance. D is the lubricant vapor diffusivity
in air and myg, M, are the net evaporation mass fluxes
from the disk and slider lubricant films respectively.
We assume that the effects of the lubricant vapor on
the air bearing pressure, temperature and velocity can
be neglected. Also, the lubricant as well as air bearing
temperature is simply assumed to be equal to the aver-
age of the disk and slider temperatures: T, = ( %)
Finally, the lubricant vapor density p, and partial pres-
sure P, are assumed to be related by the ideal gas law:

_ poRT,

P,
M.y,

(21)
Our previous study [24] showed that convection has a
small impact on the lubricant transfer process, however,
the effect of diffusion is significant. Hence, we ignore the
convective terms in Eq. (20). Diffusion coefficient D is
obtained using the Hirschfelder approximation [8].

4.3 Governing Equation for the Slider Lubricant

We solve for the evolution of the lubricant film on the
slider in frame 2. In this frame, the slider is stationary
and the disk is moving with speed U. The temperature
profile of the slider lubricant is a (stationary) Gaussian
curve with FWHM of 20 nm and peak temperature
Tnaz,s = 300°C. In this frame, the governing equation
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for the slider lube thickness hs(x,y,t) is again given
by Eq. (11), along with Egs. (12), (13) (h replaced by
hs). Since the temperature profile on the slider does
not change with time, the thermo-capillary stress is also
independent of time (Eq. (12)), ngt,z =0, ngt’y =0 and
thus the lubricant has a predominantly viscous behavior

(apart from the initial 2 ns ramp in temperature).

4.4 Results
4.4.1 Evaporation versus Thermo-capillary Stress

Using viscous simulations for Zdol at 350 °C, Dahl &
Bogy [3] found that thermo-capillary stress dominates
for small spot sizes (< 50 nm), whereas evaporation
dominates for large spot sizes (~ lum). Here we in-
vestigate the relative importance of thermo-capillary
stress vs evaporation for the viscoelastic lubricants Zdol,
Ztetraol at different temperatures and spot sizes.

Figs. 12a & 12b plot the disk lubricant profile for
Zdol with and without evaporation for laser FWHM of
20 nm and 1 pm and peak disk temperatures of 350 and
500 °C. For peak temperature of 350 °C, the profiles with
and without evaporation are close (Cases cl and ¢2) and
thus thermo-capillary stress dominates for spot size of 20
nm, as reported in [3]. However, at higher temperature
of 500 °C (Cases al and a2), evaporation dominates
(even for small spot size of 20 nm). For larger spot size
of 1 um (Cases bl and b2), evaporation becomes even
more dominant. Another interesting observation is that
as the spot size is increased from 20 nm to 1 pum, the
Deborah number decreases (De = 27) and hence the
lubricant behavior changes from viscoelastic (Case al:
elastic trough + viscous trail) to purely viscous (Case b1:
only viscous trail). We thus conclude that evaporation is
the dominant mechanism for Zdol at high temperatures
(~ 500 °C) for all spot sizes (20 nm to 1 um).

Fig. 13 plots the deformation of the disk lubricant for
Ztetraol with and without evaporation for laser FWHM
of 20 nm (Fig. 13a) and 1 ym (Fig. 13b) and a maximum
disk temperature of 500 °C. For the smaller spot size
of 20 nm, the profiles with and without evaporation are
almost indistinguishable (Cases al and a2) and thus
thermo-capillary stress dominates, even at the high tem-
perature of 500 °C (unlike Zdol). However, for larger
spot size of 1 ym (Cases bl and b2), evaporation domi-
nates. Additionally, as the spot size is increased from 20
nm to 1 pm, the Deborah number decreases (De = 2U)
and hence the lubricant behavior changes from viscoelas-
tic (Case al: elastic trough + viscous trail) to purely
viscous (Case bl: only viscous trail).

The disparity between the dominant mechanism for
Zdol vs Ztetraol at 500 °C and 20 nm (evaporation
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Fig. 12: Down-track disk lubricant profile with and
without evaporation for Zdol 2000 after 10 ns of laser
heating with T},,44.4 = 350 °C, 500 °C and Laser FWHM
=20nm, 1 gm. U =10 m/s, b = 1 nm. Case description:

(c1) Without Evaporation, 350 °C, 20 nm, 10 ns
(¢2) With Evaporation, 350 °C, 20 nm, 10 ns
(al) Without Evaporation, 500 °C, 20 nm, 10 ns
(a2) With Evaporation, 500 °C, 20 nm, 10 ns
(b1) Without Evaporation, 500 °C, 1 pym, 0.5 us
(b2) With Evaporation, 500 °C, 1 pm, 0.5 us

and thermo-capillary stress respectively) is due to the
difference in vaporization properties of both lubricants.
The bulk vapor pressure of Zdol at 500 °C is 4.9 MPa,
while the same value for Ztetraol is only 2.3 kPa (Fig.
11). This 3 orders of magnitude difference in the vapor
pressure causes the evaporation rate in Zdol to be much
larger than that for Ztetraol.
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Fig. 13: Down-track disk lubricant profile with and
without evaporation for Ztetraol 2700 with Tiaz,q4 =
500 °C and Laser FWHM = 20 nm and 1 pm respectively.
U =10m/s, b =1 nm. Case description:

(al) Without Evaporation, 500 °C, 20 nm, 10 ns
(a2) With Evaporation, 500 °C, 20 nm, 10 ns
(b1) Without Evaporation, 500 °C, 1 pum, 0.5 us
(b2) With Evaporation, 500 °C, 1 pm, 0.5 us

4.4.2 Comparison between Zdol and Ztetraol Transfer

We assume an initially uniform film of Zdol 2000/
Ztetraol 2700 of thickness hpg = 1 nm on the disk.
To avoid singularities, we set the initial lube thickness
on the slider (hg ) to 0.3 nm. The slip length b is 1 nm.
The disk lubricant is subjected to a moving laser spot
of FWHM 20 nm at U = 10 m/s. The NFT center/laser
spot center is located at y = 0 and = = Ut at time t in
frame 1. The resultant temperature profile on the disk
and slider is a Gaussian with a peak of 500 °C and 300
°C respectively. To keep the time derivatives finite, we

w
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(a) Cross-track lubricant profile
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(b) Down-track lubricant profile

Fig. 14: Disk and slider lubricant profiles at different
times of laser irradiation in cross-track and down-track
directions for Zdol 2000. Ty,qz,4 = 500 °C, Trqz,s = 300
°C, U = 10 m/s, FWHM = 20 nm, b = 1 nm.

apply the initial rise in temperature on the disk/slider
as a ramp of 2 ns. The head-disk clearance fh is 4 nm.

Figs. 14a & 14b show the time evolution of the
lubricant profiles on the disk (bottom curves) and the
slider (top curves) in the cross-track and down-track
directions for Zdol 2000, as viewed from frame 1. The
down-track profile is plotted at y = 0, the cross-track
profile is plotted at x = Ut (i.e. at instantaneous location
of laser spot/NFT). In frame 1, the disk is stationary
and the slider is moving, hence the slider lubricant
profile moves forward in the down-track direction as
time proceeds. On the disk, the length of the depleted
region increases as the scanning laser moves forward in
the down-track direction. As disk lubricant depletion
increases with time, lubricant accumulation on the head
grows. The simulation predicts a peak lube height of 1.7
nm on the slider after 8 ns.
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Fig. 15: Disk and slider lubricant profiles at different
times of laser irradiation in cross-track and down-track
directions for Ztetraol 2700. Tiqz,a = 500 °C, Tiaz,s =
300 °C, U = 10 m/s, FWHM = 20 nm, b = 1 nm.

Figs. 15a & 15b show the time evolution of lubricant
profiles on the disk (bottom curves) and the slider (top
curves) in the cross-track and down-track directions for
Ztetraol, as viewed from frame 1. We observe a signifi-
cant difference between the rates of lubricant transfer
for Zdol vs Ztetraol. While lubricant transfer occurs on
a time scale of ns for Zdol, lubricant pick-up occurs on
a time scale of us for Ztetraol. This can be attributed
to the difference in vaporization properties of both lu-
bricants - bulk vapor pressure of Zdol at 500 °C' is 4.9
MPa, while that for Ztetraol is only 2.3 kPa (Fig. 11).

The shape of the slider lubricant profile is also differ-
ent for the two lubricants. For Zdol, the slider lubricant
height is maximum at the NFT center and the lubricant
height decreases radially away from the NFT (Fig. 14a &
14b). On the other hand, for Ztetraol, we see a minima in
the slider lubricant height at the NFT center (Figs. 15a

& 15b). Radially away from the NFT, the head lubricant
thickness initially increases, achieves a maximum at a
radial position of ~ 18 nm and thereafter decreases. This
difference can be explained by the relative dominance
of evaporation/condensation vs thermo-capillary stress.
For Zdol, disk lubricant evaporation rate is so high
that condensation of lubricant onto the slider dominates
over thermo-capillary stress. Since the disk temperature
is maximum at the NFT center, the evaporation rate
and slider lubricant height are also maximized here. On
the other hand, with much slower evaporation rate for
Ztetraol, thermo-capillary stress dominates and hence a
minima of slider lubricant height is observed at the NFT
center (where the slider temperature is maximum). The
condensed lubricant is pushed away from the NFT cen-
ter by the thermo-capillary stress, causing the observed
lump of accumulated lubricant at a radial position of ~
18 nm from the NFT center.

4.4.3 Effect of Lubricant Molecular Weight

In order to investigate the effect of lubricant molecular
weight on the transfer dynamics, we performed sim-
ulations for Zdol with 3 different molecular weights -
1.5, 2 and 2.5 kg/mol. All other properties of the lu-
bricants (viscosity, shear modulus, disjoining pressure)
are assumed to be the same. As the molecular weight
is increased, the equilibrium vapor pressure as well as
evaporation rate decreases (lighter molecules evaporate
faster) [8]. Hence, the amount of lubricant transfer for
the low molecular weight lubricant is larger than that
for the high molecular weight lubricant (Fig. 16).
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-40 -20 0 20 40
Cross-track (Y) direction (nm)

Fig. 16: Disk and slider lubricant profiles in cross-track
direction after 4 ns of laser irradiation for Zdol 1500,
2000 and 2500. Tinaz,d = 500 °C, Tiee,s = 300 °C, U
=10 m/s, FWHM = 20 nm, b = 1 nm.
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4.4.4 Viscous vs Viscoelastic Solution

In this section, we compare the viscoelastic solution
with the purely viscous case (elastic terms artificially
suppressed: Geigstic = 0 in Eq. (11)). We plot the cross-
track lubricant profile (Ztetraol) on disk and head at
the end of 10 us of laser irradiation for the viscoelastic
and purely viscous cases in Fig. 17. The slip length
b is set to 1 nm. All other parameters are same as
Section 4.4.2. Similar to Fig. 3b, the deformed lubricant
width on the disk for the viscoelastic solution is much
larger (almost twice) the width of the purely viscous
solution. The depth of the deformed viscoelastic solution
on the disk is also larger than the viscous solution.
Disjoining pressure suppresses the equilibrium vapor

4 . . .
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Fig. 17: Disk and slider lubricant profiles in cross-track
direction after 10 us of laser irradiation for Ztetraol -

viscoelastic vs viscous solution. Tp,qq.d = 500 °C, Thaq,s
=300 °C, U = 10 m/s, FWHM = 20 nm, b = 1 nm.

pressure of the thin film lubricant (Eq. (19)). If the
lubricant thickness hg is smaller, its disjoining pressure
is larger (Eq. (13)) and hence its thin-film equilibrium
vapor pressure and evaporation rate are smaller. The
disk lubricant thickness of the viscoelastic solution is
smaller than the viscous solution (near the laser spot
center), causing the evaporation rate from the disk to
be smaller, compared to the viscous solution. Hence,
the amount of condensed lubricant on the head is also
smaller for the viscoelastic solution.

4.4.5 Effect of Slip

Next, we investigate the impact of slip on the lubricant
transfer process. We plot the cross-track lubricant pro-
file on disk and slider after 10 us of laser heating for

w

—_

Normal Co-ordinate (Z) (nm)
n

-40 -20 0 20 40
Cross-track (Y) direction (nm)

Fig. 18: Disk and slider lubricant profiles in cross-track
direction after 10 us of laser irradiation for Ztetraol.
Slip Length (b) varied from 0 to 3 nm. T}qq,4 = 500
°C, Trhaz,s = 300 °C, U = 10 m/s, FWHM = 20 nm.

Ztetraol in Fig. 18. The slip length b is varied: 0, 1, 2
and 3 nm. All other parameters are kept fixed (same
as Section 4.4.2). As b is increased, the disk lubricant
profile depth increases (i.e. larger viscous deformations,
similar to Fig. 7b). The resultant smaller disk lubricant
thickness near the laser spot center causes the evapora-
tion rate from the disk to be smaller for larger b (due to
larger disjoining pressure for thinner film), decreasing
the amount of lubricant transfer. Accordingly, the slider
lubricant height decreases as the slip length is increased.

4.4.6 Disjoining Pressure Study

Due to the close relation between disjoining pressure
and evaporation rate, we study the effect of disjoin-
ing pressure on lubricant transfer. We consider three
models - DP1: Ay s = 1e-19 J, DP2: Ay s = 3e-20 J,
DP3: temperature dependent Ay rg from [4]. The same
physics of molecular interactions and their changes with
temperature applies to surface tension and interfacial
energetics. Marchon & Saito [4] have proposed a tem-
perature dependent Hamaker constant defined as:

Avips =V ApLLAss — AL (22)

ALL = A%L(l — SAT)
Here Ags and Ay, are Hamaker constants for solid-solid
interactions and liquid-liquid interactions respectively.
Ay is assumed to have a linear dependence on tem-
perature, similar to surface tension. We use the same
values as those proposed by Marchon: A} ; = 3.78¢-20
J, s =1.72e-3 °C~!, Agg = 1.16e-19 J. The resulting
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Ay s(T) varies from ~ 3e-20 J at 0 °C to 0 at ~ 600
°C [4]. The magnitude of disjoining pressure decreases
in the order DP1 > DP2 > DP3. Fig. 19 shows that the
amount of lubricant accumulated on the head increases
as the disjoining pressure decreases from DP1 to DP3.

%
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Fig. 19: Disk and slider lubricant profiles in cross-track
direction after 3 us of laser irradiation for Ztetraol for
different disjoining pressure models - DP1: Ay g =
le-19 J, DP2: Ay s = 3e-20 J, DP3: temperature de-
pendent Ay s from [4]. Thae.q = 500 °C, Thae,s = 300
°C, U =10 m/s, FWHM = 20 nm, b = 1 nm.

5 Lubricant Recovery after Writing

We next study the recovery of the lubricant after the
laser is turned off. The lubricant is subjected to a moving
laser spot at 10 m/s for 10 ns. The laser is then turned
off and the temperature drop is modeled as a 2 ns
ramp (Tpqe = 500 °C at t = 10 ns and Tpnee = 25
°C at t = 12 ns). The slip length b is 1 nm. The blue
curve in Fig. 20a is the down-track lubricant profile for
Ztetraol after 10 ns of laser heating. We see a viscous
trail and an elastic trough. As the disk temperature
falls to ambient at t = 12 ns, the elastic trough recovers
instantaneously (time scale of ns) leaving behind only
the viscous trail (Red curve in Fig. 20a). Thereafter,
the viscous trail recovers slowly under the influence of
disjoining pressure over a time scale of us, as predicted in
viscous simulations [5]. A similar trend - instantaneous
recovery of elastic trough from 10 ns to 12 ns, followed
by slow recovery of viscous/evaporation trail is observed
for Zdol in Fig. 20b. In order to compare the recovery
of Zdol and Ztetraol, we plot the minimum lubricant
height versus time for both lubricants in Fig. 21. The
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(b) Zdol 2000 Recovery

Fig. 20: Lubricant recovery after 10 ns of writing. Tj,qz
=500 °C, U = 10 m/s, FWHM = 20 nm, b = 1 nm.

viscosity of Ztetraol at 25 °C is ~7 times that of Zdol [8].
Hence, the recovery rate (slope of Fig. 21) of Zdol during
the second stage (recovery of the viscous/evaporation
trail) is larger than that of Ztetraol.

6 Discussion

Our simulations indicate that PFPE lubricants exhibit
a combination of viscous and elastic behavior at the
timescale of HAMR. When subjected to a scanning
laser spot of 20 nm FWHM at 10 m/s, the disk lubri-
cant profile consists of an elastic trough centered at the
instantaneous laser location, followed by a viscous trail
(Fig. 2). The viscous vs elastic behavior of the lubricant
is a function of the Deborah number, De = ’\TU At a
laser spot size (L) of 1 um (low De), the lubricant ex-
hibits purely viscous behavior (Fig. 13b). However, as
L is reduced to 20 nm, the Deborah number decreases,
causing the lubricant to behave part-viscous, part-elastic
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Fig. 21: Lubricant recovery: Zdol 2000 vs Ztetraol 2700.

(Figs. 3a, 13a). A similar change in behavior (viscous to
elastic) is observed as the laser velocity (U) is increased
from 5 m/s to 40 m/s (Fig. 9).

In order to estimate the magnitude of non-linear vis-
coelastic effects, we compared the lubricant deformation
using the non-linear elastic neo-hookean model with our
Linear Maxwell model, in the limit De — oo (Fig. 6).
Our results suggest that the non-linear effects are rela-
tively small in the elastic limit; nevertheless, the model
presented here can be improved by using a non-linear
viscoelastic constitutive equation. We also compare the
results of our modified lubrication equation with the 3D
ANSYS model proposed by Sarabi & Bogy [10]. We find
a good agreement between both models, validating the
lubrication approximation (Fig. 5).

The high thermo-capillary stress on the lubricant
during HAMR would likely be effective at debonding
the functional groups from the disk, thereby promoting
slippage of lubricant molecules [11]. Due to the lack
of experimental data for the value of slip lengths at
the HDI, we conduct a parametric study of the effect
of slip on lubricant deformation. As the slip length
is increased, the lubricant flow rate increases, causing
larger deformations (Figs. 7a & 7b). With the Navier slip
boundary condition (linear dependence of slip velocity
on shear stress), slip increases the net viscous flow rate,
causing a change in behavior from elastic to viscous.

The relative importance of thermo-capillary stress vs
evaporation for lubricant deformation during HAMR, de-
pends on its vaporization properties, laser spot size and
peak temperature. Thermo-capillary stress is propor-
tional to the spatial temperature gradient and increases
as the spot size is decreased or the peak temperature is
increased. Evaporation rate also increases on increase
in peak temperature. At low temperatures (~ 350 °C),

thermo-capillary stress dominates at small spot sizes (~
20 nm) and evaporation dominates at large spot sizes
(~ 1 pm) for Zdol [3]. However, at high temperatures
(~ 500 °C), evaporation dominates at all spot sizes - 20
nm to 1 ym (Figs. 12a & 12b). On the other hand, for
Ztetraol, thermo-capillary shear stress dominates over
evaporation for smaller spot sizes (~ 20 nm), even at
high temperatures ~ 500 °C (Fig. 13a). However, evap-
oration dominates for larger spot sizes (~ 1 pm in Fig.
13b). The disparity between the dominant mechanism
for Zdol vs Ztetraol at 500 °C, 20 nm (evaporation and
thermo-capillary stress respectively) is due to the differ-
ence in their vaporization properties (Fig. 11). This also
leads to a significant difference in the rates of media-to-
head lubricant transfer for Zdol (timescale of ns - Fig.
14a) vs Ztetraol (timescale of us - Fig. 15a).

The media-to-head lubricant transfer causes a depo-
sition of media contaminants at the NFT. A quantitative
understanding of this material transfer is necessary to
mitigate its effect. In our previous publication [24], we
studied the effect of media/head temperature and initial
lubricant thickness on lubricant transfer, with a viscous
model for Zdol. We found that the amount of transfer
increases on increase in media temperature and initial
lubricant thickness. Comparatively, the head tempera-
ture has a small impact on the transfer dynamics. In this
study, we have improved the previous model to investi-
gate the effect of viscoelasticity, slippage and disjoining
pressure on lubricant pick-up.

The predicted disk lubricant deformation using a
purely viscous model is smaller than the deformation
due to a viscoelastic constitutive equation (Fig. 17).
This difference causes the viscous model to over-predict
the amount of transfer, compared to the viscoelastic
model. Including viscoelastic effects is thus essential to
accurately estimate the rate of lubricant transfer.

Disjoining pressure suppresses the evaporation rate
of the thin-film lubricant (Egs. (18), (19)). Hence, the
amount of lubricant transfer increases as the Hamaker
constant is decreased (Fig. 19). Slip increases the flow
rate of the disk lubricant, causing larger deformations.
Accordingly, as the slip length is increased, the disk
lubricant thickness near the laser spot center decreases,
restricting the amount of transfer (due to larger disjoin-
ing pressure for the thinner film, Fig. 18).

The recovery of the viscoelastic lubricant post-
writing has two time scales. When the laser is turned
off, the elastic trough recovers instantaneously (~ ns),
leaving behind the viscous/evaporation trail (Fig. 20a
& 20b). Thereafter, the trail recovers over a time scale
of us. The recovery of the viscous/evaporation trail de-
pends on the lubricant disjoining pressure, viscosity and
the initial deformed profile [5]. The viscous recovery rate
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for Zdol is faster than that for Ztetraol, primarily due
to the higher viscosity of Ztetraol at 25 °C. (Fig. 21)
In this study, we have not considered the effects of
thermal decomposition [42] or polydisperity [43]. The
reduction of effective viscosity at high shear stresses is
presumed to be due to slip by Mate et al. [11]. How-
ever, at high shear strains, viscosity reduction could
also occur due to shear thinning [44]. Itoh et al. have
reported occurrence of shear thinning in Fiber Wob-
bling Experiments [27]. We have assumed that no shear
thinning occurs in this study. As a first order approx-
imation, we can assume that shear thinning decreases
the viscosity and maxwell relaxation time (n(%), A(%)),
while the shear modulus is unaffected (G = constant).
With this assumption, if shear thinning does occur, we
would expect to see larger, viscous deformations in the
lubricant response. At low fly heights, environmental
conditions such as humidity also influence the interac-
tions in the head-disk interface. Kim et. al. found that
disk-to-head lubricant transfer is proportional to AH,
absolute amount of water in the system, rather than RH,
Relative Humidity of the system alone [45]. The effect
of humidity is not considered in this study. Finally, we
have only considered thermal transfer mechanisms in
this study. At low fly heights, the disk lubricant disjoin-
ing pressure is influenced by the presence of the slider
and the lubricant layer on the slider [24]. This would re-
sult in increased lubricant pick-up due to dewetting [46].

7 Conclusion

We have introduced a modification to the traditional
Reynolds lubrication equation using the Linear Maxwell
constitutive equation and a slip boundary condition.
We have used this equation to predict the deformation
and recovery of the disk lubricant due to HAMR laser
heating under the influence of thermo-capillary stress
and disjoining pressure. When subjected to a 20 nm
FWHM scanning laser spot, the lubricant profile consists
of an elastic trough centered at the instantaneous laser
location, followed by a viscous trail. When the laser is
turned off, the elastic trough recovers instantaneously,
leaving behind the viscous trail, which recovers over a
time scale of us. Slippage increases the flow rate of the
lubricant, causing larger viscous deformations.
Subsequently, we used this modified lubrication equa-
tion to develop a model that predicts the media-to-head
lubricant transfer during HAMR. This model simultane-
ously determines the deformation and evaporation of the
viscoelastic lubricant film on the disk, the diffusion of
the lubricant vapor in the air bearing and the evolution
of the condensed lubricant film on the slider. We have
investigated the effects of viscoelasticity, lubricant type

(Zdol vs Ztetraol), molecular weight, slip velocity and
disjoining pressure on the lubricant transfer process. Our
results show a significant difference between the rates
of transfer for Zdol (~ ns) vs Ztetraol (~ us). As the
lubricant molecular weight is decreased, the evaporation
rate and amount of transfer increase. The predicted disk
lubricant deformation using a purely viscous model is
smaller than the deformation due to a viscoelastic model,
causing the viscous model to over-predict the amount of
transfer. The amount of transfer decreases on increase
in slip length and increase in disjoining pressure.
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