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Abstract One of the challenges in Heat Assisted Mag-
netic Recording (HAMR) is the creation of write- in-
duced head contamination at the near field transducer
(NFT). A possible mechanism for the formation of this
contamination is the transfer of lubricant from the
disk to the slider (lubricant pick-up) due to temper-
ature driven evaporation/ condensation and/or mechan-
ical interactions. Here we develop a continuum model
that predicts the head to disk lubricant transfer during
HAMR writing. The model simultaneously determines
the thermo-capillary shear stress driven deformation
and evaporation of the lubricant film on the disk, the
convection and diffusion of the vapor phase lubricant
in the air bearing and the evolution of the condensed
lubricant film on the slider. The model also considers
molecular interactions between disk - lubricant, slider -
lubricant and lubricant - lubricant in terms of disjoining
pressure. We investigate the effect of media tempera-
ture, head temperature and initial lubricant thickness
on the lubricant transfer process. We find that the trans-
fer mechanism is initially largely thermally driven. The
rate of slider lubricant accumulation can be significantly
reduced by decreasing the media temperature. However,
as the amount of lubricant accumulation increases with
time, a change in the transfer mechanism occurs from
thermally driven to molecular interactions driven. A
similar change in transfer mechanism is predicted as
the head disk spacing is reduced. There exists a critical
value of head lubricant thickness and a critical head disk
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spacing at which dewetting of the disk lubricant begins,
leading to enhanced pick-up.
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1 Introduction

Heat Assisted Magnetic Recording (HAMR) is widely
viewed as a technology that is essential to achieve stor-
age densities beyond 1 Tb/in? in hard disk drives [1].
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 [2]. One of the tribological challenges in HAMR
is the formation of write-induced head contamination at
the near field transducer (NFT) [3]. This contamination
forms only when the head NFT is energized and the
media is heated to its Curie temperature. Kiely et. al. [3]
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 very quickly after the laser
power is turned on (less than 1 second) and grows over
time until the contamination height reaches the head-
disk clearance. Once the head contamination contacts
the media surface, the disk motion generates a smear
down-track of the NFT.

One possible mechanism that has been proposed
for HAMR contamination is lubricant desorption from
the disk and adsorption on the head through thermo-
dynamic driving forces [3]. During HAMR, the media
is locally heated to its Curie temperature (~ 500 °C).
The head also locally reaches a high temperature due to



Siddhesh V. Sakhalkar, David B. Bogy

the NFT and back-heating from the disk, however, the
peak temperature of the head is lower than that of the
disk (~ 310 °C) [3]. 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 contaminants
originating from the media at the head NFT. Alterna-
tively, the contaminants themselves may be desorbed
and adsorbed by a similar thermodynamic mechanism.
Either way, once the contaminants are deposited on the
NFT, they possibly undergo thermo-chemical reactions
(pyrolysis) at high temperature, leaving a non-volatile
residue on the NFT.

Xiong et. al. [4] also reported deposition of materi-
als on the head after HAMR writing. They observed
that after the NFT was turned off and the head-media
temperature difference was inverted, material was trans-
fered from the head back to the media. This indicates
that the temperature difference between the head and
the media is one important mechanism for the material
transfer. However, they also reported that the trace of
the head deposits lasts about 1 us, which is close to
the mechanical transient of the NFT protrusion, but
longer than the thermal response of the head and media.
Thus mechanical interaction is an additional mechanism
leading to material transfer from the media to the head.

Understanding the mechanism of disk to head lu-
bricant and contaminant transfer is crucial in order to
eliminate or control its effect and to develop reliable
HAMR drives. There have been several studies on trans-
fer of perfluoropolyether (PFPE) lubricant from the
disk to the slider due to evaporation/condensation for
non-HAMR drives [5] [6] and HAMR drives [7] [8]. Ma
and Liu [7] studied the effect of disk temperature and
lubricant molecular weight on lubricant depletion and
head transfer in HAMR. However, their model assumed
a uniform disk lubricant film and a uniform temperature
distribution, ignoring the effect of spatial temperature
gradient on lubricant evolution. Yang et. al. [8] reported
lubricant accumulation on the media surface after the
laser was turned off. They proposed a simple lubricant
equilibrium model assuming uniform temperatures and
lubricant thicknesses to explain their results.

Existing continuum models for head-disk lubricant
transfer by evaporation/condensation have involved over-
simplifications and have not been able to quantitatively
predict the actual disk-to-slider lubricant transfer pro-
cess in HAMR. Wu [9] developed a model to predict
the lubricant transfer from the head to the disk consid-
ering coupled-evaporation condensation and migration
dynamics. In that study, a model was proposed that
can predict the lubricant partial vapor phase distribu-
tion within the air bearing layer, which is imperative to

quantitatively describe the disk to slider lubricant trans-
fer. That study was performed for non-HAMR drives
and the evolution of the disk lubricant profile was not
considered.

There have been several studies on lubricant transfer
from the disk to the slider caused by mechanical interac-
tions. Ambekar et. al. [10] reported experimental data
suggesting the existence of a critical clearance between
the head and disk below which significant lubricant
transfer takes place. They explained this phenomenon
through a disjoining pressure model that accounts for the
influence of the slider to predict the onset of dewetting.
Other studies have also used similar disjoining pressure
models considering disk-lubricant, slider-lubricant and
lubricant-lubricant interactions in order to explain lu-
bricant instability at low clearances [11] [12] [13] [14].
Both temperature difference driven evaporation/ con-
densation and molecular interactions based mechanical
transfer are important mechanisms causing lubricant
transfer in HAMR and the influence of both of these
must be considered in order to predict the lubricant
transfer process.

The evolution of the disk lubricant film under HAMR,
laser illumination has been well studied. Continuum as
well as molecular dynamics models have been developed
to predict the lubricant profile under the influence of the
driving forces including surface tension gradient, disjoin-
ing pressure, evaporation and thin film viscosity [15] [16]
[17] [18]. While the effects of dispersive and polar dis-
joining pressure for different PFPE lubricants have been
studied [19], the effects of the slider and slider lubricant
on the disjoining pressure have not been modeled. The
migration of the slider lubricant film caused by air shear
stress and pressure has also been studied [20]. However,
to our knowledge, there is no existing continuum model
that considers the deformation of the disk lubricant film
under HAMR heating while predicting the lubricant
transfer process. The evolution of the deposited lubri-
cant film on the slider under the temperature gradient
at the NFT has also not been studied.

During HAMR writing, there is a continuous circu-
lation of lubricant between the disk, the air bearing
and the slider. The depletion and deformation of disk
lubricant, diffusion and convection of the vapor phase
and the evolution of the deposited slider lubricant are
strongly coupled and must be modeled simultaneously
to understand the physics of the transfer process. In this
study, we develop a model that predicts the evolution of
the disk lubricant film, the lubricant vapor phase in the
air bearing and the slider lubricant layer during HAMR,
writing. We investigate the effects of media temperature,
head temperature and initial lubricant thickness on the
lubricant transfer process. We also study the effects of
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slider-lubricant and lubricant-lubricant molecular inter-
actions on the disk-to-head lubricant transfer.

2 Lubricant Model

During HAMR writing, the media is locally heated to its
Curie Temperature (Ty,q2,4 ~ 500°C'). The high spatial
temperature gradient (V7Ty) causes the lubricant film
on the disk (thickness hy) to deform and evaporate.
Lubricant evaporation causes the partial pressure of the
lubricant vapor in the air bearing, p, to rise. Some of this
lubricant vapor condenses on the relatively cooler slider
surface (maximum head temperature T),44,5 ~ 310°C')
[3], depositing a thin lubricant film of thickness hs. The
spatial temperature gradient on the slider (VTy) causes
this deposited lubricant film to deform. A schematic of
this disk to slider lubricant transfer process is shown in
Figure 1. Thus, we have three unknowns in this problem
- ha(z,y,t), hs(z,y,t) and p,(z,y,t). In this study we
apply this simulation tool to the PFPE lubricant Zdol
2000.

The governing equation for the disk lubricant ac-
cording to lubrication theory is [21]:

6hd 8hd 0 h3 8pd h?i 67'957,1
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where hg is the unknown disk lubricant thickness, ug is
the disk velocity in the down-track = direction, pq is the
effective lubricant viscosity, pg is the lubricant pressure,
Tz,d and 7, are the lubricant shear stress components
in the z (down-track) and y (cross-track) directions
respectively, p is the constant lubricant density and niq4
is the mass flux due to evaporation from the disk.

2.1 Surface Tension

The resultant stress due to surface tension can be de-
composed into two components. The first component
called Laplace Pressure acts normal to the lubricant
surface due to surface curvature and is given by:

Plapn = (—V -n)n = +V2h

Previous studies by Dahl and Bogy [15] and Sarabi and
Bogy [19] have shown that the effect of the Laplace
Pressure on lubricant evolution under HAMR is negli-
gible, particularly for thin lubricant films (< 1.2 nm).
Hence, in this study, the effect of Laplace pressure on
the lubricant evolution is ignored.
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Fig. 1: HAMR Lubricant Transfer Schematic: Disk Lu-
bricant of thickness hq(x,y,t) is subjected to a scanning
laser spot of speed ugy. The disk lubricant evaporates
to form vapor having partial pressure p,(z,y,t) in the
HDI. The vapor condenses on the slider to form a film
of thickness hq(x,y,t).

The second component called Maragoni Stress [22]
acts tangential to the lubricant surface due to spatial
non-uniformity of surface tension. In this application,
the variation in surface tension is due to the temperature
gradient (also called ”thermocapillary shear stress”) and
can be expressed as:

T=Vy—(Vy-n)n=~V>?h

With the quasi-parallel film assumption (|Vh| < 1,n ~
e.), the resultant shear stress on the disk lubricant can
be expressed as:

oy oy 0Ty 0Ty
Here, c = —j—% is assumed to be constant and equal to

0.06 mN /(m°C') for Zdol 2000 [15].

2.2 Disjoining Pressure

The concept of Disjoining Pressure was introduced by
Derjaguin [23] and defined as the difference between
the normal component of the pressure tensor in the
liquid film and that of the bulk phase of the same lig-
uid under the same thermodynamic conditions. For a
one-component liquid, the disjoining pressure may be
determined as the derivative of the free energy per unit
area of a thin layer, which arises from the effect of sur-
face forces. Based on this definition, some researchers
have tried to obtain appropriate expressions for the dis-
joining pressure of PFPE lubricants [24] [25] according
to the following equation:
Ovg _ g

H4(ha) = T Ohg  Ohg Hy(ha)* + Ma(ha)?
Avrs

= e+ dgp *
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Here we consider two components of disjoining pressure
and use the mischaracterizing nomenclature common
in hard drive lubricant literature [11] - dispersive IT¢
and polar 77, based on the corresponding components
of the thin film surface energy v¢ and 74. The disper-
sive disjoining pressure Hj is a consequence of van der
Waals interactions and has a 1/h% dependence. Here
Ay s is the Hamaker constant for the vapor-liquid-
solid system. dy is a constant introduced to account
for the molecular effect of the finite size of the atoms
and molecules within the lubricant film. The oscillating
polar component I} is due to structural effects or non-
van der Waals interactions introduced by the functional
end-groups and is typically represented by a polyno-
mial expansion. The coeflicients of dispersive disjoining
pressure (Ayrs = 4.59 x 10720 J, dy = 0.172 nm) and
polar disjoining pressure (curve-fitting parameters for
polynomial expansion) of Zdol 2000 can be found in
the paper by Sarabi and Bogy [19]. These coefficients
are based on the methodology described by Karis and
Tyndall [24] and the experimental data of surface energy
of unannealed Zdol 2000 given by Tyndall et. al. [25].

Some researchers [11] have questioned the assump-
tions made in the widely used contact angle method
used to determine disjoining pressure in [24], [25]. While
such methods seem to provide reasonable estimates of
surface energies for solid surfaces, it has been cautioned
that the values determined for disjoining pressure should
not be taken as a true experimental measurement. In the
absence of an accurate method for measuring disjoining
pressure for actual lubricant/disk systems, we also use
the contact angle measurements in [25].

At nanometer scale head-disk clearances, the disk
lubricant disjoining pressure is also influenced by the
presence of the slider and the lubricant layer on the
slider. Several previous works [26], [10] and [11] consider
the influence of the slider on the disk lubricant disjoining
pressure, while ignoring the liquid-liquid interactions.
However, as the amount of lubricant accumulation on
the slider increases, the liquid-liquid interactions can
no longer be neglected. The resulting expression for the
disk lubricant disjoining pressure is given by: [27], [28],
[29]

Avis

Halla ) = G+ doye

+ Hd(hd)p+
3
Arve ®)

Avrs
(g —

6m(fh — hg — do)?

Here Ay, is the Hamaker constant for the liquid-liquid
interactions through vapor. In this study, we assume
that Ay =~ (2.1 x 10718)y, ~ 3 x 10720 J [30] [26],
where vo, = 15.8 x 1072 J/m? is the bulk surface en-
ergy of Zdol 2000. A detailed derivation of Eq. (3) can

be found in [28]. It is worthwhile to note that in the
characterization of disjoining pressure in Eq. (3), we
define Hamaker constants such that Ay s > 0 and
Arvr > 0. Defining Agyr, as the Hamaker constant for
solid-liquid interactions through vapor and assuming
Asvr =~ Avrs + Arve [26], Eq. (3) can be equivalently
expressed as:

Avrs
11 = | —"= ]I p
a(ha, hs) [67r(hd AR + 114(ha) } +
Asvr
{Gﬂ(fh —hg — do)?’} @
ALVL . ALVL
67T(fh — hd — hs — 2d0)3 67T(fh — hd — d0)3

In Eq. (4), the first term represents the disjoining pres-
sure of the disk lubricant due to van der Waals and polar
interactions with the disk, the second term represents
the influence of the slider on the disk lubricant disjoining
pressure and the third term represents the influence of
the slider lubricant film on the disk lubricant disjoining
pressure. The expression for disjoining pressure found
in [26], [10] and [11] is the same as Eq. (4), if we ignore
the last term (liquid-liquid interaction).

2.3 Thin Film Viscosity

Karis [31] applied Eyring’s rate theory to develop a thin
film viscosity model for hard disk drive lubricants and
gave the following equation:

NAhP AEvis(hd) - TdASvis(hd)
v exp ( R, (5)

pa(hqg) =

where N4 is Avogadro’s number, hp is Planck’s constant,
V, is the molar volume of the lubricant, AE,;s(hg) is
the film thickness dependent flow activation energy,
ASyis(hg) is the film thickness dependent flow activation
entropy, R is the universal gas constant and Ty is the
disk lubricant temperature. We use the same AFE,;s(hq)
and AS,is(hg) values as those found in [31] for Zdol
[15].

2.4 Evaporation

Dahl and Bogy [15] used the method of Karis [32] to
calculate the bulk vapor pressure of Zdol pyap oo (T, M)
with the Clapeyron equation and ideal gas law. With
the bulk vapor pressure known, the equilibrium thin
film vapor pressure is determined using the following
expression [33]:

pvap,film,(hdahs) o Mw B
Bren i GO Re) — cap (ot [~muhashi)])  (6)

Puap,co
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Next, the net evaporation rate is determined using the
Hertz-Knudsen-Langmuir model [34] as:

) [ M,
Mmq(ha, hs, py) = @ m(pvap7,film(hda hs) —py) (7)

where mi4 is the net evaporation mass flux from the disk,
M, is the lubricant molecular weight, R is the molar
universal gas constant, Ty is the disk lubricant temper-
ature and « is the accommodation constant (assumed
to be 1 in this study). puap, fitm is the equilibrium thin
film vapor pressure and p, is the partial pressure of the
lubricant vapor in the air bearing. Previous works on
lubricant deformation under HAMR conditions [15] [19]
[16] [17] have assumed p, to be 0. However, when the
media is heated to its Curie temperature, significant
evaporation of the lubricant is expected to occur. As
a result, the partial pressure of the lubricant vapor in
the air bearing can not be ignored and must be studied
using a separate evolution equation. This equation will
be discussed in subsequent sections (2.7 - 2.9).

2.5 Governing Equation for the Disk Lubricant

The governing equation for the disk lubricant can be
obtained by substituting Eq. (2), (3), (5) and (7) in Eq.
(1):

ey a2 [ 0m_ 1 O]

ot T "or T oz [3ug 0x  2pe 0 .
3{’135%1_’13 8Td} md
Oy [3pa Oy 2pa Oy p

In this study, we have ignored the effect of the air bearing
pressure and shear stress on the disk to slider lubricant
transfer process. The timescale of this transfer process
is of the order of nanoseconds, while the effects of the
air bearing pressure and shear stress are expected to be
on the order of seconds [35] [16].

We use the same non-dimensionalization scheme as
Dahl and Bogy [15].

hd* = hdho,d
k= pop Tax = TyATy + Ty

rx=aL yx=yL

(9)

Here hg g is the initial disk lubricant thickness, L is
the disk temperature profile FWHM, Ty is the ambi-
ent temperature, ATy is the maximum prescribed disk
temperature rise Tpqz,0 — To and po = p(To, ho,q). This
choice of non-dimensional variables implies the following
scales and coefficients:

tx =1ty Tgx = Mgps ts = M
hO,dCATd

_3cdTy o _ 2polua o 2pt0L> )
Ps = 2 hO,d v ho@CATd B h%)dCATd

We now switch to a notation where quantities with
an asterisk are dimensional and quantities without an
asterisk are non-dimensional. The final non-dimensional
governing equation for the disk lubricant is:

6hd ahd 0 hg (97Td hz 8Td
8t+%8x+m{_c

ta 0x  pg Oz
(11)
0 hg (971’,1 hﬁ 8Td
R L T
Oy |pa Oy pa Oy

The initial condition is a uniform film of lubricant of
prescribed thickness hg 4. We use Neumann boundary
conditions on the ends of our domain.

2.6 Governing Equation for the Slider Lubricant

Similarly, the final non-dimensional governing equation
for the slider lubricant can be expressed as:

Dhe 0 [Wom 20T,
ot ox | us Ox uscax
f (12)
a[h‘;aﬂshi 8T5]+S _0
Ay |pus Oy ps Oy °

The initial condition is a uniform film of lubricant of
thickness hg, . We use Neumann boundary conditions
on the ends of our domain. It is worthwhile to highlight
that h, is nondimensionalized with respect to hg 4 and
T is non-dimensionalized with respect to AT,. Also, we
assume that the FWHM of disk and slider temperature
profiles are the same and equal to L.

2.7 Lubricant Vapor in the Air Bearing

Consistent with the lubrication approximation, we as-
sume that the density of the lubricant vapor in the air
bearing p, is independent of the normal co-ordinate z,
ie., py = rhoy(z,y). The governing equation for the
lubricant vapor can be obtained by integrating the con-
tinuity equation along the normal co-ordinate z and
applying Fick’s Law of Diffusion [9].

0 0 0
a(pvha) + %(pvqgc) + %(pUQy) =

0 0p, 0 dpy ) .
— | D — | D
6‘:c< haé)x)+ ( haﬁy)+md+ms

(13)

In this equation, hy(hs, hg) = (fh—hs—hg) is the height
of the air bearing where fh is the constant head-disk

spacing at the NFT (Refer Figure 1). ¢, = :dﬁh“ Va,dz
and ¢y = :dd+h“ Va,ydz are the volume flow rates per

unit length in the x and y directions, obtained by in-
tegrating the air bearing velocity vq , and vg 4 in the
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z direction across the air bearing clearance. D is the
lubricant vapor diffusivity in air and my and m, are
the net evaporation mass fluxes from the disk and slider
lubricant films respectively. Eq. (13) also assumes that
the lubricant vapor in air is a dilute mixture so that the
binary mixture velocity can be approximated by the air
bearing velocity v o & Vq,e and vy, y = v,y and that
the mixture density p,, is approximately constant over
the scale on which p, varies.

The first term in Eq. (13) models the unsteady lu-
bricant vapor density change and dynamic air bearing
height change. The next two terms on the LHS of Eq.
(13) model the vapor convection effect due to the air
bearing velocity. The effect of lubricant vapor diffusion
in the air bearing layer is modeled by the first two
terms on the RHS of (13). Finally, lubricant evapora-
tion/condensation from the disk/slider is modeled by
the last two terms of Eq. (13).

In this study, we assume that the effects of the lu-
bricant 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 average of the disk and slider temperatures
T, = (%) Finally, the lubricant vapor density and
partial pressure are assumed to be related by the ideal
gas law:

_ puRT,
M,
where R is the molar universal gas constant and M,, is

the lubricant molecular weight.

P, (14)

2.8 Convection and Diffusion

The lubricant convection model in Eq. (13) requires the
air bearing velocity profiles in the x and y directions
near the location of the NFT. Theoretically, this veloc-
ity profile can be obtained from an air bearing model
for HAMR like CMLAir HAMR [36]. However, the air
bearing model in [36] is rather coarsely meshed near the
NFT location. Hence, due to the lack of accurate air
velocity profiles very close to the NFT, we assume the
following simple model for volume fluxes ¢, and g,:

qz = ud(fh - hO,d - hO,s) (15)

Karis [32] used the Hirschfelder approximation [37] to
obtain the lubricant vapor phase diffusion coefficient:

1 1 0.5 T1'5
D =1. 1074 | — + — v
858 x 10 <Mw + Ma> P02

where M, and M, are the air and lubricant molecular
weights and P, is the air bearing pressure. Expressions
for collision diameter o; and collision integral {2 can be
found in [32].

Qyzo

(16)

2.9 Governing Equation for the Lubricant Vapor

We use the following non-dimensionalization for the
lubricant vapor equation (13):

po* = pupi hax =hahod Gz* = o
. Lho,d C _ tsDO
qo = ts D = L2

Here p; is the density of the liquid lubricant and Dy is
the diffusivity at ambient temperature T and pressure
po (Do = D(Ty,po)). The spatial and temporal non-
dimensionalization is the same as that for the disk/slider
lubricant Eq. (9) and (10). We now switch to a nota-
tion where quantities with an asterisk are dimensional
and quantities without an asterisk are non-dimensional.
The final non-dimensional governing equation for the
lubricant vapor is:

0 0 0

a(pvha) + %(pvq;c) + @(ﬂqu) =
0 0py 0
% <CDDhaax) + aiy

(CDDhaap”> + S+ S,
0y

(18)

2.10 Numerical Scheme

Equations (11), (12) and (18) are three coupled par-
tial partial differential equations in the three unknows
hs, hq and p, (or equivalently P, through (14)). Equa-
tions (12) and (18) are discretized using a finite volume
method (Hybrid Scheme) [38]. For the disk lubricant
equation (11), we follow the method used by Dahl and
Bogy [15] - the non-advective part of the equation is
discretized using the Hybrid Scheme and the advective
part is solved using the Cubic Interpolation Spline (CIP)
scheme [39], [40]. The resulting set of non-linear, cou-
pled algebraic equations are solved iteratively to obtain
the three solution profiles.

3 Results

During the HAMR writing process, a complex laser
delivery system heats the media locally to its Curie
temperature, causing the disk lubricant to deform, evap-
orate and condense at the NFT location on the slider.
We perform simulations to study the evolution of the
lubricant film on the disk, the evaporated lubricant va-
por in the air bearing and the condensed lubricant film
on the slider under write conditions.
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3.1 Lubricant Transfer during HAMR

For the baseline simulation, we assume an initially uni-
form film of Zdol 2000 (M,, = 2 kg/mol) of thickness
ho,s = 1.2 nm on the disk. The ambient conditions are
assumed to be Ty = 25 °C and py = 101325 Pa. The
disjoining pressure experimental data is valid in the
thickness range 0.2-2 nm, hence we assume the initial
lubricant thickness on the slider (kg ) to be 0.2 nm. We
prescribe a gaussian temperature profile with a peak of
500 °C and FWHM of 20 nm on the disk. The slider
temperature profile has the same FWHM but a peak of
310 °C. The head-disk clearance fh is set to 4 nm, so
that the initial air bearing height (hg ) is 2.6 nm. We
consider a disk speed Uy of 12.5 m/s (correspoding to
disk rotational velocity of 5400 RPM and radial distance
of 22.215 mm) and a simulation time ¢; of 2 ns. The air
bearing pressure at the NFT is set to 2.2 MPa. The peak
disk/slider temperature, head-disk spacing and air bear-
ing pressure data are approximately based on 15 mW
TFC (Thermal Fly Height Control) Power and 2 mW
NFT Power simulations using the CML HAMR, code
[36]. We consider the same slider Air Bearing Surface
(ABS) design for the HAMR air bearing simulations as
[36].

Figure 2 shows the time evolution of the lubricant
profile on the disk and the slider in the cross-track
and down-track directions. We see a central trough of
depth 0.6 nm and side ridges of height 0.2 nm in the
cross-track disk lubricant profile, similar to those seen
in previous works [15]. The disk lubricant trough depth
does not change much over time, however, the length of
the depleted region continues to increase due to the disk
motion in the down-track direction. As disk lubricant
depletion increases with time, lubricant accumulation on
the slider also grows. Starting with a uniform film of 0.2
nm on the slider, the simulation predicts a peak lubricant
height of 0.83 nm at the end of 2 ns of illumination.

Figure 3 shows the partial pressure of the lubricant
vapor in the air bearing in the cross-track direction. The
lubricant vapor pressure is less than 0.1 MPa, while the
air pressure at the NFT is 2.2 MPa, thereby justifying
the dilute vapor assumption. At the NFT location (origin
of co-ordinate system), the disk and slider lubricant
thicknesses at the end of 2 ns are 0.59 nm and 0.83 nm
respectively. The thin film equilibrium vapor pressure
(Eq. 6) at film thickness of 0.59 nm (hg) and temperature
of 500 °C (Ty) is 0.3 MPa and at 0.83 nm (hs) and 310
°C (Ts) is 5 x 10* MPa. The partial pressure of the
lubricant vapor phase at the origin (p,) is 0.07 MPa.
Thus, the large difference between the equilibrium vapor
pressure of the disk lubricant and the head lubricant
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Fig. 2: Cross-track and down-track Lubricant Profile on
Disk and Slider at different times of laser illumination.
Tnaz,da = 500 °C, Thyae,s = 310 °C, Uy = 12.5 m/s, th
= 4 nm, FWHM = 20 nm. Origin (X =0, Y =0) is at
NFT center.

causes this relatively large mass flux from the disk to
the head through the air bearing.

Figure 4 shows the dynamic air bearing height (h, =
fh—hg— hg) in the cross-track direction. At the origin
(NFT location), the slider lubricant thickness reaches
its peak value, however, the disk lubricant depletion
is also maximized here. This causes a local maxima in
the air bearing cross-track thickness profile. Two pairs
of local minima are seen in the air bearing thickness
profile. One pair of minima is seen at y = £+ 11 nm,
which corresponds to the ridges on the disk lubricant
thickness profile. Another pair of minima are seen at y
= =4 3.5 nm. This location corresponds to the optimal
point for the tradeoff between the rates of disk lubricant
depletion and slider lubricant accumulation.
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Figure 5 shows the cross-track and down-track profile of
the disk and slider lubricant thicknesses for the different

0.06 | 1 disk temperatures. The increase in maximum disk tem-
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Fig. 4: Cross-track profile of air bearing thickness at the
end of 2 ns of laser shine. Ti45,4 = 500 °C, Tiae,s =
310 °C, Uy = 12.5 m/s, th = 4 nm, FWHM = 20 nm.
Origin (X =0, Y =0) is at NFT center.

3.2 Effect of Disk Temperature

In this section, we investigate how the lubricant trans-
fer process changes with maximum disk temperature, a
consequence of varying the laser power, for fixed initial
disk and slider lubricant thicknesses of 1.2 nm and 0.2
nm respectively. We illuminate the lubricant with a 20
nm FWHM thermal spot scanning at a speed of 12.5
m/s for 2 ns. The maximum head temperature is kept
constant at 310 °C and the maximum disk temperature
is varied: 400 °C, 450 °C, 475 °C, 500 °C and 525 °C.

- 9oP 400 C B
35 V =—===450C
s 475 C
3r 500 C
525 C

N
&
T

o —_
—

Normal Co-ordinate (z) (nm)
o )] n

-20 -10 0 10 20 30 40
Down-track (X) direction (nm)

Fig. 5: Cross-track and down-track lubricant profile
on the disk and slider at different maximum disk tem-
peratures. Dramatic increase in the slider’s lubricant
accumulation is predicted with increase in disk temper-
ature. Tpezs = 310 °C, Uy = 12.5 m/s, th = 4 nm,
FWHM = 20 nm, ty = 2 ns. Origin (X =0, Y =0) is
at NFT center.

perature has two effects on the physics of disk lubricant
deformation - the rate of evaporation increases and the
thermocapillary shear stress becomes stronger (due to
higher temperature gradient). At 400 °C, we see some
small deformation in the disk lubricant profile, however,
there is hardly any accumulation of lubricant on the
slider. What little deformation is present at this temper-
ature is due to thermocapillary shear stress. As shown
in Figure 5, as the disk temperature is increased, the
central trough (caused largely by evaporation) becomes
wider as well as deeper. The height of the side ridges
caused by thermocapillary shear stress also increases.
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The increased rate of evaporation from the disk causes
the lubricant accumulation on the slider to rise.

Figure 8a plots the slider’s lubricant accumulation
AVgiider (defined as the difference between the initial
and final volume of slider lubricant) as a function of
maximum disk temperature. Not only does the lubricant
accumulation increase with increase in disk temperature,
but the slope of the accumulation versus disk tempera-
ture curve also increases at higher temperatures.

3.3 Effect of Slider Temperature

In this section, the maximum disk temperature is kept
constant at 500 °C and the maximum slider temper-
ature is varied: 200 °C, 250 °C, 310 °C, 350 °C and
400 °C. All other variables (initial lube thickness, disk
speed, laser FWHM, simulation time, head-disk spacing,
etc.) are kept the same as in Section 3.2. As shown
in Figure 6, change in maximum slider temperature
has a minor effect on the disk lubricant profile. As the
slider’s temperature increases, the amount of lubricant
accumulation on the slider decreases, but the effect is
relatively small. This is highlighted in Figures 8a and
8b which compare the effects of disk and slider tem-
peratures on the lubricant transfer process. A variation
in disk temperature from 400 °C to 525 °C causes the
accumulation to increase from a meager 8 nm? to 118.8
nm?>. On the other hand, varying the slider’s tempera-
ture from 200 °C to 400 °C causes only a small change
in slider lubricant accumulation from 83.7 nm? to 77.9

nm3 .
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Fig. 6: Cross-track lubricant profile on disk and slider
at different maximum Slider Temperatures. Thq0.d =
500 °C, Uy = 12.5 m/s, th = 4 nm, FWHM = 20 nm,
ty =2 mns. Origin (X =0,Y =0) is at NFT center.
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Fig. 7: Cross-track lubricant profile on disk and slider
at different initial lube thicknesses. T,q4,4 = 500 °C,
Tinaz,s = 310 °C, Uy = 12.5 m/s, th = 4 nm, FWHM
=20 nm, t; = 2 ns. Origin (X =0,Y =0) is at NFT
center.

3.4 Effect of Initial Lubricant Thickness

Here we study how the lubricant transfer process changes
with initial disk lubricant thickness, for fixed disk and
slider temperatures. Four cases of disk lubricant thick-
ness: 0.6 nm, 0.8 nm, Inm and 1.2 nm are considered.
Higher lubricant thicknesses are avoided so as to avoid
the effect of dewetting and the influence of Laplace
pressure. All other variables (initial slider lubricant
thickness, disk speed, laser FWHM, simulation time,
head-disk spacing, etc.) are kept the same as in Section
3.2. As shown in Figure 7, similar to the maximum disk
temperature study, an increase in lubricant thickness
causes the depth as well as width of the central trough
on the disk to increase. For a disk temperature of 500
°C and slider temperature of 310 °C, thicker lubricant
films of 1.2 nm and 1 nm have a peak accumulation
thickness of 0.85 nm and 0.71 nm, respectively, while
the thinner lubricant films of 0.6 nm and 0.8 nm have a
peak accumulation thickness of 0.6 nm and 0.5 nm, re-
spectively. An increased amount and slope (with respect
to thickness) of lubricant accumulation on the slider is
predicted, as highlighted in Figure 8c.

3.5 Effect of Air Bearing Convection and Diffusion

In this section, we investigate the effect of the air con-
vection and diffusion model described in Section 2.8 on
the lubricant transfer process. We illuminate the disk
lubricant with a 20 nm FWHM thermal spot scanning
at a speed of 12.5 m/s for 1 ns. The maximum disk
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and slider temperatures are kept constant at 500°C and
310°C respectively. We consider four cases - (a) without
convection and diffusion (b) with convection, without
diffusion, (c) without convection, with diffusion and (d)
with convection and diffusion. As shown the Figure 9,
cases (a) and (b) (without diffusion, without/with con-
vection) have similar solution profiles, as do cases (c)
and (d) (with diffusion, without/with convection). Thus,
the air convection model does not seem to have a signif-
icant effect on the lubricant transfer process. This can
be justified by the following simple calculation. Kinetic
energy of a vapor molecule is given by %va, where
m = 2000 x 1.66 x 10%” kg for Zdol 2000. The thermal
energy of a vapor molecule can be estimated as %kT,
where k is the Boltzmann constant. Equating these at
a disk temperature of 773 K, we find that the speed of
a vapor molecule ejected from the disk is of the order
of 100 m/s [41]. This is almost 8 times the disk velocity.
Thus the rate of ejection of lubricant molecules is much
higher than the rate of convection, which explains why
air convection has a negligible impact on the lubricant
transfer process. Diffusion, on the other hand, has a
significant impact on the profile of the deposited slider
lubricant film. For the cases where diffusion was ignored
(a) and (b), the slider lubricant film has a much steeper
slope and narrow width. Inclusion of the vapor diffusion
effect causes the slider lubricant profile to spread out
- the profile is wider but shorter in height, which is a
direct consequence of the diffusion of the lubricant vapor
pressure profile. However, the volume of accumulation
in all four cases was found to be almost unchanged (less
than 6% change).
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Fig. 9: Effect of convection and diffusion on lubricant
profile on the disk and slider. Convection has a small
effect on the profile, diffusion causes the accumulation
profile to spread-out. Thaz,a = 500 °C, Tezs = 310
°C, Uy =125 m/s, th = 4 nm, FWHM = 20 nm, t; =
1 ns. Origin (X =0,Y =0) is at NFT center.

3.6 Laser Spot Size Study

Here we study the effect of the laser spot size on the lu-
bricant transfer process. We consider four thermal spot
sizes - 20 nm, 50 nm, 100 nm and 1 pgm. To directly com-
pare the amount of slider lubricant accumulation during
the 2 ns of laser illumination, a normalized volume quan-
tity needs to be determined. We follow the method used
by Dahl and Bogy [15] and define ”normalized slider
lubricant accumulation” as:

AVslider

12
where AVyj;ger is the slider’s lubricant accumulation
defined in Section 3.2. Figure 10 plots the normalized

Avslider =
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slider lubricant accumulation as a function of time for
different spot sizes. For the shorter illumination time,
AV gjider for larger spot sizes is greater than that for
smaller spot sizes. However, the trend reverses for larger
simulation times. This implies that, on a relative scale,
slider lubricant accumulation is more significant for
larger spot sizes at small illumination times. However, for
larger illumination times, slider lubricant accumulation
is more significant for smaller spot sizes.

0.25
%A 0.2
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Fig. 10: Normalized lubricant accumulation on slider
(nm?) versus time for different Laser Spot Sizes. On a
relative scale, small laser spot sizes show larger accumu-
lation for long simulation times. T},44,5s = 310 °C, Uy
=12.5 m/s, th = 4 nm, FWHM = 20 nm.

3.7 Disjoining Pressure Study (Mechanical Transfer)

As described in Eq. 4, the disk lubricant disjoining pres-
sure Il; depends on the disk lubricant thickness hg,
slider lubricant thickness hy and the head-disk spacing
fh. Figure 11 plots the variation of disk lubricant dis-
joining pressure I1; and its derivative %1}3 4 with hg at fh
= 3 nm and hy = 1.2 nm. When only the disk-lubricant
and/or slider-lubricant interactions are considered, the
disk disjoining pressure is independent of hs. However,
when lubricant-lubricant interactions are considered, as
hs increases, both IT; and %f: increase. The increase
in IT; would result in the suppression of the evaporation
rate from the disk according to Eq. 6 and 7. Figure
11 shows that %IZ; becomes 0 at hg of 0.77 nm and is
positive for larger hs. Hence, we expect that dewetting
of the disk lubricant film would occur beyond this stage
of lubricant accumulation on the slider. As the slider

lubricant accumulation increases with time, the rate of
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Fig. 11: Effect of Slider Lubricant Thickness (hs) on
Disk Disjoining Pressure. When lubricant-lubricant in-
teractions are considered, both I1; and %1}3; increase
rapidly with hg.

evaporation decreases, while the dewetting instability of
the disk lubricant film increases. This causes a change in
the lubricant transfer mechanism from thermal (evapo-
ration/condensation driven) to mechanical or molecular
interactions driven (dewetting instability driven).

In order to demonstrate this phenomenon, we illumi-
nate the disk lubricant with a 20 nm FWHM thermal
spot scanning at a speed of 12.5 m/s at a head-disk
spacing of 3 nm. The maximum disk and slider tempera-
tures are kept constant at 500°C and 310°C, respectively.
We consider two cases - (a) Effect of Slider and Slider
Lubricant on Disk Disjoining Pressure are ignored, (b)
Effect of Slider and Slider Lubricant on Disk Disjoining
Pressure are considered. Figure 12 plots the cross-track
and down-track lubricant profiles for the disk and slider
after of 1.5 ns of illumination. Until this stage, the
amount of lubricant transfer from the disk to the slider
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Fig. 12: Disjoining Pressure Study: Case (a) Only disk-
lubricant interactions are considered, Case (b) disk-
lubricant, slider-lubricant and lubricant-lubricant inter-
actions are considered. Increase in II; when all interac-
tions are considered causes the amount of lube transfer
due to evaporation to decrease. Tyqq,4 = 500 °C, Thaz,s
=310°C, Uy = 12.5 m/s, th = 4 nm, FWHM = 20 nm,
ty = 1.5 ns. Origin (X =0, Y =0) is at NFT center.

is higher for case (a) than case (b). When the influence
of the slider and slider lubricant on the disjoining pres-
sure are considered (Case (b)), the evaporation rate is
lower due to higher disjoining pressure, leading to less
transfer by the ”thermally activated” mechanism. If the
illumination of the disk is continued beyond 1.5 ns, the
disjoining pressure and its derivative both continue to
increase (in case (b)) due to the increase in the slider’s
lubricant height. Finally, at a simulation time of 1.9
ns, the disjoining pressure derivative becomes 0. The
simulation becomes unstable beyond this stage due to
dewetting. Any small perturbations in the system would
continue to grow, causing the simulation to blow up. If
the laser illumination is continued beyond 1.9 ns, we
expect a significant pick-up of the disk lubricant caused

by the temperature gradient on a dewetting lubricant
film.

A similar effect is observed on decreasing the head-
disk spacing. Figure 13 plots the variation of IT; and
%IhY: with fh at by = 0.2 nm and hgy = 1.2 nm. When
only the disk-lubricant interactions are considered, I1y
is independent of fh. However, when the slider-lubricant
and lubricant-lubricant interactions are considered, as
fh decreases, both I1; and %1}17; increase; %g; becomes
0 at fh of around 2.5 nm. At relatively higher head-disk
spacing (~ 4 nm), the disk to slider lubricant trans-
fer mechanism is largely thermally activated. On the
other hand, for lower head-disk spacings (~ 2.5 nm),
the transfer mechanism is largely driven by dewetting

instability.
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4 Discussion

We have shown that several angstroms of lubricant ac-
cumulation on the slider is possible after 2 ns of disk
lubricant illumination. At head-disk spacings of ~ 3 - 4
nm, the head-disk lubricant transfer is initially largely
caused by temperature difference driven evaporation/
condensation. Lubricant accumulation grows much more
with increase in temperature. When an initial disk lu-
bricant film of 1.2 nm is subjected to a maximum disk
temperature of 400°C, the slider lubricant accumula-
tion is merely 8 nm?, whereas at a peak temperature
of 525°C, the accumulated volume is 118.8 nm?®. More-
over, close to the HAMR target temperature, even small
changes in the maximum disk temperature can help in
reducing the lubricant transfer to the head. For example,
reducing the peak temperature from 525°C to 500°C
and further to 475 °C reduces the accumulated volume
on the slider from 118.8 nm? to 80.8 nm? and further
to 49.8 nm?. The corresponding drop in the peak slider
lubricant height is 1 nm to 0.85 nm and further to 0.65
nm for 525°C, 500°C and 475°C, respectively. While it
was expected that a drop in media temperature would
result in a lower transfer, the high sensitivity of the
slope of the lubricant accumulation curve (Figure 8a)
near the HAMR target temperature of 500 °C is a cru-
cial insight towards managing lubricant and material
transfer during HAMR writing.

Comparatively, the head temperature has a small
impact on the amount of lubricant transfer. Variation in
the maximum head temperature from a high of 400°C
to a low of 200°C (with the disk being maintained at
a peak temperature of 500°C) resulted in a rise in the
slider lubricant accumulation from 77.9 nm? to only
83.7 nm®. The corresponding variation in peak slider
lubricant height is 0.77 nm to 0.97 nm. Thinner lubri-
cant films have larger disjoining pressures and effective
viscosities and are much more resistive to deformation
and evaporation. Reducing the thickness of the initial lu-
bricant film coated on the disk can also help in reducing
the amount of lubricant pick-up.

While the lubricant transfer is initially dominated by
evaporation/ condensation, as the amount of lubricant
accumulation on the slider increases, the influence of the
slider-lubricant and lubricant-lubricant molecular inter-
actions becomes increasingly important. There exists a
critical value of accumulated slider lubricant thickness
at which the disjoining pressure derivative becomes zero
and significant lubricant transfer is expected originating
from dewetting instability. Figure 14a plots this critical
slider lubricant thickness as a function of disk lubricant
thickness at different head-disk spacings. We see that
for higher disk lubricant thickness, the critical slider

lubricant thickness for the onset of dewetting is lower.
The critical slider lubricant thickness also decreases as
the head-disk spacing is reduced. In fact, at very low
head-disk spacings (~ 2.5 nm), lubricant dewetting oc-
curs at almost no slider lubricant accumulation. This is
highlighted in Figure 14b, which plots the critical head-
disk spacing at which the dewetting of disk lubricant
occurs without any accumulation of slider lubricant (hs
was set equal to 0.2 nm) as a function of disk lubricant
thickness. At such low spacings, we expect to see lubri-
cant pick-up even before the initiation of laser heating.
This phenomenon was demonstrated experimentally by
Ambekar et. al [10].

Few numerical studies have been presented in the
literature on lubricant transfer in HAMR, however, those
models may not be sufficiently accurate due to some
unrealistic assumptions, such as a uniform disk lubricant
film and uniform temperature distribution. Ma and
Liu [7] studied lubricant transfer in HAMR without
considering the effect of spatial temperature gradient on
lube evolution. While their model qualitatively predicted
that lube thinning rate increases dramatically with rise
in temperature, they predicted significantly lower lube
thinning rates - time for 1 nm disk lube in the area from
20 to 40 mm radius to uniformly thin 1A was on the
order of seconds for Zdol 2000 under a 100 nm laser spot
at 450°C. Our model and previous works [15] predict
several angstroms of local lube deformation and transfer
in a time scale of nanoseconds due to spatial temperature
variation at similar peak media temperatures and laser
spot sizes.

In this study, we have not considered the effects of
thermal decomposition or lubricant polydisperity. Ex-
periments suggest that the thermal decomposition of
Zdol occurs at temperatures above 600 K [42]. Hence, in
addition to evaporation, thermal decomposition could
be another potential mechanism contributing towards
desorption of lubricant molecules from the disk at high
temperatures. PFPE lubricants are not chemically pure
materials, but rather are a mixture of different molec-
ular weight components. Since the rate of evaporation
is a strong function of molecular weight, the degree of
polydisperity will determine how the evaporation rate
varies as lighter molecules will evaporate first [43].

The same physics of molecular interactions and their
changes with temperature applies to surface tension and
interfacial energetics. Marchon and Saito [18] considered
the effect of a temperature dependent Hamaker constant
on lubricant thermo-diffusion under laser heating. The
model developed here can be improved by considering
the effect of temperature on the Hamaker constants
Avrs, Apvy and Agyr.
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Fig. 14: Critical hs and fh for onset of Dewetting Insta-
bility

The lubricant is assumed to be a viscous, Newtonian
fluid in this study. In reality, PFPE lubricants exhibit
viscoelastic behavior [32]. Sarabi and Bogy [44] studied
the effect of lubricant viscoelasticity on disk lubricant
evolution under HAMR  laser heating. They found that
the lubricant behaves more like a viscoelastic solid rather
than a viscous fluid in the time scale and length scale of
the HAMR laser heating problem. The model presented
here can also be improved by considering viscoelastic
effects on the lubricant transfer process.

The governing equation for the disk/slider lubricant
film used in this study assumes a quasi-parallel film.
Though the results presented are only for 2 ns of laser

illumination, we performed simulations with this model
for longer laser shine times (~ 10 ns). We found that as
the amount of slider accumulation increases with time,
the slope of the slider lubricant profile becomes very
high, violating the quasi-parallel film assumption. In
order to predict the lubricant transfer process for high
volumes of accumulation, the governing equations need
to be modified to allow high slopes. The expression for
disjoining pressure also needs to be updated to consider
the impact of film curvature [45].

5 Conclusion

We have developed a continuum mechanics based model
that predicts the lubricant transfer from the disk to
the slider during HAMR, writing. The model simulta-
neously determines the deformation and evaporation
of the lubricant film on the disk, the convection and
diffusion of the vapor phase lubricant in the air bearing
and the evolution of the condensed lubricant film on
the slider. The model also accounts for molecular inter-
actions between the disk-lubricant, slider-lubricant and
lubricant-lubricant in terms of disjoining pressure. We
found that at head-disk spacings of ~ 3 - 4 nm, the head-
disk transfer mechanism is initially largely thermally
driven. Hence, the amount of lubricant accumulation on
the slider can be significantly reduced by decreasing the
media temperature. However, as lubricant accumulation
increases with time, we see a change in the transfer
mechanism from thermally driven to molecular interac-
tions driven (dewetting instability). A similar change
in transfer mechanism from thermal to mechanical is
predicted as we reduce the head-disk spacing. There
exists a critical value of head-disk spacing and a critical
value of head lubricant height at which dewetting of
the disk lubricant begins, leading to enhanced lubricant
pick-up.
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