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Lower molecular weight Z-Tetraol films exhibit increased mechanical spacing in the slider-disk interface due to a lower z-profile.
An increased resistance to lubricant disturbance on the disk surface (e.g., lube moguls) with decreasing film thickness is attributed
to an increasing contribution from the polar component of the disjoining pressure. Evaporative loss at temperatures typically
encountered in a hard-disk drive also increases with decreasing molecular weight but is strongly dependent on the initial bonded
fraction.

1. Introduction

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

Δclearance ∝ 1(
MW1/2

)
(h)
(
f
) . (1)

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

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

2. Experimental

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

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

Table 1: NMR data for the PFPE lubricants.

Lubricant Mn Tetraol dol bis

Z-Tetraol 1200 1200 0.98 0.02 0.00

Z-Tetraol 2200 2200 0.95 0.05 0.00

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

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

3. Results

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

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

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

4. Discussion

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

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

2Δγd(h) = 1
12π

A∗

(do + h)2 . (2)

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

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

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

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

p
s as a function of film thickness are indicative

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

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

While the identification of the monolayer film thickness
is important for optimizing the boundary lubricant film
properties, its resistance to the effects of the low-flying slider
including air shear effects and chemical and physical forces
[9] is another important aspect that can be addressed by
the surface energy measurements. Surface energy-derived
disjoining pressures [10], computed in Figure 5 as a function
of the Z-Tetraol MW, provide a good comparison of antici-
pated lubricant reliability in the HDD interface. In the sub-
monolayer film thickness regime, the total disjoining pres-
sure gradient is larger for the lower MW Z-Tetraol due to the
comparatively larger contribution from its polar component.
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Figure 3: (a) Representative images of lube moguls after low flying on 11.5 Å Z-Tetraol 2200 (top) and 11.0 Å Z-Tetraol 1200 (bottom).
These data were generated by flying the slider at 8 nm above the disk surface with no pole tip protrusion. (b) Summary plot showing the
lube mogul height as a function of Z-Tetraol 2200 film thickness (blue circles are taken from [6]).
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Figure 4: (a) Dispersive (γds ) and (right) polar (γ
p
s ) surface energy as a function of Z-Tetraol film thickness and MW.
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Figure 5: Surface energy-derived disjoining pressure (Π) as a function of Z-Tetraol film thickness.
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Figure 6: (a) Dispersive (γds ) and (b) polar (γ
p
s ) surface energy of Z-Tetraol 2200 as a function of film thickness and carbon film composition.

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

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

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

Z-Tetraol
γ
p
s

(Figure 4)
Π = 0 MPa
(Figure 5)

1200 13 14

2200 20 23

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

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

5. Conclusion

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

moguls) is attributed to its increased molecular polarity;
however, this behavior is strongly film thickness dependent
and approaching the monolayer will quickly dissipate this
advantage. The monolayer film thickness for the same Z-
Tetraol MW may be manipulated by either increasing or
decreasing the nitrogen content of the underlying carbon
film.
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